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Professor Miha Tišler research was mainly devoted to the syntheses of 
new heterocyclic compounds and their transformations, development of 
new reagents, structural studies, tautomerism, etc. Figure shows crystal 
structure of N-[(Z)-2-benzoylamino-3-(4,6-dimethyl-2-pyrimidinylami-
no)propenoyl]-L-proline, one of the numerous compounds prepared in 
his laboratory in Ljubljana which has become internationally known as 
the school for heterocyclic chemistry (See Editorial).
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Professor Miha Tišler

Writing a tribute to Professor Emeritus Dr. Miha 
Tišler on the occasion of his 90th birthday fills me with 
great honor. He was born in Ljubljana on September 18th, 
1926. He graduated in chemistry at the Faculty of Natural 
Sciences and at the Faculty of Chemistry and Chemical 
Engineering in Ljubljana, Slovenia. With a scholarship 
from the British Council he was a postgraduate researcher 
in the laboratories of Lord Todd in Cambridge, England 
(1953–1955). There he prepared his PhD which he then 
defended in Ljubljana to obtain subsequently a PhD in 
chemistry on the basis of his thesis entitled „Syntheses in 
the Cycloheptatrienone Series“ (1955). In Cambridge he 
investigated 3-hydroxytropones and, among other com-
pounds, he prepared at that time an unusual compound, 
the aromatic carboxycycloheptatrienylium (carboxytro-
pylium) bromide.

His first appointment was as assistant in the Labora-
tory of Organic Chemistry at the University of Ljubljana 
and with time he gradually advanced to the position of 
Lecturer (Docent), Associate Professor (1961) and Full 
Professor (1964) as a permanent position. During 1971-
1984 he serverd as Head of the Laboratory of Organic 
Chemistry and in 1995 he retired. He was a British Coun-
cil Visiting Scientist (1966), Visiting Professor at the Uni-
versities of Freiburg, Germany (1962), Trieste, Italy (1985, 
1986), Brigham Young University, Provo, Utah (1986), and 
under an exchange program with the National Academy of 
Sciences, Washington, he lectured at several universities in 
the USA (1968, 1979). He also spent two months as Visit-

ing Professor in Japan at the invitation of the Japan Society 
for Promotion of Science, Tokyo (1975), as well as in Aus-
tralia (1982). He was plenary speaker at about 20 Interna-
tional Symposia or Congresses and at the Gordon Re-
search Conference.

Professor Tišler is author or co-author of over 50 
books, textbooks of organic and heterocyclic chemistry, 
monographs or review articles and over 500 published 
scientific papers. Of the many organic chemists who ob-
tained the PhD degree by accomplishing their thesis un-
der his guidance, nine were later elected and appointed at 
several faculties at the universities of Ljubljana and Mari-
bor. The Organic Chemistry laboratory in Ljubljana has 
become internationally known as the school for heterocy-
clic chemistry.

His research was mainly devoted to the field of heter-
ocyclic chemistry, syntheses of new heterocyclic systems 
and their transformations, development of new reagents, 
structural studies, tautomerism, elucidation of reaction 
mechanisms, etc. 

New and interesting results were obtained from ex-
tensive investigation on azidotetrazolo isomerization. Tar-
get compounds were in the series of tetrazoloazines, and 
related tri- or polycyclic systems with an annelated tetra-
zole ring, such as azasteroids. Heterocyclic diazo com-
pounds, in contrast to the corresponding diazonium salts, 
were practically unknown. Their synthesis was developed 
and it was possible to obtain for the first time an X-ray 
structure of 3-diazo-3H-indazole.

Dedicated Issue
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Many years of research were devoted to investigations 
of azoloazines and azaindolizines, i.e. bicyclic 10 π-electron 
aromatic systems with bridgehead nitrogen atom which 
are, for example, isoelectronic with indole. Many new syn-
thetic approaches towards bicyclic, tricyclic or polycyclic 
heterocyclic systems containing the azaindolizine unit (the 
six-membered ring being a pyridine, pyridazine, pyrazine 
or pyrimidine ring) were developed and their reactivity was 
investigated, such as the site of protonation and quaterniza-
tion, hemolytic phenylation, etc. 

An enormous synthetic potential was opened up 
with the introduction of N,N-dimethylaminoformamide 
(or acetamide) dialkyl acetals for the construction of new 
heterocyclic rings. The formamidines themselves or hy-
droxyiminomethyleneamino derivatives derived from 
them could be widely used for annelation reactions, for the 
formation of [2+2] cycloadducts with phenyl isocyanate, 
etc. Unsaturated N,N-dimethylamidine synthons, pre-
pared from enamino amides, thioamides or esters and 
even activated methylene groups of pyridines, proved to be 
reactive with these acetals.

A fruitful collaboration with research possibilities 
was provided in the form of an exchange programme with 
the participation of Professors Jerald S. Bradshaw (BYU 
University Provo, Utah), Ronald J. Pugmire and David M. 
Grant (University of Utah, Salt Lake City), Gordon B. Bar-
lin and Desmond J. Brown (John Curtin School of Medical 
Research, Canberra, Australia). Last but not least one 
should mention and acknowledge that Professor Tišler 
had great pleasure in a long-standing friendship, collabo-
ration and support from Professors Jerald S. Bradshaw and 
Alan R. Katritzky (University of Florida, Gainesville), dat-
ing from the time when the latter was professor at the Uni-
versity of East Anglia in Norwich. He has also many 
friends at universities and institutes throughout the world.

Professor Tišler was Dean of the Faculty of Natural 
Sciences and Technology (1973–1976) and he was the first 
elected rector at the University of Ljubljana in the independ-
ent Slovenia (1991–1995). He served as Vice-President, 
President and Past-President of the International Society of 
Heterocyclic Chemistry (1973–1980). He is member of the 
ACS, MRSC, International Standing Committe of the Inter-
national Association „Ius Primi Viri“ in Rome, Italy, and 
member of the Governing Council of the European Science 
Foundation (Strasbourg). He was also a member of the Per-
manent Committee of the European Rectors Conference 
and the State Council of Republic of Slovenia (1992–1997). 
He served as the National Representative in Organic Chem-
istry Division, Commission on Physical Organic Chemistry 
of IUPAC (1986–1997). He was elected to membership of 
the Slovenian Academy of Sciences and Arts (1970), Serbian 
Academy of Sciences and Arts (1978), Croatian Academy of 
Sciences and Arts (1979), New York Academy of Sciences 
(1980) and Academia Scientiarum et Artium Europaea, 
Salzburg (1995). He was decorated as Knight of the Order of 
St. Gregorius the Great (1995).

He received the Award for Science from Slovenia 
(1977), Plaque from the International Society of Heterocy-
clic Chemistry (1979), Honorary Medal and Diploma of 
the Slovak Technical University, Bratislava (1981), Diplo-
ma of the Tohoku University, Sendai (1975) and Hoshi 
University, Tokio (1986); he received documents of recog-
nition from the Faculty of Pharmacy (1982) and Faculty of 
Natural Sciences and Technology, University of Ljubljana 
(1989) and the award Ambassador of the Republic of Slo-
venia (1995). He is an Inaugurated Honorary Member of 
the Florida Center for Heterocyclic Compounds, Gaines-
ville, Florida. In 2000 he received the Honorary Degree 
(Doctor honoris causa) of the University of Ljubljana.

He served or is still serving at the Editorial or Advi-
sory Board of the following scientific journals: Journal of 
Heterocyclic Chemistry, Heterocycles, Advances in Heter-
ocyclic Chemistry, Heterocyclic Communications, Organ-
ic Preparations and Procedures International, Duga (Turk-
ish Journal of Chemistry), Croatica Chemica Acta, Acta 
Chimica Slovenica (formerly Vestnik Slovenskega kemijs-
kega društva).

Professor Tišler (alone or with colleagues) organized 
several National or International Symposia or Congresses: 
5th International Congress of Heterocyclic Chemistry 
(1975), 5th International Symposium on the Chemistry of 
Organic Sulfur Compounds (1978), 3rd Yugoslav Symposi-
um of Organic Chemistry (1983) and TRISOC Symposi-
um (symposium of the universities of Graz, Trieste and 
Ljubljana)(1985).

Since his retirement he has remained active in prepar-
ing some review articles (on pyridazines, which was first 
published in 1968, and thereafter in 1979, 1990, 2000, on 
heterocyclic quinonesin 1989, and on heterocyclic amino 
acids (1995), all in Advances in Heterocyclic Chemistry).

Recently he published two books, Molecules and 
their Messages, and Reminiscences and Reflections, both in 
the Slovene language. Professor Tišler has always been an 
excellent supervisor to his students and friendly and help-
ful to his associates and acquaintances. I, as one of them, 
have been extremely fortunate in having him first as a su-
pervisor during my PhD studies then later becoming one 
of his coworkers and colleagues; the result has been fruit-
ful collaboration and friendship for almost sixty years.

Please join me in this celebration of Professor Miha 
Tišler commemorating the 90th anniversary and a distin-
guished career in chemistry. We wish him good health in 
the years ahead.

Branko Stanovnik
Faculty of Chemistry and Chemical Technology

University of Ljubljana
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Scientific paper

Synthesis of Novel 3D-Rich α-Amino Acid-Derived 
3-Pyrazolidinones

Jaka Glavač,1 Georg Dahmann,2 Franc Požgan,1 Sebastijan Ričko,1 Bogdan 
Štefane,1 Jurij Svete,1 and Uroš Grošelj1*

1 Faculty of Chemistry and Chemical Technology, University of Ljubljana, Večna pot 113, SI – 1000 Ljubljana, Slovenia.

2 Medicinal Chemistry, Boehringer-Ingelheim Pharma GmbH&Co. KG, 88397 Biberach, Germany

* Corresponding author: E-mail: uros.groselj@fkkt.uni-lj.si

Received: 12-04-2017

Dedicated to Professor Emeritus Miha Tišler, University of Ljubljana, 
on the occasion of his 90th birthday.

Abstract
Synthetic approaches towards novel 3-pyrazolidinone derivatives functionalized at positions N(1) and/or C(5) were 
studied. 5-Aminoalkyl-3-pyrazolidinones were prepared in four steps from N-protected glycines via Masamune-Claisen 
homologation, reduction, O-mesylation, and cyclisation with a hydrazine derivative. The free amines were prepared by 
acidolytic deprotection. Title compound was also prepared by ‘ring switching’ transformation of N-Boc-pyrrolin-2(5H)-
one with hydrazine hydrate. Hydrogenolytic deprotection of 5-(N-alkyl-N-Cbz-aminomethyl)pyrazolidine-3-ones fol-
lowed by cyclisation with 1,1’-carbonyldiimidazole (CDI) gave two novel representatives of perhydroimidazo[1,5-b]
pyrazole, which is an almost unexplored heterocyclic system. Amidation of 3-oxopyrazolidine-5-carboxylic acid gave the 
corresponding carboxamides in moderate yields. Diastereomeric non-racemic carboxamides obtained from (S)-AlaOMe 
and (S)-ProOMe were separated by MPLC.

Keywords: 3-Pyrazolidinones, amino acids, cyclization, heterocycles, synthesis

1. Introduction
Hetero(bi)cycles are commonly used building blocks 

for applications in medicinal chemistry, catalysis, and ma-
terials science.1,2 In this context, 3-pyrazolidinones and 
their bicyclic analogues are attractive targets due to their 
easy availability from α,β-unsaturated esters and because 
of their applicability and biological activity.3–6 Pyrazolidi-
none derivatives have been employed as dyes and photo-
graphic developers3,5 and as inhibitors of cyclooxygenase, 
lipoxygenase,7 and γ-aminobutyrate aminotransferase8 ex-
hibiting analgesic, antipyretic, anti-inflammatory, and an-
orectic activity. Among bicyclic analogues, perhydropyra-
zolo[1,2–a]pyrazolones belong to azabicycloalkane amino 
acids, which are U-shaped conformationally constrained 
heterocyclic analogues of peptides that simulate β-turn 
structures.9,10 Consequently, bicyclic pyrazolidinones are 
used as drugs to relieve Alzheimer’s disease11 and as anti-
bacterial (Eli-Lilly’s γ-lactam antibiotics),12 and antitrypa-
nosomal agents.13 Synthetic applications of 3-pyrazolidi-

nones comprise their use as chiral auxiliaries,14–19 as tem-
plates in asymmetric Diels-Alder cycloadditions,20–22 and 
as a new scaffold in organocatalysis.23–30 Typical examples 
of important 3-pyrazolidinone derivatives are depicted in 
Figure 1.

However, in spite of easy availability of simple pyra-
zolidinones from α,β-unsaturated esters and hydrazine 
derivatives,3–6,31,32 the synthesis of functionalized polysub-
stituted pyrazolidinones remains challenging. Conse-
quently, a majority of saturated bi- and tricyclic 3-pyrazo-
lidinones are either unknown or unexplored heterocyclic 
systems.

In the context of our ongoing work on the synthesis 
of chiral heterocycles with emphasis on pyrazole33,34 and 
pyrazolidinone derivatives,31,32 we reported the synthesis 
of tetrahydropyrazolo[1,5–c]pyrimidine-2,7-diones as the 
first representatives of a novel saturated heterocyclic sys-
tem,35,36 followed by preparation of closely related tetrahy-
dropyrazolo[1,5–c]pyrimidine-3-carboxamides37 and tet-
rahydro-1H-imidazo[1,5–b]pyrazole-2,6-diones.38 In ex-

DOI: 10.17344/acsi.2017.3438
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tension, the first representatives of octahydro-2H-2a,2a1-di-
azacyclopenta[cd]inden-2-one as a novel tricyclic pyrazo-
lidinone-based system were also prepared.39 Crucial for all 
of the above syntheses was the preparation of a pyrazolid-
inone key-intermediate with suitably functionalized sub-
stituent at position 5 allowing for cyclization to position 1. 
The 5-substituted pyrazolidinone was obtained by cycliza-
tion of the corresponding β-mesyloxy ester, which in turn 
was obtained in three steps from a suitably functionalized 
carboxylic acid.31 Pyrazolidinones with 2-hydroxyethyl36 
and 2-aminoethyl35,37 functional groups at position 5 were 
used as key intermediates in the synthesis of novel saturat-
ed heterocyclic systems, while 5-[(S)-1-aminoalkyl] deriv-
atives prepared from N-protected α-amino acids were 
used as scaffolds for potential organocatalysts38 and as 
key-intermediates in the synthesis of 3-pyrrolinones.40

In addition to previously published 5-aminoethyl 
and 5-hydroxymethyl-3-pyrazolidinones, we also tried to 
prepare the 5-aminomethyl analogues, because they could 
be useful intermediates in the synthesis of novel saturated 
heterocycles in the imidazo[1,5–b]pyrazole and pyra-
zolo[1,5–a]pyrazine series. In this paper, we report the 
preparation and some follow-up transformations of 5-ami-

Figure 1. Examples of important 3-pyrazolidinone derivatives.

Scheme 1. Synthesis of the 5-aminomethyl-3-pyrazolidinones 5a, 5b, 5’b, and 7–9. Reaction conditions: i) CDI, THF, r.t. 2 h, then MeO2CCH2CO2K, 
MgCl2, r.t.; ii) NaBH4, MeOH, 0–20 °C; iii) MsCl, pyridine, CH2Cl2, 0 °C; iv) N2H4·H2O, MeOH, r.t.; v) MeNHNH2, MeOH, r.t., then chromatograph-
ic separation (MPLC); vi) HCl-EtOAc, MeOH, r.t.
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nomethyl and 5-carboxy substituted 3-pyrazolidinones 
available from glycine derivatives and from dimethyl 
maleate, respectively. These novel pyrazolidinone deriva-
tives are interesting intermediates in the synthesis of chiral 
saturated pyrazolidine-based heterocyclic systems.

2. Results and Discussion
First, 5-tert-butoxycarbonylaminomethyl-3-pyrazo-

lidinones 5a, 5b, and 5’b were prepared in four steps from 
commercially available N-Boc-glycine (1a) following a 
well-established literature protocol.35–39 Masamune-Clais-
en condensation of amino acid 1a, i.e. activation of 1a with 
1,1’-carbonyldiimidazole (CDI) followed by treatment of 
the intermediate imidazolide with a mixture of potassium 
monomethyl malonate and magnesium chloride gave the 
corresponding β-keto ester 2a in 93% yield. Reduction of 

2a with NaBH4 in methanol followed by O-mesylation of 
the so formed alcohol 3a afforded the β-mesyloxy ester 4a 
in 71% yield over two steps. The mesylate 4a was then cy-
clized with hydrazine hydrate or methylhydrazine to fur-
nish the N(5’)-protected 5-aminomethyl-3-pyrazolidi-
nones 5a, 5b, and 5’b. Cyclisation of the mesylate 4a with 
methylhydrazine was regioselective to give a ~5:1 mixture 
of the major 1-methyl regioisomer 5b and the minor 
2-methyl isomer 5’b. Upon chromatographic separation 
(MPLC), the pure regioisomers 5b and 5’b were obtained 
in 66% and 14% yields, respectively. To shorten the syn-
thetic procedure for the preparation of 5a, commercially 
available tert-butyl 2-oxo-2,5-dihydro-1H-pyrrole-1-car-
boxylate (6) was treated with hydrazine hydrate in metha-
nol at room temperature to afford the pyrazolidinone 5a in 
45% yield. However, in spite of its greater simplicity, the 
latter procedure was less effective in terms of product 
yield. Finally, the respective free amines 7–9 were prepared 

Scheme 2. Reaction conditions: i) TFA, CH2Cl2, r.t.; ii) 50% aq. glyoxal or (MeO)2CH2CHO, H2, Pd-C, MeOH, r.t.; iii) 50% aq. (MeO)2CH2CHO, NaB-
H3CN, MeOH, r.t.; iv) aq. HCl, MeOH, H2, Pd-C, r.t.; v) CDI, THF, r.t. 2 h, then MeO2CCH2CO2K, MgCl2, r.t.; vi) NaBH4, MeOH, 0–20 °C; vii) MsCl, 
pyridine, CH2Cl2, 0 °C; viii) N2H4·H2O, MeOH, r.t.; ix) Boc2O, r.t.; x) MeI, DMF, K2CO3, r.t.; xi) TFA-CH2Cl2, r.t.; xii) H2, Pd-C, MeOH, r.t.; xiii) CDI, 
DMF, r.t..
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by acidolytic N-deprotection of 5a, 5b, and 5’b. Quite un-
expectedly, treatment of 5a with HCl–MeOH gave the 
open-chain diamine 7, which is explainable by acid-cata-
lyzed ring-opening of the initially formed intermediate 7’ 
with methanol (Scheme 1).

Next, cyclisation of the pyrazolidinone 5a was stud-
ied. Our initial goal was to prepare hexahydropyra-
zolo[1,5–a]pyrazin-2(1H)-one (10) by concomitant N-de-
protection and reductive alkylation of 5a with glyoxal or 
with dimethoxyacetaldehyde. Unfortunately, this approach 
did not work and furnished mixtures of products regardless 
of the variation of the reaction conditions. Nevertheless, we 
were able to detect the presence of the desired compound 
10 in the crude reaction mixture by HRMS (m/z = 142.0974, 
MH+). Attempted isolation and purification of this highly 
polar compound 10 failed. On the other hand, reductive 
alkylation of 5a with dimethoxyacetaldehyde and  
NaBH3CN in methanol at room temperature gave the cor-
responding 1-(2,2-dimethoxyethyl) derivative 11a in 37% 
yield. In the same way, the Cbz-analogue 11b was prepared 
in five steps from N-Cbz-glycine (1b). Finally, two novel 
1,5-dialkyltetrahydro-1H-imidazo[1,5–b]pyrazole-2,6-di-
ones 14a and 14b were synthesized. Following the estab-
lished one-pot protocol (cf. Scheme 1), N-Cbz-sarcosine 
(1c) and N-benzyl-N-Cbz-glycine (1d) were transformed 
in four steps into the corresponding pyrazolidinones 5c 
and 5d. In a subsequent one-pot procedure,35 compounds 
5c and 5d were Boc-protected at N(1), methylated at N(2), 
and Boc-deprotected to give the N(1)-unsubstituted inter-
mediates 12a and 12b in good yields over seven steps. 
Somewhat expectedly,38 cyclizations of 12a,b into imida-
zo[1,5–b]pyrazole derivatives 14a,b proceeded well. Hy-
drogenolytic deprotection of the pyrazolidinones 12a and 
12b followed by cyclisation of the intermediate free amines 
13 with CDI furnished the expected 1,5-dimethyltetrahy-
dro-1H-imidazo[1,5–b]pyrazole-2,6-diones 14a and 14b 
in 42% and 53% yield, respectively (Scheme 2).

In continuation, the amidation of 5-oxo-1-phe-
nylpyrazolidine-3-carboxylic acid (17) was studied. Com-
pound 17 was obtained in three steps from dimethyl maleate 
(15) following the literature procedure.41 Activation of the 
carboxylic acid 17 with CDI followed by treatment with pri-
mary amines 18a–c gave the corresponding carboxamides 
19a–c in moderate yields. Somewhat surprisingly, amida-
tion proceeded equally well with secondary diethylamine 
(18d) to afford the tertiary carboxamide 19d in 49% yield. 
Attempted cyclisation of the glycine derivative 19a into 
1-phenyltetrahydropyrazolo[1,5–a]pyrazine-2,4,7(1H)-tri-
one (20) in refluxing toluene failed (Scheme 3).

Finally, amidation of racemic carboxylic acid was also 
performed with the non-racemic α-amino esters, (S)-
AlaOMe (18e) and (S)-ProOMe (18f). These amidations 
afforded mixtures of non-racemic diastereomers 19e/19’e 
and 19f/19’f. Subsequent separation of diastereomeric mix-
tures by medium pressure liquid chromatography furnished 
the non-racemic diastereomerically pure carboxamides 

19e, 19’e, 19f, and 19’f in 13–23% yields. Unfortunately, all 
products 19e, 19’e, 19f, and 19’f were obtained as oils and 
their absolute configuration could not be determined by 
X-ray diffraction. Therefore, the configurations of the prod-
ucts 19e, 19’e, 19f, and 19’f are arbitrary (Scheme 4).

The structures of novel compounds 5a,b, 5’b, 7–9, 
11a,b, 14a,b, 19a–f, and 19’e,f were determined by spec-
troscopic methods (1H NMR, 13C NMR, IR, MS, HRMS) 
and by elemental analyses for C, H, and N. Compounds 
5b, 5’b, 8, 9, 11a,b, 14a,b, 19e,f, and 19’e,f were not ob-
tained in analytically pure form. Their identities were con-
firmed by 13C NMR and HRMS.

3. Experimental
3. 1. General Methods

Melting points were determined on a Stanford Re-
search Systems MPA100 OptiMelt automated melting 

Scheme 3. Synthesis of 3-pyrazolidinone-5-carboxamides 19a–d.
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point system. The NMR spectra were obtained on a Bruker 
Avance III UltraShield 500 plus at 500 MHz for 1H and 126 
MHz for 13C, using CDCl3 and DMSO-d6 (with TMS as the 
internal standard) as solvents. Mass spectra were recorded 
on an Agilent 6224 Accurate Mass TOF LC/MS spectrom-
eter, IR spectra on a Bruker FTIR Alpha Platinum ATR 
spectrophotometer. Microanalyses were performed on a 
Perkin-Elmer CHN analyser 2400 II. Column chromatog-
raphy (CC) was performed on silica gel (Fluka, Silica gel 
60, particle size 35–70 µm). Medium performance liquid 
chromatography (MPLC) was performed on a Büchi Flash 
Chromatography System (Büchi Fraction Collector C-660, 
Büchi Pump Module C-605, Büchi Control Unit C-620) 
on silica gel (LiChroprep® Si 60, 15–25 µm), column di-
mensions: 23 × 460 mm, backpressure: 10 Bar, detection: 
UV (254 nm). Catalytic hydrogenation was performed on 
a Parr Pressure Reaction Hydrogenation apparatus (500 
mL). Optical rotation of chiral nonracemic compounds 
was measured on a Perkin-Elmer 241MC polarimeter.

N-Boc-Glycine (1a), N-Cbz-glycine (1b), N-Cbz-sar-
cosine (1c), N-benzyl-N-Cbz-glycine (1d), CDI, potassium 

monomethyl malonate, anhydrous magnesium chloride, 
sodium borohydride, mesyl chloride, tert-butyl 2-oxo-2,5-
dihydro-1H-pyrrole-1-carboxylate (6), glyoxal, dimeth-
oxyacetaldehyde, sodium cyanoborohydride, sodium 
triacetoxyborohydride, tetrabutylammonium borohydride, 
trifluoroacetic acid (TFA), methyl glycinate hydrochloride 
(18a), methyl β-alaninate (18b), 2-phenylethylamine (18c), 
diethylamine (18d), (S)-N-Boc-alaninate (18e), and 
(S)-N-Boc-prolinate (18f) are commercially available. Me-
thyl 4-tert-butoxycarbonylamino-3-oxobutanoate (2a),40 
methyl 4-benzyloxycarbonylamino-3-oxobutanoate (2b),42 
and 5-oxo-1-phenylpyrazolidine-3-carboxylic acid (17)41 
were prepared following the literature procedures.

3. 2. �General Procedure for the Synthesis 
of N-protected 5-aminomethyl-3-
pyrazolidinones 5a, 5b, and 5’b
Method A. Compounds 5a, 5b, and 5’b were pre-

pared in a one-pot procedure following the combined 
slightly modified general literature procedures for the 
preparation of analogous compounds.35,38,39

3. 2. 1. �Methyl 4-tert-butoxycarbonylamino-3-
oxobutanoate (2a)42

Under argon, CDI (1.94 g, 12 mmol) was added to a 
solution of Boc-glycine (1a) (1.75 g, 10 mmol) in anh. 
THF (20 mL) and the mixture was stirred at room temper-
ature for 2 h. Then a solid mixture of anh. MgCl2 (0.893 g, 
9.5 mmol) and potassium mono-methyl malonate (2.184 
g, 14 mmol) was added under Ar in one portion via a pow-
der funnel, which was rinsed with anh. THF (5 mL) and 
the mixture was stirred under Ar at r.t. for 20 h. Volatile 
components were evaporated in vacuo and the residue was 
triturated with EtOAc (80 mL). The resulting suspension 
was washed with 1 M aq. NaHSO4 (2 × 20 mL) and brine 
(20 mL). The organic phase was dried over anh. Na2SO4, 
filtered, and the filtrate was evaporated in vacuo to give 2a, 
which was used in the next step without purification. 
Yield: 2.15 g (93%) of yellow oil. Spectral data were in 
agreement with the literature data.42

3. 2. 2. �Methyl 4-tert-butoxycarbonylamino-3-
hydroxybutanoate (3a)43

Finely powdered NaBH4 (650 mg, 17.2 mmol) was 
slowly added to a cooled (0 °C) stirred solution of β-keto 
ester 2a (6.94 g, 30 mmol) in MeOH (100 mL) and the re-
sulting mixture was stirred at 0 °C for 1 h and then 
quenched at 0 °C by the addition of H2O (150 mL) fol-
lowed by the addition of 1 M aq. HCl (30 mL, 30 mmol). 
The product was extracted with dichloromethane (3 × 150 
mL) and the combined organic phase was washed with 
brine (150 mL). The organic phase was dried over anh.  
Na2SO4, filtered, and the filtrate was evaporated in vacuo. 

Scheme 4. Synthesis of non-racemic 3-pyrazolidinones 19e,f and 
19’e,f.
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The residue was dissolved in anh. toluene (30 mL) and the 
solution was evaporated in vacuo at 40 °C/2 mbar to give 
anhydrous crude 3a, which was used in the next step with-
out further purification. Yield: 5.93 g (84%) of yellowish 
oil. Spectral data were consistent with the literature data.43

3. 2. 3. �Methyl 4-tert-butoxycarbonylamino-3-
mesyloxybutanoate (4a)

MsCl (2.25 ml, 29 mmol) was added to a cooled (0 
°C) solution of β-hydroxy ester 3 (5.83 g, 25 mmol) in anh. 
pyridine (30 mL) and the resulting mixture was stirred at 0 
°C for 1 h and then at room temperature for 2 h. The reac-
tion mixture was poured into cooled (0 °C) toluene 
(350mL) and the toluene solution was washed thoroughly 
with 1 M aq. HCl (200 mL) and brine (2 × 200mL). The 
organic phase was dried over anhydrous Na2SO4, filtered, 
and volatile components evaporated in vacuo to give crude 
4a, which was used in the next step without purification. 
Yield: 6.58 g (84%) of yellowish oil. 1H-NMR (500 MHz, 
DMSO-d6): δ 1.37 (s, t-Bu); 2.20 (dd, J = 9.0; 15.1 Hz, 1H of 
CH2); 2.44 (dd, J = 3.8; 15.1 Hz, 1H of CH2); 2.86–2.98 (m, 
CH2); 3.82–3.90 (m, CH); 4.94 (d, J = 5.6 Hz, OH); 6.77 (t, 
J = 5.8 Hz, NH). 13C-NMR (126 MHz, DMSO-d6): δ 28.2, 
37.0, 37.9, 43.0, 51.7, 77.4, 78.2, 155.8, 169.8.

3. 2. 4. �Preparation of 3-pyrazolidinones 5a, 5b, 
and 5’b

Method A. Hydrazine monohydrate (0.75 mL, 15 
mmol) or methylhydrazine (789 µ, 15 mmol) was added to 
a solution of the mesylate 4a (3 mmol) in CH2Cl2 (25 mL) 
and the mixture was stirred at room temperature for 24–72 
h. Volatile components were evaporated in vacuo and the 
residue was purified by CC. First, the non-polar impurities 
and starting material 4a were eluted (EtOAc–hexane, 1:1), 
followed by elution of the products 5 and 5’ (EtOAc–
MeOH, 10:1). Fractions containing the product were com-
bined and volatile components evaporated in vacuo to give 
5a or 5b/5’b. A mixture of regioisomers 5b and 5’b was 
separated by MPLC (EtOAc–MeOH, 20:1). Fractions con-
taining the products were combined and volatile compo-
nents were evaporated in vacuo to give 5b and 5’b, respec-
tively.

tert-Butyl [(5-oxopyrazolidin-3-yl)methyl]carbamate 
(5a)

Prepared from 4a (1.87 g, 6 mmol) and hydrazine 
hydrate (685 µL, 13.8 mmol), stirring for 24 h. Yield: 1.12 
g (86%) of white solid; m.p. 103–110 °C. 1H-NMR (500 
MHz, DMSO-d6): δ 1.38 (9H, s, t-Bu), 2.00 (1H, dd, J = 
4.9; 16.4 Hz, 4-Ha), 2.36 (1H, dd, J = 7.9; 16.1 Hz, 4-Hb), 
2.88–3.06 (2H, m, 3’-CH2), 3.48 (1H, br s, 3-H), 5.29 (1H, 
br s, 2-H), 6.88 (1H, t, J = 5.8 Hz, NHCH2), 8.98 (1H, s, 
1-H). 13C-NMR (126 MHz, DMSO-d6): δ 28.2, 35.0, 42.4, 
56.4, 77.8, 155.9, 175.0. m/z (ESI) = 216 (MH+). HRMS–

ESI (m/z): [MH+] calcd for C9H18N3O3, 216.1343; found, 
216.1339. Anal. Calcd for C9H17N3O3: C 50.22, H 7.96, N 
19.52. Found: C 50.09, H 8.09, N 19.13. IR (ATR) ν 3344, 
2970, 1692, 1649, 1522, 1445, 1392, 1365, 1277, 1252, 
1175, 1124, 1081, 1053, 1000, 964, 901, 874, 782, 732, 638 
cm–1.

Tert-Butyl [(2-methyl-5-oxopyrazolidin-3-yl)methyl]
carbamate (5b) and tert-butyl [(1-methyl-5-oxopyrazo-
lidin-3-yl)methyl]carbamate (5’b).

Prepared from 4a (1.38 g, 4.43 mmol) and methylhy-
drazine (557 µL, 10.37 mmol), stirring for 72 h.

tert-Butyl [(2-methyl-5-oxopyrazolidin-3-yl)methyl]car
bamate (5b).

Yield: 670 mg (66%) of yellow oil. 1H-NMR (500 
MHz, DMSO-d6): δ 1.38 (9H, s, t-Bu), 1.95 (1H, dd, J = 4.2, 
16.8 Hz, 4-Ha), 2.46 (3H, s, 2-Me), 2.70 (1H, dd, J = 8.1, 
16.7 Hz, 4-Hb), 2.82–2.90 (1H, m, 3’-Ha), 2.99–3.08 (2H, 
m, 3’-Hb and 3-H), 6.89 (1H, t, J = 5.3 Hz, NHCH2), 9.30 
(1H, s, 1-H). 13C-NMR (126 MHz, DMSO-d6): δ 28.2, 32.5, 
42.7, 46.6, 63.5, 77.8, 155.8, 172.1. m/z (ESI) = 230 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C10H20N3O3, 230.1499; 
found, 230.1496. IR (ATR) ν 3301, 2975, 2931, 1692, 1520, 
1455, 1392, 1366, 1278, 1253, 1168, 1094, 1044 cm–1.

tert-Butyl [(1-methyl-5-oxopyrazolidin-3-yl)methyl]car-
bamate (5’b).

Yield: 150 mg (14%) of yellow oil. 1H-NMR (500 
MHz, DMSO-d6): δ 1.38 (9H, s, t-Bu), 2.09 (1H, dd, J = 5.1, 
16.3 Hz, 4-Ha), 2.45 (1H, dd, J = 8.2, 16.2 Hz, 4-Hb), 2.81 
(3H, s, 1-Me), 2.86–2.94 (1H, m 3’-Ha); 2.96–3.03 (1H, m, 
3’-Ha), 3.41 (1H, br s, 3-H), 5.67 (1H, br s, 2-H), 6.89 (1H, 
t, J = 5.8 Hz, NHCH2). 13C-NMR (126 MHz, DMSO-d6): δ 
28.2, 30.6, 35.2, 42.6, 53.0, 77.8, 155.8, 170.5. m/z (ESI) = 
230 (MH+). HRMS–ESI (m/z): [MH+] calcd for C10H20N3O3, 
230.1499; found, 230.1503. IR (ATR) ν 3332, 2977, 2933, 
1694, 1520, 1455, 1394, 1367, 1277, 1253, 1169, 1060, 957 
cm–1.

Method B. Hydrazine hydrate (729 µL, 15 mmol) 
was added to a solution of 6 (0.916 g, 5 mmol) in methanol 
(15 mL) and the mixture was stirred at r.t. for 48 h. Volatile 
components were evaporated in vacuo and the residue was 
purified by CC (EtOAc−MeOH, 10:1). Fractions contain-
ing the products were combined and volatile components 
were evaporated in vacuo to give 5a. Yield: 481 mg (45%) 
of a yellow resin. Characterisation data for 5a are given 
above in Section 3.2.4.1.

3. 3. �General Procedure for Acidolytic 
Deprotection of Compounds 5a, 5b, and 
5’b. Synthesis of Free Amines 7–9
2 M HCl in ethyl acetate (10 mL, 20 mmol) was add-

ed to a stirred solution of 5a, 5b, or 5’b (4 mmol) in meth-
anol (20 mL) and the mixture was stirred at r.t. for 72 h. 
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The precipitate was collected by filtration, washed with 
anh. Et2O (50 mL) and dried in vacuo to give 7–9.

3. 3. 1. �2-(1-Ammonio-4-methoxy-4-oxobutan-2-
yl)hydrazin-1-ium chloride (7)

Prepared from 5a (861 mg, 4 mmol). Yield: 778 mg 
(88%) of white solid; mp 187–191 °C. 1H-NMR (500 MHz, 
DMSO-d6): δ 2.75 (1H, dd, J = 6.9, 17.0 Hz, 3-Ha), 2.83 
(1H, dd, J = 6.3, 17.0 Hz, 3-Hb), 3.06 (2H, br s, 1-CH2); 
3.64 (4H, br s, CO2Me, 2-H), 5.75 (1H, br s, NH), 8.34 (3H, 
br s, NH3

+), 9.65 (3H, br s, NH3
+). 13C-NMR (126 MHz, 

DMSO-d6): δ 34.7, 39.3, 51.8, 52.8, 170.9. Anal. Calcd for 
C5H15Cl2N3O2: C 27.28, H 6.87, N 19.09. Found: C 27.58, H 
6.69, N 18.84. IR (ATR) ν 3437, 3198, 2987, 1727, 1598, 
1523, 1471, 1442, 1376, 1301, 1232, 1189, 1054, 1000, 987, 
942, 902, 869, 772 cm–1.

3. 3. 2. �5-(Ammoniomethyl)-1-methyl-3-
oxopyrazolidin-1-ium chloride (8)

Prepared from 5b (688 mg, 3 mmol). Yield: 250 mg 
(41%) of white solid; mp 170–183 °C. 1H-NMR (500 MHz, 
DMSO-d6): δ 2.42 (1H, br d, J = 11.4 Hz, 4-Ha), 2.81 (3H, 
s, 1-Me), 2.98 (1H, br d, J = 13.3 Hz, 4-Hb), 3.09 (2H, br d, 
3’-CH2), 3.89 (1H, br s, 3-H), 7.90 (2H, br s, 2-H and NH+), 
8.50 (3H, br s, NH3

+). 13C-NMR (126 MHz, DMSO-d6): δ 
32.6, 39.2, 45.2, 62.3, 171.5. m/z (ESI) = 130 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C5H12N3O, 130.0975; 
found, 130.0974. IR (ATR) ν 3438, 3004, 2484, 1750, 1493, 
1456, 1443, 1425, 1385, 1322, 1302, 1261, 1223, 1166, 1118, 
1104, 1053, 1013, 919 cm–1.

3. 3. 3. �5-(Ammoniomethyl)-2-methyl-3-
oxopyrazolidin-1-ium chloride (9)

Prepared from 5’e (85 mg, 0.37 mmol). Yield: 60 mg 
(80%) of very hygroscopic white semi-solid. 1H-NMR (500 
MHz, DMSO-d6): δ 2.40 (1H, dd, J = 4.7, 16.8 Hz, 4-Ha), 
2.75 (1H, dd, J = 8.7, 16.8 Hz, 4-Hb), 2.94 (3H, s, 2-Me), 
2.97–3.07 (2H, m, 5’-CH2), 3.92–4.01 (1H, m, 5-H), 4.91 
(2H, br s, NH2

+), 8.33 (3H, br s, NH3
+). 13C-NMR (126 

MHz, DMSO-d6): δ 30.7, 33.9, 39.9, 51.2, 169.9. m/z (ESI) 
= 130 (MH+). HRMS–ESI (m/z): [MH+] calcd for 
C5H12N3O, 130.0975; found, 130.0972.

3. 4. �Tert-Butyl ((2-(2,2-dimethoxyethyl)-5-
oxopyrazolidin-3-yl)methyl)carbamate 
(11a)
NaBH3CN (465 mg, 15 mmol) was added in small 

portions within 1 h to a stirred solution of 5 (3.23 g, 15 
mmol) and dimethoxyacetaldehyde (50% in H2O, 4.5 mL, 
30 mmol) in methanol (30 mL) and the mixture was stirred 
at r.t. for 48 h. Volatile components were evaporated in 
vacuo and the residue was purified by CC (EtOAc−MeOH, 

10:1). Fractions containing the product were combined 
and evaporated in vacuo to give 7a. Yield: 1.606 g (37%) of 
white foam. 1H-NMR (500 MHz, DMSO-d6): δ 1.37 (9H, s, 
t-Bu), 1.89 (1H, dd, J = 2.3, 16.4 Hz, 4’-Ha), 2.70 (1H, dd, J 
= 4.5, 12.7 Hz, 1H of NCH2), 2.75 (1H, dd, J = 8.4, 16.8 Hz, 
4’-Hb), 2.78–2.87 (1H, m, 1H of NCH2), 2.89 (1H, dd, J = 
5.9, 12.7 Hz, 1H of NCH2), 3.00 (1H, m, 1H of NCH2), 3.25 
and 3.26 (6H, 2s, 1:1, 2 × OMe), 3.23–3.29 (1H, m, 3’-H 
overlapped by the signal for H2O), 4.40 (1H, dd, J = 4.5, 5.9 
Hz, CH(OMe)2), 6.82 (1H, t, J = 5.9 Hz, NHCH2), 9.34 
(1H, s, 1’-H). 13C-NMR (126 MHz, DMSO-d6): δ 28.2, 
31.8, 43.0, 52.9, 53.2, 60.8, 61.9, 77.7, 101.8, 155.7, 172.2. 
m/z (ESI) = 304 (MH+). HRMS–ESI (m/z): [MH+] calcd 
for C13H25N3O5, 304.1867; found, 304.1866. IR (ATR) ν 
3395, 3055, 2982, 2936, 2836, 2360, 2340, 1699, 1507, 1452, 
1423, 1392, 1367, 1266, 1169, 1132, 1074, 974, 896, 866, 
741, 705, 668 cm–1.

3. 5. �Benzyl ((2-(2,2-dimethoxyethyl)-5-
oxopyrazolidin-3-yl)methyl)carbamate 
(11b)
The crude pyrazolidinone 5b was prepared in four 

steps from N-Cbz-glycine (1b) following a one-pot proce-
dure for the preparation of its N-Boc analogue 5a (cf. Sec-
tion 3.2. and Scheme 1). Reductive alkylation of the inter-
mediate pyrazolidinone 5b (1.246 g, 5 mmol) was per-
formed in the same way as described above for the prepa-
ration of 11a. The crude product 11b was additionally 
purified by MPLC (EtOAc–MeOH, 10:1). Yield: 700 mg 
(41%) of yellow oil. 1H-NMR (500 MHz, DMSO-d6): δ 
1.91 (1H, dd, J = 2.5, 16.9 Hz, 4’-Ha), 2.71 (1H, dd, J = 4.5, 
12.8 Hz, 1H of NCH2), 2.78 (1H, dd, J = 8.3, 16.8 Hz, 4’-
Hb), 2.89 (1H, dd, J = 3.2, 5.9 Hz, 1H of NCH2), 2.90 (1H, 
m, 1H of NCH2), 3.08 (1H, m, 1H of NCH2), 3.24 and 3.25 
(6H, 2s, 1:1, 2 × OMe), 3.29–3.36 (1H, m, 3’-H), 4.40 (1H, 
dd, J = 4.5, 5.9 Hz, CH(OMe)2), 5.02 (2H, d, J = 4.3 Hz, 
PhCH2), 7.29–7.39 (6H, m, Ph and NHCH2), 9.36 (1H, s, 
1’-H). 13C-NMR (126 MHz, DMSO-d6): δ 31.8, 43.4, 53.0, 
53.1, 60.8, 61.8, 65.3, 101.8, 127.7, 127.8, 128.3, 137.1, 
156.3, 172.9. m/z (ESI) = 338 (MH+). HRMS–ESI (m/z): 
[MH+] calcd for C16H23N3O5, 338.1711; found, 338.1709. 
IR (ATR) ν 3336, 3058, 2938, 2836, 2360, 2342, 1698, 
1519, 1455, 1266, 1134, 1073, 977, 918, 869, 830, 739, 701, 
668 cm–1.

3. 6. �General Procedure for the Synthesis 
of 5-alkyl-1-methyltetrahydro-1H-
imidazo[1,5–b]pyrazole-2,6-diones 14a,b
Bicyclic compounds 14a and 14b were obtained in 

nine steps from N-Cbz-sarcosine (1c) and N-benzyl-N-
Cbz-glycine (1d). First, 3-pyrazolidinones 5c and 5d were 
prepared following a one-pot procedure for the prepara-
tion of their N-Boc analogue 5a (cf. Section 3.2. and 
Scheme 1).35
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3. 6. 1. �Preparation of the Free Diamines 12a,b
Boc2O (2.4 g, 11 mmol) was added to a stirred solu-

tion of 5c,d (9 mmol) in a mixture of dioxane (12 mL), 
water (25 mL), and Na2CO3 (1.1 g, 10 mmol) and the mix-
ture was stirred at r.t. for 24 h. Most of the dioxane was 
removed by evaporation in vacuo at 35 °C/50 mbar. EtOAc 
(50 mL) and brine (25 mL) were added to the aqueous res-
idue, the biphasic system was transferred into a separatory 
funnel, shaken, and the phases were separated. The organ-
ic phase was washed with brine (2 × 20 mL), dried over 
anh. Na2SO4, filtered, and the filtrate was evaporated in 
vacuo. The residue was purified by CC (EtOAc/hexane, 
1:1). Fractions containing the product were combined and 
evaporated in vacuo. Under argon, the residue was dis-
solved in anh. DMF (25 mL), K2CO3 (691 mg, 5 mmol) 
and methyl iodide (934 µL, 15 mmol) were added and the 
mixture was stirred at r.t. for 72 h. Volatile components 
were evaporated in vacuo, EtOAc (100 mL) was added to 
the residue, and the mixture was washed with brine (3 × 30 
mL). The organic phase was dried over anh. Na2SO4, fil-
tered, and the filtrate was evaporated in vacuo. The residue 
was purified by CC (EtOAc/hexane, 1:1). Fractions con-
taining the product were combined and evaporated in vac-
uo. The residue was dissolved in dichloromethane (20 
mL), TFA (5 mL) was added and the mixture was stirred at 
r.t. for 24 h. Volatile components were evaporated in vac-
uo, EtOAc (150 mL) and brine (50 mL) were added, and 
the biphasic system was made alkaline by slow addition of 
solid K2CO3 until pH 8–9 was reached. The mixture was 
stirred vigorously at r.t. for 5 min and then stirring was 
stopped and the phases were allowed to separate. The or-
ganic phase was washed with brine (2 × 10 mL), dried over 
anh. Na2SO4, filtered, and the filtrate was evaporated in 
vacuo. The residue was purified by CC (EtOAc/MeOH, 
10:1). Fractions containing the product were combined 
and evaporated in vacuo to give 12a,b, which were used in 
the next step without further purification.

3. 6. 2. �Preparation of tetrahydro-1H-
imidazo[1,5–b]pyrazole-2,6-diones 14a,b

A mixture of crude 12c,d (1.5 mmol), methanol (20 
mL), and 10% Pd–C (80 mg) was hydrogenated under 3 
bar of H2 at room temperature for 1.5 h. The catalyst was 
removed by filtration through a short pad of Celite®, 
washed with methanol (3 × 10 mL), and the combined fil-
trate was evaporated in vacuo. The residue was dissolved in 
toluene (20 mL) and the solution was evaporated in vacuo 
again to give anhydrous free diamine 13a,b. The crude di-
amine 13 (1.5 mmol) was dissolved in anh. DMF (5 mL), 
CDI (262 mg, 1.5 mmol) was added, and the mixture was 
stirred at room temperature for 12 h. Volatile components 
were evaporated in vacuo and the residue was purified by 
CC (EtOAc–MeOH, 10:1). Fractions containing the prod-
uct were combined an evaporated in vacuo. The residue  
(a mixture of 14 and imidazole) was dissolved in EtOAc  

(1 mL), 2 M HCl–Et2O (1 mL), was added and the precip-
itate (imidazole hydrochloride) was removed by filtration 
and washed with anh. Et2O (2 × 2 mL). The filtrate was 
evaporated in vacuo to give 14a,b.

1,5-Dimethyltetrahydro-1H-imidazo[1,5–b]pyrazole-2, 
6-dione (14a).

Prepared from 12a (222 mg, 1.55 mmol) and CDI 
(265 mg, 1.55 mmol). Yield: 110 mg (42%) of yellow oil. 
1H-NMR (500 MHz, DMSO-d6): δ 2.41 (1H, dd, J = 7.8, 
16.0 Hz, 3’-Ha), 2.70 (1H, dd, J = 11.3, 16.4 Hz, 3’-Hb), 
2.75 (3H, s, 5’-Me), 3.13 (3H, s, 1’-Me), 3.35 (1H, dd, J = 
1.2, 9.7 Hz, 4’-H), 3.58 (1H, dd, J = 7.35, 9.82 Hz, 4’-H), 
4.30 (1H, dtd, J = 1.20, 7.65, 7.61, 10.97 Hz, CH). 13C-NMR 
(126 MHz, DMSO-d6): δ 30.1, 32.3, 35.3, 47.6, 53.4, 162.6, 
170.1. m/z (ESI) = 130 (MH+). HRMS–ESI (m/z): [MH+] 
calcd for C7H11N3O2, 170.0924; found, 170.0926. IR (ATR) 
ν 3486, 2926, 2798, 1685, 1496, 1436, 1410, 1384, 1360, 
1292, 1253, 1219, 1173, 1146, 1085, 1063, 1037, 1020, 974, 
926, 891, 838, 790, 737, 675 cm–1.

5-Benzyl-1-methyltetrahydro-1H-imidazo[1,5–b]pyra-
zole-2,6-dione (14b).

Prepared from 5’c (340 mg, 1.55 mmol) and CDI (265 
mg, 1.55 mmol). Yield: 201 mg (53%) of yellow oil. 1H-NMR 
(500 MHz, DMSO-d6): δ 2.44 (1H, dd, J = 16.2, 7.7 Hz, 
3-Ha), 2.59 (1H, ddd, J = 16.3, 11.2, 1.1 Hz, 3-Hb), 3.16 (1H, 
dd, J = 9.8, 1.1 Hz, 4-Ha), 3.34 (3H, s, 1-Me), 3.50 (1H, dd, J 
= 9.7, 7.3 Hz, 4-Hb), 4.25 (1H, dtd, J = 11.3, 7.5, 1.1 Hz, 3’-
H), 4.34 (1H, d, J = 14.8 Hz, 1H of CH2Ph), 4.46 (1H, d, J = 
14.9 Hz, 1H of CH2Ph), 7.18–7.26 (2H, m, 2H of Ph), 7.27–
7.43 (3H, m, 3H of Ph). 13C-NMR (126 MHz, DMSO-d6): δ 
32.7, 36.0, 45.4, 47.6, 54.0, 128.1, 128.1, 129.0, 135.2, 162.8, 
169.6. m/z (ESI) = 246 (MH+). HRMS–ESI (m/z): [MH+] 
calcd for C13H16N3O2, 246.1237; found, 246.1237.

3. 7. �General Procedure for the Synthesis 
of 5-oxopyrazolidine-3-carboxamides 
19a–d
Under argon, CDI (0.892 g, 5.5 mmol) was added to 

a stirred suspension of carboxylic acid 17 (1.031 g, 5 
mmol) in anh. acetonitrile (20 mL), the mixture was 
stirred at r.t. for 1.5 h, followed by addition of amine 18 (5 
mmol). When amine 18 hydrochloride was used, one 
equivalent of N-methylmorpholine (NMM, 600 µL, 5 
mmol) was added as well. The mixture was stirred at r.t. for 
12 h and volatile components were evaporated in vacuo. 
The residue was taken up in dichloromethane (30 mL) and 
the solution was washed with 1 M aq. NaHSO4 (2 × 20 
mL), saturated aq. NaHCO3 (2 × 20 mL), and brine (2 × 20 
mL). The organic phase was dried over anh. Na2SO4, fil-
tered, and the filtrate was evaporated in vacuo. Volatile 
components were evaporated in vacuo and the residue was 
purified by CC (EtOAc). Fractions containing the product 
were combined an evaporated in vacuo to give 19a–d.
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3. 7. 1. �Methyl rac-(5-oxo-1-phenylpyrazolidine-3-
carbonyl)glycinate (19a)

Prepared from 17 (1.031 g, 5 mmol), CDI (0.892 g, 
5.5 mmol), methyl glycinate hydrochloride (18a) (628 mg, 
5 mmol), and NMM (600 µL, 5 mmol). Yield: 653 mg 
(45%) of red crystals; m.p. 148–152 °C. 1H-NMR (500 
MHz, DMSO-d6): δ 2.79 (1H, dd, J = 1.3, 16.6 Hz, 4’-Ha), 
3.06 (1H, dd, J = 9.3, 16.6 Hz, 4’-Hb), 3.60 (3H, s, OMe), 
3.85–3.97 (2H, m, CH2CO2Me), 4.16–4.22 (1H, m, 5’-H), 
6.86 (1H, d, J = 6.8 Hz, 1’-H), 7.12 (1H, t, J = 7.4 Hz, 1H of 
Ph), 7.37 (2H, dd, J = 7.3, 8.6 Hz, 2H of Ph), 7.86 (2H, td, J 
= 1.2, 7.5 Hz, 2H of Ph), 8.57 (1H, t, J = 6.1 Hz, NHCH2). 
13C-NMR (126 MHz, DMSO-d6): δ 36.8, 40.7, 51.7, 54.6, 
118.1, 123.7, 128.4, 138.8, 169.8, 170.0, 171.2. m/z (ESI) = 
278 (MH+). HRMS–ESI (m/z): [MH+] calcd for C13H15N3O4, 
278.1135; found, 278.1138. Anal. Calcd for C13H15N3O4: C 
56.31, H 5.45, N 15.15. Found: C 56.05, H 5.53, N 14.87. IR 
(ATR) ν 3359, 3219, 3005, 2959, 2930, 1754, 1695, 1655, 
1593, 1525, 1489, 1461, 1440, 1403, 1358, 1338, 1312, 1281, 
1242, 1205, 1160, 1127, 1096, 1075, 1031, 1013, 983, 968, 
956, 932, 909, 828, 764, 718, 692, 659, 617 cm–1.

3. 7. 2. �Methyl rac-3-(5-oxo-1-phenylpyrazolidine-
3-carboxamido)propanoate (19b)

Prepared from 17 (208 mg, 1 mmol), CDI (178 mg, 1.1 
mmol), methyl β-alaninate hydrochloride (18b) (140 mg, 1 
mmol), and NMM (120 µL, 1 mmol). Yield: 131 mg (45%) of 
pale yellowish crystals; m.p. 88–91 °C. 1H-NMR (500 MHz, 
DMSO-d6): δ 2.41–2.54 (2H, m, CH2NH), 3.07 (1H, dd, J = 
17.2, 9.3 Hz, 4’-Ha), 3.13 (1H, dd, J = 17.2, 3.5 Hz, 4’-Hb), 
3.47 (1H, ddt, J = 13.6, 7.3, 5.1 Hz, CH2CO2Me), 3.50–3.60 
(4H, m, OMe and 1H of CH2CO2Me), 4.09 (1H, ddd, J = 9.7, 
6.6, 3.4 Hz, 5’-H), 5.43 (1H, d, J = 6.6 Hz, 1’-H), 7.14 (1H, t, J 
= 7.4 Hz, 1H of Ph), 7.37 (2H, dd, J = 8.7, 7.3 Hz, 2H of Ph), 
7.78 (1H, s, NHCO), 7.82 (2H, d, J = 7.6 Hz, 2H of Ph). 
13C-NMR (126 MHz, DMSO-d6): δ 33.7, 34.8, 37.2, 51.8, 
55.31, 118.0, 124.7, 128.9, 138.2, 169.5, 170.0, 172.6. m/z (ESI) 
= 292 (MH+). HRMS–ESI (m/z): [MH+] calcd for C14H17N3O4, 
292.1292; found, 292.1295. Anal. Calcd for C14H17N3O4: C, 
57.72; H, 5.88; N, 14.42. Found: C, 57.89; H, 5.61; N, 14.20. IR 
(ATR) ν 3371, 3284, 3073, 3026, 2954, 2932, 2883, 2848, 1722, 
1695, 1593, 1525, 1496, 1455, 1434, 1398, 1361, 1337, 1323, 
1309, 1272, 1231, 1198, 1178, 1160, 1121, 1078, 1054, 1028, 
1009, 967, 925, 894, 875, 817, 753, 713, 690, 667, 615 cm–1.

3. 7. 3. �5-Oxo-N-phenethyl-1-phenylpyrazolidine-
3-carboxamide (19c)

Prepared from 17 (208 mg, 1 mmol), CDI (178 mg, 1.1 
mmol), and 3-phenylethylamine (18c) (126 µL, 1 mmol). 
Yield: 154 mg (50%) of white crystals; m.p. 131–133 °C. 
1H-NMR (500 MHz, DMSO-d6): δ 2.73 (2H, td, J = 4.5, 6.7, 
6.9 Hz, NHCH2), 3.02 (1H, dd, J = 9.6, 17.7 Hz, 4’-Ha), 3.09 
(1H, dd, J = 3.3, 17.3 Hz, 4’-Hb), 3.45 (1H, qd, J = 6.4, 13.1 Hz, 
1H of CH2Ph), 3.58 (1H, qd, J = 6.5, 13.1 Hz, 1H of CH2Ph), 

4.02 (1H, ddd, J = 3.3, 6.6, 9.8 Hz, 5’-H), 5.31 (1H, d, J = 6.7 
Hz, 1’-H), 7.01–7.08 (1H, m, 1H of Ph), 7.11–7.24 (5H, m, 
Ph), 7.30–7.38 (2H, m, 2H of Ph), 7.67 (2H, d, J = 7.8 Hz, 2H 
of Ph). 13C-NMR (126 MHz, DMSO-d6): δ 35.4, 37.3, 40.4, 
55.2, 117.8, 124.7, 126.6, 128.6, 128.7, 129.0, 138.2, 138.3, 
169.4, 169.9. m/z (ESI) = 310 (MH+). HRMS–ESI (m/z): 
[MH+] calcd for C18H20N3O2, 310.1550; found, 310.1555. 
Anal. Calcd for C18H19N3O2: C, 69.88; H, 6.19; N, 13.58. 
Found: C, 69.78; H, 6.13; N, 13.53. IR (ATR) ν 3314, 3193, 
3079, 3061, 3024, 2936, 2863, 1944, 1872, 1805, 1686, 1651, 
1593, 1539, 1492, 1479, 1454, 1434, 1361, 1323, 1311, 1298, 
1287, 1252, 1217, 1189, 1153, 1120, 1087, 1065, 1031, 1004, 
982, 952, 932, 902, 868, 833, 747, 716, 688, 657, 614 cm–1.

3. 7. 4. �N,N-Diethyl-5-oxo-1-phenylpyrazolidine-
3-carboxamide (19d)

Prepared from 17 (208 mg, 1 mmol), CDI (178 mg, 
1.1 mmol), and diethylamine (18d) (104 µL, 1 mmol). 
Yield: 128 mg (49%) of pale greyish crystals; m.p. 77–79 
°C. 1H-NMR (500 MHz, DMSO-d6): δ 1.05 (3H, t, J = 7.1 
Hz, Me), 1.18 (3H, t, J = 7.0 Hz, Me), 2.85 (2H, d, J = 15.7 
Hz, 4’-CH2), 3.32 (2H, m, CH2Me), 3.42 (2H, m, CH2Me), 
4.55 (1H, m, 5’-H), 6.39 (1H, d, J = 9.37 Hz, 1’-H), 7.07 
(1H, t, J =7.4 Hz, 1H of Ph), 7.33 (2H, t, J = 7.85 Hz, 2H of 
Ph), 7.77 (2H, d, J = 8.10 Hz, 2H of Ph). 13C-NMR (126 
MHz, DMSO-d6): δ 12.7, 14.4, 37.4, 39.6, 40.9, 53.2, 117.7, 
123.4, 128.4, 139.1, 168.2, 170.5. m/z (ESI) = 262 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C14H20N3O2, 262.1550; 
found, 262.1551. Anal. Calcd for C14H19N3O2: C, 64.35; H, 
7.33; N, 16.08. Found: C, 64.44; H, 7.20; N, 15.93. IR (ATR) 
ν 3212, 3063, 2979, 2932, 2901, 2873, 2159, 1699, 1631, 
1593, 1496, 1481, 1471, 1424, 1369, 1320, 1272, 1233, 1218, 
1154, 1140, 1102, 1072, 1042, 1029, 997, 965, 938, 906, 878, 
843, 815, 760, 720, 692, 671, 660 cm–1.

3. 8. �General Procedure for the Synthesis of 
Non-racemic Carboxamides 19e,f and 
19’e,f
Mixtures of diastereomeric carboxamides 19e/19’e 

and 19e/19’f were prepared from racemic carboxylic acid 
17 and (S)-amino esters 18e and 18f, respectively, follow-
ing the general procedure for the preparation of racemic 
carboxamides 19a–d. Mixtures of diastereomers 19e/19’e 
and 19f/19’f were separated by MPLC (EtOAc–hexane). 
Fraction containing the products were combined and 
evaporated in vacuo to give the non-racemic diastere-
omerically pure carboxamides 19e, 19’e, 19f, and 19’f.

3. 8. 1. �Methyl (5R,2’S)-(3-oxo-2-
phenylpyrazolidine-5-carbonyl)alaninate 
(19e) and its (5S,2’S)-isomer 19’e

Prepared from 17 (0.208 g, 1 mmol), CDI (0.178 g, 
1.1 mmol), methyl (S)-alaninate hydrochloride (18e) (140 
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mg, 1 mmol), and NMM (120 µL, 1 mmol); MPLC 
(EtOAc–hexane, 1:1).

Data for the (–)-isomer 19e. Yield: 67 mg (23%) of 
yellow oil; [α]D

22 –64.5 (c 0.365, CH2Cl2), MPLC: Rt = 67 
min. 1H NMR (500 MHz, CDCl3): δ 1.33 (3H, d, J = 7.2 Hz, 
Me), 3.13 (2H, d, J = 6.4 Hz, 4’-CH2), 3.75 (3H, s, CO2Me), 
4.16 (1H, q, J = 6.6 Hz, 2-H), 4.54 (1H, m, 5’-H), 5.48 (1H, 
d, J = 6.7 Hz, 3-H), 7.16 (1H, t, J = 7.4 Hz, 1H of Ph), 7.38 
(2H, dd, J = 7.4, 8.7 Hz, 2H of Ph), 7.73 (1H, s, 1’-H), 7.83 
(2H, dd, J = 1.2, 8.8 Hz, 2H of Ph). 13C NMR (126 MHz, 
CDCl3): δ 18.25, 37.22, 48.06, 52.63, 55.29, 117.97, 124.84, 
129.04, 138.23, 169.39, 169.80, 173.12. m/z (ESI) = 292 
(MH+). HRMS–ESI (m/z): [MH+] calcd for C14H17N3O4, 
292.1292; found, 292.1292. IR (ATR) ν 3469, 3367, 3227, 
3068, 2992, 2952, 2848, 1739, 1664, 1595, 1518, 1495, 1454, 
1352, 1323, 1310, 1210, 1154, 1112, 1056, 1030, 979, 932, 
894, 847, 827, 754, 691, 670, 629 cm–1.

Data for the (+)–isomer 19’e. Yield: 60 mg (21%) of 
yellow oil; [α]D

22 +82.2 (c 0.39, CH2Cl2), MPLC: Rt = 78 
min. 1H NMR (500 MHz, CDCl3): δ 1.43 (3H, d, J = 7.1 Hz, 
Me), 3.09 (1H, dd, J = 9.3, 17.2 Hz, 4’-Ha), 3.16 (1H, dd, J = 
3.5, 17.2 Hz, 4’-Hb), 3.62 (3H, s, CO2Me), 4.14 (1H, ddd, J 
= 3.5, 6.6, 9.7 Hz, 2-H), 4.54 (1H, m, 5’-H), 5.44 (1H, d, J = 
6.7 Hz, 3-H), 7.16 (1H, t, J = 7.4 Hz, 1H of Ph), 7.38 (2H, 
dd, J = 7.4, 8.7 Hz, 1H of Ph), 7.81–7.90 (3H, m, 1’-H and 
2H of Ph). 13C NMR (126 MHz, CDCl3): δ 18.4, 37.0, 48.2, 
52.5, 55.4, 118.42, 124.9, 129.0, 138.2, 169.3, 169.6, 172.6. 
m/z (ESI) = 292 (MH+). HRMS–ESI (m/z): [MH+] calcd for 
C14H17N3O4, 292.1292; found, 292.1293. IR (ATR) ν 3486, 
3369, 3226, 3066, 2992, 2952, 2848, 1739, 1665, 1595, 1518, 
1495, 1453, 1353, 1325, 1310, 1211, 1154, 1110, 1061, 1030, 
1019, 980, 933, 899, 846, 827, 754, 691, 670, 617 cm–1.

3. 8. 2. �Methyl (5R,2’S)-(3-oxo-2-
phenylpyrazolidine-5-carbonyl)prolinate 
(19f) and its (5S,2’S)-isomer 19’f

Prepared from 17 (0.208 g, 1 mmol), CDI (0.178 g, 
1.1 mmol), methyl (S)-prolinate hydrochloride (18f) (166 
mg, 1 mmol), and NMM (120 µL, 1 mmol); MPLC 
(EtOAc–hexane, 2:1).

Data for the (–)-isomer 19f. Yield: 40 mg (13%) of 
yellow oil; [α]D

22 –98.1 (c 0.425, CH2Cl2), MPLC: Rt = 67 
min. 1H NMR (500 MHz, CDCl3): δ 2.03–2.10 (2H, m, 4’-
CH2), 2.09–2.18 (1H, m, 3-CH2), 2.23–2.31 (1H, m, 
3-CH2), 2.95 (1H, dd, J = 8.2, 16.5 Hz, 4’-CH2), 3.07 (1H, 
dd, J = 11.3, 16.5 Hz, 4’-CH2), 3.54–3.63 (1H, m, 5-CH2), 
3.65–3.71 (1H, m, 5-CH2), 3.76 (3H, s, CO2Me), 4.51 (1H, 
dt, J = 8.2, 11.0 Hz, 5-H), 4.60 (1H, dd, J = 3.9, 8.8 Hz, 2’-
H), 5.67 (1H, d, J = 10.8 Hz, NH), 7.13 (1H, t, J = 7.4 Hz, 
1H of Ph), 7.36 (2H, dd, J = 7.3, 8.7 Hz, 2H of Ph), 7.84 
(2H, d, J = 7.3 Hz, 2H of Ph). 13C NMR (126 MHz, CDCl3): 
δ 24.7, 28.8, 37.5, 46.4, 52.5, 54.9, 59.0, 118.4, 124.5, 128.7, 
138.4, 168.4, 168.6, 172.0. m/z (ESI) = 318 (MH+). HRMS–
ESI (m/z): [MH+] calcd for C16H19N3O4, 318.1448; found, 
318.1447. IR (ATR) ν 3496, 3210, 3066, 2953, 2881, 2248, 

1740, 1695, 1645, 1595, 1496, 1456, 1434, 1418, 1357, 1323, 
1311, 1280, 1196, 1173, 1094, 1030, 998, 984, 963, 910, 861, 
834, 790, 755, 728, 691, 670, 647, 616 cm–1.

Data for the (+)–isomer 19’f. Yield: 43 mg (14%) of 
yellow oil; [α]D

22 +2.5 (c 0.43, CH2Cl2), MPLC: Rt = 84 min. 
1H NMR (500 MHz, CDCl3): δ 2.02–2.13 (2H, m, 4-CH2), 
2.11–2.20 (1H, m, 3-CH2), 2.23–2.29 (1H, m, 3-CH2), 2.89 
(1H, dd, J = 8.1, 16.1 Hz, 4’-CH2), 3.02 (1H, dd, J = 11.3, 
16.2 Hz, 4’-CH2), 3.47 (1H, td, J = 7.1, 9.6, 5-CH2), 3.76 
(3H, s, CO2Me), 3.85 (1H, ddd, J = 4.3, 8.0, 10.0 Hz, 5-CH2) 
4.51–4.54 (1H, m, 5-H), 4.55–4.58 (1H, m, 2’-H), 5.59 
(1H, d, J = 10.7 Hz, NH), 7.13 (1H, t, J = 7.4 Hz, 1H of Ph), 
7.36 (2H, dd, J = 7.3, 8.7 Hz, 2H of Ph), 7.86 (2H, d, J =7.6 
Hz, 2H of Ph). 13C NMR (126 MHz, CDCl3): δ 24.6, 29.0, 
37.6, 46.6, 52.5, 55.1, 59.2, 118.4, 124.5, 128.7, 138.4, 168.3, 
168.6, 172.0. m/z (ESI) = 318 (MH+). HRMS–ESI (m/z): 
[MH+] calcd for C16H19N3O4, 318.1448; found, 318.1447. 
IR (ATR) ν 3468, 3212, 3064, 2953, 2882, 2251, 1739, 1695, 
1643, 1595, 1495, 1455, 1434, 1419, 1356, 1323, 1311, 1282, 
1196, 1172, 1094, 1031, 996, 981, 911, 856, 836, 792, 755, 
729, 691, 670, 646, 615 cm–1.

4. Conclusions
1,2-Unsubstituted 5-aminomethyl-3-pyrazolidinones 

are available in four steps from N-protected glycines and 
their N-alkylated analogues. Although the alternative one-
step ‘ring switching’ synthesis of 5-aminomethyl-3-pyrazo-
lidinones is definitely simpler and shorter, the high price or 
difficult availability of the starting N-protected pyrrolin-
2(5H)-one, as well as lower yield and purity of the so ob-
tained product are disadvantageous. Regioselective reduc-
tive alkylation 1,2-unsubstituted pyrazolidinones with di-
methoxyacetaldehyde provided the 1-(2,2-dimethoxyethyl) 
substituted 3-pyrazolidinones, which, unfortunately could 
not be cyclized into the desired hexahydropyrazolo[1,5–a]
pyrazin-2(1H)-ones. On the other hand, a three step selec-
tive methylation provided selectively the 2-methyl regioiso-
mers as key-intermediates in the preparation of two novel 
1,5-dialkyltetrahydro-1H-imidazo[1,5–b]pyrazole-2,6 -di-
ones, as rare representatives of almost unexplored 3D-rich 
heterocyclic system. The number of synthetic steps in the 
above preparations may seem disadvantageous, neverthe-
less, this is compensated by performing up to five subse-
quent steps via a one-pot procedure. Amidation of easily 
available 3-oxopyrazolidine-5-carboxylic acid yielded the 
corresponding carboxamides in moderate yields. Diastere-
omeric non-racemic carboxamides obtained from (S)-
AlaOMe and (S)-ProOMe are separable by MPLC.
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Povzetek
Študirali smo sinteztne pristope za pripravo novih 3-pirazolidinonskih derivatov funkcionaliziranih na položajih N(1) 
in/ali C(5). 5-aminoalkil-3-pirazolidinone smo pripravili v štirih korakih iz N-zaščitenih glicinov preko Masam-
une-Claisenove homologacije, redukcije, O-meziliranja in ciklizacije z derivati hidrazina. Proste amine smo pripravili z 
odščito v kislem. Ciljno spojino smo pripravili tudi z ‘ring switching’ transformacijo N-Boc-pirolin-2(5H)-ona s hidraz-
in hidratom. S katalitskim hidrogeniranjem smo odščitili 5-(N-alkil-N-Cbz-aminometil)pirazolidine-3-one in s sledečo 
ciklizacijo z 1,1’-karbonildiimidazolom (CDI) pripravili dva nova predstavnika perhidroimidazo[1,5-b]pirazola, ki je 
skoraj popolnoma neraziskan heterociklični system. Pri amidiranju 3-oksopirazolidin-5-karboksilne kisline smo dobili 
ustrezne karboksamide s srednjimi izkoristki. Diastereomerne neracemne karboksamide, pripravljene iz (S)-AlaOMe in 
(S)-ProOMe, smo ločili s pomočjo MPLC kromatografske tehnike.
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Abstract
Highly efficient asymmetric reduction of 2-benzylidenecyclopentanone derivatives to give the respective exocyclic allylic 
alcohols in ee’s up to 96% was performed with chiral oxazaborolidine-based catalysts. Complete enantioselectivity fur-
nishing (S)-configured alcohol product could be achieved by bioreduction of 2-(4-chlorobenzylidene)cyclopentanone 
with Daucus carota root. The synthesized compounds may be used as enantiomerically enriched standards for the mon-
itoring of the enzyme-catalyzed redox processes.

Keywords: Enantioselective reduction, cyclopentanone, AKR1C inhibitors, oxazaborolidine, bioreduction

1. Introduction
Chiral alcohols are important building blocks and 

intermediates in the synthesis of pharmaceuticals, fine 
chemicals, agrochemicals, flavors and fragrances, as well 
as functional materials.1 Since ketones represent one of the 
most common families of unsaturated compounds, their 
asymmetric reduction represents the simplest and most 
powerful method for the preparation of enantiomerically 
enriched alcohols. The stereospecific reduction of carbon-
yl groups to the corresponding alcohols is also a function-
alization reaction involved in the metabolism of endoge-
neous compounds and xenobiotics containing these 
groups. Thus, it is often catalyzed by enzymes belonging to 
either dehydrogenase/reductase superfamily or the al-
do-keto reductase (AKR) superfamily.2 The human mem-
bers of the AKR subfamily 1C are involved in the biosyn-
thesis and inactivation of steroid hormones, and also in 
the biosynthesis of neurosteroids and prostaglandins.3 
These enzymes reduce carbonyl containing substrates to 
alcohols and also function in vivo as ketosteroid reduc-
tases, and thus regulate the activity of androgens, estro-
gens and progesterone in target tissues, and ligand occu-
pancy and transactivation of their corresponding recep-
tors.4 Aberrant expression and action of AKR1C enzymes 
may lead to an imbalance in the metabolism of steroid 
hormones, and to further development of different patho-

physiological conditions.5 These enzymes thus represent 
promising therapeutic targets in the development of new 
drugs. In the literature, structurally different compounds 
have been evaluated as AKR1C inhibitors, for example di-
etary phytoestrogens,6 benzodiazepines,7 cinnamic acids,8 
benzofurans, and phenolphthalein derivatives,9 Ru(II) 
complexes,10 salicylic and aminobenzoic acids derivatives, 
as well as some nonsteroidal anti-inflammatory drugs and 
their analogues.11,12 In spite of a plethora of potent inhibi-
tors of steroid metabolizing enyzmes that have emerged, 
the search for new and more selective ones is an important 
field of investigation. Štefane et al.13 indentified com-
pounds based on cyclopentane scaffold, which are 
AKR1C1 and AKR1C3 substrates active in the low micro-
molar range, and thus represent promising starting points 
in the development of potential agents for treatment of 
hormone-dependent forms of cancer and other diseases 
involving these enzymes. AKR1C inhibitors are not only 
interesting as potential agents for the treatment of diseas-
es, but also as molecular tools in the study of the patho-
physiological roles of these enzymes. In the recent study 
Beranič et al. introduced new enzymatic assays employing 
racemic 2-(4-chlorobenzylidene)cyclopentanol (CBCP-ol) 
and its ketone counterpart 2-(4-chlorobenzylidene)cyclo-
pentanone that allow monitoring of AKR1C-catalyzed re-
actions in the reductive and oxidative directions.14 Since 
enzymes perform highly stereoselective reactions, it seems 

DOI: 10.17344/acsi.2017.3543
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useful to know, which enantiomer of CBCP-ol is involved 
in the redox process. For this reason we present herein the 
synthesis of enantiomerically enriched cyclopentyl alco-
hols (CBCP-ol and its 4-methoxy analogue) via the asym-
metric chemo- and bioreduction of substituted 2-ben-
zylidenecyclopentanones, which can serve as standards in 
monitoring of AKR1C-catalyzed reactions. The reduction 
of the benzene-fused analogue, indanone-derived chal-
cone, to the corresponding secondary allylic alcohol is also 
included.

2. Results and Discussion
The starting compounds, α-arylmethylene cyclic ke-

tones 3 and 6 were synthesized in a base-induced aldol 
condensation from cyclopentanone (1) or 1-indanone (5) 
and the corresponding p-substituted benzaldehydes 2 fol-
lowing slightly modified literature procedure15 (Scheme 1). 
The reaction of cyclopentanone with p-methoxybenzalde-
hyde (2b) towards benzylidenecyclopentanone 3b pro-
ceeded smothly, while using p-chlorobenzaldehyde (2a), 
besides the desired product 3a, symmetrical abis(ben-
zylidene) derivative 4a was isolated as the by-product. 
1-Indanone reacted with p-chlorobenzaldehyde leading to 
the product 6 in a very low 9% isolated yield. We were not, 

however, interested in the optimization of these aldol con-
densation reactions.

With α,β-unsaturated ketones 3 and 6 in hand, we 
investigated different methods for the selective carbonyl 
reduction to obtain the highest possible enantiomeric ex-
cess of the corresponding allylic alcohol products with 
exocyclic C=C double bond.

The most elegant method for the asymmetric reduc-
tion of prochiral ketones is either homogeneous or hetero-
geneous hydrogenation or transfer hydrogenation cata-
lyzed by chiral metal catalysts.16 Highly efficient asymmet-
ric hydrogenation of α-arylmethylene cyclopentanones 
was realized by chiral tailor-made iridium–spiroamino-
phosphine catalysts;17 for example, reduction of 3b gave 7b 
with 95% ee (enantiomeric excess). Unfortunately, in our 
case the use of some commercially available chiral rhodi-
um and ruthenium catalysts C1–C4 (Figure 1) in hydroge-
nation of cyclopentanone 3a with molecular hydrogen (80 
bars) led to very low yields and ee values of the secondary 
alcohol 7a; the best ee of 12% (31% isolated yield) was ob-
tained with Noyori's bifunctional ruthenium catalyst C4. 

After report by Itsuno18 that chiral aminoalcohols to-
gether with BH3 effected the enantioselctive reduction of 
prochiral ketones, Corey19 isolated the primarily formed 
oxazaborolidine derivative, and developed a powerful cat-
alytic version of an original stoichometric reduction. Con-

Scheme 1. Synthesis of α-arylmethylene cyclic ketones 3, 4 and 6.

Figure 1. Chiral catalysts employed in the asymmetric reduction of cyclic ketones 3 and 6.
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sequently, enantioselective reduction of prochiral ketones 
with borane (or its derivatives) catalyzed by chiral oxaz-
aborolidines has emerged as an excellent route to alcohols 
of high enantiomerical purity.20 Since this method has 
many advantages such as predictable absolute configura-
tion and high ee of chiral secondary alcohol products, it 
seemed logical to investigate whether oxazaborolidine-ca-
talysed reduction of ketones 3 and 6 could afford the de-
sired exocyclic allylic alcohols in high enantioselectivity. 
Indeed, the borane reduction of chlorobenzylidenecyclo-
pentanone 3a in the presence of 10 mol% of oxazaboroli-
dine catalyst (S)-C5 at room temperature afforded the de-
sired alcohol (R)-7a in 77% ee (as juged by chiral HPLC) 
(Table 1, entry 1). By varying different solvents, reaction 
temperatures, amount of reductant, and catalyst loading 
(Table 1, entries 2–8), the highest ee of 96% in reduction of 
3a was achieved with 1.88 equiv. BH3 × Me2S, 20 mol% (S)-
C5 in toulene at 0 °C. Typically, reduction was carried out 
by slow addition of a toluene solution of the ketone to an 
ice-cooled toluene solution of BH3 × Me2S and catalyst 
(stirred for 10 min prior to adding the ketone). The same 
protocol was used in the reduction of the methoxy-substi-
tuted analogue 3b giving (R)-7b but with significant loss of 
enantioselectivity (Table 1, entry 9). The opposite enantio-

mers, (S)-7a and (S)-7b, were obtained by the borane re-
duction with the oxazaborolidine catalyst (R)-C5 (Table 1, 
entries 10 and 11). Interestingly, chloro-substituted alco-
hols (S)-7a and (R)-7a were obtained with practically 
identical ee values (~95%), while catalyst (R)-C5 reduced 
methoxy-benzylidenecyclopentanone 3b with increased 
enantioselectivity compared to catalyst (S)-C5 (90% vs. 
82% ee). A dramatic drop in chemical yield and optical pu-
rity of the indanol alcohol 6 was observed in reduction of 
the indanone derivative 6 with either (S)-C5 or (R)-C5 
catalyst. In spite of applying different reaction conditions 
(Table 1, entries 12–17), the corresponding alcohol 8 was 
not obtained in ee higher than 33%. Lower ee values asso-
ciated with asymmetric reduction of indanone 6 as com-
pared to cyclopentanone 3 may suggest that a fused ben-
zene ring has a pronounced influence on the level of asym-
metric induction with oxazaborolidine catalysts C5. Addi-
tionally, low isolated yield of indanol 8 might be due to its 
decomposition (or of parent ketone) under applied reac-
tion conditions as was also established for reduction of 
analogous indanone-derived chalcones.21

The enantiomeric excess of the allylic alcohols 7 and 
8 was determined by chiral stationary phase HPLC. The 
corresponding racemic alcohols were synthesized by che-

Table 1: Asymmetric reduction of cyclic ketones 3a,b and 6 with oxazaborolidine catalysts C5.

entry	 ketone
	 catalyst	

solvent
	 BH3 × Me2S	

T (°C)	 product	 yielda (%)	 eeb (%)		  (mol%)		  (equiv.)				  

  1	 3a	 (S)-C5, 10	 THF	 1.10	 r. t.	 7a	 n.d.	 77 (R)
  2	 3a	 (S)-C5, 10	 THF	 2.74	 –20	 7a	 88	 81 (R)
  3	 3a	 (S)-C5, 10	 THF	 1.70	 –20	 7a	 67	 32 (R)
  4	 3a	 (S)-C5, 10	 THF	 3.42	 –20	 7a	 91	 75 (R)
  5	 3a	 (S)-C5, 20	 DCM	 1.70	   –6	 7a	 84	 90 (R)
  6	 3a	 (S)-C5, 10	 THF	 2.74	     0	 7a	 82	 88 (R)
  7	 3a	 (S)-C5, 10	 THF	 1.70	     0	 7a	 80	 90 (R)
  8	 3a	 (S)-C5, 20	 toluene	 1.88	     0	 7a	 77	 96 (R)
  9	 3b	 (S)-C5, 20	 toluene	 1.88	     0	 7b	 67	 82 (R)
10	 3a	 (R)-C5, 20	 toluene	 1.88	     0	 7a	 70	 95 (S)
11	 3b	 (R)-C5, 20	 toluene	 1.88	     0	 7b	 59	 90 (S)
12	 6	 (R)-C5, 20	 toluene	 1.88	     0	 8	 15	 23 
13c,d	 6	 (R)-C5, 20	 toluene/CH2Cl2	 2.10	     0	 8	 21	 24
14d	 6	 (S)-C5, 20	 toluene/CH2Cl2	 1.27	     0	 8	 20	 33
15	 6	 (S)-C5, 20	 CH2Cl2	 1.27	     0	 8	 19	 21
16e,f	 6	 (S)-C5, 20	 THF 	 1.27	 –30	 –	 –	 –
17e	 6	 (S)-C5, 20	 CH2Cl2	 1.27	 –30	 8	 22	 19

aIsolated yield is given. bDetermined by chiral HPLC. cFirst solution of 6 added to a solution of (R)-C5, then BH3 × Me2S. dKetone dissolved in 
CH2Cl2, and catalyst in toluene. eReaction quenched with MeOH. fThe desired alcohol was not isolated.
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moselective reduction with NaBH4 in the presence of 
CeCl3 × 6H2O. They were used to find the optimal HPLC 
conditions for the separation of the pairs of the enatiomer-
ic alcohols.

Although Corey's (S)-proline-derived or stereo-
chemically related oxazaborolidines in general delivered 
R-configured allylic alcohols in reduction of enones,22 the 
R absolute configuration of chlorobenzylidenecyclopenta-
nol 7a obtained from reduction with (S)-C5 was unambi-
gously confirmed by X-ray crystallography (Figure 3). Ad-
ditionally, this established also the configuration around 
the exocyclic C=C double bond as E. It should be made 
clear that stereochemical assignment for (R)-7a has not 
been previously made, although the absolute stereochem-
istry of related 2-benzylidenecyclopentanol obtained with 
Corey (S)-oxazaborolidine catalyst was determined to be 

R.23 Thus, formation of the alcohol (R)-7a from chloro-sub-
stituted cyclopentanone 3a in the presence of oxazaboroli-
dine catalyst (S)-C5 is also consistent with the sense of 
asymmetric induction predicted by the Corey mechanistic 
model.24 Consequently, we ascribed the R stereochemistry 
also to the methoxy-substituted alcohol 7b provided by 
oxazaborolidine catalyst (S)-C5, while for alcohols 7a,b 
arising from the borane reduction with catalyst (R)-C5 the 
S configuration was concluded. This was further support-
ed by comparison of the sense of optical rotation and 
HPLC elution sequence of the enantiomeric forms of the 
alcohols 7a and 7b obtained with catalysts (S)-C5 and (R)-
C5, respectively. Examination of the chromatogram (d) 
depicted in Figure 2 reveals, that for chloro-cyclopentanol 
7a delivered with catalyst (S)-C5, the (+)-(R)-form of the 
enantiomers separated on chiral column is eluted second. 

h)

g)

f)

Figure 2. Chromatograms of (a) racemic alcohol 7a, (b) racemic alcohol 7b, (c) racemic alcohol 8, (d) enantiomerically enriched (R)-7a obtained 
with (S)-C5, (e) enantiomerically enriched (S)-7a obtained with (R)-C5, (f) enatiomerically enriched (R)-7b obtained with (S)-C5, (g) alcohol 8 
obtained with (R)-C5, (h) enantiomerically enriched (R)-7a obtained with Daucus carota root reduction.
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Methoxy-cyclopentanol 7b obtained with catalyst (S)-C5 
(Figure 2, chromatogram (f)) is also eluted second and re-
turned a specific rotation of [α]D

25 + 3.8, identical in sign to 
that of (R)-7a; consequently its configuration was pro-
posed to be R. The opposite enantiomers of 7a and 7b, ob-

tained with catalyst (R)-C5, both eluted on column first 
and the samples show levorotatory character. The domi-
nant enantiomer of the indanol alcohol 8 obtained with 
(R)-C5, though in low excess, also eluted first on chiral 
column (Figure 2, chromatogram (g)), and the optical ro-
tation of the sample was measured as [α]D

25 – 13.4. On this 
basis it can be speculated that catalyst (R)-C5 preferential-
ly delivers the (S)-indanol 8 in the reduction of indanone 
6, while with catalyst (S)-C5 the (R)-alcohol 8 is obtained 
as the major enantiomer. 

Efficient asymmetric reduction of carbonyl com-
pounds can also be achieved by means of bioreduction 
employing either isolated enzymes or whole cells system as 
mild and environmentally benign reduction systems. Fog-
liato et al. used baker's yeast25 for the reduction of arylidene 
cyclopentanones and cyclohexanones reaching satisfacto-
ry enantioselectivity, while the secondary alcohols of ex-
cellent optical purity were obtained from Daucus carota26 
root reduction of structurally different prochiral ketones 
(up to 100% ee). Similarly, an α,β-unsaturated ketone 
trans-4-phenylbut-3-en-2-one was regio- and stereoselec-
tively reduced using carrot, celeriac, and beetroot enzyme 
systems to the corresponding (S)-allylic alcohol in ee's 
72–99%.27 In our case, the baker's yeast reduction of chlo-
robenzylidenecyclopentanone 3a gave very low isolated 
yield (5%) and optical purity (ee = 9%) of the correspond-
ing alcohol 7a even after incubating the reaction mixture 
at 38 oC for 10 days. On the contrary, the 24-hour-biore-
duction with Daucus carota root (substrate/carrot, 1/134 
(w/w)) delivered alcohol (S)-7a with >99% ee as deter-
mined in the crude product (Figure 2, chromatogram (h)), 
the amount of which was, however, very low after removal 
of the biomaterial (Scheme 2). Interestingly, asymmetric 
induction turned out to be time-dependent, namely ee val-
ue of (S)-7a reduced to 92% after incubating reaction mix-
ture for four days at room temperature. It is noteworthy 
that isolation of the desired alcohol product from biore-
duction is intrinsically messy, as the aqueous media con-
tains the cellular mass, usual metabolites, nutrients, and 
the starting ketone.

Table 2 Crystallographic data, structure refinement summary, se-
lected bond lengths, bond angles, and torsion angles for compound 
(R)-7a.

Property	 Compound (R)-7a

Empirical formula	 C12H13ClO
Formula weight 	 208.67
Temperature	 150(2)
Crystal system	 orthorhombic
Space group	 P212121
a (Å)	 4.99305(10)
b (Å)	 9.3428(2)
c (Å)	 22.2446(4)
a (°)	 90.00
b (°)	 90.00
g (°)	 90.00
Volume (Å3)	 1037.69(4)
Z	 4
F (000)	 440
Crystal size (mm3)	 0.08 × 0.25 × 0.60
m (CuK\a) ( /mm)	 0.079
Nref	 6371
R	 0.0327
wR2	 0.0876
S	 1.08

Bond length (Å)	

C2(1) – Cl(1)	 1.7440(16)
C(8) – C(9)	 1.336(2)
O(1) – C(10)	 1.4238(19)

Bond angles (°)	

C(5) – C(7) – C(8)	 125.0(1)
C(8) – C(9) – C(11)	 129.9(2)
C(8) – C(9) – C(10)	 122.4(1)
C(9) – C(10) –O(1)	 115.2(1)

Torsion angles (°)	

C(5) – C(7) – C(8) – C(9)	 10.0(1)
C(7) – C(8) – C(9) – C(11)	 –4.5(1)

Figure 3. X-ray crystal structure of (R)-7a; thermal ellipsoids are set 
at 40% probability.

Scheme 2. Bioreduction of benzylidenecyclopentanone 3a.

3. Experimental 
General. Toluene was dried with sodium and dis-

tilled. All other reagents and solvents were used as received 
from commercial suppliers. Melting points were deter-
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mined on a Kofler micro hot stage. The NMR spectra were 
recorded at 302 K either on a Bruker Avance DPX 300 or 
Avance III 500 MHz spectrometer operating at 300 MHz 
or 500 MHz and 75.5 MHz or 126 MHz for 1H and 13C 
nuclei. The 1H NMR spectra in CDCl3 are referenced with 
respect to TMS as the internal standard. The 13C NMR 
spectra are referenced against the central line of the sol-
vent signal (CDCl3 triplet at δ = 77.0 ppm). The coupling 
constants (J) are given in Hz. The multiplicities are indicat-
ed as follows: s (singlet), d (doublet), t (triplet), q (quartet), 
qn (quintet), m (multiplet) and br (broad). IR spectra were 
obtained on a Bruker FTIR Alpha Platinum ATR spectro-
photometer. MS spectra were recorded with an Agilent 
6224 Accurate Mass TOF LC/MS instrument. Elemental 
analyses (C, H, N) were performed with a Perkin-Elmer 
2400 Series II CHNS/O Analyzer. TLC was carried out on 
Fluka silica gel TLC-cards. Column chromatography was 
performed on 230–400-mesh silica gel. Merck silica gel 60 
PF254 containing gypsum was used to prepare chromato-
tron plates. Radial chromatography was performed with 
Harrison Research, model 7924T chromatotron. HPLC 
analyses were performed with Agilent Technology 1260 
Infinity HPLC instrument with UV detection. The known 
compounds were characterized by comparison of their 
physical or spectrosopic data with those in the literature.

Synthesis of ketones 3a and 4a: Cyclopentanone (1) (5.0 
g, 59.4 mmol) and p-chlorobenzaldehyde (2a) (4.22 g, 
30.02 mmol) were added into a 0.2 M aqueous NaOH 
solution (210 mL), and stirred at room temperature for 72 
h. The reaction was quenched with water (210 mL), and 
the reaction mixture was acidified with 3.6% aqueous HCl 
solution (60 mL) to pH ~ 4. The product was extracted 
with CH2Cl2 (3 × 150 mL), and combined organic layers 
were dried over anhydrous Na2SO4. The solvent was evap-
orated in vacuo, and the residue was purified by SiO2 col-
umn chromatography (petroleum ether : EtOAc = 20 : 1) 
to give 1.90 g (31%) of 3a and 4.00 g (40%) of 4a.

2-(4-Chlorobenzylidene)cyclopentanone (3a): mp 74–
76 oC (lit.28 77–79 °C).

2,5-Bis(4-chlorobenzylidene)cyclopentanone (4a): mp 
225–227 oC (lit.29 224–226 °C).

Synthesis of 2-(4-methoxybenzylidene)cyclopentanone 
(3b): Cyclopentanone (1) (1.0 g, 11.89 mmol) and p-me-
thoxybenzaldehyde (2b) (896 mg, 6.58 mmol) were added 
into a 0.2 M aqueous NaOH solution (90 mL), and stirred 
at room temperature for 24 h, to which additional amount 
of cyclopentanone (298 mg, 3.54 mmol) was added, and 
stirred for further 12 h. The reaction was quenched with 
water (90 mL), and the reaction mixture was acidified with 
3.6% aqueous HCl solution (20 mL) to pH ~ 4. The prod-
uct was extracted with CH2Cl2 (3 × 100 mL), and the com-
bined organic layers were dried over anhydrous Na2SO4. 

The solvent was evaporated in vacuo, and the residue was 
purified by SiO2 column chromatography (petroleum 
ether : EtOAc = 10 : 1) to give 843 mg (41%) of yellow crys-
talline product. Mp 65.4–66.3 °C (lit.28 68–69 °C).

Synthesis of 2-(4-chlorobenzylidene)-2,3-dihydro-1H- 
inden-1-one (6): To a solution of 1-indanone (5) (4.0 g, 
30.27 mmol) and p-chlorobenzaldehyde (2a) (5.32 g, 37.85 
mmol) in MeOH (20 mL), a 0.2 M aqueous NaOH solu-
tion (250 mL) was added and the reaction mixture was 
stirred at room temperature for 48 h. The reaction was 
quenched with water (200 mL), and the reaction mixture 
was acidified with 3.6% aqueous HCl solution (60 mL) to 
pH ~ 1. The product was extracted with CH2Cl2 (3 × 150 
mL) and combined organic layers were dried over anhy-
drous Na2SO4. The solvent was evaporated in vacuo and 
the residue was purified by SiO2 column chromatography 
(petroleum ether : EtOAc = 50 : 1; 20 : 1; 10: 1; 5 : 1; 2 : 1) 
to give 732 mg (9%) of light yellow crystalline product. Mp 
180.4–181.0 °C (lit.30 179 °C).

Typical procedure for the synthesis of racemic alcohols 
– (±)-2-(4-chlorobenzylidene)cyclopentanol (±)-(7a): 
2-(4-Chlorobenzylidene)cyclopentanone (3a) (400 mg, 
1.94 mmol) and CeCl3 × 6H2O were dissolved in MeOH 
(20 mL), and stirred at room temperature for 30 min. Then 
solid NaBH4 (296 mg, 7.83 mmol) was added portion-wise. 
After 15 min additional amount of NaBH4 (140 mg, 3.70 
mmol) was added, and stirred for further 1 h. The reaction 
was quenched with 1 M aqueous HCl solution (10 mL) and 
water (40 mL). The reaction mixture was stirred for 30 min 
and then extracted with EtOAc (3 × 50 mL). The combined 
organic layers were successively washed with 5% aqueous 
NaHCO3 solution (50 mL), water (30 mL), and brine (30 
mL), and dried over anhydrous Na2SO4. The solvent was 
evaporated in a vacuo to give 360 mg (89%) of white crys-
talline product (±)-(7a), mp 76–77 °C. IR (ATR) ν 3358, 
2964, 1911, 1705, 1620, 1493, 1405, 1325, 1243, 1166, 1143, 
1090, 1027, 1009, 980, 940, 887, 823, 730 cm-1. 1H NMR 
(500 MHz, CDCl3) δ 1.60 (br s, 1H, OH), 1.61–1.68 and 
1.70–1.79 (2 × m, 2 × 1H, CH2), 1.93–2.02 (m, 2H, CH2), 
2.51–2.59 and 2.65–2.74 (2 × m, 2 × 1H, CH2), 4.59 (m, 1H, 
OCH), 6.53 (br q, J 2.5 Hz, 1H, C=CH), 7.28 (AA'BB', J 8.8 
Hz, 2H, Ar), 7.30 (AA'BB', J 8.8 Hz, 2H, Ar). 13C NMR (125 
MHz, CDCl3) δ 22.3, 29.2, 34.7, 77.1, 122.4, 128.4, 129.5, 
132.1, 136.2, 148.3. ESI–HRMS (m/z): [M+H–H2O] + calcd 
for C12H12Cl, 191.0622; found, 191.0627. 

(±)-2-(4-Methoxybenzylidene)cyclopentanol (±)-(7b): 
Prepared by the above procedure from 3b (100 mg, 0.49 
mmol). Yield 71%, mp 75.5–78.3 °C. IR (ATR) ν 3252, 
2998, 2955, 2931, 2833, 1604, 1510, 1463, 1420, 1294, 1242, 
1178, 1112, 1034, 973, 938, 886, 831, 753 cm–1. 1H NMR 
(500 MHz, CDCl3) δ 1.50 (s, 1H, OH), 1.62–1.69 and 1.72–
1.79 (2 × m, 2 × 1H, CH2), 1.89–2.01 (m, 2H, CH2), 2.50–
2.59 and 2.67–2.75 (2 × m, 2 × 1H, CH2), 3.82 (s, 3H, Me), 
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4.58 (m, 1H, OCH), 6.52 (br q, J 2.5 Hz, 1H, C=CH), 6.88 
(AA'BB', J 8.8 Hz, 2H, Ar), 7.30 (AA'BB', J 8.8 Hz, 2H, Ar). 
13C NMR (125 MHz, CDCl3) δ 22.7, 29.3, 34.9, 55.2, 77.5, 
113.7, 123.2, 129.6, 130.5, 145.5, 158.2. ESI–HRMS (m/z): 
[M+H–H2O]+ calcd for C13H15O, 187.1117; found, 
187.1114. Analytical data are in agreement with the litera-
ture data.17 

(±)-2-(4-Chlorobenzylidene)-2,3-dihydro-1H-in-
den-1-ol (±)-(8): Prepared by the above procedure from 6 
(125 mg, 0.49 mmol). Yield 39%, mp 105.8–108.6 °C. IR 
(ATR) ν 3319, 3069, 3025, 2887, 2321, 2155, 2107, 1904, 
1692, 1677, 1608, 1586, 1490, 1461, 1405, 1354, 1312, 1296, 
1255, 1212, 1186, 1176, 1133, 1092, 1009, 954, 895, 866, 
844, 823, 806, 745, 732 cm–1. 1H NMR (500 MHz, CDCl3) 
δ 1.97 (br s, 1H, OH), 3.79–3.99 (m, 2H, CH2), 5.62 (br s, 
1H, OCH), 6.86 (br q, J 2.5 Hz, 1H, C=CH), 7.27–7.32 (m, 
3H, Ar), 7.34–7.37 (m, 4H, Ar), 7.51–7.55 (m, 1H, Ar).  
13C NMR (125 MHz, CDCl3) δ 35.5, 78.3, 124.8, 124.9, 
125.1, 127.3, 128.6, 128.8, 129.8, 132.7, 135.5, 140.7, 142.9, 
145.5. ESI–HRMS (m/z): [M+H–H2O]+ calcd for C16H12Cl, 
239.0622; found, 239.0612. 

Typical procedure for the asymmetric reduction with 
oxazaborolidines – synthesis of (R)-2-(4-chloroben-
zylidene)cyclopentanol (R)-(7a). To the ice-cooled (0 °C) 
solution of (S)-C5 (0.1 mL, 0.1 mmol; 1 M in toluene) in 
dry toluene (1 mL), BH3:Me2S (470 μL, 0.94 mmol; 2 M in 
toluene) was added dropwise, and the mixture was strirred 
for 10 min. A solution of ketone 3a (0.5 mmol) in dry tol-
uene (1 mL) was slowly added to the previously prepared 
solution of reductant at 0 °C. After completion (jugded by 
TLC) of the reaction, the mixture was evaporated, and the 
residue purified by SiO2 radial chromatography (petro-
leum ether : EtOAc = 5 : 1) to give 80 mg (77%) of enantio-
merically enriched product. 96% ee; tR = 11.6 min (minor), 
13.2 min (major), (chiracel OD-H chiral column, mobile 
phase: i-PrOH/hexane = 98/2, flow rate: 1.5 mL/min, 
wavelength: 240 nm), [α]D

25 + 41.3 (1.13, CH2Cl2).

(S)-2-(4-Chlorobenzylidene)cyclopentanol (S)-(7a): for 
the synthesis details see Table 1, entry 10. Yield 70%, 95% 
ee; tR = 11.2 min (major), 12.8 min (minor) (chiracel 
OD-H chiral column, mobile phase: i-PrOH/hexane = 
98/2, flow rate: 1.5 mL/min, wavelength: 240 nm), [α]D

25 – 
31.9 (1.17, CH2Cl2).

(R)-2-(4-Methoxybenzylidene)cyclopentanol (R)-(7b): 
for the synthesis details see Table 1, entry 9. Yield 67%, 
82% ee; tR = 16.1 min (minor), 18.4 min (major), (chiracel 
OD-H chiral column, mobile phase: i-PrOH/hexane = 
98/2, flow rate: 1.5 mL/min, wavelength: 240 nm), [α]D

25 + 
3.8 (1.11, CH2Cl2).

(S)-2-(4-Methoxybenzylidene)cyclopentanol (S)-(7b): 
for the synthesis details see Table 1, entry 11. Yield 59%, 

90% ee; tR = 16.0 min (major), 18.7 min (minor) (chiralcel 
OD-H), iPrOH:heksan = 98:2, 1.5 ml/min, [α]D

25 – 9.9 
(1.08, CH2Cl2).

2-(4-Chlorobenzylidene)-2,3-dihydro-1H- inden-1-ol 
(8): for the synthesis details see Table 1, entry 13. Yield 
21%, 24% ee; tR = 19.9 min (major), tR = 23.8 min (minor) 
(chiracel OD-H chiral column, mobile phase: i-PrOH/
hexane = 98/2, flow rate: 1.5 mL/min, wavelength: 240 
nm), [α]D

25 – 13.4 (0.96, CH2Cl2).

2-(4-Chlorobenzylidene)-2,3-dihydro-1H-inden-1-ol 
(6): for the synthesis details see Table 1, entry 14. Yield 
20%, 33% ee; tR = 20.3 min (minor), tR = 24.1 min (major) 
(chiracel OD-H chiral column, mobile phase: i-PrOH/
hexane = 98/2, flow rate: 1.5 mL/min, wavelength: 240 
nm).

Hydrogenation of 3a with Noyori's catalyst C4: 2-(4- 
Chlorobenzylidene)cyclopentanone (3a) (103 mg, 0.498 
mmol), catalyst C4 (6 mg, 4.9 μmol) and isopropanol (2 
mL) were added to hydrogenation vessel under nitrogen 
atmosphere. Then K2CO3 (10 mg, 0.072 mmol) was added, 
the autoclave was pressurized to 80 bars of H2, and the re-
action mixture was stirred at room temperature. After 2 
days additional amount of C4 (4.6 mg, 3.8 μmol) was add-
ed (ketone 3a still present). Because the ketone 3a was still 
not consumed after 7 days, additional amount of K2CO3 
(50 mg, 0.362 mmol) was added. After additional 5 days 
the reaction was still not complete, therefore K2CO3 (10 
mg, 0.072 mmol), catalyst C4 (5 mg, 4.1 μmol) and isopro-
panol (1 mL) were added, and hydrogenated for further 4 
days. The solvent was evaporated and the residue was pu-
rified by SiO2 column chromatography (petroleum ether : 
EtOAc = 5 : 1) to afford 32 mg (31%) of the product 7a; ee 
= 12%.

Reduction of 3a with baker's yeast: To a stirred solution 
of D-glucose (10.0 g, 55.5 mmol) and baker's yeast (56.0 g) 
in water (200 mL) at 38 °C, 2-(4-chlorobenzylidene)cyclo-
pentanone (3a) (1.0 g, 4.84 mmol) dissolved in the mini-
mum amount of EtOH (5 mL) was added; the reaction 
mixture was stirred for 10 days. Then EtOAc (100 mL) was 
added and the crude reaction mixture was filtered through 
a pad of Celite. The filtrate was extracted with EtOAc (3 × 
100 mL), the organic phase was dried over anhydrous Na-
2SO4, and the solvent was evaporated under reduced pres-
sure. The residue was purified by SiO2 column chromatog-
raphy (petroleum ether : EtOAc = 5 : 1) to afford 45 mg 
(5%) of the product 7a as a light yellow oil; ee = 9%.

Reduction of 3a with Daucus carota root: An ethanolic 
(5 mL) solution of 2-(4-chlorobenzylidene)cyclopenta-
none (3a) (100 mg, 0.484 mmol) was added to a suspen-
sion of freshly grated carrot root (13.4 g) in water (70 mL). 
The raction mixture was stirred at room temperature for 
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24 h, then carrot root was filtered off and washed with wa-
ter. Filtrate was extracted with EtOAc (3 × 50 mL). The 
organic phase was dried over anhydrous Na2SO4 and the 
solvent was evaporated under reduced pressure to give 10 
mg (10%) of crude red oily product 7a; ee >99%.

4. Conclusion
In summary, we synthesized enantiomerically en-

riched exocyclic allylic alcohols by asymmetric reduction 
of cyclic α-arylmethylene cyclic ketones. Highly enanti-
oselective chemoreduction of 2-benzylidenecyclopenta-
none derivatives was achieved by applying chiral oxaz-
aborolidine-derived catalysts under mild reaction condi-
tions. The sense of asymmetric induction was in accor-
dance with Corey mechanistic model, thus (S)-catalyst 
delivered (R)-alcohols, while (R)-catalyst gave (S)-alcohol 
products with ee values of up to 96%. The indanone-de-
rived chalcone was much less efficiently reduced regarding 
the chemical yield and optical purity (33% ee). Bioreduc-
tion of 2-(4-chlorobenzylidene)cyclopentanone with bak-
er's yeast gave very low ee of the corresponding allylic alco-
hol, while reduction with Daucus carota root turned out to 
be completely enantioselective. The synthesized allylic al-
cohols can serve as enantioenriched probes for the moni-
toring of oxidation-reduction processes catalyzed by 
AKR1C enzymes; these studies are currently under prog-
ress.
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Abstract
With the application of a double dienophile 1,1'-(hexane-1,6-diyl)bis(1H-pyrrole-2,5-dione) for a [4+2] cycloaddition 
with a substituted 2H-pyran-2-one a novel 26-membered tetraaza heteromacrocyclic system 3 was prepared via a direct 
method under solvent-free conditions with microwave irradiation. The macrocycle prepared is composed of two units 
of the dienophile and two of the diene. The structure of the macrocycle was characterized on the basis of IR, 1H and 13C 
NMR and mass spectroscopy, as well as by the elemental analysis and melting point determination. With X-ray diffrac-
tion of a single crystal of the macrocycle we have determined that the two acetyl groups (attached to the bridging double 
bond of the bicyclo[2.2.2]octene fragments) are oriented towards each other (and also towards the inside of the cavity of 
the macrocycle), therefore, mostly filling it completely.

Keywords: Macrocycles, 2H-Pyran-2-ones, [4+2] Cycloaddition, Crystal structure, Hydrogen bonds, Polymorphs

1. Introduction
Macrocycles are privileged molecule structures that 

are of paramount importance in many areas of chemistry, 
including drug development,1 formation of coordination 
compounds and metal-organic frameworks.2 Generally 
they possess properties (structural, chemical, physical and 
biological) that set them apart from their linear or small-
ring analogues, the reason being that they can often pro-
vide sufficient flexibility for interactions with other mole-
cules (e.g. for binding to an enzyme’s active site or for a 
coordination to a guest ion during phase catalysis) com-
bined with the advantages brought by the fact that they 
often contain more than one binding motif. This means 
that all of the interactions between the host (or enzyme) 
and the macrocycle are taking place between two mole-
cules only and consequently the enthropy of the interac-
tion is not so unfavourable as would be in the case where 

more (smaller) ligands interact simultaneously with the 
host.

Even though the synthesis of macrocycles has 
achieved some remarkable successes, there is still a lack of 
general approach towards them.3 There were many suc-
cessful attempts towards the preparation of macrocycles, 
one of the most-often used being dilution techniques trig-
gering the macrocyclization via lactonization, lactamiza-
tion, metathesis reaction etc. (that were recently used for 
the first asymmetric total synthesis of aspergillide D4 or for 
the total synthesis of mandelalide A).5 Other options in-
clude the template-induced cyclization (around the host 
ion)6 and cyclization on a solid support (like Merri-
field-based synthesis of cyclic peptides or such inspired by 
non-ribosomal peptide aldehydes).7 More contemporary 
approaches are based on multi multicomponent macrocy-
clizations (MiBs)8 that include various bifunctional build-
ing blocks. However, neither of the above mentioned ap-
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proaches can be applied universally. So there is still place 
for new routes. Recently, a lot of effort was devoted to mul-
ticomponent reactions that efficiently offer access to vari-
ous macrocycles, including the possibility to incorporate 
points of diversity, which are, nevertheless, generally in-
troduced before or after the key cyclization step.9 However, 
even this approach is generally applied just to obtain the 
requisite linear precursors that are latter assembled via a 
suitable ring-closing reaction into the final macrocyclic 
target.10–14 Of interest are also preparations of calix[4]arene 
systems linked with 1,2,4-triazole and 1,3,4-oxadiazole de-
rivatives,15 as well as other tetraaza macrocycles applied as 
ligands in various coordination compounds.16

Herein we present another approach, where two 
double Diels–Alder cycloadditions between two mole-
cules of the substituted 2H-pyran-2-ones (each acting as a 
“double” diene)17 and two molecules of the double dieno-
phile provide a 26-membered tetraaza macrocyclic sys-
tem. This strategy can be termed a multicomponent reac-
tion (as four molecules react to form the macrocycle) with 
four individual [4+2] pericyclic reactions representing the 
crucial ring-closing steps. 

2. Experimental
2. 1. Materials and Measurements

Melting points were determined on a micro hot stage 
apparatus and are uncorrected. 1H NMR spectra were re-
corded at 29 °C with a Bruker Avance III 500 spectrometer 
at 500 MHz using Me4Si as an internal standard. 13C NMR 
spectra were recorded at 29 °C with a Bruker Avance III 
500 spectrometer at 125 MHz and were referenced against 
the central line of the solvent signal (CDCl3 triplet at 77.0 
ppm or DMSO-d6 septet at 39.5 ppm). The coupling con-
stants (J) are given in Hertz. IR spectra were obtained with 
a Bruker Alpha Platinum ATR FT-IR spectrometer on a 
solid support as microcrystalline powder. MS spectra were 
recorded with an Agilent 6624 Accurate Mass TOF LC/MS 
instrument (ESI ionization). Elemental analyses (C, H, N) 
were performed with a Perkin Elmer 2400 Series II 
CHNS/O Analyzer. TLC was carried out on Fluka sili-
ca-gel TLC-cards. 

The starting 2H-pyran-2-one 1 was prepared by the 
method devised by Kepe, Kočevar et al.18 as follows: from 
acetylacetone, N,N-dimethylformamide dimethyl acetal 
(DMFDMA) and hippuric acid by heating in acetic anhy-
dride according to the published procedure 5-acetyl-3-ben-
zoylamino-6-methyl-2H-pyran-2-one was obtained; fol-
lowed by the removal of the benzoyl group (in concentrated 
H2SO4 upon heating) analogously as previously described19,20 
and subsequent derivatization of the free 3-amino group 
with acetyl chloride the 2H-pyran-2-one 1 was obtained.21 
Dienophile 2 was prepared by a modification of the proce-
dures published by Cava et al.22 All other reagents and sol-
vents were used as received from commercial suppliers. 

Microwave reactions were performed in air using a 
focused microwave unit (Discover by CEM Corporation, 
Matthews, NC, USA). The machine consists of a continu-
ous, focused microwave power-delivery system with an 
operator-selectable power output ranging from 0 to 300 W. 
Reactions were conducted in darkness in glass vessels (ca-
pacity 10 mL) sealed with rubber septum. The pressure 
was controlled by a load cell connected to the vessel via the 
septum. The temperature of the reaction mixtures was 
monitored using a calibrated infrared temperature con-
troller mounted below the reaction vessel and measuring 
the temperature of the outer surface of the reaction vessel. 
The mixtures were stirred with a Teflon-coated magnetic 
stirring bar in the vessel. Temperature, pressure, and pow-
er profiles were recorded using commercially available 
software provided by the manufacturer of the microwave 
unit.

Synthesis of 1,1'-(Hexane-1,6-diyl)bis(1H-pyrrole-2,5-
dione) (2)22

To a clear solution of maleic anhydride (2.03 g, 20 
mmol) in diethyl ether (30 mL) a separately prepared mix-
ture of hexane-1,6-diamine (2.07 g, 10 mmol) in diethyl 
ether (10 mL) is added dropwise at room temperature. The 
viscous suspension is further stirred at room temperature 
for 1 h and thereafter cooled on ice. Precipitated product is 
isolated by vacuum filtration and used in the next step 
without drying or additional purification.

The entire obtained solid is slowly added to a mix-
ture of sodium acetate (0.66 g, 8 mmol) and acetic anhy-
dride (8 mL) in an Erlenmayer flask while vigorously stir-
ring at room temperature. After the completion of the ad-
dition, the reaction mixture is heated on water bath (ap-
prox. 100 °C) for 1 h, cooled to room temperature and 
poured onto ice–water mixture (30 g). The precipitated 
product is isolated by vacuum filtration, rinsed 3 times 
with distilled water and once with a few mL of petroleum 
ether yielding crude 2 (0.56 g, 20%) that is further crystal-
lized from ethanol.

M.p. 139–141 °C (EtOH), m.p. (lit.)23 139–141 °C 
(EtOH). IR (ATR) 3104, 3087, 2936, 2856, 1686, 1453, 
1418, 1372, 1327, 1240, 1129 cm–1. 1H NMR (500 MHz, 
CDCl3): δ 1.29 (m, 4H, 2 × NCH2CH2CH2), 1.59 (m, 4H, 2 
× NCH2CH2CH2), 3.51 (t, 4H, 2 × NCH2CH2CH2), 6.69 (s, 
4H, 4 × CH). 13C NMR (125 MHz, CDCl3): δ 25.6, 27.8, 
36.9, 124.4, 171.1. MS (ESI+) m/z 277 (MH+). HRMS 
(ESI+) calcd. for C14H17N2O4 (MH+): 277.1183. Found: 
277.1181. Anal. calcd. for C14H16N2O4·0.1 H2O: C, 60.47; 
H, 5.87; N, 10.07. Found: C, 60.43; H, 5.89; N, 9.95.

Synthesis of the Macrocycle 3
A 10 mL quartz microwave vessel is loaded with 

2H-pyran-2-one 1 (105 mg, 0.5 mmol), dienophile 2 (152 
mg, 0.55 mmol) and n-butanol (100 mg). A stirring bar is 
added and the vessel closed with the rubber septum. The 
reaction mixture is irradiated with microwaves (150 W) at 
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150 °C for 45 min. Thereafter, the reaction mixture is 
cooled to room temperature and diisopropyl ether is add-
ed (0.5 mL). The precipitated product is collected by vacu-
um filtration providing crude macrocycle 3 (150 mg, 34%) 
that is further crystallized from DMF.

 M.p. 255–257 °C (DMF). IR (ATR) 3368, 2940, 
2860, 1766, 1698, 1548, 1437, 1399, 1367 cm–1. 1H NMR 
(500 MHz, DMSO-d6): δ 1.03 (m, 8H, 2 × NCH2CH2 
CH2CH2CH2CH2N), 1.23 (m, 8H, 2 × NCH2CH2CH2 
CH2CH2CH2N), 1.85 (s, 6H, 2 × Me), 1.95 (s, 6H, 2 × 
NHCOCH3), 2.02 (s, 6H, 2 × COMe), 3.00 (d, J = 7.5 Hz, 
4H, 2 × 3a-H, 4a-H), 3.18 (m, 8H, 2 × NCH2CH2CH2CH2 
CH2CH2N), 4.11 (d, J = 7.5 Hz, 4H, 2 × 7a-H, 8a-H), 6.82 
(s, 2H, 2 × CH), 8.43 (s, 2H, 2 × NH). 13C NMR (125 MHz, 
DMSO-d6): δ 18.2, 23.5, 25.8, 27.0, 27.4, 37.7, 41.2, 42.9, 
48.8, 57.2, 138.2, 142.7, 170.3, 174.1, 175.3, 195.8.  
MS (ESI+) m/z 884 (MH+). HRMS (ESI+) calcd. for  
C46H55N6O12 (MH+): 883.3872. Found: 883.3844. Anal. cal-
cd. for C46H54N6O12·0.8 H2O: C, 61.57; H, 6.24; N, 9.37. 
Found: C, 61.57; H, 6.36; N, 9.27.

2. 2. Crystallography
Single-crystal X-ray diffraction data were collected 

at room temperature on a Nonius Kappa CCD diffractom-
eter using graphite monochromated Mo-Kα radiation (λ = 

0.71073 Å). The data were processed using DENZO.24 

Structures were solved by direct methods implemented in 
SIR9725 and refined by a full-matrix least-squares proce-
dure based on F2 with SHELXL-2014.26 All non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were 
readily located in a difference Fourier maps and were sub-
sequently treated as riding atoms in geometrically ideal-
ized positions, with C–H = 0.93 (aromatic), 0.98 (methine), 
0.97 (methylene) or 0.96 Å (CH3), N–H = 0.86 Å and with 
Uiso(H) = kUeq(C or N), where k = 1.5 for methyl groups, 
which were permitted to rotate but not to tilt, and 1.2 for 
all other H atoms. To improve the refinement results, two 
reflections in the case of 2a, eleven reflections in the case 
of 2b and twenty eight reflections in the case of 3∙2DMF 
with too high values of δ(F2)/e.s.d. and with Fo

2 < Fc
2 were 

deleted from the refinement. In 2b a proposed twin law 
has been applied according to Platon analysis and the R1 
factor has improved from 8.13% to 7.75%, however, in-
stead of estimated BASF 0.19 the refined BASF was found 
to be 0.00939. In the crystal structure of 3∙2DMF a solvate 
DMF molecule is disorder over two positions with refined 
ratio 0.82:0.18 and ISOR instruction was used for the re-
finement of C25B atom in DMF. Crystallographic data are 
listed in Table 1. X-Ray powder diffraction data were col-
lected at room temperature using a PANalytical X’Pert 
PRO MPD diffractometer with θ–2θ reflection geometry, 

Table 1. Crystal data and refinement parameters for the compounds 2a, 2b and 3∙2DMF.

Compound	 2a	 2b	 3∙2DMF

CCDC 	 1547701	 1547702	 1547703
Molecular formula 	 C14H16N2O4	 C14H16N2O4	 C52H68N8O14
Molecular weight 	 276.29	 276.29	 1029.14
Crystal system 	 Triclinic	 Monoclinic	 Orthorhombic
Space group 	 P –1	 P 21/a	 P c a n
a (Å)	 4.5975(2)	 8.4999(3)	 10.4260(10)
b (Å)	 5.5190(3)	 6.6347(2)	 17.5217(2)
c (Å)	 14.1680(10)	 12.6120(5)	 27.8937(4)
α (°)	 93.956(3)	 90	 90
β (°)	 97.222(4)	 98.295(2)	 90
γ (°)	 97.692(4)	 90	 90
V (Å3)	 352.08(4)	 703.80(4)	 5095.7(5)
Z	 1	 2	 4
Dcalc (g cm–3)	 1.303	 1.304	 1.341
μ (mm–1)	 0. 097	 0.097	 0.098
F(000)	 146	 292	 2192
Crystal dimensions (mm)	 0.60 × 0.35 × 0.05	 0.60 × 0.50 × 0.05   	 0.28 × 0.13 × 0.08
Reflections collected	 2464	 3070	 11000
Data / restraints / parameters	 1540 / 0 / 91	 1566 / 0 / 93	 5819 / 6 / 369
Rint	 0.0227	 0.0204	 0.0320
R1, wR2 [I > 2σ(I)]a	 0.0444, 0.1231	 0.0775, 0.2475	 0.0486, 0.1157
R1, wR2 (all data)b	 0.0580, 0.1343	 0.0854, 0.2540	 0.0855, 0.1335
Goodness of fit on F2, Sc	 1.039	 1.097	 1.010
Extinction coefficient	 –	 0.62(15)	 –
Δρmax, Δρmin (e Å–3)	 0.128, –0.150	 0.226, –0.229	 0.263, –0.306

a R = ∑||Fo| – |Fc||/∑|Fo|. 
b wR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(Fo

2)2]}1/2. c S = {∑[(Fo
2 – Fc

2)2]/(n/p)}1/2 where n is the 
number of reflections and p is the total number of parameters refined.
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primary side Johansson type monochromator and Cu-Kα1 
radiation (λ = 1.54059 Å).

3. Results and Discussion
3. 1. Synthesis

The strategy for the synthesis of the macrocycle 3 
was based on our previous experiences with the [4+2] cy-
cloadditions of variously substituted 2H-pyran-2-ones and 
appropriate dienophiles, including N-substituted maleim-
ides.27–31 Namely, it was already observed that 2H-pyran-2-
ones can act as “double” dienes, reacting in two consecu-
tive Diels–Alder reactions with two distinctive molecules 
of the dienophiles, yielding bicyclo[2.2.2]octenes.30 The 
initial cycloaddition step leads to the formation of CO2-
bridged oxabicyclo[2.2.2]octenes that in the next step 
eliminate a molecule of CO2 (via a retro-hetero-Diels–Al-
der reaction) providing cyclohexadiene systems that act as 
new dienes for another molecule of dienophile finally pro-
viding the double cycloadducts. On the other hand, if the 
two molecules of the dienophile would be connected by a 
suitable tether, it would be possible to expect that the sec-
ond cycloaddition step would take place intramolecularly. 
At least in theory, the smallest possible cyclic product 
would consist of just one bicyclo[2.2.2]octene fragment 
(formed out of one 2H-pyran-2-one ring) and one mole-
cule of the double dienophile. Related examples were al-
ready described by the application of cycloocta-1,4-di-
ene.32 Of course, it could be also possible that larger cycles 
would be obtained, for example such that contain two bi-
cyclo[2.2.2]octene moieties and two molecules of the dou-
ble dienophile.

Here, we have focused our attention to a 3-acetyl-
amino-6-methyl-2H-pyran-2-one (1) and 1,1'-(hexane- 

1,6-diyl)bis(1H-pyrrole-2,5-dione) (2) as the double dien-
ophile (Scheme 1). In this case one could expect the for-
mation of various cyclic systems, the simplest one consist-
ing of one bicyclo[2.2.2]octene fragment and one fragment 
stemming from 2. The other possibility would be the for-
mation of the macrocyclic ring from two dienes 1 and two 
molecules of 2. Even larger systems that could form theo-
retically, however, were not expected (as their formation is 
entropically less likely); on the other hand, the formation 
of a linear polymer containing bicyclo[2.2.2]octene frag-
ments (stemming from 1) alternating with the dienophile 
parts (from 2) could not be excluded.

The preparation of the double dienophile 2 was car-
ried out according to the literature procedure22 starting 
from the commercially available maleic anhydride and 
hexane-1,6-diamine in diethyl ether at room temperature. 
After the first reaction step (i.e. the formation of an open-
ring intermediate consisting of a terminal carboxylic acid 
group-formed by the opening of the anhydride ring-and a 
new amide fragment arising from the reaction between the 
remaining carbonyl group and the amine group of the hex-
ane-1,6-diamine. This intermediate is in the next reaction 
step mixed with the solution of sodium acetate in acetic 
anhydride and upon heating to 100 °C re-cyclized into the 
new maleimide ring. Of course, because the starting hex-
ane-1,6-diamine is a bi-functional compound containing 
two suitable amine groups, the above described reaction 
sequence takes place on both sides of the diamine, there-
fore furnishing the desired double dienophile 2.

2H-Pyran-2-one derivative 1, applied in this syn-
thetic approach, can be straightforwardly accessed via a 
one-pot synthesis starting from the simple commercially 
available precursors: a carbonyl compound containing an 
activated CH2 group (i.e. acetylacetone), a C1-synthon 
such as N,N-dimethylformamide dimethyl acetal (DMFD-
MA) and hippuric acid (2) as an N-acylglycine derivative 
as previously described by Kepe, Kočevar and co-work-
ers.18 The synthesis takes place under heating (approx. 
65–70 °C) in acetic anhydride (or in a mixture with acetic 
acid) as the solvent yielding the substituted 3-benzoylami-
no-2H-pyran-2-one. To convert this into the desired 
3-acylamino derivative 1, cleavage of the amide bond is 
executed (in conc. H2SO4 at approx. 80 °C), the product 
containing a free NH2 group is isolated by the extraction in 
CH2Cl2 (after addition of water and neutralization with so-
dium hydrogen sulfate)19 and further acetylated with ace-
tyl chloride at room temperature in CH2Cl2 with the addi-
tion of pyridine as the base.21

Compound 2 was in the next step applied as the dou-
ble dienophile in the Diels–Alder reaction with 5-acetyl-3-
acetylamino-6-methyl-2H-pyran-2-one (1) as the diene 
component. Because 2H-pyran-2-one skeletons can in 
general participate in two separate Diels–Alder reactions, 
the combination of the double dienophile 2 and the 
2H-pyran-2-one derivative 1 was deemed appropriate for 
the preparation of a macrocyclic system. We assumed that Scheme 1. Reaction sequence leading to the macrocycle 3.
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the most probable outcome would be the reaction of two 
molecules of the dienophile 2 with two molecules of 
2H-pyran-2-one 1. In this way the former 2H-pyran-2-one 
skeleton would be transformed into a new bicyclo[2.2.2]
octene moiety (as described above), however due to the 
bifunctional nature of the dienophile 2, both bicyclo[2.2.2]
octenes would be connected with two –[CH2]6– tethers. 

The cycloaddition between dienophile 2 and 
2H-pyran-2-one derivative 1 was carried out employing 
microwave irradiation33 at 150 °C in closed vessel and un-
der solvent-free conditions, just with a small addition of 
n-BuOH (100 mg for a 10 mL vessel). Its function was to 
prevent the deposition of the dienophile 2 on the upper 
(colder) parts of the reaction vessel as a consequence of its 
sublimation, as we have devised previously.34

Indeed, after the cooling of the reaction mixture and 
addition of diisopropyl ether, product 3 was isolated and 
further crystallized from DMF. According to the 1H NMR 
analysis of 3 it was clear that a macrocyle was obtained, 
composed of two –[CH2]6– chains (multiplets at δ 1.03, 
1.23 and 3.18 ppm each integrated for 8H, belonging to the 
two central γ-CH2 groups of the chain, to the two β-CH2 
units and to the two α-CH2 groups, respectively), two 
methyl groups (singlet at δ 1.85 ppm integrated for 6H), 
two acetylamino groups (singlet at δ 1.95 ppm integrated 
for 6H) and two acetyl groups (singlet at δ 2.02 ppm inte-
grated for 6H). Furthermore, two most characteristic dou-
blets (each for 4H) were observed at δ 3.00 and 4.11 ppm, 
each corresponding to the two sets of protons on the bicy-
clo[2.2.2]octene fragment. According to our experiences 
with NMR spectra of such systems, from the existence of 
only two doublets and from the coupling constant ob-
served (i.e. 7.5 Hz), we can conclude that the bicyclo[2.2.2]
octene fragment is of the symmetric exo,exo structure, also 
consistent with our previous results.30 Furthermore, a sin-
glet at δ 6.82 (for 2H) corresponding to both protons at-
tached to the double bond of the bicyclo[2.2.2]octene frag-
ments and a singlet at δ 8.43 (for 2H) for the two NH 
groups were also observed in 1H NMR. In the IR spectrum 
of 3 bands corresponding to the NH group at 3368 cm–1 
and carbonyl group at 1698 cm–1 were observed. These 
data were further corroborated by the 13C NMR and mass 
spectroscopy, as well as elemental analysis, establishing the 
structure of 3 as a novel 26-membered tetraaza hetero-
macrocyclic system.

3.2. Crystal Structures
X-Ray crystal structures of 2 and 3 were determined, 

where two polymorphs of 1,1'-(hexane-1,6-diyl)bis(1H-
pyrrole-2,5-dione) (2) were observed. All bond lengths of 
2a, 2b and 3 are within normal ranges.35 Conventional 
re-crystallization of 2 from ethanol, followed by cooling to 
5 °C provided a crystalline form 2a. On the other hand, 
slow precipitation of 2 from its mixture with starting 1 in 
toluene (i.e. a reaction mixture remaining after an unsuc-

cessful attempt to prepare 3) upon evaporation of the sol-
vent at 5 °C provided a different polymorph 2b. Polymorph 
2a crystallizes in triclinic P –1 space group and polymorph 
2b in monoclinic P 21/a space group (Figure 1a,b). In both 
polymorphs asymmetric unit is composed of a half of mol-
ecule 2 due to the inversion center in the middle of C7–C7i 
bond. 

In 2a and 2b the 1H-pyrrole-2,5-dione ring is planar. 
The maximum deviation from the mean plane described 
by the ring atoms is +0.004(1) and –0.004(1) Å for the C4 
and N1 atoms in 2a and a negligible deviation in the range 
+0.001(1) to –0.001(1) Å for the C1 and C3 and N1 and C2 
atoms in 2b. Such small deviations from planarity were ob-
served also in two known polymorphs of 1H-pyr-
role-2,5-dione (maleimides).36,37 The main difference in 

Figure 1. Molecular structure and atom numbering scheme for a) 
2a and b) 2b. Probability ellipsoids are drawn at the 50% level. c) 
View along C6 chain for 2a (left) and 2b (right). d) Molecular over-
lay of polymorphs 2a (green) and 2b (orange).

a)

b)

c)

d)



742 Acta Chim. Slov. 2017, 64, 737–746

Turek et al.:   A 26-Membered Macrocycle Obtained by a Double   ...

the molecular geometry between the polymorphs of 2 is in 
the N1–C5–C6–C7 torsion angle being –175.71(13)° in 
the form 2a (where CH2 hydrogens are eclipsed over the 
succinimide ring) and 68.4(3)° in 2b (where CH2 hydro-
gens are eclipsed over themselves only and not over the 
succinimide ring) (Figure 1c,d).

In the crystal structure 2a centrosymmetric hydro-
gen-bonded dimers formation is facilitated by C3–H3···O2 

hydrogen bonding between adjacent pyrrole-2,5-dione 
moieties with the graph set motif38 R2

2(8) and centrosym-
metric hydrogen-bonded tetramers are formed via C2–
H2···O2 and C3–H3···O2 hydrogen bonding between adja-
cent pyrrole-2,5-dione moieties with the graph set motif 
R2

4(10) generating infinite 2D layer (Table 2, Figure 2). 
Wavy 2D layers are present also in 2b, however, hydro-
gen-bonded trimers formation is facilitated by C2–H2···O2 

Table 2. Hydrogen bond geometry of 2a, 2b and 3∙2DMF (Å and °).

D–H···A	 D–H (Å)	 H···A (Å)	 D···A (Å)	 D–H···A (°)	 Symmetry code

2a					   
C2–H2···O2	 0.93	 2.38	 3.2650(17)	 159.0	 x – 1, y – 1, z    
C3–H3···O2	 0.93	 2.51	 3.4057(17)	 161.3	 –x + 1, –y, –z + 1

2b	 				  
C2–H2···O2	 0.93	 2.42	 3.341(4)	 172.9	 x, y – 1, z    
C3–H3···O2	 0.93	 2.45	 3.369(4)	 167.7	 –x – ½, y – ½, –z + 1

3∙2DMF					   
N3–H3···O4	 0.86	 2.17	 3.0207(18)	 168.1	 x, –y, –z + ½
C1–H1···O6	 0.98	 2.44	 2.982(2)	 114.7	 x, y, z
C2–H2···O7	 0.98	 2.60	 3.384(2)	 137.3	 x, y, z
C4–H4···O7	 0.98	 2.44	 3.317(3)	 149.4	 x, y, z
C5–H5···O3	 0.98	 2.54	 3.374(2)	 142.8	 x – ½, –y + ½, z
C5–H5···O6	 0.98	 2.56	 3.125(2)	 116.8	 x, y, z
C15–H15A···O6	 0.96	 2.53	 3.382(2)	 147.5	 x + 1, y, z
C17–H17B···O4	 0.96	 2.60	 3.443(3)	 146.4	 x, –y, –z + ½
C17–H17C···O5	 0.96	 2.44	 3.314(3)	 150.8	 x – 1, y, z

Figure 2. 2D layer formation in 2a generated by C–H···O hydrogen bonding (blue dashed lines) with graph set motifs R2
2(8) and R2

4(10) (top). View 
along the layer (bottom).
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and C3–H3···O2 hydrogen bonding between adjacent pyr-
role-2,5-dione moieties with the graph set motif R2

3(9) 
(Table 2, Figure 3). The experimental PXRD patterns of 2a 
and 2b correspond well with the simulated data based on 
the single-crystal diffraction thereby supporting reason-
able phase purities (Figure 4). Differences observed be-
tween experimental and simulated PXRD patterns are due 
to preferential orientations. 

X-Ray analysis of the product 3 has confirmed the 
results of NMR analysis, namely that this is a 26-mem-
bered tetraaza macrocyclic system, being composed of two 
bicyclo[2.2.2]octene moieties, each of them fused with two 
succinimide rings; both these fragments are additionally 
connected with two –[CH2]6– tethers into the macrocyclic 
structure 3 (Figure 5). Macrocycle 3∙2DMF crystallizes in 
orthorhombic P c a n space group and the asymmetric unit 

Figure 3. 2D layer formation in 2b generated by C–H···O hydrogen bonding (blue dashed lines) with graph set motif R2
3(9). (top). View along the 

layer (bottom).

Figure 4. Calculated and experimentally determined PXRD patterns of polymorphs 2a and 2b. 
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is composed of half of the macrocyclic molecule 3 (due to 
a 2-fold axis positioned in the middle of the macrocycle) 
and one solvate DMF molecule.

The two acetyl groups (attached to the bridging dou-
ble bond of the bicyclo[2.2.2]octene fragments) are orient-
ed towards each other (and also towards the interior of the 
cavity of the macrocycle 3) therefore mostly filling it com-
pletely and thus presumably disabling the ability of 3 to be 
involved in the host–guest interactions. Furthermore, the 

bowl-like shape macrocycle 3 is stabilized by two intramo-
lecular N3–H3···O4 hydrogen bonds between the amide 
hydrogen of the acetylamino group attached to one bicyc-
lo[2.2.2]octene fragment and one of the carbonyl groups of 
the succinimide ring fused to the other bicyclo[2.2.2]oc-
tene fragment with the graph set motif R2

2(12). Additional-
ly, in the crystal structure 3∙2DMF macrocyclic molecule is 
linked via C2–H2···O7 and C4–H4···O7 hydrogen bonding 
to DMF solvate molecule generating the graph set motif 

Figure 5. Molecular structure of 3. Probability ellipsoids are drawn at the 50% level (left). Solvate molecules have been removed for clarity. Intramolec-
ular N–H∙∙∙O hydrogen bonding indicated by blue dashed lines (right). Hydrogen atoms not involved in the motif shown have been omitted for clarity.

Figure 6. 2D layer formation in 3 generated by C–H···O hydrogen bonding (blue dashed lines). Hydrogen atoms not involved in the motif shown 
have been omitted for clarity.
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R1
2(6). Infinite 2D layer is formed due to C5–H5···O3, C15–

H15A···O6 and C17–H17C···O5 hydrogen bonding with 
six adjacent macrocycle molecules generating the graph set 
motifs C(5), C(15), R2

2(8) (Table 2, Figure 6). 

4. Conclusion
Herein we describe a preparation of a novel 26-mem-

bered tetraaza heteromacrocyclic system 3 that was ob-
tained via a direct method under solvent-free conditions 
with microwave irradiation starting from a substituted 
5-acetyl-3-acetylamino-6-methyl-2H-pyran-2-one (1) 
and 1,1'-(hexane-1,6-diyl)bis(1H-pyrrole-2,5-dione) (2) 
acting as a double dienophile for the Diels–Alder cycload-
dition. Single-crystal X-ray diffraction patterns of the di-
enophile 2 and macrocycle 3 were measured and have pro-
vided an important insight into their solid state structure. 
For compound 2 we have found two different polymorphic 
structures; for both the mode of packing and crystal archi-
tecture were determined. 2D layers are formed in both 
polymorphs facilitated by C2–H2···O2 and C3–H3···O2 
hydrogen bonding between adjacent pyrrole-2,5-dione 
moieties with the graph set motifs R2

2(8) and R2
4(10) in 2a 

and graph set motif R2
3(9) in 2b. Also for the macrocycle 3 

we were able to confirm the other spectroscopic results 
therefore concluding that 3 is a 26-membered tetraaza 
macrocyclic system, composed of two bicyclo[2.2.2]oc-
tene fragments (each of them fused with two succinimide 
rings); both such units are connected into the heterocyclic 
ring via two –[CH2]6– tethers. Additionally, it was shown 
that both double-bond bridges of the two bicyclo[2.2.2]
octene fragments are oriented towards the interior of the 
macrocycle’s cavity, therefore presumably disabling the 
possibility for the host–guest interactions of 3. The two bi-
cyclo[2.2.2]octene parts of the bowl-like shaped macrocy-
cle 3 are stabilized by two intramolecular N3–H3···O4 hy-
drogen bonds between the amide hydrogen of the acetyl-
amino group attached to one bicyclo[2.2.2]octene frag-
ment and one of the carbonyl groups of the succinimide 
ring fused to the other bicyclo[2.2.2]octene fragment. In-
finite 2D layer is formed due to C5–H5···O3, C15–
H15A···O6 and C17–H17C···O5 hydrogen bonding with 
six adjacent macrocycle molecules.

5. Supplementary Material
Crystallographic data of 2a, 2b and 3 were deposited 

in the Cambridge Crystallographic Data Center under the 
number CCDC 1547701–1547703. CIF files containing 
complete information on the studied structures may be 
obtained free of charge from the Director, CCDC, 12 
Union Road, Cambridge, CB2 1EZ, UK, fax +44-1223-
336033; e-mail: data_request@ccdc.cam.ac.uk or from the 
following web site: www.ccdc.cam.ac.uk/data_request/cif.
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Povzetek
Z uporabo dvojnega dienofila 1,1'-(heksan-1,6-diil)bis(1H-pirol-2,5-diona) za [4+2] cikloadicijo s substituiranim 2H-pi-
ran-2-onom smo z neposredno metodo brez uporabe topil pod pogoji obsevanja z mikrovalovi pripravili nov 26-členski 
tetraaza heteromakrociklični sistem 3. Pripravljeni makrocikel je sestavljen iz dveh enot dienofila in dveh dienskih enot. 
Strukturo makrocikla smo ugotovili s pomočjo IR, 1H in 13C NMR ter masne spektroskopije, kot tudi z elementno analizo 
in določitvijo temperature tališča. Z rentgensko difrakcijo monokristala makrocikla smo ugotovili, da sta dve acetilni 
skupini (vezani na mostovno dvojno vez biciklo[2.2.2]oktenskega fragmenta) v prostoru orientirani ena proti drugi (in 
hkrati tudi proti osrčju votline makrocikla) ter jo s tem bolj ali manj v celoti zapolnjujeta.
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Abstract
Iodine-catalyzed transformations of alcohols under solvent-free reaction conditions (SFRC) and under highly concen-
trated reaction conditions (HCRC) in the presence of various solvents were studied in order to gain insight into the be-
havior of the reaction intermediates under these conditions. Dimerization, dehydration and substitution were the three 
types of transformations observed with benzylic alcohols. Dimerization and substitution reactions were predominant in 
the case of primary- and secondary alcohols, whereas dehydration prevailed in the case of tertiary alcohols. The relative 
reactivity of substituted 1-phenylethanols in I2-catalyzed dimerization under SFRC provided a good Hammett plot ρ+ = 
−2.8 (r2 = 0.98), suggesting the presence of electron-deficient intermediates with a certain degree of developed charge in 
the rate-determining step.

Keywords: Alcohols, catalysis, green chemistry, Hammett correlation, iodine

1. Introduction
Green chemistry is currently a popular topic in 

chemistry. Numerous serious efforts have been made to 
improve and simplify existing methods and procedures, 
especially in terms of atom-economy, process-efficiency, 
health, risk and waste-minimization.1–3 Transformations 
of neat reactants under solvent-free reaction conditions 
(SFRC) are one of the best solutions in this regard.4–7 In the 
solid/solid system, a remarkable reaction rate enhance-
ment was observed just by introducing small amounts of 
solvent vapor into the reaction mixture.8 Moreover, the 
course of the reaction can be dramatically influenced un-
der highly concentrated reaction conditions (HCRC).9 It 
has been documented that water can remarkably affect the 
course of the reaction,10–12 including enantioselectivity.13–15 
Water has become a reaction solvent of immense impor-
tance for the selectivity/reactivity studies of nucleophiles 
and electrophiles,16–18 where carbocation intermediates 
play an important role.19–21 Mixtures of water with organic 

solvents have been employed to determine the geometry of 
the transition states,22 with the hydrophobic effect attract-
ing attention in studies of organic reactions in the presence 
of water.23–25 In recent years, iodine26,27 has emerged as re-
markable catalyst exhibiting high water tolerance in di-
verse types of reactions. One of beneficial properties of 
iodine is its high affinity towards molecular oxygen as well 
as functional groups bearing at least one oxygen atom.28,29 
It has been established that iodine is an efficient catalyst 
for the transformation of alcohols under SFRC, with ter-
tiary alcohols being dehydrated;30 while primary and sec-
ondary transformed into ethers or esters.31–33 This protocol 
has been already applied under various conditions34–36 all 
indicating participation of the reaction intermediates hav-
ing a partial positive charge. Recently, important mecha-
nistic studies on the iodine-catalyzed reactions in solution 
have been published,37,38 but the knowledge of the behavior 
of iodine under SFRC and HCRC remains largely undis-
covered.39 
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The above reasons prompted us to investigate the re-
activity of several model substrates in iodine-catalyzed 
transformations of alcohols under SFRC and HCRC. The 
alcohol substrates were selected to study different elec-
tronic effects and geometry. The role of the potentially 
present heteroatom and antiaromaticity of intermediates 
on transformations will be validated on sterically hindered 
dibenzo-substituted alcohols. Stereochemistry and regi-
oselectivity of dehydration reactions and the role of the 
reaction medium polarity (protic vs. aprotic), nucleop-
hilicity and pKa under HCRC will be examined as well.

2. Experimental 
2. 1. General

1-Phenylethanol 1a, 1,1-diphenylethanol 1d and 
4-methoxybenzyl alcohol 1m are commercially available, 
the other alcohols were prepared by various methods. A) 
Modified Grignard procedure,40 a typical experiment: un-
der inert atmosphere, one crystal of iodine was added to 
magnesium turnings (60 mmol) in 5 mL of dry THF, and a 
few drops of the corresponding halogenide (PhCH2Cl, 
PhBr or EtI) (60 mmol). The rest of the halogenide was 
diluted with 25 mL of dry THF and slowly added at room 
temperature. The reaction mixture was refluxed for 90 
minutes, then cooled to room temperature, diluted with 50 
mL of dry THF and a solution of the appropriate carbonyl 
molecule (PhCOMe, Ph2CO, 4’-methoxyacetophenone, 
2’-methoxyacetophenone, 4-methoxybenzaldehyde, 4’,4’- 
dimethoxybenzophenone or 9-fluorenone) (20 mmol) in 
50 mL of dry THF was slowly added and the reaction mix-
ture was refluxed for two hours. After cooling, THF was 
evaporated and the reaction mixture diluted with Et2O and 
water. The organic phase was separated, washed with water, 
dried over anhydrous Na2SO4; the solvent evaporated and 
pure products were obtained after column chromatogra-
phy or crystallization. Alcohols prepared by method A: 
1,2-diphenyl-2-propanol41 1c, 1,1-diphenyl-1-propanol42 
1e, 1-(4-methoxyphenyl)-2-phenylethanol43 1i, 1-(4-me-
thoxyphenyl)-1-phenylethanol44 1j, 1-(2-methoxyphenyl)-
1-phenylethanol45 1k, 1,1-bis(4-methoxyphenyl)-2-phen
ylethanol46 1l, 2-(4-methoxyphenyl)-1-phenyl-2-propa
nol47 1n, 9-ethyl-9-fluorenol48 4a, 9-benzyl-9-fluorenol49 
4b and 9-benzyl-9-xanthenol50 4f. B) Na/RX/carbonyl 
molecule, a typical experiment: xanthone or dibenzosub-
erone (20 mmol) was dissolved in toluene (40 mL), fol-
lowed by the addition of ethyl iodide or benzyl chloride (60 
mmol) and sodium (120 mmol). The reaction mixture was 
refluxed for one hour, cooled to room temperature, diluted 
with toluene; water was added in small portions. The or-
ganic phase was separated, washed with water, dried over 
anhydrous Na2SO4 and the solvent removed under reduced 
pressure. Alcohols prepared by method B: 5-ethyl-10,11-di-
hydro-5H-dibenzo[a,d]cyclohepten-5-ol 4c, 9-ethyl-9-
xanthenol51 4e, and 5-benzyl-10,11-dihydro-5H-diben

zo[a,d]cyclohepten-5-ol 4d. C) By reduction of commer-
cially available ketones with NaBH4: 1,2-diphenylethanol41 
1b, 1-(4-methoxyphenyl)ethanol52 1h, 1-(4-fluorophenyl)
ethanol52 1o, 1-(3-methylphenyl)ethanol52 1p, 1-(3-me-
thoxyphenyl)ethanol52 1q, 1-(4-chlorophenyl)ethanol52 1r, 
1-(4-bromophenyl)ethanol52 1s. D) By reduction using Al-
KOH:53 Xanthydrol54 10. E) By halohydroxylation:55,56 
1,1-diphenyl-2-bromoethanol57 1f and 1,1-diphenyl-2-flu-
oroethanol58 1g. Pure products were usually obtained us-
ing column chromatography (CC) at given conditions us-
ing Fluka 60 silica gel (63-200 μm, 70–230 mesh ASTM). 
Reaction progress was monitored by thin-layer chroma-
tography on Merck 60 F254 TLC plates or by 1H NMR spec-
troscopy. NMR spectra were recorded on Bruker Avance 
300 DPX, and Bruker Avance III 500 Instrument (1H: 300 
MHz, 13C: 75.5 MHz and 125 MHz). The 1H spectra were 
referred to an internal standard (0 ppm for TMS) or to the 
residual 1H signal of CHCl3 at 7.26 ppm. The 13C spectra 
were referred to the central line of CDCl3 (77.00 ppm). 
New compounds were characterized by 1H NMR, 13C 
NMR and IR spectroscopy, HRMS and/or elemental anal-
ysis, and also with the melting points when solid. Known 
products were characterized by 1H NMR and IR spectros-
copy, melting point when solid and by LRMS in most of 
the cases. Additionally, 13C NMR spectra were recorded for 
those products, whose13C NMR data were not found in the 
literature. Melting points were determined on Büchi 535 
apparatus and are not corrected. Mass spectra were ob-
tained with the electron ionization (EI). Elemental com-
bustion analyses were performed on Perkin-Elmer analy-
ser 2400 CHN.

2. 2. �General Procedure for Iodine-catalyzed 
Transformation of Alcohols Under SFRC
The procedure is the same for solid and liquid sub-

strates. Alcohol (1 mmol) and iodine (3 mol%) were 
mixed together in a 5 mL conical reactor and the reaction 
mixture stirred at 25 °C or 55 °C for various times (5 min 
to 192 h), progress was monitored by TLC or by 1H NMR 
spectroscopy. The crude reaction mixture was diluted 
with tert-butyl methyl ether, washed with an aqueous 
solution of Na2S2O3, water, dried over Na2SO4 and the sol-
vent evaporated under reduced pressure. The crude reac-
tion mixture was subjected to column chromatography or 
preparative TLC using hexane or petroleum ether/tert-bu-
tyl methyl ether mixtures and pure product(s) were ob-
tained. Conversions were determined by 1H NMR spec-
troscopy. The effects of reaction variables on the type of 
transformation and conversions are stated in Tables and 
Figures. In order to obtain the information (role) of the 
reaction variables and structure of substrate, the data (re-
action times with lower conversion) are presented in some 
Tables. In the experimental section, the best reaction con-
ditions are named; 3 mol% of I2 were used, giving the 
highest yield.
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2. 3. �General Procedure for Iodine-catalyzed 
Transformation of Alcohols Under 
HCRC
The procedure is the same for solid and liquid sub-

strates. To the mixture of alcohol (1 mmol) and various 
amounts of solvent (CH2Cl2, MeOH, EtOH, i-PrOH, TFE, 
HFIP, HCOOH, AcOH and H2O 3–300 mmol) iodine (3 
mol%) was added in 5 mL conical reactor and the reaction 
mixture stirred at 25 °C from five minutes to 360 hours. 
Isolation and purification procedure was the same as de-
scribed above. Conversions were determined by 1H NMR 
spectroscopy. Results are presented in Tables, Figures and 
Schemes. Isolation procedure is given for the best yield.

2. 4. �Determination of Hammett Reaction 
Constant ρ+ for the I2-catalyzed 
Dimerization of 1-phenylethanols 
1-phenylethanols (0.5 mmol) (1a, 1o, 1p, 1q, 1r, 1s) 

were separately placed in the conical reactors, transforma-
tion was induced by iodine (0.015 mmol, 3.8 mg, 3 mol %) 
at 55 °C. Alcohols 1o and 1p were stirred for two hours, 
and alcohols 1q, 1r and 1s were stirred for three hours. The 
transformation was stopped by cooling, the reaction mix-
ture was analyzed by 1H NMR spectroscopy and relative 
rate constants calculated from the equation59 kr = kA/kB = 
log ((A − X)/A)/log ((B − Y)/B), derived from the In-
gold-Shaw relation60 where A and B are the amounts of 
starting material and X and Y the amounts of products de-
rived from them. The relative rate factors thus obtained, 
collected in Figure 1, are the averages of at least two mea-
surements, giving a good reproducibility, deviation of krel 
ranged (± 3%). The reaction of reference substrate 
1-phenylethanol 1a was quenched separately after 2 h and 
3 h and relative rate constants were obtained by means of 
1H NMR spectroscopy utilising internal standard 1,1-di-
phenylethene.

2. 5. �Volumetric Determination of Iodine 
After the I2-catalyzed Reaction of 1n 
Under HCRC in MeOH
To a mixture of 1-(4-methoxyphenyl)-2-pheny-

lethan-1-ol 1n (1 mmol, 228 mg) and methanol (3 mmol, 
96 mg) iodine (0.03 mmol, 7.6 mg) was added and the mix-
ture stirred for 30 minutes at 25 °C. A reaction mixture was 
diluted with acetonitrile (5 mL) and titrated with a stan-
dard solution of Na2S2O3 (c = 0.1022 mol/L, V = 0.58 mL). 

2. 6. �Volumetric Determination of Iodine 
After the I2-catalyzed Reaction of 1n 
Under HCRC in CH2Cl2
To a mixture of 1-(4-methoxyphenyl)-2-pheny-

lethan-1-ol 1n (1 mmol, 228 mg) and dichloromethane (3 

mmol, 255 mg) iodine (0.03 mmol, 7.6 mg) was added and 
the mixture stirred for 30 minutes at 25 °C. A reaction 
mixture was diluted with acetonitrile (5 mL) and titrated 
with a standard solution of Na2S2O3 (c = 0.1022 mol/L, V = 
0.57 mL). 

2. 7. �Spectroscopic and Analytical Data  
of Novel Compounds

Bis[1-(4-fluorophenyl)ethyl] ether 2o
SFRC (r.t. = 4.5 h, 55 °C), CC (SiO2, petroleum 

ether), colorless oil (90%), as a mixture of stereoisomers in 
ratio 1/0.39; IR (neat): 2976, 2930, 1604, 1508, 1371, 1224, 
1156, 1091, 949, 836 cm–1; 1H NMR (300 MHz, CDCl3): δ 
7.23–7.12 (m, 8H), 7.05–6.87 (m, 8H), 4.42 (q, J = 6.4 Hz, 
2H), 4.13 (q, J = 6.5 Hz, 2H, major), 1.41 (d, J = 6.4 Hz, 
6H), 1.32 (d, J = 6.5 Hz, 6H, major); 13C NMR (75.5 MHz, 
CDCl3): δ 162.2 (d, J = 245 Hz, 2C, major), 162.0 (d, J = 
245 Hz, 2C, minor), 139.8 (d, J = 3 Hz, 2C, minor), 139.6 
(d, J = 3 Hz, 2C, major), 127.8 (d, J = 8 Hz, 4C, major), 
127.7 (d, J = 8 Hz, 4C, minor), 115.3 (d, J = 22 Hz, 4C, 
major), 115.0 (d, J = 22 Hz, 4C, minor), 74.1 (minor), 73.9 
(major), 24.7 (major), 23.1 (minor); MS m/z (EI): 262 (M+, 
<1%), 247 (4), 123 (100), 103 (20); HRMS: Calcd for 
C16H16F2O 262.1169; found 262.1172.

Bis[1-(3-methylphenyl)ethyl] ether 2p
SFRC (r.t. = 4.5 h, 55 °C), CC (SiO2, hexane/CH2

Cl2), colorless oil (87%), as a mixture of stereoisomers in 
ratio 1/0.37; IR (neat): 2973, 2924, 1607, 1487, 1447, 
1368, 1160, 1092, 1034, 786, 705 cm–1; 1H NMR (300 
MHz, CDCl3): δ 7.22–6.93 (m, 16H), 4.42 (q, J = 6.4 Hz, 
2H), 4.14 (q, J = 6.5 Hz, 2H, major), 2.36 (s, 6H, major), 
2.30 (s, 6H, minor), 1.41 (d, J = 6.4 Hz, 6H, minor), 1.32 
(d, J = 6.5 Hz, 6H, major); 13C NMR (75.5 MHz, CDCl3): 
δ 144.2, 144.2, 137.9, 137.7, 128.3, 128.1, 128.1, 127.8, 
127.0, 126.9, 123.3, 123.3, 74.6 (major), 74.4 (minor), 
24.7 (major), 22.9 (minor), 21.5 (major), 21.4 (minor); 
MS m/z (EI): 254 (M+, <1%), 135 (23), 119 (100), 105 
(13), 91 (16); HRMS: Calcd for C18H22O 254.1671; found 
254.1677. Anal. Calcd for C18H22O: C, 84.99; H, 8.72. 
Found: C, 84.65; H, 9.03.

Bis[1-(4-bromophenyl)ethyl] ether 2s
SFRC (r.t. = 18 h, 55 °C), CC (SiO2, hexane), white 

solid (81%), as a mixture of stereoisomers in ratio 1/0.53; 
mp 68–74 °C; IR (neat): cm–1; 1H NMR (300 MHz, CDCl3): 
δ 7.45 (d, J = 8.4 Hz, 4H), 7.38 (d, J = 8.4 Hz, 4H), 7.11 (d, 
J = 8.4 Hz, 4H), 7.09 (d, J = 8.4 Hz, 4H), 4.42 (q, J = 6.4 Hz, 
2H, minor), 4.13 (q, J = 6.5 Hz, 2H, major), 1.41 (d, J = 6.4 
Hz, 6H, minor), 1.32 (d, J = 6.5 Hz, 6H, major); 13C NMR 
(75.5 MHz, CDCl3): δ 143.1, 142.9, 131.7, 131.4, 128.0, 
127.9, 121.3, 121.0, 74.2, 74.2, 24.5 (major), 23.0 (minor); 
MS m/z (EI): 382 (M+, 2%), 367 (5), 226 (6), 199 (21), 185 
(100), 104 (35); HRMS: Calcd for C16H16Br2O 381.9568; 
found 381.9578.
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5-Ethyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-
ol 4c

(20 mmol (4.17 g) dibenzosuberone, 120 mmol (2.76 
g) Na, 60 mmol (9.36 g) EtI, 40 mL toluene, 1 h, reflux), 
CC (SiO2, CH2Cl2/petroleum ether, 1/4) and crystalliza-
tion (petroleum ether), white solid (82%); mp 61.0–62.0 
°C; IR (KBr): 3400, 2932, 1485, 1455, 1317, 1080, 1041, 
965, 924, 889, 750 cm–1; 1H NMR (300 MHz, CDCl3): δ 
7.91–7.88 (m, 2H), 7.26–7.08 (m, 6H), 3.41–3.31 (m, 2H), 
3.01–2.91 (m, 2H), 2.23 (q, J = 7.4 Hz, 2H), 2.14 (s, 1H), 
0.69 (t, J = 7.4 Hz, 3H); 13C NMR (75.5 MHz, CDCl3): δ 
144.6, 138.8, 130.2, 127.2, 127.1, 126.1, 79.4, 38.2, 34.6, 8.8; 
MS m/z (EI): 237 (M+ − H, 2%), 220 (1), 209 (100), 131 
(26), 103 (26), 91 (15); Anal. Calcd for C17H18O: C, 85.67; 
H, 7.61. Found: C, 85.88; H, 7.83.

5-Benzyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
5-ol 4d

(20 mmol (4.17 g) dibenzosuberone, 120 mmol (2.76 
g) Na, 60 mmol (7.59 g) PhCH2Cl, 40 mL toluene, 1 h, re-
flux), CC (SiO2, CH2Cl2/petroleum ether, 1/4) and crystal-
lization (petroleum ether), white solid (85%); mp 61.6–
63.7 °C; IR (KBr): 3468, 2924, 1599, 1486, 1450, 1275, 
1077, 1012, 766, 700, 673 cm–1; 1H NMR (300 MHz, 
CDCl3): δ 7.73–7.70 (m, 2H), 7.19–7.04 (m, 9H), 6.73–6.70 
(m, 2H), 3.47 (s, 2H), 3.46–3.37 (m, 2H), 3.07–2.97 (m, 
2H), 2.32 (s, 1H); 13C NMR (75.5 MHz, CDCl3): δ 143.9, 
139.1, 136.2, 130.7, 130.0, 127.7, 127.6, 127.3, 126.5, 126.2, 
79.1, 51.9, 35.1; MS m/z (EI): 300 (M+ − H, 1%), 282 (<1), 
209 (100), 131 (49), 103 (19), 91 (27); Anal. Calcd for 
C22H20O: C, 87.96; H, 6.71. Found: C, 87.84; H, 6.83.

2-Methoxy-2-(4-methoxyphenyl)-1-phenylpropane 6na
HCRC (MeOH, r.t. = 4 h, 25 °C), CC (SiO2, petro-

leum ether), colorless viscous oil (39%); IR (neat): 2937, 
2824, 1610, 1510, 1455, 1371, 1299, 1249, 1088, 832, 701 
cm–1; 1H NMR (300 MHz, CDCl3): δ 7.18–7.13 (m, 5H), 
6.87–6.82 (m, 4H), 3.81 (s, 3H), 3.08 (s, 3H), 3.02 (d, J = 
13.1 Hz, 1H), 2.95 (d, J = 13.1 Hz, 1H), 1.46 (s, 3H); 13C 
NMR (75.5 MHz, CDCl3): δ 158.5, 137.6, 136.2, 130.7, 
127.9, 127.5, 126.0, 113.2, 79.5, 55.2, 50.7, 50.3, 21.3; MS 
m/z (EI): 224 (M+ − MeOH, 88%), 209 (20), 165 (56), 133 
(100), 128 (18). Anal. Calcd for C17H20O2: C, 79.65; H, 7.86. 
Found: C, 79.22; H, 7.87.

2-Ethoxy-2-(4-methoxyphenyl)-1-phenylpropane 6nb
(EtOH, 30 mmol, r.t. = 19 h, 25 °C), CC (SiO2, petro-

leum ether), viscous colorless oil (73%); IR (neat): 2975, 
1609, 1510, 1454, 1300, 1250, 1179, 1091, 1034, 833, 702 
cm–1; 1H NMR (300 MHz, CDCl3): δ 7.13–7.07 (m, 5H), 
6.83–6.80 (m, 2H), 6.75 (d, J = 8.8 Hz, 2H), 3.79 (s, 3H), 
3.30 (dq, J = 14.2 Hz, J = 7.0 Hz, 1H), 3.09 (dq, J = 14.2 Hz, 
J = 7.0 Hz, 1H), 2.96 (d, J = 13.1 Hz, 1H), 2.87 (d, J = 13.1 
Hz, 1H), 1.43 (s, 3H), 1.16 (t, J = 7.0 Hz, 3H); 13C NMR 
(75.5 MHz, CDCl3): δ 158.4, 137.7, 137.0, 130.8, 127.7, 
127.4, 126.0, 113.2, 79.1, 57.6, 55.2, 51.0, 21.8, 15.8; MS 

m/z (EI): 225 (M+ − OEt, 5%), 179 (100), 151 (41). Anal. 
Calcd for C18H22O2: C, 79.96; H, 8.20. Found: C, 79.75; H, 
8.56.

1,2-Diphenylethyl formate 7ba
HCRC (HCOOH, without I2, r.t. = 23 h, 25 °C), CC 

(SiO2, petroleum ether), viscous colorless oil (81%); IR 
(neat): 3064, 3031, 2925, 1724, 1495, 1450, 1167, 755, 699 
cm–1; 1H NMR (300 MHz, CDCl3): δ 7.99 (s, 1H), 7.32–
7.16 (m, 8H), 7.07–7.04 (m, 2H), 6.02 (dd, J = 7.7 Hz, J = 
6.2 Hz, 1H), 3.21 (dd, J = 13.8 Hz, J = 7.7 Hz, 1H), 3.06 (dd, 
J = 13.8 Hz, J = 6.2 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): 
δ 160.1, 139.3, 136.6, 129.5, 128.4, 128.3, 128.2, 126.7, 
126.6, 76.5, 42.8; MS m/z (EI): 180 (M+ − HCOOH, 61%), 
135 (50), 107 (100), 91 (44), 79 (86), 77 (50). Anal. Calcd 
for C15H14O2: C, 79.62; H, 6.24. Found: C, 79.66; H, 6.27.

1-(4-Methoxyphenyl)-2-phenylethyl formate 7ia
HCRC (HCOOH, without I2, r.t. = 30 min, 25 °C), 

preparative chromatography (SiO2, CH2Cl2), white solid 
(55%); mp 63.0–63.8 °C; IR (KBr): 2910, 2837, 1710, 1512, 
1242, 1163, 1035, 977, 831, 734, 698 cm–1; 1H NMR (300 
MHz, CDCl3): δ 8.01 (s, 1H), 7.28–7.18 (m, 5H), 7.14–7.08 
(m, 2H), 6.85 (d, J = 8.8 Hz, 2H), 6.02 (dd, J = 7.8 Hz, J = 
6.2 Hz, 1H), 3.80 (s, 3H), 3.24 (dd, J = 13.8 Hz, J = 7.8 Hz, 
1H), 2.82 (dd, J = 13.8 Hz, J = 6.2 Hz, 1H); 13C NMR (75.5 
MHz, CDCl3): δ 160.2, 159.5, 136.7, 131.4, 129.5, 128.3, 
128.1, 126.6, 113.8, 76.3, 55.2, 42.6; MS m/z(EI): 256 (M+, 
3%), 211 (10), 165 (91), 137 (100), 109 (20), 69 (27); 
HRMS: Calcd for C16H16O3 256.1099; found 256.1102. 
Anal. Calcd for C16H16O3: C, 74.98; H, 6.29. Found: C, 
74.71; H, 6.27.

(E)-1,5-Diphenyl-4-methyl-2,4-di(4-methoxyphenyl)
pent-1-ene 9a

SFRC (r.t. = 30 min, 25 °C), CC and separation by 
preparative chromatography (SiO2, petroleum ether/t-bu-
tyl methyl ether = 97.5/2.5), white solid (23%), mp 92.7–
94.6 °C; IR (KBr): 2932, 2834, 1607, 1510, 1454, 1290, 
1248, 1180, 1034, 824, 699 cm–1; 1H NMR (300 MHz, 
CDCl3): δ 7.31–7.19 (m, 3H), 7.16–7.10 (m, 4H), 7.05–6.97 
(m, 3H), 6.87 (d, J = 8.8 Hz, 2H), 6.74 (d, J = 8.8 Hz, 2H), 
6.67–6.57 (m, 4H), 6.54 (s, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 
3.24 (d, J = 13.9 Hz, 1H), 3.17 (d, J = 13.9 Hz, 1H), 2.83 (d, 
J = 13.1 Hz, 1H), 2.66 (d, J = 13.1 Hz, 1H), 0.92 (s, 3H); 13C 
NMR (75.5 MHz, CDCl3): δ 158.4, 157.2, 141.0, 138.9, 
138.6, 137.6, 131.4, 130.5, 128.9, 128.2, 128.1, 128.0, 127.3, 
126.2, 125.7, 113.3, 112.8, 55.2, 55.1, 50.0, 43.0, 42.8, 23.3; 
MS m/z (EI): 448 (M+, <1%), 357 (<2), 225 (100), 91 (15). 
Anal. Calcd for C32H32O2: C, 85.68; H, 7.19. Found: C, 
85.37; H, 7.38.

(Z)-1,5-Diphenyl-4-methyl-2,4-di(4-methoxyphenyl)
pent-1-ene 9b

SFRC (r.t. = 30 min, 25 °C), CC and separation by 
preparative chromatography (SiO2, petroleum ether/t-
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butyl methyl ether = 97.5/2.5), white solid (29%), mp 
74.6–75.5 °C; IR (KBr): 2930, 2834, 1607, 1510, 1454, 
1288, 1247, 1180, 1033, 826, 699 cm–1; 1H NMR (300 
MHz, CDCl3): δ 7.08–6.99 (m, 8H), 6.85–6.63 (m, 9H), 
6.15 (s, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 3.06 (d, J = 13.1 
Hz, 1H), 3.02 (d, J = 13.1 Hz, 1H), 2.85 (d, J = 13.1 Hz, 
1H), 2.78 (d, J = 13.1 Hz, 1H), 1.12 (s, 3H); 13C NMR 
(75.5 MHz, CDCl3): δ 158.1, 157.3, 139.6, 138.6, 138.4, 
137.7, 134.3, 130.5, 130.0, 128.9, 128.2, 127.7, 127.3, 
125.9, 125.8, 113.5, 112.9, 55.2, 55.1, 53.6, 50.4, 42.9, 
23.3; MS m/z (EI): 448 (M+, <1%), 357 (1), 225 (100), 91 

(17). Anal. Calcd for C32H32O2: C, 85.68; H, 7.19. Found: 
C, 85.52; H, 7.44.

3. Results and Discussion
Most of the published I2-catalyzed transformations 

of alcohols were conducted in relatively diluted solution, 
in a concentration range of 23 mol to 157 mol of solvent 
per mol of alcohol.61,62 In contrast, we examined the behav-
ior of substituted benzylic alcohols in highly-concentrated 

Table 1. The effect of the alcohol structure 1 and reaction conditions (SFRC vs. HCRC) on the type of iodine-induced transformation 

Entry		     Alcohol			  Reaction conditionsa	 Conversionb	 Dimerization    /	 Dehydration
	 Ar 	 R1	 R2	 1	 and time	 [%]		  2	       /		  3

    1	 Ph	 H	 H	 a	 A, 165 h	   38	 100
    2					     B, 165 h	   90	 100
    3	 Ph	 H	 Ph	 b	 A, 67 h	   88	    81	   19
    4					     B, 67 h	   10	 100
    5	 Ph	 CH3 	 Ph	 c	 A, 20 h	 100		  100c

    6					     B, 48 h	 100		  100d

    7	 Ph	 Ph	 H	 d	 A, 10 min	 100		  100
    8					     B, 1 h	   97		  100
    9	 Ph	 Ph	 CH3	 e	 A, 3 he	 100		  100
  10					     B, 1 h	   10		  100
  11	 Ph	 Ph	 Br	 f	 A, 96 he	   98		  100
  12					     B, 1 h	     0	
  13	 Ph	 Ph	 F	 g	 A, 192 he	   57		  100
  14					     B, 1 h	     0	
  15	 p-An	 H	 H	  h	 A, 15 min	   92	 100
  16					     B, 15 min	   92	 100
  17	 p-An	 H	 Ph	 i	 A, 230 min	 100	   73	   27
  18					     B, 1 h	   95	 100
  19	 p-An	 Ph	 H	 j	 A, 5 min	 100		  100
  20					     B, 5 min	 100		  100
  21	 o-An	 Ph	 H	 k	 A, 15 min	 100		  100
  22					     B, 15 min	 100		  100
  23	 p-An	 p-An	 Ph 	 l	 A, 200 min	   31		  100
  24					     B, 200 min	 100		  100

a A: SFRC; 1 mmol of 1 and 0.03 mmol of I2; B: HCRC; 1 mmol of 1, 3 mmol of CH2Cl2 and 0.03 mmol of I2.   
b Conversion and product distribution 

determined by 1H NMR spectroscopy.   c 4% of (Z)-isomer relatively to (E)-alkene, traces of the Hofmann alkene.   d 5% of (Z)-isomer relatively to  
(E)-alkene, Zaitsev vs. Hofmann = 85/15. 1c remained intact without iodine under conditions A and B.   e Reaction temperature was 55 °C, in all other 
cases was 25 °C.
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reaction medium, that contained only 3 mol of solvent per 
mol of the reactant. Variously substituted secondary and 
tertiary benzylic alcohols 1a–l, possessing different struc-
tural features were selected as substrates (Scheme 1). 
Groups Ar, R1, and R2 having electron-releasing substitu-
ents should enhance the stability of electron-deficient in-
termediates, whereas β-halogen atom R2 in 1f and 1g 
should increase the acidity of the methylene protons. The 
results of the iodine catalyzed transformation under SFRC 
and HCRC with alcohols 1a–l are summarized in Table 1 
indicating that tertiary alcohols underwent dehydration, 
while secondary alcohols predominantly dimerized into 
ether derivatives 2. The aggregate state of alcohols played 
an important role; reaction mixtures in the case of solid 
alcohols 1 became pasty, which proved to be essential for 
the reaction progress. On the other hand, liquid alcohols 
were less challenging in terms of their aggregate state. 
1-Phenylethanol 1a yielded exclusively ether 2a under 
both types of the reaction conditions (entries 1 and 2, 
A=SFRC, B=HCRC-CH2Cl2). Introduction of an addition-
al phenyl group at C-2 (1b) increased the reactivity afford-
ing dimer 2b as the major product (81%), and trans-stilbe-
ne (19%) as the sole dehydration product (entry 3). En-
hanced reactivity of 1b could be ascribed to the stabilizing 
effect of the additional phenyl group. A remarkable de-
crease in reactivity was observed for fluoro-substituted an-
alogues of 1a: 1-(2,3,4,5,6-pentafluorophenyl)ethanol and 
1-phenyl-2,2,2-trifluoroethanol remained intact after 
three days at 85 °C under SFRC.

Tertiary alcohols 1c, 1d and 1e only underwent de-
hydration into alkene 3 (Table 1, entries 5–10). A mixture 
of (Z)- and (E)-1,2-diphenylpropene was formed from 1c, 

with the latter being the major product. The transforma-
tion of 1c was accompanied by the formation of 2,3-diphe-
nyl-1-propene (entries 5 and 6). 1c remained intact with-
out iodine under conditions A and B, signifying the role of 
iodine. The role of acidity of the hydroxyl group and the 
C-2 hydrogen atom of C-2 halogenated tertiary alcohols 1f 
and 1g in I2-catalyzed transformation was examined (Ta-
ble 1, entries 11–14). 

Reactivity was diminished in both cases, but fluoro 
derivative 1g (entry 13) reacted considerably more slug-
gishly than the bromo analogue 1f (entry 11), suggesting 
the ease of the proton removal from C-2 not being the 
most crucial in the process of dehydration, but the elec-
tron-accepting properties of the halomethyl group on the 
stability of the electron-deficient reaction intermediates. 
The introduction of methoxy group to the aromatic ring 
did not alter the reaction pathway in the case of 1-(4-me-
thoxyphenyl)ethanol 1h, but dimerization was remarkably 
faster than with 1-phenylethanol 1a (entries 15 and 16). A 
similar enhancement of reactivity, induced by methoxy 
group, was observed also in the case of 1-(4-methoxy-
phenyl)-2-phenylethanol 1i; dimerization was the major 
process, the proportion of the dehydration grew to 27% 
(Table 1, entry 17) when compared with 1b (entry 3) un-
der SFRC. Interestingly, 1i gave dimeric ether 2i as the sole 
product under HCRC (entry 18). Tertiary alcohols 1j and 
1k underwent dehydration, while position of the methoxy 
group (p-MeO vs. o-MeO) did not play a substantial role 
on the type of transformation and reaction rate (entries 
19–22). The substantially lower reactivity of triaryl-substi-
tuted alcohol 1l could be ascribed to the fact that substrate 
has the highest melting point and the lowest solubility 

Table 2. The effects of geometry, ring size and substituents on the iodine-catalyzed dehydration of tertiary al-
cohols 4

Entry	                      Alcohol			   Reaction timea	 Conversion [%]b
	 Y	 R	 4 		

    1	 /	 CH3	 a	 15 min	 3
    2		  	 	 23 h	 100
    3	 /	 Ph	 b	 15 min	 0
    4				    96 h	 0
    5	 CH2CH2	 CH3	 c	 15 min	 79
    6	 		  	 154 min	 100
    7	 CH2CH2	 Ph	 d	 15 min	 35
    8	 	 		  154 min	 100
    9	 O	 CH3	 e	 15 min	 67
  10		  	 	 60 min	 100
  11	 O	 Ph	 f	 15 min	 65
  12				    30 min	 100

a Reaction conditions: 1 mmol of 4, 3 mmol of CH2Cl2 and 0.03 mmol of I2 stirred at 25 °C.    b Determined by 
1H NMR spectroscopy.	
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among alcohols 1, and the reaction mixture required a lon-
ger time to become pasty under SFRC (31% conversion, 
entry 23). In spite of the poor solubility of 1l in CH2Cl2, 
enhanced molecular migration was achieved, reflecting in 
a considerably higher degree of conversion under HCRC 
(entry 24). In general, the reactivity of the secondary and 
the tertiary alcohols differs drastically regardless on the 
conditions SFRC or HCRC. The secondary alcohols have a 
strong tendency of dimerization into ethers, while the ter-
tiary alcohols underwent dehydration into alkenes. Such a 
clear-cut might be surprising; however, it could be some-
how anticipated.31 One of the reasons for smooth dehydra-
tion of the tertiary-, in comparison with the secondary al-
cohols, might be the formation of the thermodynamically 
more stable alkenes. In addition, dimerization of the steri-
cally hindered tertiary alcohols is disfavored. It could be 
concluded that substantially higher reactivity of me-
thoxy-substituted alcohols (Table 1, entries 15–24) is likely 
a consequence of stabilization of the intermediates in-
volved – the electron deficient species. Furthermore, we 
examined the role of geometry, ring size and heteroatom 
on I2-catalyzed transformation of the dibenzo-substituted 
tertiary alcohols 4 under HCRC-CH2Cl2; the results are 
collected in Table 2. 

Fluorene derivative 4a yielded 9-ethylidenefluorene 
5a (Table 2, entries 1 and 2) but phenyl-substituted deriv-
ative 4b was not reactive under these conditions (entries 3 
and 4). The low reactivity of 4a and 4b might be associated 
with the geometry and formation of the potential anti-aro-
matic fluorenyl carbocation.31,63,64 Dibenzosuberan deriva-

tives 4c and 4d are not planar and were considerably more 
reactive than 4a an additional phenyl group did not en-
hance the reactivity of 4d. The substitution of a CH2CH2 
group in the dibenzosuberan derivative with an O-atom 
decreased the reactivity of 9-ethyl-xanthen-9-ol 4e, while 
phenyl derivative 4f was more reactive than 4e. The results 
showed the importance of the geometry of the structure of 
the electron-deficient intermediates in dehydration reac-
tions under HCRC.

Further, we examined the role of nucleophilic, protic 
solvents (possessing different acidity, ionizing power, hy-
drophobicity, and solubility of 1 and I2) on iodine-cata-
lyzed transformations of secondary benzylic alcohols un-
der HCRC (Table 3).

Three reaction pathways were operative: dimeriza-
tion, dehydration and substitution. The important role of 
solvent added on the type of transformation was demon-
strated on 1,2-diphenylethanol 1b (entries 1–4). No reac-
tion took place in MeOH, in the presence of HCOOH, 
only substitution occurred yielding 7ba (entry 3); in con-
trast, in the presence of H2O, dimerization was the domi-
nant process (entry 4). Substrate 1b is considerably hydro-
phobic and does not possess a strong electron-donating 
group, which is reflected in its relatively low reactivity. In-
troduction of methoxy group to the para position of the 
phenyl ring remarkably enhanced the reactivity and selec-
tivity of reaction of 1-(4-methoxyphenyl)-2-phenyletha-
nol 1i under HCRC (entries 5–8); contrary to 1b, in the 
case of MeOH, the methyl ether 6ia was obtained. Another 
surprising difference was established in the presence of 

Table 3. The effect of hydroxy-substituted solvent on the iodine-catalyzed transformations of alcohols 1 under HCRC

Entry		  Alcohol		  Reaction	 Conversion		  Product distributionc

	 Ar	  R1	 1	 conditionsa	  [%]b	 2	 3	 6/7

    1	 Ph	 Ph	 b	 CH2Cl2 / 67 h	   10	 100		
    2				    MeOH / 67 h	     0			 
    3				    HCOOH / 23 h	   89			   100
    4				    H2O / 67 h	   14	   90	 10	
    5	 p-An	 Ph	 i 	 CH2Cl2 / 60 min	   97	 100		
    6				    MeOH / 20 h	 100		    5	 95
    7				    HCOOH / 30 min	 100	   87		  13d

    8				    H2O / 230 min	 100	   88	 12	
    9	 p-An	 H	 h	 CH2Cl2  / 15 min	   92	 100		
  10				    MeOH / 180 min	   95	     5		  95
  11				    HCOOH / 30 min	   98	     8		  92
  12				    H2O / 15 min	   96	 100		

a 1 mmol of 1, 3 mmol of solvent and 0.03 mmol of I2 stirred at 25 °C. b Conversion and product distribution determined by 1H NMR spectroscopy.  
c Dimerization vs. Dehydration vs. Substitution. d A ratio 2/7 without I2 was 23/77.
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HCOOH, where dimerization was the main process (entry 
7), while transformation without I2 furnished a mixture of 
2i and 7ia in reversed ratio (23/77). The contrasting result 
suggests that iodine activated 1i. Results of reactivity of 1i 
(entries 5–8) suggest that iodine activated 1i which di-
merized predominantly in the absence of good nucleop-
hiles (entries 5, 7 and 8). In the presence of MeOH, a me-
thoxy ether 6ia was the major product (entry 6), while a 
small extent of dehydration was observed in the cases of 
1,2-diaryl-substituted alcohols only. 1-(4-methoxyphenyl)
ethanol 1h, the least hydrophobic and sterically-hindered 
in this series, was the most reactive (entries 9–12), but 
with altered selectivity. In the presence of CH2Cl2 and H2O, 
dimerization took place (entries 9 and 12), while substitu-
tion was the main process in the presence of MeOH and 
HCOOH, giving 6ha and 7ha, respectively (entries 10 and 
11). 1h was esterified with HCOOH under SFRC without 
iodine,32 thus signifying the role of pKa, and iodine has lit-
tle influence on reaction of 1h with HCOOH (entry 11). 
The reactivity pattern of 1h is similar to 1i, where substitu-
tion predominantly took place in the presence of relatively 
good nucleophiles, whereas dimerization is prevalent in 
their absence. 

The alcohols and alkenes substituted with electron 
rich-aromatic groups might be sensitive to polymerization 
and are known to undergo different types of transforma-
tion. Indeed, 4-methoxybenzyl alcohol 1m proved to be 
the right target in this regard (Table 4); under SFRC, di-
merization giving 2m was the main process (entry 1), ip-
so-substitution also took place, however polymerization 
completely prevailed after 200 minutes producing tar ma-
terial only. Similar product distribution was obtained un-
der HCRC-CH2Cl2 (entry 2). No other alkylation of the 
aromatic ring was noted. 

The third reaction channel was substitution; it oc-
curred in the presence of MeOH giving 6ma, and a small 
proportion of dimer 2m was also formed, but no polymer-
ization was noted, even after 190 hours (entry 3). Di-
merization was the main process in the absence of a nucle-
ophile, and ipso-substitution appeared as minor, but addi-
tional reaction channel. Considering that ipso-substitution 
is often related with cationic intermediates,65 it could be 
assumed that formation of 8 is another suggestion of in-
volvement of electron-deficient intermediates. 

Next, we studied the transformation of sterically hin-
dered and hydrophobic tertiary alcohol with the elec-
tron-rich aromatic ring, 1-phenyl-2-(4-methoxyphenyl)- 
2-propanol 1n in the presence of a catalytic amount of io-
dine (Table 5).

1n is a substrate of choice because it possesses an ac-
tivated aromatic ring for good reactivity and it could form 
a well stable potential intermediate to study its fate under 
SFRC and HCRC. Reaction mixture after 30 minutes at 
room temperature under SFRC contained at least three 
products. The major product was easily identified as the 
Zaitsev-type product, (E)-2-(4-methoxyphenyl)-1-phe-
nyl-1-propene 3na (entry 1). However, the two other 
products had very similar physicochemical properties, re-
flecting in almost identical retention factors; the molecular 
mass of 448 indicated that dimerization occurred. The 
structures of these two alkenes were elucidated on the ba-
sis of 1D and 2D NMR spectra and identified as (E)-1,5-
diphenyl-4-methyl-2,4-bis(4-methoxyphenyl)pent-1-ene 
9a and its (Z)-isomer 9b. The explanation of the formation 
of these two alkenes is presented in Table 5. The results 
suggest that iodine likely induced the formation of tertiary 
electron-deficient intermediate or related species, proba-
bly similar to the intermediate A; its subsequent dehydra-

Table 4. The effect of the reaction conditions on the iodine-catalyzed transformation of 4-methoxybenzyl alcohol

Entry	 Reaction conditionsa	 Conversion [%]b	 Dimerization   /	       Ipso     /      Substitutionc

			   2m 	 /	 8	 /	6ma 

   1	 SFRC / 150 min	 54	 82   	 /	   8
   2	 HCRC-CH2Cl2 / 150 min	 37	 86   	 /	 14
   3	 HCRC-MeOH / 190 h 	 91	 10   	 /			   90

a SFRC: 1 mmol of 1m and 0.03 mmol of I2, HCRC: 1 mmol of 1m, 3 mmol of solvent  and 0.03 mmol of I2 stirred at 25 °C. b Conversion and product 
distribution determined by 1H NMR spectroscopy. c Dimerization vs. Ipso substitution vs. Substitution.
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tion predominantly led to the mixture of (Z)- and (E)-2-
(4-methoxyphenyl)-1-phenyl-1-propene 3na and 3na’, the 
Hofmann type dehydration furnished 2-(4-methoxy-
phenyl)-3-phenyl-1-propene 3nb. However, the latter 3nb 
was not stable under the studied conditions and further 
attacked primarily formed species A, resulting in a cation-
ic-like intermediate B or a related species, and removal of 
the benzylic proton furnished the isomeric alkenes 9a 
and 9b. Continuing, we examined the effect of 3 mmol of 
CH2Cl2 on the transformation of 1 mmol of 1n. The add-
ed solvent had no significant impact on the type of trans-
formation (entry 2). Alkene 3nb was isolated and treated 
in an independent experiment with 3 mol% of I2 in di-
chloromethane until the full consumption of 3nb. Alkenes 
3na, 3na’, 9a and 9b were formed in this process potential-
ly via A’. A could furnish 3na and 3na’ or it could add to 

the rest of 3nb producing 9a and 9b. In contrast, an inde-
pendent transformation of a mixture of the isolated alkenes 
3na and 3na’ with 3 mol% of I2 failed, since 3na and 3na’ 
remained intact. Alkenes 3na and 3na’ are thermodynam-
ically more stable than 3nb and were not be activated by 
iodine. In contrast, a larger amount (30 mmol) of CH2Cl2 
suppressed addition of the species A to alkene 3nb and fa-
vored the formation of the Zaitsev type product 3na (entry 
3). Interestingly, 1n remained unreacted in a highly dilut-
ed solution of 300 mmol of dichloromethane (entry 4). It is 
obvious that the vicinity of the reacting species is of the 
prime importance, demonstrating a crucial role of the 
concentration. In the presence of 3 mmol of MeOH, dehy-
dration and substitution processes were observed, giving 
alkenes 3na, 3na’ and 3nb and methoxy ether 6na (entry 
5). Methanol blocked the addition of A to alkene 3nb, the 

Table 5. The effect of the reaction conditions on the iodine-catalyzed transformations of 1n

Entry	 Reaction conditionsa	 Conversion [%]b	 3na‘+3nac	 3nb	 Product distribution
	 	 	 		  9a	 9b	 6d

    1	 SFRC	 100	 57		  23	 20	
    2	 CH2Cl2-3 mmol	 100	 58		  21	 21	
    3	 CH2Cl2-30 mmol	   98	 70	 12	   8	 10	
    4	 CH2Cl2-300 mmol	     0					   
    5	 MeOH-3 mmol	   78	 30	 15			     55
    6	 MeOH-30 mmol	   68					     100
    7	 MeOH-300 mmol	     0					   
    8	 EtOH-3 mmol	   61	 44	 23			     33
    9	 (CH3)2CHOH-3 mmol	   77	 67	 33			 
  10	 (CF3)2CHOH-3 mmol	 100	 72		  14	 14	

a SFRC; 1 mmol of 1n and 0.03 mmol of I2, HCRC; 1 mmol of 1n, 3, 30 or 300 mmol of solvent and 0.03 mmol of I2 stirred at 25 °C for 30 min.  
b Conversion determined by 1H NMR spectroscopy. c Data refer to the sum of 3na and 3na‘, with (E)/(Z) = 95/5 (entries 1, 5, 8–10) and (E)/(Z) = 
90/10 in entries 2 and 3. d Methoxy ether 6na in the case of MeOH and ethoxy ether 6nb in the case of EtOH were formed.
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selectivity Zaitsev vs. Hofmann decreased (entry 5) in 
comparison with the entries 1–3. Turnover in transforma-
tion occurred in the presence of a 10-fold higher amount 
of MeOH, and only ether 6na was obtained (entry 6); no 
reaction took place in the presence of 300 mmol of metha-
nol (entry 7). In the presence of 3 mmol of ethanol (entry 
8), the same reaction pathways were observed as in the 
presence of methanol (entry 5). In the presence of i-PrOH 
and (CF3)2CHOH (HFIP), no substitution occurred (en-
tries 9 and 10); the Zaitsev alkene was more favored than 
in EtOH (entry 8), and finally reached 72% in the presence 
of HFIP, where alkene 3nb was further transformed to 9a 
and 9b (entry 10). It could be concluded that dehydration 
and further reaction of the formed intermediates took 
place under SFRC and HCRC in the presence of a non-nu-
cleophilic solvent (CH2Cl2) and HFIP. The latter solvent is 
known to stabilize the carbocationic intermediates,66,67 and 
this could be an indication that our intermediates may be 
similar. The competition between dehydration and substi-
tution took place under HCRC (3 mmol of alcohol, entries 
5 and 8) in a nucleophilic solvent (MeOH and EtOH), 
while in the presence of 30 mmol of methanol, substitu-
tion took place exclusively. It is noteworthy to say that cer-
tain processes take place under SFRC and HCRC, but not 
under classical diluted conditions in a solution – the for-
mation of 9a and 9b is such an example. 

4-methoxybenzyl alcohol 1m proved to be very reac-
tive substrate under the studied conditions, and it tended 
to yield insoluble, probably polymerized products after 
prolonged reaction time. Consequently, we decided to ex-
plore the reactivity of exceedingly acid sensitive 9H-xan-
thene-9-ol 10 in the presence of catalytic amount of I2 (Ta-
ble 6).

Alcohol 10 was found to be very reactive; the reac-
tion under SFRC was accomplished in 15 minutes at room 
temperature in spite of a solid reactant and catalyst. To our 
surprise, disproportionation took place giving the product 

11a and 11b as the only products (entry 1). Similar obser-
vation could be made in detritylation of ethers using I2 in 
methanol.68 We published a detailed iodine-catalyzed dis-
proportionation of ethers under SFRC.39 Disproportion-
ation took place also in the presence of dichloromethane 
under HCRC, and it was even faster probably due to the 
higher migration of the reactants (entry 2). Transforma-
tion of 10 under HCRC in the presence of MeOH yielded 
the related methoxy ether 11c, a very acid sensitive com-
pound, too (entry 3). 

In order to obtain information about the role of ge-
ometry (cyclic 9-xanthhydrol vs. acyclic diphenyl metha-
nol) and substituents, the transformation of diphenyl 
methanol and bis(4-methoxyphenyl)methanol was stud-
ied under HCRC-CH2Cl2. Only dimerization took place, 
and no disproportionation was noted. Dimerization of 
bis(4-methoxyphenyl)methanol to bis[bis(4-methoxyphe-
nyl)methyl] ether occured in five minutes, while bis(di-
phenylmethyl) ether was obtained in 71% yield after two 
days at room temperature. In MeOH, substitution took 
place, and bis(4-methoxyphenyl)methyl methyl ether was 
formed in 77% yield. Diphenyl methanol yielded the cor-
responding methyl ether as the main product, and a small 
amount of bis(diphenylmethyl)ether. Bis(pentafluorophe-
nyl)methanol was found inert in the I2-catalyzed reaction; 
no conversion was noted after two days at 85 °C under 
SFRC. It can be concluded that reactivity is essentially de-
pendent on the structure and geometry of the alcohol; the 
electron-accepting groups tend to disfavor the transforma-
tion.

4-Methoxyphenyl-substituted alcohols 1m and 1h 
were proved very sensitive to the reaction conditions; for 
that reason, we investigated the role of pKa of alcohols add-
ed under HCRC, Table 7. 

Dimerization of 4-methoxybenzyl alcohol 1m was 
the main process in the absence of a good nucleophile 
(HCRC-CH2Cl2), while ipso-substitution took place as 

Table 6. The effect of the reaction conditions on iodine-catalyzed transformation of 10 

Entry	 Reaction conditions	 Conversion (%)c	        	Distibution of products
 			   11a	 / 	 11b 	 /	 11c

   1	 SFRCa / 15 min	 100	 50 	 /	 50
    2	 CH2Cl2

b / 5 min	 100	 50	 / 	 50
    3	 MeOHb / 5 min	 100					     100   

a 1 mmol of 10, 0.03 mmol of I2, T = 25 °C. b 1 mmol of 10, 3 mmol of solvent, 0.03 mmol I2, T = 25 °C. c Conversion and product distribution 
determined by 1H NMR spectroscopy.
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well (Table 4, entry 2). The addition of alcohols extensively 
retarded transformation of 1m (Table 7, entries 1–3); the 
proportion of substitution is decreasing with the growing 
sterical hindrance and the reducing nucleophilicity of the 
solvent. A noteworthy modulation of the reactivity was 
noted in the case of more acidic and low nucleophilic 
2,2,2-trifluoroethanol (TFE) and HFIP. Starting 1m dis-
played a strong tendency of polymerization in the latter 
two alcohols, and after too long reaction time, the tar ma-
terial was only isolated. The reaction time was consequent-
ly limited to one hour and dimerization and ipso-substitu-

tion were the only processes (entries 4 and 5). Both alco-
hols are poor nucleophiles, and no substitution took place. 
An additional methyl group contributed to the substan-
tially higher reactivity of 1-(4-methoxyphenyl)ethanol 1h 
in comparison with 1m, dimerization and substitution 
became the only reaction channels. Dimerization was the 
exclusive transformation in the absence of a good nucleo-
phile (HCRC-CH2Cl2) (Table 3, entry 9). In the presence of 
MeOH, EtOH and i-PrOH substitution and dimerization 
took place (Table 7, entries 7, 9 and 11), exhibiting a simi-
lar reactivity pattern as in the case of 1m. It is evident that 

Table 7.  The effect of the HCRC on the transformation of 1m and 1h

Entry	 1	 R2OH	 Reaction timea	 Conversion (%)b
	   Dimerization	 /	 Substitution	 / 	 Ipso 

					     2	 /	 6	 /	 8

    1	 1m	 MeOH	 190 h	 91	   10	 /	 90
    2	 1m	 EtOH	 360 h	 80	   16	 /	 80	 / 	   4
    3	 1m	 i-PrOH	 360 h	 67	   29	 /	 64	 /	   7
    4	 1m	 CF3CH2OH	 1 h	 40	   77	 /	 /		  23
    5	 1m	 (CF3)2CHOH	 1 h	 30	   65		  /		  35
    6	 1h	 MeOH	 15 min	 43	   14	 /	 86
    7	 1h	 MeOH	 3 h	 95	     5	 /	 95
    8	 1h	 EtOH	 15 min	 49	   61	 /	 39
    9	 1h	 EtOH	 25 h	 98	   12	 /	 88
  10	 1h	 i-PrOH	 15 min	 37	   80	 /	 20
  11	 1h	 i-PrOH	 25 h	 98	   25	 /	 75
  12	 1h	 CF3CH2OH	 15 min	 83	   20	 /	 80
  13	 1h	 CF3CH2OH	 2.5 h	 96	     8	 /	 92
  14	 1h	 (CF3)2CHOH	 15 min	 60	 100

a1 mmol of 1, 3 mmol of R2OH, 0.03 mmol of I2, T = 25 °C. bConversion and product distribution determined by 1H NMR spectroscopy.

Table 8. The effect of the hydroxy-substituted solvent on the conversion of 2h under HCRC

Entry	 ROH	 Reaction timea	 Conversion (%)	   6	 /	 1h

   1	 MeOH	   3 h	 75	 97	 /	   3
   2	 EtOH	 15 h	 74	 97	 /	   3
   3	 i-PrOH	 15 h	 52	 96	 /	   4
   4	 CF3CH2OH	 1.5 h	 91	 95	 /	   5
   5	 CH3COOH	   6 h	 79	 88c	 /	 12

a Reaction conditions: 1 mmol of 2h, 3 mmol ROH, 0.03 mmol of I2, T = 25 °C, R. t. (reaction time). b Conversion and product distribution determined 
by 1H NMR spectroscopy.    c The product is 1-(4-methoxyphenyl)ethyl acetate 6he.
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the dimeric ether 2 is a kinetically controlled product (en-
tries 6–11), and iodine could catalyze its transetherifica-
tion.69 Transformations of 1h were faster in presence of the 
fluorinated solvents; in the case of a better nucleophile 
TFE, substitution almost completely prevailed (entries 12 
and 13), while in the presence of HFIP dimerization was 
the only process (entry 14). It could be concluded that re-
activity patterns of 1m and 1h in the presence of iodine 
under SFRC and HCRC are similar. Dimerization of both 
alcohols is the key process in the absence of a good nucle-
ophile, while substitution took place predominantly in the 
presence of a good nucleophile.

It is evident in the Table 7 that dimerization is fol-
lowed by transetherification, and we decided to further 
investigate this rather unexplored process, Table 8. 

Functionalization of 2h in the presence of methanol 
under HCRC yielded the corresponding methyl ether 6ha 
(97%) and 3% of the alcohol 1h (entry 1). This is an indica-
tion that relation between 1h and 2h is reversible. The con-
version roughly corresponds with the nucleophilicity of 
the alcohols (entries 1–3); in the case of the most sterically 
hindered and least nucleophilic i-PrOH the lowest conver-
sion was achieved. A surprising turning point was ob-
served in CF3CH2OH (entry 4). Although considerably 
more acidic and worse nucleophile than ethanol, the high-
est conversion was achieved in CF3CH2OH. The result re-
flects the much stronger stabilization of the reaction inter-
mediates in comparison with the simple alkyl alcohols. 
Transformation of 2h in the presence of acetic acid yielded 
the corresponding acetate ester 6he (entry 5), demonstrat-
ing the carboxylic acids are suitable nucleophiles in this 
reaction. Products 6 were considerably more stable than 
2h, and remained intact in the presence of iodine.

The Hammett correlation70,71 is a convenient tool for 
the estimation of the nature of the reaction intermediates 
and the type of bond cleavage, and in the case of ionic in-

termediates, the degree of the charge developed. It is deter-
mined under homogenous conditions in diluted solution; 
however, we decided to examine the relative reactivity of 
the substituted 1-phenylethanols in I2-catalyzed dimeriza-
tion under SFRC (Figure 1). The SFRC conditions are 
challenging, and therefore the Hammett correlation has 
been rarely studied.72   

The relative reactivity of 1-phenylethanol 1a toward 
its substituted 4-F 1o, 3-Me 1p, 3-MeO 1q, 4-Cl 1r and 
4-Br 1s derivatives was studied at 55 °C, all the alcohols are 
liquid at given temperature. In all cases, dimeric ethers 2a 
and 2o-s were formed and good Hammett correlation (r2 = 
0.98) was obtained utilizing σ+ substituent constants. The 
slope ρ+ = −2.8 suggests the transition state involving elec-
tron-deficient intermediates with a partial developed 
charge in a rate-determining step. A similar value of ρ = 
−2.76 was obtained in I2-catalyzed dihydroperoxidation of 
benzaldehydes in acetonitrile at 22 °C.73 It can be summa-
rized that iodine has a remarkable feature of generation of 
species that would normally require the use of a strong 
acid.

In order to demonstrate the role of iodine, reactivity 
of different catalytic systems were examined on an exceed-
ingly acid-sensitive substrate 9H-xanthene-9-ol 10, giving 
11a and 11b smoothly,74 Table 9. 

Entries 1 and 2 were added from Table 6 for easier 
comparison. Transformation of 10 in the presence of 
phosphomolybdic acid hydrate under SFRC was much less 
effective in comparison with the I2-catalyzed reaction (en-
try 3), while reaction in the presence of methanol yielded 
the methoxy ether 11c with 84% selectivity (entry 4). Ex-
pectedly, disproportionation of 10 in the presence of 57 % 
aqueous solution of HI was the only process75 (entry 5), 
whereas in the presence of methanol 80% of 11c was 
formed (entry 6); displaying similar reactivity in the pres-
ence of heteropoly acid and HI (entries 3–6). Reaction of 

Figure 1. Hammett correlation analysis on I2-catalyzed dimerization of 1.

	
Entry	 R	 1	 σ+	 log krel	
	 1	 4-F	 1o	 −0.07	 0.30
	 2	 3-Me	 1p	 −0.07	 0.24
	 3	 H	 1a	 0	 0
	 4	 3-OMe	 1q	 0.05	 −0.10
	 5	 4-Cl	 1r	 0.11	 −0.24
	 6	 4-Br	 1s	 0.15	 −0.37
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10 in a mixture of 3% of I2, 3 % of water and 3 mmol of 
methanol furnished 11c as the only product (entry 7). The 
result indicates that iodine is relatively highly water toler-
ant76 and retains its catalytic activity in contrast to the nu-
merous other Lewis acids. Iodine and KI were stirred to-
gether before 10 were added in order to establish the effect 

of iodine complexation. Disproportionation took place 
quantitatively, indicating at least two possible scenarios. 
Complexation of iodine and potassium iodide might be 
poor; on the other hand, triiodide could possibly catalyze 
the disproportionation (entry 8). Reaction of 10 with the 
system I2/KI/MeOH yielded the methoxy ether 11c as a 

Table 9. Comparison of activity of different catalysts on the transformation of 10a 

Entry	 Catalyst	 Reaction time, rt	 Conversion (%)b	 11a	 11b	 11c

    1	 3% I2/SFRCc	 15 min	 100	 50	 50	
    2	 3% I2/MeOH	   5 min	 100			   100
    3	 PMA/SFRCd	 15 min	 29e	 7	 7	
    4	 PMA/MeOHf	   5 min	 100	 8	 8	 84
    5	 3% HI (57%)g	 15 min	 100	 50	 50	
    6	 3% HI (57%)/MeOHh	   5 min	 100	 10	 10	 80
    7	 3% I2/3% H2O/MeOHi	   5 min	 100			   100
    8	 3% I2/3% KI/SFRCj	 15 min	 100	 50	 50	
    9	 3% I2/3% KI/MeOHk	   5 min	 100			   100
  10	 3% I2/3% Bu4NI/SFRCl	 15 min	 40m	 2	 2	
  11	 3% I2/3% Bu4NI/MeOHn	   5 min	 95			   100

a Reaction conditions: 10 (1 mmol, 198 mg) and various catalysts, rt. b Conversion and product distribution determined by 1H NMR spectroscopy. 
c Entries 1 and 2 from Table 6. d 10 (1 mmol, 198 mg) and phosphomolybdic acid hydrate (PMA, H3[P(Mo3O10)4] · xH2O), 60 mg. e 71% of unreacted 
10 and 15% of a new, unidentified product presumably a ROR type dimer of 10. f 10 (1 mmol, 198 mg), methanol (3 mmol, 96 mg) and PMA (60 
mg). g 10 (1 mmol, 198 mg) and HI (57 % aqueous solution, 0.03 mmol, 6.7 mg). h 10 (1 mmol, 198 mg), methanol (3 mmol, 96 mg) and HI (57% 
aqueous solution, 0.03 mmol, 6.7 mg). i 10 (1 mmol, 198 mg), H2O (0.03 mmol, 0.6 mg), methanol (3 mmol, 96 mg) and I2 (0.03 mmol, 7.6 mg).  
j KI (0.03 mmol, 5 mg) and I2 (0.03 mmol, 7.6 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) was added. k KI (0.03 mmol, 5 mg), I2 (0.03 
mmol, 7.6 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) and methanol (3 mmol, 96 mg) were added. l I2 (0.03 mmol, 7.6 mg) and Bu4NI 
(0.03 mmol, 11.1 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) was added. m 60% of unreacted 10 and 36% of a new product, presumably 
a ROR type dimer of 10.  n I2 (0.03 mmol, 7.6 mg), Bu4NI (0.03 mmol, 11.1 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) and methanol (3 
mmol, 96 mg) were added.

Scheme 1. A suggested role of iodine in transformation of alcohols under SFRC and HCRC.
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sole product (entry 9). Additional complexation of I2 with 
Bu4NI almost completely suppressed disproportionation, 
suggesting that formation of triiodide was a key (entry 10). 
Reaction of 10 with I2/Bu4NI in the presence of methanol 
yielded the methoxy ether 11c only, while no dispropor-
tionation took place (entry 11). In reactions in entries 3 
and 10 an unidentified product appeared, seemingly a di-
meric ether of 10. There is often speculated, though not 
experimentally proven, that the in-situ formed HI is the 
actual catalyst in the iodine-catalyzed transformations.77 A 
potential formation of HI would probably result in a loss of 
the reaction selectivity (comparison of entries 2 and 6). 
The results indicate that iodine was the active catalyst, 
where complexation changed the reaction pathway con-
siderably. Additionally, iodine was titrated with a standard 
solution of Na2S2O3 after the end of the disproportionation 
of 10. The entire amount of iodine was present at the end 
of the reaction. Similar observation was made in the case 
of dimerization of a secondary alcohol and substitution 
reaction with methanol, strongly indicating iodine as the 
active catalyst in these reactions.    

A tentative explanation of the reaction pathways is 
presented on Scheme 2. The driving force in all cases is pre-
sumably polarization of the reactants by iodine. We pro-
posed such halogen bond78 activation in disproportionation 
of ethers under SFRC39, which is in agreement with recent 
computational37 and experimental studies.38 A simultane-
ous TS-1 or two separated activation processes TS-2, in-
cluding carbenium ion TS-3 could be proposed as the key 
steps in the dimerization process. In the absence of a better 
nucleophile, the starting alcohol took over a role of an at-
tacking nucleophile, affording the dimer 2. The dehydration 
process of the tertiary alcohols might be initiated by polar-
ization of the starting alcohol as shown in TS-4. The substi-
tution step is suggested as a concomitant activation TS-5 or 
a divided activation TS-6 or by carbenium ion TS-7. 

In the presence of added stronger nucleophile, sub-
stitution products 6 and 7 substantially prevailed over the 
dimerization products 2.    

4. Conclusions
To summarize, we have studied iodine-catalyzed 

transformations of aryl-substituted alcohols under SFRC 
and under HCRC, the concentration was proved to have 
an exceptional impact on the transformation. Achieving a 
pasty aggregate state of solid substrates in the presence of 
I2 was of vital importance for the reaction progress. Prima-
ry and secondary alcohols underwent two main transfor-
mations, depending on the reaction conditions. Dimeriza-
tion took place in absence of the good nucleophiles under 
SFRC and HCRC, while substitution prevailed in presence 
of the good nucleophiles. The tertiary alcohols exhibited a 
strong tendency of dehydration into alkenes, which is in 
sharp contrast with the reactivity of primary and second-

ary alcohols. The difference in thermodynamic stability of 
the alkenes, derived from the tertiary and the secondary 
alcohols, is supposedly a driving force for the observed se-
lectivity. Substitution was another process observed in the 
presence of the hydroxylic solvents; their acidity, nucleop-
hilicity and hydrophobicity were important parameters for 
studying the reactivity of those alcohols. 4-Methoxyphe-
nyl-substituted alcohols possessed higher reactivity than 
phenyl analogues; their pentafluorophenyl counterparts 
were unreactive under the studied conditions. The results 
indicated the electron-deficient intermediates to be likely 
involved in these processes, the geometries of the molecule 
and heteroatom share an important part in reactivity. 
4-Methoxybenzyl alcohol yielded its dimeric ether and 
bis(4-methoxyphenyl)methane, a product derived via the 
I2-catalyzed ipso-substitution. 4-Methoxybenzyl alcohol 
exhibited higher reactivity in TFE and HFIP than in EtOH 
and in i-PrOH under HCRC, thus indicating stronger sta-
bilization of the reaction intermediates in the fluorinated 
alcohols. A tertiary benzylic alcohol 1n was demonstrated 
to possess a special reactivity. It appears that upon its de-
hydration all three possible alkenes were obtained. The 
thermodynamically less stable alkene unexpectedly react-
ed with the initially formed intermediate, furnishing two 
dimeric alkenes. It is worth mentioning that certain pro-
cesses take place under SFRC and HCRC, but not under 
the classical diluted conditions. This is an indication that 
reacting species have to be in close vicinity. Iodine cata-
lyzed the disproportionation of 9H-xanthene-9-ol 10 un-
der SFRC and HCRC, and in contrast, the substitution 
took place in the presence of MeOH. Iodine is a conve-
nient catalyst for transetherification under mild condi-
tions, it has a potential for interconversion of ether to ester. 
The Hammett correlation analysis of the I2-catalyzed di-
merization of substituted 1-phenylethanols under SFRC 
(T = 55 °C) furnished straight-line ρ+ = −2.8 (r2 = 0.98). 
This fact strongly suggests the involvement of the elec-
tron-deficient intermediates with a certain degree of the 
developed charge in the transition state.
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Povzetek
Preučevali smo z jodom katalizirane pretvorbe alkoholov pri reakcijskih pogojih brez topil (RPBT) in pri visoko kon-
centriranih pogojih (VKP) v prisotnosti različnih topil, da bi dobili vpogled v obnašanje reakcijskih intermediatov pri 
takšnih pogojih. Ugotovili smo, da z benzilnimi alkoholi potečejo trije različni tipi pretvorb: dimerizacija, dehidratacija 
in substitucija. Dimerizacija in substitucija pretežno potečeta v primeru primarnih in sekundarnih alkoholov, medtem, 
ko dehidratacija prevladuje v primeru terciarnih alkoholov. Relativna reaktivnost substituiranih 1-feniletanolov pri z 
jodom katalizirani dimerizaciji pri RPBT daje dobro Hammettovo korelacijo ρ+ = −2.8 (r2 = 0.98), ki kaže na prisotnost 
elektronsko siromašnih intermediatov z določeno stopnjo razvitega naboja v prehodnem stanju.
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Abstract
Novel tetrachloridoruthenium(III) complex Na[trans-RuCl4(DMSO)(PyrDiaz)] (3) with pyridine-tethered diazenedi-
carboxamide PyrDiaz ligand (PyrDiaz = N1-(4-isopropylphenyl)-N2-(pyridin-2-ylmethyl)diazene-1,2-dicarboxamide) 
was synthesized by direct coupling of PyrDiaz with sodium trans-bis(dimethyl sulfoxide)tetrachloridoruthenate(III) 
(Na-[trans-Ru(DMSO)2Cl4]). Compound 3 is the analogue of the antimetastatic Ru(III) complex NAMI-A and NAMI-Pyr. 
Single crystal X-ray diffraction analysis revealed that the compound 3 is a polymeric complex with the ruthenium and 
sodium centres. 

Keywords: Diazene, pyridine, ruthenium(III), sodium, polymeric complex

1. Introduction
Based on the WHO estimates, cancer is one of the 

leading causes of mortality worldwide accounting for 8.8 
million deaths in 2015.1 In addition to surgical removal of 
tumours and radiation therapy, chemotherapy is one of the 
most commonly applied treatments of cancer. Burden as-
sociated with chemotherapy, however, is intrinsic and ac-
quired resistance,2 and severe side-effects that are respon-
sible for considerable morbidity, greatly reducing the ef-
fectiveness of the therapy. This, and the striking estimate 
that the global incidence of cancer continues to increase, 
urges for new strategies and chemical entities to be de-
vised.3 

Commenced with a group of platinum chemothera-
peutic agents that has been in clinical use for half of a cen-
tury,4–6 other precious-metal-based alternatives lately en-
ticed an army of chemists worldwide.7 As a result, some 
ruthenium-based compounds of unique properties, sur-

passing cisplatin in activity, particularly on resistant tu-
mours, and with reduced host toxicity at active doses have 
been discovered.8,9

In the treatment of a complex disease like cancer it is 
unlikely for a single drug to be effective. To increase the 
chemotherapeutic success, a combination of two or more 
active agents having separate targets is commonly admin-
istered at the therapy.10 A promising alternative to these 
so-called cocktails are hybrid molecules that are composed 
of two or more covalently bound drugs; the compounds 
that can possess combined pharmacological properties of 
the individual drugs10,11 yet superior synergistic effects.12,13

Over the past years, we have investigated redox-ac-
tive14 diazenecarboxamides as potential anti-cancer 
agents.15 The results of the in vitro experiments suggested 
that they likely target tumour cell redox mechanism by ox-
idation of glutathione into glutathione disulphide.16 A syn-
ergistic effect was noted by treating some tumour cell lines 
with the combination of cisplatin and selected diazenecar-
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boxamides,16e prompting us to consider novel diazenecar-
boxamide-platinum conjugates (Figure 1).6,17 This has led 
to complex A, possessing higher cytotoxicity against T24 
bladder carcinoma cells as compared to the parent plati-
num precursor ([PtCl(DMSO)(en)]Cl; en = ethylenedi-
amine) and organic ligand, for example.18 Redox-active 
diazenecarboxamides were also combined with organo-
metallic [Ru(II)–Arene] to generate complexes with inter-
esting coordination modes and chemical reactivity (Figure 
2).19,20 In the context of our endeavour in the field of poten-
tial anti-cancer agents, complex B was identified as highly 
cytotoxic against tumour cell lines with IC50 values in the 

low micro-molar range.19,21 The activity of B was cell-type 
specific and comparable in both cancer cell lines and their 
drug-resistant subline. A tenfold increase in the sensitivity 
of tumour cervical carcinoma cell lines (HeLa) with de-
pleted intracellular glutathione level in comparison to the 
untreated HeLa suggested glutathione as the molecular 
target of B.19 

Encouraged by these results and inspired by rutheni-
um(III) complexes NAMI-A (imidazolium trans-[tetra-
chlorido(dimethyl sulfoxide)imidazole ruthenium(III)]),22 
KP1019 (indazolium trans-[tetrachloridobis(1H-inda-
zole)ruthenium(III)]) and its sodium salt KP133923 (Fig-

Figure 1. Selected diazenecarboxamide-platinum conjugates.

Figure 2. Selected organometallic [Arene–RuII–Diazenecarboxamide] compounds.

Figure 3. Selected Ru(III) complexes having anti-cancer activity.

ure 3), we were prompted to examine the coordination 
ability of diazenedicarboxamide N1-(4-isopropylphenyl)- 
N2-(pyridin-2-ylmethyl)diazene-1,2-dicarboxamide (1) 
(Scheme 1). Compound 1 has been previously screened 
for anti-cancer activity.24 

2. Experimental
Starting materials and solvents for the synthesis of 

the examined compounds were used as obtained, and 
without further purification, from Aldrich, Fluka and Alfa 
Aesar. IR spectrum was obtained with a Bruker ALPHA 
Platinum ATR spectrometer on a solid sample support 
(ATR). NMR spectra were recorded in D2O with a Bruker 
Avance III 500 MHz instrument operating at 500 MHz, at 
296 K, and referenced to the peak of HOD (δ = 4.63 ppm). 
An Agilent 6224 time-of-flight (TOF) mass spectrometer 
equipped with a double orthogonal electrospray source at 
atmospheric pressure ionization (ESI) coupled to an Agi-
lent 1260 HLPC was used for recording HRMS spectra. 
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Mobile phase composed of two solvents: A was 0.1% for-
mic acid in Milli-Q water, and B was 0.1% formic acid in 
acetonitrile mixed in the ratio of 1:1. Compound was pre-
pared by dissolving the sample in acetonitrile and injected 
(0.1 μL) into the LC-MS. Flow rate was 0.4 mL/min. Frag-
mentor voltage was 150 V. Capillary voltage 4000 V. Mass 
range 100–1100. Elemental analysis (C, H, N) was per-
formed with Perkin Elmer 2400 Series II CHNS/O Analy-
ser. Melting points were determined on the microscope 
hot stage. 

2. 1. The Synthesis of Compound 3
N1-(4-Isopropylphenyl)-N2-(pyridin-2-ylmethyl)di-

azene-1,2-dicarboxamide24 (1, 163 mg, 0.5 mmol) was 
added to a solution of sodium trans-bis(dimethyl sulfox-
ide)tetrachloridoruthenate(III) (Na[trans-Ru(DMSO-S)2 
Cl4])25 (2, 106 mg, 0.25 mmol) in acetone (10 mL) and 
stirred at room temperature for 2 h. The solvent was re-
moved under reduced pressure. Dry residue was re-sus-
pended in dichloromethane and filtered off to remove un-
reacted ligand 1. The precipitate was dried in air to give 
compound 3 (165 mg, 99%). Crystal suitable for X-ray 
structure determination was found in the crude product. 
Purple solid; mp >250 °C dec.; IR ν 3245, 3035, 2959, 1736, 
1718, 1603, 1534, 1482, 1459, 1438 cm–1; HRMS (ESI–) 
m/z for C19H25Cl4N5O3RuS– [M – Na]–: calcd 646.9462, 
found 646.9467, m/z for C17H18Cl3N5O2Ru–[M–Na–DMSO 
–HCl]–: calcd 532.9560, found 532.9554; Anal. calcd for 
C19H25Cl4N5O3NaRuS · 0.1 H2O: C, 34.00; H, 3.78; N, 10.43; 
found: C, 34.48; H, 3.96; N, 10.60. 

2. 2. X-ray Structure Determination
Crystal data and refinement parameters of 3 ([NaRu-

Cl41(DMSO)]n) are listed in Table 1. Single-crystal data 
were collected at 150 K on a Gemini A diffractometer 

equipped with an Atlas CCD detector, using graphite 
monochromated CuKα radiation (λ = 1.54184 Å). The 
data were treated using the CrysAlisPro software suite 
program package.26 Analytical absorption correction was 
applied. Structure of compound 3 was solved using direct 
methods with SHELXS-9727 and refined using the least-
squares method on F2 with SHELXL-201428 and using the 
graphical interface of OLEX2.29 Figures were prepared us-
ing Diamond software.30 CCDC 1569486 contains the sup-
plementary crystallographic data for 3. These data can be 
obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_re-
quest/cif.

3. Results and Discussion
The pyridine-tethered diazenedicarboxamide, 

N1-(4-isopropylphenyl)-N2-(pyridin-2-ylmethyl)diazene- 
1,2-dicarboxamide (1), was prepared in a three step reac-
tion sequence starting from the commercial reactants as 
previously described by us (Scheme 1).24 Thus, the addi-
tion of carbazate to 4-isopropylphenyl isocyanate gave eth-
yl 2-((4-isopropylphenyl)carbamoyl)hydrazine-1-carbox-
ylate, which was oxidized with N-bromosuccinimide 
(NBS) into ethyl 2-((4-isopropylphenyl)carbamoyl)dia-
zene-1-carboxylate. Subsequent nucleophilic displace-
ment with 3-picolylamine afforded the target compound 1. 

Sodium trans-bis(dimethyl sulfoxide)tetrachlori-
doruthenate(III) (Na-[trans-Ru(DMSO-S)2Cl4], 2) was se-
lected as the ruthenium(III) precursor. This compound 
was prepared by the literature procedure starting from the 
commercial hydrated RuCl3 via hydrogen trans-bis(di-
methyl sulfoxide)tetrachloridoruthenate(III) ([(DMSO)2H]
[trans-Ru(DMSO-S)2Cl4]) as shown in Scheme 2.25 

The coordination of ligand 1 to the ruthenium of 2 
was performed using procedure based on that reported for 

Scheme 1. Synthesis of pyridine-tethered diazenecarboxamide ligand 1 (PyrDiaz).24

Scheme 2. Preparation of Ru(III) precursor 2.25

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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NAMI-A.31 Combining complex 2 with an excess of ligand 
1 in acetone solution resulted in displacement of one di-
methyl sulfoxide ligand in the ruthenium coordination 
sphere and the formation of a new compound 3 shown in 
Scheme 3 (left). In contrast to our previous findings19,20 for 
arene-ruthenium(II) compounds from Figure 2, in com-
plex 3 diazene moiety did not participate in coordination 
to the metal centre. Instead, the pyridine part of the mole-
cule replaced one axial dimethyl sulfoxide ligand. The 
charge compensation was provided by sodium ion. In sol-
id state, the sodium ion interconnects the anionic rutheni-
um units into a three-dimensional framework, schemati-
cally presented in Scheme 3 (right). 

The structure of the complex 3 was fully character-
ized by 1H NMR, elemental analysis and ESI-HRMS. 
Complex 3 was analysed by high-resolution (HRMS) elec-
trospray ionization mass spectrometry in negative ion 

mode (ESI–). The spectrum, shown in Figure 4, was dom-
inated by the parent [RuIIICl4(DMSO)(PyrDiaz)]– ion at 
m/z 646.9467 (calcd for C19H25Cl4N5O3RuS–: 646.9462). 
Another peak at m/z 532.9566 was interpreted as a result 
of in source collision-induced dissociation of the parent 
ion giving [RuIIICl3(PyrDiaz – H)]– ion at m/z 532.9554 
(calcd for C17H18Cl3N5O2Ru– ([M – Na – HCl]–: 532.9560). 
In positive mode (ESI+), the spectrum of compound 3 was 
featureless. 

The paramagnetic ruthenium(III) ion severely 
broadened the NMR signals of coordinated ligands, not 
allowing the assignment procedure. The 1H NMR spectra 
of freshly prepared D2O solutions of complexes 2 and 3 are 
shown in Figure 5. Chemical shifts of the coordinated 
DMSO ligand, peaks at ca. –15 ppm to –18 ppm, are in 
agreement with published data for the NAMI-type com-
plexes.31,32 Monitoring the D2O solution of 3 for 24 h at 

Scheme 3. Synthesis of Ru(III) complex 3 (left) and schematic presentation of sodium ion stabilized three-dimensional framework (right). 

Figure 4. ESI– HRMS spectrum of compound 3. Peaks at m/z 112.9856 and m/z 1033.9881 are due to calibrants. 
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room temperature by 1H NMR indicated the formation of 
a complex mixture of products as seen by the appearance 
of several overlapping broad resonances in the spectra. 
The structures of these by-products could not be deduced 
from the spectra. 

The structure of compound 3 could unambiguously 
be determined by a single crystal X-ray structure determi-
nation and is displayed in Figure 6. Selected bond lengths 
and angles are given in Table 2. Compound 3 is a polymer-
ic complex with the ruthenium and sodium metallic at-
oms. Each of the RuIII atoms are hexacoordinated by sul-
phur atom from DMSO molecule and the pyridine nitro-
gen of 1 in apical positions and four chlorido ligands in an 
equatorial plane. The sulphur-bound DMSO and ligand 1 
are trans in nearly octahedral geometry of ruthenium cen-

tral atom. The Ru–N and Ru–S bond distances of 2.109(6) 
and 2.2924(17) Å, respectively, are very similar to those 
found in the related structures containing trans-RuNCl4S 
donor set.33–35,37 Three of the chlorido ligands are terminal 
while Cl4 forms a bridge between the ruthenium and sodi-
um atoms. The DMSO ligand also forms a bridge between 
a ruthenium centre (through its sulphur atom) and a sodi-
um (through its oxygen) thus forming a five membered 
RuClNaOS ring in the crystal structure. The sodium has 
six atoms in its distorted octahedrally coordinated envi-
ronment with the resulting ClN2O3 donor set. Sodium 
atom is coordinated by two ligands 1, each through one of 
the diazene nitrogen and one carbonyl oxygen atom. The 
coordination sphere of sodium atom in the structure of 
compound 3 is fulfilled by oxygen (bridging DMSO) and 

Figure 5. 1H NMR spectrum of a) complex 3, and b) complex 2 as D2O solutions. Relevant insets are only shown (spectra were recorded with spec-
tral width of 60 ppm, number of scans = 128).

Figure 6. Part of the crystal structure of the compound 3, showing atom numbering scheme and hydrogen bonding interactions. The hydrogens on 
carbon atoms have been omitted for clarity.
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bridging chlorido ligand. Both diazene nitrogen atoms and 
both carbonyl oxygen atoms of ligand 1 are involved in the 
coordination to sodium atoms in the polymeric structure 
of compound 3. A similar coordination environment 
around sodium ion has been found in related tetrachlori-
doruthenium(III) complexes.33–36 The crystal structure of 3 
is further stabilized by three intramolecular hydrogen 
bonds of the type N–H···O and N–H···F (Table 3). 

A pyridine-heterocycle unsubstituted analogue of 3, 
called NAMI-Pyr37 and AziRu38 (Figure 3), has been re-
ported to show interesting reactivity profiles towards bio-
logically relevant targets.9 Derivatives with functionalized 
pyridine ligand have also been investigated.32 Unfortunate-
ly, no biological studies of 3 were possible due to its insta-
bility and decomposition in protic solvents (vide supra).

4. Conclusions
We have reported the synthesis of novel tetrachlori-

doruthenium(III) complex Na[trans-RuCl4(DMSO)
(PyrDiaz)] (PyrDiaz = N1-(4-isopropylphenyl)-N2-(pyri-
din-2-ylmethyl)diazene-1,2-dicarboxamide), a pyridine-
tethered derivative of NAMI-A that has a redox-active di-
azencarobxamide ligand (PyrDiaz) in the structure. It has 
been designed to target tumour cell-lines synergistically by 
means of known antiproliferative activity of NAMI-A and 
glutathione oxidation ability enacted by the diazene part of 
the molecule. Although in this particular case the instability 
and decomposition of Na[trans-RuCl4(DMSO)(PyrDiaz)] 
in protic solvents disabled biological studies, work is in 
progress to improve the physicochemical properties of 
such PyrDiaz-ruthenium(III) complexes.
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Povzetek
Z neposredno reakcijo med PyrDiaz ligandom (PyrDiaz = N1-(4-izopropilfenil)-N2-(piridin-2-ilmetil)diazen-1,2-dikar-
boksamid)) in natrijevim trans-bis(dimetil sulfoksid)tetrakloridorutenatom(III) (Na-[trans-Ru(DMSO)2Cl4]) smo sin-
tetizirali nov tetrakloridorutenijev(III) kompleks Na[trans-RuCl4(DMSO)(PyrDiaz)] (3) s piridin-funkcionaliziranim 
diazenkarboksamidnim ligandom PyrDiaz. Spojina 3 je analog antimetastatičnega Ru(III) kompleksa NAMI-A in 
NAMI-Pyr. Rentgenska difrakcijska analiza monokristala je pokazala, da je spojina 3 polimeren kompleks z rutenijevimi 
in natrijevimi kovinskimi atomi. 
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Abstract
Using rescaffolding approach, we designed piperidine compounds decorated with an electrophilic oxathiazol-2-one moi-
ety that is known to confer selectivity towards threonine proteases. Our efforts to prepare products according to the 
published procedures were not successful. Furthermore we identified major side products containing nitrile functional 
group, resulting from carboxamide dehydration. We systematically optimized reaction conditions towards our desired 
products to identify heating of carboxamides with chlorocarbonylsulfenyl chloride and sodium carbonate as base in di-
oxane at 100 °C. Our efforts culminated in the preparation of a small series of piperidin-3-yl-oxathiazol-2-ones that are 
suitable for further biological evaluation.

Keywords: Cyclization, amide dehydration, oxathiazole-2-one, threonine protease, covalent inhibitors, irreversible in-
hibition

1. Introduction
Proteases play key roles in complex biological sys-

tems and in multiple structural and signalling pathways. 
They constitute a historically important field in medicinal 
chemistry and continue to represent a source of potential 
drug targets. They are involved in the pathology of hyper-
tension, autoimmune and inflammatory diseases, reperfu-
sion injury, blood clotting disorders, HIV and other viral 
infections, parasitic and bacterial infections, and last but 
not least, cancer.1 Protease inhibitors are not valuable only 
as potential drugs but also as experimental tools for struc-
tural biology,2 as they can be used as molecular probes in 
the elucidation of protease structures and protease path-
way mechanisms.3 Recently, databases of proteases (some-
times also termed peptidases, proteinases or proteolytic 

enzymes) have been established as a resource in this im-
mense research field; namely the Merops database with 
over 4000 individual entries.4 

Our research efforts are mainly focused on the N-ter-
minal threonine proteases that form stable covalent 
acyl-enzyme complexes and are subsequently hydrolyzed 
to afford product peptides. Threonine proteases constitute 
99 entries in the Merops database, where we specifically 
study the threonine-type endopeptidases, such as the pro-
teasomes.5 The proteasomes consist of a central proteolytic 
unit, known as the 20S proteasome, and the 19S regulators, 
which together make up a 26S structure (Figure 1). The 
constitutive isoform of the proteasome is expressed in all 
eukaryotic cells while its immunomodulatory isoform, the 
immunoproteasome, is mainly expressed in cells associat-
ed with the immune system, such as lymphocytes and 
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monocytes.5,6 The constitutive proteasome contains three 
enzymatically active subunits, namely the b1c (caspase-
like), the b2c (trypsin-like), and the β5c (chymotryp-
sin-like) that are embedded into a barrel-shaped structure 
consisting of four rings of β-subunits and α-subunits in an 
abbα order. The immunoproteasome has essentially the 
same overall structure, only the catalytically active sub-
units of cCP are replaced by their counterparts b1i, b2i, 
and β5i (Figure 1). The 20S proteasome core particle of 
both isoforms is a protease of 720 kDa and 28 individual 
subunits and is responsible for essential proteolytic degra-
dation during cellular inflammatory and oxidative stress.7 
Immunoproteasome is also important for the generation 
of peptides for antigen presentation; moreover, recent 
studies also suggest a pleiotropic role in cellular function 
of the immunoproteasome.8–10

There is an amounting body of research on the 
small-molecule inhibitors of proteasomes.5,11 Both market-
ed medicines, bortezomib and carfilzomib, equally inhibit 
the catalytically active β5 subunits of the constitutive pro-
teasome and the immunoproteasome. The combined inhi-
bition of both isoforms leads to cytotoxicity that limits the 
clinical application of these broad spectrum proteasome 
inhibitors.6 In addition, many of the investigational com-
pounds are peptide-like compounds and this represents a 
serious limitation to their metabolic stability and bioavail-
ability.5 To overcome these problems, multiple approaches 
can be found in literature: design of reversible proteasome 
inhibitors,12 use of structural differences in the binding 
sites of both proteasomes in structure-based drug de-
sign,13,14 design of highly selective and hydrolytically more 

stable peptidic compounds,15 design of highly selective 
non-peptidic compounds,16 use of non-catalytic residues 
or allosteric sites in inhibitor design,17 and the design of 
selective electrophilic warheads.18 The majority of these 
compounds are covalent irreversible inhibitors bearing an 
electrophilic warhead that is capable of reacting with the 
N-terminal threonine residue in the catalytic active site of 
the examined protease.5,11 Electrophilic warheads belong 
to structural classes of aldehydes, α’,β’–epoxyketones,  
α–keto aldehydes, β–lactones, vinyl sulfones, Michael-ac-
ceptor systems, and boronates.19 The active interest in this 
field is clearly represented by a very recent publication,19 
where a new mechanism for an existing warhead was re-
ported, i.e. the formation of 1,4-oxazepane upon reaction 
of an α’,β’–epoxyketone warhead with the N-terminal 
threonine rather than the previously reported morpholine 
ring.14,19 Such new developments provide invaluable data 
for the design of novel and selective irreversible inhibitors 
of threonine proteases.

In order to design targeted covalent inhibitors of 
threonine protease, we sought to examine the available 
electrophilic warheads.20 We were in particular interested 
in compounds that could provide a suitable reactivity and 
selectivity towards threonine proteases. Recently, oxathi-
azol-2-one moiety was identified in a high-throughput 
screening campaign as a promising candidate.21 The pro-
posed mechanism of the covalent modification of N-termi-
nal threonine induced by this electrophilic fragment is de-
picted in Figure 2 and proceeds through cyclocarbonyla-
tion.18,21 In current paper we describe an optimized synthet-
ic approach towards oxathiazol-2-one electrophilic war-

Figure 1. Proteasome (immunoproteasome) assembly with β1i (caspase-like), β2i (trypsin-like) and β5i (chymotrypsin-like) N-terminal threonine 
proteases.
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head in compounds with basic nitrogen atom and the 
preparation of a focused library of piperidin-3-yl-oxathi-
azol-2-ones that are suitable for further biological evalua-
tion.

2. Results and Discussion
We designed our compounds on the basis of their 

synthetic accessibility and their potential to be modified 
accordingly during further optimizations. Therefore, we 
selected a piperidine central core derivatized with an elec-
trophilic oxathiazol-2-one warhead that could confer the 
selectivity towards threonine proteases as reported before-
hand (Figure 3).18,21 

We started the synthesis with the alkylation of 
nipecotamide employing a set of alkyl bromides in DMF as 
a solvent and Na2CO3 as a base to obtain compounds 2a, 
2b and 2c–e. In the case of compound 2f, alkylation with 
p-nitrobenzylbromide was followed by hydrogenation in 
MeOH with final acylation using benzyl chloride. The key 
step in the synthesis was the cyclization of suitably substi-
tuted nipecotamides 2a–f into piperidin-3-yl-oxathiazol-
2-ones 7–3e using chlorocarbonylsulfenyl chloride as a 
reagent (Figure 4). This synthetic approach was reported 
by Gryder et al. when they described the synthesis of the 
oxathiazol-2-one analogue of bortezomib. The penulti-
mate carboxamide dipeptide was successfully transformed 

into the oxathiazol-2-one-bortezomib in high yield by us-
ing chlorocarbonylsulfenyl chloride in refluxing THF.22 

Despite our numerous attempts to obtain the final 
oxathiazol-2-ones 3a–f by following the original procedure 
no product could be isolated. Initial experiments in reflux-
ing THF resulted in a complex mixture of products.23 If the 
experiments were performed at lower temperature (0 °C, 
room temperature), no apparent conversion was observed. 
Our first modification of the original procedure was to use 
relatively nonpolar and system-inert toluene as a solvent 
that could provide an alternative reactant/intermediate sta-
bilization pattern and would enable a broader temperature 
sweep. This system was also described by Gurjar et al. 
where they heated the mixture of amide and chlorocarbon-
ylsulfenyl chloride in toluene from 60 to 90 °C until the 
settlement of HCl evolution, followed by 1 h of reflux; this 
yielded > 50% of isolated oxathiazol-2-one.23 No conver-
sion was observed in our case at lower temperatures (0 °C, 
room temperature) with a formation of complex mixture 
of products at 60 °C and reflux conditions. Further experi-
ments using pyridine as solvent afforded similar results. 
Nevertheless, a difference in reaction scope can be ob-
served as besides previously mentioned report by Gryder 
et al.,22 literature only describes a relatively simple case of 
benzamide cyclization towards final 5-phenyl-1,3,4-ox-
athiazol-2-one. In our case, the reaction incorporated a 
piperidin-3-yl central scaffold (compounds 2a–e) contain-
ing an additional basic centre. We also conducted a thor-

Figure 2. Oxathiazol-2-one electrophilic warhead and its interaction mechanism with the N-terminal threonine in the active site 

Figure 3. Design of piperidin-3-yl-oxathiazol-2-ones as potential covalent inhibitors of threonine proteases.
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ough separation of complex product mixtures in the case of 
cyclization of compound 2a and identified a dominant side 
product (> 30% yield) flanked by a myriad of other chemi-
cal species that could not be obtained at a significant quan-
tity. The dominant side product was identified when exam-
ining its 13C NMR spectrum. Namely, the carbon atom of 
the carboxamide 2a can be found as expected at 178.3 ppm 
(400 MHz, DMSO–d6), whereas the carbon of the domi-
nant side product species was found upfield at 121.8 ppm. 
When recording IR spectrum, a marked peak at 2240 cm–1 
was found indicating the presence of a nitrile functionality; 
the formation of the side product 1-benzylpiperidine-3-car-
bonitrile 4a (Figure 5) was then further confirmed by 

HRMS. The nature of this reaction outcome can be ratio-
nalized as presented in Figure 5.

In our reaction system, the dehydration process is 
facilitated by the primary amide 2a (Figure 5) that readily 
couples with the chlorocarbonylsulfenyl chloride to form 
an active intermediate (Figure 5). The coupling is followed 
by rapid elimination that is catalyzed either with the start-
ing substituted piperidine as a base or is assisted by other 
bases in the reaction system (such as pyridine) to form the 
corresponding nitrile 4a (Figure 5). Indeed, similar dehy-
drations of primary carboxamides using an acidic reagent 
such as POCl3, SOCl2 are well documented in literature.24,25 

More recent, chemoselective and milder methods were 

Figure 4. Cyclization of piperidine carboxamides towards final piperidin-3-yl-oxathiazol-2-ones.

Figure 5. The proposed mechanism of dexydration of primary amides to nitriles using chlorocarbonylsulfenyl chloride.
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also reported, where ethyl dichlorophosphate/DBU sys-
tem or methyl (carboxysulfamoyl)triethylammonium hy-
droxide (Burgess reagent) were used as the dehydrating 
reagents.26,27 In addition, Vilsmeier reagents,28 bromodi-
methylsulfonium bromide (BDMS),29 PdCl2 in aqueous 
acetonitrile,30 Swern oxidation conditions and other cata-
lytic or alternative methods using silanes, silazanes, chlo-
rosilanes, alkoxysilanes, and aminosilanes were also de-

scribed.31–33 The myriad of reaction side products that was 
observed is a consequence of multitude of side reactions 
that can occur during dehydration reactions, such as ther-
mal decomposition of the formed oxathiazol-2-one and 
hydrolysis reactions (Figure 6). The formed oxathi-
azol-2-one can also take part in the 1,3-dipolar nitrile sul-
phide cycloaddition reaction with available nitrile to ob-
tain thiadiazoles as side products.34 The nitrile sulphide is 

Figure 6. Possible side reaction pathways in the synthesis of piperidin-3-yl-oxathiazol-2-ones.

Table 1. Synthesis of piperidin-3-yl-oxathiazol-2-ones 3a–f.

Cpd. No	 Product	 Yield (η) (%)a

     3a	 	           68

     3b	 	           22

     3c	 	           42

    3d	 	           33

     3e	 	           43

     3f	 	           16 

a Yield after purification using column chromatography (SiO2 support with n–hexane:EtOAc solvent 
system as an eluent).
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generated in situ by thermal decomposition of oxathi-
azol-2-one.35 Nitrile sulphides are short-lived species 
prone to fragmentation and can take part in further cyc-
loadditions.36–38 

After initial unsuccessful attempts to prepare the de-
sired compounds 3a–f, we turned our attention to micro-
wave-assisted report on flow-chemistry synthesis of ox-
athiazol-2-one in dioxane at 200 °C and residence time of 
1 min in a flow reactor reported by Öhrngren et al.39 On 
this basis, we modified the reaction procedure and dis-
solved the carboxamides 2a–f (Figure 4) in dry dioxane 
(27 mL/1 mmol carboxamide), used an excess of solid Na-
2CO3 (5 eq) and chlorocarbonylsulfenyl chloride (2 eq), 
and stirred the reaction mixture at 100 °C for 16 h under 
argon to obtain the desired oxathiazol-2-ones 3a–f (Figure 
4) in 16 to 68% yields (Table 1).

3. Experimental
Chemicals from commercial sources were used 

without further purification. Anhydrous THF, DCM and 
Et3N were dried and purified by distillation over Na, 
K2CO3 and KOH, respectively. Analytical thin-layer chro-
matography (TLC) was performed on Merck silica gel 
(60F254) plates (0.25 mm). Column chromatography was 
performed on silica gel 60 (Merck, particle size 0.040–
0.063 mm). Melting points were determined on a Reichert 
hot stage microscope and are uncorrected. 1H–, COSY–, 
HMQC– and 13C–NMR spectra were recorded on a Bruker 
AVANCE DPX400 spectrometer in CDCl3 or DMSO–d6 
solution with TMS as internal standard. Chemical shifts 
are reported in ppm (δ) downfield from TMS. All the cou-
pling constants (J) are in hertz. IR spectra were recorded 
on a PerkinElmer Spectrum BX System FT–IR spectrome-
ter. Mass spectra were obtained with a VG–Analytical Au-
tospec Q mass spectrometer with ESI ionization (MS Cen-
tre, Jožef Stefan Institute, Ljubljana). All reported yields 
are those of purified products.

1-Benzylpiperidine-3-carboxamide (2a)
To a solution of piperidine-3-carboxamide (500 mg, 

3.90 mmol) in 50 mL DMF, solid Na2CO3 (460 mg, 4.33 
mmol) and benzyl bromide (1.44 g, 8.42 mmol) were add-
ed. The reaction was stirred at 100 °C overnight. DMF was 
removed under reduced pressure, the residue dissolved in 
EtOAc (30 mL) and extracted with 0,5 M HCl (2 × 15 mL). 
The pH of combined aqueous phases was adjusted to 8 
with NaHCO3 and extracted with EtOAc (4 × 30 mL). 
Combined organic phases were washed with H2O (1 × 30 
ml), brine (1 × 30 mL) and dried over Na2SO4. The vola-
tiles were removed under reduced pressure to give com-
pound 2a as white solid. Yield = 56 %; TLC (EtOAc:MeOH 
= 2:1), Rf = 0,50; m.p. 108–110 °C; 1H NMR (400 MHz, 
DMSO–d6) δ 1.34–1.48 (m, 2H, H–5 ), 1.58–1.74 (m, 2H, 
H–4), 1.85–1.99 (m, 2H, H–6), 2.27–2.32 (m, 1H, H–2), 

2.68–2.78 (m, 2H, H–2 and H–3), 3.44 (dd, J 4.4, 13.2 Hz, 
2H, CH2), 6.75 (br s, 1H, NH2), 7.22–7.34 (m, 6H, ArH 
and NH2); 13C NMR (400 MHz, CDCl3) δ 22.8 (C–5), 26.9 
(C–4), 41.8 (C–3), 53.8 (C–6), 55.0 (C–2), 63.5 (CH2), 
127.4 (C–4’), 128.4 (C–3’ and C–5’), 129.2 (C–2’ and 
C–6’), 137.6 (C–1’), 178.0 (OCNH2); IR (ATR) ν 3333, 
3148, 2932, 2758, 1632, 1429, 1368, 1356, 1337, 1253, 1100, 
1070, 1002,858, 734,698, 666, 564, 518 cm–1; MS m/z (rela-
tive intensity): 240.95 (M+Na, 100), 219.03 (M+H, 30).

1-(4-Nitrobenzyl)piperidine-3-carboxamide (2b)
To a solution of piperidine-3-carboxamide (500 mg, 

3.90 mmol) in 50 mL DMF, solid Na2CO3 (460 mg, 4.33 
mmol) and 4-nitrobenzyl bromide (1.69 g, 7.82 mmol) 
were added. The reaction was stirred at 100 °C overnight. 
DMF was removed under reduced pressure, the residue 
dissolved in EtOAc (30 mL) and extracted with 0.5 M HCl 
(2 × 15 mL). The pH of combined aqueous phases was ad-
justed to 8 with NaHCO3 and extracted with EtOAc (4 × 30 
mL). Combined organic phases were washed with H2O (1 
× 30 ml), brine (1 × 30 mL) and dried over Na2SO4. The 
volatiles were removed under reduced pressure to give 
compound 2b as pale orange solid. Yield = 93%; TLC 
(EtOAc:MeOH = 2:1), Rf = 0.63; m.p. 111–114 °C; 1H 
NMR (400 MHz, DMSO–d6) δ 1.33–1.36 (m, 1H, H–5), 
1.43–1.48 (m, 1H, H–4), 1.60–1.65 (m, 1H, H–5), 1.72–
1.76 (m, 1H, H–4), 1.91–2.09 (m, 2H, H–6 and H–2), 
2.30–2.33 (m, 1H, H–6), 2.69–2.78 (m, 2H, H–2 and H–3), 
3.55–3.63 (m, 2H, CH2), 6.76 (br s, 1H, NH2), 7.27 (br s, 
1H, NH2), 7.56–7.60 (m, 2H, H–2’ and H–6’), 8.19 (dd, J 
2.0, 4.8 Hz, 2H, H–3’ and H–5’); 13C NMR (400 MHz, 
DMSO–d6) δ 24.4 (C–5), 27.0 (C–4), 42.3 (C–3), 53.2  
(C–6), 55.8 (C–2), 61.4 (CH2), 123.3 (C–3’ and C–5’), 
129.6 (C–2’ and C–6’), 146.5 (C–1’), 146.9 (C–4’), 175.4 
(OCNH2); IR (ATR) ν 3385, 3180, 2926, 2787, 1644, 1605, 
1512, 1421, 1341, 1249, 1204, 1166, 1102, 1048, 989, 862, 
797, 736,720 cm–1; MS m/z (relative intensity): 261.97  
(M–H, 100).

1-(4-Chlorobenzyl)piperidine-3-carboxamide (2c)
To a solution of piperidine-3-carboxamide (500 mg, 

3.90 mmol) in 50 mL DMF, solid Na2CO3 (460 mg, 4.33 
mmol) and 3-chlorobenzyl bromide (1.64 g, 7.99 mmol) 
were added. The reaction was stirred at 100 °C overnight. 
DMF was removed under reduced pressure, the residue 
dissolved in EtOAc (30 mL) and extracted with 0.5 M HCl 
(2 × 15 mL). The pH of combined aqueous phases was ad-
justed to 8 with NaHCO3 and extracted with EtOAc (4 × 30 
mL). Combined organic phases were washed with H2O (1 
× 30 ml), brine (1 × 30 mL) and dried over Na2SO4. The 
volatiles were removed under reduced pressure to give 
compound 2c as pale orange solid. Yield = 53%; TLC  
(EtOAc:MeOH = 2:1), Rf = 0.60; 1H NMR (400 MHz, 
CDCl3) δ 1.55–1.61 (m, 1H, H–5), 1.65–1.77 (m, 2H, H–4 
and H–5), 1.82–1.84 (m, 1H, H–4), 2.26 (s, 1H, H–6), 
2.44–2.53 (m, 2H, H–2 and H–6), 2.59 (s, 1H, H–2), 2.73 
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(s, 1H, H–3), 3.46 (s, 2H, CH2), 6.07 (br s, 1H, NH2 ), 7.14–
7.16 (m, 1H, NH2), 7.24–7.26 (m, 4H, ArH); 13C NMR (400 
MHz, CDCl3) δ 22.9 (C–5), 26.9 (C–4), 41.9 (C–3), 53.7 
(C–6), 55.1 (C–2), 62.9 (CH2), 127.2, 127.6 (C–3’ and 
C–5’), 129.1, 129.7 (C–2’ and C–6’), 134.3 (C–4’), 139.8 
(C–1’), 177.8 (CONH2); IR (ATR) ν 3342, 3162, 2937, 
2800, 2763, 1626, 1597, 1573, 1426, 1371, 1342, 1300, 1256, 
1207, 1157, 1106, 1075, 1044, 996, 985, 930, 892, 875, 863, 
808, 786, 776, 717, 682, 655, 569, 516 cm–1; MS m/z (rela-
tive intensity): 275.29 (M+Na, 100), 253.29 (M+H, 20).

Methyl 4-((3-carbamoylpiperidin-1-yl)methyl)benzo-
ate (2d)

To a solution of piperidine-3-carboxamide (200 mg, 
1.56 mmol) in 50 mL DMF, solid Na2CO3 (320 mg, 3.02 
mmol) and methyl 4-(bromomethyl)benzoate (540 mg, 
2.36 mmol) were added. The reaction was stirred at 100 °C 
overnight. DMF was removed under reduced pressure, the 
residue dissolved in EtOAc (30 mL) and extracted with 0.5 
M HCl (2 × 15 mL). The pH of combined aqueous phases 
was adjusted to 8 with NaHCO3 and extracted with EtOAc 
(4 × 30 mL). Combined organic phases were washed with 
H2O (1 × 30 ml), brine (1 × 30 mL) and dried over Na2SO4. 
The volatiles were removed under reduced pressure to  
give compound 2d as white solid. Yield = 91 %; TLC  
(EtOAc:MeOH = 2:1), Rf = 0.62; 1H NMR (400 MHz, 
DMSO–d6) δ 1.32–1.42 (m, 1H, H–5), 1.44–1.49 (m, 1H, 
H–4), 1.59–1.64 (m, 1H, H–5), 1.71–1.75 (m, 1H, H–4), 
1.88–1.95 (m, 1H, H–6), 1.98–2.03 (m, 1H, H–2), 2.29–
2.35 (m, 1H, H–6), 2.68–2.71 (m, 1H, H–2), 2.74–2.78 (m, 
1H, H–3), 3.52 (d, J 2.8 Hz, 2H, CH2), 3.85 (s, 3H, CH3), 
6.77 (br s, 1H, NH2), 7.27 (br s, 1H, NH2), 7.44 (d, J 8.4 Hz, 
2H, H–2’ and H–6’), 7.92 (dd, J 2.0, 4.8 Hz, 2H, H–3’ and 
H–5’); IR (ATR) ν 3403, 3183, 2936, 2797, 1715, 1647, 
1434, 1415, 1273, 1239, 1199, 1165, 1112,1086, 1027, 995, 
964, 860, 806, 760, 754, 706 cm–1.

1-(4-Cyano-2-fluorobenzyl)piperidine-3-carboxamide 
(2e)

To a solution of piperidine-3-carboxamide (500 mg, 
3.90 mmol) in 50 mL DMF, solid Na2CO3 (460 mg, 4.33 
mmol) and 4-(bromomethyl)-3-fluorobenzonitrile (1.75 
g, 8.17 mmol) were added. The reaction was stirred at 100 
°C overnight. DMF was removed under reduced pressure, 
the residue dissolved in EtOAc (30 mL) and extracted with 
0.5 M HCl (2 × 15 mL). The pH of combined aqueous 
phases was adjusted to 8 with NaHCO3 and extracted with 
EtOAc (4 × 30 mL). Combined organic phases were 
washed with H2O (1 × 30 ml), brine (1 × 30 mL) and dried 
over Na2SO4. The volatiles were removed under reduced 
pressure to give compound 2e as pale yellow solid. Yield = 
71 %; TLC (EtOAc:MeOH = 2:1), Rf = 0.66; m.p. 126–128 
°C; 1H NMR (400 MHz, DMSO–d6) δ 1.30–1.31 (m, 1H, 
H–5), 1.42–1.45 (m, 1H, H–4), 1.59–1.64 (m, 1H, H–5), 
1.69–1.73 (m, 1H, H–4), 1.93–1.99 (m, 1H, H–6), 2.02–
2.08 (m, 1H, H–2), 2.28–2.33 (m, 1H, H–6), 2.67–2.70 (m, 

1H, H–2), 2.74–2.78 (m, 1H, H–3), 3.58 (s, 2H, CH2), 6.77 
(br s, 1H, NH2), 7.27 (br s, 1H, NH2), 7.61 (t, J 7.6 Hz, 1H, 
H–5’), 7.68 (dd, J 1.6, 6.4 Hz, 1H, H–2’), 7.82 (dd, J 1.6, 8.4 
Hz, 1H, H–3’); 13C NMR (400 MHz, CDCl3) δ 22.9 (C–5), 
26.8 (C–4), 41.9 (C–3), 53.5 (C–6), 55.3 (C–2), 56.0 (CH2), 
112.8(C–4’), 117.5 (CN), 119.2 (C–5’), 128.1 (C–3’), 130.8 
(C–1’), 132.3 (C–2’), 162.1 (C–6’), 177.5 (OCNH2); IR 
(ATR) ν 3364, 3187, 2929, 2811, 2227, 1646, 1611, 1569, 
1486, 1411, 1350, 1298, 1246, 1201, 1166, 1089, 1002, 941, 
849, 830, 731 cm–1; MS m/z (relative intensity): 283.71 
(M+Na, 100), 261.78 (M+H, 20).

1-(4-Benzamidobenzyl)piperidine-3-carboxamide (2f)
Argon was bubbled into a solution of 2b (5.811 g, 

17.6 mmol) in MeOH (70 mL) for 15 minutes. 10% Pd/C, 
unreduced, was then added and H2 was bubbled into the 
stirred solution until the starting compound was no longer 
observed with TLC. Pd/C was filtered off and the solution 
concentrated in vacuo to yield crude product which was 
purified with column cromatography (EtOAc:MeOH = 
2:1). Oily product was dissolved in DCM (30 mL). Et3N 
(250 mg, 2.47 mmol) and benzoyl chloride (265 mg, 2.36 
mmol) were added and the reaction mixture was stirred at 
room temperature overnight. DCM was removed under 
reduced pressure, the residue dissolved in EtOAc (30 mL) 
and extracted with 0.5 M HCl (1 × 10 mL). The pH of com-
bined aqueous phases was adjusted to 8 with NaHCO3 and 
extracted with EtOAc (2 × 15 mL). Combined organic 
phases were washed with H2O (1 × 20 ml), brine (1 × 20 
mL) and dried over Na2SO4. The volatiles were removed 
under reduced pressure to give compound 2f as colourless 
oil. Yield = 16 %; TLC (EtOAc:MeOH = 2:1), Rf = 0.36; 1H 
NMR (400 MHz, DMSO–d6) d 1.06–1.63 (m, 1H, H–5), 
1.64–1.70 (m, 3H, H–4 and H–5), 1.89–1.99 (m, 1H, H–6), 
2.29–2.34 (m, 2H, H–2 and H–6), 2.67–2.76 (m, 1H, H–2), 
2.78–2.99 (m, 1H, H–3), 3.01–3.51(m, 2H, CH2), 6.76 (br 
s, 1H, NH2), 7.24–7.29 (m, 3H, H–2’ and H–6’ and NH2), 
7.52–7.62 (m, 3H, H–3’’and H–4’’and H–5’’), 7.72–7.7 6 
(m, 2H, H–3’ and H–5’), 7.95–7.97 (m, 2H, H–2’’ and 
H–6’’), 10.26 (d, J 4.4 Hz, 1H, NH).

5-(1-Benzylpiperidin-3-yl)-1,3,4-oxathiazol-2-one (3a)
To a solution of 1-benzylpiperidine-3-carboxamide 

(2a, 240 mg, 1.10 mmol) in dioxane (30 mL) in a three-
necked flask, solid Na2CO3 (580 mg, 5.47 mmol) and chlo-
rocarbonylsulfenyl chloride (288 mg, 2.20 mmol) were 
added under argon. The reaction mixture was stirred at 
100 °C overnight, cooled to room temperature and after 
the addition of Et3N (0.75 mL) stirred for 15 minutes. The 
precipitate was filtered off and the residue concentrated in 
vacuo. Product was purified with column chromatography 
using hexane:EtOAc=3:1 as an eluent to give yellow oily 
product. Yield = 68%; TLC (hexane:EtOAc = 3:1), Rf = 
0.56; 1H NMR (400 MHz, DMSO–d6) δ 1.50–1.56 (m, 2H, 
H–5 and H–4), 1.70–1.72 (m, 1H, H–5), 1.88–1.93 (m, 1H, 
H–4), 2.08–2.12 (m, 1H, H–6), 2.20–2.25 (m, 1H, H–2), 
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2.65–2.68 (m, 1H, H–6), 2.88–2.92 (m, 2H, H–2 and H–3), 
3.50 (d, J 2.8 Hz, 2H, CH2), 7.23–7.34 (m, 5H, ArH); 13C 
NMR (400 MHz, CDCl3) δ 24.2 (C–5), 27.0 (C–4), 38.6 
(C–3), 53.5 (C–6), 55.1 (C–2), 63.1 (CH2), 127.2 (C–4’), 
128.3 (C–3’ and C–5’), 128.9 (C–2’ and C–6’), 137.8 (C–
1’), 162.9 (NCO), 174.3 (SCO); IR (ATR) ν 2942, 2800, 
1758, 1666, 1599, 1493, 1467, 1450, 1350, 1320, 1287, 1188, 
1152, 1097, 1071, 1049, 1025, 981, 926, 879, 791, 769, 738, 
697, 664, 633, 599, 569, 522 cm–1; HRMS–ESI (m/z): 
[M+H]+ calcd for C14H16N2O2S, 277.1015, found, 277.1011.

5-(1-(4-Nitrobenzyl)piperidin-3-yl)-1,3,4-oxathiazol-2-
one (3b)

To a solution of 1-(4-nitrobenzyl)piperidine-3-car-
boxamide (2b, 100 mg, 0.380 mmol) in dioxane (20 mL) in 
a three-necked flask, solid Na2CO3 (200 mg, 1.87 mmol) 
and chlorocarbonylsulfenyl chloride (100 mg, 0.760 
mmol) were added under argon. The reaction mixture was 
stirred at 100 °C overnight, cooled to room temperature 
and after the addition of Et3N (0.27 mL) stirred for 15 min-
utes. The precipitate was filtered off and the residue con-
centrated in vacuo. Product was purified with column 
chromatography using hexane:EtOAc = 2:1 as an eluent to 
give yellow oily product. Yield = 22%; TLC (hexane:EtOAc 
= 2:1), Rf = 0.38; 1H NMR (400 MHz, DMSO–d6) δ 1.52–
1.58 (m, 2H, H–4 and H–5), 1.71–1.74 (m, 1H, H–5), 
1.91–1.94 (1H, H–4), 2.16 (s, 1H, H–6), 2.26 (d, J 9.6 Hz, 
H–2), 2.65–2.68 (m, 1H, H–6), 2.88–2.96 (m, 2H, H–2 and 
H–3), 3.65 (s, 2H, CH2), 7.58 (d, J 8.8 Hz, 2H, H–3’ and 
H–5’), 8.18 (d, J 8.8 Hz, 2H, H–2’ and H–6’); 13C NMR 
(400 MHz, DMSO–d6) δ 24.1 (C–5), 26.6 (C–4), 38.3  
(C–3), 53.5 (C–6), 54.9 (C–2), 61.5 (CH2), 123.8 (C–2’ and 
6’), 130.1 (C–3’ and C–5’), 147.0 (C–1’ and C–4’), 162.9 
(NCO), 174.7 (SCO); IR (ATR) ν 2939, 2792, 1758, 1598, 
1515, 1340, 1191, 1092, 926, 858, 802, 738, 650, 571 cm–1; 
HRMS–ESI (m/z): [M+H]+ calcd for C14H15N3O4S, 
322.0867, found, 322.0862.

5-(1-(4-Chlorobenzyl)piperidin-3-yl)-1,3,4-oxathiazol-
2-one (3c)

To a solution of 1-(4-chlorobenzyl)piperidine-3-car-
boxamide (2c, 300 mg, 1.19 mmol) in dioxane (30 mL) in 
a three-necked flask, solid Na2CO3 (630 mg, 5.94 mmol) 
and chlorocarbonylsulfenyl chloride (466 mg, 3.55 mmol) 
were added under argon. The reaction mixture was stirred 
at 100 °C overnight, cooled to room temperature and after 
the addition of Et3N (0.83 mL) stirred for 15 minutes. The 
precipitate was filtered off and the residue concentrated in 
vacuo. Product was purified with column chromatography 
using hexane:EtOAc = 3:1 as an eluent to give brown oily 
product. Yield = 33 %; TLC (H:EtOAc = 3:1), Rf = 0.42; 1H 
NMR (400 MHz, CDCl3) δ 1.57–1.69 (m, 2H, H–5 and 
H–4), 1.77–1.83 (m, 1H, H–5), 2.01–2.04 (m, 1H, H–4), 
2.09–2.14 (m, H, H–6), 2.28–2.33 (m, 1H, H–2), 2.73–2.76 
(m, 1H, H–6), 2.89–2.98 (m, 2H, H–2 and H–3), 3.50 (s, 
2H, CH2), 7.16–7.31 (m, 4H, ArH); 13C NMR (400 MHz, 

CDCl3) δ 24.2 (C–5), 26.9 (C–4), 38.6 (C–3), 53.5 (C–6), 
55.1 (C–2), 62.5 (CH2), 126.9, 127.4 (C–3’ and C–5’), 
128.9, 128.6 (C–2’ and C–6’), 134.2 (C–4’), 140.2 (C–1’), 
162.7 (NCO), 174.3 (SCO); IR (ATR) ν 3339, 3160, 2938, 
2801, 2764, 1762, 1626, 1598, 1573, 1463, 1427, 1371, 1342, 
1300, 1257, 1207, 1157, 1105, 1075, 1046, 997, 930, 892, 
876, 863, 808, 776, 717, 705, 682, 655, 569, 536, 516 cm–1; 
HRMS–ESI (m/z): [M+H]+ calcd for C14H15ClN2O2S, 
311.0626, found, 311.0621.

Methyl 4-((3-(2-oxo-1,3,4-oxathiazol-5-yl)piperidin-1-yl) 
methyl)benzoate (3d)

To a solution of methyl 4-((3-carbamoylpiperi-
din-1-yl)methyl)benzoate (2d, 300 mg, 1.09 mmol) in di-
oxane (30 mL) in a three-necked flask, solid Na2CO3 (570 
mg, 5.38 mmol) and chlorocarbonylsulfenyl chloride (285 
mg, 2.16 mmol) were added under argon. The reaction 
mixture was stirred at 100 °C overnight, cooled to room 
temperature and after the addition of Et3N (0.75 mL) 
stirred for 15 minutes. The precipitate was filtered off and 
the residue concentrated in vacuo. Product was purified 
with column chromatography using hexane:EtOAc = 2:1 
as an eluent to give yellow oily product. Yield = 43%; TLC 
(hexane:EtOAc = 2:1), Rf = 0.29; 1H NMR (400 MHz, 
DMSO–d6) δ 1.45–1.57 (m, 2H, H–5, H–4), 1.72–1.75 (m, 
1H, H–5), 1.91–1.95 (m, 1H, H–4), 2.09–2.17 (m, 1H, 
H–6), 2.24–2.34 (m, 1H, H–2), 2.65–2.68 (m, 1H, H–6), 
2.87–2.96 (m, 2H, H–2 and H–3), 3.59 (s, 2H, CH2), 3.85 
(s, 3H, CH3), 7.45 (d, J 8.4 Hz, 2H, H–2’ and H–6’), 7.93 
(dd, J 2.0, 4.8 Hz, 2H, H–3’ and H–5’); 13C NMR (400 
MHz, DMSO–d6) δ 23.5 (C–5), 26.1 (C–4), 37.5 (CH2), 
52.0 (C–6), 53.0 (C–2), 54.5 (CH3), 61.5 (CH2), 128.3, 
128.7, 128.8, 129.1, 129.1 (C–2’,3’,4’,5’,6’), 144.0 (C–1’), 
162.4 (CO), 166.1 (NCO), 174.2 (SCO); IR (ATR) ν 2946, 
2801, 1759, 1717, 1609, 1434, 1415, 1395, 1349, 1309, 1275, 
1190, 1173, 1106, 1049, 980, 928, 885, 801, 758, 731, 701, 
650, 572, 538 cm–1; HRMS–ESI (m/z): [M+H]+ calcd for 
C16H18N2O4S, 335.1061, found, 335.1066.

3-Fluoro-4-((3-(2-oxo-1,3,4-oxathiazol-5-yl)piperi-
din-1-yl)methyl)benzonitrile (3e)

To a solution of 1-(4-cyano-2-fluorobenzyl)piperi-
dine-3-carboxamide (2e, 300 mg, 1.15 mmol) in dioxane 
(30 mL) in a three-necked flask, solid Na2CO3 (608 mg, 
5.74 mmol) and chlorocarbonylsulfenyl chloride (303 mg, 
2.30 mmol) were added under argon. The reaction mixture 
was stirred at 100 °C overnight, cooled to room tempera-
ture and after the addition of Et3N (0.75 mL) stirred for 15 
minutes. The precipitate was filtered off and the residue 
concentrated in vacuo. Product was purified with column 
chromatography using hexane:EtOAc = 3:1 as an eluent to 
give yellow oily product. Yield = 43%; TLC (hexane:EtOAc 
= 3:1), Rf = 0.29; 1H NMR (400 MHz, DMSO–d6) δ 1.51–
1.56 (m, 2H, H–5 and H–4), 1.70–1.72 (m, 1H, H–5), 
1.91–1.92 (m, 1H, H–4), 2.14–2.19 (m, 1H, H–6), 2.30–
2.35 (m, 1H, H–2), 2.64–2.67 (m, 1H, H–6), 2.91–2.95 (m, 
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2H, H–3 and H–2), 3.65 (s, 2H, CH2), 7.62 (t, J 7.6 Hz, 1H, 
H–5’), 7.69 (dd, J 1.6, 6.4 Hz, 1H, H–2’), 7.83 (dd, J 1.2, 8.4 
Hz, 1H, H–3’); 13C NMR (400 MHz, DMSO–d6) δ 23.5 
(C–5), 26.0 (C–4), 37.5 (C–3), 52.7 (C–6), 54.2 (C–2), 54.3 
(CH2), 111.3 (C–4’), 117.7 (CN), 119.3 (C–5’), 128.5  
(C–3’), 131.2 (C–1’), 132.2 (C–2’), 158.8 (C–6), 162.4 
(NCO), 174.2 (SCO); IR (ATR) ν 2947, 2811, 2232, 1758, 
1599, 1571, 1496, 1413, 1356, 1260, 1189, 1153, 1089, 1050, 
1024, 981, 941, 925, 870, 835, 783, 711, 621, 569 cm–1; 
HRMS–ESI (m/z): [M+H]+ calcd for C15H14FN3O2S, 
320.0873, found, 320.0869.

N-(4-((3-(2-oxo-1,3,4-oxathiazol-5-yl)piperidin-1-yl)
methyl)phenyl)benzamide (3f)

To a solution of 1-(4-benzamidobenzyl)piperi-
dine-3-carboxamide (2f, 83 mg, 0.250 mmol) in dioxane 
(30 mL) in a three-necked flask, solid Na2CO3 (130 mg, 
1.23 mmol) and chlorocarbonylsulfenyl chloride (65 mg, 
0.492 mmol) were added under argon. The reaction mix-
ture was stirred at 100 °C overnight, cooled to room tem-
perature and after the addition of Et3N (0.75 mL) stirred 
for 15 minutes. The precipitate was filtered off and the res-
idue concentrated in vacuo. Product was purified with col-
umn chromatography using hexane:EtOAc = 3:1 as an elu-
ent to give yellow oily product. Yield = 16%; TLC  
(hexane:EtOAc = 3:1), Rf = 0.07; 1H NMR (400 MHz, 
DMSO–d6) δ 1.02–1.24 (m, 2H, H–5 and H–4), 1.54–1.56 
(m, 1H, H–5), 1.68 (s, 2H, H–4 and H–6), 2.28–2.30 (m, 
1H, H–2), 2.46–2.47 (m, 1H, H–6), 2.58–2.60 (m, 1H, 
H–2), 3.02 (s, 1H, H–3), 3.44–3.55 (m, 2H, CH2), 7.28 (d, J 
8.4 Hz, 2H, H–2’ and H–6’), 7.52–7.60 (m, 3H, H–3’’ and 
H–4’’ and H–5’’), 7.74 (d, J 8.4 Hz, 2H, H–3’ and H–5’), 
7.94–7.97 (m, 2H, H–2’’ and H–6’’), 10.26 (s, 1H, NH); 13C 
NMR (400 MHz, CDCl3) δ 23.4 (C–5), 27.6 (C–4), 52.9 
(C–3), 54.7 (C–6), 62.1 (C–2), 76.5 (CH2), 120.2 (C–3’ and 
C–5’), 127.1 (C–2’’ and C–6’’), 128.8 (C–2’, C–6’, C–3’’ and 
C–5’’), 129.8 (C–4’’), 131.9 (C–1’ and C–1’’), 134.9 (C–4’), 
165.8 (NHCO); IR (ATR) ν 2950, 2916, 2868, 2837, 1655, 
1601, 1523, 1458, 1410, 1376, 1319, 1258, 1167, 1098, 997, 
973, 841, 809, 168, 694 cm–1; HRMS–ESI (m/z): [M+H]+ 
calcd for C12H21N3O3S, 396.1377, found, 396.1382.

1-Benzylpiperidine-3-carbonitrile (4a)
In a three-necked flask 1-benzyl piperidine-3-car-

boxamide (2a, 100 mg, 0.458 mmol) was dissolved in pyr-
idine (5 mL). Solution was cooled on ice and chlorocarbo-
nylsulfenyl chloride (120 mg, 0.916 mmol) was added 
dropwise under argon. The reaction mixture was stirred at 
80 °C overnight, cooled to room temperature and after the 
addition of Et3N (0,32 mL) stirred for 15 minutes. The pre-
cipitate was filtered off and the residue concentrated in 
vacuo. Product was purified with column chromatography 
using DCM: MeOH = 9:1 as an eluent to give a pure 
brownish solid. Yield = 33 %; TLC (DCM:MeOH = 9:1), Rf 
= 0.95; 1H NMR (400 MHz, DMSO–d6) δ 1.54 (s, 1H, 
H–4), 1.67 (s, 3H, H–4 and H–5), 2.27–2.28 (m, 1H, H–6), 

2.46–2.55 (m, 2H, H–2 and H–3), 2.59 (s, 1H, H–6), 3.01 
(s, 1H, H–2), 3.50–3.57 (m, 2H, CH2), 7.26–7.36 (m, 5H, 
ArH); 13C NMR (400 MHz, DMSO–d6) δ 22.8 (C–5), 26.6 
(C–4), 42.3 (C), 53.1 (C–6), 55.8 (C–2), 61.5 (CH2), 121.8 
(CN), 126.9 (C–4’), 128.1, 128.2, 128.4, 128.6 (C–2’,3’,5’,6’), 
137.8 (C–1’); IR (ATR) ν 2943, 2804, 2766, 2240, 1493, 
1452, 1393, 1349, 1309, 1257, 1205, 1151, 1099, 1072, 1011, 
985, 959, 911, 868, 773, 604, 565, 542, 510 cm–1; MS m/z 
(relative intensity): 201.1 (M+Na, 100); HRMS–ESI (m/z): 
[M+H]+ calcd for C14H16N2O2S, 201.1397, found, 201.1392.

1-(4-Nitrobenzyl)piperidine-3-carbonitrile (4b)
In a three-necked flask 1-(4-nitrobenzyl)piperi-

dine-3-carboxamide (2b, 100 mg, 0.380 mmol) was dis-
solved in pyridine (10 mL). The solution was cooled on ice 
and chlorocarbonylsulfenyl chloride (100 mg, 0.760 
mmol) was added under argon. The reaction mixture was 
stirred at 80 °C overnight, cooled to room temperature and 
after the addition of Et3N (0.32 mL) stirred for 15 minutes. 
The precipitate was filtered off and the residue concentrat-
ed in vacuo. Product was purified with column chroma-
tography using DCM:MeOH = 9:1 as an eluent to give a 
brownish solid. Yield = 34 %; TLC (DCM:MeOH = 9:1) Rf 
= 0.96; 1H NMR (400 MHz, CDCl3) δ 1.64–1.65 (m, 1H, 
H–5), 1.79–1.85 (m, 3H, H–5 and H–4), 2.46 (s, 2H, H–6), 
2.63 (s, 2H, H–2), 2.81–2.84 (m, 1H, H–3), 3.63 (dd, J 6.8, 
14.4 Hz, 2H, CH2), 7.53 (d, 2H, H–2’ and H–6’), 8.19 (dd, 
J 2.0, 4.8 Hz, 2H, H–3’ and H–5’); 13C NMR (400 MHz, 
CDCl3) δ 23.4 (C–5), 27.4 (C–4), 27.9 (C–3), 53.3 (C–6), 
55.1 (C–2), 61.7 (CH2), 121.0 (CN), 123.7 (C–3’ and C–5’), 
129.2 (C–2’ and C–6’), 145.8 (C–1’), 147.3 (C–4’); IR 
(ATR) ν 2945, 2802, 2240, 1599, 1467, 1439, 1154, 1093, 
1033, 1012, 990, 955, 801, 773, 696, 651, 547 cm–1; MS m/z 
(relative intensity): 246.1 (M+Na, 100); HRMS–ESI (m/z): 
[M+H]+ calcd for C14H15N3O4S, 246.1242, found, 246.1243.

4. Conclusion
Based on the previously reported oxathiazol-2- 

one-bearing and nonpeptidic inhibitors of the chymotryp-
sin-like (β5i) subunit of the immunoproteasome, we de-
signed a novel series of piperidin-3-yl-oxathiazol-2-ones 
as potential covalent inhibitors of threonine proteases. 
Compounds were designed with a synthetically accessible 
piperidine central core derivatized with an oxathi-
azol-2-one electrophilic moiety. In lieu of previously re-
ported synthetic approaches, we identified a synthetic 
protocol that enables the cyclization of carboxamides in-
corporating a basic centre into oxathiazol-2-ones. This 
straightforward protocol using chlorocarbonylsulfenyl 
chloride as a reagent in dioxane afforded the desired prod-
ucts in moderate to good yields. Thus, a vast chemical 
space of 5-substituted oxathiazol-2-ones can be explored 
and various chemical libraries of inhibitors of threonine 
proteases can be compiled. 
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Abbreviations
ATR IR	 attenuated total reflectance infrared spectroscopy
BDMS	 bromodimethylsulfonium bromide
CDCl3	 deuterated chloroform
DBU	 1,8-diazabicyclo(5.4.0)undec-7-ene
DCM	 dichloromethane
DMSO	 dimethyl sulfoxide
DMF	 dimethylformamide
EtOAc	 ethyl acetate
MTB	 Mycobacterium tuberculosis
Py	 pyridine
THF	 tetrahydrofuran
TLC	 thin-layer chromatography
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Povzetek
Z zamenjavo molekulskega skeleta smo načrtovali spojine s piperidinskim jedrom, derivatiziranim z oksatiazol-2-on-
skim elektrofilnim centrom, ki omogoča selektivno zaviranje treoninskih proteaz. Sinteza produktov po postopkih, 
opisanih v literaturi, ni bila uspešna, poleg tega smo identificirali nitrile kot glavne stranske produkte, ki nastanejo pri 
dehidraciji karboksamidne funkcionalne skupine. S sistematično optimizacijo reakcijskih pogojev, smo s segrevanjem 
karboksamidov, klorokarbonilsulfenil klorida in natrijevega karbonata kot baze v dioksanu pri 100 °C pripravili serijo 
piperidin-3-il-oksatiazol-2-onov, primerno za nadaljnje biološko vrednotenje.
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Abstract
Eight novel 5-(N-Boc-N-benzyl-2-aminoethyl)-7-oxo-4,7-dihydropyrazolo[1,5-a]pyrimidin-3-carboxamides were pre
pared in three steps from methyl 3-amino-1H-pyrazole-4-carboxylate and methyl 5-(benzyl(tert-butoxycarbonyl)ami-
no)-3-oxopentanoate. The synthetic procedure comprises cyclocondensation of the above starting compounds, hydroly-
sis of the ester, and bis(pentafluorophenyl) carbonate (BPC)-mediated amidation. Title carboxamides were tested for 
inhibition of cathepsins K and B. The N-butylcarboxamide 5a exhibited appreciable inhibition of cathepsin K (IC50  
~ 25 µM), while the strongest inhibition of cathepsin B was achieved with N-(2-picolyl)carboxamide 5c (IC50 ~ 45 µM).

Keywords: Pyrazolo[1,5-a]pyrimidines, cathepsin inhibition, cyclization, synthesis

1. Introduction
Various 5–6 annulated heterocycles are important 

scaffolds for the preparation of compound libraries for 
medicinal and pharmaceutical applications.1,2 Due to bio-
logical activity of many of its derivatives, pyrazolo[1,5-a]
pyrimidine is an important heterocycle among 5–6-fused 
systems.3,4 The importance of pyrazolo[1,5-a]pyrimidine 
is reflected in the results of a literature search5 showing 
around 150,000 known pyrazolo[1,5-a]pyrimidine deriva-
tives within 6,500 references and with preparation, biolog-
ical study, and uses as the predominant substance roles. 
For 2016 alone, 74 references can be found for a term 
“pyrazolo[1,5-a]pyrimidines”. Among bioactive pyra-
zolo[1,5-a]pyrimidines there are hepatitis C virus inhibi-
tors,6 antagonists of serotonin 5-HT6 receptors,7 kinase 
inhibitors,8–10 PET tumor imaging agents,11 and inhibitors 
of amyloid β-peptide aggregation.12 Sedative agents zale-
plon and indiplon and the anxiolytic agent ocinaplon are 
approved drugs containing a pyrazolo[1,5-a]pyrimidine 
core (Figure 1).

Cathepsin K, a cysteine protease that is selectively 
and abundantly expressed within osteoclasts, is believed to 

be crucial for the resorption of bone matrix.13–17 The ability 
to degrade type I collagen allows cathepsin K to make a 
unique contribution to the balance between bone resorp-
tion and bone formation.18,19 Inhibitors of cathepsin K 
could prevent bone resorption and may provide a promis-
ing approach for the treatment of osteoporosis, therefore 
inhibition of cathepsin K has been proposed as a promis-
ing strategy for the treatment of osteoporosis, cancer, and 
other diseases.13–15 Several inhibitors have progressed into 

DOI: 10.17344/acsi.2017.3421

Figure 1. Approved drugs based on a pyrazolo[1,5-a]pyrimidine 
scaffold.
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clinical trials but there are, as yet, no inhibitors on the 
market.20

Pyrazolo[1,5-a]pyrimidines are commonly available 
by cyclocondensation of a 3-aminopyrazole derivative 
with a 1,3-dicarbonyl compound or its synthetic equiva-
lent.3,21 Due to this ease of access, a plethora of known 

pyrazolo[1,5-a]pyrimidine derivatives is not surprising. 
Nevertheless, a more detailed literature search also reveals 
that 5-(2-aminoethyl) substituted pyrazolo[1,5-a]pyrimi-
dines are much less known – 135 examples can be found 
by SciFinder®, however, without any literature reference 
available. Furthermore, the 5-(2-aminoethyl)pyrazolo 

Scheme 1. Synthesis of title carboxamides 5a–h.
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[1,5-a]pyrimidine-3-carboxamides are, to the best of our 
knowledge, unknown. Recently, a substantial part of our 
studies were focused on the synthesis of novel pyra-
zolo[1,5-a]pyridine and pyrazolo[1,5-c]pyridine deriva-
tives. In this connection, we reported (parallel) syntheses 
of libraries of novel 7-heteroarylpyrazolo[1,5-a]pyridine- 
3-carboxamides,22 7-oxopyrazolo[1,5-a]pyrimidine-3-car
boxamides,23 7-(1-aminoethyl)pyrazolo[1,2–a]pyrimi-
dines,24 and tetrahydropyrazolo[1,5-c]pyrimidine-3-car-
boxamides.25 In extension, we explored another synthetic 
approach based on direct cyclisation of methyl 5-ami-
no-1H-pyrazole-4-carboxylate (1) with methyl 5-[ben-
zyl(tert-butoxycarbonyl)amino]-3-oxopentanoate (2) to 
obtain a 5-(2-aminoethyl)pyrazolo[1,5-a]pyrimidine cen-
tral building block for a late-stage derivatization at the car-
boxy function. Herein we report the results, the synthesis 
of 5-(N-Boc-N-benzyl-2-aminoethyl)-7-oxo-4,7-dihy
dropyrazolo[1,5-a]pyrimidin-3-carboxamides 5a–h and 
their evaluation for inhibition of cathepsins B and K.

2. Results and Discussion
The starting β-keto ester, methyl 5-[benzyl(tert-bu-

toxycarbonyl)amino]-3-oxopentanoate (2) was prepared 
in four steps from benzylamine (6b) and methyl acrylate 
following the literature procedures.23,26 Subsequent cyclisa-
tion of 2 with methyl 5-amino-1H-pyrazole-4-carboxylate 
(1)27 was performed in acetic acid at 80 °C for 24 h to af-
ford methyl 5-(N-Boc-N-benzyl-2-aminoethyl)-7-oxo-
4,7-dihydropyrazolo[1,5-a]pyrimidin-3-carboxylate (3) in 
95% yield. Notably, heating at temperatures above 80 °C 
shortened the reaction times at the expense of the product 
yield due to partial acidolytic removal of the Boc group 
and concomitant formation of undesired by-products. 
Somewhat expectedly,23,25 attempted hydrolysis of the ester 
function with aq. NaOH failed. Fortunately enough, hy-
drolysis of 3 into the desired carboxylic acid 4 could be 
performed upon prolonged treatment of the ester 3 with 
excess LiOH in aq. methanol to furnish the central inter-
mediate 4 in 54% yield. For the final amidation step 
1,1’-carbonyldiimidazole (CDI), 2-ethoxy-1-ethoxycar-

bonyl-1,2-dihydroquinoline (EEDQ), and bis(pen-
tafluorophenyl) carbonate (BPC) were tested as the rea-
gents for the activation of the carboxy group of 4. As we 
already experienced previously in amidation of related 
hetarenecarboxylic acids,22–26 BPC proved to be the most 
suitable reagent, because it gave the corresponding car-
boxamides 5 reproducibly and in good yields. Thus, upon 
activation of 4 with BPC to form the intermediate pen-
tafluorophenyl ester 4’, further treatment with 1:1 mix-
tures of amines and triethylamine for 12 h furnished the 
target carboxamides 5a–h in 55–87% yields upon chroma-
tographic workup (Scheme 1).

The structures of novel compounds 3, 4, and 5a–h 
were determined by spectroscopic methods (1H NMR, 13C 
NMR, IR, MS, HRMS). Spectral data for compounds 3, 4, 
and 5a–h were in agreement with the data of closely relat-
ed pyrazolo[1,5-a]pyrimidin-7(4H)-ones.1,3,4,21–23

Some physicochemical properties were calculated to 
estimate the drug-likeness of compounds 3, 4, and 5a–h. 
The compounds have molecular weight (MW) between 
412 and 503, number of atoms between 54 and 72, clogP 
between 1.3 and 3.6, number of hydrogen bond donors 
(HBD) ≤ 2, number of hydrogen bond acceptors (HBA) ≤ 
5, and polar surface area (PSA) below 116 Å2. These calcu-
lated physicochemical properties are compliant with Li-
pinski’s rule of five28–30 indicating promising drug-likeness 
of the synthesized compounds 3, 4, and 5a–h (Table 1).

The biological activity of compounds 3, 4, and 5a–h 
was tested against the cysteine peptidases cathepsins B and 
K, which are both important drug targets.31 All compounds 
were initially tested for their activity at a concentration of 
100 µM. As shown in Table 2, compound 5a had the 
strongest inhibitory effect on cathepsin K, with an IC50 val-
ue of 25 ± 5 µM under the experimental conditions used in 
the assay and complete (100%) inhibition was observed at 
concentrations of 600 µM or higher. The effect of other 
compounds was significantly weaker and resulted in less 
than 50% inhibition. Cathepsin B was most strongly inhib-
ited by compound 5c (IC50 value of 45 ± 15 µM) and to a 
lesser extent by compounds 5a and 5d. Altogether these 
results identify three compounds, 5a, 5c and 5d, as poten-
tial lead compounds for further development (Table 2).

Table 1. Calculated physicochemical properties of compounds 3, 4, and 5a–h.

	Compd.	 MW (g mol–1)	 No. of atoms	 ClogP	 No. of HBD	 No. of HBA	 PSA (Å2)

	 3	   426.47	 57	 2.62	 1	 4	 100.5
	 4	   412.45	 54	 2.41	 2	 4	 111.5
	 5a	   467.57	 67	 3.19	 2	 4	 103.3
	 5b	   501.59	 68	 3.57	 2	 4	 103.3
	 5c	   502.57	 67	 2.07	 2	 5	 115.7
	 5d	   469.54	 65	 1.81	 2	 5	 112.6
	 5e	 496.6	 72	 2.29	 2	 5	 106.6
	 5f	   479.58	 68	 2.34	 1	 4	   94.6
	 5g	   481.55	 66	 1.31	 1	 5	 103.8
	 5h	   494.60	 70	 1.87	 1	 5	   97.8
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3. Experimental
3. 1. General Methods

Melting points were determined on a Stanford Re-
search Systems MPA100 OptiMelt automated melting 
point system. The NMR spectra were obtained on a Bruker 
Avance III UltraShield 500 plus at 500 MHz for 1H and 126 
MHz for 13C, using CDCl3 and DMSO-d6 (with TMS as the 
internal standard) as solvents. Mass spectra were recorded 
on an Agilent 6224 Accurate Mass TOF LC/MS spectrom-
eter, IR spectra on a Bruker FTIR Alpha Platinum ATR 
spectrophotometer. Flash column chromatography (FC) 
was performed on silica gel (Fluka, Silica gel 60, particle 
size 35–70 μm).

Amines 6a–h, bis(pentafluorophenyl) carbonate 
(BPC), triethylamine, and LiOH · H2O are commercially 
available. Methyl 5-amino-1H-pyrazole-4-carboxylate 
(1)27 and methyl 5-(benzyl(tert-butoxycarbonyl)amino)- 
3-oxopentanoate (2)26 were prepared following the litera-
ture procedures.

3. 2. �Synthesis of methyl 5-(N-Boc-N-
benzyl- 2-aminoethyl)-7-oxo-4,7-
dihydropyrazolo[1,5-a]pyrimidin-3-
carboxylate (3)
A mixture of 1 (1.413 g, 10 mmol), 2 (3.694 g, 10 

mmol), and AcOH (20 mL) was stirred at 80 °C for 24 h. 
Volatile components were evaporated in vacuo and the 
residue was purified by FC (EtOAc). Fractions containing 
the product were combined and evaporated in vacuo to 
give 3. Yield: 4.059 g (95%) of pale beige solid; m.p. 161–
165 °C. 1H NMR (500 MHz, CDCl3): δ 1.30 (9H, s, t-Bu); 
2.95 (2H, t, J = 10.0 Hz, CH2); 3.54 (2H, t, J = 10.0 Hz, 
CH2); 3.86 (3H, s, OMe); 4.45 (2H, s, CH2Ph); 5.72 (1H, s, 
6-H); 7.29 (5H, m, Ph); 8.15 (1H, s, 2-H); 11.45 (1H, s, 

NH). 13C NMR (126 MHz, CDCl3): δ 27.6, 44.8, 48.3, 51.3, 
59.7, 78.7, 96.5, 99.4, 127.1, 127.4, 128.3, 138.3, 143.0, 
143.3, 154.4, 155.1, 162.0, 170.3. m/z (ESI) = 427 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C22H27N4O5, 427.1976; 
found, 427.1971. Anal. Calcd for C22H26N4O5: C 61.96, H 
6.15, N 13.14. Found: C 61.90, H 6.29, N 13.17. IR (ATR) ν 
3344, 2963, 1710, 1671, 1620, 1580, 1529, 1495, 1466, 1442, 
1414, 1365, 1323, 1303, 1259, 1247, 1185, 1167, 1145, 1124, 
1115, 1051, 1019, 963, 933, 887, 847, 791, 776, 729, 695, 
683, 657, 632 cm–1.

3. 3. �Synthesis of 5-(N-Boc-N-benzyl-2-
aminoethyl)-7-oxo-4,7-dihydropyrazolo 
[1,5-a]pyrimidin-3-carboxylic acid (4)
A mixture of the ester 3 (3.408 g, 8 mmol), LiOH · 

H2O (2.016 g, 48 mmol), and methanol (30 mL) was 
stirred at 50 °C for 48 h. The reaction mixture was cooled 
to room temperature, and acidified to pH ~ 4 by careful 
addition of 1 M aq. NaHSO4. The precipitate was collected 
by filtration and washed with cold (0 °C) water (5 mL) to 
give 4. Yield: 2.215 g (54%) of white solid; m.p. 166–172 
°C. 1H NMR (500 MHz, CDCl3): δ 1.21 (9H, s, t-Bu); 2.90 
(2H, t, J = 10.0 Hz, CH2); 3.36 (2H, t, J = 10.0 Hz, CH2); 
4.45 (2H, s, CH2Ph); 5.68 (1H, s, 6-H); 7.29 (5H, m, Ph); 
8.26 (1H, s, 2-H); 12.78 (1H, s, NH), CO2H exchanged. 
13C NMR (126 MHz, CDCl3): δ 27.5, 31.3, 44.9, 48.2, 78.7, 
97.5, 98.7, 127.0, 127.4, 128.4, 138.3, 143.2, 144.2, 153.7, 
154.8, 155.4, 163.3. m/z (ESI) = 413 (MH+). HRMS–ESI 
(m/z): [MH+] calcd for C21H25N4O5, 413.1806; found, 
413.1812. Anal. Calcd for C21H24N4O5·H2O: C 58.60, H 
6.09, N 13.02. Found: C 58.50, H 5.74, N 12.89. IR (ATR) 
ν 3648, 3368, 2977, 1682, 1635, 1575, 1495, 1464, 1446, 
1404, 1366, 1345, 1302, 1281, 1252, 1218, 1200, 1160, 
1131, 1073, 1047, 1015, 963, 940, 858, 841, 812, 780, 758, 
725, 695, 669, 653 cm–1.

Table 2: Effect of compounds 3, 4 and 5a–h on the activity of cathepsins K and B.a

Compound	 Cathepsin K	 Cathepsin B	
	 RA (%)b	 IC50 (µM)	 RA (%)b	 IC50 (µM)

control	 100		  100	
3	   89		    89	
4	   84		    84	
5a	   29	 25 ± 5	   36	 110 ± 30
5bc	 –		  –	
5c	   94		    20	   45 ± 15
5d	   95		    23	 150 ± 50
5e	   69		  104	
5f	   60		  –	
5g	   74		    61	
5h	 112		  101	

a) All experiments were performed in 50 mM sodium acetate buffer pH 5.5 containing 1 mM EDTA, 2.5 mM 
DTT and the fluorigenic substrate Z-Phe-Arg-AMC (5 µM final concentration). Final enzyme concentrations 
were 1 nM. IC50 values were determined from titration curves. b) Residual activity at saturation. c) Activity of 5b 
could not be determined fluorometrically due to strong absorption of the compound at the excitation 
wavelength.
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3. 4. �Synthesis of 5-(N-Boc-N-benzyl-2-
aminoethyl)-7-oxo-4,7-dihydropyrazolo 
[1,5-a]pyrimidin-3-carboxamides 5a–h
A mixture of carboxylic acid 4 (207 mg, 0.5 mmol), 

MeCN (5 mL), and Et3N (70 μL, 0.5 mmol) was stirred at 
room temperature for 5 minutes. Then, BPC (197 mg, 0.5 
mmol) was added and the reaction mixture was stirred at 
r.t. for 2 h (activation of carboxylic acid 4 via formation of 
the pentafluorophenyl ester 4’). Next, amine 6 (0.5 mmol) 
and Et3N (70 μL, 0.5 mmol) were added and stirring at 
room temperature was continued for 24 h. The reaction 
mixture was evaporated in vacuo (60 °C/2 mbar) and the 
crude semi-solid carboxamide 5 was purified by FC on sil-
ica gel (first EtOAc to elute the non-polar impurities, then 
CH2Cl2–MeOH, 10:1, to elute the product). Fractions con-
taining the product were combined and evaporated in vac-
uo to give carboxamides 5a–h.

3. 4. 1. �tert-Butyl benzyl{2-[3-(butylcarbamoyl)-7-
oxo-4,7-dihydropyrazolo[1,5-a]pyrimidin-
5-yl]ethyl}carbamate (5a) 

Prepared from 4 (207 mg, 0.5 mmol) and butylamine 
(6a) (50 μL, 0.5 mmol). Yield: 167 mg (72%) of yellowish 
resin. 1H NMR (500 MHz, CDCl3): δ 0.85 (3H, t, J = 7.0 
Hz, CH2CH3); 1.27 (2H, m, CH2); 1.34 (9H, s, t-Bu); 1.42 
(2H, m, CH2); 2.29 (2H, m, CH2); 3.23 (2H, m, CH2); 3.44 
(2H, m, CH2); 4.38 (2H, s, CH2Ph); 5.41 (1H, s, 6-H); 7.28 
(5H, m, Ph); 7.90 (1H, s, 2-H); 8.50 (1H, br s, NHBu); py-
rimidone NH exchanged. 13C NMR (126 MHz, CDCl3): δ 
13.0, 13.7, 19.7, 28.2, 31.8, 38.5, 45.8, 51.0, 80.0, 101.1, 
126.0, 127.2, 127.5, 127.9, 128.4, 128.7, 138.1, 155.7, 156.0, 
159.0, 164.0. m/z (ESI) = 468 (MH+). HRMS–ESI (m/z): 
[MH+] calcd for C25H34N5O5, 468.2605; found, 468.2601. 
IR (ATR) ν 3300, 2930, 2175, 2110, 1985, 1960, 1684, 1619, 
1537, 1512, 1494, 1451, 1413, 1364, 1245, 1157, 1115, 1047, 
980, 885, 808, 775, 733, 697 cm–1.

3. 4. 2. �tert-Butyl benzyl{2-[3-(benzylcarbamoyl)-
7-oxo-4,7-dihydropyrazolo[1,5-a]
pyrimidin-5-yl]ethyl}carbamate (5b)

Prepared from 4 (207 mg, 0.5 mmol) and benzyla
mine (6b) (54 μL, 0.5 mmol). Yield: 137 mg (55%) of yel-
lowish resin. 1H NMR (500 MHz, CDCl3): δ 1.30 (9H, br s, 
t-Bu); 2.56 (2H, br s, CH2); 3.35 (2H, br s, CH2); 4.29 and 
4.43 (4H, 2 br s, 3:1, 2 × CH2Ph); 5.57 (1H, br s, 6-H); 
6.84–7.34 (10H, m, 2×Ph); 8.10 (1H, br s, 2-H); 8.76 (1H, 
br s, NH); pyrimidone NH exchanged. 13C NMR (126 
MHz, CDCl3): δ 28.1, 28.3, 36.5, 42.8, 46.1, 51.3, 51.9, 81.0, 
100.7, 125.1, 127.3, 127.4, 128.5, 128.6, 136.7, 138.2, 138.9, 
140.6, 142.7, 156.0, 159.6, 163.9. m/z (ESI) = 502 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C28H32N5O4, 502.2449; 
found, 502.2444. IR (ATR) ν 3278, 2975, 2114, 1618, 1535, 
1494, 1451, 1413, 1364, 1244, 1207, 1156, 1115, 976, 884, 
809, 774, 728, 696, 665, 630 cm–1.

3. 4. 3. �tert-Butyl benzyl(2-{7-oxo-3-[(pyridin-
2-ylmethyl)carbamoyl]-4,7-dihydro-
pyrazolo[1,5-a]pyrimidin-5-yl}ethyl)
carbamate (5c)

Prepared from 4 (207 mg, 0.5 mmol) and 2-pico-
lylamine (6c) (51 μL, 0.5 mmol). Yield: 190 mg (72%) of 
yellowish resin. 1H NMR (500 MHz, DMSO-d6): δ 1.27 
and 1.32 (9H, 2 br s, 2:1, t-Bu); 2.67–2.77 (2H, br s, CH2); 
3.42–3.50 (2H, br s, CH2); 4.33 and 4.37 (2H, 2 br s, 1:2, 
CH2Ph); 4.60 (2H, d, J = 5.7 Hz, CH2Py); 5.48 and 5.50 
(1H, 2 br s, 2:1, 6-H); 7.20–7.30 (5H, m, Ph); 7.30–7.37 
(2H, m, 2H of Ph); 7.71 (1H, td, J = 7.7, 1.8 Hz, 1H of Py); 
8.09 (1H, br s, 2-H); 8.47 (1H, br d, J = 4.2 Hz, 1H of Py); 
9.16 (1H, br t, J = 6.0 Hz, NHCO); pyrimidone NH ex-
changed. 13C NMR (126 MHz, DMSO-d6): δ 27.8, 43.8, 
45.6, 45.8, 49.0, 78.8, 100.2, 120.9, 122.0, 127.0, 127.2, 
127.4, 128.4, 136.7, 138.1, 138.5, 140.0, 141.5, 148.8, 155.0, 
157.2, 159.0, 162.9. m/z (ESI) = 503 (MH+). HRMS–ESI 
(m/z): [MH+] calcd for C27H31N6O4, 503.2397; found, 
503.2394. IR (ATR) ν 3679, 3607, 2926, 1730, 1624, 1537, 
1497, 1393, 1368 cm–1.

3. 4. 4. �tert-Butyl benzyl(2-{3-[(2-methoxyethyl)
carbamoyl]-7-oxo-4,7-dihydropyrazolo-
[1,5-a]pyrimidin-5-yl}ethyl)carbamate (5d) 

Prepared from 4 (207 mg, 0.5 mmol) and 2-methox-
yethylamine (6d) (63 μL, 0.5 mmol). Yield: 143 mg (61%) of 
yellowish resin. 1H NMR (500 MHz, CDCl3): δ 1.45 (9H, s, 
t-Bu); 2.72–2.83 (2H, br s, CH2); 3.40 (3H, br s, OMe); 3.51–
3.59 (4H, m, 2×CH2); 3.59–3.64 (2H, m, CH2); 4.44 (2H, br s, 
CH2Ph); 5.69 (1H, s, 6-H); 7.14–7.29 (6H, m, Ph and NHCO); 
8.03 (1H, br s, 2-H); pyrimidone NH exchanged. 13C NMR 
(126 MHz, CDCl3): δ 28.4, 39.2, 46.2, 51.8, 59.0, 71.1, 81.3, 
99.2, 126.0, 127.8, 128.8, 132.2, 137.6, 139.0, 143.5, 151.0, 
154.1, 155.8, 156.3, 163.1. m/z (ESI) = 470 (MH+). HRMS–
ESI (m/z): [MH+] calcd for C24H32N5O5, 470.2398; found, 
470.2393. IR (ATR) ν 3313, 2978, 2916, 1685, 1624, 1585, 
1532, 1513, 1479, 1453, 1414, 1365, 1244, 1156, 1122, 1051, 
1012, 993, 976, 858, 819, 774, 733, 698, 660 cm–1.

3. 4. 5. �tert-Butyl benzyl[2-(3-{[3-(dimethylamino)
propyl]carbamoyl}-7-oxo-4,7-dihydro-
pyrazolo[1,5-a]pyrimidin-5-yl)ethyl]
carbamate (5e)

Prepared from 4 (207 mg, 0.5 mmol) and 3-dimeth-
ylaminopropylamine (6e) (63 μL, 0.5 mmol). Yield: 200 
mg (81%) of yellowish resin. 1H NMR (500 MHz, CDCl3): 
δ 1.40 (9H, s, t-Bu); 1.96–2.05 (2H, m, CH2); 2.71 (6H, br 
s, NMe2); 2.67–2.81 (2H, m, CH2); 3.03–3.12 (2H, m, 
CH2); 3.43–3.51 and 3.55–3.63 (4H, 2m, 3:1, 2 × CH2); 
4.37 (2H, br s, CH2Ph); 5.70 (1H, s, 6-H); 7.16–7.34 (5H, 
m, Ph); 8.14 (1H, br s, 2-H); 8.65 (1H, br s, NHCO); py-
rimidone NH exchanged. 13C NMR (126 MHz, CDCl3): δ 
25.9, 28.4, 28.5, 35.9, 43.4, 43.5, 45.7, 56.2, 79.7, 95.4, 
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101.1, 127.3, 127.7, 128.6, 137.3, 138.1, 139.1, 141.0, 156.0, 
159.3, 165.0. m/z (ESI) = 497 (MH+). HRMS–ESI (m/z): 
[MH+] calcd for C26H37N6O4, 497.2857; found, 497.2863. 
IR (ATR) ν 3285, 2937, 1995, 1690, 1619, 1537, 1493, 
1450, 1411, 1364, 1243, 1158, 1112, 1020, 886, 806, 776, 
735, 698, 665, 631 cm–1.

3. 4. 6. �tert-Butyl benzyl{2-[7-oxo-3-(piperidine-
1-carbonyl)-4,7-dihydropyrazolo[1,5-a]
pyrimidin-5-yl]ethyl}carbamate (5f) 

Prepared from 4 (207 mg, 0.5 mmol) and piperidine 
(6f) (37 μL, 0.5 mmol). Yield: 128 mg (61%) of yellowish 
resin. 1H NMR (500 MHz, CDCl3): δ 1.46 (9H, s, t-Bu); 
1.68 (4H, br s, 2 × CH2); 1.74 (2H, br s, CH2); 2.76 (2H, br 
s, CH2); 3.53 (2H, br s, CH2); 3.73 (4H, br s, 2 × CH2); 4.41 
(2H, br s, CH2Ph); 5.69 (1H, s, 6-H); 7.13–7.34 (5H, m, 
Ph); 7.96 (1H, br s, 2-H); pyrimidone NH exchanged. 13C 
NMR (126 MHz, CDCl3): δ 24.6, 26.2, 28.5, 33.0, 46.0, 
50.9, 52.1, 80.9, 99.1, 127.4, 127.7, 128.8, 137.8, 141.1, 
141.1, 145.1, 150.7, 155.6, 156.3, 162.8. m/z (ESI) = 480 
(MH+). HRMS–ESI (m/z): [MH+] calcd for C26H34N5O4, 
480.2605; found, 480.2599. IR (ATR) ν 2931, 2849, 1687, 
1617, 1578, 1578, 1495, 1438, 1410, 1364, 1258, 1159, 
1122, 1002, 970, 875, 851, 814, 764, 731, 698, 672, 629 
cm–1. 

3. 4. 7. �tert-Butyl benzyl{2-[3-(morpholine-4-
carbonyl)-7-oxo-4,7-dihydropyrazolo  
[1,5-a]pyrimidin-5-yl]ethyl}carbamate (5g) 

Prepared from 4 (207 mg, 0.5 mmol) and morpho-
line (6g) (44 μL, 0.5 mmol). Yield: 184 mg (76%) of yellow-
ish resin. 1H NMR (500 MHz, CDCl3): δ 1.46 (9H, s, t-Bu); 
2.76 (2H, br s, CH2); 3.50–3.59 (2H, m, CH2); 3.79 (4H, br 
s, 2 × CH2); 3.81 (4H, br s, 2 × CH2); 4.44 (2H, br s, CH2Ph); 
5.71 (1H, s, 6-H); 7.16–7.35 (5H, m, Ph); 7.97 (1H, br s, 
2-H); pyrimidone NH exchanged. 13C NMR (126 MHz, 
CDCl3): δ 28.5, 33.3, 45.9, 51.7, 60.6, 66.8, 81.4, 99.3, 127.8, 
128.8, 133.6, 137.7, 140.9, 143.7, 145.3, 151.1, 155.7, 156.2, 
163.2. m/z (ESI) = 482 (MH+). HRMS–ESI (m/z): [MH+] 
calcd for C25H32N5O5, 482.2398; found, 482.2393. IR (ATR) 
ν 2974, 2922, 2843, 1685, 1619, 1580, 1532, 1513, 1453, 
1434, 1412, 1365, 1245, 1157, 1114, 1065, 1051, 1010, 978, 
935, 884, 817, 765, 733, 699, 630 cm–1.

3. 4. 8. �tert-Butyl benzyl{2-[3-(4-methylpiperazine 
-1-carbonyl)-7-oxo-4,7-dihydro-pyrazolo 
[1,5-a]pyrimidin-5-yl]ethyl}carbamate (5h) 

Prepared from 4 (207 mg, 0.5 mmol) and 4-meth-
ylpiperazine (6h) (56 μL, 0.5 mmol). Yield: 215 mg (87%) 
of yellowish resin. 1H NMR (500 MHz, CDCl3): δ 1.45 
(9H, s, t-Bu); 2.40 (3H, br s, NCH3); 2.59 (4H, br t, J = 5.1 
Hz, 2 × CH2); 2.70 and 2.76 (2H, 2br s, 1:1, CH2); 3.54 
(2H, br s, CH2); 3.85 (4H, br s, 2 × CH2); 4.42 (2H, br s, 

CH2Ph); 5.70 (1H, s, 6-H); 7.16–7.31 (5H, m, Ph); 7.96 
(1H, br s, 2-H); pyrimidone NH exchanged. 13C NMR 
(126 MHz, CDCl3): δ 28.5, 33.2, 43.8, 45.8, 46.1, 52.7, 
54.8, 80.9, 98.9, 127.7, 128.8, 136.6, 137.2, 137.8, 138.9, 
140.6, 141.3, 155.7, 156.6, 163.3. m/z (ESI) = 495 (MH+). 
HRMS–ESI (m/z): [MH+] calcd for C26H35N6O, 495.2714; 
found, 495.2707. IR (ATR) ν 2977, 2958, 1685, 1621, 1583, 
1531, 1495, 1414, 1364, 1243, 1155, 976, 879, 807, 767, 
731, 698, 606 cm–1.

3. 5. �Activity assays against cathepsins K and B 
The activity of all compounds was tested against re-

combinant human cathepsins K and B produced in-house 
according to the known protocol.32 All assays were per-
formed in 50 mM sodium acetate buffer pH 5.5 containing 
1 µM EDTA and 2.5 mM DTT. The hydrolysis of the syn-
thetic substrate Z-Phe-Arg-AMC (5 µM final concentra-
tion) was followed fluorimetrically at an excitation wave-
length of 370 nm and an emission wavelength of 455 nm. 
Final concentrations of the enzymes in the reaction mix-
tures were 1 nM. Experiments were first performed at a 
fixed compound concentration of 100 µM. Compounds 
with significant inhibitory activity were re-tested by meas-
uring residual enzyme activity in the presence of increas-
ing concentrations of the compounds and IC50 values were 
calculated from these titration curves.

4. Conclusions
Eight novel 5-(N-Boc-N-benzyl-2-aminoethyl)-7-

oxo-4,7-dihydropyrazolo[1,5-a]pyrimidin-3-carboxam-
ides 5a-h were prepared in three synthetic steps from me-
thyl 3-amino-1H-pyrazole-4-carboxylate (1) and methyl 
5-(benzyl(tert-butoxycarbonyl)amino)-3-oxopentanoate 
(2). The synthetic procedure comprises cyclocondensa-
tion of the above starting compounds, hydrolysis of the 
ester function, and BPC-mediated amidation. This meth-
od offers a quick access to various 5-(2-aminoethyl) sub-
stituted pyrazolo[1,5-a]pyrimidin-3-carboxamides 5 from 
easily available starting materials. Testing of the interme-
diates 3 and 4 and title compounds 5a–h for inhibition of 
cathepsins B and K revealed that most of them were weak 
inhibitors at 100 mM concentration. Carboxamide 5a had 
the strongest inhibitory effect on cathepsin K, with an IC50 
value of 25 ± 5 µM. Cathepsin B was most strongly inhib-
ited by compounds 5c and 5d with the respective IC50 val-
ues of 45 ± 15 µM and 150 ± 50 µM and to a lesser extent 
by compound 5a as well. Inhibitory activities of com-
pounds 5a, 5c, and 5d against cysteine peptidases cathep-
sins B and K identify them as potential leads for drug de-
velopment. In summary, the synthetic method allows for 
a simple preparation of libraries of title compounds that 
could be useful for medicinal and pharmaceutical appli-
cations. 
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Povzetek
Izhajajoč iz metil 3-amino-1H-pirazol-4-karboksilata in metil 5-(benzil(terc-butoksikarbonil)amino)-3-oksopentanoa-
ta (2) smo v treh sinteznih stopnjah pripravili osem novih 5-(N-Boc-N-benzil-2-aminoetil)-7-okso-4,7-dihidropira-
zolo[1,5-a]pirimidin-3-karboksamidov 5a-h. Sintezni postopek sestavljajo ciklokondenzacija izhodnih spojin, hidroliza 
estra in amidiranje tako nastale karboksilne kisline z uporabo bis(pentafluorofenil) karbonata (BPC) kot aktivacijskega 
reagenta. Karboksamide 5a-h smo testirali na inhibicijo katepsinov B in K. Najbolj aktiven inhibitor katepsina K (IC50 
~ 25 µM) je bil N-butilkarboksamid 5a, medtem ko smo najmočnejšo inhibicijo katepsina B izmerili z N-(2-pikolil)
karboksamidom 5c (IC50 ~ 45 µM).
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Abstract
10-Phthalimidocamphor oxime was prepared from easily available 10-iodocamphor in two steps. Reduction of the oxime 
functionality resulted in the formation of two novel polycyclic isoindolinone heterocycles, the attempted preparation of 
the primary amine failed. The structures of novel heterocycles were unambiguously confirmed by single crystal X-ray 
diffraction as well as NMR techniques.

Keywords: 10-iodocamphor, 10-phthalimidocamphor oxime, camphor derived amines, reduction

1. Introduction
(1R)-(+)-Camphor and its enantiomer are renewable 

enantiomerically pure chiral pool starting materials. The 
unique reactivity of camphor enables its derivatization at 
positions 2, 3, 4, 5, 8-10, as well as selective cleavage of the 
C1-C2 and C2-C3 bonds (Figure 1).1,2 All of the above 
makes camphor a very desirable starting compound for 
the preparation of a wide variety of products3 ranging 
from natural products1,2 to chiral auxiliaries,4,5 ligands in 
asymmetric synthesis,6–10 organocatalysts,11 and NMR shift 
reagents.12

Within our continuing study on camphor-based di-
amines as potential organocatalyst scaffolds,13–15 we re-
cently reported on the synthesis of a novel type of 1,3-di-
amine-derived bifunctional squaramide organocatalysts 
A prepared from 10-iodocamphor and their application 
as highly efficient catalysts in Michael additions of 1,3-di-
carbonyl nucleophiles to trans-β-nitrostyrenes.16 10-Io-
docamphor17 has seen surprisingly limited application as 
the starting compound,18–24 although, it can easily be pre-
pared in sufficient quantities from (1S)-(+)-10-camphor-
sulfonic acid.16 Herein we report the results of the synthe-
sis and reduction of 10-phthalimidocamphor oxime (4), 
which is a potential precursor for the preparation of mo-
no-protected primary diamine camphor building block 5. 

Instead of the desired diamine 5, isoindolinone heterocy-
cles 6 and 7 were isolated. Isoindolinone/isoindole deriv-
atives can be found in numerous natural and pharmaceu-
tical compounds shoving multiple biological activities 
(Figure 1).25
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2. Results and Discussion
Following the literature procedure, (1S)-(+)-10-cam-

phorsulfonic acid (1) was transformed into 10-iodocam-
phor (2).16 The following reaction of 2 with potassium 
phthalimide gave the corresponding 10-phthalimidocam-
phor (3) in 72% yield. Finally, condensation of 3 with 
NH2OH furnished in 92% yield the expected 10-phthalim-
idocamphor oxime (4). Next, reduction of the oxime 4 was 
studied with the aim of preparing mono-protected prima-
ry diamine camphor building block 5 (Scheme 1).

Thus, the results of the reduction of oxime 4 are 
summarized in Scheme 2 and Table 1. Catalytic hydrogena-

tion of 4 using Pd–C in MeOH with or without HCl yield-
ed only the recovered starting material (Entries 1 and 2). 
On the other hand, reduction of 4 with Na in n-PrOH, as 
expected, gave a complex mixture of products (Entry 3). 
Catalytic hydrogenation using Raney-Ni gave the polycy-
clic secondary amine 6 in 37% isolated yield (Entry 4). 
Clearly, the reduction of oxime 4 was successful, though 
the reaction did not stop at the desired diamine level 5. 
Therefore, the reduction with Raney-Ni was repeated in 
the presence of AcOH (Entry 5) and aqueous formalde-
hyde (Entry 6) in order to obtain either the amine 5 or a 
tertiary dimethylamine derivative. The former reaction 
again delivered compound 6 in 20% yield, while the later 

Scheme 1. Attempted synthesis of monoprotected diamine 5.

Scheme 2. Synthesis of amine 6 and imine 7 from oxime 4.

Table 1. Reduction of oxime 4 under various reaction conditions. 

Entry	 Reducing agent	 Solvent	 T (°C)	 t (h)	 Product/Yield (%)

   1	 Pd–C	 MeOH	 r.t.	 8	 no reaction
   2	 Pd–C/HCl	 MeOH	 r.t.	 8	 no reaction
   3	 Na	 n-PrOH	 90	 2	 complex mixture
   4	 Raney-Ni	 MeOH	 r.t.	 8	 6 (37)
   5	 Raney-Ni/AcOH	 MeOH	 r.t.	 8	 6 (20)
   6	 Raney-Ni/HCHO	 MeOH	 r.t.	 8	 complex mixture
   7	 Zn/HCl	 MeOH	 r.t.	 a)	 7 (45)
   8	 Zn	 AcOH	 r.t.	 a)	 complex mixture
   9	 Zn/HCl	 AcOH	 r.t.	 a)	 complex mixture

a) Till the disappearance of the starting material (TLC analysis).
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yielded a complex mixture of products. Next, reduction of 
oxime 4 with Zn in MeOH in the presence of excess aque-
ous HCl was performed, furnishing imine 7 in 45% yield 
(Entry 7). Repeating the reduction of 4 with Zn in AcOH 
with or without aqueous HCl yielded complex mixtures of 
products (Entries 8 and 9).

The formation of the products 6 and 7 could be ra-
tionalized by the initial formation of the primary amine 5, 
followed by the condensation with the proximal carbonyl 
group of the phthalimide functionality to give intermedi-
ate 8. Isomerization of 8 to imine 7 is explained by a sim-
ple imine-imine tautomerisation, while reduction (or iso
merization/reduction) of 8 would lead to amine 6 (Scheme 
3). The configuration of the newly formed stereogenic 
centers seems to be dictated by the reducing agent ap-
plied.

2. 1. Crystal Structures of Compounds 6 and 7
The asymmetric units of compounds 6 and 7 are de-

picted in Figures 2 and 3, respectively. In both structures 
there is one molecule in the asymmetric unit. Bond lengths 
are given in Table 2. Most of bond lengths are very similar 
both in 6 and 7, with the exception of bonds including atoms 
N2 and C9. This is in accordance with their structural chem-
ical formulas (as shown in Scheme 2) which differ only in the 
closeness of these two atoms. Bond N2-C9 in 6, 1.463(3) Å, 
is significantly longer than 1.265(2) Å in 7, which is in accor-
dance with the fact that this is a single bond in 6 and a dou-
ble bond in 7. The average C(sp3)-N(3) single bond and 
C(sp2) = N(2) double bond in the literature1 are 1.469(14) 
and 1.279(8) Å, respectively. Usually C(sp3)-C(sp3) bond dis-
tances are longer in comparison to C(sp3)-C(sp2). In accor-
dance to this, C9-C10 and C9-C15 are longer in 6 than in 7.

Scheme 3. Rationalization of the formation of products 6 and 7.

Scheme 4. Atempted addition of 1-methylindole to cinnamaldehyde catalyzed by 6.

Compound 6 was tested as a potential covalent or-
ganocatalyst in the addition of 1-methylindole to cinnamal-
dehyde.26 Amine 6 failed to catalyze the reaction (Scheme 4).

The structures of novel compounds 3, 4, 6, and 7 
were determined by spectroscopic methods (1H-NMR, 
13C-NMR, IR, HRMS).

Molecules of 6 and 7 are asymmetric. In both struc-
tures, chiral carbon centres are C8, C10, and C14; in 6 C9 
atom is also chiral. C10 and C14 from camphor part of the 
molecule have in both compounds absolute configuration 
(S) and (R), respectively. The absolute configuration of C8 
atom from phthalimde ring is (R) in 6 and (S) in 7, respec-
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tively. Consequently, the conformation of molecules of 6 
and 7 is different in a way how a camphor part is bonded 
to the remaining part of molecule which is shown in Figure 
4. In accordance with their optical activity, both com-
pounds crystalize in chiral space group. Compound 6 
crystalizes in orthorhombic crystal system in P212121 and 7 
in tetragonal P43212, respectively. The packing of mole-
cules is presented in Figures 5 and 6. In 6 molecules are 
connected via N2-H…O1 hydrogen bonds into chains 
parallel to b axis. Geometrical parameters of this H-bond 
are given in Table 3. The distance between the donor, N2, 

and acceptor, O1, is not short, which means that H-bond is 
weak. In 7 there are no N-H or O-H groups and conse-
quently no classical intermolecular H-bonds. N and O at-
oms are acceptors of weak intermolecular H-bonds, do-
nated by C-H moieties and presented in Table 3. In 6 and 7 

Figure 2. Ortep28 drawing of asymmetric unit of compound 6. Dis-
placement ellipsoids are drawn with 25% probability level and the 
hydrogen atoms are shown as small spheres of arbitrary radii.

Table 2. Bond lengths in 6 and 7 (Å).

bond	 6	 7

O1-C1	 1.230(2)	 1.222(1)
N1-C1	 1.347(3)	 1.356(2)
N1-C8	 1.466(3)	 1.460(2)
N1-C11	 1.453(3)	 1.451(2)
N2-C8	 1.438(2)	 1.464(2)
N2-C9	 1.463(3)	 1.265(2)
C1-C2	 1.490(3)	 1.493(2)
C2-C7	 1.381(3)	 1.379(2)
C2-C3	 1.377(3)	 1.384(2)
C3-C4	 1.375(4)	 1.387(2)
C4-C5	 1.373(5)	 1.385(2)
C5-C6	 1.389(4)	 1.381(2)
C6-C7	 1.387(3)	 1.383(2)
C7-C8	 1.504(3)	 1.502(2)
C9-C10	 1.565(3)	 1.519(2)
C9-C15	 1.546(3)	 1.522(2)
C10-C11	 1.521(3)	 1.519(1)
C10-C12	 1.551(3)	 1.550(2)
C10-C16	 1.557(3)	 1.553(2)
C12-C13	 1.540(3)	 1.556(2)
C13-C14	 1.531(3)	 1.523(2)
C14-C15	 1.532(3)	 1.536(2)
C14-C16	 1.551(3)	 1.554(2)
C16-C17	 1.538(3)	 1.531(2)
C16-C18	 1.526(3)	 1.528(2)

Figure 3. Ortep28 drawing of asymmetric unit of compound 7. Displacement ellipsoids are drawn with 25% probability level and the hydrogen atoms 
are shown as small spheres of arbitrary radii.
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there are no π…π or π…σ stacking interaction between 
aromatic rings.

3. Conclusion
The title 10-phthalimidocamphor oxime (4) was pre-

pared as a precursor for the preparation of monoprotected 
camphor derived 1,3-diamine building block 5. Reduction 
thereof under various reaction conditions could never be 
stopped at the diamine 5 level, instead polycyclic isoin-
dolinone heterocycles 6 and 7 were isolated. The structures 
of 6 and 7 were confirmed by X-ray analysis of the corre-
sponding monocrystals.

4. Experimental Section
Solvents for extractions and chromatography were of 

technical grade and were distilled prior to use. Extracts 
were dried over technical grade Na2SO4. Melting points 
were determined on a Kofler micro hot stage and on SRS 
OptiMelt MPA100 – Automated Melting Point System 
(Stanford Research Systems, Sunnyvale, California, United 
States). The NMR spectra were obtained on a Bruker Ul-
traShield 500 plus (Bruker, Billerica, Massachusetts, Unit-
ed States) at 500 MHz for 1H and 126 MHz for 13C nucleus, 
using DMSO-d6 and CDCl3 with TMS as the internal stan-
dard, as solvents. Mass spectra were recorded on an Agi-
lent 6224 Accurate Mass TOF LC/MS (Agilent Technolo-
gies, Santa Clara, California, United States), IR spectra on 
a Perkin-Elmer Spectrum BX FTIR spectrophotometer 
(PerkinElmer, Waltham, Massachusetts, United States). 
Catalytic hydrogenation was performed on a Parr Pressure 
Reaction Hydrogenation Apparatus (Moline, IL, USA). 

Figure 4. Mercury29 drawing of compounds 6 (on left) and 7 (on 
right) with labelling of chiral carbon centers of the phthalimide part 
of the molecule.

Figure 5. Mercury29 drawing of molecular packing in 6. Light blue 
lines show intermolecular N-H…O hydrogen bonds.

Figure 6. Mercury29 drawing of molecular packing in 7. Light blue lines show weak intermolecular C-H…O and C-H…N hydrogen bonds.

Table 3. Hydrogen-bond geometry in 6 and 7 (Å, °).

D–H···A	 D–H	 H···A	 D···A	 D–H···A
N2–H2’···O1i	 0.91(2)	 2.25(2)	 3.127(2)	 161(2)
C8-H···O1ii	 0.98	 2.57	 3.509(2)	 162
C15-H···N2iii	 0.97	 2.69	 3.654(2)	 173

Symmetry codes: (i) −x, y+1/2, −z+1/2, (ii) 1/2+x,3/2-y,1/4-z, (iii) 
y,x,-z.

Column chromatography (CC) was performed on silica 
gel (Silica gel 60, particle size: 0.035–0.070 mm (Sigma-Al-
drich, St. Louis, Missouri, United States)). 

Synthesis of 2-(((1R,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1] 
heptan-1-yl)methyl)isoindoline-1,3-dione (3).

To a suspension of 10-iodocamphor (2) (420 mg, 
1.51 mmol) in anhydrous DMSO (10 mL) under argon 
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potassium phthalimide (524 mg, 2.83 mmol) was added 
and the resulting reaction mixture was heated at 100 °C 
under argon for 16 h. Volatile components were evaporat-
ed in vacuo. The residue was suspended in H2O (20 mL) 
and extracted with EtOAc (3 × 40 mL). The combined or-
ganic phase was washed with H2O (20 mL) and NaCl (aq. 
sat., 20 mL), dried over anhydrous Na2SO4, filtered, and 
volatile components evaporated in vacuo. The residue was 
purified by column chromatography (EtOAc:petroleum 
ether = 1:2). Fractions containing the pure product 3 were 
combined and volatile components evaporated in vacuo. 
Yield: 320 mg (1.076 mmol, 72%) of white solid; mp 123–
129 °C. [α]D

r.t. = –2.4 (c = 0.25, CH2Cl2). EI-HRMS: m/z = 
298.1437 (MH+); C18H20NO3 requires: m/z = 298.1438 
(MH+); νmax 3469, 3189, 3066, 2959, 2888, 1773, 1731, 
1712, 1604, 1466, 1426, 1398, 1373, 1361, 1309, 1295, 
1191, 1157, 1142, 1106, 1089, 1053, 1031, 1008, 935, 872, 
763, 712, 642, 625 cm–1. 1H-NMR (500 MHz, CDCl3): δ 
0.95 (s, 3H, Me); 1.10 (s, 3H, Me); 1.30 – 1.37 (m, 1H); 
1.52 – 1.60 (m, 1H); 1.88 (d, J = 18.3 Hz, 1H); 1.84–1.99 
(m, 2H); 2.01 (t, J = 4.5 Hz, 1H); 2.43 (ddd, J = 2.5; 4.9; 
18.4 Hz, 1H); 3.77 (d, J = 14.9 Hz, 1H); 4.07 (d, J = 14.9 
Hz, 1H); 7.72 (dd, J = 3.0; 5.5 Hz, 2H of Ar); 7.85 (dd, J = 
3.1; 5.4 Hz, 2H of Ar). 13C-NMR (126 MHz, CDCl3): δ 
19.5, 19.7, 26.7, 26.7, 34.7, 43.3, 43.5, 47.2, 61.1, 123.4, 
132.2, 134.1, 168.9, 216.7.

Synthesis of 2-(((1R,4R)-2-(hydroxyimino)-7,7-dimet
hylbicyclo[2.2.1]heptan-1-yl)methyl)isoindoline-1,3-di-
one (4).

To a solution of ketone 3 (2.76 g, 9.28 mmol) in 
EtOH (45 mL) NH2OH·HCl (1.30 g, 18.7 mmol) and pyri-
dine (1.10 g, 13.9 mmol) were added and the resulting re-
action mixture was heated under reflux for 16 h. Volatile 
components were evaporated in vacuo, followed by the 
addition of H2O (25 mL) and finely powdered NaOH till 
the pH ~ 10–12. The resulting mixture was extracted with 
Et2O (5 × 40 mL). The combined organic phase was washed 
with H2O (5 mL) and NaCl (aq. sat., 5 mL), dried over an-
hydrous Na2SO4, filtered, and volatile components evapo-
rated in vacuo. The residue was purified by column chro-
matography (EtOAc:petroleum ether = 1:2). Fractions 
containing the pure product 4 were combined and volatile 
components evaporated in vacuo. Yield: 2.67 g (8.54 mmol, 
92%) of white solid; mp 151–155 °C. [α]D

r.t. = –50.6 (c = 
0.33, CH2Cl2). EI-HRMS: m/z = 313.1547 (MH+); C18H-
21N2O3 requires: m/z = 313.1547 (MH+); νmax 3469, 3280, 
2945, 2881, 1774, 1713, 1612, 1467, 1427, 1395, 1387, 1362, 
1338, 1312, 1297, 1245, 1197, 1158, 1104, 1028, 1015, 987, 
962, 927, 913, 875, 855, 821, 800, 717, 611 cm–1. 1H-NMR 
(500 MHz, CDCl3): δ 0.90 (s, 3H, Me); 1.07 (s, 3H, Me); 
1.20–1.28 (m, 1H); 1.58–1.65 (m, 1H); 1.76–1.85 (m, 2H); 
1.95– 2.03 (m, 1H); 2.08 (d, J = 17.8 Hz, 1H); 2.59 (dt, J = 
3.8; 17.9 Hz, 1H); 3.88 (d, J = 14.7 Hz, 1H); 4.10 (d, J = 14.8 
Hz, 1H); 7.63 (br s, 1H); 7.72 (dd, J = 3.0; 5.5 Hz, 2H of Ar); 
7.85 (dd, J = 3.1; 5.4 Hz, 2H of Ar). 13C-NMR (126 MHz, 

CDCl3): δ 19.2, 19.3, 27.0, 29.5, 32.9, 35.8, 44.6, 48.7, 55.5, 
123.4, 132.2, 134.1, 168.5, 169.1.

Synthesis of (4bR,5aR,7R,9aS)-13,13-dimethyl-5,5a,6, 
7,8,9-hexahydro-10H-7,9a-methanoisoindolo[1,2-b]
quinazolin-12(4bH)-one (6).

A mixture of compound 4 (246 g, 0.788 mmol), 
MeOH (50 mL), and Raney-Ni (100 mg) was hydrogenat-
ed (4 bar of H2) at room temperature for 8 h. The reaction 
mixture was filtered through a short pad of Celite®, washed 
with MeOH (20 mL), and the filtrate evaporated in vacuo. 
The residue was purified by column chromatography (1. 
n-hexane:Et2O = 1:3 to elute the nonpolar impurities; 2. 
Et3N:Et2O = 1:40 to elute the product 6). Fractions con-
taining the pure product 6 were combined and volatile 
components evaporated in vacuo. Yield: 83 mg (0.294 
mmol, 37%) of white solid; mp 154–158 °C. [α]D

r.t. = –163.0 
(c = 0.40, CH2Cl2). EI-HRMS: m/z = 283.1801 (MH+); 
C18H23N2O requires: m/z = 283.1805 (MH+); νmax 3326, 
2941, 2881, 1672, 1485, 1460, 1431, 1388, 1368, 1356, 1331, 
1300, 1276, 1263, 1243, 1192, 1153, 1130, 1112, 1087, 1053, 
1013, 976, 948, 931, 898, 875, 846, 816, 793, 740, 708, 687, 
675 cm–1. 1H-NMR (500 MHz, CDCl3): δ 0.87 (s, 3H, Me); 
0.99 (s, 3H, Me); 1.07–1.19 (m, 2H); 1.19–1.24 (m, 1H); 
1.51–1.58 (m, 1H); 1.59–1.67 (m, 1H); 1.72–1.81 (m, 2H); 
1.95 (dd, J = 8.9; 13.5 Hz, 1H); 3.18 (d, J = 14.3 Hz, 1H); 
3.25 (dd, J = 4.6; 8.9 Hz, 1H); 4.44 (d, J = 14.4 Hz, 1H); 5.12 
(s, 1H); 7.47–7.60 (m, 3H, 3H of Ar); 7.81–7.86 (m, 1H, 1H 
of Ar). 13C-NMR (126 MHz, CDCl3): δ 21.2, 21.7, 26.9, 
33.9, 37.9, 38.5, 44.1, 45.1, 46.4, 62.9, 70.6, 123.1, 123.8, 
129.6, 131.7, 133.2, 142.8, 165.4.

Synthesis of (4bS,7R,9aS)-13,13-dimethyl-6,7,8,9-tetra- 
hydro-10H-7,9a-methanoisoindolo[1,2-b]quinazolin-
12(4bH)-one (7).

To a solution of 4 (113 mg, 0.362 mmol) in MeOH 
(10 mL) at room temperature HCl (aq. 12 M, 1 mL) was 
added. Next, at room temperature under vigorous stirring, 
Zn dust (100 mg, 1.53 mmol) was added. After the disap-
pearance of the starting material (TLC analysis), the reac-
tion mixture was filtered and the filtrate evaporated in vac-
uo. The residue was suspended in H2O (10 mL), finely pow-
dered NaOH was added till the pH ~ 10–12 followed by 
extraction with Et2O (3 × 30 mL). The combined organic 
phase was washed with H2O (10 mL) and NaCl (aq. sat., 10 
mL), dried over anhydrous Na2SO4, filtered, and volatile 
components evaporated in vacuo. The residue was purified 
by column chromatography (1. n-hexane:Et2O = 1:3 to 
elute the nonpolar impurities; 2. Et3N:Et2O = 1:25 to elute 
the product 7). Fractions containing the pure product 7 
were combined and volatile components evaporated in vac-
uo. Yield: 46 mg (0.163 mmol, 45%) of white solid; mp 
164–172 °C. [α]D

r.t. = +102.5 (c = 0.33, CH2Cl2). EI-HRMS: 
m/z = 281.1646 (MH+); C18H21N2O requires: m/z = 281.1648 
(MH+); νmax 2951, 2930, 2869, 1677, 1615, 1468, 1447, 1412, 
1310, 1281, 1225, 1152, 1102, 1057, 1025, 975, 320, 795, 
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747, 709, 691, 621 cm–1. 1H-NMR (500 MHz, CDCl3): δ 
1.02 (s, 3H, Me); 1.04 (s, 3H, Me); 1.18–1.27 (m, 1H); 1.32–
1.39 (m, 1H); 1.82–1.97 (m, 4H); 2.57–2.65 (m, 1H); 3.24 
(d, J=13.3, 1H); 4.43 (d, J = 13.3 Hz, 1H); 5.83– 5.86 (m, 
1H); 7.48–7.53 (m, 1H, 1H of Ar); 7.58–7.63 (m, 1H, 1H of 
Ar); 7.77–7.84 (m, 2H, 2H of Ar). 13C-NMR (126 MHz, 
CDCl3): δ 18.6, 20.0, 26.9, 30.0, 38.3, 39.6, 43.3, 47.1, 53.0, 
73.8, 123.4, 123.5, 129.1, 131.5, 132.1, 143.4, 167.6, 180.4.

4. 1. �Single Crystal X-ray Structure Analysis 
of Compounds 6 and 7
Single crystal X-ray diffraction data of compounds 6 

and 7 have been collected on an Agilent SuperNova dual 
source diffractometer with an Atlas detector with CuKα 
radiation (1.54184 Å) at room temperature. The diffrac-
tion data were processed using CrysAlis PRO software.30 
Structure of both compounds was solved by direct meth-
ods, using SIR97.31 A full-matrix least-squares refinement 
on F2 was employed with anisotropic displacement param-
eters for all non-hydrogen atoms. H atoms were placed at 
calculated positions and treated as riding. For H atoms 
from methyl groups, torsion angles were calculated from 
electron density. Only H atom bonded to N2, was located 
from difference Fourier map and refined with isotropic 
displacement parameter. The absolute structure of both 
compounds was confirmed also by the refinement of Flack 
parameter. SHELXL97 software32 was used for structure 
refinement and interpretation. Drawings of the structures 
were produced using ORTEP-328 and Mercury29. Structur-
al and other crystallographic details on data collection and 
refinement have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication 
numbers CCDC 1539864-1539865, for 6 and 7, respective-
ly. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 
Union Road, Cambridge CB2 1EZ, UK; fax: 44 1223 
336033; e-mail: deposit@ccdc.cam.ac.uk).
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Abstract
A general four-step transformation of alkyl, cycloalkyl, aryl, and heteroaryl methyl ketones via 3-(dimethylamino)-1-sub-
stituted-prop-2-en-1-ones, followed by microwave [2+2] cycloaddition of dimethyl acetylenedicarboxylate, cyclization 
of (2E,3E)-2-[(dimethylamino)methylene]-3-(2-substituted)succinates with ammonia or hydroxylamine hydrochloride 
into 2-substituted-pyridine-4,5-dicarboxylates and their N-oxides and final cyclization with hydrazine hydrate into 
of 7-substituted-2,3-dihydropyrido[3,4-d]pyridazine-1,4-diones and 1,4-dioxo-7-substituted-1,2,3,4-tetrahydropyri-
do[4,3-d]pyridazine 6-oxides is shown. 

Keywords: methyl ketones, 7-substituted-2,3-dihydropyrido[4,3-d]pyridazine-1,4-diones, 1,4-dioxo-7-substituted-
1,2,3,4-tetrahydropyrido[4,3-d]pyridazine 6-oxides

1. Introduction
There are several methods for the preparation of 

2,3-dihydro[4,3-d]pyridazine-1,4- dione derivatives. They 
have been prepared by treatment of diethyl or dimethyl 
pyridine-3.4-dicarboxylate with hydrate of hydrazine in 
refluxing ethanol, and 6-aryl- and 6-aryl-2-methyl deriva-
tives with hydrate of hydrazine in refluxing ethanol, which 
allow the formation of the corresponding 7-substituted 
and 5,7-disubstituted-2,3-dihydropyridazine[3,4-d]pyri-
dazine-1,4-diones.1-4 Cyclization of ethyl 3-cyanoisonico-
tinate with hydrazine proceeds at room temperature to 
give 4-aminopyrido[3,4-d]pyridazine-1(2H)-one,5,6 while 
pyridine-3,4-dicarbonitriles give the corresponding pyr-
ido[3,4-d]pyridazine-1,4-diones.7 Other methods include 
cycloamination of 4-carbofunctional-5-vinylpyridazi
nes,,8,9 condensation of 4,5-dicarbofunctional pyridazines 
with amines,9,10 condensation of 4-(iminomethyl)pyri-
dazines with enolates,10 intramolecular cyclization of pyri-
dinecarbohydrazides,1,11 intramolecular cyclization of 

4-vinylpyridazine-5-carbonitriles,12,13 by ring enlargement 
of furo[3,4-c]pyridine-1,3-diones,2,3,5,14,15 1H-pyrrolo[3,4-c] 
pyridine-1,3(2H) -diones with hydrazine,1,4,16,17 by reaction 
of 5H-pyrano[3,4-d]pyridazines with amines,8 intramolec-
ular [4+2]cycloaddition of 1,2,4,5-tetrazines,18 ring con-
traction of 2H-1,2,4-triazepines.14 For a review see.19

Enaminones are well known starting compounds in 
the synthesis of heterocyclic systems. Their reactivity en-
ables various transformations and functionalizations. 
Their synthetic value and broad applicability has also 
been demonstrated in the preparation of natural products 
and their analogues, such as aplysinopsins,20 meridi-
anines,21 and dipodazines.22 Besides the evident reactions 
with nucleophiles, they also exhibit reactivity with elec-
trophiles as well, which only adds to their importance as 
building blocks in organic synthesis.23 Reactions with 
electrophiles have been demonstrated in the synthesis of 
polysubstituted butadienes by microwave-assisted formal 
[2 + 2] cycloadditions of enaminones to electron-poor 
acetylenes.24

DOI: 10.17344/acsi.2017.3695
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The functionalized buta-1,3-dienes as the basis of the 
synthetic route presented in this paper are prepared from 
simple and commercially available compounds such as al-
kyl, aryl, and heteroaryl methyl ketones. These are trans-
formed by treatment with N,N-dimethylformamide di-
methyl acetal (DMFDMA) or tert-butoxybis(dimethyl-
amino)methane (Bredereck´s reagent) into the corre-

sponding 3-(dimethylamino)-1-substituted-prop-2-en- 
ones, which are further transformed in a regiospecific mi-
crowave assisted [2 + 2] cycloaddition with dimethyl 
acetylenedicarboxylate (DMAD)25 to the before mentioned 
1,3-butadienes. These highly functionalized buta-1,3-
dienes proved to be useful and versatile reagents in the for-
mation of highly substituted pyridine, pyridine N-oxides, 

Scheme 1. Preparation of 7-substituted-2,3-dihydropyrido[3,4-d]pyridazine-1,4-diones 6a-c,f and 1,4-dioxo-7-substituted-1,2,3,4-tetrahydropyri-
do[4,3-d]pyridazine 6-oxides 7a,b,d,e,g from methyl ketones 1a-g.
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pyrrole, pyrido[3,4-c]pyridazine derivatives,25b 2-substi-
tuted pyridine-3,4-dicarboxylates and their N-oxides,10g 
and triazafulvalene derivatives.25d 

Polysubstituted aminobutadienes, prepared by this 
procedure, are suitable for the preparation of polysubsti-
tuted pyridine derivatives. They also represent a group of 
isomeric intermediates in regard to the aminobutadienes 
prepared via the Michael addition in the Bohlmann-Rahtz 
synthesis of pyridine derivatives.26 On this basis, a simple 
metal-free synthesis of 2-alkyl-, 2-cycloalkyl-, 2-aryl-, and 
2-heteroaryl-substituted pyridine-3,4-dicarboxylates and 
their N-oxides has also been reported.25g Recently, we re-
ported on a simple one-pot metal-free synthesis of 
2,4,5-trisubstituted pyridine derivatives and their N-ox-
ides by [2 + 2] cycloaddition of propyne iminium salts as 
electron-poor acetylenes to enaminones as well.27 We also 
reported a simple, metal-free synthesis of electron rich 
2,4,6-trisubstituted pyridine derivatives28 and the synthe-
sis of polysubstituted benzene derivatives, where N,N-di-
methylacetamide dimethyl acetal (DMADMA) served as 
the reagent and building block for generating aromatic fi-
nal products.29,30 Our existing knowledge of the enami-
nones and 1,3-butadienes has been expanded to the syn-
thesis of pyridines starting from Boc-protected amino ac-
ids, and the results of our research are presented in this 
paper. 

2. Results and Discussion
In this communication we report a general and sim-

ple synthesis of 7-substituted-2,3-dihydropyrido[3,4-d]
pyridazine-1,4-diones 6a-c,f and 1,4-dioxo-7-substitut-
ed-1,2,3,4-tetrahydropyrido[4,3-d]pyridazine 6-oxides 7a, 
b,d,e,g from methyl ketones 1a-g. We have reported earli-
er a simple metal-free synthesis of dimethyl 2-substitut-
ed-pyridine-4,5-dicarboxylates 4a-c,f and their N-oxides 
5a,b,d,e,g in the following manner: alkyl, aryl, and het-
eroaryl ketones 1a-g have been converted by treatment 
with N,N-dimethylformamide dimethylacetal /DMFD-
MA) or t-butoxybis(dimethylamino)methane (Brede-
reck´s reagent) into the corresponding 3-(dimethylami-
no)-1-substituted-prop-2-en-ones 2a-g, followed by mi-
crowave assisted [2 + 2] cycloaddition to dimethyl acety-
lenedicarboxylate to give dimethyl (2E,3E)-2-{(dimethyl-
amino)methylene}-3-(2-substituted)succinates 3a-g. 
Compounds 3 gave by treatment with ammonium acetate 
or hydroxylamine hydrochloride the corresponding di-
methyl 2-substituted-pyridine-4,5-dicarboxylates 4a-c,f 
and dimethyl 2-substituted-4,5-bis(methoxycarbonyl)pyr-
idine N-oxides 5a,b,d,e,g.25e,f,g Treatment of compounds 4 
and 5 with hydrazine hydrate afforded 7-substitut-
ed-2,3-dihydropyrido[3,4-d]pyridazine-1,4-diones 6a-c,f 
and 1,4-dioxo-7-substituted-1,2,3,4-tetrahydropyrido 
[4,3-d]pyridazine 6-oxides 7a,b,d,e,g, respectively. (Sche
me 1, Table 1).

3. Experimental
3. 1. General

Melting points were determined on a Stanford Re-
search Systems MPA100 OptiMelt automated melting 
point system. The NMR spectra were obtained on a Bruker 
Avance DPX 300 at 300 MHz for 1H and 75.5 MHz for 13C 
and on a Bruker Avance III UltraShield 500 plus at 500 
MHz for 1H and 126 MHz for 13C, using acetone-d6, aceto-
nitrile-d3, CDCl3, and DMSO-d6 with Me4Si as the internal 
standard, as solvents. Mass spectra were recorded on a Ag-
ilent 6224 Accurate Mass TOF LC/MS spectrometer, IR 
spectra on a Perkin Elmer Spectrum BX FTIR spectropho-
tometer. Column chromatography (CC) was performed 
on silica gel (Fluka, Silica gel 60, particle size 35-70 μm). 

The preparation of 2-substituted-pyridine-4,5-dicar-
boxylates 4a-c,f and dimethyl 2-substituted-4,5-bis(me-
thoxycarbonyl)pyridine N-oxides 5a,b,d,e,g from alkyl, 
cycloalkyl, aryl and heteroaryl methyl ketones has been 
previosly reported in our laboratory.25e,f,g

3. 2. �General procedure for the preparation  
of 7-substituted-2,3-dihydropyrido 
[3,4-d]pyridazine-1,4-diones and 
1,4-dioxo-7-substituted-1,2,3,4-
tetrahydropyrido[4,3-d]pyridazine 
6-oxides
To a solution of 0.5 mmol of the starting compound 

(dimethyl 6-substituted pyridine-3,4-dicarboxylate or 
2-substituted-4,5-bis(methoxycarbonyl)pyridine-N-ox-
ide) in 2–3 mL of methanol, 1 mmol (2 equivalents) of hy-
drazine monohydrate was added, followed by the addition 
of 2–3 drops of concentrated hydrochloric acid. The reac-
tion mixture was stirred vigorously and heated to reflux 
temperature for 4–24 h.

3. 2. 1. �7-Ethyl-2,3-dihydropyrido[4,3-d]
pyridazine-1,4-dione (6a)

The product was prepared from dimethyl 6-eth-
ylpyridine-3,4-dicarboxylate (4a,112 mg, 0.5 mmol), 90 
°C, 8 h. The yellow product was collected by vacuum filtra-
tion and washed with Et2O. Yield: 57% (55 mg), yellow sol-
id; mp = higher than 350 °C. 1H NMR (500 MHz,  
DMSO-d6): δ 1.30 (3H, t, J = 7.5 Hz, CH3); 2.97 (2H, q, J = 
7.6 Hz, CH2); 7.74 (1H, s, 8-CH); 9.25 (1H, s, 5-CH). 13C 
NMR (125 MHz, DMSO-d6): δ 13.54, 30.77, 115.03, 
148.30, 148.47, 164.77, 166.61, 166.74, 168.39. EI-HRMS: 
m/z = 192.0765 (MH+) found; C9H10N3O2 calculated: m/z 
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= 192.0768 (MH+); IR (ATR): ν 3426, 3302, 3250, 2960, 
1664, 1612, 1575, 1476, 1364, 1207, 1077, 899 cm–1. 

3. 2. 2. �7-Phenyl-2,3-dihydropyrido[4,3-d]
pyridazine-1,4-dione (6b) 

The product was prepared from dimethyl 6-phen-
ylpyridine-3,4-dicarboxylate (4b, 261 mg, 096 mmol), 90 
°C, 12 h. The yellow product was collected by vacuum fil-
tration and washed by Et2O. Yield: 74% (170 mg), yellow 
solid; mp = 335–339 °C. 1H NMR (500 MHz, DMSO-d6): δ 
7.48–7.57 (3H, m, Ph); 8.19-8.23 (2H, m, Ph); 8.35 (1H, s, 
8-CH); 9.36 (1H, s, 5-CH). 13C NMR (125 MHz,  
DMSO-d6): δ 113.8, 121.9, 126.9, 128.9, 129.6, 135.4, 137.8, 
149.1, 155.7, 156.2, 157.5. EI-HRMS: m/z = 240.0767 
(MH+) found; C13H10N3O2 calculated: m/z = 240.0768 
(MH+); IR (ATR): ν 3289, 3178, 3034, 2978, 2920, 2798, 
1898, 1648, 1559, 1454, 1112, 852 cm–1. LC-MS; 9.1 min; 
m/z: 240.1 (MH+).

3. 2. 3. �7-Cyclopentenyl-2,3-dihydropyrido[4,3-d]
pyridazine-1,4-dione (6c)

The product was prepared from dimethyl 6-cyclo-
pentenylpyridine-3,4-dicarboxylate (4c,150 mg, 0.56 
mmol), 90 °C, 24 h. The solid product that was formed 
during the reaction was a mixture of the starting dicarbox-
ylate and the product. The solid was collected by vacuum 
filtration, suspended in chloroform. The insoluble product 
was once more collected by vacuum filtration. Yield: 20% 
(26 mg), brown solid; mp = higher than 330 °C. 1H NMR 
(500 MHz, DMSO-d6): δ 2.03 (2H, p, J = 7.5 Hz, 4-CH2); 
2.54–2.60 (2H, m, 3-CH2); 2.76–2.82 (2H, m, 5-CH2); 6.87 
(1H, s, 2-CH); 7.81 (1H, s, 8-CH); 9.23 (1H, s, CH). 13C 
NMR (125 MHz, DMSO-d6): δ 22.8, 32.0, 33.2, 113.4, 
121.0, 133.5, 134.5, 142.6, 148.6, 155.2, 155.8, 156.0.  
EI-HRMS: m/z = 230.0915 (MH+) found; C12H12N3O2 cal-
culated: m/z = 230.0924 (MH+). IR (ATR): ν 3163, 3016, 
2947, 2892, 2839, 1649, 1598, 1553, 1434, 1368, 1325, 1291, 
1232, 1101, 1036, 823 cm–1.

3. 2. 4. �7-(Thiazol-2-yl)-2,3-dihydropyrido[4,3-d]
pyridazine-1,4-dione (6f)

The product was prepared from dimethyl 6-(thiazol-
2-yl)pyridine-3,4-dicarboxylate (4f, 89 mg, 0.32 mmol), 
90 °C, 15 h. The yellow product was collected by vacuum 
filtration and washed with Et2O. Yield: 44% (35 mg), yel-
low solid; mp = the product decomposes at 250 °C. 1H 
NMR (500 MHz, DMSO-d6): δ 7.97 (1H, d, J = 3.2 Hz, 
CH); 8.09 (1H, d, J = 3.2 Hz, CH); 8.54 (1H, d, J = 1.0 Hz, 
8-CH); 9.29 (1H, d, J = 1.0 Hz, 5-CH). 13C NMR (125 MHz, 
DMSO-d6): δ 113.3, 117.2, 123.6, 123.8, 144.9, 149.5, 151.8, 
155.9, 165.8, 167.6. EI-HRMS: m/z = 245.015 (MH–) 
found; C10H5N4O2S calculated: m/z = 245.0139 (MH-); IR 
(ATR): ν 3420, 3260, 1741,1721, 1661, 1654, 1602, 1569, 
1465, 1438, 1298, 1242, 1134, 1085, 958 cm-1. LC-MS: 7.1 
min; m/z: 247.3 (MH+).

3. 2. 5. �7-Ethyl-1,4-dioxo-1,2,3,4-tetrahydropyrido 
[4,3-d]pyridazine 6-oxide (7a)

The product was prepared from 2-ethyl-4,5-bis(me-
thoxycarbonyl)pyridine 1-oxide (5a, 156 mg, 0.65 mmol), 
90 °C, 7 h. The yellow solid was collected by vacuum filtra-
tion and washed with Et2O. Yield: 23% (31 mg), yellow sol-
id; mp = 270–276 °C. 1H NMR (500 MHz, DMSO-d6): δ 
1.26 (3H, t, J = 7.4 Hz, CH3); 2.89 (2H, q, J = 7.4 Hz, CH2); 
7.89 (1H, s, 8-CH); 8.61 (1H, s, 5-CH). 13C NMR (125 
MHz, DMSO-d6): δ 10.5, 23.3, 120.2, 123.5, 125.0, 134.8, 
153.7, 154.3, 156.0. EI-HRMS: m/z = 208.0712 (MH+) 
found; C9H10N3O3 calculated: m/z = 208.0717 (MH+). IR 
(ATR): ν 3203, 3047, 2974, 2810, 1626, 1549, 1454, 1432, 
1366, 1317, 1268, 1043, 814 cm–1.

3. 2. 6. �1,4-Dioxo-7-phenyl-1,2,3,4-tetrahydropyrido 
[4,3-d]pyridazine 6-oxide (7b)

The product was prepared from 4,5-bis(methoxycar-
bonyl)-2-phenylpyridine 1-oxide (5b, 241 mg, 0.84 mmol), 
90 °C, 12 h. The yellow solid was collected by vacuum fil-
tration and washed with Et2O. Yield: 90% (190 mg), yellow 
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solid; mp = 275–285 °C. 1H NMR (500 MHz, DMSO-d6): δ 
7.49–7.53 (3H, m, Ph); 7.82–7.85 (2H, m, Ph); 7.95 (1H, s, 
8-CH); 8.65 (1H, s, 5-CH). 13C NMR (125 MHz,  
DMSO-d6): δ 123.1, 124.3, 126.1, 127.9, 129.3, 129.6, 131.9, 
135.9, 150.4, 153.9, 154.7. EI-HRMS: m/z = 256.0716 
(MH+) found; C13H10N3O3 calculated: m/z = 256.0717 
(MH+). IR (ATR): ν 3338, 3066, 2861, 1807, 1657, 155, 
1466, 1448, 1269, 1096, 813 cm–1. LC-MS: 7.4 min; m/z: 
256.1 (MH+).

3. 2. 7. �7-(1-Methyl-1H-pyrrol-2-yl)-1,4-dioxo-
1,2,3,4-tetrahydropyrido[4,3-d]pyridazine 
6-oxide (7d)

The product was prepared from 4,5-bis(methoxycar-
bonyl)-2-(1-methyl-1H-pyrrol-2-yl)pyridine 1-oxide (5d, 
173 mg, 0.6 mmol), 90 °C, 4 h. The yellow product was 
collected by vacuum filtration and washed with Et2O. 
Yield: 75% (115 mg), yellow solid; mp = 222-238 °C. 1H 
NMR (500 MHz, DMSO-d6): δ 3.58 (3H, s, CH3); 6.12 (1H, 
dd, J1 = 3.7 Hz, J2 = 2.6 Hz, 3’-CH); 6.40 (1H, dd, J1 = 3.7 
Hz, J2 = 1.8 Hz, 5’-CH); 7.00 (1H, deg. dd, J = 2.2 Hz, 4’-
CH); 7.85 (1H, s, 8-CH); 8.64 (1H, s, 5-CH). 13C NMR (125 
MHz, DMSO-d6): δ 40.5, 112.9, 118.3, 129.6, 129.8, 130.1, 
131.0, 131.7, 141.1, 149.9, 159.9, 160.6. EI-HRMS: m/z = 
259.0822 (MH+) found; C12H11N4O3 calculated: m/z = 
259.0826 (MH+); IR (ATR): ν 3424, 3301, 3078, 2953, 2929, 
1664, 1651, 1558, 1485, 1471, 1308, 1255, 1103, 1072, 822 
cm–1. LC-MS: 7.3 min; m/z: 259.2 (MH+).

3. 2. 8. �7-(1-Methyl-1H-pyrrol-3-yl)-1,4-dioxo-1,2,3,4-tet-
rahydropyrido[4,3-d]pyridazine 6-oxide (7e)

The product was prepared from 4,5-bis(methoxycar-
bonyl)-2-(1-methyl-1H-pyrrol-3-yl)pyridine 1-oxide (5e, 
340 mg, 1.17 mmol), 90 °C, 4 h. The yellow product was 
collected by vacuum filtration and washed with Et2O. 
Yield: 89% (269 mg), yellow solid; mp = decomposes at 
292 °C. 1H NMR (500 MHz, DMSO-d6): δ 3.72 (3H, s, 
CH3); 6.84 (1H, deg. dd, J = 1.2, 4’-CH); 6.91 (1H, deg. dd, 
J = 2.6 Hz, 5’-CH); 8.18 (1H, s, 8-CH); 8.32 (1H, deg. dd, J 
= 2.0 Hz, 2’-CH); 8.62 (1H, s, 5-CH). 13C NMR (125 MHz, 
DMSO-d6): δ 36.1, 108.0, 113.8, 117.5, 122.0, 123.3, 123.9, 
126.8, 136.2, 146.8, 153.9, 154.7. EI-HRMS: m/z = 259.0823 

(MH+) found; C12H11N4O3 calculated: m/z = 259.0826 
(MH+); IR (ATR): ν 3416, 3295, 3199, 2992, 1653, 1614, 
1571, 1535, 1487, 1442, 1366, 1250, 1171, 1091, 831 cm–1. 
LC-MS: 6.6 min; m/z: 259.2 (MH+).

3. 2. 9. �1,4-Dioxo-7-(pyrazin-2-yl)-1,2,3,4-
tetrahydropyrido[4,3-d]pyridazine  
6-oxide (7g)

The product was prepared from 4,5-bis(methoxycar-
bonyl)-2-(pyrazin-2-yl)pyridine 1-oxide (5g,144 mg, 0.5 
mmol), 90 °C, 24 h. The yellow product was collected by 
vacuum filtration and washed with Et2O. Yield: 95% (125 
mg), yellow solid; mp = higher than 350 °C. 1H NMR (500 
MHz, DMSO-d6): δ 8.56 (1H, s, CH); 8.72 (s, 1H, CH); 
8.78 (1H, d, J = 2.5 Hz, CH); 8.87–8.91 (1H, m, CH); 9.87 
(1H, d, J = 1.5 Hz, CH). 13C NMR (125 MHz, DMSO-d6): δ 
124.1, 136.5, 144.6, 144.9, 145.26, 145.29, 145.6, 146.9, 
157.0, 158.1. EI-HRMS: m/z = 258.0624 (MH+) found; 
C11H8N5O3 calculated: m/z = 258.0622 (MH+); IR (ATR): ν 
3447, 3033, 2981, 1667, 1635, 1563, 1498, 1404, 1273, 1242, 
1119, 827 cm–1. LC-MS: 5.9 min; m/z: 255.7 [(M-2H)-].

4. Conclusion
A general four-step metal-free synthesis of a series of 

7-substituted-2,3-dihydropyrido[3,4-d]pyridazine-1,4-di-
ones and 1,4-dioxo-7-substituted-1,2,3,4-tetrahydropyr-
ido[4,3-d]pyridazine 6-oxides was designed starting from 
alkyl, cycloalkyl, aryl or heteroaryl methyl ketones in good 
to excellent yields. 
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Povzetek
V tem članku je opisana štiristopenjska pretvorba alkil, cikloalkil, aril in heteroaril metil ketonov, ki jih preko 3-(di-
metilamino)-1-substituiranih-prop-2-en-1-onov z [2+2] cickloadicijo na dimetil acetilendikarboksilat pretvorimo v 
(2E,3E)-2-[(dimetilamino)metilen]-3-(2-substituirane)sukcinate in naprej z amoniakom ali hidroksilaminom v 2-sub-
stituirane piridin-4,5-dikarboksilate in njihove N-okside. Iz teh nastanejo pri cilizaciji s hidrazinovim hidratom 7-sub-
stituirani 2,3-dihidropirido[3,4-d]piridazin-1,4-dioni in 1,4-diokso-7-substituirani 1,2,3,4-tetrahidropirido[4,3-d]piri-
dazin 6-oksidi.

https://doi.org/10.1016/j.tet.2014.02.039
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Abstract
Cyanobacteria are an important group of microorganisms displaying a range of morphologies that enable phenotypic 
differentiation between the major lineages of cyanobacteria, often to the genus level, but rarely to species or strain level. 
We focused on the unicellular genus Synechocystis that includes the model cyanobacterial strain PCC 6803. For 11 Syn-
echocystis members obtained from cell culture collections, we sequenced the variable part of the 16S rRNA-encoding 
region and the 16S - 23S internally transcribed spacer (ITS), both standardly used in taxonomy. In combination with 
microscopic examination we observed that 2 out of 11 strains from cell culture collections were clearly different from 
typical Synechocystis members. For the rest of the samples, we demonstrated that both sequenced genomic regions are 
useful for discrimination between investigated species and that the ITS region alone allows for a reliable differentiation 
between Synechocystis strains.

Keywords: Synechocystis; DNA barcoding; Cyanobacteria; rRNA; ITS region

1. Introduction
Cyanobacteria are Gram-negative prokaryotes char-

acterized by their ability to execute oxygenic photosynthe-
sis. They inhabit various environments, from oceans to 
freshwaters, but also including extreme locations such as 
deserts, hot springs and hypersaline habitats.1 As a conse-
quence, there is a considerable morphological diversity 
among these organisms, which was traditionally the key 
for taxonomic classification of cyanobacteria. However, 
improper growth conditions of wild strains when trans-
ferred to laboratory environment may result in the loss of 
morphological characteristics2,3 which consequently leads 
to misidentification and false classification.

To overcome variable morphological criteria, DNA-
based methods are becoming widely applied in the identi-
fication and cataloguing of cyanobacteria, either as the 
sole method of identification or in combination with phe-
notypic and ecological characterization.4 Adherent to clas-
sification of other bacteria, DNA-based taxonomy in cy-
anobacteria is mostly based on similarity in their 16S 
rRNA sequences, with the assumption that individuals of 
the same species share greater sequence similarity than in-

dividuals of different species.5 Although overall evolution 
of the 16S rRNA gene is rather slow, there are regions that 
are more variable, which allows for studying evolutionary 
relationships both between distant and closely related 
groups of organisms.6,7

Phylogenetic analysis based on 16S rRNA relies on 
the presumption that its gene only occurs in one copy per 
genome, or in case of multiple rRNA genes, that they are 
identical in sequence. Cyanobacteria commonly contain 
multiple ribosomal RNA operons and point–mutations 
can often be found in paralogous 16S rRNA gene copies. 
But since sequence heterogeneity is relatively low (mean = 
0.2%), it is believed to have no significant impact on deter-
mining phylogenetic relationships.8 Although the use of 
16S rRNA gene sequences remains a common tool for 
identification of organisms to the species level, doubts 
were expressed whether there is sufficient variability in 16S 
rRNA gene sequences to allow for discrimination at the 
subgeneric level.9

Owing to increasing number of sequenced cyano-
bacterial genomes, which has already exceeded the num-
ber of 150,10 the current phylogenetic studies that are in 
part based on 16S rRNA, also include a selection of more 
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variable sequences. In addition to sequences of protein- 
-coding genes, e.g. psbA, rbcL, rnpB, rpoC, gyrB,11,12 re-
search has increasingly focused on the internal transcribed 
spacer of ribosomal RNA genes (16S–23S rRNA-ITS).13 
With its variable length and number,14 rRNA ITS region is 
becoming a popular tool in identification and classifica-
tion of cyanobacteria.15 Three types of ITS regions were 
identified up to now in cyanobacteria, differing in the 
presence or absence of specific tRNA genes (reviewed by 
Sarma,16): the first type contains both tRNAIle and tRNAAla 

coding sequences (as found in Anabaena sp., Nostoc sp. or 
Synechococcus sp. PCC 6301), the second type contains 
only tRNAIle (found e.g. in 47 strains of Microcystis, in Syn-
echocystis sp. PCC 6803 and Spirulina sp. PCC 6313), while 
the third type has no identifiable tRNA-encoding sequence 
(as found in Nodularia sp. BCNO D9427). Restriction en-
donuclease digestion of amplified rRNA-ITS genomic seg-
ments has been used to delineate closely related cyanobac-
terial strains,17 whereas sequencing has been shown to be 
successful in analysis of subgeneric relationships of Micro-
cystis,18,19 Trichodesmium,20 Synechococcus,15,21 Prochloro-
coccus,22 Aphanizomenon and Anabaena3 as well as various 
picocyanobacteria.23

Surprisingly, no in-depth taxonomic classification 
has been performed for the genus Synechocystis.24 Al-
though more than 20 species have been described and 
many more strains were deposited in culture collections, 
limited sequence data as well as lack of details at the sub-
cellular level hinder adequate identification and classifica-
tion. Several planktic species including S. salina, S. limnet-
ica, S. aquatilis, and a few picoplanktic types are hardly 
morphologically distinguishable,25 which calls for a molec-
ular biological approach.

In our study, 11 different Synechocystis representa-
tives were analysed for their 16S rRNA and ITS sequence 
properties. Up to now, 16S rRNA data were available only 
for a few strains, most of them not defined at the species 
level. ITS data were almost completely missing from data-
bases. With our work we thus open ways for eventual ITS-
based molecular discrimination between species and 
strains of the Synechocystis genus and present data that 
would be of equal interest for taxonomists, ecologists and 
evolution biologists investigating unicellular cyanobacte-
ria.

2. Experimental
2. 1. Cyanobacterial Strains

Cyanobacterial strains used in our study are listed in 
Table 1. They were all obtained from established culture 
collections specialized in maintaining microalgae, except 
for S. nigrescens that was obtained from a general supplier 
of teaching consumables. Strain collections and their acro-
nyms that appear in strain codes were: Culture Collection 

of Algae at Goettingen University (SAG), The Culture Col-
lection of Algae and Protozoa (Scotland) (CCAP), Culture 
Collection of Autotrophic Organisms (Institute of Botany 
of the Academy of Sciences, Czech Republic) (CCALA), 
Pasteur Culture Collection of Cyanobacteria (PCC) and 
Carolina Biological Supply Company (Carolina). Most of 
the strains were catalogued with species names, except for 
three that were labelled with the genus and strain name/
code. Although most of the strains were listed as non-ax-
enic, microscopic inspection after several weeks of growth 
in our laboratory showed no or only minor contamination 
with other microorganisms.

All strains were cultured in liquid BG-11 medium 
(Sigma-Aldrich) with pH adjusted to 7.5 with 1 M HEPES, 
pH 8.6 (Calbiochem OmniPur grade) under constant cool 
white light (intensity of 25 µmol/m2s +/- 15%) and at room 
temperature (22 – 25°C). Synechocystis nigrescens was cul-
tured in buffered BG-11 medium as above, with added 
NaCl to 500 mM final concentration.

Table 1. List of cyanobacterial strains used for morphological and 
sequence analyses

Species	 Strain

Synechocystis aquatilis	 SAG 90.79
Synechocystis bourrellyi	 CCAP 1480/1
Synechocystis fuscopigmentosa	 CCALA 810
Synechocystis limnetica	 CCAP 1480/5
Synechocystis minuscula	 SAG 258.80
Synechocystis nigrescens	 Carolina
Synechocystis pevalekii	 SAG 91.79
Synechocystis salina	 CCALA 192
Synechocystis sp.	 CCAP 1480/4
Synechocystis sp.	 PCC 6714
Synechocystis sp.	 PCC 6803

2. 2. Polymerase Chain Reaction
Cells from mid- to late exponential phase culture (1 

ml) were pelleted by centrifugation. Supernatant was dis-
carded and cells were resuspended in 40 μl of sterile dH2O 
and heated for 10 min at 95°C. The lysed cells were used 
directly for PCR. Reactions were carried out in 20 μl mix-
tures containing 1 μl of boiled cell suspension, 1 × 
Taq-buffer with (NH4)2SO4, 2.5 mM MgCl2, 100 μM of 
each dNTP, 0.5 μM of each primer (Table 2) and 0.5 U of 
Taq-polymerase (Thermo Scientific), which was added to 
reaction mixtures after the initial denaturation. PCR reac-
tions were carried out using the following programme: in-
itial denaturation at 95 °C for 5 min, 30 cycles of 95 °C for 
30 s, annealing at 55 °C (for ITS amplification) or 60 °C 
(for 16S rRNA gene amplification) for 30 s and elongation 
at 72 °C for 1 min (16S) or 2.5 min (ITS) with a final exten-
sion step at 72 °C for 7 min. PCR products were resolved 
on 1.2% or 1.5% agarose gels and visualized using ethidi-
um bromide.
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We constructed the CY23R primer based on se-
quence alignment of 23S regions of 24 cyanobacterial spe-
cies from 16 different genera found in sequence databases. 
A conserved region, identical in all aligned sequences (5’ 
- GTGCCTGTTGAAGAATGAGCCGGCGA – 3’) was 
used to design a primer with appropriate length and melt-
ing temperature to be used with the standard cyanobacte-
ria-specific forward primer CSIF. Schematic representa-
tion of all the primers used is shown in Fig 1. CYA781Ra 
and CYA781Rb were always used as an equimolar mixture 
(0.5 μM) of both, in combination with 0.5 μM forward 
primer CYA106F.2

2. 3. Cloning and Sequencing
After electrophoresis, PCR products were excised 

from agarose gels and purified using GeneJet Gel Extrac-
tion Kit (Thermo Scientific). Purified products were ligat-
ed into pJET1.2 using CloneJET™ PCR Cloning Kit (Ther-
mo Scientific). After transformation of competent Escheri-
chia coli DH5α cells and plating onto selective media, plas-
mid DNA was isolated from overnight cultures of one to 
several independent clones using Plasmid MiniPrep Kit 
(Thermo Scientific). Sequencing was performed by Mac-
rogen Europe using compatible universal primers anneal-
ing to the plasmid backbone.

2. 4. Sequence Analyses
For sequence comparisons, only the polymorphic 

segment of the 16S rRNA gene or the ITS region were 
used. For 16S rRNA analyses we used the region which 

corresponds to nucleotide positions 90–751 (spanning 
variable regions V2-V4) in Synechocystis sp. PCC 6803 16S 
rRNA gene as it has proven to be useful for identification 
of cyanobacteria.2 From ITS amplicons, the region span-
ning conserved domains D1 to D5 was analysed.26 All the 
sequences were compared to the non-redundant dataset of 
the GenBank collection using BLASTN.27 Individual pair-
wise alignments between sequences were performed using 
EMBOSS Water algorithm at the EMBL-EBI web server28 
and multiple sequence alignments using MUSCLE algo-
rithm in MEGA version 6 29 for ITS regions or concatenat-
ed 16S and ITS. For multiple alignments of 16S sequences 

we utilized RDP Aligner.30 Analyses of tRNA composition 
in sequenced ITS regions were performed both manually, 
by finding the conserved segments of ITS in multiple 
alignments and comparing them to known consensus se-
quences for tRNAIle and tRNAAla, as well as with tRNAs-
can-SE v.1.21 program via the Lowe Lab Webserver Inter-
face.31

In addition to cyanobacterial strains listed in Table 1, 
we investigated in detail the 16S rRNA coding and ITS re-
gions of all three Synechocystis sp. strains whose complete 
genomes were sequenced up to now: PCC 6714, PCC 6803 
and PCC 7509. These sequences are available in GenBank 
under ID codes CP007542.1, CP003265.1 and NZ_
ALVU02000001.1, respectively.

Maximum-likelihood trees were built using MEGA 
version 6 29 applying the Jukes-Cantor model. Bootstrap 
resampling using 1000 replicates was performed to test the 
robustness of the trees. We built 3 trees, based on 16S, ITS 
or concatenated 16S and ITS sequences using sequences 

Table 2. List of specific primers used for amplification of 16S rDNA and ITS

Primer 	 Region	 Primer sequence (5’-3’) 	 Reference

CSIF	 ITS	 GTC ACG CCC GAA GTC GTT AC	 18

ULR	 ITS	 CCT CTG TGT GCC TAG GTA TC	 18

CY23R	 ITS	 CTC ATT CTT CAA CAG GCA C	 This study
CYA106F	 16S	 CGG ACG GGT GAG TAA CGG TGA	 2

CYA781Ra	 16S	 GAC TAC TGG GGT ATC TAA TCC CAT T	 2

CYA781Rb	 16S	 GAC TAC AGG GGT ATC TAA TCC CTT T	 2

Figure 1: Primer positions relative to the 16S and 23S coding regions. Nucleotide positions are labelled for reference as deducted from Synechocyst-
is sp. PCC 6803 genome.
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Figure 2: Microphotographs of Synechocystis strains at 1000× magnification. (a) Synechocystis aquatilis SAG 90.79, (b) Synechocystis bourrellyi* 
CCAP 1480/1, (c) Synechocystis fuscopigmentosa CCALA 810, (d) Synechocystis limnetica* CCAP 1480/5, (e) Synechocystis minuscula SAG 258.80, 
(f) Synechocystis nigrescens, (g) Synechocystis pevalekii SAG 91.79, (h) Synechocystis salina CCALA 192, (i) Synechocystis sp. CCAP 1480/4, (j) Syne-
chocystis sp. PCC 6714, (k) Synechocystis sp. PCC 6803. Inverted microscope Nikon EclipseTE300 was used. Scale bar corresponds to 10 μm. * de-
notes species samples with atypical morphology for Synechocystis members.
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from strains analysed in this study (9 sequences for trees 
based on ITS and concatenated 16S and ITS sequences, 
and 10 for the tree based on 16S sequences, since from 
Synechocystis nigrescens we could only amplify 16S rRNA 
but not ITS region), sequences from two other Synechocys-
tis strains with published whole genome sequence (Syne-
chocystis sp. PCC 7509 and PCC 6714) and sequences 
from 4 fully sequenced non-Synechocystis strains, whose 
16S or ITS regions showed high similarity to some of our 
analysed strains.

3. Results and Discussion
3. 1. Microscopic Investigation of the Strains

Microphotographs of Synechocystis strains at 1000× 
magnification are presented in Fig 2. Cells of strains that 
later proved to be phylogenetically closest to Synechocystis 
sp. PCC 6803 and PCC 6714 (Synechocystis salina CCALA 
192, Synechocystis sp. CCAP 1480/4 and Synechocystis mi-
nuscula) were similar in shape and size (1–2.5 (5) µm) to 
the typical morphology32 of Synechocystis members.

Synechocystis limnetica CCAP 1480/5 and Synecho-
cystis bourrellyi CCAP 1480/1 resembled shape character-
istics of Synechococcus  genus members. Especially Syne-
chocystis bourrellyi with cells several times longer than 
wide is evidently morphologically different from Synecho-
cystis representatives and fits into description of Synechoc-
occus-type cell shape: cells 1.5 up to more than 20 μm long 
and 0.4 to 6 μm wide, according to CyanoDB (http://www.
cyanodb.cz/Synechococcus). We thus decided to interpret 

sequence data obtained with these two strains with care 
and from here on we label both strains with and asterisk 
(*) after the species name.

Three of the analysed strains showed cell diameters 
relatively large for the Synechocystis members. Synechocys-
tis pevalekii SAG 91.79, Synechocystis nigrescens and Syne-
chocystis aquatilis SAG 70.79 with diameters ranging from 
3.5 to 5 µm represent this group. Although the typical di-
ameter for Synechocystis aquatilis is expected to be 4.5 to 7 
µm,33 these cells are larger than typical32 for Synechocystis 
members. According to their size, these three strains are 
similar to Geminocystis genus members (3–10 µm). Never-
theless we kept these strains for DNA analysis to find out 
the level of their relatedness to strains with the typical 
shape and size of Synechocystis members.

It has been observed before that cyanobacterial sys-
tematics that is based on morphology alone is problematic, 
as cells change morphology in varying growth conditions. 
This has for example been shown for the picobacterium 
Cyanobacterium aponinum that displays a very different 
habitus in salt water (elongated cells) as compared to fresh-
water.34 In the literature, there are also reports that growth 
in laboratory conditions can alter cell phenotype as com-
pared to natural growth conditions.35 A DNA-based analy-
sis has a clear advantage over microscopic analysis in that 
it is not affected by eventual changes in cell morphology. 
On the other hand, with PCR-based methods there is a 
risk of polymerase errors and cross-contamination, possi-
bly leading to ambiguous results.36 Furthermore, amplifi-
cation of DNA from a minor population in non-axenic 
cultures can occur, especially when broad-specificity 
primers are used.2 A microscopic check of the starting ma-

Figure 3: PCR amplification products of ITS regions for the 10 Synechocystis strains using CSIF and ULR primers, resolved on 1% agarose gel. (a) 
Synechocystis sp. PCC 6803, (b) Synechocystis sp. PCC 6714, (c) Synechocystis sp. CCAP 1480/4, (d) Synechocystis salina CCALA 192, (e) Synechocys-
tis minuscula SAG 258.80, (f) Synechocystis aquatilis SAG 90.79, (g) Synechocystis fuscopigmentosa CCALA 810, (h) Synechocystis pevalekii SAG 
91.79, (i) Synechocystis limnetica* CCAP 1480/5, (j) Synechocystis bourrellyi* CCAP 1480/1. Marker sizes are labelled to the left of the DNA ladder. * 
denotes species that in microscopic analysis showed atypical morphology for Synechocystis members.
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terial is thus always recommended. When we did so, we 
observed that two of the strains display a morphology that 
is atypical for Synechocystis members (consequently 
marked with an asterisk) and a few other strains had cells 
larger than typical for Synechocystis.

Without very good knowledge and long-standing 
expertise in microscopic investigation of unicellular cy-
anobacteria, cell morphologies might be inconclusive 
about the identity of the investigated species. The discrim-
ination power of DNA is thus much higher and low-cost 
whole-genome sequencing might open doors to new ap-
proaches to strain identification. For the time being, DNA 
barcoding that is based on selected genomic regions seems 
to be a reasonable substitute. Even in the future, when pol-
ymorphic genomic regions are better understood, DNA 
barcoding will enable fast identification, possibly even of 
single cells.

3. 2. �Amplification and Cloning of Genomic 
Regions
For cloning and sequencing of ITS regions, PCR 

products obtained with CSIF and either ULR or CY23R 
reverse primer were used (Figure 3). Only with S. aquatilis, 
two PCR products were obtained (only the larger product 
can be clearly seen in Fig. 3) and sequenced that differed in 
ITS length. All other samples resulted in one PCR product 
only. Amplicon lengths using CSIF/ULR primers and de-
duced ITS lengths as obtained by sequencing are given in 
Table 3.

Table 3. Summary of amplicon lengths using the combination of 
CSIF and ULR primers and deduced ITS lengths obtained for 10 
Synechocystis representatives
Amplicon lengths were calculated from respective sequences after 
plasmid cloning of PCR products obtained with CSIF forward and 
CY23R or ULR reverse primer. ITS lengths correspond to the region 
spanning conserved domains D1 to D5.14 S. nigrescens ITS region 
could not be amplified using any of the primers listed in Table 2.

Species	 Amplicon	 ITS length
	 length

Synechocystis aquatilis	 418 or 479	 311 or 312
Synechocystis bourrellyi*	 1185	 1018
Synechocystis fuscopigmentosa	   512	   344
Synechocystis limnetica*	 1056	   888
Synechocystis minuscula	   645	   477
Synechocystis pevalekii	   752	   587
Synechocystis salina	   632	   466
Synechocystis sp. CCAP 1480/4	   632	   467
Synechocystis sp. PCC 6714	   631	   465
Synechocystis sp. PCC 6803	   631	   465

* denotes species that in microscopic analysis showed atypical 
morphology for Synechocystis members.

According to ITS lengths (Table 3), Synechocystis 
members can roughly be divided into four groups. The 

shortest ITS regions (310-350 bp) were found in S. aquatilis 
and S. fuscopigmentosa (group A). Most of the analysed 
representatives belong to the group B with ITS lengths of 
between 460 and 480 bp (including S. minuscula, S. salina, 
CCAP 1480/4, PCC 6714 and PCC6803). Group C with 
intermediate size ITS region (587 bp) was represented by 
S. pevalekii, while the eventual group D displayed very 
long ITS regions (S. limnetica* 888 bp, S. bourrellyi* 1018 
bp – both were morphologically atypical for Synechocystis 
members as can be seen in Fig. 2). These differences in ITS 
lengths allow for a rapid PCR-based differentiation be-
tween some of the Synechocystis members without se-
quencing, although strain determination cannot be 
achieved by using universal ITS primers alone.

Iteman et al. reported that ITS regions of cyanobac-
teria vary in length from 283 to 545 bp,14 which is with 
exclusion of S. bourrellyi* and S. limnetica* true also for the 
ITS regions of the analysed Synechocystis strains (Table 3). 
Interestingly, ITS lengths of the two atypical species sam-
ples (1018 bp for S. bourrellyi* and 888 bp for S. limnetica*) 
correspond to the lengths that were reported for Synechoc-
occus representatives,37 i.e. between 820 bp (WH 7803) and 
1065 bp (PCC 7001). These results are in accordance with 
the morphological features of the two strains (Fig. 2), dis-
playing characteristics of Synechococcus rather than Syne-
chocystis species. Taken together, the great variety of the 
lengths of the ITS segments represents a good starting 
point for development of amplification-based approaches 
to differentiation between species and strains within the 
Synechocystis genus.

3. 3. Sequence Comparisons
Sequences of 16S rRNA gene variable regions were 

determined for products of PCR amplification using prim-
ers CYA106F and CYA781Ra/b. All the sequences ob-
tained within this work are deposited in GenBank 
(KT354181– KT354212 and KT371491– KT371499). Re-
spective ID codes are listed in the following sections for 
each of the strains analysed.

We compared variable segments of 16S rRNA genes 
and complete ITS sequences from our experiments with 
those available in GenBank using BLAST. The result of the 
comparison was a list of sequences with highest levels of 
identity. Below, we are summarizing our findings for indi-
vidual species/strains.

In the text, the term ‘clone’ refers to sequences that 
we obtained on plasmid-cloned PCR products resulting 
from amplification of template DNA from individual cy-
anobacterial cell cultures.

3. 3. 1. Synechocystis Aquatilis
S. aquatilis is the type species of the genus (Komárek, 

2006) and there are several 16S rRNA encoding sequences 
deposited in the GenBank that enabled their easy align-
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ment and analysis of inter-strain differences. We analysed 
two independent clones of the 16S rRNA region (IDs: 
KT354181, KT354182). Both our sequences displayed 
99.5% identity to the database sequence KM020011.1 orig-
inating from the same strain and the same culture collec-
tion as ours. Three identical database sequences from 3 
Cyanobacterium aponinum strains showed the second 
highest score (97% sequence identity to our sequence): 
KSU-WH-5 (ID: KT807478.1) collected in Saudi Arabia, 
lklSCC30 (ID: KM438201.1) collected in Greece and PCC 
10605 (ID: CP003947.1), for which the complete genome38 
is available.

Up to now, partial or full 16S rRNA sequences of 8 
other Synechocystis aquatilis strains have been deposited in 
GenBank. They did not appear among top-scored hits in 
our initial sequence comparison and were therefore sepa-
rately aligned to our sequences using the multisequence 
alignment program Clustal W2. Comparison of 237 nucle-
otides shared by all the deposited sequences revealed close 
relation of our clones to sequences belonging to two differ-
ent S. aquatilis strains (ISB32 and ISB33, isolated from hot 
springs in Iran) having 99.7% (1 polymorphic site) and 
92.5% (18 polymorphic sites) sequence identity, respec-
tively. Sequences of the 16S rRNA from other 6 Synecho-
cystis aquatilis strains deposited in GeneBank differed sub-
stantially from our newly determined sequences and seem 
only distantly related to SAG 90.97. Either the strains are 
genetically substantially polymorphic or the depositors 
failed to properly determine the species.

BLASTN sequence similarity search comparing our 
4 clones of the ITS region positioned Cyanobacterium ap-
oninum PCC 10605 as the top match with 95% sequence 
identity. Except ours, there are no ITS sequences attributed 
to Synechocystis aquatilis currently deposited in GenBank.

3. 3. 2. Synechocystis bourellyi*
Sequences of two 16S rRNA-coding clones (IDs: 

KT354187, KT354188) and of one ITS region clone 
(KT354189) were compared to the complete GenBank da-
taset. The highest score (99.5% identity, 3 mismatches for 
KT354187 and 99.7% identity or 2 mismatches for 
KT354188) was shared with various strains of the Syne-
chococcus genus (Synechococcus elongatus CCAP 1479/1B 
(ID: KM020008.1), Synechococcus sp. CCAP 1479/10 (ID: 
HE975006.1), Synechococcus sp. PCC 7009 (ID: 
AM709628.1), Synechococcus sp. EW15 (ID: DQ275602.1 
and Synechococcus sp. BO8806 (ID: AF317072.1)). Com-
parison with complete genome sequences showed Cyano-
bium gracile PCC 6307 (ID: CP003495.1) with 99.2% (5 
mismatches with KT354187) or 99.4% sequence identity 
(4 mismatches with KT354188) as the highest scoring re-
sult.

The ITS region we have amplified was unexpectedly 
long (Table 3 and Fig. 3). BLASTN search identified Syne-
chococcus sp. PCC 7009 (ID: AM709628.1) as the highest 

score with only two mismatched nucleotides. As with 16S 
rRNA coding regions, complete genome sequence with the 
highest score was that of Cyanobium gracile PCC 6307 (ID: 
CP003495.1) with 92.9% sequence identity.

Both 16S rRNA encoding and ITS region sequences 
thus demonstrate highest identities with members of the 
Synechococcus genus, but also of other related genera. This 
is in line with the microscopic observations (Fig. 2). Syne-
chocystis members did not appear as top scores in the se-
quence comparisons we have performed.

3. 3. 3. Synechocystis fuscopigmentosa
Two identical 16S rRNA-coding sequences were ob-

tained (ID: KT371491) displaying 98.9% identity to the 
corresponding region of Geminocystis sp. NIES-3709 (ID: 
AP014821.1).

Next, we analysed two sequences of the ITS region 
and also found them identical (ID: KT371492). BLASTN 
search results showed sequence from Cyanobacterium sp. 
PAP1 (ID: EF555569.1) as the most similar one, but the 
coverage was not complete since the GenBank submission 
for PAP1 strain does not contain full ITS sequence. Gemi-
nocystis sp. NIES-3709 (ID: AP014821.1) displayed the 
highest overall score among available sequences with com-
plete coverage (96.8% identity).

3. 3. 4. Synechocystis limnetica*
Two 16S rRNA-coding clones were sequenced and 

analysed (IDs: KT354190, KT354191). Sequence align-
ment showed that among the cyanobacterial 16S rRNA 
sequences deposited in databases, S. limnetica* has the 
highest similarity with Synechococcus sp. MA0607K (ID: 
FJ763779.1), having 8 or 9 mismatches (for the two clones) 
in the variable segment alone. Sequence of the ITS region 
(1 clone sequenced; KT354192) has the highest identity, 
87.6%, with Prochlorococcus marinus MIT9313 (whole ge-
nome, ID: BX548175.1). BLASTN search resulted in se-
quences with higher identity to our clone (up to 98%), but 
they were assigned to uncultured and taxonomically unde-
fined organisms. Although Synechocystis limnetica* is 
highly related to Synechocystis bourrellyi* (97%) in the 16S 
variable region, it differs substantially in the ITS region 
(57%), as can be seen from Tables 4 and 5.

3. 3. 5. Synechocystis minuscula
Two clones of the 16S region were identical in se-

quence (ID: KT354193). The top search result after 
BLASTN sequence similarity analysis was a GenBank en-
try KM019989.1 from essentially the same strain, albeit 1 
mismatch was detected. The second best results were Syn-
echocystis salina LEGE 06155 (ID: HQ832911.1, isolated 
from the intertidal zone in Northern Portugal) and Syne-
chocystis cf. salina LEGE 07073 (ID: HM217083.1, isolated 
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from an estuarine habitat, also in Northern Portugal), both 
with 97.4% identity.

In the GenBank database we found a 16S rRNA cod-
ing sequence of another Synechocystis minuscula strain 
(AICB 62; ID: KJ746516.1), but it displayed only low iden-
tity (86.8%) with the sequence of our analysed strain. The 
AICB 62 strain originated from the Algal and Cyanobacte-
rial Collection (AICB) of the Institute of Biological Re-
search from Cluj-Napoca, Romania.

The 4 clones of the ITS region differed only in the first 
nucleotide position so that pairs of sequences KT354195/
KT354196 and KT354194/KT354197 were identical. They 
had the highest alignment score with the sequence of Syne-
chocystis sp. PAK13 (ID: EF555571.1) and Synechocystis sp. 
PAK12 (ID: EF555570.1)32 with 84.7% identity, but these 
PAK strains sequences had only 75% of the total ITS region 
length covered. The best result with the full coverage of the 
ITS region was with Gloeothece sp. PCC 6909 (CCAP 
1480/4, ID: HE975009.1), having 80% identity.

3. 3. 5. Synechocystis nigrescens
Two 16S rRNA coding sequences were analysed 

(IDs: KT354198 and KT354199). They displayed one mis-
match when compared to each other. BLASTN analysis 
identified Synechocystis sp. SAG 37.92 (ID: KM020010.1) 
as the highest score with only one mismatch. All other se-
quences with high similarity were assigned to genera Gem-
inocystis or Synechocystis.

The ITS region could not be analysed because we 
were unable to amplify it using any of the primer combina-
tions from Table 2. This might point to the fact that the 5’ 
amplification primer was not hybridizing with the tem-
plate despite the fact that the annealing region seems to be 
highly conserved2 among different cyanobacteria.

3. 3. 6. Synechocystis pevalekii
Two 16S rRNA-coding sequences were analysed 

(IDs: KT354200 and KT354201). BLASTN analysis sur-
prisingly showed Chamaesiphon subglobosus PCC 7430 
(ID: AY170472.1) as the hit with the highest score with 
only 2 (ID: KT354200) or 3 (ID: KT354201) mismatches in 
the variable region of the 16S rRNA gene. Comparison 
with complete genome sequences showed 16S rRNA gene 
from Chamaesiphon minutus PCC 6605 (ID: CP003600.1) 
as the highest scoring sequence with 97.3% identity.

For the ITS region, we analysed 5 clones (IDs: 
KT354202 – KT354206). All of them displayed 90% se-
quence identity with Chamaesiphon minutus PCC 6605 
(complete genome, ID: CP003600.1). All other hits were 
less related to the S. pevalekii sequence in this region.

Interestingly, microscopic observations of Synecho-
cystis pevalekii SAG 70.79 showed almost no morphologic 
characteristics of the genus Chamaesiphon in contrast to 
our sequence alignment results.

3. 3.7. Synechocystis salina
Two 16S rRNA-coding sequences were analysed (IDs: 

KT354209, KT354210). The highest alignment score ob-
tained was that of Gloeocapsa alpicola FACH-400 (ID: 
JX872524.1; three mismatches with KT354209 and one with 
KT354210) and Gloeothece sp. PCC 6909 (CCAP 1480/4, 
ID: HE975009.1; three mismatches with both clones). Gloe-
ocapsa alpicola has been reclassified among genera twice; 
first it has been assigned to Synechocystis genus and lately 
ordered32 into a new genus as Geminocystis herdmanii. 
Complete genome sequence with the highest score was that 
of Synechocystis sp. PCC 6803 (ID: CP003265.1) with 98.2% 
identity in the variable part of the 16S rRNA coding region.

Two sequences of the ITS region (IDs: KT354211, 
KT354212) were found to contain two polymorphic sites. 
There was 99.8% (1 mismatch with KT354211) or 100% 
identity (KT354212) with Gloeothece sp. PCC 6909 (CCAP 
1480/4, ID: HE975009.1). The next highest identity score 
was obtained with Synechocystis sp. PAK12 (ID: 
EF555570.1), displaying 93.2% identity.

3. 3. 8. Synechocystis sp. CCAP 1480/4
It should be noted that in the culture collection, CCAP 

1480/4 strain is described as Synechocystis sp., while in Gen-
Bank this same strain is labelled as Gloeothece sp. PCC 6909. 
Two clones of 16S rRNA coding sequence were analysed. 
They were identical (ID: KT354207) and showed one mis-
match when compared to 16S sequences of both Gloeocapsa 
alpicola FACHB-400 (ID: JX872524.1) and Gloeothece sp. 
PCC 6909 (CCAP1480/4, ID: HE975009.1). The closest 
complete genome sequence was that of Synechocystis sp. 
PCC 6803 (ID: CP003265.1) with 98.5% identity (10 mis-
matches across the variable part of the 16S rRNA sequence).

The ITS region (ID: KT354208) displayed 100% identity 
with Gloeothece sp. PCC 6909 (CCAP 1480/4, ID: HE975009.1). 
The next highest score was that of Synechocystis sp. PCC 6714 
(complete genome, ID: CP007542.1) having 91.3% identity.

Gloeothece members are characterized by formation 
of small colonies which are enveloped in mucilagous enve-
lopes while Synechocystis does not form microcolonies. 
Our observations (Fig. 2) showed no characteristic enve-
lopes in the strain analysed.

3. 3. 9. Synechocystis sp. PCC 6714
The genomic sequence of Synechocystis sp. PCC 6714 

has previously been determined,39 therefore only one clone 
of its ITS region (ID: KT371499) was sequenced. It showed 
3 mismatches to the genomic sequence of this strain de-
posited in GenBank (ID: CP007542.1).

3. 3.10. Synechocystis sp. PCC 6803
Essentially, results with the Synechocystis  sp. PCC 

6803 strain were as expected from the genomic sequence,40 
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although 4 polymorphic sites were found in 16S rRNA 
coding sequences in our 4 clones (IDs: KT371493 – 
KT371496). None of our clones was identical to any other 
published sequence and all 4 had Synechocystis sp. 
LMECYA 68, a strain from Cyanobacteria Culture Collec-
tion Estela Sousa e Silva in Portugal (ID: EU078508.1), as 
the highest BLASTN hit, followed by three Synechocystis 
sp. strains: PUPCCC 62 (ID: KF475890.1), an isolate from 
India, and KSU-AQIQ-1 (ID: LN997853.1) and KSU-
WH-2 (ID: KT807477.1), both discovered in Saudi Arabia. 
Sequences of these three strains were identical to that in 
the deposited genomic sequence of Synechocystis sp. PCC 
6803. Sequence identities for LMECYA 68 strain ranged 
from 100% with one of our clones to 99.7% (2 mismatches) 
with another one. In the other three strains (and equally in 
the published PCC 6803 strain), sequences differed in 1 to 
3 positions from our sequence.

Analysis of two clones of ITS sequences (IDs: 
KT371497, KT371498) showed 0 and 1 mismatches, re-
spectively with the published genomic sequence40 of Syne-
chocystis sp. PCC 6803.

Although Synechocystis sp. PCC 6803 is of utmost 
importance for research on photosynthesis, evolution, as 
well as for biotechnology and synthetic biology, this strain 
has never been taxonomically defined to the species level. 

Especially for environmental and biosafety investigations, 
it would be helpful to assign a species to this strain as well. 
From our sequence data, the PCC6803 strain is closely re-
lated to Synechocystis salina, but not identical. Our results 
show that PCC 6803 is a distinct taxonomic entity despite 
the fact that it was described as ‘corresponding to S. 
aquatilis’32 based mainly on its morphologic similarity to 
the type strain. We found out that the ITS regions of these 
two Synechocystis members are very different, sharing only 
52% of the sequence, and that also the 16S rRNA coding 
variable regions are only 86% identical.

A summary of our findings is presented in Tables 4 
and 5, showing identities among the variable segment of 
the 16S rRNA genes and the ITS sequences, respectively, 
for 11 Synechocystis species/strains (10 for the ITS region). 
Also included in the tables is Synechocystis sp. PCC 7509, 
the only strain with whole genome sequence available be-
sides PCC 6803 and PCC 6714, both of which we analysed 
independently.

As evident from Table 4, there are three species that 
in their 16S rRNA gene sequences differ substantially from 
the remaining Synechocystis members in our study, namely 
S. bourrellyi* (which only shows substantial similarity with 
S. limnetica*), S. nigrescens (more closely related only to S. 
aquatilis) and S. limnetica* (similar only to S. bourrellyi*).

Table 4. Summary of 16S rRNA variable region sequence identities among Synechocystis members
Sequences used for comparison were obtained in our laboratory, only those of PCC 6714 and PCC 
7509 were taken from GenBank. For PCC 6803 our data were in accordance with GenBank se-
quences. Shade intensity increases with higher values of sequence identity.
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S. aquatilis SAG 90.79
S. bourrellyi* CCAP 1480/1 83
S. fuscopigmentosa CCALA 810 95 85
S. limnetica* CCAP 1480/5 83 97 85
S. minuscula SAG 258.80 87 86 88 88
S. nigrescens 94 84 87 83 88
S. pevalekii SAG 91.79 88 88 90 88 90 89
S. salina CCALA 192 88 86 89 87 96 89 91
Synechocystis sp. CCAP 1480/4 88 87 89 87 96 90 91 99
Synechocystis sp. PCC 6714 86 87 88 87 97 87 90 98 98
Synechocystis sp. PCC 6803 86 86 88 87 97 87 90 98 98 99
Synechocystis sp. PCC 7509 89 85 90 85 89 89 90 90 90 88 88

* denotes species that in microscopic analysis showed atypical morphology for Synechocystis 
members
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Identities in the ITS region (Table 5) are far lower 
than in 16S-rRNA coding region and only a few strains 
clearly converge in a single group, namely PCC 6803, PCC 
6714, CCAP 1480/4 and S. salina. For other species/strains 
identity was below 65% when compared to each other 
within the dataset.

We additionally compared the variable part of the 
16S rRNA coding sequences that were determined in our 
laboratory with those known previously for members of 
all the major lineages of cyanobacteria (Appendix, Fig. B). 
Synechocystis members from our analysis appear distrib-
uted among Chroococcidiopsidales, Chroococcales, Os-

Based on our sequence data, we prepared phyloge-
netic trees based on 16S rRNA coding region (Fig. 4 top), 
ITS region (Fig. 4 bottom) and concatenated 16S and ITS 
(see Appendix). Phylogenetic trees that are based on 16S 
rRNA-coding and ITS sequences alone do not differ sub-
stantially from each other. Nevertheless, they do differ 
slightly in positioning of S. minuscula in the cluster closely 
related to PCC 6803 (but in the 16S rRNA-based tree, its 
positioning is supported with low bootstrap. Also Synecho-
cystis sp. PCC 7509 is positioned differently in 16S rRNA 
and ITS trees. Although topologies differ slightly, we do not 
believe that this influences interpretation of our results. 
Our intention was not to determine definite intrageneric 
phylogenetic positions of analysed strains but to illustrate 
that taxonomic positioning of some Synechocystis species is 
not in accordance with their phylogeny even on the genus 
level. Namely, they show higher sequence relatedness to 
representatives of genera other than Synechocystis, which is 
evident from both trees, as well as from the tree based on 
concatenated sequences (see Appendix, Fig. A).

cillatoriales, and eventually Synechococcales (only the 
two strains that were evidently different from others by 
appearance). This is in good accordance with the previ-
ously published phylogenetic tree based on 31 protein se-
quences from all the fully sequenced genomes of cyano-
bacteria known in 2014 (Fig. 1 in24), just that we addition-
ally found S. pevalekii as a new member of the genus evad-
ing the Chroococcales order, showing relatedness to Os-
cillatoriales. S. bourellyi* and S. limnetica* stand even 
further apart from the rest of the analysed Synechocystis 
members, further corroborating the idea that they might 
have been either mislabelled before they came in our lab-
oratory or were incorrectly taxonomically determined at 
deposition in the culture collection. Another possible ex-
planation would be horizontal gene transfer, since it is 
known to be common among cyanobacteria, especially 
for protein-coding genes.41,42 Further analyses of addi-
tional phenotypic and genotypic characteristics would 
provide unambiguous conclusions about the observed 
variability.

Table 5. Summary of ITS sequence identities among Synechocystis members
Sequence data for PCC 6714 and PCC 7509 were taken from GenBank, all other were 
obtained in our laboratory. For PCC 6803 our sequences data were in accordance with 
GenBank sequences. Shade intensity increases with higher values of sequence identity.
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S. aquatilis SAG 90.79
S. bourrellyi* CCAP 1480/1 45
S. fuscopigmentosa CCALA 810 79 47
S. limnetica* CCAP 1480/5 50 57 49
S. minuscula SAG 258.80 50 37 55 38
S. pevalekii SAG 91.79 52 42 53 48 48
S. salina CCALA 192 52 36 55 41 78 48
Synechocystis sp. CCAP 1480/4 52 36 55 42 78 49 99
Synechocystis sp. PCC 6714 53 35 52 43 77 44 91 91
Synechocystis sp. PCC 6803 52 35 51 41 77 43 91 91 91
Synechocystis sp. PCC 7509 62 45 61 47 52 63 51 51 51 48

* denotes species that in microscopic analysis showed atypical morphology for 
Synechocystis members
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3. 4. �tRNA coding Sequences Within ITS 
Regions

ITS regions in all the strains that we analysed con-
tained tRNAIle sequences. Only sequences of S. aquatilis, S. 
bourrellyi*, S. fuscopigmentosa, S. limnetica* and S. pevale-
kii additionally contained the tRNAAla sequence, which 
was not observed in members of the Synechocystis genus 

before. This could be considered an interesting example of 
the heterogeneity in Synechocystis. We found the first case 
of a two-tRNA ITS in Synechocystis in PCC 7509 genome38 
and we further expanded the number of known Synecho-
cystis members harbouring 2 tRNA-coding sequences in 
their ITS to 5 additional species (S. aquatilis, S. bourrellyi*, 
S. pevalekii, S. fuscopigmentosa and S. limnetica*). It re-
mains to be elucidated whether the addition of tRNAAla 

Figure 4. Phylogenetic trees for the analysed members of the Synechocystis genus based on our sequences (bolded strain names) of the variable 
segment in 16S rRNA coding region (top) and of ITS regions (bottom). For comparison, sequence data for PCC 6714 and PCC 7509 as deposited in 
GenBank were included.* denotes strains that in microscopic analysis showed atypical morphology for Synechocystis members.



815Acta Chim. Slov. 2017, 64, 804–817

Juteršek et al.:   Discrimination Between Synechocystis Members (Cyanobacteria)   ...

coding sequence could have happened through horizontal 
gene transfer. Alternatively, this could be a sign of a poly-
phyletic development or, even more likely, of erroneous 
taxonomic standing of some of the Synechocystis species. 
Again, it cannot be excluded that some strains in culture 
collections are mislabelled, as e.g. Rajaniemi-Wacklin et 
al.43 reported loss of colony structure for cultured Snowella 
strains, upon which they could be easily misidentified as 
Synechocystis. However, Snowella (as well as Woronichinia 
and Merismopedia) strains from their study were phyloge-
netically related to Synechocystis members.

It has been noted before that more than a half of the 
strains in the culture collections are probably incorrectly 
identified.44 Similarly, Garcia-Pichel et al. discovered that 
one of the Microcoleus chthonoplastes strains in a culture 
collection and one from a research laboratory were not 
closely related to fresh isolates and to a cultured strain 
from another microalgal collection.45 More recently, Gke-
lis et al. presented evidence that a Limnothrix strain was 
previously misidentified as a Planktothrix strain.46 
DNA-analyses should therefore be used as an important 
identification factor for culture collections, similarly to 
what has recently been done47 on a small scale with a green 
algae collection from Germany.

Identification of Synechocystis and related cyanobac-
teria in the environmental samples is important from the 
ecological, but also from the biosafety point of view. Syne-
chocystis sp. PCC 6803 is probably the most important cy-
anobacterial strain in synthetic biology and modern bio-
technology. We therefore wished to know whether there 
are any close relatives of this strain present in aquatic envi-
ronments and planned to develop a DNA barcoding ap-
proach specifically for these unicellular cyanobacteria. In 
biosafety risk assessments, knowing wild-type relatives of 
the production strain can help better estimate the risk of 
e.g. horizontal gene transfer, especially as Synechocystis sp. 
PCC 6803 is known to be naturally competent for trans-
formation.

An extensive review of the current status in cyano-
bacterial systematics was published by Komárek et al. in 
2014.24 We did not want to go into details of fundamental 
questions of cyanobacterial taxonomy but instead provide 
a range of new data that could help in better understand-
ing of the Synechocystis genus through its genetic hetero-
geneity, and eventually contribute to a more precise taxo-
nomic delineation of Synechocystis members. In addition, 
our data could serve as the basis for development of a rap-
id DNA-based discrimination approach.

The genus Synechocystis was listed as one of the poly-
phyletic genera that need a taxonomic revision.24 Cyan-
oDB database (http://www.cyanodb.cz/Synechocystis) 
catalogues as many as 23 Synechocystis species described 
between 1892 and 2006, and three additional species as 
‘unclear taxa’. Despite our efforts, we could obtain from 
culture collections around the world only 8 Synechocystis 
representatives that were clearly labelled with a species 

name. Where several strains of the same species were 
available, we only analysed one arbitrary chosen strain.

Our search through nucleotide sequence databases 
revealed that there were relatively few data available for 
this group of cyanobacteria. Although Synechocystis sp. 
PCC 6803 was the first photosynthetic organism for which 
a complete genomic sequence was available,40 there is a 
considerable gap in understanding genomes of related cy-
anobacteria. Only two other Synechocystis strains were ful-
ly sequenced up to now, PCC 671439 and PCC 7509.38 To 
complement these datasets, there were some sequences of 
the 16S rRNA-coding regions available for other members 
of the genus in the sequence databases.

Up to now there has been little work done on com-
parative genomics of the Synechocystis genus. After the 
first attempt by Korelusová et al.32 who did the initial com-
parisons of several strains (not assigned to species) on 
structural and genetic level, several new sequences were 
deposited into databases. A report of Kopf et al. focused on 
a recently sequenced Synechocystis sp. PCC 6714 that is 
closely related to PCC 6803.48 They showed that the 16S 
rRNA-coding segment is 99.4% identical to that of PCC 
6803, but that almost a quarter of protein-coding genes is 
unique to each strain.

A recent systematic overview of cyanobacterial ge-
nomes encompasses 54 very diverse taxa from across the 
cyanobacterial phylum that were newly sequenced.38 
Among these, there was the Synechocystis sp. strain PCC 
7509 that in the phylogenetic tree appeared as only vague-
ly related to the PCC 6803 strain.

We inspected all three complete genomes of Synecho-
cystis genus members for the number and heterogeneity of 
their rRNA operons. They all contained two identical oper-
ons each. In contrast, our sequence analyses show that some 
strains do display broader heterogeneity in their ITS re-
gions, mostly as single-nucleotide polymorphisms, but also 
as segment insertions/deletions. Although we did not focus 
on intrastrain heterogeneity, we provided a clear evidence of 
ITS polymorphism that is worth considering in developing 
DNA barcoding tools and elsewhere. It should be noted that 
cyanobacteria harbour multiple copies of their genome49 
and that there is no clear proof that these copies indeed are 
identical at the sequence level. Our finding that rRNA se-
quences are heterogeneous within single strains suggests 
that ‘copies’ might differ slightly from each other.

We observed a much greater variability among spe-
cies in the ITS than 16S rRNA-coding regions, although 
even 16S rRNA variable sequences differed among several 
species of the same genus more than we initially expected 
(Table 4). There were only a few species/strains pairs with-
in the genus that shared >90% identity in the variable seg-
ment of the 16S rRNA-coding region. ITS regions were 
either very similar among strains or quite varied, e.g. S. 
minuscula and S. pevalekii display only 48% identity, while 
S. salina and S. minuscula share 78% identity in the ITS 
region (Table 5). This is a good basis for development of 
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ITS-specific primers that could differentiate between spe-
cies of the same genus.

Including genomic regions outside the rRNA operon 
in the analysis could contribute to fine-positioning of ge-
nus members into a system, but it was not essential for dis-
crimination between strains, as our results clearly show.

Although our prime interest remains the develop-
ment of a tool for easy determination of Synechocystis 
members in water bodies, our current results demonstrate 
the applicability of DNA-based approach in discriminat-
ing between species/strains belonging to the same cyano-
bacterial genus. Moreover, they represent a solid basis for 
taxonomic reconsideration of Synechocystis and related 
cyanobacterial genera.

4. Conclusions
ITS region sequences proved to discriminate among 

species and strains of Synechocystis members and thus rep-
resent a solid basis for DNA barcoding. The observed dif-
ferences between genus members indicate the presence of 
several genetic clusters which might lead to a taxonomic 
reinvestigation of the genus. Interestingly, we observed 
that two out of 11 strains obtained from cell culture collec-
tion show morphological and genetic properties different 
from expected for Synechocystis genus members.

Our results greatly expand the range of Synechocystis 
representatives with available genomic sequence data and 
demonstrate that Synechocystis genus currently consists of 
members that are genetically too different to form one sin-
gle genus. The need for reconsideration of the genus, pre-
viously suggested by Komárek et al.24 is thus additionally 
substantiated.
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Povzetek
Cianobakterije so pomembna skupina mikroorganizmov z zelo raznoliko morfologijo, na podlagi katere lahko fenotip-
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16 S in regije ITS med zapisoma za rRNA 16 S in 23 S za 11 predstavnikov rodu Synechocystis. Zaporedja dveh od enajs-
tih analiziranih sevov iz zbirk kultur so se pomembno razlikovala od zaporedij tipičnih predstavnikov rodu Synechocys-
tis. Opaženo razlikovanje na molekularni ravni smo potrdili tudi z mikroskopijo. Za ostale seve smo ugotovili, da sta obe 
genomski regiji, ki se sicer že uporabljata v taksonomiji bakterij, ustrezni za razlikovanje med analiziranimi vrstami, pri 
čemer regija ITS omogoča tudi zanesljivo razlikovanje med sevi iz rodu Synechocystis.
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Abstract
An efficient, versatile and non-destructive in situ method in reaction monitoring using vibrational spectroscopy is de-
scribed. A Suzuki cross-coupling reaction was monitored in which the substrate 1-iodo-2-nitrobenzene reacted with 
the electrophile phenylboronic acid to form the product 2-nitrobiphenyl. To hasten the reaction, palladium(II) acetate 
and potassium carbonate were added to serve as catalyst and to promote transmetalation, respectively. This reaction was 
monitored using near-infrared and Raman spectroscopy. The recorded data was subjected to multivariate analysis such 
as principal component analysis in order to detect spectral changes due to the formation of the product. To confirm the 
presence of the desired product, offline analyses were performed using gas chromatography-mass spectrometry and nu-
clear magnetic resonance spectroscopy. The results demonstrate how Raman spectroscopy is able to detect the formation 
of the product in real time, whereas near-infrared spectroscopy fails to do so. 

Keywords: Raman spectroscopy, near-infrared spectroscopy, reaction monitoring, Suzuki cross-coupling, multivariate 
data analysis

1. Introduction
Organic synthesis enables the creation of diverse chem-

ical structures of complex architecture in the laboratory. New 
strategies to develop syntheses, optimize reaction outcomes, 
and investigate reaction mechanisms are important. One of 
the interesting reactions to synthesize substituted biphenyls1 
involves the Suzuki cross-coupling reaction, a protocol of 
which has been disclosed elsewhere. 2 The carbon-carbon 
bond construction method3,4,5,6 in organic synthesis has al-
lowed chemists to assemble complex molecular frameworks 
to prepare numerous natural products,7 drug precursors,8 
biological compounds,9 organic products10 and herbicides.11 

Lately, the conditions developed for the cross-coupling reac-
tion have many desirable features for large scale syntheses 
and are persuasively used in the industrial synthesis of phar-
maceutical and chemical products. In daily laboratory work, 
time together with accuracy plays a crucial role in monitor-
ing techniques particularly in in situ reactions.

Systems requiring long reaction times are frequently 
experienced in organic synthesis. For such reactions, in 
situ reaction monitoring techniques coupled with multi-
variate analysis serve as an excellent approach for deter-
mining reaction progress without interruption. Thus, on-
line vibrational spectroscopy has become an increasingly 
useful tool for research and process development.12,13,14 

Near-infrared (NIR) and Raman spectroscopy are 
suitable instrumental techniques in monitoring the forma-
tion of a desired product in real time. In comparison to gas 
chromatography-mass spectrometry (GC-MS) analysis 
which requires considerable time to provide a result, the 
NIR and Raman spectroscopic techniques provide an im-
mediate response that considerably shortens analysis time. 
By these techniques, it is possible to obtain a huge amount 
of information about the reaction with minimum effort 
and time.15 Another advantage of NIR and Raman spec-
troscopy in reaction monitoring is that they can provide 
information on the appearance of reaction intermediates. 

DOI: 10.17344/acsi.2017.3264
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They also give information about whether the reaction 
proceeds in the right direction. These advantages make 
NIR and Raman attractive techniques in pharmaceutical 
and industrial production.

The usefulness of the above-mentioned vibrational 
spectroscopic techniques in monitoring in situ reactions is 
much improved if they are coupled with proper data anal-
ysis. Chemometrics involves processing chemical data us-
ing mathematical and statistical methods in order to ex-
tract useful information. Principal components analysis 
(PCA)16 is applied in order to extract chemical informa-
tion from the spectra. Spectral data collected by NIR and 
Raman spectroscopy are complex and normally possesses 
broad overlapping absorption bands. A single NIR spec-
trum contains absorptions at many wavelengths that are 
measured at different times and the vast amount of spec-
trum generated by the instrument requires chemometric 
tools for analysis. Often, the measured absorbances at var-
ious wavelengths are highly correlated (they are not inde-
pendent of each other) and this multicollinearity results to 
poor prediction. PCA is applied to significantly reduce the 
multidimensionality of the data while retaining most of 
the information where it decomposes the originally cor-
related variables to a new limited set of latent variables 
called principal components. These principal components 
represent the common variations in the data set where the 
first principal component accounts for most variations in 
the data; the second principal component explains the sec-
ond greatest variations and so on. With PCA, data size is 
reduced and data overfitting is avoided.

In this study, a Suzuki cross-coupling reaction was 
investigated1 and monitored using NIR and Raman spec-
troscopy. The model reaction involved the palladium-cata-
lyzed Suzuki cross-coupling of 1-iodo-2-nitrobenzene and 
phenylboronic acid to produce 2-nitrobiphenyl. The reac-
tion protocol involves addition of a catalyst (palladium(II) 

acetate) and a base (potassium carbonate) to promote 
transmetalation. Scheme 1 shows the synthesis of 2-nitro-
biphenyl. 

A review of literature revealed vast amount of mate-
rials concerning the Suzuki cross-coupling reaction4,5,17,18 
but only few reports19,20 describe the use of NIR and Ra-
man with the reaction. To the best of our knowledge, no 
report on combining NIR or Raman spectroscopy and 
multivariate analysis in monitoring Suzuki cross-coupling 
reactions have been published before. Thus, this study 
presents a novel monitoring of a Suzuki cross-coupling re-
action through vibrational spectroscopic methods and 
multivariate data analysis.

As the Suzuki cross-coupling reactions lead to the 
formation of by-products as the reaction proceeds, the re-
action time and other experimental conditions need to be 
monitored and controlled. Additionally, the monitoring 
should provide an immediate estimate of the progress of 
the ongoing reactions. This is important because Suzuki 
cross-coupling reactions give very low yield. The reaction 
of 2-chlorophenylboronic acid with 1-iodo-2-nitroben-
zene has been reported as giving as little as 2% product 
yield1 under some conditions. 

2. Experimental Section
2. 1. Chemicals

1-Iodo-2-nitrobenzene (≥97%), phenylboronic acid 
(≥99%), methanol (≥99.9%), dichloromethane (≥99.9%) 
and potassium carbonate (≥99%) were purchased from 
Sigma-Aldrich (Missouri, USA). Palladium(II) acetate 
(≥98%) was purchased from Fluka (Buchs, Switzerland). 
All products were used as received without further purifi-
cation.

2. 2. Reaction Procedure
The first step of the boscalid synthesis was chosen as 

a model for the Suzuki cross-coupling reaction. Instead of 
using 1-chloro-2-nitrobenzene as substrate for the synthe-
sis of boscalid, an organohalide compound 1-iodo-2-ni-
trobenzene was used. This is due to the higher activity of 
ArI compared with ArCl in oxidative addition (ArI>>Ar-Scheme 1. Synthesis of 2-nitrobiphenyl.

Table 1. Temperature, concentration and sampling times at each experiment run.

No.	 T	 C		  S	amples were withdrawn in specific time [min]			
exp.	 [°C]	 [mmol/mL]	 Sample 1	 Sample 2	 Sample 3	 Sample 4	 Sample 5	 Sample 6

  1	 23	 0.167	 60						    
  2	 50	 0.167	 60						    
  3	 60	 0.167	   5	 10	 15	 30	 45	 60
  4	 50	 0.250	 30	 60					   
  1	 60	 0.250	   5	 10	 15	 30	 45	 60
  2	 65	 0.250	   5	 10	 15	 30	 45	 60
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Br>>ArCl).21,22 The procedure for the synthesis of 2-nitro-
biphenyl has been published elsewhere.1 Briefly, methanol 
(5 mL) and water (1 mL) were mixed in a round-bottom 
flask. Potassium carbonate (0.414 g, 3 mmol), palladi-
um(II) acetate (0.006 g, 0.03 mmol), 1-iodo-2-nitroben-
zene (0.362 g, 1.5 mmol) and phenylboronic acid (0.177 g, 
1.5 mmol) were then added to make the concentration 
0.250 mmol/mL with respect to substrate (1-iodo-2-nitro-
benzene). The solution was flashed with N2 gas and cov-
ered with aluminum foil. The reaction mixture was heated 
at 50 or 60 °C under stirring. The reaction was monitored 
online with NIR and Raman methods. Samples were with-
drawn at specific times without interrupting the reaction 
(as shown in Table 1), filtered through cotton and silica gel 
with dichloromethane and analyzed by GC-MS. 

2. 3. Workup Procedure of Product 

Water (30 mL) was added to a crude product ob-
tained after evaporation of methanol under reduced pres-
sure. The solution was extracted three times with dichloro-
methane using 30 mL every extraction. The resulting or-
ganic solution was washed with saturated aqueous solu-
tion of sodium chloride (30 mL). The organic solution was 
evaporated under reduced pressure and the target product 
2-nitrobiphenyl was obtained as dark yellowish oil and an-
alyzed by NMR.

2. 4. Instrumentation 
A Perstorp NIR Systems 6500 (Maryland, USA) was 

used for recording the NIR spectra. The NIR spectra of 
the reaction mixture were obtained at specific time inter-
vals using the fiber optic probe and were recorded from 
1100–2500 nm range at 2 nm data interval and using 32 
scans per spectrum. The path length was set to 0.5 mm 
using a 0.25 mm feeler gauge. An average of about 20 s 
was required to obtain one spectrum. Background and 
sample spectra were collected using the same parameter 
settings. The instrument control software used was Vision 
(FOSS NIRSystems, Inc., MD). The spectrum data was ex-
ported as an ASCII file. MATLAB 7.4 (The MathWorks 
Inc., Natick, MA) was used for multivariate analysis. The 
software was run on a Microsoft Windows 7 Professional 
2009 operating system (Microsoft Corporation, WA, 
USA).

Raman scattering spectra were recorded on a Ra-
manRxn1 analyzer (Kaiser Optical Systems, Inc., USA). 
Measurements were made with an immersion BallProbe®23 
connected to the instrument via a fiber optic bundle. The 
laser wavelength and power were set to 785 nm and 100 
mW, respectively. The spectral range was from 0–3800 
cm–1 and spectral acquisition setting parameters were set 
(time of exposure was fixed to 2 s; number of accumula-
tions was set to two). 

HoloGram 4.1 (Kaiser Optical Systems Inc., Michi-
gan, USA) was used as the instrument control software. 
The recorded spectra were exported using HoloReact 2.0 
(Kaiser Optical Systems Inc., Michigan, USA) to MAT-
LAB. The Raman spectra were combined into one data 
matrix (Di×j) with dimensions i × j, where (i) represents 
spectra and (j) represents frequencies. 

The GC-MS used was HP 5890 II gas chromatograph 
coupled with HP 5971 mass spectrometer. The capillary 
column used was fused silica (30 m × 0.2 mm I.D.) coated 
with Chrompack, CP-Sil 8 CB low bleed/ MS (0.25 µm film 
thickness). The GC oven temperature was programed as 
follows: start temperature was 50 °C ramped to 70 °C at 5 
°C/min then increased up to 300 °C at 25 °C/min. Direct 
on-column injection was used, and the injector port tem-
perature was 250 °C. Helium was used as carrier gas. Xcal-
ibur 1.2 (Thermo Fisher Scientific Inc.) was used for in-
strument control and data analysis.

NMR spectra were recorded on a Bruker BioSpin 
DPX400 (1H NMR: 400.13 MHz, 13C NMR: 100.61 MHz) 
spectrometer. Deuterated chloroform (CDCl3) was used as 
solvent for the preparation of the samples and the internal 
standard. The chemical shifts were expressed in ppm val-
ues relative to tetramethylsilane (TMS). Multiplicities were 
reported using the following abbreviations: s (singlet), d 
(doublet), t (triplet), q (quartet), dd (double doublet) and 
m (multiplet). The spectra were recorded at room tem-
perature and the data were processed with MestReNova 
5.2 (Santiago de Compostela, Spain).

3. Results and Discussion 
The reaction being monitored in this study is the 

synthesis of 2-nitrobiphenyl from 1-iodo-2-nitrobenzene 
and phenylboronic acid in the presence of palladium(II) 
acetate and potassium carbonate (see Scheme 1) via the 
Suzuki cross-coupling mechanism. To determine the best 
conditions that would give a high product yield, several 
factors were tested: amount of substrate (1-iodo-2-nitro-
benzene), reaction temperature and time. It is therefore 
important to perform an optimization experiment by 
varying the levels of the variables and checking the yield at 
different time intervals as the reaction proceeds. In situ 
monitoring of the reaction was carried out by using NIR 
and Raman spectroscopy. 

3. 1. Reaction Optimization 
Similar results were obtained in the synthesis of 2-ni-

trobiphenyl following the protocol described in a previous 
study,1 where 99% yield was achieved after 90 min reaction 
time at 20 °C. With the aim to shorten the reaction time 
(to 60 min) but still obtaining a high yield, temperatures 
higher than 20 oC were tested. Since reaction temperature 
and substrate concentration (1-iodo-2-nitrobenzene) are 
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critical factors affecting the yield, several experiments 
were conducted by varying these factors, assigning low 
and high values. A summary of the optimization experi-
ments is presented in Table 2. Results show consistently 
that the yield of the reaction increases as temperature is 

increased. The higher the temperature, the higher is the 
yield. When the concentration of the substrate is increased 
from 0.167 to 0.250 mmol/mL, the same trend is observed: 
the greater the concentration of the substrate, the higher is 
the yield. This suggests that the substrate is stoichiometri-
cally converted to the product, 2-nitrobiphenyl. The reac-
tion carried out at 65 oC and 0.250 mmol/mL substrate 
concentration, afforded the highest reaction yield (99.7%). 
This optimized reaction was monitored by means of fiber 
optical NIR and Raman spectroscopy (Figures 1 and 2).

3. 2. �In Situ Vibrational Spectroscopy 
Monitoring
Visual inspection of the NIR spectra (Figure 1) of 

the samples monitored from the start of the reaction until 
the end shows no noticeable spectrum profile changes to 
distinguish the appearance of the product 2-nitrobiphenyl. 

Table 2. Experimental set-up employed in the optimization proce-
dure.

Exp. 	 T	 C	 Time	 Yield by
no.	 [oC]	 [mmol/mL]	 [min]	 GC-MS [%]

  1	 23	 0.167	 60	   4.0
  2	 50	 0.167	 60	 35.3
  3	 60	 0.167	 60	 71.1
  4	 50	 0.250	 60	 49.2
  5	 60	 0.250	 60	 90.0
  6	 65	 0.250	 60	 99.7

Figure 1. A series of NIR spectra recorded of a Suzuki cross-coupling reaction that was conducted at reaction temperature of 65 °C.

Figure 2. A series of Raman spectra recorded of a Suzuki cross-coupling reaction that was conducted at reaction temperature of 65 °C.
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By using principal component analysis (PCA), the data 
were pre-processed by mean-centering and first derivative 
method using 4th order polynomial fit.24 Mean-centering 
and use of derivatives are pretreatment techniques to cor-
rect systematic variations in the NIR raw data between 
samples. The variations may be due to nonhomogeneous 
reaction mixing, sample density gradient, sample viscosity, 
and other factors that could affect the integrity of the sam-
ples during in situ sampling. These lead to light scattering 
effects and result in baseline shifts and scaling variations. 
Mean-centering and first derivative methods were selected 
as optimal pretreatments as they give the lowest statistical 
errors in preliminary data analysis. PCA was performed in 
the pretreated spectra to reduce the dimension of NIR 
spectra matrix for processing and handling multicollinear-
ity. Emerged peak were analysed for the substrates and 
product (data not shown) and there were no significant 
profile changes in the spectra as reaction proceeds. This 
shows that NIR method is not sensitive in detecting for-
mation of the product. On the other hand, the Raman 
spectra (Figure 2) show characteristic stretching vibra-
tions of the biphenyl C-C bridge in the region 1200–1320 
cm–1.25,26,27 Spectral changes in this region signal conver-
sion of the reactants (1-iodo-2-nitrobenzene and phenyl-
boronic acid) into the desired product (2-nitrobiphenyl). 
To see more clearly, the region is magnified and presented 
in Figure 3A.

In Figure 3B, the black spectrum corresponds to the 
initial condition when the substrate was present in the re-
action, while the red spectrum represents the final record-
ed spectrum, which shows the presence of the target mol-
ecule in the reaction mixture. The emergence of the peaks 
at the specific region (1200–1320 cm–1) in the last spec-
trum shows the emergence of the desired product (C-C 
bridge stretch of biphenyl). Further offline analysis by GC-
MS and NMR confirmed that the spectral changes could 
be attributed to the formation of the product 2-nitrobiphe-
nyl via the Suzuki cross-coupling reaction. The GC-MS 

chromatogram and NMR spectrum are presented in Sup-
porting Information. 

3. 3. Multivariate Data Analysis
Principal component analysis (PCA) is an explorato-

ry technique that highlights the differences in the spectra 
collected and gives a simple visual idea as to the relation-
ship between the spectra. By using PCA, we have analysed 
the emerged peak for the substrates and product (data not 
shown). No significant change that could be attributed to 
the formation of the product was observed. In the con-
trary, good results were obtained for the specific region 
(1200–1320 cm–1) in the Raman spectra treated with PCA 
where the data matrix (120 × 120) was pre-processed using 
the same techniques as for NIR data. The first principal 
component (PC1) explains 87.91% of the total variance 
and from the sample and score plot (Figure 4), it is possi-
ble to establish a time-concentration profile.

Figure 4 shows that the concentration of the prod-
uct increases proportionally with time. This increase 
continues until the reaction is complete. During the 
course of the reaction, a series of spectra were recorded 
every 30 s so the sample 120 corresponds to the time of 
60 min, the end of reaction monitoring (99.7% yield by 
GC-MS). The curve shows that the reaction has almost 
finished after 30 min (corresponding to sample 60). This 
is in full agreement with the offline measurements of GC-
MS that shows the yield of 98.3% for 30 min (Table 3). 
Also, in the beginning of the reaction (blue circle in Fig-
ure 4) we do not have the product yet so the black curve 
is not increasing. All offline measurements for GC-MS 
can be seen in the Table 3.

As mentioned earlier, PCA was also performed in 
the NIR data and results show that no significant findings 
can be established from the collected data. NIR instru-
mentation is inadequate for monitoring the reaction due 
to low sensitivity of detection. This study shows that Ra-

A) B)

Figure 3. A) Magnified view of a specific region in the Raman spectra; B) The black and red spectra correspond to the first and last recorded spectra, 
respectively, as reaction proceeds.
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man spectroscopy is more sensitive and is the appropriate 
technique over NIR in reaction monitoring.

4. Conclusions 
Monitoring of reactions using vibrational spectros-

copy coupled with multivariate data analysis finds very 
important applications nowadays in pharmaceutical and 
chemical industries. The possibility of online detection of 
a desired product in an ongoing chemical reaction without 
system interruption is the main advantage why these tech-
niques in combination with PCA have wide use in the in-
dustry. Monitoring of reactions in industry commonly 
uses the NIR method but this present paper demonstrated 
that the Raman method is more sensitive and effective and 
thus, suitable for reaction monitoring.

The power of multivariate technique such as PCA 
in combination with the Raman instrumentation has 
been shown. The Raman results have been validated by 

offline techniques such as GC-MS and NMR. Results of 
online and offline techniques confirm the detection of 
the desired product making feasible the monitoring of a 
Suzuki cross-coupling reaction by real time Raman spec-
troscopy.
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Povzetek
Opisujemo učinkovito, vsestransko in neporušno »in situ« metodo za spremljanje reakcij z uporabo vibracijske spek-
troskopije. Spremljali smo Suzukijevo reakcijo, pri kateri je substrat 1-jodo-2-nitrobenzen reagiral z elektrofilom fenil-
borovo kislino in tvoril produkt 2-nitrobifenil. Da bi pospešili reakcijo, smo dodali paladijev(II) acetat kot katalizator in 
kalijev karbonat, ki promovira reakcijo transmetalacije. To reakcijo smo spremljali z bližnjo infrardečo in z Ramansko 
spektroskopijo. Podatke smo obdelali z multivariantno analizo, kot je metoda glavnih osi (PCA), da bi ugotovili, do kat-
erih sprememb v spektrih pride zaradi nastanka produkta. Za potrditev prisotnosti želenega produkta smo izvajali tudi 
»off-line« analizo s plinsko kromatografijo-masno spektrometrijo in z jedrsko magnetno resonančno spektroskopijo. 
Rezultati pokažejo, da z Ramansko spektroskopijo lahko zaznamo tvorbo produkta v realnem času, medtem ko z bližnjo 
infrardečo spektroskopijo to ni možno.

http://ballprobe.com/index.html
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Abstract
Three new complexes derived from 2-(4-(pyridin-2-yl)piperazin-1-yl)acetic acid (HL), [M(L)2(H2O)2] where M = 
CuII (1), ZnII (2) and CdII (3), have been synthesized and characterized by IR spectroscopy, elemental analysis and 
X-ray crystallography. The inhibitory activity of these three complexes against MAO-B was tested in vitro, and the 
molecular docking experiments were also carried out to rationalize their binding models. Both the experimental 
and docking simulation results indicated that complex 1 has the best inhibitory activity with IC50 value being 6.5 ± 
0.31 μM. 

Keywords: Metal complexes, Crystal Structure, MAO-B inhibitor; Molecular Docking

1. Introduction
Monoamine oxidases (MAOs, EC 1.4.3.4) are well 

known enzymes bound to the outer membrane of mito-
chondria through a C-terminal transmembrane helix and 
catalyze the oxidative deamination of monoamine neu-
rotransmitters in the central nervous system.1–3 MAOs oc-
cur in two forms designated as MAO-A and MAO-B, 
which have different substrate preference and inhibitor 
specificity.4,5 

An increase of the dopamine levels as well as a 
neuroprotective effect can be observed following the in-
hibition of MAO-B.6 Therefore, MAO-B inhibitors can 
be used to treat the neurodegenerative disorders such as 
Aizheimer’s disease (AD) and Parkinson’s disease 
(PD).7–9 Kinds of heterocyclic scaffolds such as chal-
cone,10 coumarin,11 pyrazoline12 and oxadiazole13 deriva-
tives have been demonstrated as MAO-B inhibitors. Re-
cently, pyridoxine-resveratrol hybrids Mannich base 
derivatives have been reported as MAO-B inhibitors by 
Yang et al.14

As mentioned above, most reported MAO-B inhibi-
tors are organic heterocyclic molecules while MAO-B in-
hibitors based on metal complexes are seldom discussed. 
In our earlier work, we investigated the urease inhibitors 

and the MAO-B inhibitory activity of metal complexes.15,16 

The inhibitory activities of these bioactive complexes are 
affected by the central metal and the coordination modes 
of the ligand. As a continuation of our study, in this paper, 
three new complexes [M(L)2(H2O)2] where M = CuII (1), 
ZnII (2) and CdII (3), were obtained derived from 2-(4-(pyr-
idin-2-yl)piperazin-1-yl)acetic acid (HL) and correspond-
ing metal nitrates. Herein, the synthesis, characterization, 
MAO-B inhibitory activity and molecular docking are pre-
sented.

2. Experimental Section
2. 1. Materials and Methods

All chemicals and solvents were analytical reagent 
grade and purchased from Aladdin Industrial Corpora-
tion (China). They were used without purification. Ele-
mental analyses for C, H, and N were conducted using the 
Pregl-Dumas technique on a Thermo Fischer Flash 
EA1112. FT-IR spectra were recorded from 400–4000 
cm−1 on a Nicolet 750 Magna IR spectrometer using KBr 
pellets. The enzyme inhibitory activity was measured on a 
Bio-Tek Synergy™ HT Microplate reader.

DOI: 10.17344/acsi.2017.3315
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2. 2. �Synthesis of 2-(4-(pyridin-2-yl)piperazin-
1-yl)acetic Acid (HL)
HL was prepared according to the method reported 

with suitable modification.17,18 1-(pyridin-2-yl)piperazine 
(1.00 g, 0.0060 mol), bromoacetic acid (2.50 g, 0.0179 mol), 
and potassium hydroxide (1.50 g, 0.267 mol) were dis-
solved in 30 mL absolute ethanol. The mixture was refluxed 
for 10 h. When the reaction was finished, the solution was 
cooled to room temperature and neutralized with 1 M HCl. 
White precipitate was filtered to give HL (1.01 g, 74%).

2. 3. �General Procedure for the Synthesis  
of Complexes 1–3
Nitrate (0.040 mmol) was dissolved in 4 mL of metha-

nol solution which was carefully layered on the top of 4 mL 
water solution of HL (8.84 mg, 0.040 mmol) and KOH (2.24 
mg, 0.040 mmol). The solutions were left for a few days at 
room temperature and then the crystals were obtained.

[Cu(L)2(H2O)2] (1) Yield: 0.0372 g, (43% on the basis 
of HL). IR (KBr, cm–1): 3365; 2970; 1596; 1467; 1384; 845; 
681. Anal. Calcd. for C22H32N6O6Cu: C, 48.97; H, 5.97; N, 
15.56. Found: C, 49.09; H, 5.95; N, 15.56%.

[Zn(L)2(H2O)2] (2) Yield: 0.0442 g, (51% on the basis 
of HL). IR (KBr, cm–1): 3338; 2943; 1595; 1454; 1395; 831; 
664. Anal. Calcd. for C22H32N6O6Zn: C, 48.76; H, 5.95; N, 
15.51; Found: C, 48.91; H, 5.92; N, 15.56.%.

Table 1. Crystallographic data for complex 1–3.

	               1	              2	             3
Empirical formula	 C22H32CuN6O6	 C22H32N6O6Zn	 C22H32CdN6O6

Mr	 540.09	 541.93	 588.95
Crystal system	 triclinic	 monoclinic	 monoclinic
Space group	 P–1	 P 21/c	 P 21/c
a (Å)	 6.1916(6)	 15.0279(13)	 15.0305(14)
b (Å)	 8.1504(8)	 7.1943(6)	 7.2772(6)
c (Å)	 12.7804(13)	 11.7348(9)	 11.8887(10)
α (°)	 95.079(3)	 90	 90
β (°)	 103.019(3)	 101.273(3)	 101.986(3)
γ (°)	 106.241(3)	 90	 90
V (Å3)	 595.33(10)	 1244.23(18)	 1272.04(19)
Z	 1	 2	 2
ρc (g cm−3)	 1.507	 1.446	 1.538
F(000)	 283.0	 568.0	 604.0
Data / param. / restr.	 2187 / 148 / 0	 2202 / 161 / 4	 2929 / 157 / 12
µ(Mo-Kα)/ mm−1	 0.968	 1.036	 0.907
GOF	 1.108	 1.110	 1.090
R1

a, wR2
b (I > 2σ(I))	 0.0663, 0.1684	 0.0660, 0.2290	 0.0370 , 0.1085 

a R1 = Σ||Fo| − |Fc||/Σ|Fo|. 
b wR2 = [Σw(Fo

2 − Fc
2)2/Σw(Fo

2)]1/2

Scheme 1 Synthesis of 2-(4-(pyridin-2-yl)piperazin-1-yl)acetic acid

[Cd(L)2(H2O)2] (3) Yield: 0.0433 g, (46% on the basis 
of HL). IR (KBr, cm–1): 3359; 2995; 1594; 1458; 1394; 836; 
671. Anal. Calcd. for C22H32N6O6Cd: C, 44.87; H, 5.48; N, 
14.27; Found: C, 45.02; H, 5.46; N, 14.29%.

2. 4. X-ray Crystallography
Diffraction intensities for the complexes were collect-

ed at 298(2) K using a Bruker D8 VENTURE PHOTON 
diffractometer with Mo-Kα radiation (λ = 0.71073 Å). The 
structures were solved by direct methods and refined 
against F2 by full-matrix least-squares methods using the 
SHELXTL-97.19,20 All non-hydrogen atoms were refined 
anisotropically, the water H atoms in the complexes were 
located in difference Fourier maps and refined isotropically 
with O–H distances restrained to 0.85(1). All other H at-
oms were placed in idealized positions and constrained to 
ride on their parent atoms. Details of the crystal parame-
ters, data collection, and refinement are listed in Table 1. 
T﻿﻿he selected bond length and angle data are given in Table 
2. The hydrogen bonding data are summarized in Table 3.

2. 5. Rat Brain MAO-B Inhibition Assay
MAO-B was obtained from wista mice with the meth-

od that was reported earlier. 21 The content of MAO-B was 
detected by MU30905 ELISA Kit (details in supplementary 
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materials).22 The MAO-B inhibitory properties of complex 
1–3 were carried out as it was reported previously.23

2. 6. Molecular Docking 
Molecular docking of complexes 1–3 with the active 

site of human MAO-B (3LA4) was performed by the AUT-
ODOCK 4.2 program suite. The graphical user interface 
AutoDockTools (ADT) was performed to setup every in-
hibitor enzyme interaction, where all hydrogen atoms were 
added, Gasteiger charges were calculated and non-polar 
hydrogen atoms were merged to carbon atoms. The result 
file was saved as pdbqt file. The 3D structures of ligand mol-
ecules were saved in Mol2 format with the aid of the pro-
gram Mercury 3.0. The partial charges of Mol2 file were 
further modified by using the ADT package (version 1.5.4) 
so that the charges of the non-polar hydrogen atoms would 
be assigned to the atom to which the hydrogen is attached. 
The choice of the flexible bonds in the ligands was in accor-
dance with SP3 hybridization. The nitrogen atoms of li-
gands in complexes 1–3 were assembled as non-protonated. 
The resulting file was saved as pdbqt file.

The AutoDock Vina docking procedure was used to 
generate the docking output files.24 In all docking, a grid box 
size of 60 × 60 × 60 pointing in x, y and z directions was 
built, the maps were centered on N5 atom of FAD600.25,26 A 
grid spacing of 0.375 Å and a distances-dependent function 

of the dielectric constant were used for the calculation of the 
energetic map. Default parameters were used except num-
modes, which was set to 10. The results of the most favor-
able free energy of binding were selected as the resultant 
complex structures. At the end of the docking, the result 
was analyzed using Pymol 2.5 program.

3. Results and Discussion 
3. 1. IR Spectroscopy

The IR spectra of these complexes were similar. They 
all show broad band ranging from 3500 cm–1 to 3300 cm–1 
indicating the O–H stretching of the water and methanol 
molecules. The asymmetric stretching mode νas(COO–) was 
located around 1595 cm–1 (1596 cm–1 in 1, 1595 cm–1 in 2 
and 1594 cm–1 in 3), while the strong symmetric stretching 
mode νs(COO–) for complexes 1–3 was clearly visible 
around 1391 cm–1 (1384 cm–1 in 1, 1395 cm–1 in 2 and 1394 
cm–1 in 3). The separation value Δν [νas(COO–) – νs(COO–)] 
of the carboxylic based complexes could be used to dis-
criminate the coordination mode of the carboxyl group. Δν 
< 200 cm–1 indicated the bidentate mode, whereas Δν > 200 
cm–1 indicated the monodentate mode.27,28 Therefore, the 
Δν values [νas(COO–) – νs(COO–)] for complexes 1–3 is 
around 204 cm–1, which means that the coordination mode 
of the carboxyl group in these complexes is monodentate.

Figure 1. Molecular structure showing the atom-labelling scheme. Displacement spheres are drawn at the 50% probability level. The molecular dia-
gram of (a) 1, (b) 2, (c) 3.
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3. 2. Description of Crystal Structures
Complex 1 crystallizes in triclinic space group P–1, 

while complexes 2 and 3 crystallize in monoclinic space 
group P21/c. As shown in Figure 1, these three complexes 
possess very similar mononuclear structure, so only the 
structure of 1 is described here in detail. As shown in Fig-
ure 1(a), one asymmetric unit contained half of the com-
plex molecule [Cu(L)2(H2O)2]. Every mononuclear com-
plex molecule included one copper ion, two ligand mole-
cules and two coordinated water molecules. Ligand L be-
haves as a bidentate ligand resulting in the forming of a 
novel distorted five-membered heterocyclic ring around 
copper ion. These two five-membered rings are coplanar. 
The equatorial plane is surrounded by two O-atom donors 
(O2 and O2a) and two N-atom donors (N1 and N1a) from 
two L ligands, while the axial positions are occupied by 

O-atom donors (O3 and O3a) from two coordinated water 
molecules. In addition, the sum of the equatorial angles 
N1–Cu1–O2, O2–Cu1–N1a, N1a–Cu1–O2a and O2a–
Cu–N1 for complex 1 (= 360.00°) is equal to the ideal val-
ue (360.00°), which ensures the planarity of equatorial 
plane. The axial Cu–O average distance (2.866 Å) is longer 
than the equatorial Cu–O average distance (2.048 Å) and 
Cu–N average distance (1.922 Å), showing the stretched 
tetrahedroid surrounding the Cu(II) center. Compared 
with the other piperazine-Cu(II) complexes, the Cu–O 

Table 2. Selected bond lengths (Å) and angles (°) for 1–3

1			 

	 Cu1–O2	 1.922(4)	 Cu1–O3	 2.866(4)
	 Cu1–N1	 2.048(3)		
	 O2–Cu1–O3	 98.30(13)	 O2–Cu1–N1	 84.33(12)
	O2–Cu1–O3a	 81.70(13)	 O2–Cu1–N1a	 95.67(12)
	 O3–Cu1–N1	 93.97(11)	 O3–Cu1–N1a	 86.03(11)

2			 

	 Zn1–O2	 2.006(4)	 Zn1–O3	 2.107(4)
	 Zn1–N1	 2.362(4)		
	 O2–Zn1–O3	 94.02(14)	 O2–Zn1–N1	 78.76(13)
	O2–Zn1–O3a	 85.98(14)	 O2–Zn1–N1a	 101.25(13)
	 O3–Zn1–N1	 87.95(15)	 O3–Zn1–N1a	 92.05(15)

3			 

	 Cd1–O1	 2.213(2)	 Cd1–O1W	 2.3055(19)
	 Cd1–N3	  2.456(3)		
	O1–Cd1–O1W	 94.92(7)	 O1–Cd1–N3	 74.32(8)
	O1–Cd1–O1Wa	 85.08(7)	 O1–Cd1–N3a	 105.68(8)
	O1W–Cd1–N3	 87.69(8)	 O1W–Cd1–N3a	 92.31(8) 

Symmetry codea: (a) 1 – x, 1 – y, –z for 1; 1 – x, 2 – y, 2 – z for 2 and 
1 – x, –y, 1 – z for 3.

Figure 2. 1-D zig-zag chain of complex 1. Dashed lines denote hy-
drogen bonds. Symmetry code: (i) –x, 1 – y, –z.

Figure 3. The hydrogen-bond-driven 2D sheet of 1 extended in bc plane. Symmetry code: (ii) 1 + x, y, z
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carboxyl bond (1.938 Å) is similar to the Cu–O carbonyl 
bond length (1.923 Å), and Cu–N bond length (2.033 Å) in 
complex 1 is also similar to the other piperazine-Cu(II) 
complexes. The bond distances and bond angles are nor-
mal compared to other reported Cu (II) complexes.29

Water acts a hydrogen bond donor. As shown in Fig-
ure 2, complex 1 presents enhanced hydrogen-bonding 
framework in the solid state (Table 3). Two coordinated 
water molecules (O3 and O3a) are involved in a chain for-
mation through O3–H3D1∙∙∙O1i hydrogen bonding (sym-
metry code: (i) –x, 1 – y, –z).

As shown in Figure 3, these chains stack in a inter-
leaved fashion in bc plane, the hydrogen bonds exist be-
tween the carboxyl group of ligand L and the carbon atom 
of other ligand L form intermolecular C3–H3A∙∙∙O1ii 
(symmetry code: (ii) 1 + x, y, z)

3. 3. Inhibitory Activity Against MAO-B 
Statistical analyses of data were performed using SPSS 

19.0 program. Data reported as means ± SEM for three in-
dependent samples in duplicate. Statistical differences be-
tween the groups were considered significant if the p value 
was < 0.05. Specific results please see Table 4. It was found 
that compared with iproniazid phosphate as the positive 
control (IP, IC50 = 7.59 ± 1.17 μM), 30 complex 1 (IC50 = 6.52 

± 0.31 µM) had good inhibitory activity on MA0-B, while 
complexes 2 and 3 (IC50 > 100µM) showed no inhibitory 
activity. Both Cu(NO3)2 and ligands have a certain inhibito-
ry capacity for monoamine oxidase, after the two combine 
to form a complex 1, complex 1 showed good inhibitory 
activity, therefore, they show certain synergistic effects.

3. 4. Molecular Docking
The binding models of complexes 1, 2, 3 with MAO-B 

(1S3E) were simulated using the AutoDock Vina docking 
program to validate their structure-activity relationships. 
The docking results show that only the complex 1 has good 
binding with the active site of MAO-B (1S3E).

The binding model of complex 1 and 1S3E is shown 
in Figure 4. All amino acid residues around complex 1 are 
shown. In the binding model, the main stabilizing factors 
that stabilize the Cu(L)2-1S3E complex are the hydropho-
bic contacts and hydrogen bonding interactions. The O1 
atom in complex 1 serves as a hydrogen bond acceptor re-

Table 3. Geometrical parameters for hydrogen bonds for 1

	Hydrogen bonds	 D–H (Å)	 H∙∙∙A (Å)	 D∙∙∙A (Å)	 D–H∙∙∙A(°)

	O3–H3D∙∙∙O1i	 0.85	 1.96	 2.788(5)	 164
	C3–H3A∙∙∙O1ii	 0.97	 2.53	 3.476(6)	 166 

Symmetry codes: (i) –x, 1 – y, –z; (ii) 1 + x, y, z.

Table 4. Inhibition of rat brain MAO-B for HL, complexes 1–3, 
and IP

	 Test material	 IC50 (µM)

	 1	 6.52 ± 0.31
	 2	 >100
	 3	 >100
	 HL	 76.1 ± 2.51
	 Cu(NO3)2	 12.31 ± 1.06
	 Zn(NO3)2	 >100
	 Cd(NO3)2	 >100
	 IP*	 7.59 ± 1.17

Figure 4. Binding mode of complex 1 with human monoamineoxidase-B. The complex molecule and MAO-B were shown as stick, the hydrogen 
bonds were shown as yellow dash lines

file:///C:/Delo/Acta/Acta%204-17/teksti/3315-22-02-17/javascript:void(0);
file:///C:/Delo/Acta/Acta%204-17/teksti/3315-22-02-17/javascript:void(0);
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ceived one strong hydrogen bonding interaction from 
Tyr393. The hydrogen-bonding distance of Tyr393 N–
H∙∙∙O2 is 2.8 Å. The results of the molecular docking indi-
cate that the complex 1 could be well fitted in the active 
pocket of MAO-B.

4. Conclusion
This paper reports that synthesis, crystal structure, 

molecular docking, and monoamine oxidase B inhibitory 
activities of three transition metal complexes with 
2-(4-(pyridin-2-yl)piperazin-1-yl)acetic acid ligand. Mo-
lecular docking assay showed the potential binding model 
of complex 1 with MAO-B. The complex 1 exhibits MAO- 
B inhibiting activity in vitro at micromole concentrations 
(IC50 = 6.5 ± 0.31 μM), whereas complex 2 and 3 exhibits 
no MAO-B inhibiting activity (IC50 > 100 μM). Now, we 
are synthesizing specific compounds that inhibit the 
MAO-B based on the complex 1 structure.

5. Supplementary Information
CCDC files 1515965 (1), 1515778 (2) and 1515777(3) 

contain the supplementary crystallographic data for this 
paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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Povzetek
Sintetizirali smo tri nove komplekse z 2-(4-(piridin-2-il)piperazin-1-il)ocetno kislino (HL), [M(L)2(H2O)2], kjer je M = 
CuII (1), ZnII (2) in CdII (3), ter jih okarakterizirali z IR spektroskopijo, elementno analizo in rentgensko kristalografijo. In 
vitro smo določili inhibitorno aktivnost pripravljenih treh kompleksov proti MAO-B ter izvedli simulacijo molekularne-
ga dockinga za razumevanje načina vezave. Eksperimentalni podatki in računalniške simulacije kažejo, da ima kompleks 
1 največjo inhibitorno aktivnost z IC50 vrednostjo 6.5 ± 0.31 μM. 
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Abstract
A highly efficient and simple protocol for the synthesis of isothiocyanates and cyanamides from their respective amines 
in the presence of a mild, efficient, and non-toxic reagent tetrapropylammonium tribromide is described. High environ-
mental acceptability of the reagents, cost effectiveness and high yields are the important attributes of this methodology.

Keywords: TPATB, desulfurization, oxidation, isothiocyanates, sodium bicarbonate, cyanamide.

1. Introduction
Isothiocyanates are one of the most important syn-

thetic intermediates for the preparation of both sulphur 
and nitrogen containing organic compounds especially for 
heterocycles.1 The isothiocyanate functionality is frequent-
ly encountered in natural products, including sesquiter-
penes.2 Additionally, synthetic isothiocyanates have prov-
en to have some biological activity, such as anti-prolifera-
tive3 and enzyme inhibitory for the HIV virus.4 Numerous 
methods for the preparation of isothiocyanates have been 
reported, starting from amines,5 dithiocarbamates,6 organ-
ic halides,7 olefins8 and aldoximes.9 Among the literature 
methods, the most widely used procedure is the synthesis 
by the decomposition of dithiocarbamates using heavy 
metals,10 thiophosgene, iodine, ethylchlorocarbamate and 
claycop.11 Although many synthetic methods for the 
preparation of isothiocyanates have been reported to 
date,12–32 most methods suffer from the employment of 
highly toxic reagents. Thus, there is still need for a com-
mercially viable and environmentally acceptable protocol 
for the synthesis of isothiocyanates. We describe herein a 
modified, environmentally benign and cost-effective met

hod for the synthesis of isothiocyanates via TPATB-medi-
ated decomposition of dithiocarbamate salt in the pres-
ence of sodium bicarbonate in water/ethyl acetate biphasic 
solvent system at room temperature (Scheme 1). 

Similarly, in continuation of our work we have syn-
thesised cyanamides from the dithiocarbamate salt. Cyan-
amides have attracted considerable attention as a class of 
versatile organic molecules. They have a wide range of uses 
in organic synthetic chemistry33 and coordination chemis-
try34 as they can be used as building blocks for the con-
struction of not only diverse N-containing compounds but 
also as metal ligands with their unique reactivity and 
structure of the cyanamide unit. Additionally, it has been 
found that some cyanamide based compounds show a di-
versity of interesting bioactivities, inhibition of sponta-
neous myogenic, and peptide activator activities.35 It has 
also been proved that cyanamide is a natural product pres-
ent in higher plants even though its distribution is limit-
ed.36 The broad applications of cyanamides have resulted 
in the development of several methods for their synthesis 
over the years. The most common among these is the reac-
tion of cyanogens chloride or bromide with amines or with 
imide salts.37 However, this method involves the use of po-
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tassium or sodium cyanide and bromine for the prepara-
tion of cyanogen halide (which is again highly toxic), mak-
ing the protocol environmentally unacceptable. Literature 
reports on various other methods for the preparation of 
cyanamide using different synthetic strategies, such as cy-
anation of amines using CN+ equivalents as synthons,38–44 
Tiemann rearrangement of amidoximes,45 coupling reac-
tions involving Pd isocyanides, allyl carbonates and 
trimethylsilyl azide,46 and sodium bis(trimethylsilyl)amide 
as deoxygenating or desulfurizing agents.47 Yet another 
method for the preparation of cyanamides involves the re-
action of hypervalent iodine(V) species with N,N1-disub-
stituted glycylamide.48 However, all the procedures report-
ed so far seem to have certain environmental concerns as 
they involve direct or indirect use of toxic and corrosive 
reagents, strong alkaline conditions, expensive reagents 
and catalysts, high reaction temperatures and tedious pu-
rification procedures. We have been interested to an extent 
in the synthesis of isothiocyanates and cyanamides, there-
fore, in this context we develop an alternative method in-
volving the use of alkyl or aryl dithiocarbamate using tet-
rapropylammonium tribromide as a double desulfurizing 
agent. 

2. Experimental
2. 1. �General Procedure for the Synthesis  

of Phenyl Isothiocyanate

To a stirred and ice cooled suspension of phenyl 
dithiocarbamate salt (Table 1, compound 1) (540 mg, 2 
mmol) in ethylacetate (5 mL), and water (5 mL) was add-
ed NaHCO3 (336 mg, 4 mmol). To this was added TPATB 
(0.852 g, 2 mmol) pinch wise over a period of 10–15 min-
utes to yield phenylisothiocyante (Table 1, compound 1a). 
During this period, precipitation of elemental sulfur was 
observed. Completion of the reaction was confirmed by 
TLC. Ethyl acetate (10 mL) was further added to the reac-
tion mixture. The organic layer was washed with water 
(2–5 mL), dried over anhydrous Na2SO4, concentrated 
under reduced pressure and purified over a short column 
of silica gel while eluting it with hexane–ethyl acetate 
(97:3) to give the pure product (Table 1, compound 1a) 
(216 mg, 80%).

2. 2. �General Procedure for the Synthesis  
of Phenylcyanamide
To a stirred and ice cooled suspension of dithiocar-

bamate (Table 2, compound 1) (540 mg, 2 mmol) in ethyl 
acetate (5 mL), was added NaHCO3 (336 mg, 4 mmol). To 
this was then added TPATB (0.852 g, 2 mmol) pinch wise 
over a period of 10–15 minutes to yield phenylisothiocya-
nate. During this period precipitation of elemental sulfur 
was observed. After complete addition of TPATB, 25% 

aqueous NH3 (2.5 mL) was added drop wise to the stirred 
reaction mixture to give 1-phenylthiourea. After stirring 
for 10 minutes at room temperature, the excess of NH3 was 
removed in a rotary evaporator whereby the solvent ethyl 
acetate was also simultaneously removed leaving behind 
the aqueous layer. To the crude reaction mixture was then 
further added ethyl acetate (5 mL) and NaHCO3 (336 mg, 
4 mmol). To the resultant solution, TPATB (0.852 g, 2 
mmol) was added in small pinches, during which further 
precipitation of elemental sulfur was observed. The con-
version of 1-phenylthiourea to phenylcyanamide (Table 2, 
compound 1b) was observed within 5 minutes of the com-
plete addition of TPATB. Completion of the reaction was 
confirmed by TLC. The precipitated sulfur was filtered, 
washed with ethyl acetate (2 × 5 mL). The organic layer 
was washed with water (2 × 5 mL) and dried over anhy-
drous Na2SO4, concentrated under reduced pressure and 
purified over a short column of silica gel eluting it with 
hexane–ethyl acetate (97:3) to give the pure product (Table 
2, compound 1b) (188 mg, 80%) as an oily liquid.

3. Results and Discussion
The dithiocarbamic acid salt is readily converted into 

the corresponding isothiocyanate (Table 1, compound 1a), 
simply by treating it with TPATB in the presence of sodi-
um bicarbonate in water/ethyl acetate biphasic medium in 
good to excellent yields in shorter time (15 minutes) as 
shown in Scheme 1. 

Scheme 1. Preparation of isothiocyanate from dithiocarbamate salt

The use of water/ethyl acetate biphasic solvent sys-
tem has several potential advantages. In addition to the 
benign character of both water and ethyl acetate, the coex-
istence of water with ethyl acetate helps in extracting the 
isothiocyanate to the organic layer leaving behind the im-
purities in the aqueous layer which in turn facilitates an 
easy workup. TPATB is soluble in ethyl acetate and on stir-
ring dissolves, thus getting delivered to the water-ethyl ac-
etate interphase for desulfurization. Moreover, the water 
phase dissolves the base sodium bicarbonate and retains 
the dithiocarbamic acid salt in aqueous layer. The use of 
sodium bicarbonate over organic bases offers a mild and 
effective green approach towards the synthesis of isothio-
cyanates. The mechanism of the present transformation is 
given below in Scheme 2.48

Thus, the method provides an ecologically and eco-
nomically viable process for the preparation of isothiocya-
nates. The preparation of isothiocyanates was performed 
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Table 1. Preparation of Isothiocyanates from Dithiocarbamate Salt and TPATBa

Substrate	 Productb 	 Yield (%)c

a Reactions were monitored by TLC; b Confirmed by IR,1 HNMR and 13CNMR; c Isolated yield.
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on freshly prepared dithiocarbamate salts synthesized 
from a variety of structurally different alkyl and aryl 
amines. The results are summarized in Table 1. Substrates 
containing activating substituents (Table 1, compounds 
2–3) gave the expected products efficiently as also did sub-
strates containing deactivating substituents (Table 1, com-
pounds 4–7). Trisubstituted substrates (Table 1, com-
pounds 8–10) as well as highly hindered substrates (Table 
1, compound 11) gave the corresponding isothiocyanates 
in high yields. Benzylic substrate (Table 1, compound 12) 
and aliphatic substrates (Table 1, compounds 13–15) also 
gave their expected products (Table 1, compound 12a) and 
(Table 1, compounds 13a–15a) respectively in excellent 
yields.

Similarly, for the synthesis of cyanamides the meth-
odology was based on: (i) formation of isothiocyanate 
from alkyl/aryl dithiocarbamate salt by desulfurization 
with TPATB in the presence of triethylamine as the base in 
ethyl acetate solvent, (ii) treating the in situ generated iso-
thiocyanate with aqueous NH3 to afford alkyl/aryl thioam-
ides and (iii) further oxidative desulfurization of thioam-
ides to cyanamide with TPATB in the presence of triethyl-
amine (Scheme 2). The mechanism of the present transfor-
mation is given below.49 Based on these findings, we thus 
report herein a practical, environmentally benign, high 
yielding and one pot preparation of cyanamides from dith-
iacarbamate salts using cheap and non-toxic reagent 
TPATB (Scheme 3) in an innocuous solvent ethyl acetate.

Implementing this one pot method, a wide variety of 
aromatic and aliphatic cyanamides have been prepared 
from their parent dithiocarbamate salts. Phenyl cyana-
mide (Table 2, compound 1b) was obtained in excellent 
yield from its dithiocarbamate (Table 2, compound 1). 
Monosubstituted substrates bearing deactivating substitu-
ents (Table 2, compounds 2–6) readily underwent this re-
action to produce the desired cyanamides (Table 2, com-
pounds 2b–6b) in high yields. The method worked 
smoothly for substrates with electron donating substitu-
ents such as (Table 2, compounds 7–8) to afford the corre-

sponding cyanamides (Table 2, compounds 7b–8b) in 
high yields. A noteworthy aspect is that the present meth-
odology can be applied to substrates containing sensitive 
substituents such as keto functionality (Table 2, compound 
9b) as well as trisubstituted ones (Table 2, compound 10b). 
Cyclic and open chain aliphatic cyanamides (Table 2, com-
pounds 11b–12b) were obtained from their correspond-
ing dithiocarbamate salts (Table 2, compounds 11–12) 
under the same reaction conditions. We further investigat-
ed the efficacy of this method towards benzylic dithiocar-
bamate (Table 2, compounds 13–14) and dithiocarbamate 
salt of homoveratryl amine (Table 2, compound 15) which 
underwent the reaction smoothly to yield their respective 
corresponding cyanamide products (Table 2, compounds 
13b–14b) and (Table 2, compound 15a) in good yields un-
der the similar reaction conditions. 

4. Spectroscopic and Analytical Data
1-Isothiocyanato-benzene (1a). Oily; 1H NMR (400 
MHz, CDCl3) δ 7.21–7.37 (m, 5H, ArH). 13C NMR (100 
MHz, CDCl3) δ 125.8, 127.4, 129.6, 131.3, 135.3. IR (KBr) 
3064, 2164, 2063, 1591, 1489, 1474, 1451, 1070, 927, 905, 
749, 684 cm–1. Anal. Calcd for C7H5NS (135.19): C, 62.19; 
H, 3.73; N, 10.36; S, 23.72. Found: C, 62.22; H, 3.71; N, 
10.35; S, 23.73.

1-Isothiocyanato-4-methyl-benzene (2a). Oily; 1H NMR 
(400 MHz, CDCl3) δ 2.33 (s, 3H, CH3), 7.06–7.13 (m, 4H, 
ArH). 13C NMR (100 MHz, CDCl3) δ 21.2, 125.4, 128.2, 
130.1, 134.4, 137.4. IR (KBr) 2920, 2094, 1503, 929, 812, 
790, 497 cm–1. Anal. Calcd for C8H7NS (149.15): C, 64.36; 
H, 4.73; N, 9.39; S, 21.51. Found: C, 64.32; H, 4.75; N, 9.41; 
S, 21.56.

1-Isothiocyanato-4-methoxy-benzene (3a). Oily; 1H 
NMR (400 MHz, CDCl3) δ 3.80 (s, 3H, CH3), 6.85 (d, 2H, 
J = 8.8 Hz, ArH), 7.16 (d, 2H, J = 8.8 Hz, ArH). 13C NMR 

Scheme 2. Mechanism of the formation of isothiocyanate from dithiocarbamate salt

Scheme 3. Mechanism for the formation of cyanamide
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Table 2. Preparation of cyanamides from dithiocarbamates and TPATBa

Substrate	 Productb 	 Yield (%)c
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(100 MHz, CDCl3) δ 55.4, 114.6, 123.2, 126.8, 133.7, 158.4. 
IR (KBr) 3000, 2956, 2835, 2170, 2098, 1580, 1599, 1503, 
1459, 1440, 1292, 1251, 1179, 1166, 1028, 927, 824, 614, 
513 cm–1. Anal. Calcd for C8H7NOS (165.22): C, 58.16; H, 
4.27; N, 8.48; S, 19.40. Found: C, 58.08; H, 4.23; N, 8.34; S, 
19.34.

1-Bromo-4-isothiocyanato-benzene (4a). White solid, 
m.p. 58 °C (lit.1a 58 °C), 1H NMR (400 MHz, CDCl3) δ 7.09 
(d, 2H, J = 8.8 Hz, ArH), 7.47 (d, 2H, J = 8.8 Hz, ArH). 13C 
NMR (100 MHz, CDCl3) δ 120.8, 127.2, 130.5, 132.8, 
136.9. IR (KBr) 3074, 2925, 2171, 2071, 1578, 1478, 1474, 
1399, 1067, 1011, 923, 818, 490, 438 cm–1. Anal. Calcd for 
C7H4BrNS (214.03): C, 39.24; H, 1.88; N, 6.54; S, 14.99. 
Found: C, 39.21; H, 1.93; N, 6.50; S, 15.04.

4-Isothiocyanato-benzonitrile (5a). White solid; m.p. 
119–120 °C (lit.21121 °C), 1H NMR (CDCl3, 400 MHz) δ 
7.31 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H); 13C NMR 
(CDCl3, 100 MHz) δ 110.6, 117.9, 126.5, 133.6, 135.9, 
139.4; IR (KBr) 3435, 2197, 2124, 2104, 1591, 1492, 1277, 
933, 836, 544 cm–1. Anal. Calcd for C8H4N2S (166.13): C, 
59.95; H, 2.51; N, 17.49; S, 20.03. Found: C, 59.98; H, 2.49; 
N, 17.45; S, 19.98.

1-Isothiocyanato-4-trifluoromethyl-benzene (6a). White 
solid; m.p. 43 °C (lit.22 bp 205–207 °C); 1H NMR (CDCl3, 
400 MHz) δ 7.32 (d, J = 8.4 Hz, 2H, ArH), 7.61 (d, J = 8.4 
Hz, 2H, ArH); 13C NMR (CDCl3, 100 MHz) δ 122.4, 125.1, 
126.1, 126.9, 127.0, 129.0, 129.4, 135.15, 138.4; IR (KBr) 
3427, 2081, 1613, 1413, 1325, 1137, 1106, 1066, 839, 590 
cm–1. Anal. Calcd for C8H4F3NS (203.12): C, 47.26; H, 1.98; 
N, 6.89; S, 15.79. Found: C, 47.22; H, 1.96; N, 6.91; S, 15.75.

1-Isothiocyanato-3-nitro-benzene (7a). Oily; 1H NMR 
(400 MHz, CDCl3) δ 7.54 (s, 2H, ArH), 8.06 (s, 1H, ArH), 

8.11–8.14 (m, 1H, ArH). 13C NMR (100 MHz, CDCl3) δ 
120.7, 121.9, 130.6, 131.6, 133.3, 139.6, 148.8. IR (KBr) 
3091, 3074, 2227, 2161, 2106, 1526, 1470, 1348, 1302, 892, 
809, 736, 665 cm–1. Anal. Calcd for C7H4N2O2S (180.13): C, 
46.63; H, 2.23; N, 15.55; S, 17.81. Found: C, 46.65; H 2.26; 
N, 15.51; S, 17.78.

1-Isothiocyanato-2,4-dimethyl-benzene (8a). Oily; 1H 
NMR (400 MHz, CDCl3) δ 2.30 (s, 3H, CH3), 2.33 (s, 3H, 
CH3), 6.96 (d, 1H, J = 9.2 Hz, ArH), 7.01 (s, 1H, ArH), 7.07 
(d, 1H, J = 8.0 Hz, ArH). 13C NMR (100 MHz, CDCl3) δ 
18.2, 21.1, 125.6, 127.4, 131.2, 134.6, 137.4. IR (KBr) 2920, 
2131, 2085, 1490, 1455, 1379, 1229, 1036, 947, 901, 875, 
812 cm–1. Anal. Calcd for C9H9NS (163.17): C, 66.19; H, 
5.55; N, 8.58; S, 19.66. Found: C, 66.15; H, 5.52; N, 8.63; S, 
19.64.

2-Iodo-1-isothiocyanato-4-methylbenzene (9a). White 
solid; m.p. 62–65 °C; 1H NMR (400 MHz, CDCl3) δ 2.30 (s, 
3H, CH3), 7.13 (m, 2H, ArH), 7.62 (s, 1H, ArH). 13C NMR 
(100 MHz, CDCl3) δ 20.9, 94.2, 126.7, 130.1, 132.3, 136.1, 
139.1, 139.9. IR (KBr) 2916, 2134, 1633, 1474, 1042, 929, 
811 cm–1.

2-Bromo-1-isothiocyanato-4-methoxy-benzene (10a). 
White solid; m.p. 77 °C; 1H NMR (400 MHz, CDCl3) δ 
3.80 (s, 3H, CH3), 6.82 (m, 1H, ArH), 7.11 (m, 1H, ArH), 
7.18 (d, 1H, J = 8.0 Hz, ArH); 13C NMR (100 MHz, CDCl3) 
δ 56.0, 114.4, 118.5, 121.6, 124.1, 127.7, 136.7, 158.8; IR 
(KBr) 2972, 2125, 1594, 1560, 1483, 1296, 1263, 1220, 
1039, 807, 617 cm–1. Anal. Calcd for C8H6BrNOS (244.05): 
C, 39.33; H, 2.47; N, 5.73; S, 3.14. Found: C, 39.29; H, 2.52; 
N, 5.70; S, 3.11.

1-Iodo-2-isothiocyanato-4,5-dimethyl-benzene (11a). 
White solid; m.p. 54 °C; 1H NMR (400 MHz, CDCl3) δ 2.18 

Substrate	 Productb 	 Yield (%)c

a Reactions were monitored by TLC; b Confirmed by IR,1 HNMR and 13CNMR; c isolated yieldw
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(s, 3H, CH3), 2.22 (s, 3H, CH3), 6.99 (s, 1H, ArH), 7.30 (s, 
1H, ArH); 13C NMR (100 MHz, CDCl3) δ 19.4, 19.5, 117.2, 
124.1, 127.8, 129.3, 133.8, 137.4, 137.9; IR (KBr) 2922, 
2853, 2192, 2118, 1472, 1372, 1273, 1076, 1048, 933, 882, 
824, 708 cm–1. Anal. Calcd for C9H8INS: C, 37.39; H, 2.79; 
N, 4.84; S, 11.09. Found: C, 37.42; H, 2.81; N, 4.81; S, 11.06. 
MS (AP+) Calcd for C9H8INS: 288.94. Found: 288.97 (M+). 

5-(Isothiocyanatomethyl)benzo[d][1,3]dioxole (12a). 
Reddish oil. 1H NMR (400 MHz, CDCl3) δ 4.59 (s, 2H, 
CH2), 5.98 (s, 2H, CH2), 6.74–6.80 (m, 3H, ArH). 13C NMR 
(100 MHz, CDCl3) δ 48.7, 101.5, 107.7, 108.6, 120.7, 128.0, 
132.1, 147.8, 148.2. IR (KBr) 2895, 2087, 1503, 1445, 1369, 
1322, 1251, 1101, 1028, 924 cm–1.

Isothiocyanato-cyclohexane (13a). 1H NMR (400 MHz, 
CDCl3) δ 1.28–1.96 (m, 10H, CH2), 3.67 (m, 1H, CH). 13C 
NMR (100 MHz, CDCl3) δ 23.0, 24.9, 33.0, 55.2, 129.6. IR 
(KBr) 2937, 2858, 2175, 2102, 2060, 1450, 1361, 1320, 986, 
891, 720, 702 cm–1. Anal. Calcd for C7H11NS (141.23): C, 
59.53; H, 7.85; N, 9.92; S, 22.70. Found: C, 59.50; H, 7.81; 
N, 9.88; S, 22.74.

1-Isothiocyanato-n-butane (14a). Oily liquid. 1H NMR 
(400 MHz, CDCl3) δ 0.92 (t, J = 7.4 Hz, 3H, CH3), 1.37–
1.47 (m, 2H, CH2), 1.61–1.69 (m, 2H, CH2), 3.42 (t, J = 6.6 
Hz, 2H, CH2). 13C NMR (100 MHz, CDCl3) δ 13.2, 19.7, 
31.9, 44.7, 129.4. IR (KBr) 2925, 2088. 1597, 1401, 1218, 
1116, 753 cm–1.

1-Isothiocyanato-octadecane (15a). Gummy, 1H NMR 
(CDCl3, 400 MHz) δ 0.879 (t, J = 6.8 Hz, 3H, CH3), 1.25 
(m, 28H, CH2), 1.71–1.72 (m, 4H, CH2), 3.50 (t, J = 6.4 Hz, 
2H, CH2); 13C NMR (CDCl3, 100 MHz) δ 14.3, 22.8, 26.7, 
29.0, 29.5, 29.7, 29.8, 30.1, 32.1, 45.2; IR (KBr) 2923, 2853, 
2185, 2096, 1463, 1455, 1346, 721 cm–1. Anal. Calcd for 
C19H37NS: C, 73.24; H, 11.97; N, 4.50; S, 10.29. Found: C, 
73.27; H, 12.01; N, 4.48; S, 10.25. MS (ES–) Calcd for 
C19H37NS: 311.26. Found: 311.19 (M+).

Phenyl cyanamide (1b). Gummy; 1H NMR (CDCl3, 400 
MHz) δ 7.02–7.07 (m, 3H, ArH), 7.28–7.33 (m, 2H, ArH), 
7.64 (brs, 1H, NH). 13C NMR (100 MHz, CDCl3) δ 112.2, 
115.5, 123.6, 129.8, 137.4. IR (KBr) 3175, 2919, 2227, 1600, 
1501, 1249, 748, 689 cm–1. Anal. Calcd for C7H6N2 (118.13): 
C, 71.17; H, 5.12; N, 23.71. Found: C, 71.27; H, 5.09; N, 
23.67.

2-Fluorophenyl cyanamide (2b). White solid; m.p. 95 °C; 
1H NMR (CDCl3, 400 MHz) δ 6.87 (brs, 1H, NH), 6.90–
7.45 (m, 4H, ArH). 13C NMR (100 MHz, CDCl3) δ 110.9, 
115.7, 115.9, 116.8, 124.1, 124.1 125.09, 125.12, 125.6, 
125.8, 150.1, 152.5. IR (KBr) 3068, 2037, 1606, 1587, 1495, 
1265, 1212, 1104, 941, 808, 752 cm–1. Anal. Calcd for  
C7H5FN2 (136.13): C, 61.76; H, 3.70; N, 20.58. Found: C, 
61.80; H, 3.73; N, 23.53. 

2-Chlorophenyl cyanamide (3b). White solid; m.p. 101–
103 °C; 1H NMR (CDCl3, 400 MHz) δ 6.56 (brs,1H, NH), 
7.05 (m, 1H, ArH), 7.31 (m, 2H, ArH), 7.35 (m, 1H, ArH). 
13C NMR (100 MHz, CDCl3) δ 110.0, 116.2, 120.4, 124.5, 
128.6, 129.9, 134.3. IR (KBr) 3163, 2921, 2243, 1598, 1500, 
1426, 1295, 1049 cm–1. Anal. Calcd for C7H5ClN2 (152.58): 
C, 55.10; H, 3.30; N, 18.36. Found: C, 55.11; H, 3.32; N, 
18.29.

3-Chlorophenyl cyanamide (4b). White solid; m.p. 93–
95 °C; 1H NMR (CDCl3, 400 MHz) δ 6.92 (m, 1H, ArH), 
7.03 (m, 2H, ArH), 7.26 (t, J = 8.0 Hz, 1H, ArH). 13C NMR 
(100 MHz, CDCl3) δ 111.1, 113.8, 115.9, 124.0, 130.9, 
135.7, 138.7. IR (KBr) 3154, 2910, 2237, 1602, 1513, 1423, 
1256 cm–1. Anal. Calcd for C7H5ClN2 (152.58): C, 55.10; 
H, 3.30; N, 18.36. Found: C, 55.10; H, 3.29; N, 18.29. MS 
(ESI): 152 (M+).

3-Nitrophenyl cyanamide (5b). Yellow solid; m.p. 133–
135 °C; 1H NMR (CDCl3 + DMSO, 400 MHz) δ 7.38 (d, J 
= 8.4 Hz, 1H, ArH), 7.52 (t, J = 8.4 Hz, 1H, ArH), 7.85 (m, 
2H, ArH). 13C NMR (100 MHz, CDCl3 + DMSO) δ 109.6, 
110.7, 116.8, 120.8, 130.1, 139.9, 148.4. IR (KBr) 3147, 
2919, 2241, 1621, 1531, 1354, 1260, 1071, 937, 871 cm–1. 
Anal. Calcd for C7H5N3O2 (163.14): C, 51.54; H, 3.09; N, 
25.76. Found: C, 51.58; H, 3.12; N, 25.71; MS (ESI): 163 
(M+).

4-Chlorophenyl cyanamide (6b). White solid; m.p. 95 °C; 
1H NMR (CDCl3, 400 MHz) δ 6.91 (d, J = 8.0 Hz, 2H, 
ArH), 7.28 (d, J = 8.0 Hz, 2H, ArH). 13C NMR (100 MHz, 
CDCl3) δ 111.4, 116.9, 128.9, 129.9, 136.2. IR (KBr) 3166, 
2954, 2234, 1600, 1494, 1251, 1091 cm–1. Anal. Calcd for 
C7H5ClN2 (152.58): C, 55.10; H, 3.30; N, 18.36. Found: C, 
55.09; H, 3.33; N, 18.32.

4-Methoxyphenyl cyanamide (7b). White solid; m.p. 86–
89 °C; 1H NMR (CDCl3, 400 MHz) δ 3.78 (s, 3H, CH3), 
6.87 (d, J = 8.8 Hz, 2H, ArH), 6.95 (d, J = 8.8 Hz, 2H, ArH). 
13C NMR (100 MHz, CDCl3) δ 55.8, 112.8, 115.2, 117.0, 
130.6, 156.1. IR (KBr) 3180, 2926, 2218, 1456, 1295, 1238, 
1105, 1037, 826 cm–1. Anal. Calcd for C7H6N2O (148.17): 
C, 64.85; H, 5.44; N, 18.91. Found: C, 64.91; H, 5.40; N, 
18.93.

4-Hydroxyphenyl cyanamide (8b). White solid; m.p. 259-
261 °C; 1H NMR (CDCl3 + DMSO, 400 MHz) δ 5.67 (brs, 
1H, NH), 6.77 (d, J = 8.8 Hz, 2H, ArH), 6.83 (d, J = 8.8 Hz, 
2H, ArH), 8.98 (brs, 1H, OH). 13C NMR (100 MHz, CDCl3 
+ DMSO) δ 112.8, 115.6, 115.8, 129.5, 152.2. IR (KBr) 
3213, 2992, 2230, 1613, 1519, 1444, 1258, 1224 cm–1. Anal. 
Calcd for C7H6N2O (134.14): C, 62.68; H, 4.51; N, 20.88. 
Found: C, 62.72; H, 4.55; N, 20.83.

4-Acetylphenyl cyanamide (9b). White solid; m.p. 153–
157 °C; 1H NMR (CDCl3 + DMSO, 400 MHz) δ 2.56 (s, 
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3H, CH3), 7.08 (d, J = 8.8 Hz, 2H, ArH), 7.91 (d, J = 8.8 Hz, 
2H, ArH). 13C NMR (100 MHz, CDCl3 + DMSO) δ 25.9, 
110.9, 114.5, 129.8, 131.2, 142.9, 196.2. IR (KBr) 3188, 
2966, 2228, 1666, 1599, 1585, 1411, 1362, 1278, 1176, 962 
cm–1. Anal. Calcd for C9H8N2O (160.18): C, 67.49; H, 5.03; 
N, 17.48. Found: C, 67.53; H, 5.08; N, 17.44. MS (ESI): 160 
(M+).

2-Iodo-4-methylphenyl cyanamide (10b). White solid; 
m.p. 144 °C; 1H NMR (CDCl3, 400 MHz) δ 2.29 (s, 3H, 
CH3), 6.17 (brs, 1H, NH), 7.17 (dd, J = 8.2 Hz, 2H, ArH), 
7.56 (s, 1H, ArH). 13C NMR (100 MHz, CDCl3) δ 20.4, 
84.2, 110.7, 115.4, 130.9, 135.4, 139.6. IR (KBr) 3229, 2919, 
2217, 1603, 1573, 1502, 1420, 1383, 1283, 1032, 866, 805 
cm–1. Anal. Calcd for C8H7N2 (258.06): C, 37.23; H, 2.73; 
N, 10.86. Found: C, 37.27; H, 2.75; N, 10.84. 

n-Butyl cyanamide (11b). Gummy; 1H NMR (CDCl3, 400 
MHz) δ 0.94 (t, J = 7.6 Hz, 3H, CH3), 1.40 (m, 2H, CH2), 
1.58 (m, 2H, CH2), 3.06 (m, 2H, CH2), 4.61 (brs, 1H). 13C 
NMR (100 MHz, CDCl3) δ 13.6, 19.5, 31.7, 45.7, 117.2. IR 
(KBr) 3207, 2961, 2875, 2221, 1614, 1463, 1373, 1171 cm–1. 
Anal. Calcd for C5H10N2 (98.15): C, 61.19; H, 10.27; N, 
28.54. Found: C, 61.22; H, 10.23; N, 28.48.

Cyclohexyl cyanamide (12b). Gummy; 1H NMR (CDCl3, 
400 MHz) δ 1.31 (m, 5H, CH2), 1.61 (m, 1H, CH2), 1.78 
(m, 2H, CH2), 1.95 (m, 2H, CH2), 3.09 (m, 1H, CH2), 3.91 
(brs, 1H, NH). 13C NMR (100 MHz, CDCl3) δ 24.3, 25.1, 
32.6, 54.3, 115.9. IR (KBr) 3196, 2933, 2857, 2217, 1453, 
1367, 1167 cm–1. Anal. Calcd for C7H12N2 (124.19): C, 
67.70; H, 9.74; N, 22.56. Found: C, 67.67; H, 9.70; N, 22.50.

Benzyl cyanamide (13b). Gummy; 1H NMR (CDCl3, 400 
MHz) δ 4.11 (d, J = 5.2 Hz, 2H, CH2, CH2), 4.66 (brs, 1H, 
NH), 7.27–7.37 (m, 5H, ArH). 13C NMR (100 MHz, 
CDCl3) δ 49.9, 116.7, 127.9, 128.4, 128.9, 136.4. IR (KBr) 
3207, 2925, 2220, 1455, 1359, 1155, 1014 cm–1. Anal. Calcd 
for C8H8N2 (132.17): C, 72.70; H, 6.10; N, 21.19. Found: C, 
72.66; H, 6.13; N, 21.11.

Benzo[1,3]dioxol-5-ylmethyl cyanamide (14b). White 
solid; m.p. 82–84 °C; 1H NMR (CDCl3, 400 MHz) δ 4.05 
(d, J = 5.2 Hz, 2H, CH2), 4.57 (brs, 1H, NH), 5.94 (s, 2H, 
OCH2), 6.77 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 49.9, 
101.4, 108.46, 108.54, 116.5, 121.7, 130.1, 147.8, 148.2. IR 
(KBr) 3233, 2952, 2897, 2220, 1500, 1445, 1038, 925, 809 
cm–1. Anal. Calcd for C9H8N2O2 (176.18): C, 61.36; H, 4.58; 
N, 15.90. Found: C, 61.41; H, 4.61; N, 15.85.

3,4-Dimethoxyphenylethyl cyanamide (15b). Gummy; 
1H NMR (CDCl3, 400 MHz) δ 2.84 (t, 2H, CH2), 3.28 (q, J 
= 7.2 Hz, 2H, CH2), 3.83 (s, 3H, CH3), 3.84 (s, 3H, CH3), 
4.37 (brs, 1H, NH), 6.76 (m, 3H, ArH). 13C NMR (100 
MHz, CDCl3) δ 35.5, 47.5, 55.92, 55.95, 111.4, 111.9, 116.5, 
120.9, 130.0, 147.8, 148.9. IR (KBr) 3274, 2937, 2219, 1592, 

1517, 1464, 1262, 1236, 1156, 1142, 1026, 913 cm–1. Anal. 
Calcd for C11H14N2O2(206.24): C, 64.06; H, 6.84; N, 13.58. 
Found: C, 64.12; H, 6.80; N, 13.54.

5. Conclusion
In conclusion, we have developed a general, eco-

nomical and environmentally benign method for the 
preparation of isothiocyanates and cyanamides from their 
corresponding dithiocarbamic acid salts. The use of 
non-toxic and eco-friendly reagents and solvents without 
the formation of any side products makes this methodolo-
gy potentially useful. The yield could in fact be considered 
as very good if not excellent.
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Povzetek
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Abstract
A computational study at the density functional theory (DFT) as well as electrochemical methods, was carried out on the 
structural and physico-chemical properties of a series of sulfonamide derivatives (SAs) as WHO essential medications in 
the treatment of basic health system. The B3LYP/6-311++G(d,p) level of theory carried out on sulfadiazine (SDZ), sul-
fathiazole (STZ), sulfaquinoxaline (SQX), sulfacetamide (SAA), and the reference unsubstituted sulfonamide (SA) was 
discussed and rationalized in term of the N1-sulfonamide substituent. The geometric structures and the electronic prop-
erties related to the bacteriostatic reactivity were revealed to be affected by the steric and “push-pull” characteristics of 
the substituents. Electrochemical experiments on oxidation of SAs, using cyclic voltammetry are presented. The results 
obtained showed that the calculated ionization potentials (IPs) could be correlated linearly with the electro-oxidation 
potentials. From the molecules studied it is evident that SDZ act as the most electro-active agent, possessing the highest 
biological activity. DFT computations carried out using the standard molar enthalpies of formation in the gas phase pre-
dicted improvements in the thermodynamic stabilization of the SDZ, SQX, and SAA molecules and an unstabilization of 
STZ with respect to the parent molecule SA.

Keywords: Sulfonamide, Substituent, Density functional theory, Electrochemical behavior

1. Introduction
Sulfa drugs (sulfonamides), characterized by a 

p-aminophenyl group and a sulfonamido one (-SO2N-) in 
their molecular structures, are the basis of some important 
bacteriostatic agents. These molecules represent a substan-
tial class of pharmaceutical compounds, which are exten-
sively employed as chemotherapeutic agents,1 and anti-tu-
mor,2 anti-thyroid,3 anti-carbonic anhydrase,4 anti-inflam-
matory,5 hypoglycemic,6 diuretic,7 COX-inhibitors, and 
anti-impotence drugs,8 and also have been used as azo 
dyes to achieve improved light stability, water solubility, 
and fixation to fiber. Sulfonamides act as competitive in-
hibitors of the enzyme dihydropteroate synthase in bacte-
ria, and catalyze changing p-aminobenzoic acid into a nu-
trient necessary for some bacteria.9 Some sulfonamide de-
rivatives are still extensively used for the treatment of nu-
merous bacterial, fungal infections, protozoal, and the first 
effective chemotherapeutic agents used in safe therapeutic 
dosage ranges.10 Due to their biological and pharmaceuti-

cal ingredients, sulfonamide derivatives find a lot of im-
portance in the literature related to the synthesis of new 
classes of compounds.11-15 

Molecular structure of the sulfa drug is analogous to 
that for p-aminobenzoic acid (PABA) (Scheme 1). The 
similarity between them has been shown by the 
Wood-fielder theory.16 According to Bell and Robin,17 a 
structure that is comparable to the molecular structure of 
PABA may interfere within its biological function. The sul-
fonamide mechanism has been recognized at the enzyme 
level. In bacteria, anti-bacterial sulfonamides act as the 
competitive inhibitors of dihydropteroate synthetase. 
Hence, sulfonamide interferes with the enzyme folic acid 
synthetase, which is involved in changing PABA to folic 
acid, which results in the deficiency of folic acid, causing 
injury to the bacterial cell. Most bacteriostatic SAs have 
been derivatized basically by variation in the R-substitu-
tion linked to the N1 atom of the sulfonamido group 
(Scheme 1). Substitution with a heterocyclic structure has 
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produced compounds more active than the parent mole-
cule SA (R = H). More widespread experimental studies 
carried out by Bell,17 Kumler,18 Seydel,19 and others have 
been devoted to the analysis of the structure-electronic ef-
fects that could be related to the pharmaceutical activities, 
paying special interest to the role of the acidity of the sul-
fonamido group.20-22 Sulfonamides are weak acids com-
pared to carboxylic acid amides. Their acidic nature results 
from the ability of the SO2 moiety to stabilize the nitrogen 
anion via resonance. It has been found that their pharma-
ceutical activity is favored directly by the increased sulfon-
amide acidity (related to the lower pKa values). 

The relationship between the chemical structure and 
pharmaceutical activity of the SA derivatives has prompt-
ed the current experimental and theoretical investigations 
for new sulfa compounds that would possess a greater 
pharmacological activity.23–26 In this way, sulfadiazine is 
one of the substantial sulfonamide antibiotics that are list-
ed as WHO crucial medications in the cure of basic health 
system.15 In comparison to the SA derivatives, it has been 
found that the original SA is at the lowest end of the activ-
ity spectrum. Although these drugs are clinically effective 
in the treatment of various medical disorders, they cause 
some negative side-effects, which may lead to hepatitis and 
arthritis. Through relocation, these drugs reach the envi-
ronment and cause acute toxicity and serious public health 
hazards.14 

Now we wish to report a theoretical investigation 
carried out on the SA derivatives including SAA, SDZ, 
SQX, STZ, and the original sulfonamide SA as the refer-
ence molecule, which can be used to evaluate the relevance 
of the physico-chemical and structural properties toward 
the steric and electronic influences of the N1-substituents. 
The R groups were chosen by taking into account the 
structures of some sulfonamide-based drugs. The sketch 
map of the substituent structures for all the studied SAs is 
depicted in Scheme 2. Investigations have been carried out 
to identify the geometric structure, energy disparity be-

tween the lowest unoccupied molecular orbital (LUMO) 
and the highest occupied molecular orbital (HOMO), 
atomic and group Mulliken charge distribution, and some 
appropriate quantum descriptors. Since electrochemical 
methods are accurate, simple and economical in terms of 
both time and cost for drug residue monitoring as well as 
control processes, electro-oxidation behavior of SAs was 
initially studied on a carbon paste electrode (CPE) using 
cyclic voltammetry technique.

2. Methodology
2. 1. Computation Method

The ground-state geometry of each sulfonamide was 
fully optimized using the gradient procedure at the re-
stricted DFT technique, as implemented in the Gaussian 
09 program package.27 A preliminary basis set test carried 
out for calculations on the electronic ground state for the 
unsubstituted reference molecule (SA), showed that that 
6-311++G(d,p) was the best basis set that can be used 
within our available hardware/software facilities within a 
reasonable time. The reports by others28,29 have also shown 
that the B3LYP/6-311+G(d,p) level of theory appeared no-
tably adapted to describe sulfonamides to obtain experi-
mental data. The fully-optimized structures by the DFT-
B3LYP level30,31 were confirmed to be the real minima 
through the zero imaginary frequencies. For all cases, both 
the radical cation and radical anion were treated as open-
shell systems by UB3LYP/6-311++G(d,p). In particular, 
the values for the electronic chemical potential (µ), global 
hardness (η), electrophilicity index (ω), and maximal flow 
of electrons (ΔNMax) were determined using the Koopman’s 
theorem eigenvalues.32,33 Furthermore, the standard molar 
enthalpies of formation in the gas phase at 298.15 K for all 
the studied species were estimated by the atomization en-
ergy route. The detailed description of this calculation 
procedure has been reported in the literature.34

Scheme 1. Sketch map of PABA structure and SA structure with N atom numbering.

Scheme 2. Sketch map of R group structure for all studied SAs.
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2. 2. Experimental
All chemical material used for this project were re-

agent grade from Merck and used as received. A na-
no-composite modified carbon past electrode consisted of 
5% reduced graphene oxide (RGO) decorated CeO2 na-
no-particle was employed to study the electro-oxidation of 
SAs solution using cyclic voltammetry. A homemade ul-
tra-voltammetry system designed in Center of Excellence 
Electrochemistry (CEE) of University of Tehran was used 
for the electrochemical measurements at 25.0 ± 0.1 °C. A 
stock solution (1mM) for each SA derivatives was pre-
pared and kept in refrigerator. Standard solution for mea-
surements was prepared by dilution of stock solution by 
phosphate buffer (pH 7.4). The external electrode surface 
was smoothed with a clean and soft paper. A new surface 
was produced by scraping out the old surface and replac-
ing the carbon paste.

3. Results and Discussion
3. 1. Geometric Structures of SAs

Full-optimized geometrical structure of each studied 
sulfonamide obtained at the B3LYP/6-311 ++G(d,p) level 
of theory are given in Fig. S1 in the Supporting Informa-
tion. In Table 1, some selected dihedral (D) and bond (A) 
angles of the SA derivatives are tabulated. According to 
this table (column 2), for the dihedral angle DN4-ph, defin-
ing the torsion between the amino group (NH2) and phe-
nyl ring (ph), a value of 178o is an evidence of complete 
planarity, and our calculated results indicated that all SAs 
presented values for DN4-ph close to 180o. It is interesting 
that introduction of the selected R groups did not affect 
the planarity of the amino group and phenyl ring present 
in the parent molecule (SA). It has been found that this 
planarity in the SA drugs is a necessary condition for a 
pharmaceutical activity.23 The dihedral angle between the 
SO2 group and the phenyl ring, Dph-SO2, was also close to 
180° in all SAs (Table 1, column 3). However, for the SAA, 
SDZ, and SQX species, the C-S-N1 bond angle (ACSN1) dis-
played a value of nearby 105°, although it was found to be 
100o for the STZ molecule. This may be attributed to the 
different steric effects resulting from the proximity of the 
substituent R to the sulfonamido group. Our calculated re-
sults for all SAs revealed that the bond angle for O-S-O 

was near 120°, indicating that introduction of the R group 
did not affect it considerably.

In the case of the optimized structures in the ground 
state, some selected bond lengths (d) of the studied mole-
cules are given in Table 2. As we can see in this table, for all 
SAs, the bond length for N4-ph is 1.38 Å, which is in the 
order of the C-C bond length in the resonance structure of 
phenyl ring (on average, 1.39 Å). This means that the ami-
no group is well-conjugated with the phenyl ring, and is 
not affected by the substituent type. In this way, the N4-ph 
bond distances for both the radical anion and radical cat-
ion species, tabulated in Table S1 of the Supporting Infor-
mation, indicated that the N4-ph bond length varied in the 
following order: anionic (1.40 Å) > neutral (1.38 Å) > cat-
ionic (1.34 Å). It is interesting that the ph-S and S-N1 bond 
lengths were not varied considerably by the R groups, 
where the distance between the S atom and R group 
changed due to the substituent steric hindrance. It has 
been established23 that the sulfonamide activity is accom-
panied by a small distance between the N1 atom and R 
group corresponding to the large bond order for dN1-R. Ac-
cording to Table 2 (column 5), the SDZ molecule with a 
shorter N1-R distance possesses a more bacteriostatic ac-
tivity with respect to the other substituted SAs. It was con-
cluded that the electronic and structural properties of the 
substituent could contribute to the bacteriostatic activity 
of a sulfa drug.

Table 1. Dihedral and bond angles (in degrees) for SA species in 
neutral state at the B3LYP/6-311++G(d,p) level of theory.

Species	 DN4-ph	 Dph.-S	 ACSN1	 AOSO

SA	 178	 –180	 104	 122
SAA	 178	   179	 106	 122
SDZ	 178	   179	 105	 121
SQX	 178	   179	 105	 122
STZ	 178	   180	 100	 120

Table 2. Some selected bond lengths (Å) for SA species in neutral 
state at the B3LYP/6-311++G(dip) level of theory.

Species	 dN4-ph	 dph-S	 dS-N1	 dN1-R

SA	 1.3851	 1.7835	 1.7001	 –
SAA	 1.3803	 1.7815	 1.7102	 1.4022
SDZ	 1.3842	 1.7773	 1.7152	 1.3846
SQX	 1.3829	 1.7758	 1.7201	 1.3916
STZ	 1.3810	 1.7787	 1.7247	 1.4127

3. 2. Electronic Properties of SAs

One of the important parameters involved in the 
bacteriostatic activity of a sulfa drug is the charge distribu-
tion of an atom and a group over their molecular struc-
tures. We investigated qualitatively the “push-pull” effect 
of the R substituents on the SA molecules by the Mulliken 
population analysis. Some atomic and group charge distri-
butions obtained for the neutral and both the radical anion 
(–) and radical cation (+) of SAs are summarized in Table 
3. In all the neutral species, linkage of the R group on the 
parent molecule SA did not affect the charge on the N4 
atom (Table 3, column 2). This is expected because R group 
is far from it (see Scheme 1). The calculated results show 
that the influence of substituent introduction is manifested 
in the increased negative charge on the N1 atom in the 
SAA, SDZ, and SQX species, and an increased positive 
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charge on it in STZ with respect to the reference molecule 
SA. These are referred to the electron-withdrawing effect 
of the R group in the SAA, ADZ, and SQX molecules, and 
the electron-donating effect of the R group in the STZ 
molecule, respectively. The same trend was observed for 
the negative charge on the phenyl ring. Depending on the 
substituent type, the calculated charge at the SO2 group 
shows a large variation. In both the experimental and the-
oretical works carried out by Bell et al.17 and Soriano-Cor-
rea et al.,23 respectively, the increase in the acidity of SAs 
(which is equivalent to an increase in the bacteriostatic 
activity) was found to be related to a reduction in the neg-
ative charge of the SO2 group. In other words, the substitu-
ent electronegativity is an important parameter that con-
trols the bacteriostatic activity in sulfa drug. Our calculat-
ed results showed that SDZ with a more positive charge (or 
a less negative charge) of the SO2 group can have a higher 
reactivity (Table 3, column 5). For the case of radical cat-
ion species, the main influence of the injection of one pos-
itive charge is manifested in the increased positive charge 
on the N4 atom with respect to the N1 atom. Consequently, 
the N4 atom in the p-amino group, which is far from the 
substitution position, was found to be a more reactive zone 
to the protonation processes than the N1 atom that is clos-
er to the substituent (see Scheme 1). An inverse trend was 
observed for the negative charge on the radical anion spe-
cies. In this regards, the negative charge was distributed 
mainly on the N1 atom, which provides that the deproton-
ation processes were take place most probability at the N1 
atom position with respect to the N4 atom. 

tion systems and improved stabilizations. The extended 
aromatic structure can correspond to the narrow HO-
MO-LUMO (H-L) gap energy, which provides a reason-
able qualitative indication of the excitation properties and 
of the ability of electron or hole transport [35–37]. Table 4 
displays the H-L gaps for all the SA molecules. According 
to this data, reduction in the H-L gap values for both the 
radical anion and radical cation species becomes more 
considerable with respect to the ones in the neutral state. 
Thus we may predict that the SA derivatives have the most 
reactivity in their ionic forms. It is interesting that the H-L 
gaps for the R substituted species are lower with respect to 
the reference SA molecule, which is in good agreement 
with the less bacteriostatic reactivity of the original SA.23 
Among the compounds studied, SDZ and SQX have the 
lower H-L gaps, indicating that they can be show the high-
er reactivity. The results obtained revealed that the HO-
MO-LUMO electronic transitions could be attributed to 
the tendency of the considered R groups to contribute the 
π-electrons with the molecular system.

Table 3. Some atomic and group charge distributions of SAs in neu-
tral and both radical cation (+) and radical anion (–) states.

Species	 N4	 N1	 ph	 SO2

SA	 –0.29	 –0.34	 –0.14	 –0.34
SAA	 –0.29	 –0.40	 –0.22	   0.03
SDZ	 –0.29	 –0.49	 –0.34	   0.36
SQX	 –0.31	 –0.36	 –0.24	   0.23
STZ	 –0.29	 –0.05	 –0.07	 –0.20
SA(+)	 –0.18	 –0.38	   0.30	 –0.08
SAA(+)	 –0.18	 –0.33	   0.27	   0.07
SDZ(+)	 –0.20	 –0.50	 –0.01	   0.57
SQX(+)	 –0.26	 –0.41	 –0.11	   0.53
STZ(+)	 –0.25	 –0.23	   0.16	   0.07
SA(–)	 –0.23	 –0.35	   0.12	 –0.54
SAA(–)	 –0.24	 –0.39	 –0.22	 –0.08
SDZ(–)	 -0.25	 –0.41	 –0.30	 –0.07
SQX(–)	 –0.30	 –0.31	   0.00	   0.00
STZ(–)	 –0.25	 –0.33	 –0.34	 –0.42

Table 4. Calculated values for HOMO-LUMO gaps (eV) for studied 
species in neutral and ionic states.

Species	 Neutral	 Cationic	 Anionic

SA	 0.197	 0.074	 0.034
SAA	 0.192	 0.052	 0.034
SDZ	 0.174	 0.050	 0.025
SQX	 0.166	 0.049	 0.034
STZ	 0.193	 0.054	 0.034

It is expected that the presence of a desired R substit-
uent on the sulfonamido group could improve the electron 
delocalization along the molecular structure. For the case 
of the SA derivatives, delocalization of the π-electrons 
onto the molecular backbone led to satisfactory conjuga-

According to density functional theory, the energy E 
can be expressed as a function of the electron number N 
and as a functional of the external potential v(r). Deriva-
tives of E[N; v(r)] with respect to N and v(r) produce a set 
of global and local quantities that allow to quantify the 
concept of reactivity and site selectivity, respectively. The 
electronic chemical potential µ, the molecular hardness η, 
the electrophilicity index ω, and the maximal flow of elec-
trons that a system may accept ΔNMax are defined as:32,33

						       (1)

						       (2)

						       (3)

						       (4)

where EH and EL are the energies of HOMO and LUMO. 
These electronic that characterize the charge injection and 
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charge transport properties of such materials g are given in 
Table 5. It was found that the electronic descriptors of SAs 
are influenced by the electronic and steric properties of the 
substituent. The values for µ, ω, and ΔNMax are related with 
the escaping tendency of electrons and stabilization energy 
of the system, and increase with presenting the R group to 
the parent SA molecule. This indicates that the escaping 
tendency of electrons in the structures of the SA deriva-
tives, in particular for the deprotonation process, is stabi-
lized by the electron-withdrawing character of the substit-
uent. An inverse trend was observed for the molecular 
hardness, which points out an obvious substitution effect 
on the reactivity of the molecules, in particular for the 
SDZ, SQX, and SAA species. The less change in the elec-
tronic properties of the STZ molecule may be referred to 
the less contribution of its substituent to the conjugated 
system. 

can be concluded that SDZ possesses a higher electro-
chemical reactivity, and so it can be considered as a desired 
pharmaceutical application. Since the anodic peak poten-
tial Epa, where the oxidation current is maximum, is related 
to the ionization potential, we calculated the adiabatic IP 
values for SAs at B3LYP/6-311++G(d,p) level defined as: 

SAs  →  SAs+°  +  e–                                   		   (6)

where SAs and SAs+° stand for the neutral and radical cat-
ion states of the sulfonamide derivatives, respectively. In 
the case of sulfonamide derivatives, the calculated IP is an 
important parameter for use to estimate the energy barrier 
for their electro-oxidation reaction.

In Figure 2, the calculated IP values are plotted 
against the experimental values for Epa. According to this 
figure, one can observe a good correlation between the IP 
and Epa values (the correlation coefficient r2 > 0.90). The 
observed correlation indicates that a highly delocalized 

Table 5. Calculated values for electronic descriptors µ, η, ω, and 
ΔNMax for studied SAs. 

Species	 µ (eV)	 η (eV)	 ω (eV)	 ΔNMax

SA	 –0.136	 0.098	 0.187	 1.377
SAA	 –0.149	 0.097	 0.230	 1.545
SDZ	 –0.146	 0.087	 0.246	 1.679
SQX	 –0.151	 0.084	 0.271	 1.798
STZ	 –0.141	 0.097	 0.209	 1.411

In order to elucidate the electrochemical behavior of 
the titled SA derivatives, their voltammetric responses ob-
tained at a carbon past electrode. Owning to non-solubili-
ty of SAs in acidic rezones, a phosphate buffer solution 
with pH = 7.4 was used in the cyclic voltammetry mea-
surements. These compounds can be electrochemical oxi-
dized at the amino group (NH2). Figure 1 shows the cyclic 
voltammograms of each SAs containing 1.0 mM of sulfac-
etamide, sulfaquinoxaline, sulfadiazine, and sulfathiazole 
at the CPE. In all voltammograms, just one oxidation peak 
was observed which could be expressed as a two-electron, 
two-proton process via the following reaction: 

						       (5)						    

As it can be seen in Figure 1, the anodic peak current 
and potential at which the oxidation reaction occurs (Ipa 
and Epa, respectively) are strongly dependent on the char-
acteristic of R group (Scheme 2). Among the SAs, sulfadi-
azine shows a significant increase in the response current 
with respect to the other SAs. Under these conditions, it 

Figure 1. Electrochemical behavior of sulfacetamide (SAA), sul-
fadiazine (SDZ), sulfaquinoxaline (SQX), and sulfathiazole (STZ) at 
a CPE. All solutions were studied in concentration of 1 mM in a 
phosphate buffer solution (pH = 7.4) with scan rate of 0.1 V s–1.

Figure 2. Correlation plot between the calculated IP (eV) and ex-
perimental Epa (V) for SA derivatives.
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system corresponding to a low Epa value may accept a less 
barrier energy than a relatively more localized system 
(with higher Epa). This trend is reasonable because a higher 
electron-conjugation character of the substituent stabilizes 
the oxidation product (Eq. 2). It can also be observed in 
Figure 2 that the SAA molecule with a non-cyclic group (R 
= COCH3) has a large positive shift for Epa.

3. 3. Thermodynamic Stability of SAs
Full-optimized geometrical structure of SAs were 

used to calculate the vibrational frequencies by means of 
the B3LYP/6-311 ++G(d,p) level of theory. All vibrational 
frequency values together some thermochemical quanti-
ties of the sulfonamide derivatives including the total en-
ergy (E), zero-point energy (ZPE), enthalpy (H), and ther-
mal corrected energy (Hcorr) at 298.15 K were tabulated in 
Tables S2 and S3. As mentioned in section 2, the gas-phase 
standard molar enthalpies of formation at 298 K, ΔH°

f,298(g), 
for SAs were calculated through the atomization energy 
route, and the results obtained were displayed in Figure 3. 
As it can be seen in this figure, in a comparative study in 
the gas phase, the improvement in stability (corresponding 
to ΔH°

f,298(g) < 0) was obtained for the SAA, SDZ, and SQX 
species with respect to the reference molecule SA. Indeed, 
attachment of an electron-attracting substituent to the sul-
fonamido group leads to an evident decrease in the stan-
dard molar enthalpies of formation and followed by an 
increase in the thermodynamic stabilization. In agreement 
with the electronic results obtained in section 3.2, we ob-
served that the thermodynamic stability of the STZ mole-
cule decreased with respect to the unsubstituted parent 
SA. Since the thermal stability of compounds is an import-
ant factor to be considered for the standardization of drugs 
and pharmaceuticals, it may be concluded that the consid-
ered processor helps us to predict the relative thermody-
namic stability of new SA derivatives for which the respec-
tive experimental determination has not been reported.

4. Conclusion
In the current work, the B3LYP/6-311++G(d,p) level 

of theory was employed to investigate the influence of the 
N1-sulfonamide substituent on the geometrical structure 
and electronic properties of the SAA, SDZ, SQX, and STZ 
molecules. Substituting the hydrogen atom of the sulfana-
mido group by four different substituents played a fine-
tune effect on the physico-chemical properties and ther-
modynamic stabilities of the SA derivatives. In the case of 
the R substituted species, improvements were obtained in 
the HOMO-LUMO gap, charge density, and some elec-
tronic descriptors with respect to the ones in the reference 
SA molecule, which were in good agreement with the 
higher bacteriostatic reactivity of these molecules. Com-
parison of the cyclic voltammetry experiments for the ox-
idation potential of SAs obtained in this work, with the 
calculated ionization potential values shows a linear cor-
relation, which corresponds to the conjugational character 
of the substituent. The calculations carried out on the neu-
tral and ionic SAs as well as electrochemical measurements 
showed that the SDZ molecule had a more satisfactory 
structural and electronic characteristic for the bacterio-
static reactivity. Besides, the calculated results for the stan-
dard molar enthalpies of formation in the gas phase re-
vealed an improvement in the thermodynamic stabiliza-
tion of the SDZ, SQX, and SAA molecules with respect to 
the unsubstituted parent molecule. Generally, the theoret-
ical data obtained for the efficient injection and transport 
of the carrier charges involving holes and electrons can be 
applied for the rational design of a sulfa drug of desired 
properties.
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Povzetek
S teorijo gostotne funkcije (DFT) in z uporabo elektrokemijskih metod smo proučevali strukturne in fizikalno-kemijske 
lastnostih serije derivatov sulfonamida (SA), ki imajo vlogo nujnih zdravil WHO pri osnovnem zdravljenju. Izračune 
za sulfadiazin (SDZ), sulfatiazol (STZ), sulfakvinoksalin (SQX), sulfacetamid (SAA) in referenčni nesubstituirani sulfo-
namid (SA), smo izvedli na B3LYP / 6-311 ++ G (d, p) nivoju. Ugotovili smo, da geometrijske strukture in elektronske 
lastnosti, povezane z bakteriostatično aktivnostjo, vplivajo na sterične in „push-pull“ značilnosti substituent. Predstavili 
smo tudi elektrokemijske eksperimente oksidacije SA z uporabo ciklične voltametrije. Izkazalo se je, da med izračunani 
ionizacijski potenciali (IP) in elektrooksidacijskimi potenciali lahko obstaja linearna zveza. Izmed proučevanih mole-
kul je očitno SDZ najbolj elektroaktiven in izkazuje tudi največjo biološko aktivnost. Izračuni DFT, izvedeni s uporabo 
standardnih molskih tvorbenih entalpij za tvorbo v plinski fazi, so predvideli možne izboljšave pri termodinamski stabil-
nosti molekul SDZ, SQX in SAA ter relativno nestabilnost STZ glede na molekulo SA.
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Abstract
Methyl salicylate based vortex-assisted surfactant-enhanced emulsification microextraction (MeSA-VASEME) has been 
developed and applied for rapid preconcentration of fungicides (i.e., carbendazim, thiabendazole, and fluberidazole) in 
honey samples followed by high performance liquid chromatographic analysis. MeSA was used as an extraction solvent, 
while surfactant was used to enhance the extraction performance under the dispersion by vortex agitation. The optimum 
MeSA-VASEME conditions were 100 μL MeSA, 2.0 mmol L‒1 sodium dodecyl sulfate, and vortex agitation at 1200 rpm 
for 90 s. Preconcentration factors were obtained in the range of 32–40. The limit of detection in the studied honey sam-
ples was 0.5 μg L‒1. The recovery of the spiked target fungicides at 20, 50, and 100 μg L‒1 were 81.5–116.8 % with the rel-
ative standard deviation below 11%. The proposed method is simple, sensitive, less organic solvent consuming, inexpen-
sive, and a rapid procedure for the residue analysis of fungicides in honey samples.

Keywords: Methyl salicylate, VASEME, HPLC, Fungicide, Honey

1. Introduction
Bee products including honey are natural products 

that are rich in minerals, antioxidants, and simple sugars.1 
Honey is found to be used as enzymatic and nonenzymatic 
antioxidant to prevent deteriorative oxidation reactions in 
foods such as the browning of fruit and vegetables, lipid 
oxidation in meat, and to inhibit the growth of food borne 
pathogens and microorganisms leading to food spoilage.1 
In addition, honey has potential therapeutic properties in 
infections, wound healing, and cancer.1 However, bee 
products can also be a source of toxic substances, such as 
heavy metals, radioactive isotopes, organic pollutants, and 
pesticides (e.g., insecticides, fungicides, herbicides, and 
bactericides) due to environmental pollution and misuse 
of beekeeping practices.1,2 Indirect contamination of hon-

ey by pesticides can be found during the pesticide applica-
tions in agriculture through soil, water, air, and flowers 
and then bees come into contact with the pesticides and 
collect nectar to produce the honey.3 Pesticide residues 
(e.g., organohalogens, organophosphates, organonitrogen, 
pyrethroids, and carbamates) in honey samples have been 
reported in the range of 0.05–4310 µg kg–1 and were found 
in many countries.2 According to the legislations of maxi-
mum residue limits (MRLs) set by the European Union 
(EU) and Official of Brazil, it should be below 50 µg kg–1 
for most pesticides.3 

Benzimidazole fungicides are widely used in agri-
culture for pre- and post-harvest treatment to control and 
kill fungi or fungal spores in order to prevent the spoilage 
of crops.4–6 The active benzimidazole fungicides include 
benomyl (BN), carbendazim (CBZ), thiabendazole 
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(TBZ), fuberidazole (FuBZ), thiophanate (TP), and thio-
phanate-methyl (TPM). Most of the fungicides are nor-
mally used to control various diseases in various fruits 
and vegetables. They are directly applied to soil or sprayed 
over the crop fields.4,7 Hence, the studied fungicides may 
contaminate natural honey after bees come into contact 
with contaminated plants. From the literature, it was 
found that CBZ at the level of 1.62 µg kg–1 was detected in 
the honey sample.8 There are several toxic effects from 
this fungicide exposure including teratogenicity, congen-
ital malformations, polyploidy, diarrhea, anemia, pulmo-
nary edemas, or necrotic lymphoadenopathy.5,9 There-
fore, the development of highly sensitive techniques for 
trace residue analyses of fungicides in various sample 
matrices (e.g. food and enverionmental samples) has 
been increasingly important for the environment and 
health protection. 

The simultaneous residue determinations of ben-
zimidazole fungicides using micellar electrokinetic chro-
matography (MEKC),10 and high performance liquid chro-
matography (HPLC)11–14 have been popularly employed.  
Recently, the solvent-microextraction technique based on 
the application of vortex agitation, namely vortex-assisted 
liquid-liquid microextraction (VALLME) has been re-
viewed.15 Furthermore, surfactants (as emulsifiers) are 
used instead of disperser solvents (used in DLLME). This 
technique is named vortex-assisted surfactant-enhanced 
emulsification microextraction (VASEME). It was found 
that VALLME overcomes the disadvantage of DLLME (re-
quired disperser solvents), while surfactants used in 
VASEME assist extraction solvents to better disperse into a 
sample solution.16 The combination of vortex agitation and 
surfactant has also been widely applied to improve the ex-
traction performance and used for the analysis of various 
compounds.16–21 In VASEME, extraction solvents/sur-
factants such as carbon tetrachloride/Triton X-100, tolu-
ene/CTAB, 1-octanol/SDS+CTAB, trichloromethane/am-
monium perfluorooctanoate, 1-undecanol/Triton X-100, 
and methyl benzene/Tween 20 can be used.16–21 As men-
tioned above,16–21 it was found that a toxic extraction sol-
vent (e.g. carbon tetrachloride) was used. Meanwhile, the 
use of lighter density solvents (e.g. toluene, octanol, unde-
canol) proved difficult to separate and collect the upper 
extract phase and normally needed special devices to ac-
complish the phase separation. To overcome these limita-
tions, an alternative extraction solvent such as methyl sa-
licylate (MeSA) seems to be interesting for the extraction 
and preconcentration of organic compounds, such as fun-
gicides. MeSA has some important characteristics such as 
(1) high density (1.17 g mL–1), (2) clear liquid solution at 
room temperature, (3) low water solubility (700 mg L–1), 
and (4) low cost.22 As our previous work demonstrated, 
MeSA was used in quite a large volume (250 µL) and ex-
traction was carried out in the presence of salt in the ex-
traction solution.22 However, it seems to be suitable for 
non-polar compounds, except CBZ. Thus, the further de-

velopment of preconcentration based on MeSA is of inter-
est. The use of MeSA and surfactant (as emulsifier) instead 
disperser solvent and salt could maybe improve the per-
formance of extraction of target fungicides, especially 
CBZ. The application of the proposed VASEME using 
MeSA as an extraction solvent has not been used for the 
analysis of fungicides in honey samples.

This work is aimed at the development and extension 
of our previous work using a method named methyl salic-
ylate based vortex-assisted surfactant-enhanced emulsifi-
cation microextraction (MeSA-VASEME) coupled with 
HPLC for the simultaneous analysis of target benzimida-
zole fungicides (e.g. CBZ, TBZ, and FuBZ) in honey sam-
ples. The variables affecting MeSA-VASEME procedure 
were investigated, and analytical performances as well as 
method validation were also evaluated.

2. Experimental
2. 1. Chemicals and Reagents

The chemicals and reagents used in this study are of 
AR grade or higher. The analytical standards of fungicides 
were purchased from Sigma-Aldrich including CBZ (Mu-
nich, Germany), TBZ (Milan, Italy), and FuBZ (Munich, 
Germany). The stock solutions of each fungicide were pre-
pared at 1,000 mg L‒1 by dissolving an appropriate amount 
in a small volume (~500 μL) of formic acid and further 
dilution with methanol (MeOH). Methyl salicylate was ob-
tained from Sigma-Aldrich (Shanghai, China). MeOH, 
ethanol (EtOH), formic acid, and acetonitrile (ACN) were 
purchased from Merck (Darmstadt, Germany). Sodium 
dodecyl sulfate (SDS) was purchased from BDH Prolab 
(Leuven, Belgium). Triton X-100 was purchased from Sig-
ma-Aldrich (MO, USA), while Tergitol® TMN-10 (Sig-
ma-Aldrich, MO, USA) and cetyl trimethylammonium 
bromide (CTAB) (Sigma-Aldrich, Bangalore, India) were 
also purchased. The solutions of SDS (100 mmol L‒1), 
CTAB (100 mmol L‒1), Triton X-100 (25%, w/v), and Tergi-
tol TMN-10 (25%, w/v) were prepared in deionized water 
before use. Sodium chloride (NaCl) (Ajax Finechem, 
Auckland, New Zealand), anhydrous sodium sulfate (anh. 
Na2SO4) (Carlo Erba, Val de Reuil, France), sodium car-
bonate (Na2CO3) (RFCL Limited, New Delhi, India), and 
anhydrous sodium acetate (anh. NaOAc) (Carlo Erba, Val 
de Reuil, France) were used. All aqueous solutions were 
prepared in deionized water with resistivity of 18.2 MΩ 
cm from RiOs

TM Type I Simplicity 185 (Millipore water, 
MA, USA).

2. 2. Instruments
The HPLC coupled with a photo-diode array detec-

tor (PDA) (Shimadzu Corporation, Kyoto, Japan) was 
used. Data analysis and acquisition of the system were 
controlled using LCsolution software (Shimadzu). An In-
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ertsil C8 column (4.6 × 150 mm, 5.0 µm) connected to a 
guard C8 column (4.0×10 mm, 5.0 µm) (GL Science, To-
kyo, Japan) was used as the separation column for target 
fungicides. Centrifuge NF200 model (Nüve Inc., Ankara, 
Turkey) and a vortex mixer Genie-2 model (Scientific In-
dustries Inc., NY, USA) were also used. 

2. 3. HPLC Separation Conditions
The reversed-phase HPLC was used for complete 

separation of the studied fungicides under the gradient 
elution of ACN and 0.1% (v/v) formic acid as an optimal 
mobile phase. A flow rate of 1.0 mL/min was performed 
throughout the separation process. The chromatographic 
separation was performed at 25 °C. The detection of the 
target analytes was performed at 280 nm for CBZ, and at 
311 nm for TBZ and FuBZ. The column gradient pro-
gram12,22 consisted of 0‒2.0 min 15% ACN, 2.0‒4.0 min 
ramped linearly from 15 to 45% ACN, and then 4.0‒6.0 
min ramped linearly to 75% ACN. After the composition 
was further kept constant at 75% ACN for 3 min, ACN was 
linearly decreased to 45% and 15%, respectively. When the 
pressure reached its initial value, the next separation pro-
cess could be performed. 

2. 4. Sample Analysis
Honey samples were purchased from a supermarket 

in Khon Kaen province, Thailand. Accurate weight (1.00 
g) of sample was dissolved in 10 mL water. Then, the 10 
mL sample solution was extracted using the Me-
SA-VASEME procedure and analyzed by HPLC. To evalu-
ate the accuracy, the studied honey samples were fortified 
with the standard fungicides at various concentration lev-
els of 20, 50, and 100 μg L–1 prior to the preconcentration.

2. 5. MeSA-VASEME Procedure
Methyl salicylate (100 μL) and SDS (2 mmol L–1) 

were injected into the 15 mL conical tube containing a 
standard or sample solution (10.00 mL). Then, the solution 
was manually shaken for 15 s before vortex agitation at 
1200 rpm for 90 s. After centrifugation at 3000 rpm for 1 
min, the extract phase was obtained (at the bottom of the 
tube). The aqueous phase was then removed by microsy-
ringe. Subsequently, the extract rich phase was mixed with 
MeOH (100 µL) before subjecting it (20 μL) to HPLC for 
the analysis.

2. 6. �Calculation of Preconcentration Factor 
and Extraction Recovery
Preconcentration factor (PF) and extraction recov-

ery (ER) were used to evaluate the performance of the ex-
traction method and were calculated using the following 
equations:

							       (1)

							       (2)

where Cext is defined as target compound concentration in 
the collected phase, while C0 is the initial analyte concen-
tration. The calculation of Cext was conducted from the 
standard calibration curves obtained from the direct anal-
ysis (without preconcentration). Vext and V0 are the volume 
of the collected phase and initial aqueous sample solution 
(10 mL), respectively.

3. Results and Discussion
The parameters affecting extraction recovery of tar-

get fungicides were investigated including surfactant, ex-
traction solvent, salt additive, solution pH, vortex agita-
tion and centrifugation. One-parameter-at-a-time was 
used for optimizing extraction conditions, while the other 
remaining factors were kept constant. 

 

3. 1. Effect of Surfactants
By trial and error, three different extraction compo-

sitions including (a) MeSA in the presence of sodium ace-
tate, (b) MeSA containing MeOH (as disperser solvent) 
and sodium acetate, and (c) MeSA in the presence of SDS, 
were studied. As the results shown in Figure S1 indicate, 
the chromatograms obtained from the conditions (a) and 
(b) are similar. This means that the extraction performance 
of the methods for three studied compounds is insignifi-
cantly different under the presence of disperser solvent 
and/or salt. Meanwhile, MeSA in the presence of SDS gave 
the highest peak height especially for CBZ. This behavior 
indicated that SDS can be used as a good emulsifier for 
improving the extraction of polar analytes. Therefore, the 
effect of SDS in comparison with other surfactants on the 
extraction performance of the target fungicides was fur-
ther investigated.

Theoretically, surfactant was used as an emulsifier in 
various microextraction methods to accelerate the emulsi-
fication of water-immiscible solvent in the aqueous sample 
solution.23–25 It has been proven that the addition of sur-
factant can improve the penetration of different target hy-
drophobic compounds due to its hydrophobic and hydro-
philic groups within the molecule.26 In this study, sur-
factants included SDS (at 2.00 mmol L–1), CTAB (at 0.50 
mmol L–1), Tergitol TMN-10 (at 2.71 mmol L–1), and Tri-
ton X-100 (0.12 mmol L–1), while the concentration tested 
was lower than the critical micelle concentration (CMC) 
for each surfactant. The CMCs of SDS, CTAB, Tergitol 
TMN-10, and Triton X-100 were 8, 0.92, 5.7, and 0.24 
mmol L–1, respectively. The results (Figure 1a) show that 
SDS (anionic surfactant) provided the highest extraction 
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recovery in comparison to no surfactant addition, cationic 
(e.g. CTAB), and non-ionic (e.g. Tergitol TMN-10 and Tri-
ton X-100) surfactants. Is may be assumed that the target 
fungicides (pKa~5‒6) were in the positive charge5 under 
the acidic conditions studied (pH 4) and consequently fa-
vorably penetrated and were strongly attracted to SDS 
molecules. Meanwhile, less interaction between positively 
charged analytes and cationic or non-ionic surfactant was 
expected. In addition, it has been reported that good emul-
sification process was obtained when the concentration of 
surfactant was lower than CMC.16 Thus, SDS was then se-
lected for further investigation.

The influence of SDS concentration on the extrac-
tion recovery of target fungicides was evaluated in the 
range of 0–4 mmol L–1 (see Figure 1b). Increase in the ex-
traction recovery for most target fungicides when concen-
tration of SDS increased was observed up to 2 mmol L–1. 
High concentrations of SDS did not promote better extrac-
tion recovery of the target analytes. This behavior may be 
because of strong self interaction of SDS molecules and the 

analytes more favorably dissolve in the aqueous phase re-
sulting in decreased extraction recoveries. In this study, 2 
mmol L–1 SDS was chosen.

3. 2. �Selection of Extraction Solvent and its 
Volume 
Methyl salicylate was used as an extraction solvent 

in this study. Based on the logKow (related to hydrophobic-
ity of the analytes) of target fungicides (1.5–2.7) and 
MeSA (2.55), MeSA seems to be good for extraction of the 
hydrophobic target fungicides, especially for TBZ and 
FuBZ. For CZB, the combination of MeSA and SDS could 
be used for improving the extraction performance of the 
method.  Good characteristics of MeSA as an extraction 
solvent include (i) the presence of the extract phase at the 
bottom of the bulk solution (due to its density >1.0 g mL–1), 
(ii) highly solubility in the organic mobile phase, and (iii) 
no interference of the excess MeSA with the target fungi-
cide peaks. 

In this study, the volume of MeSA on the extraction 
recovery was further studied by varying the volume in the 

Figure 2: Effects of (a) volume of methyl salicylate and (b) salt addi-
tion on the extraction recovery of the target analytes (250 µg L–1 each).

a)

b)

a)

b)

Figure 1: Effects of (a) surfactant and (b) SDS on the extraction recov-
ery of the target analytes 
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range of 50–500 μL (Figure 2a). The highest extraction re-
covery was observed at the MeSA volume of 100 μL and 
decrease in the extraction performance afterwards. It may 
be due to the dilution of the target fungicides in higher 
volume of extract MeSA phase. Thus, 100 μL MeSA was 
chosen as the optimal value.

3. 3. Effect of Salt Addition 
In general, the addition of salt into the aqueous sam-

ple solution can enhance the extraction recovery of target 
analytes by decreasing the solubility of the analytes in the 
aqueous phase and increasing mass transfer toward the or-
ganic phase.15 The decrease in water solubility of target 
compounds in bulk aqueous phase was expected, resulting 
in increasing mass transfer of target compounds towards 
the extract phase. In this investigation, CH3COONa, NaCl, 
Na2SO4, and Na2CO3 were studied at the equal molar con-
centration (~1.71 mmol L–1) and compared to with and 
without salt addition (Figure 2b). It is clearly seen that the 
addition of salt could not help to improve the extraction 
recovery of target analytes when compared to the process 
without salt addition. This may be explained by (i) charge 
interaction between SDS and counter ions of salts result-
ing in decreased capability of SDS in the solution, and (ii) 
salt addition leading to increased viscosity of the bulk 
aqueous phase. In this study, salt addition was not required 
throughout the experiments. 

3. 4. Effect of Solution pH 
The effect of sample pH on the extraction recovery of 

the target fungicides was investigated in the range of 2.0–
8.0 (data not shown). It can be found that the pH value 
strongly affected the extraction efficiency of MsSA- 
VASEME for fungicide analytes. The highest extraction 
recovery was found at the pH 4.0 (as the original pH value, 
without pH adjustment), while higher pHs decreased the 
extraction efficiency for most analytes. The reason may be 
the fact that the analytes (pKa1 ~4‒5) are in the cationic 
form (i.e. positive charge) under the acidic pHs and fa-
vorably attract SDS molecules (negative charge). On the 
other hand, the analytes present in the neutral form or 
negatively charged form result in less interaction between 
the analytes and SDS. From the investigation, the original 
pH of the solution of about 4.0 was chosen for the extrac-
tion of target fungicides. 

3. 5. �Effect of Vortex Agitation (Extraction 
Time)
Vortex agitation (speed and time) is one of the im-

portant factors in vortex-based microextraction method 
because it affects the extraction equilibrium (e.g. emulsifi-
cation and distribution process) of target analytes, and 
consequently influences the extraction efficiency.12,17,27 The 

vortex agitation time was investigated between 30 and 150 
s at speed of 1200 rpm, while the agitation speed was stud-
ied in the range of 600–2100 rpm. The results are shown in 
Figure S2 (a & b), which reveals that appropriate speed and 
time for the vortex agitation can improve extraction effi-
ciency of the method. In this study, the highest extraction 
recoveries were found at 90 s at 1200 rpm. A higher speed 
rate (> 1200 rpm) and longer time (> 90 s) decreased the 
extraction recovery of the target fungicides. Thus, the vor-
tex agitation was chosen at 1200 rpm for 90 s for further 
evaluation. 

3. 6. Effect of Centrifugation Time and Speed
Centrifugation speed and time were also investigat-

ed in this study because they affect the phase separation of 
a sample solution. In our previous work,22 it was reported 
that a low centrifugation speed (e.g. < 2500 rpm) could not 
cause complete phase separation, while the decreased ex-
traction recoveries were observed at high centrifugation 
speed (i.e. 4000 rpm). In this study, the centrifugation 
speed (2000–3500 rpm) and time (0–5 min) were investi-
gated (see Figure S3 (a & b)). It is clearly seen that the best 
extraction recoveries were obtained at a speed of 3000 rpm 
as the optimum speed for obtaining complete phase sepa-
ration, and there was a decrease in extraction recoveries 
afterwards. Meanwhile, the highest extraction recoveries 
were also observed at the appropriate centrifugation time 
of 1 min. Therefore, centrifugation at 3000 rpm for 1 min 
was selected.

3. 7. Analytical Performance of the Method
The analytical performance and method validation 

of the proposed MeSA-VASEME were investigated in two 
sample matrices (i.e. ultrapure water and honey). The 
studied parameters were linear dynamic range, coefficient 
of determination (R2), limits of detection (LODs), limits of 
quantitation (LOQs) and precision (intra-day and in-
ter-day measurements). LODs were defined as the concen-
tration of the target analytes giving the signal-to-noise ra-
tio of 3 (S/N = 3), while LOQs were defined as the S/N = 
10.

In ultrapure water medium, the linearity was found 
in the range of 0.1–100 μg L–1 with R2 greater than 0.995. 
LODs were obtained between 0.01 and 0.05 μg L–1, while 
LOQs were in the range of 0.1–0.2 μg L–1. On the other 
hand, the LODs obtained from the method without pre-
concentration were found to be 3 μg L–1 for the studied 
analytes. The intra-day (n = 6) and inter-day (n = 6 × 3 
days) precisions were also investigated by replicate injec-
tions of the certain concentration of 100 μg L–1 in a day 
and over several days. The relative standard deviations 
(RSDs) in terms of peak area and retention time were cal-
culated. It was found that the RSDs below 8.3% for peak 
area and retention time were obtained. Under the optimal 
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conditions, preconcentration factors and extraction re-
coveries were obtained in the range of 32–40, and 64–
79%, respectively.

For the investigation in honey samples, the analytical 
features and method validations were studied in real hon-
ey samples. Matrix-matched calibration was performed in 
this study. The results are summarized in Table 1. The lin-
ear dynamic range was in the range of 2–200 μg L–1 with R2 
higher than 0.995. The calibrations obtained in each sam-
ple are listed in Table 2. LODs and LOQs in honey sample 
(Brand#1 as a representative sample) were 0.5 and 2 μg L–1, 
respectively. Precisions in terms of intra-day (n = 6) and 
inter-day (n = 3 × 3 days) were also studied and expressed 
as the relative standard deviations (RSDs) of the studied 
target fungicides at a certain concentration each. High 
precisions with RSDs below 12% were accepted. 

where Cdetect is the detected concentration of analytes after 
the addition of known amount of standard to real sample, 
Creal is the concentration of the target analytes found in real 
sample, and Cadd is the concentration of the spiked known 
amount of standard solution in the real sample.

The chromatograms obtained from the spiked sam-
ples (see Figure 3) and recovery results (Table 3) are shown. 
Good relative recoveries of the target fungicides in honey 
samples were found in the range of 81.5–116.8% with the 
relative standard deviation below 11%. Intra-day precision 
(n = 6) and intermediate precision (n = 3 × 3 days) of the 
proposed method were also studied in the spiked honey 
sample (Brand#1 as a representative sample) at 100 μg L–1 
of each fungicide. The studied precisions provided the 
RSD below 12%. The obtained recoveries and %RSD were 
in good agreement with the acceptable values of 70–120% 

Table 1: Figures of merit of the proposed method for the determination of the benzimidazole fungicides in honey samples

Analyte	 Linearity	 LOD 	 LOQ	 Intra-day precisiona	 Inter-day precisiona 
	 (μg L–1)	 (μg L–1)	 (μg L–1)	  (n = 6), %RSD	 (n = 3 × 3 days), %RSD

CBZ	 2–200 	 0.5	 2	 7.7	 11.7
TBZ	 2–200	 0.5	 2	 8.4	 10.0
FuBZ	 2–200	 0.5	 2	 8.6	   7.2 

a Precisions were evaluated at the concentration of 100 μg/L for each fungicide spiked in honey brand # 1 (as a representative sample).

Table 2: Calibrations obtained by the proposed method for the determination of the benzimidazole fungicides in honey samples

Analyte	 Honey Brand#1	 Honey Brand#2	 Honey Brand#3	 Honey Brand#4
	 Linear equation	 R2	 Linear equation	 R2	 Linear equation	 R2	 Linear equation	 R2

CBZ	 y = 532x + 3385	 0.996	 y = 805x – 3714	 0.996	   y = 508x – 1717 	 0.998	 y = 438x + 1506	 0.997
TBZ	 y = 708x + 8048	 0.995	   y = 1069x – 4201 	 0.997	 y = 791x – 537 	 0.999	 y = 573x + 3776	 0.999
FuBZ	   y = 1068x + 1600	 0.996	   y = 1865x – 8732 	 0.997	   y = 1249x + 796	 0.997	 y = 940x + 6855	 0.997

3. 8. Application to Real Samples
The proposed method was then evaluated in differ-

ent commercial brands of honey samples (4 brands). The 
matrix-matched calibration was used in this study to avoid 
endogenous interferences effect on the analysis. The iden-
tification and confirmation of the target peaks of the ana-
lytes were performed using comparison of retention time 
of the standard analytes and their absorption spectra data 
obtained from PDA. An example of honey sample blank is 
demonstrated in Figure 3. It was found that contamination 
by the studied fungicides in the studied honey samples was 
not detected. Accuracy in terms of relative recovery (RR) 
test at different concentrations spiked (e.g. 20, 50, and 100 
μg L–1) in real honey samples was also investigated. The 
RR(%) was used for the evaluation of real honey sample 
analyses. The calculation of RR(%) is as follows:

							       (3)

with RSD less than of 20%, at the concentrations spiked in 
the range of 10–100 μg L–1.28 According to the results ob-
tained, the proposed method was effective and reliable for 
the determination of target fungicides in honey samples.

3. 9. �Comparison of the Proposed Method to 
Other Relevant Strategies
The developed MeSA-VASEME method and other 

related strategies coupled to HPLC for the analysis of ben-
zimidazole fungicides in various samples (e.g. water) are 
compared and summarized in Table 4. The SPME4 and 
MISPE6 are promising methods but SPME is expensive 
and requires a long incubation time (~40 min), high tem-
perature, and high electrolyte salt. Meanwhile, MISPE is a 
tedious procedure and requires a long synthesis time for 
the sorbent. Micellar extractions (or cloud-point extrac-
tions) using surfactants are normally performed at high 
incubation temperature (e.g. 90 °C) for a long time.29 The 
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conventional DLLME uses toxic chlorinated solvent (e.g. 
chloroform) and needs disperser solvent for emulsifica-
tion.30 It was difficult to withdraw the upper extract rich 
phase and remove the aqueous lower phase in SALLME.11  
It is clearly seen that the proposed MeSA-VASEME pro-
vides comparable results such as LODs and recovery. The 

Table 3: Recovery obtained from the determination of benzimidazole fungicides in honey samples (n = 3)

	 Spiked		 Honey brand #1	 	 Honey brand #2		  Honey brand #3		 Honey brand #4
Analyte	 (μg L–1)	 Detected	 RR	 RSD	 Detected	 RR	 RSD	 Detected	 RSD	 RR	 Detected	 RR	 RSD
		   (μg L–1)	 (%)	 (%)	  (μg L–1)	 (%)	 (%)	 (μg L–1)	 (%)	 (%)	  (μg L–1)	 (%)	 (%)

CBZ	 0	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –
	 20	   22.97	 114.8	   3.7	   17.47	   87.3	 4.8	 21.15	 105.8	 5.7	   17.99	   90.0	   1.8
	 50	   52.81	 105.6	   1.4	   57.55	 115.1	 7.1	 47.60	   95.2	 3.2	   52.88	 105.8	   9.2
	 100	 111.62	 111.6	 10.8	 115.05	 115.0	 3.3	 85.56	   85.6	 4.4	 109.89	 109.9	   9.1
TBZ	 0	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –
	 20	   16.77	   83.8	   3.9	   17.77	   88.9	 4.1	 19.10	   95.5	 8.1	   16.55	   82.7	   2.4
	 50	   46.82	   93.6	   6.9	   53.41	 106.8	 6.9	 50.99	 102.0	 5.9	   44.05	   88.1	   9.4
	 100	   89.27	   89.3	   6.7	 115.22	 115.2	 1.6	 90.30	   90.3	 5.9	 111.12	 111.1	   6.9
FuBZ	 0	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –	 ND	 –	 –
	 20	   19.90	   99.5	   8.0	   16.34	   81.7	 4.3	 20.97	 104.9	 6.0	   16.58	   82.9	   2.4
	 50	   50.70	 101.4	   0.6	   55.18	 110.4	 6.8	 47.27	   94.5	 5.9	   40.76	   81.5	 10.0
	 100	 103.05	 103.0	   5.7	 116.81	 116.8	 2.1	 90.19	   90.2	 8.7	 107.20	 107.2	   8.5 

ND: Not detected   RR: Relative recovery 

Figure 3: Overlaid chromatograms of honey samples (Brand#1) 
with (a) honey sample blank and (b–d) spiked at various concentra-
tions of target fungicides (20, 50, and 100 µg L–1, respectively), eval-
uated at 280 nm and 311 nm. 

developed method is useful for the quantification and 
qualification of the target fungicides at trace levels in the 
studied samples. The advantages of the method are a sim-
ple procedure, short extraction time, short analysis time, 
and low cost.  The proposed MeSA-VASEME can also be 
used as an alternative powerful method to the other our 
previous works demonstrated.22

4. Conclusions
A simple and fast procedure for preconcentration 

and analysis using MeSA-VASEME and HPLC-PDA has 
been successfully developed for target fungicides in honey 
samples. The preconcentration based MeSA in the pres-
ence of surfactant (e.g. SDS) has also been proven to im-
prove the extraction efficiency of target compounds, espe-
cially polar analytes. Good extraction efficiency, recovery, 
and reproducibility were achieved. Low limits of detection 
at 0.5 μg L–1 in honey samples were also obtained. Less 
consumption of solvents used for the preconcentration 
step (< 500 μL), short extraction time (< 10 min), and 
short separation time (< 5 min) are the advantages of the 
developed method. The proposed method can be used as 
an alternative method for trace residue analysis of target 
fungicides in the studied sample and other related matri-
ces.
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Povzetek
Za hitro predkoncentracijo fungicidov (karbendazim, tiabendazol, fluberidazol) iz vzorcev medu smo uporabili emulzi-
fikacijsko ekstrakcijo s pomočjo surfaktanta in z uporabo vorteksa s topilom metil salicilatom (MeSA-VASEME), ki ji je 
sledila analiza z visokozmogljivo tekočinsko kromatografijo. Metil salicilat (MeSA) smo uporabili kot ekstrakcijsko topi-
lo, medtem ko je surfaktant izboljšal ekstrakcijo ob disperziji z vorteks mešanjem. Optimalni MeSA-VASEME pogoji so 
bili: 100 μL MeSA, 2,0 mmol L–1 natrijevega dodecil sulfata in mešanje z vorteksom pri 1200 rpm za 90 s. Dobili smo 
predkoncentracijske faktorje v območju 32–40. Meja zaznave v preiskovanih vzorcih medu je bila 0,5 μg L–1. Izkoristek 
dodanih tarčnih fungicidov pri 20, 50 in 100 μg L‒1 je bil 81,5–116,8 % z relativnim standardnim odklonom pod 11 %. 
Predlagana metoda je preprosta, občutljiva, porabi manj organskega topila, ni draga, je hiter postopek za analizo preo-
stankov fungicidov v vzorcih medu.
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Abstract
The one-pot multicomponent synthesis of oligoetherols containing azacycles is described. They were obtained by reac-
tion of isocyanuric, barbituric, or uric acid or melamine with glycidol and alkylene carbonates. The isolated products 
were characterized by physical methods and their properties were compared with the same compounds obtained in two-
step protocol. The oligoetherols with 1,3,5-triazine ring obtained by both methods were then used to form polyurethane 
foams and their properties were compared.

Keywords: Azacyclic compounds, glycidol, alkylene carbonates, oligoetherols, one-pot multicomponent reactions, pol-
yurethane foams

1. Introduction
The methods of obtaining oligoetherols with azacy-

cles like perhydro-1,3,5-triazine, 1,3,5-triazine, purine or 
pyrimidine rings, which are present in the structure of iso-
cyanuric acid (IA, I), uric acid (UA, II), barbituric acid 
(BA, III), and melamine (MEL, IV) (Scheme 1) are de-
scribed in the literature.1,2

These oligoetherols can be applied to form rigid 
polyurethane foams (PUFs) of enhanced thermal resis-
tance due to the presence of above mentioned rings. Oli-
goetherols can be obtained from IA, MEL or adenine and 
excess oxiranes like ethylene oxide (EO) or propylene ox-
ide (PO)3–5 or from the reaction of alkylene carbonates 
(AC) with the mentioned azacylic compounds.2 General 
reaction pathway is shown in Scheme 2.

DOI: 10.17344/acsi.2017.3495

Scheme 1. Azacyclic compounds used to obtain oligoetherols

Scheme 2. Reaction NH groups with oxiranes or alkylene car-
bonates

where R = –H, CH3

The non-catalytic reactions of IA, UA, BA and MEL 
with glycidol (GL),6 and later with AC7–9 also led to the 
mentioned oligoetherols. Those syntheses were conducted 
in two steps; in the first step hydroxyalkyl derivatives of 
azacycles were obtained as semi-solid resins in reaction of 

mailto:jml@prz.edu.pl
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azacycles with GL, and then the semiproducts were hy-
droxyalkylated with excess of ethylene (EC) or propylene 
(PC) carbonates in the presence of potassium carbonate 
catalyst according to the Scheme 3.

tained one product from at least three substrates intro-
duced at the beginning of the process. In MOPR method 
the reagents were added consecutively, after the previous 
step was completed. The products obtained by both meth-
ods were isolated and purified in the same way and their 
properties were compared to those of the products ob-
tained in the two-step protocol. The oligoetherols obtained 
from MEL were also tested as substrates for polyurethane 
foams (PUFs). The PUFs obtained here were also com-
pared to those PUFs which were obtained from the oli-
goetherols synthesized in two-step protocol.

2. Experimental Section
2. 1. Synthesis

To a three-neck round bottom flask equipped with 
mechanical stirrer, reflux condenser, and thermometer the 
following reagents were introduced: 

– �0.6 mol EC (pure, Fluka, Schwitzeland) or PC 
(pure, Fluka, Schwitzeland), 0.6 mol GL (pure, Sig-
ma-Aldrich, Germany), and 0.1 mol IA (pure, Flu-
ka, Switzerland) or

– �0.7 mol EC or PC, 0.6 mol GL, and 0.1 mol UA 
(pure, Avocado, Germany) or 

– �0.8 mol EC or PC, 0.4 mol GL, and 0.1 mol BA 
(pure, BDH, Laboratory Supplies, UK) or 

– �1.6 mol EC or 1.2 mole PC, 0.8 mol GL and 0.1 mol 
MEL (pure, Fluka, Switzerland). 

The mixture was heated at 150 °C until azacyclic 
compound was dissolved and afterwards the system was 
kept as such for 1 hour. In the case the system containing 
MEL the temperature was raised to 120 °C; at that moment 
the exothermic effect resulted in increase of temperature 
to 160 °C. The reaction mixture was cooled down to main-
tain 150 °C until dissolution of MEL was completed and 
further for 1 hour longer. Then the potassium carbonate 
(pure, POCH, Poland) as catalyst for the reaction with AC 
was introduced. The amount of catalyst was the same as 
previously used for the two-step method;6–9 the reactions 
were performed with IA, BA and UA or MEL and EC at 
150 °C or with PC at 160 °C until the completed reaction 
of AC. The progress of reaction was monitored by epoxide 
number and concentration of AC.

2. 2. Analytical Methods
The course of the reaction between azacyclic com-

pounds and GL was followed by measuring the content of 
epoxide groups.11 The progress of reaction between 
semi-product and AC was monitored using barium hy-
droxide method described in the literature.12 The sample 
was then treated with 2.5 mL of 0.15 M barium hydroxide, 
vigorously shaken and the excess of barium hydroxide ti-
trated off with 0.1 M HCl solution. Hydroxyl number of 

where R= -H, CH3,          p + q = n 

Those methods have some disadvantages. The deri-
vatization of azacycles with oxiranes is difficult due to low 
solubility of azacycles in organic solvents suitable for syn-
thesis. Moreover, high boiling solvents like dimethylsulf-
oxide (DMSO) have to be vaccum distilled from post-re-
action mixtures. The DMSO is also unstable at elevated 
temperatures and its odor originates from the products of 
its decomposition.2 On the other hand, the oxiranes are 
low boiling reagents, therefore the pressure reactors must 
be used. Also, the oxiranes are toxic, cancerogenic, and 
form explosive mixtures with air.10 When AC are used in-
stead oxiranes, the structures of the products are very sim-
ilar. The reactions with excess AC can be performed at 
temperatures between 160 °C and 200 °C in the presence 
of catalysts, like potassium carbonate or diaza[2.2.2]bicy-
clooctane (DABCO). This protocol results in formation of 
products with limited functionality and partial decompo-
sition of oligoetherols at synthesis temperature, especially 
the dehydration of products resulting in the formation of 
double C=C bonds. That side-reaction also diminishes the 
functionality of products and finally the PUFs obtained 
from them have diminished mechanical properties.

Considering the two step synthesis by reaction of 
azacycle with GL, followed by AC, the exothermic effect 
observed during the first step causes the temperature in-
crease even above 200 °C (Table 1) which may result in 
thermal decomposition of oligoetherols. Therefore, the 
scale-up of this process is technically demanding. Further-
more, the obtained products are semi-solid resins; the high 
viscosity of the oligoetherols very difficult proper homog-
enization with isocyanates. Therefore the application of 
AC for further hydroxyalkylation is necessary to obtain a 
product of lower viscosity.

Here we describe the results on multicomponent re-
action and one-pot reaction (multicomponent one-pot re-
action, MOPR) which were optimized in a way to elimi-
nate above mentioned disadvantages. Thus we have ob-

Scheme 3. Obtaining of oligoetherols in two steps:  reaction NH 
groups in azacycles compounds with glycidol and then with alky-
lene carbonates
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the obtained oligoetherols was determined with the use of 
acetic anhydride.13 Elemental analysis for C, H, N, were 
done with EA 1108, Carlo-Erba analyzer. IR spectra were 
registered on PARAGON 1000 FT IR Perkin Elmer spec-
trometer using ATR technique. 

2. 3. Properties of Oligoetherols  
Density, viscosity, and surface tension of oligoether-

ols were determined with pycnometer, Höppler viscome-
ter (typ BHZ, prod. Prüfgeratewerk, Germany) and by the 
detaching ring method, respectively.14,15

2. 4. Foam Preparation
Into a 500 mL cup 10 g oligoeterol, then 2% water, 

2.3% silicon L-6900 (pure, Houdry Hülls, USA) as surfac-
tant, and 2.2% or 3.9% triethylamine (TEA, pure, POCH, 
Poland) as catalyst were introduced. The mixture was vig-
orously stirred and then the polymeric methylene diphe-
nyl 4,4’-diisocyanate (pMDI containing 30 mass% of 
three-functional isocyanates, Merck, Darmstadt, Germa-
ny) was added. The mixture was vigorously stirred (1800 
rpm) until creaming started. 

2. 5. Studies of Foams
The apparent density,16 water uptake,17 dimensional 

stability in temperature 150 °C18 heat conductance coeffi-
cient, heat capacity, and compressive strength19 of polyure-
thanes foams with flame retardants were measured. Ther-
mal resistance of modified foams was determined both by 
static methods. In static method the foams were heated at 
150, 175 and 200 °C with continuous measurement of 
mass loss and determination of mechanical properties be-
fore and after heat exposure. 

3. Results and Discussion
3. 1. Synthesis of Oligoetherols

The synthesis of oligoetherols was performed as 
stepwise process in the mixture of all necessary reagents, 
i.e. azacycle, Gl, and AC. This can be considered as multi-
components reaction. The first observed reaction was be-
tween azacycle and GL. The second step (the reaction with 
AC) needed addition of catalyst to the reaction mixture. 
Therefore, the process can also be considered as a one-pot 

reaction. After heating the reaction mixture up to 150 °C 
the reaction between azacycle and GL took place. At this 
stage the AC played the role of a solvent. No exothermic 
effect was observed in contrary to the two-step method, 
where after heating of azacycle and GL to 120–130 °C it 
was found (Table 1). In the case of MEL as azacycle the 
exothermic effect was observed at 120 °C leading to an in-
crease of temperature to 160 °C (MEL:GL:AC = 1:8:8 sys-
tem). The temperature of this system was kept at 150 °C by 
cooling.

The AC are non-flammable, non-toxic, and very po-
lar10 and they are good solvents for azacycles, therefore in 
the reaction mixture they are useful as solvents, which are 
not necessary to be removed after completion of the reac-
tion with GL. They react further after introducing the cat-
alyst (potassium carbonate) at 150 °C or 160 °C to give 
oligoetherols. On the other hand, the GL enables to obtain 
oligoetherols with higher functionality in relations to 
azacycle. The increase of functionality allows to obtain 
highly crosslinked, rigid PUFs. Moreover, the hydroxyal-
kyl derivatives obtained from azacycle and GL are better 
soluble in AC than azacycles, thus homogenization of the 
mixtures with AC can be reached at lower temperatures 
than in the case of the azacycle-AC system (temperature 
needed is 180–230 °C). This allows to avoid thermal de-
composition of the semiproducts. 

We have obtained oligoetherols in the reaction of 
azacycles with GL and AC at the same molar ratio of sub-
strates as it has been used earlier in the two-step proto-
cols.6–9 Analysis of the products obtained from IA, UA, or 
BA with GL and AC indicated that amount of AC in the 

Table 1. Exothermic effects accompanying the reaction of azacycles 
with GL in two-steps synthesis of oligoetherols (the starting amount 
of azacycle was 0.05 mole)6–9

		  GL-reaction
	  Reagents	 accompanied	 ReactionOligoetherol	 molar ratio	 exothermic effect 	 time [h]
		  temp.  [°C]	

IA:GL:EC7	   1:6:6	 150	 1,5
IA:GL:PC7	   1:6:6	 150	 1,5
UA: GL:EC8	   1:6:7	 180	 0.5
UA: GL:PC8	   1:6: 7	 180	 0.5
BA:GL:EC9	 1:4:8	 130	 3.0
BA:GL:PC9	 1:4:7	 130	 3.0
MEL:GL:EC6	   1:8:16	 230	 0.5
MEL:GL:PC6	   1:8:12	 220	 0.5

Scheme 4. Reaction of alkylene carbonate with hydroxyl group
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reaction mixture did not change upon reaction of azacycle 
with GL, while in the case of MEL, the AC was also con-
sumed at the level of up to 5% of the initial amount. Then, 

in the latter system, MEL is hydroxylated also with AC. 
Generally AC releases CO2 during the condensation with 
hydroxyl groups, according to the Scheme 4.

Table 2. Elemental analysis and hydroxyl number of oligoetherols  obtained in MOPR and two-steps reactions6–9

		  Method	  		 Elemental analysis [% mas]			                 Hydroxyl
	 Reagents 	 of synthesis					      		                numberOligoetherol	 molar	 of oligo-		  calculated			   found		                  [mgKOH/g]
	 ratio	 etherol	 C	 H	 N	 C	 H	 N	 found	 calc.

IA:GL:EC	 1:6:6	 MOPR	 47.31	 7.53	 5.02	 47.21	 7.72	 4.95	 592	 603		  two-step7	 			   47.51	 7.24	 5.04	 –	

IA:GL:PC	 1:6:6	 MOPR	 50.81	 8.14	 4.56	 50.88	 8.25	 4.48	 534	 548		  two-step7	 			   50.69	 8.44	 4.84	 –	

UA: GL:EC	 1:6:7	 MOPR	 48.26	 7.39	 6.09	 48.13	 7.12	 6.25	 571	 610		  two-step8	 			   48.51	 7.03	 6.21	 595	

UA: GL:PC	 1:6: 7	 MOPR	 51.87	 8.06	 5.50	 52.52	 8.25	 5.38	 504	 551 
	 1:6: 8	     two-step8	 52.42	 8.18	 5.20	 51.95	 8.40	 5.83	 525	 521

BA:GL:EC	 1:4:8	 MOPR	 49.48	 7.73	 3.60				    560	 578		  two-step9	 			   49.79	 8.03	 3.58	 558	

BA:GL:PC	 1:4:7	 MOPR	 53.49	 8.43	 3.37				    535	 540		  two-step9	 			   53.41	 8.46	 3.51	 527	

MEL:GL:EC	 1:8:16	 MOPR	 49.79	 8.30	 5.90	 50.07	 8.21	 5.53	 517	 552		  two-step6	 			   49.60	 8.43	 5.44	 544	

MEL:GL:PC	 1:8:12	 MOPR	 53.46	 8.91	 5.94	 53.87	 8.81	 6.23	 525	 476
		  two-step6	 			   53.02	 8.75	 5.70	 548	

Table 3. The physical properties of oligoetherols at 20 °C obtained various methods in the reaction of azacycles with 
GL and AC

	 Reagents 	 Method	 Density	 Viscosity	 Surface tensionOligoetherol	 molar	 of synthesis 
	 ratio	 of oligo-etherol	 [g/cm3]	 [mPa × s]	 [N/m] × 103

IA:GL:EC	 1:6:6	 MOPR	 1.28	 17200	 50.8
		  two-step7	 1.28	 17220	 52.6

IA:GL:PC	 1:6:6	 MOPR	 1.24	 16920	 48.2
		  two-step7	 1.20	 16970	 46.9

UA:GL:EC	 1:6:7	 MOPR	 1.27	 30200 (30 °C)	 52.4
		  two-step8	 1.28	 35000 (30 °C)	 57.0

UA:GL:PC	 1:6:7 (8)	 MOPR	 1.21	 42800	 45.2
		  two-step8	 1.21	 47500	 47.0

BA:GL:EC	 1:4:8	 MOPR	 1.26	 93.2	 45.8
		  two-step9	 1.26	 95.6	 46.5

BA:GL:PC	 1:4:7	 MOPR	 1.17	 86.8	 46.8
		  two-step9	 1.18	 86.3	 46.5

MEL:GL:EC	 1:8:16	 MOPR	 1.28	 8445	 54.2
		  two-step6	 1.26	 34260	 46.2

MEL:GL:PC	 1:8:12	 MOPR	 1.20	 25640	 46.3
		  two-step6	 1.19	 65430	 43.5



862 Acta Chim. Slov. 2017, 64, 858–864

Lubczak et al.:   A One-pot Multicomponent Reaction for the Synthesis   ...

Elemental analytical data and hydroxyl number 
measurements indicated that the composition of the ob-
tained oligoetherols is comparable with those of oligoeth-
erols obtained from the two-step reactions (Table 2). Ex-
ceptionally the oligoetherol obtained from UA:GL:PC = 
1:6:8 system has one equivalent of PC-derived oxyal-
kylene group more than the oligoetherol obtained in the 
two-step process. This difference is due to the higher tem-
perature of  reaction applied in the two-step protocol, 
which caused partial decomposition of PC to PO and 
CO2 volatiles. 

The density, viscosity, surface tension and hydroxyl 
number of oligoetherols obtained from azacycles, GL, and 
AC with MOPR method and two-steps method6–9 are col-
lected in Table 3. The parameters of both series of oligoeth-
erols are comparable except the oligoetherols obtained 
from MEL. Generally, the oligoetherols obtained in the 
two-step protocol had higher viscosity, which can be ex-
plained by condensation of hydroxyalkyl groups at high 
temperature and longer reaction time than in the MOPR  
method. 

The IR spectra of oligoetherols obtained from MEL 
in MOPR method are similar to those obtained in the two-
steps method (Fig. 1a versus 1b). In both cases the broad 
valence hydroxyl group band is centered at 3324 cm–1. The 
ring C=N valence band was observed within 1660–1470 
cm–1 region, while C-OH vibrations were found in the 
1350–1450 cm–1 region. The product of the reaction be-
tween MEL and GL and EC had a characteristic band at 
2870 cm–1 attributed to the methylene and methine groups. 
The band at 813 cm–1 was related to the 1,3,5-triazine ring, 
while ether bonds led to the appearance of the band at 
1055 cm–1. The spectra of the products obtained from PC 
instead of EC are similar; the additional low-intensity 
band at 1372 cm–1 was attributed to the deformation vibra-
tion of methyl group. IR spectra of oligoetherols obtained 
from IA, BA and UA using MOPR and the two-stage 
method are very similar. 

3. 2. Obtaining of Polyurethane Foams
The substantial difference of physical properties of 

the oligoetherols obtained from MEL in MOPR method in 
comparison with the analogues obtained in the two-steps 
synthesis prompted us to further study these compounds 
as substrates to form PUFs. It has been found that amount 
of isocyanate necessary to form the PUF is independent of 
the method used (Table 4). However, the optimized 
amount of catalyst and surfactants are lower in the synthe-
ses by MOPR protocol. Cream times were similar, while 
rise times are longer and drying times are shorter, which 

Fig. 1. IR spectrum of oligoetherols obtained in MOPR (a) and in 
the two-step reaction (b) in molar ratio MEL:GL:EC = 1:8:16

Table 4.  Foaming process

	 Method 		  Amount of co-substrate

Oligoetherol	 of synthesis 		  [g/100g oligoetherol]			   Foaming Process

	 of oligo-etherol	  pMDI	 TEA	 silicone	 Cream	 Rise	 Tack free
					     time[ s ]	 time [s]	 time [s]

MEL:GL:EC	 MOPR	 160	 2.2	 2.3	 20	 30	 immediately
1:8:16	 two-step6	 160	 3.9	 3.2	 22	 13	 35

MEL:GL:PC	 MOPR	 152	 3.9	 2.3	 24	 24	 immediately
1:8:12	 two-step6	 152	 6.2	 3.2	 24	 11	 24

2 mass % of water related to the mass of oligoetherol was used in both methods
Cream time:  the time elapsed from the moment of mixing to the start of volume expansion;
Rise time: the time from the start of expansion to the moment of reaching the sample final volume;
Tack free time: the time from reaching by the sample its final volume to the moment of losing its surface adhesion

a)

b)
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could be the result of different reactivity of oligoetherols 
obtained by the MOPR method. The PUFs obtained from 
oligoetherols synthesized in MOPR are rigid and have 
similar apparent density as those obtained from the two-
steps derived oligoetherols. They have water uptake value 
1.9% in 24 hour test, which is related to domination of 
closed pores in the structure of PUF (Table 5). 

They also showed low polymerization shrinkage. It is 
noteworthy that generally water uptake of PUFs obtained 
both from EC and PC in the MOPR is similarly low, while 
that of PUFs obtained from oligoetherols synthesized in 
the two-steps method is considerably higher. Also the lat-
ter had higher heat conductance coefficient. 

The thermal resistance PUFs was studied by static 
method, i.e. by measuring mass loss within one month heat 
exposure at 150, 175 and 200 °C with concomitant mea-
surements of compression strength (Table 6). Generally, 
the PUFs obtained from EC show higher thermal resis-
tance than those obtained from PC (Table 6). For compar-
ison the mass losses of PUFs obtained from MEL, GL, and 
AC in the two-step method are also collected in the Table 6.

The mass loss of PUFs obtained from oligoetherols 
synthesized by MOPR with EC involved are comparable 
with the analogues obtained in the two-step procedure, 
while mass loss of PUFs obtained by MOPR and PC is con-
siderably larger than that of analogous PUFs obtained 
from corresponding oligoetherols formed in two-step 
method. Compression strength of PUFs before thermal 
exposure does not depend on oligoetherol origin. Howev-
er, the PUFs obtained from oligoetherols synthesized in 

MOPR showed considerable increase of compression 
strength upon annealing at 150 °C, presumable due to ad-
ditional crosslinking. However annealing at 175 and 200 °C 
resulted in an important decrease of compression strength 
compared to the PUFs obtained from oligoetherols synthe-
sized in the two-step processes. 

4. Conclusions
The one-pot multicomponent reaction (MOPR) of 

synthesis the oligoetherols with azacyclic rings was estab-
lished. The substrates were azacycles, glycidol, and al-
kylene carbonates. The oligoetherols obtained by this 
method showed similar properties as those obtained from 
the same reagents used consecutively, with isolation of 
semiproduct, except for oligoetherols obtained from 
melamine. The oligoetherols obtained in MOPR are useful 
substrates to obtain polyurethane foams of enhanced ther-
mal resistance.
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Povzetek
Opisujemo enolončno multikomponentno sintezo oligoeterolov, ki vsebujejo azaciklične sisteme. Pripravili smo jih z 
reakcijami izocianurne, barbiturne ali sečne kisline oz. melamina z glicidolom in alkil karbonati. Izolirane produkte 
smo karakterizirali s pomočjo fizikalnih metod in pripravljene spojine primerjali s spojinami, ki smo jih pridobili z 
dvostopenjskim protokolom. Oligoeterole z 1,3,5-triazinskim obročem, dobljene z obema metodama, smo uporabili za 
pripravo poliuretanskih pen; katerih lastnosti smo tudi primerjali.
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Abstract
A series of fused pyrroles were synthesized and tested for their in vivo anti-inflammatory activity. Among 14 examined 
derivatives, 5 derivatives (1b–e, g and 5b), showed a promising anti-inflammatory activity equivalent to reference an-
ti-inflammatory drugs (indomethacin and ibuprofen). A molecular docking study was conducted to interpret the biolog-
ical activities of the tested compounds. The docking results were complementary with the phase of the biological survey 
and confirmed the biological effects. 

Keywords: Fused pyrroles, tetrahydroindoles, Molecular Docking, anti-inflammatory assay

1. Introduction
Non-steroid anti-inflammatory drugs (NSAIDs) 

have been amongst the most widely developed drugs.1–5 
They have provided an alternative to steroid therapy, which 
has revealed many problems related to parallel endocrine 
and metabolic activity, induced osteoporosis and hyper-
calcemia, as shown by Lessigiarska et al.6 The postpone-
ment in treatment causes severe side effects including 
rhinnorrhoea, rheumatoid arthritis, and atherosclerosis.7 
With their anti-pyretic and analgesic activities, they repre-
sent a choice treatment in various inflammatory diseases 
such as arthritis and rheumatisms.8–105-dimethyl-3-oxo-2-
phenyl-2,3-dihydro-1H-pyrazol-4-yl The NSAIDs have 
exerted their anti-inflammatory activities through cycloo-
xygenase (COX) inhibition.11–13 

Structural variation of the heterocyclic rings 
through the manipulation of the heterocyclic core influ-
ences the activity of the resulting fused systemes, among 
these of pyrroles and their fused deivatives.14–16 Due to 
their pharmaceutical importance,17–22 attention was paid 
to develop a new synthetic route for pyrroles and their 
fused forms.23–28 Pyrrolylacetic acid derivatives such as 

tolmetin (Rumatol®) and zomepirac (Zomax®) were 
proved to be NSAIDs6 with strong anti-inflammatory ac-
tivity.29,30 Other pyrrole and fused pyrrole compounds 
have been recently reported as potent COX-1 and COX-
2 inhibitors:31,324-benzodioxine or pyrrole nucleus are 
described. All the newly synthesized compounds were 
examined for their in vitro and in vivo anti-inflammato-
ry activity. Several derivatives, including (S indometha-
cin (Indacin®), acemetacin (Emflex®) and etodolac (Eto-
dine®) as indole derivatives, and ketorolac (Ketolac®) as 
a pyrrole derivative.33–36 These compounds blocked pros-
taglandin synthesis by non-selective inhibition of COX-1 
and COX-2 (indomethacin, acemetacin, tolmetin and 
ketorolac) or by selective inhibition of COX-2 (etodolac) 
(Fig. 1). 

Due to the importance of this ring system,39 we pre-
pared some fused o-aminocyano tetrahydrobenzo[b]pyr-
role derivatives as an essential propagation step in our 
search for new pyrrole and pyrrolopyrimidine deriva-
tives,40–43 and evaluated them for the anti-inflammatory 
activities. In addition, a molecular docking study has been 
done to explain the activity of the biologically active com-
pounds.

DOI: 10.17344/acsi.2017.3481

mailto:ssfathatllah@yahoo.com
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2. Experimental
2. 1. Chemistry 
General Information for Chemicals

All melting points were uncorrected and measured 
using Electro-thermal IA 9100 apparatus (Shimadzu, Ja-
pan). IR spectra were recorded as potassium bromide pel-
lets on a Perkin–Elmer 1650 spectrophotometer (USA), 
Faculty of Science, Cairo University, Cairo, Egypt. 
1H-NMR and 13C-NMR spectra were performed on Jeol 
NMR FXQ-300 MHz and Jeol NMR FXQ-500 MHz 
spectrometers; chemical shifts are expressed as ppm aga-
inst TMS as the internal reference (Faculty of Science, Ca-
iro University, Cairo, Egypt). Mass spectra were recorded 
at 70 eV EI Ms-QP 1000 EX (Shimadzu, Japan), Faculty of 
Science, Cairo University, Cairo, Egypt. Microanalyses 
were operated using Vario, Elemental apparatus (Shimad-
zu, Japan), Organic Microanalysis Unit, Faculty of Science, 
Cairo University, Cairo, Egypt. Column Chromatography 
was performed on (Merck) Silica gel 60 (particle size 0.06–
0.20 mm). Compounds 1a,b, 3a,b and 5a were prepared as 
reported in the literature.44 All new compounds yielded 
spectral data consistent with the proposed structures and 
microanalysis within ±0.4% of the theoretical values. 

General methods for the preparation of 2-oxo-substituded 
malononitriles I and II 

A mixture of 2-chloroketone (0.01 mol) and malo-
nonitrile (1 g, 0.016 mol) in CHCl3 (50 mL), was cooled 
with stirring to 0–5 °C for 30 min. A cold solution of 

NaOH (2.5 g in 10 mL of water) was added to the mixture 
dropwise for 30 min. The stirring was continued for 50 
min under ice and the reaction mixture then left for 72 h at 
room temperature. The precipitate formed was filtered off, 
recrystallized from appropriate solvent.

2-(2-Oxocyclohexyl)malononitrile (I)
It was obtained as a brownish red solid [EtOH/H2O]. 

Yield 64%, m.p. 142–145 °C, FT-IR (KBr) νmax 2345, 1690 
cm–1, EIMS m/z (%) 162 [M+] (7.5), 106 (100). Anal. Calcd 
for C9H10N2O: C, 66.65; H, 6.21; N, 17.27. Found: C, 66.98; 
H, 6.54; N, 17.03.

2-(1-Oxo-2,3-dihydro-1H-inden-2-yl)malononitrile (II) 
It was obtained as a reddish brown solid [EtOH/

H2O]. Yield 65%, m.p. 142–147 °C, FT-IR (KBr) νmax 2360, 
1705 cm–1, EIMS m/z (%) 196 [M+] (4), 144 (100). Anal. 
Calcd for C12H8N2O: C, 73.46; H, 4.11; N, 14.28. Found: C, 
73.78; H, 4.43; N, 14.60.

2-Amino-1-(aryl)-4,5,6,7-tetrahydro-1H-indole-3-carboni-
trile 1a–g

Method A: A solution of I (1 g, 0.016 mol) in ethanol 
(30 mL), the appropriate aromatic amine (0.01 mol) and 
conc HCl (4 mL) were added. The reaction mixture was 
refluxed for 72 h (TLC monitored), cooled to room tempe-
rature, poured onto crushed ice (25 g.), and neutralized 
with NaOH. The precipitate formed was filtered off, dried 
and recrystallized from appropriate solvent to give compo-
und 1.

Figure 1: Pyrroles and Indoles derivatives as NSAIDs37,38their mechanism of action at the molecular level such as cyclooxygenase (COX
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Method B: A solution of I (1 g, 0.016 mol) in isopro-
panol (30 mL), the appropriate aromatic amine (0.01 mol) 
was added. The reaction mixture was refluxed for 72 h 
(TLC monitored), then cooled to room temperature, and 
the solvent was removed under reduce pressure. The resi-
due was dissolved in methanol (10 mL), poured into cru-
shed ice (25 g). The precipitate formed was filtered off, dri-
ed and recrystallized from appropriate solvent to give 
compound 1

2-Amino-1-(4-chlorophenyl)-4,5,6,7-tetrahydro-1H-indole-
3-carbonitrile (1c)

It was obtained as a brown solid [EtOH]. Yield for 
method A) 73% and for B) 52%, m.p. 184–188 °C. FT-IR 
(KBr) νmax 3380–3250, 2315 cm–1. 1H-NMR (DMSO-d6, 
300 MHz) δ = 1.63–1.88 (m, 4H, 2 × CH2), 2.5–2.78 (m, 
4H, 2 × CH2), 5.78 (br.s, 2H, NH2, D2O exchangeable), 
7.2–7.8 (m, 4H, Ar-H). 13C NMR (DMSO-d6): δ 34.1(CH2, 
C-4), 34.9 (CH2, C-7), 35.1 (CH2, C-5), 36.2 (CH2, C-6), 
116.1 (N-*C=C, C-4a), 116.9 (N-C=C*, C-7a), 119.8 
(CʹN), 124.1 (C-2), 125.6 (C-3), 130.9 (CH aromatic, C-2ʹ), 
132.2 (CH aromatic, C-3ʹ), 132.8 (CH aromatic, C-5ʹ), 
133.4 (CH aromatic, C-6ʹ), 134.1(C-Cl, C-4ʹ), 145.2 (C-N, 
C-1ʹ) ppm; EIMS m/z (%) 271 [M+] (25), 273 [M++2, 37Cl] 
(8.5), 149 (100). Anal. Calcd for C15H14ClN3; C, 66.30; H, 
5.19; N, 15.46. Found: C, 66.68; H, 5.56; N, 15.30.

2-Amino-1-o-tolyl-4,5,6,7-tetrahydro-1H-indole-3-carbo-
nitrile (1d)

It was obtained as a brownish red solid [EtOH/H2O]. 
Yield for method A) 80%, B) 52%, m.p. 195–197 °C. FT-IR 
(KBr) νmax 3380–3280, 2285 cm–1. 1H-NMR (DMSO-d6, 
300 MHz) δ = 1.53–1.78 (m, 4H, 2 × CH2), 2.12 (s, 3H, 
CH3), 2.5–2.78 (m, 4H, 2 × CH2), 6.18 (br.s, 2H, NH2, D2O 
exchangeable), 7.2–7.6 (m, 4H, Ar-H) ppm. EIMS m/z (%) 
251 [M+] (31) , 149 (100). Anal. Calcd for C16H17N3: C, 
76.46; H, 6.82; N, 16.72. Found: C, 76.86; H, 6.41; N, 16.77. 

2-Amino-1-p-tolyl-4,5,6,7-tetrahydro-1H-indole-3-carbo-
nitrile (1e)

It was obtained as a brown solid [EtOH/H2O]. Yield 
for method A) 80%, B) 54%, m.p. 168–172 °C. FT-IR (KBr) 
νmax 3390–3270, 2260 cm–1. 1H-NMR (DMSO-d6, 300 
MHz) δ= 1.53-1.78 (m, 4H, 2 × CH2), 1.98 (s, 3H, CH3), 
2.4–2.78 (m, 4H, 2 × CH2), 5.58 (br.s, 2H, NH2, D2O ex-
changeable), 7.2–7.8 (m, 4H, Ar-H) ppm. EIMS m/z (%) 
251 [M+] (61), 92 (100). Anal. Calcd for C16H17N3: C, 76.46; 
H, 6.82; N, 16.72. Found: C, 76.43; H, 6.91; N, 16.97.

2-Amino-1-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H
-pyrazol-4-yl)-4,5,6,7-tetrahydro-1H-indole-3-carbonitrile 
(1f)

It was obtained as a yellowish brown solid [EtOH/
H2O]. Yield for method A) 76%, B) 55%, m.p. 234–238 °C. 
FT-IR (KBr) νmax 3350–3270, 2270, 1680 cm–1. 1H-NMR 

(DMSO-d6, 300 MHz) δ = 1.43–1.68 (m, 4H, 2 × CH2), 

2.2–2.45 (m, 4H, 2 × CH2), 2.33 (s, 3H, CH3), 3.12 (s, 3H, 
N-CH3), 5.28 (br.s, 2H, NH2, D2O exchangeable), 7.2–7.6 
(m, 5H, Ar-H) ppm. EIMS m/z (%) 347 [M+] (38), 173 
(100). Anal. Calcd for C20H21N5O: C, 69.14; H, 6.09; N, 
20.16; O, 4.61. Found: C, 69.28; H, 6.16; N, 20.30; O, 4.30.

2-Amino-1-(pyridin-2-yl)-4,5,6,7-tetrahydro-1H-indole-3- 
carbonitrile (1g)

It was obtained as a brownish black solid [EtOH]. Yi-
eld for method A) 65%, B) 48%, m.p. 194–196 °C. FT-IR 
(KBr) νmax 3370–3290, 2345 cm–1. 1H-NMR (DMSO-d6, 
300 MHz) δ = 1.7–1.75 (m,4H, 2 × CH2), 2.6–2.8 (m,4H, 2 
× CH2), 5.28 (br.s, 2H, NH2, D2O exchangeable), 7.6–8.4 
(m, 4H, Ar-H) ppm. EIMS m/z (%) 238 [M+] (100). Anal. 
Calcd for C14H14N4: C, 70.57; H, 5.92; N, 23.51. Found: 
C,70.71; H, 5.83; N, 23.46. 

2-Amino-1-(aryl)-4,5,6,7-tetrahydro-1H-indole-3-carboni-
trile 2a,b

A solution of II (1 g, 0.016 mol) in ethanol (30 mL), 
the appropriate aromatic amine (0.01 mol) and conc HCl 
(4 mL) were added. The reaction mixture was refluxed for 
72 h (TLC monitored), then cooled to room temperature, 
poured into crushed ice (25 g), and neutralized with 
NaOH. The precipitate formed was filtered off, dried and 
recrystallized from appropriate solvent to give compound 
2a,b

2-Amino-1-phenyl-1,4-dihydroindeno[1,2-b]pyrrole-3-car-
bonitrile (2a) 

It was obtained as a brownish black solid [EtOH/
H2O]. Yield 60%, m.p. 218–220 °C. FT-IR (KBr) νmax 3410–
3240, 2335 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 3.4 (s, 
2H, CH2), 6.18 (br.s, 2H, NH2, D2O exchangeable), 6.8–7.4 
(m, 9H, Ar-H) ppm. EIMS m/z (%) 271 [M+] (100). Anal. 
Calcd for C18H13N3; C, 79.68; H, 4.83; N, 15.49. Found: C, 
79.89; H, 4.97; N, 15.80.

2-Amino-1-(4-methoxyphenyl)-1,4-dihydroindeno[1,2-b]
pyrrole-3-carbonitrile (2b) 

It was obtained as a brown solid [EtOH/H2O]. Yield 
80%, m.p. 200–205 °C. FT-IR (KBr) νmax 3425–3220, 2340 
cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 3.3 (s, 2H, CH2), 
3.7 (s, 3H, OCH3), 6.23 (br.s, 2H, NH2, D2O exchangeable), 
6.8–7.51 (m, 8H, Ar-H) ppm. EIMS m/z (%) 301 [M+] 
(7.6), 211 (100). Anal. Calcd for C19H15N3O: C, 75.73; H, 
5.02; N, 13.94; O, 5.31. Found: C, 75.61; H, 5.39; N, 14.31; 
O, 5.41.

N-(3-Cyano-1-(aryl)-pyrrol-2-yl) acetamide 3 and 4
A suspension of the appropriate compound 1 or 2 

(0.01 mol) in acetic anhydride (40 mL) was refluxed for 2 
h, cooled, poured onto ice-water, neutralized with ammo-
nia to give a precipitate which was filtered off, dried, and 
recrystallized from appropriate solvent, to give compoun-
ds 3 and 4.



868 Acta Chim. Slov. 2017, 64, 865–876

Radwan et al.:   Synthesis and Structure Activity Relationship   ...

N-(1-(4-Chlorophenyl)-3-cyano-4,5,6,7-tetrahydro-1H-in-
dol-2-yl) acetamide (3c) 

It was obtained as a brownish red solid [MeOH/
H2O]. Yield 70%, m.p. 184–188 °C. FT-IR (KBr) νmax 3300, 
2300, 1730 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.63–
1.88 (m, 4H, 2 × CH2), 2.5–2.78 (7H, (4H) 2 × CH2, 3H, 
CH3)), 7.2–7.8 (m, 4H, Ar-H), 10.15 (s, 1H, NH, D2O ex-
changeable) ppm. EIMS m/z (%) 313 [M+] (19.7), 315 
[M++2, 37Cl] (6), 149 (100). Anal. Calcd for C17H16ClN3O: 
C, 65.07; H, 5.14; Cl, 11.30; N, 13.39. Found: C, 65.07; H, 
5.14; Cl, 11.30; N, 13.39.

N-(3-Cyano-1-o-tolyl-4,5,6,7-tetrahydro-1H-indol-2-yl)
acetamide (3d) 

It was obtained as a yellowish brown solid [MtOH/
H2O]. Yield 80%, m.p. 200–205 °C. FT-IR (KBr) νmax 3280, 
2223, 1703 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.53-
1.78 (m, 4H, 2 × CH2), 2.12 (s, 3H, CH3), 2.2–2.58 (m, 7H, 
(4H) 2 × CH2, 3H, CH3), 7.2-7.6 (m, 4H, Ar-H), 9.85 (s, 
1H, NH, D2O exchangeable) ppm. EIMS m/z (%) 293 [M+] 
(19.7) 92 (100). Anal. Calcd for C18H19N3O; C, 73.69; H, 
6.53; N, 14.32. Found: C, 73.99; H, 6.73; N, 14.67.

N-(3-Cyano-1-p-tolyl-4,5,6,7-tetrahydro-1H-indol-2-yl)
acetamide (3e) 

It was obtained as a reddish black solid [EtOH/H2O]. 
Yield 70%, m.p. 186–190 °C. FT-IR (KBr) νmax 3330, 2210, 
1690 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.53–1.78 
(m, 4H, 2 × CH2), 1.98 (s, 3H, CH3), 2.2–2.68 (m, 7H, (4H) 
2 × CH2, 3H, CH3), 7.2–7.8 (m, 4H, Ar-H), 9.5 (s, 1H, NH, 
D2O exchangeable) ppm. EIMS m/z (%) 293 [M+] (17.7) , 
91 (100). Anal. Calcd for C18H19N3O: C, 73.69; H, 6.53; N, 
14.32. Found: C, 73.79; H, 6.41; N, 14.39.

N-(3-Cyano-1-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-
1H-pyrazol-4-yl)-4,5,6,7-tetrahydro-1H-indol-2-yl)aceta
mide (3f)

It was obtained as a brownish red solid [MeOH/
H2O]. m.p. 215–218 °C. FT-IR (KBr) νmax 3330, 2230, 1720, 
1703 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.43–1.68 
(m, 4H, 2 × CH2), 2.2–2.45 (m, 7H, (4H) 2 × CH2), 2.33–
2.4 (m, 6H, 2 × CH3), 3.12 (s, 3H, N-CH3), 7.2–7.6 (m, 5H, 
Ar-H). 10.3 (s, 1H, NH, D2O exchangeable) ppm. EIMS 
m/z (%) 389 [M+] (24.1), 159 (100). Anal. Calcd for 
C22H23N5O2; C, 67.85; H, 5.95; N, 17.98. Found: C, 67.78; 
H, 6.16; N, 17.91.

N-(3-Cyano-1-(pyridin-2-yl)-4,5,6,7-tetrahydro-1H-indol-
2-yl) acetamide (3g) 

It was obtained as a brown solid [EtOH/H2O]. Yield 
62%, m.p. 168–170 °C. FT-IR (KBr) νmax 3300, 2300, 1730 
cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.7–1.75 (m, 4H, 2 
× CH2), 2.4–2.6 (m, 7H, (4H) 2 × CH2, 3H, CH3), 7.6–8.4 (m, 
4H, Ar-H), 9.9 (s, 1H, NH, D2O exchangeable) ppm. EIMS 
m/z (%) 280 [M+] (100). Anal. Calcd for C16H16N4O; C, 68.55; 
H, 5.75; N, 19.99. Found: C, 68.54; H, 5.42; N, 19.88.

N-(3-Cyano-1-phenyl-1,4-dihydroindeno[1,2-b]pyrrol-
2-yl)acetamide (4a)

It was obtained as a brown solid [MeOH/H2O]. Yield 
64%, m.p. 215–219 °C. FT-IR (KBr) νmax 3450 (NH), 2365 
(CN), 1710 (C=O) cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ 
= 2.3 (s, 3H, CH3), 3.58 (s, 2H, CH2), 7.1–7.67 (m, 9H, Ar-H), 
10.47 (br.s, 1H, NH, D2O exchangeable) ppm. EIMS m/z 
(%) 313 [M+] (8), 146 (100). Anal. Calcd for C20H15N3O: C, 
76.66; H, 4.82; N, 13.41. Found: C, 76.69; H, 4.98; N, 13.57.

General methods for the preparation of aryl-pyrrolo [2,3-
d]pyrimidin-4-ones 5 and 6

A suspension of the appropriate compound 1 or 2 
(0.01 mol) in formic acid (20 mL, 85%) was refluxed for 3 
h, cooled, poured onto ice-water to give a precipitate whi-
ch was filtered off, dried, and recrystallized from appropri-
ate solvent to afford 5 and 6.

9-(4-Methoxyphenyl)-5,6,7,8-tetrahydro-3H-pyrimido 
[4,5-b]indol-4(9H)-one (5b) 

It was obtained as a brown solid [EtOH]. Yield 65%, 
m.p. 272–276 °C. FT-IR (KBr) νmax 3230, 1690, 1560 cm–1. 
1H-NMR (DMSO-d6, 300 MHz) δ = 1.33–1.58 (m, 4H, 2 × 
CH2), 2.2–2.48 (m, 4H, 2 × CH2), 3.52 (s, 3H, O-CH3), 
6.9–7.5 (m, 4H, Ar-H), 9.3 (s, 1H, C2-H), 12.40 (s, 1H, NH, 
D2O exchangeable) ppm. EIMS m/z (%) 295 [M+] (18.7), 
279 (100). Anal. Calcd for C17H17N3O2: C,69.14; H, 5.80; N, 
14.23. Found: C, 69.19; H, 5.98; N, 14.53.

9-o-Tolyl-5,6,7,8-tetrahydro-3H-pyrimido[4,5-b]indol-4 
(9H)-one (5d)

It was obtained as a yellowish brown solid [MeOH]. 
Yield 79%, m.p. 228–231 °C. FT-IR (KBr) νmax 3230, 1690, 
1560 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.53–1.78 
(m, 4H, 2 × CH2), 2.12 (s, 3H, CH3), 2.2–2.58 (m, 4H, 2 × 
CH2), 7.2–7.6 (m, 4H, Ar-H), 9.3 (s, 1H, C2-H), 12.18 (s, 1H, 
NH, D2O exchangeable) ppm. EIMS m/z (%) 279 [M+] (17), 
118 (100). Anal. Calcd for C17H17N3O: C, 73.10; H, 6.13; N, 
15.04; O, 5.73. Found: C, 73.39; H, 6.23; N, 15.34; O, 5.94.

9-p-Tolyl-5,6,7,8-tetrahydro-3H-pyrimido[4,5-b]indol-4 
(9H)-one (5e)

It was obtained as a brown solid [EtOH]. Yield 71%, 
m.p. 206–210 °C. FT-IR (KBr) νmax 3430, 3330, 1720, 1690, 
1560 cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.53–1.78 
(m, 4H, 2 × CH2), 1.98 (s, 3H, CH3), 2.2–2.68 (m, 4H, 2 × 
CH2), 7.2–7.8 (m, 4H, Ar-H), 9.4 (s, 1H, C2-H), 12.15 (s, 
1H, NH, D2O exchangeable) ppm. EIMS m/z (%) 279 [M+] 
(19.3), 188 (100). Anal. Calcd for C17H17N3O: C,73.69; H, 
6.53; N, 14.32. Found: C, 73.79; H, 6.61; N, 14.19.

9-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-
4-yl)-5,6,7,8-tetrahydro-3H-pyrimido[4,5-b]indol-4(9H)-
one (5f)

It was obtained as a yellowish brown solid [EtOH]. 
Yield 83%, m.p. 260–265 °C. FT-IR (KBr) νmax 3430, 3330, 
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1720, 1690, 1560 cm–1.1H-NMR (DMSO-d6, 300 MHz) δ = 
1.43–1.68 (m, 4H, 2 × CH2), 2.2–2.45 (m, 4H, 2 × CH2), 
2.33 (s, 3H, CH3), 3.12 (s, 3H, N-CH3), 7.2–7.6 (m, 5H, Ar-
H), 9.1 (s, 1H, C2-H), 12.3 (s, 1H, NH, D2O exchangeable) 
ppm. EIMS m/z (%) 375 [M+] (24.6), 187 (100). Anal. 
Calcd for C21H21N5O2: C, 67.18; H, 5.64; N, 18.65. Found: 
C, 67.28; H, 5.36; N, 18.36.

9-(Pyridin-2-yl)-5,6,7,8-tetrahydro-3H-pyrimido[4,5-b]
indol-4(9H)-one (5g) 

It was obtained as a brownish red solid [EtOH]. Yield 
68%, m.p. 168–170 °C. FT-IR (KBr) νmax 3310, 1682, 1587 
cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 1.7–1.75 (m, 4H, 
2 × CH2), 2.4–2.6 (m, 4H, 2 × CH2), 7.6–8.4 (m, 4H, Ar-
H), 9.3 (s, 1H, C2-H), 12.21 (s, 1H, NH, D2O exchangeable) 
ppm. EIMS m/z (%) 266 [M+] (16.4), 132 (100). Anal. 
Calcd for C15H14N4: C, 67.65; H, 5.30; N, 21.04. Found: C, 
67.54; H, 5.62; N, 21.88.

10-Phenyl-5,10-dihydro-3H-indeno[2’,1’:4,5]pyrrolo[2,3-d]
pyrimidin-4-one (6a) 

It was obtained as an orange solid [MeOH]. Yield 
58%, m.p. 215–218 °C. FT-IR (KBr) νmax 3330, 1705, 1590 
cm–1. 1H-NMR (DMSO-d6, 300 MHz) δ = 3.51 (s, 2H, 
CH2), 7.3–7.8 (m, 10H, Ar-H + pym H), 12.21 (s, 1H, NH, 
D2O exchangeable) ppm. EIMS m/z (%) 299 [M+] (18), 
221(100). C19H13N3O (299.33). Anal. Calcd for C19H13N3O: 
C, 76.24; H, 4.38; N, 14.04. Found: C, 76.57; H, 4.61; N, 
14.53.

3. Biological Assay
3. 1. Anti-inflammatory Activity 

Animals
Ninety adult male Sprague-Dawley rats (5 rats per 

group for 14 tested compounds, control (injected with 1 
mL DMSO only, 2 standard drugs), weighing 120–150 g, 
were housed in cages in a temperature-controlled (25 ± 1 
°C) environment and provided free access to pelleted food 
and purified drinking water ad libitum. The protocol of the 
study was approved by the animal ethics committee of the 
Faculty of Pharmacy, Helwan University on 10-01-2012. 
The study was conducted in accordance with the EC. DFT
-IRective 86/609/EEC for animal experiments.

Assessment of Anti-inflammatory Activity
Rat paw oedema assay was carried out according to 

Winter et al.45 Prepared compounds (equimolar to active 
dose of the reference drug), control and 2 standard drugs 
were dissolved in 1mL DMSO and administrated subcuta-
neously. One hour later, paw oedema was induced by sub
-plantar injection of 0.1 mL of 1% carrageenan (Sigma-Al-
drich, St. Louis, USA) into the right paw. Paw volume was 
measured using a water plethysmometer (Basile, Comerio, 
Italy). The difference between the right and left paw volu-

me was measured at 1, 2, 3 and 4 h after induction of in-
flammation. Control group received 1 mL DMSO (as to 
evaluate the interference of DMSO itself in biological test) 
subcutaneously and carrageenan in sub-plantar region. 
Results were expressed as percentage inhibition of in-
flammation. Ibuprofen (70 mg/kg) and indomethacin (20 
mg/kg) were used as the reference drugs.

 
Statistical Analysis

Results were expressed as the mean ± SEM, and di-
fferent groups were compared using one way analysis of 
variance (ANOVA) followed by Tukey–Kramer test for 
multiple comparisons, using Graph Pad Instant (version 
3.05) as the statistical software.

Calculation: equimolar doses of tested compounds 
were calculated in relation to these of reference drug: swel 
= mean difference in rat paw volume between right and 
left paw ± SE. % inhibition = (1 – rt/rc) × 100 [rt = swel of 
tested group; rc = swel of control group].

3. 2. Molecular Docking Study
MOE 2013.08 Docking

The molecular docking studies were done using 
MOE 2013.08 and Leadit 2.1.2. All compounds were built 
and saved as MOE. Rigid receptor was used as a docking 
protocol. Both receptor-solvent were kept as a »receptor«. 
Triangle matcher was used as a placement method. Two 
rescoring were computed, rescoring 1 was selected as Lon-
don dG. Rescoring 2 was selected as affinity. The force field 
was used as a refinement.

Leadit 2.1.2 Docking
All compounds were built and saved as Mol2. The 

crystal structure of COX-2 enzyme complexes with indo-
methacin was downloaded from protein data bank (PDB: 
4COX). The protein was loaded into Leadit 2.1.2 and the 
receptor components were chosen by selection of chain A 
as the main chain when complexes with indomethacin. 
Binding site was defined by choosing indomethacin as the 
reference ligand to which all coordinates were computed. 
Amino acids within radius 6.5 Å were selected in the bin-
ding site. All chemical ambiguities of residues were left as 
default. Ligand binding was driven by enthalpy (classic Tri-
angle matching). For scoring, all default settings were re-
stored. Intra-ligand clashes were computed by using clash 
factor = 0.6. Maximum number of solutions per iteration = 
200. Maximum of solution per fragmentation = 200. The 
base placement method was used as the docking strategy.

4. Result and Discussion
4. 1. Chemistry

The availability of α-amino ketones is key to the 
preparation of o-amino- cyanopyrroles.46–48 Research in-
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dicated that α-amino ketones used for the preparation of 
o-amino-cyanopyrroles were usually obtained in situ49–51 
via the reaction of α-hydroxy ketones with amines in 
acid medium,52–55 or via the reaction of α-halo ketones 
with either amines and/or α-amino acids.56 As previously 
mentioned, α-hydroxy ketones and α-halo ketones, 
malononitriles or suitable substituted alkylidenemaloni-
trile and primary amines constituted essential compo-
nents for the synthesis of o-amino-cyanopyrrole deriva-
tives.44,57,58 

Regarding fused pyrrole and fused pyrrolopyrimi-
dine derivatives there are few studies reporting the synthe-
sis of o-aminocyano-tetrahydrobenzo[b]pyrrole and 
o-aminocyano-octahydroindeno[2,1-b]pyrrole deriva-
tives. Literature also revealed that the reaction of α-hy-
droxycyclohexanone (in place of the α-chloro analogue) 
with certain amines and malononitrile successfully afford-
ed some o-aminocyanotetrahydrobenzo[b]pyrroles but in 
poor yields (20–30%).44,58,59 These results also indicated 
that some side reactions happened (Fig. 2a). 

Attempts made to develop such compounds using 
the regular reactants (α-chlorocyclohexanone and/or 
2-chloroindenone, with certain aromatic amines and 
malononitrile) were unfruitful.60 We also found that 
α-chlorocyclohexanone under the reaction conditions 
EtOH/NaOH (polar basic medium) might undergo what 
is called Favorskii rearrangement,61 rearrangement of an 
α-halo ketone upon treatment with a base; the reaction 
continues through cyclopropanone intermediate formed 
by nucleophilic attack [EtO–]. In addition to the possibil-
ity of condensation with amine to give the anil (Fig. 
2b).62,63

Taking the previous results into consideration, we 
tried to diminish the potential of such side reactions. Our 
plan was to prepare the novel intermediate 2-(2-oxo
cyclohexyl) malononitrile (I) from the reaction of 2-chlo-
rocyclohexanone with malononitrile in a nonpolar sol-
vent, followed by condensation with the appropriate aro-
matic amines.

By applying this method, we successfully set up the 
required tetrahydrobenzo[b]pyrroles 1 with a fair yield. 
Using the same conditions with 2-chloroindenone it pro-
duced 2 (Scheme 1). 

On the other hand, aminocyano pyrrole derivatives 
1 and 2 were converted to the corresponding acetylated 
derivatives 3 and 4 via condensation with acetic anhydyri-
de.64–663-d]pyrimidines were reported to act as potent anti-
cancer agents, in this work, a series of novel 2-substituted-Figure 2a. Typical synthesis of tetrahydrobenzo[b]pyrroles

Figure 2b. Favoriskii rearrangement (polar basic medium rearrangement),57 and anil formation58,59
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3-cyano-4-phenyl-pyrrole 5, 6, 11–18, and 5-phenyl-pyr-
rolo[2,3-d]pyrimidine derivatives 7–10, 19–24 bearing 
either sulfathiazole or sulfapyridine were synthesized. The 
structures of these compounds were confirmed by elemen-
tal analysis, IR, (1 Compounds 1 and 2 were converted to 
pyrrolo[2,3-d]pyrimidine-4-ones 5 and 6 via condensati-
on with formic acid (Scheme 2).64

4. 2. Biological Results and Discussion
Fourteen of the synthesized compounds were evalu-

ated for their anti-inflammatory activity, using a method 
established by Harrk et al.314-benzodioxine or pyrrole nu-
cleus are described. All the newly synthesized compounds 
were examined for their in vitro and in vivo anti-in-
flammatory activity. Several derivatives, including (S Five 
of the tested compounds induced significant anti-in-
flammatory activity, compared with that of ibuprofen and 
indomethacin. Compound 1b exerted significant activities 
compared to standard drugs at all time intervals post-car-
rageenan (≅ 78%, ≅ 80%, ≅ 84% and ≅ 85% inhibition at 1st, 
2nd, 3rd and 4th hour interval post-carrageenan). The activi-
ty profile was the same as for standard drugs (response in-
creasing with time). Compound 1c exerted noticeable acti-

vities compared to standard drugs at the 1st and 2 nd hour 
post-carrageenan (≅ 81% and ≅ 82% inhibition at 1st and 
2nd hour interval post-carrageenan). The activity profile 
was the same as standard drugs (response increasing with 
time), yet the activity showed weak, yet significant activiti-
es, decreasing at 3rd and 4th hour post-carrageenan (≅ 79% 
and ≅ 75% inhibition at 3rd and 4th hour interval post-car-
rageenan). Compounds 1d and 5b showed a marked anti
-inflammatory effect than standard drugs, from the 1st 
hour to 4th hour post-carrageenan. Compound 5b showed 
a moderate inhibitory action at the 4th hour interval: 76% 
inhibition. Yet, compound 1d showed the unusual profile 
compared to standard drugs: it showed ≅ 79% inhibition at 
2nd hour post-carrageenan and ≅ 70% inhibition at 3rd hour 
post-carrageenan and then decreased to 66% inhibition at 
4th hour post-carrageenan. Compound 1g exerted a mode-
rate activity compared to standard drugs at the 3rd and 4th 
hour post-carrageenan (% inhibition ≅48 at 3rd hour and 
61% at 4th hour post-carrageenan), it showed no activity at 
1st and 2nd hour intervals post-carrageenan injection. 
Compounds 1f, 3c, 3d, 3e, 3f and 5d,e were all inactive 
over all tested periods, showing % inhibition < 12, 21, 25 
and 38 at 1st to 4th hours, respectively, and were indicated as 
inactive in Table 1.

Scheme 1: Synthesis of tetrahydroindoles 1a–g and 2a

Scheme 2: Synthesis of acetylated pyrroles 3a–g, 4a,b and pyrrolopyrimidines 5a–g, 6a
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4. 3. Molecular Docking Results

Molecular modeling has become very important in 
the discovery and design of new agents.67–703D-QSAR and 

docking studies were carried out on 23 pyrrole derivatives, 
to model their HIV-1 gp41 inhibitory activities. The 2D, 
3D-QSAR studies were performed using CODESSA sof-
tware package and comparative molecular field analysis 

Table 1. In vivo anti-inflammatory activity results for active compounds.

Compounds		  Oedema induced by carrageenan  (% Oedema inhibition relative to control)
// (Ar=)	 1 Hr	 2 Hr	 3 Hr	 4 Hr
	 Swel ± SE	 Swel ± SE	 % inh	 Swel ± SE	 % inh	 Swel ± SE	 % inh	 % inh

	 0.048 ± 0.024a	 78.7	 0.052 ± 0.02a	 80	 0.086 ± 0.048a	 84.3	 0.098 ± 0.04a	 84.69

	 0.042  ± 0.008a	 81.37	 0.046 ± 0.009a	 82.3	 0.116 ± 0.048a	 79.6	 0.159 ± 0.029a	 75.06

	 0.19 ± 0.036	 15.9	 0.076 ± 0.038a	 70.76	 0.022 ± 0.005a	 95.98	 0.048 ± 0.007a	 92

	 0.2137  ± 0.03	 6.35	 0.054 ± 0.01a	 78.16	 0.086 ± 0.018a	 69.43	 0.083 ± 0.068a	 66.73

	 0.2242  ± 0.031	 0.79	 0.25 ± 0.007	 3.65	 0.284 ± 0.04	 48.17	 0.251 ± 0.031a	 60.74

	 0.152 ± 0.016	 32.74	 0.15 ± 0.024	 42.3	 0.234 ± 0.04a	 57.29	 0.152 ± 0.057a	 76.25

Indomethacin	 0.224  ± 0.004	 0.88	 0.764  ± 0.009	 20.7	 0.286 ± 0.004	 44.65	 0.084 ± 0.01	 a78.58
Ibuprofen	 0.216  ± 0.033	 4.42	 0.158 ± 0.04	 39.23	 0.286 ± 0.008	    48.175	 0.193 ± 0.007a	 69.84	
Control	     0.228  ± 0.027		  0.26  ± 0.037		  0.548  ± 0.08		  0.64  ± 0.038

swel = mean difference in rat paw volume between right and left paw. ± SE    a: significantly different from control at the same time interval at 
p<0.05  % inhibition = (1-rt/rc) × 100   [rt = swel of tested group; rc = swel of control group]   swel = swelling   SE = standard error   %inh = % inhibition 

Figure 3a. Binding modes of both A) indomethacin and B) ibuprofen. This was computed with Leadit 2.1.2

a) b)
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(CoMFA It also helps in the interpretation and explanati-
on of the biological results. Molecular docking is one of 
these approaches and is used to predict the binding mode 
of organic compounds.68 A molecular docking study had 
been done using both MOE 2013.0871 and Leadit 2.1.2 sof-
tware.72,73 Possible binding modes of the active compounds 
inside the active site of COX-2 were estimated. Indomet-
hacin and ibuprofen were also docked. The presence of a 
carboxylic group in both indomethacin and ibuprofen was 
important for the carboxylate anion to form an electrosta-
tic interaction with the cationic guanidine moiety of Arg 
120 residue found in the active site of the COX-2 enzyme. 
The oxygen atom of carbonyl group found in this carboxy-
lic moiety participated with the formation of a hydrogen 
bond with the hydrogen atom of –OH group of Tyr 355 
residue. The binding affinity of indomethacin and ibupro-
fen was found to be –30.24 kcal/mol and –19.09 kcal/mol, 
respectively (Fig. 3a). 

The clash score was computed with Leadit 2.1.2 
software indicating that both drugs have a low clash score 
(Table 2).

The presence of the p-chloro group in the derivative 
1c with higher lipophilic contribution value (–10.90) im-
proving the binding modes and interactions, compared 
with other tested compounds. All compounds with 2-ami-
no-(substituted)-1H-indole-3-carbonitrile shared a hydro
gen bond formed between their nitrile groups and the –
OH group of Tyr 355. Compound 1g showed a mode of 
binding in which three hydrogen bonds with Tyr 355, Arg 
120 and Ser 530 were formed. Finally, compound 5b 
showed three hydrogen bonds as well with His 90, Tyr 355 
and Ser 530 (Fig. 3b). 

Compounds 1d and 1g had the highest clash penalty 
score (11.54) which affected their fitting in the binding site 
and resulted in the lowest affinity values in both MOE 
2013.08 and Leadit 2.1.2 docking results. That could expla-

Table 2. The clash score for active compounds and standard drugs using Leadit 2.1.2 software. 					   

				    Leadit docking
Compound/	 % of	 MOE	 Docking score	 Lipo score	 ClashStandard drugs	 inhibition	 docking score	 (kcal/mol)	

1b	 84.69	 –11.68	 –17.03	 –13.84	   7.11
Indomethacin	 78.58	 –15.25	 –21.24	 –12.93	   6.06
5b	 76.25	 –10.38	 –15.47	 –12.97	   6.94
1c	 75.06	 –10.52	 –17.23	 –10.90	   7.02
Ibuprofen	 69.84	 –13.35	 –19.09	 –10.41	   5.87
1d	 66.73	 –10.24	 –16.02	 –11.42	 10.32
1g	 60.73	 –10.04	 –12.54	 –14.63	 11.54

Figure 3b. A) Compound 1g possible binding mode inside COX-2. B) Compound 5b predicted interactions.

a) b)
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in their lower inhibition activity compared to the other 
compounds.

4. 4. Structure–activity Relationships (SAR)
To investigate SAR of any NSAIDs, pathophysiology 

of inflammation and its treatment have to be well un-
derstood. Inflammation represents the response to inju-
ry.74 Many processes are involved in the promotion of the 
inflammatory process, one of them is the secretion of ara-
chidonic acid (AA) from damaged cells membranes. AA is 
metabolized by enzyme COX into prostanoids (as pros-
taglandins) and lipoxygenase (leukotrienes).75 The major 
mechanism of action of NSAIDs was found to be the inhi-
bition of PG synthesis, through inhibition of COXs, that is 
to say preventing the AA from forming PG.76–78it has a very 
short half-live in blood, its oxidization to 15-keto-
prostaglandins is catalyzed by 15-hydroxyprostaglandin 
dehydrogenase (15-PGDH 

In order to design any structure with pyrrole moiety 
or its fused form indole, vital considerations must be taken 
to ensure its anti-inflammatory activity.32,74,79,80

First, the structure should consist of an acidic moiety 
(carboxylic acid, enols, ester etc.) attached to a planar, aro-
matic functional group (appears to correlate with the dou-
ble bond of AA),314-benzodioxine or pyrrole nucleus are 
described. All the newly synthesized compounds were 
examined for their in vitro and in vivo anti-inflammatory 
activity. Several derivatives, including (S and a polar lin-
king group (which attaches the aromatic ring to a lipophi-
lic group in AA).30 Addition of a second hydrophobic ring, 
not coplanar with the original aromatic ring, was found to 
enhance activity,35 this second heteroaromatic ring or he-
terocyclic ring was believed to provide the necessary geo-
metry to attach to AA.81 Taking indomethacin (benzo[b]
pyrrole) as an example, it was found that N-benzoyl moie-
ty seems to play an important role for the COX-1 activity 
of indomethacin.32 If the latter moiety is replaced with any 
other bulkier N-substituents, efficient binding to COX-1 
pocket is prevented.12,82–84

Taking all this into consideration, and to analyze 
our SAR, two structural components were considered: 
the nature of the heterocycle nucleus and the character of 
the side chain (N-substitution). First, the influence of the 
nature of the aromatic heterocyclic system: fused pyrrole 
1a, 1c, and 1d showed the highest activity over fused pyr-
rolopyrimidine 5b. Regarding the side chain type, additi-
on of bulky heterocyclic ring (anti-pyrine) in compound 
1g causes the activity to decrease over the substituted 
phenyl in compounds 1a, 1c, and 1d. Also methoxy gro-
up at para-position in compound 1a has conferred signi-
ficantly higher activity during all time intervals than the 
methyl goup at ortho-position in compound 1d. Repla-
cing the antipyrine moiety in compound 1g with the ha-
logen group at para-position in compound 1c has confer-
red significantly higher activity during 1st and 2nd hour 

time intervals, with decreased activity in 3rd and 4th hour 
post-carrageenan.

5. Conclusion
A new strategy was developed to prepare a series of 

2-amino-1-(aryl)-4,5,6,7-tetrahydro-1H-indole-3-carbo-
nitriles 1a–g and 2-amino-1-(aryl)-4,5,6,7-tetrahydro-1H 
-indole-3-carbonitriles 2a,b as potential anti-inflammato-
ry agents. Based on their structure, we can conclude that 
the best aromatic nucleus was the pyrrole with a para 
substituted phenyl and cyclization to prepare pyrrolopyri-
midine derivatives, added some anti-inflammatory activi-
ty in the heterocyclic system. The molecular docking study 
provided the interpretation of the biological activities of 
the active compounds compared to the two reference 
drugs indomethacin and ibuprofen.
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erljiva z aktivnostjo referenčnih proti-vnetnih zdravil (indometacin in ibuprofen). Da bi interpretirali rezultate bioloških 
študij preiskovanih spojin, smo izvedli tudi študije molekulskega sidranja. Rezultati so bili komplementarni tistim, do-
bljenim z biološkimi testiranji; poleg tega so potrdili biološke učinke preiskovanih spojin.

https://doi.org/10.1016/j.bmcl.2004.11.019
https://doi.org/10.1021/ol049207d
https://doi.org/10.1021/ja0389523
https://doi.org/10.1021/ol049921v
https://doi.org/10.1021/op010041v
https://doi.org/10.1002/jhet.5570360325
https://doi.org/10.1002/prac.19893310106
https://doi.org/10.1002/ardp.200300773
https://doi.org/10.15227/orgsyn.039.0037
https://doi.org/10.15227/orgsyn.078.0212
https://doi.org/10.1021/jm960118j
https://doi.org/10.1016/j.bmcl.2010.08.005
https://doi.org/10.3390/70700554
https://doi.org/10.1016/j.bmc.2007.12.034
https://doi.org/10.1021/jm0501127
https://doi.org/10.1016/S0014-827X(03)00019-3
https://doi.org/10.1016/j.bmcl.2007.04.106
https://doi.org/10.1006/jmbi.1996.0477
https://doi.org/10.1002/pro.5560070411
https://doi.org/10.1016/j.bmc.2013.05.049
https://doi.org/10.4049/jimmunol.1000906
https://doi.org/10.1016/j.addr.2009.03.001
https://doi.org/10.3390/ph3051530
https://doi.org/10.1016/j.ejphar.2007.08.034
https://doi.org/10.1016/j.bmc.2008.05.011
https://doi.org/10.4236/ijoc.2013.32012


877Acta Chim. Slov. 2017, 64, 877–887

Prah and Škofic:   Preparation and Investigation of the Thermal   ...

Scientific paper

Preparation and Investigation of the Thermal  
Stability of Phosphate-modified TiO2 Anatase Powders  

and Thin Films
Uroš Prah* and Irena Kozjek Škofic

Faculty of Chemistry and Chemical Technology, University of Ljubljana, Večna pot 113, SI-Ljubljana, Slovenia

* Corresponding author: E-mail: prah.uros@gmail.com

Received: 04-05-2017

Abstract
The temperature dependence of the anatase-to-rutile phase transition of TiO2 powders and thin films was studied. In 
order to shift the phase transition to higher temperature, samples were doped with a different amount of phosphate ions 
and their influence on the structure and thermal stability of the anatase phase was investigated. In addition, the effect of 
the catalyst form (powders or thin films) on the temperature of the anatase-to-rutile phase transition was observed. TiO2 
thin films and powders were prepared using a simple sol-gel method with an alkoxide precursor and citric acid. The thin 
films were deposited on silicon and aluminum substrates using the dip-coating technique. The content of the anatase 
phase and the crystallite size at different annealing temperatures were monitored using X-ray diffraction. The course of 
the thermal decomposition was followed using thermal analyses. The morphology, particle size, shape and elemental 
makeup of the samples were investigated using scanning electron microscopy and energy-dispersive X-ray spectroscopy. 
The results showed that the phosphate ions successfully inhibited the growth of the anatase nanoparticles and delayed 
the phase transition to the rutile phase.

Keywords: Anatase, phosphate, sol-gel, thermal stability, thin films

1. Introduction
During the past few decades titanium dioxide has 

been one of the most intensively studied semiconductor 
materials. It has numerous useful characteristics, such as 
the unique positions of the valence and conduction bands, 
a relatively narrow band-gap, chemical and physical stabil-
ity, favorable electronic and optical properties, non-toxici-
ty and a low price.1–7 Furthermore, in nanocrystalline form 
it shows good catalytic and photocatalytic properties. Pho-
tons with sufficient energy excite electrons into the con-
duction band, which leads to the generation of free elec-
trons in the conduction band and positive holes in the 
valence band. The energy required for the photogenera-
tion of the electron-hole pairs in TiO2 nanocrystals is 3.0–
3.2  eV, which is equivalent to the energy of light in the 
near-UV region.8 Some of these pairs react with elec-
tron-donor and electron-acceptor species on the semicon-
ductor surface to form reactive radicals, which can be used 
for the degradation of environmental pollutants, self-clean-
ing, antifogging and the sterilization of surfaces.4,5

TiO2 naturally occurs in three polymorph crystal 
modifications: rutile, anatase and brookite.5,6,9 Of these, the 

anatase and rutile phases are the most frequently used, 
while brookite is less interesting for practical applications 
due to its lower thermal stability and difficult preparation. 
Although the band-gap of the anatase phase is wider 
(3.2 eV) in comparison to rutile (3.0 eV), anatase is con-
sidered to exhibit better photocatalytic activity due to its 
larger surface area and the slower recombination process 
for the charge carriers.6,10,11 The anatase is thermodynami-
cally metastable and irreversibly converts to rutile at high-
er temperatures. This phase transition results in a reduc-
tion of the photocatalytic activity (formation of the 
less-active rutile form) and causes undesirable dimension-
al changes of the material.12 Improving the thermal stabili-
ty of the anatase phase, by increasing the temperature of 
the anatase-to-rutile phase transition, is particularly im-
portant when using TiO2 in high-temperature applica-
tions, such as the degradation of toxic NOx and SOx, which 
are usually produced at high temperatures.13,14

To achieve a better thermal stability of the anatase 
phase and thereby inhibit the anatase-to-rutile phase 
transformation, different ion dopants (F–, Si4+, Fe3+, Al3+, 
etc.) were added to pure TiO2. These dopants can occupy 
both interstitial and substitutional positions in the TiO2 
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crystal lattice or act like a steric barrier (form a layer on the 
particles’ surface) and thus shift the phase transformation 
to higher temperatures and therefore enhance the thermal 
stability of the anatase phase.1,3,6,10,13–16 Phosphate ions react 
with uncondensed hydroxyl groups on the surface of TiO2 
particles and act as a steric barrier. Thereby phosphate ions 
effectively hold the anatase particles at certain distance 
(inhibit the contacts among the particles) and consequent-
ly decelerate their growth, because the rutile phase, which 
is responsible for a drastic increase in the particle size, be-
gins to form at the interface between the anatase particles 
in the TiO2 agglomerates.1,17,18 By keeping the anatase par-
ticles separated at a certain distance, the phase transforma-
tion can be restricted and at the same time the small parti-
cle size can be maintained.1,3,6,16

The sol-gel technique is one of the most frequently 
used methods for the preparation of TiO2. The particle size 
and the morphology of the product can be easily con-
trolled by changing the synthesis parameters. The variety 
of the prepared products, such as thin films, fibers, xe-
rogels, aerogels, powders and dense ceramics, allows very 
diverse applications. Different types and amounts of dop-
ants or additives can be easily added during the synthesis. 
A high degree of homogeneity for the prepared materials 
can be achieved in a single or even in multicomponent sys-
tems.7,19,20

Using a powdered catalyst is not favorable for het-
erogeneous photocatalysis. The problem is its mobility in 
air and removal from aqueous systems. To avoid these 
problems, powders are often immobilized on various sub-
strates, for example, thin films can be prepared.4 The ad-
vantages of using thin films are their easy removal from 
the liquid media and the low consumption of raw materi-
als. In addition, very thin and transparent thin films can be 
prepared and used for different applications, such as 
self-cleaning windows and anti-fogging mirrors. Thin 
films often exhibit different properties compared to pow-
ders, such as phase composition, microstructure, reactivi-
ty, etc. Therefore, apart from the influence of phosphate 
ion addition, the influence of the TiO2 catalyst form (pow-
der or thin film) and the impact of immobilization on the 
course of the phase conversion of anatase into rutile were 
studied.

2. Experimental
2. 1. Chemicals and Materials

Titanium(IV) butoxide (97%), citric acid (≥ 99.5%) 
and absolute ethanol (≥ 99.8%) were purchased from Sig-
ma Aldrich. Phosphoric acid (85%) was procured from 
Alfa Aesar. All chemicals were used without further purifi-
cation. Aluminum foil (thickness 0.01 mm) and pure sili-
con wafers (1-0-0 single crystal, prepared by Czochralski 
method, MEMC Elect. Materials Sdn. Bhd.) were used as 
the substrates for the thin films.

2. 2. Synthesis
Sols of TiO2 and TiO2 doped with phosphate ions 

were prepared by dissolving 0.01 mol of citric acid in 
20 mL of absolute ethanol. The mixture was stirred on a 
magnetic stirrer until all the acid was dissolved and then 
0.01  mol of titanium butoxide was slowly added to the 
solution. The beaker with the colloidal solution was closed 
with parafilm and the stirring was continued for approxi-
mately 12 hours. All the sols were stored in a refrigerator 
(5 °C) until further use.

For the doped sols, the only difference was the addi-
tion of a different quantity of phosphoric acid to the ho-
mogenous solution of citric acid in ethanol before the ad-
dition of the Ti-precursor. Relative to the titanium ions, 
5  mol%, 10  mol% and 15  mol% of phosphate ions were 
added to the solutions.

2. 3. Preparation of Powders and Thin Films
For the preparation of the powders, the sols were 

dried in air at room temperature to produce the xerogels. 
The films were deposited using the dip-coating technique 
on aluminum foil and silicon plates, which were first cut to 
appropriate dimensions and cleaned in an ultrasonic bath 
in deionized water, followed by absolute ethanol, and then 
dried. The film thicknesses and their homogeneities were 
controlled using a constant pulling velocity (20 cm min–1). 
The thin films were dried in air at room temperature. The 
thin films had good adhesive properties (layers could not 
be removed by rubbing and cutting) and therefore no ad-
ditional surfactant was needed. All the prepared xerogels 
and the dried thin films were then calcined for 1 hour at 
400, 500, 600, 700, 800, 900 and 1000 °C. After the calcina-
tions, the powders were thoroughly milled in an agate 
mortar.

2. 4. Characterization
The thermal analyses of the xerogels and thin films 

were carried out in a dynamic air atmosphere with a flow 
rate of 100  mL  min–1 on a Mettler Toledo TGA/DSC 1 
thermo analyzer, coupled with a Balzers Thermostar quad-
rupole mass spectrometer. Aluminum foil was used as the 
supporting material for the thin films. The thin films were 
cut into small pieces (~2 mm x 2 mm) and analyzed in the 
temperature range from room temperature up to 600 °C, 
while the xerogels were measured up to 800 °C. For all the 
measurements 150-μL platinum crucibles were used. First-
ly, the samples were purged with air at 25 °C for 20 min 
and then heated at 5 K min–1. The gas products were trans-
ferred to the mass spectrometer through the quartz capil-
lary heated to 190 °C. The baseline was subtracted for all 
the samples.

The X-ray diffraction (XRD) patterns were recorded 
on an X  PANalytical  X`Pert  PRO diffractometer using 
monochromatic Cu-Kα radiation. Measurements of the 
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heat-treated powders were recorded from 2θ = 15° to 60° 
with a step of 0.034 degrees per second and an integration 
time of 100 s. Thin films were recorded from 2θ = 23° to 
30° with a step of 0.034 degrees per second and an integra-
tion time of 500 s. For the XRD analysis, silicon plates were 
used as a support for the thin films since silicon does not 
have any peaks in the 2θ measuring range.

Scanning electron microscope (SEM) images of the 
samples were taken with a Zeiss Ultra Plus field-emission 
scanning electron microscope. A small amount of powders 
and appropriately cut thin films on silicon plates 
(~5 mm × 5 mm) were attached to carbon tape on the met-
al holders. The electrical conductivity of titanium dioxide 
is sufficient; therefore, sputtering with conductive material 
was not needed.

The elemental composition and the distribution of 
the elements in the samples were determined using ener-
gy-dispersive X-ray spectroscopy (EDS) coupled to SEM.

3. Results and Discussion
3. 1. Thermal Analysis

The thermal decomposition of the xerogels and the 
thin films was investigated using thermal analysis. The 
mass losses, exothermic and endothermic changes of the 
samples during the thermal treatment were measured with 
thermogravimetric analysis (TG) and differential scanning 
calorimetry (DSC). For a qualitative analysis of the re-
leased gases and for better understanding of the thermal 
decomposition, mass spectrometry (MS) was also em-
ployed. DSC analysis was used to determine the tempera-
ture where the anatase-to-rutile phase transition took 
place. This phenomenon is very hard to detect for at least 
two reasons. One reason is a very small exothermic effect 
that accompanies this phase transformation and the other 
is its position, which is highly dependent on the selected 
synthesis method and the experimental parameters.21

Fig. 1 shows the results of the thermal decomposition 
of the undoped xerogel sample. Three distinct steps of mass 
loss were observed. In the first step between room tempera-
ture and 150 °C, the weight loss was 7.5%, corresponding to 
water and ethanol evaporation (m/z 18 and 46). Water 
evaporation also took place at the beginning of the follow-
ing step of the mass loss, which is evident from the endo-
thermic minimum on the DSC curve. In the second step, 
from 150 °C to around 370 °C, the mass decreases by ap-
proximately 46% and the third step continued up to 530 °C, 
with a mass loss of approximately 18%. The last two steps of 
the mass loss are associated with the decomposition and 
oxidation of the organic compounds (residues of the citric 
acid and butoxide groups), which is also supported by the 
peaks of the alkyl fragments, carbon dioxide and water 
from the MS signals. The total mass loss of the sample is 
around 72%. No exothermic peak that could represent the 
anatase-to-rutile phase transition is observed.

The thermal decomposition of the doped samples is 
comparable to the undoped sample (Fig. 2). The first and 
second steps of the thermal decomposition of all the sam-
ples occur in the same temperature range and show almost 

Figure 1. TG, DSC curves and signals from MS of undoped xerogel.

Figure 2. A comparison of (a) TG and (b) DSC curves of doped and 
undoped xerogels.

a)

b)
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identical mass losses, regardless of the quantity of phos-
phate ions added (overlapping TG curves). The only ob-
served difference is in the last stage of the thermal decom-
position, where the temperature of the oxidation of the 
organic compounds moves to higher temperatures with an 
increasing amount of added dopant. Therefore, the mass is 
stabilized at higher values, which have an impact on the 
selection of the lowest annealing temperature. The same 
observations were made in the comparison of the DSC 
curves, wherein the addition of phosphate ions moved the 
exothermic peak of the last stage of thermal decomposi-
tion to higher temperatures, where also instead of one exo-
thermic peak, two smaller one were observed.

Thermal analyses of the thin films deposited on the 
aluminium foil were also investigated. Due to the much 
heavier aluminium substrate in comparison to the thin lay-
er, all the effects were much harder to detect. Weight chang-
es during the thermal treatment and also exothermic and 
endothermic effects were very low and their interpretation 
was easier in comparison to the results of the xerogels 
(Fig. 3).22,23 The total mass loss in the thin films was around 
3.5%. However, it should be taken into consideration that 
the thermal decomposition of the thin films is often carried 
out differently than in the case of xerogels, because of the 

suppressed diffusion of gases on the substrate side, the de-
composition steps are not so clear.24 Despite this difference, 
the positions of the more intense exothermic and endo-
thermic peaks and the temperature of the total mass loss 
are positioned in the same temperature ranges.

Based on the results of the thermal analysis, a range 
of annealing temperatures was selected. Because we could 
not determine the exact temperature where the ana-
tase-to-rutile phase transition occurred, we used a wider 
range of annealing temperatures. The used temperatures 
were 400, 500, 600, 700, 800, 900 and 1000 °C.

3. 2. XRD Analysis
The content of the anatase phase and the particle size 

were determined by XRD analysis and calculated using the 
Rietveld analysis and Scherrer formula. The results were 
calculated from all the peaks in the measuring range and 
not only from the peaks 2θ = 25.28° (101) and 27.40° (110), 
which are often taken as the characteristic peaks of the 
anatase and rutile phases.1,25,26

Firstly, the influence of adding phosphate ions on the 
average particle size and the thermal stability of the anatase 
phase in the powders were monitored (Fig.  4). In the un-
doped samples, the content of the anatase phase quickly 
dropped with an increasing annealing temperature. At 
400 °C amorphous and partially crystallized anatase phase 
was present, but the content of the anatase phase dropped 
rapidly to 6.4 wt%, when it was annealed at 600 °C. The par-
ticle size increased with the increasing temperature and it 
was 30 nm at 600 °C (Table 1). When the anatase particles are 
sufficiently large, they start to interact with each other and 
the phase transformation occurs at the interfaces between 
them. With an increasing annealing temperature, more ana-
tase particles were converted to rutile and the phase transfor-
mation gradually extends over the entire TiO2 agglomerates.

In doped TiO2, the phosphate ions can easily react 
with the surface hydroxyl groups and form a layer on the 
surfaces of the anatase nanoparticles. The phosphates act 
like a steric barrier that prevents any direct contact be-
tween the particles, inhibits their growth and the interac-
tions among them. By inhibiting the particle growth and 
preventing any interaction between the particles, the phase 
transformation occurs at higher temperatures.1 The doped 
powders (with 5, 10 and 15 mol%) showed better thermal 
stability for the anatase with an increasing proportion of 
added dopant. The best results were shown by the sample 
with 15  mol% of added dopant, where only the anatase 
phase was present up to 700 °C. At 800 °C the anatase con-
tent decreased to 74.7% and at 900 °C to 6.8%. At higher 
dopant ratios (10 and 15 mol%) and high annealing tem-
peratures (900 and 1000  °C) the formation of the new 
crystal phase, titanyl phosphate, was observed (3–10 wt%), 
otherwise only the anatase and rutile phases were present 
(Fig. 5b). All the samples annealed at 1000 °C contained, 
besides titanyl phosphate, only the rutile phase. The phos-

Figure 3. A comparison of (a) TG and (b) DSC curves for the un-
doped xerogel and the thin film.

a)

b)
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Figure 4. Content of anatase phase depending on the dopant ratio 
at different annealing temperatures in the powders. phate ions improved the thermal stability of the anatase 

phase and raised the temperature of the present anatase 

Figure 5. Evolution of the recorded powder diffraction patterns with an increasing annealing temperature (a: undoped TiO2 nanoparticles, b: TiO2 
nanoparticles doped with 15 mol% of phosphate ions).

Table 1. Average size of the anatase particles in powders with differ-
ent annealing temperatures and dopant ratios.

	Annealing		                   Dopant ratio (mol%)
t	emperature	 0	 5	 10	 15
	 (°C)	                      Average size of the anatase particles (nm)

	   400	 ~8c	 0a	 0a	 0a

	   500	 16.6	 ~7c	 ~6c	 ~10c

	   600	 30.0	 8.4	 6.6	 6.0
	   700	 0b	 11.7	 8.1	 7.8
	   800	 0b	 22.9	 25.9	 28.7
	   900	 0b	 26.4	 38.8	 43.6
	 1000	 0b	 0b	 0b	 0b

a – amorphous phase  b – all anatase has been converted to rutile
c – estimated value based on a partially crystallized anatase

a)

b)
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phase to 900 °C. The average size of the anatase particles 
was successfully inhibited by the phosphate ions up to 
700  °C, where the average particles size remained under 
12 nm (Table 1). At temperatures above 800 °C, the steric 
barrier is no longer able to prevent the particle growth and 
the phase transformation starts to take place. On the other 
hand, the addition of phosphate ions also increased the 
crystallization temperature of the anatase phase, because 
in doped samples, annealed at temperatures below 500 °C, 
no crystalline phase was observed (Table 1).

The formation of all the crystalline phases and the par-
ticle growth are clear from the series of diffractograms 
(Fig. 5) that were recorded after the heat treatment at differ-
ent temperatures for the undoped and (15  mol%) doped 
powder samples. In the undoped sample, in comparison to 
the doped sample, the anatase peaks are narrower and have 
a greater intensity, which is indicative of a larger particle size.

Figure 6. Dependence of the amount of anatase phase on the do-
pant ratio for different annealing temperatures in thin films.

Figure 7. Evolution of the recorded diffraction patterns with an increasing annealing temperature (a: undoped TiO2 thin films, b: TiO2 thin films 
doped with 5 mol% of phosphate ions).

a)

b)
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The influence of phosphate ions on the anatase’s ther-
mal stability in thin films is illustrated in Fig.  6. In thin 
films, compared to powders, a much smaller difference be-
tween the doped and the undoped samples was detected. In 
the undoped sample, even at 800 °C, only the anatase phase 
was present. At higher temperatures, the content of the 
anatase phase dropped rapidly and at 900 °C it was approx-
imately 70 wt%. At 1000 °C only the rutile phase was de-
tected. The thermal stability of the anatase phase was 
slightly improved by adding phosphate ions. The best re-
sults were shown by the sample with 5 mol% dopant, where 
at 900 °C there was approximately 90 wt% of anatase phase. 

Even at 1000 °C, approximately 5 wt% of anatase phase was 
detected. In all the samples and at all the annealing tem-
peratures only the anatase and rutile phases were present 
and no titanyl phosphate was formed. In thin films doped 
with 5 mol% of phosphate ions, the anatase phase was al-
ready crystallized at 500  °C, but in samples with higher 
content of the added dopant (10 and 15 mol%) the tem-
perature of the anatase crystallization increased to 600 °C.

The reason why the anatase phase in the undoped 
thin films is more stable than in the powders is in the 
thickness of the thin films. In thin films, there is a limited 
amount of TiO2 because the layer is very thin and is 
blocked by the substrate on one side. Such a thin layer does 
not provide enough material for the growth of the anatase 
particles (Table 2) and the transformation to rutile phase. 
The formation of the anatase and rutile phases and their 
particle growth is evidenced by the series of diffractograms 
of the thin films on silicon (Fig. 7), which were recorded 
after annealing at different temperatures. In addition, the 
difference between the undoped sample and the sample 
doped with 5 mol% of phosphate ions was apparent.

3. 3. SEM Analysis
To study the morphology, particle shape and size, 

SEM images of all the prepared thin films and powders 
were taken. The nanoparticles in the powders were not iso-

Table 2. Average size of the anatase particles in thin films with dif-
ferent annealing temperatures and dopant ratios.

	Annealing		                   Dopant ratio (mol%)
t	emperature	 0	 5	 10	 15
	 (°C)	                      Average size of the anatase particles (nm)

	   400	 0a	 0a	 0a	 0a

	   500	 18.2	 13.7	 0a	 0a

	   600	 21.6	 14.5	 9.1	 10.7
	   700	 27.7	 15.1	 8.6	 8.6
	   800	 38.3	 29.4	 29.0	 17.0
	   900	 58.6	 58.4	 64.1	 65.2
	 1000	 0b	 53.3	 0b	 52.4

a – amorphous phase  b – all anatase has been converted to rutile

Figure 8. SEM micrographs of powders: a) 0% PO4
3–, 800 °C  b) 15% PO4

3–, 800 °C  c) 5% PO4
3–, 1000 °C and  d) 5% PO4

3–, 500 °C.
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lated, but large agglomerates of several micrometers in size 
and various shapes were formed. The SEM micrograph in 
Fig. 8 shows that the phosphate ions strongly inhibited the 
particle growth. At the same annealing temperature, the 
average particle size decreased with an increasing amount 
of dopant. The particle size in the undoped samples in-
creased rapidly with the temperature and at 1000 °C, the 
particles were larger than 100 nm (Fig. 8c and 8d).

In the thin films, uniformly distributed and homog-
enous layer of about 90 nm thickness were observed (Fig. 
9). Even though the thin films were prepared by deposition 
of only one layer, the films covered the whole substrate 
equally and no areas without thin film were observed. Due 
to the limited amount of material in the thin films and the 
presence of a substrate on one side, smaller average parti-
cle size in comparison to the powders was observed 
(Fig. 10).

3. 4. EDS Analysis

The elemental makeup of the powders and thin films 
was investigated with EDS analyses. In the doped samples, 
the larger areas were mapped to evaluate the homogeneity 
of the phosphorous distribution. With point analyses the 
molar ratios between the titanium and the phosphorous 
were measured (Table 3). The results of the mapping anal-
yses (Fig. 11 and 12) showed a uniform distribution of the 
elements Ti, O and P on the examined surface of the pow-
ders and thin films. In the powders, the quantity of mea-
sured dopant varied greatly around the value of the initial-
ly added amount during the synthesis. These values were 
strongly dependent on the size and shape of the agglomer-
ates. For example, the proportion of the measured dopant 
is higher in the case of smaller agglomerates and non-ho-
mogeneous surfaces, and smaller in the case of larger ag-

Figure 9. SEM micrographs of a cross-section of undoped thin film, calcined at 600 °C.

Figure 10. SEM micrographs of thin films: a) 0% PO4
3–, 1000 °C and b) 0% PO4

3–, 600 °C.
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Figure 11. Distribution of the elements Ti, O and P in powder doped with 10 mol% and annealed at 900 °C.

Figure 12. Distribution of the elements Ti, O and P in thin film doped with 15 mol% and annealed at 600 °C.
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glomerates. Because EDS is a surface technique, this indi-
cates that phosphate ions are mostly distributed on the 
surface of the particles. In thin films, the amount of mea-
sured dopant was much higher than in powders, which is 
most likely a consequence of a small thickness of the layer.

4. Conclusion
TiO2 nanopowders and thin films were prepared by a 

simple and quick sol-gel method using titanium butoxide 
as the precursor. The samples were doped with phosphate 
ions and their influence on the thermal stability of the ana-
tase phase was investigated. Increasing the content of add-
ed dopant influenced the last stage of the thermal decom-
position, which was shifted to higher temperatures and 
also impacted on the anatase crystallization temperature. 
The addition of phosphate ions successfully inhibited the 
anatase-to-rutile phase transition. In the powders, the 
temperature of the stable anatase phase rose from 600 °C 
to 900 °C. On the surface of the nanoparticles, the phos-
phate ions acted as a steric barrier and inhibited the parti-
cle interaction and growth, which shifted the phase transi-
tion to higher temperatures. In the undoped thin films, the 
anatase phase showed a good thermal stability, where at 
900 °C there was still around 70 wt% of anatase phase. The 
addition of the phosphate ions improved the thermal sta-
bility of the anatase, and even at 1000 °C some amount of 
anatase phase was observed. The reasons for such different 
behaviors of the nanopowders and thin films could be the 
limited amount of material in the thin layer, which does 
not provide enough material for the particle growth and 
phase transformation of the anatase to rutile. The surfaces 
of all the thin films were homogenous, with uniformly dis-

tributed layers and in the powders, larger agglomerates 
were formed. The EDS analysis proved that phosphate ions 
were mainly bound to the particle surface.
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Povzetek
Prahove in tanke plasti TiO2 smo pripravili po sol-gel sintezni metodi, kjer smo kot prekurzor uporabili titanov butoksid, 
ki smo mu dodali citronsko kislino. Tanke plasti smo s tehniko potapljanja nanesli na silicijeve in aluminijaste podlage. 
Plasti in prahove smo dopirali s fosfatnimi ioni ter proučevali njihov vpliv na termično stabilnost anatasne faze. Tanke 
plasti v primerjavi z nanodelci pogosto prikazujejo različne lastnosti, zato smo analizirali tudi kako oblika pripravljen-
ega vzorca vpliva na fazni prehod anatas-rutil. Odvisnost vsebnosti anatasne faze in velikost kristalitov v odvisnosti od 
temperature termične obdelave smo spremljali z rentgensko praškovno difrakcijo. Potek termičnega razpada smo ana-
lizirali s termično analizo. Z vrstičnim elektronskim mikroskopom smo proučevali obliko, velikost delcev in morfologijo 
pripravljenih tankih plasti ter s pomočjo energijsko disperzijske spektroskopije tudi njihovo elementno sestavo. Rezultati 
prikazujejo, da fosfatni ioni uspešno zavirajo rast delcev ter s tem posledično pomaknejo fazni prehod anatas-rutil k 
višjim temperaturam.
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Abstract
Reflux extraction was used to prepare crude extract from the leaves of Labisia pumila var. Alata using 60% methanol. The 
crude extract was subsequently fractionated by C18 solid phase extraction to recover high yield of rutin using 20–100% 
methanol. The volume of eluent to recover rutin was found to decrease with the increase of methanol concentration. The 
recovery of rutin was increased from 20 to 80% methanol system, but slightly decreased in the 100% methanol system. 
Approximately, 70% of rutin could be recovered using the 80% methanol system. This solvent system also appears to have 
the lowest distance (9.44 MPa1/2) for rutin as estimated by Hansen solubility. The recovered rutin rich fraction could achieve 
up to 3.96 mg/g of fraction which was about 4-fold increment from the crude extract. The increment was also noticed for 
its antioxidant capacity expressed as scavenging activity which was 2 times higher than crude extract. A portion of water 
(20%) in the 80% methanol system is important to improve the yield of rutin. Rutin is a glycosylated flavonol, and therefore 
a small portion of water could enhance its elution compared to the lower performance of 100% methanol in rutin recovery. 

Keywords: Rutin; Labisia pumila; solid phase extraction; aqueous methanol; scavenging activity 

1. Introduction
Rutin (3',4’,5,7-tetrahydroxyflavone-3-rutinoside) is 

one of the attractive plant-based glycosylated flavonoids 
because of its remarkable pharmacological activities.1 This 
glycoside consists of its aglycone, quercetin and two sugar 
moieties; glucose and rhamnose. Sometimes, it is called as 
quercetin-3-O-rutinoside. Quercetin usually coexists with 
rutin in plants. Quercetin can also be found in intestine af-
ter rutin has been hydrolyzed by gastrointestinal microflo-
ra.2 They are excellent sources of pharmaceutical products 
for phytotherapy nowadays.3 The medical benefits of rutin 
can be seen from its wide application in more than 130 
therapeutic formulations worldwide.4–6 Mostly, the formu-
lations are prepared as health supplement and herbal reme-
dy for anti-inflammatory symptoms. Indeed, the demand 
for natural rutin is on the increase, in line with the increase 
of scientific evidence on the beneficial effects of rutin.

Numerous studies have been extensively carried out 
to investigate the extraction methods for high yield of rutin 

from plant samples. This includes traditional and advanced 
technological methods as reviewed by Chua.1 Recent ad-
vancement in extraction technology reveals that ionic liq-
uid and water under subcritical condition could recover 
polyphenolic compounds from lignocellulosic biomass or 
plant material. Reflux extraction is a time and cost effective 
method known for its simple set-up and being easy to op-
erate. It is especially convenient for extraction of phyto-
chemicals from plants because of its temperature and reflux 
duration control. Sample clean-up process usually follows 
after extraction for highly complex mixture of samples. 
Solid phase extraction (SPE) is the commonly employed 
method for sample clean-up. The principle of SPE strongly 
depends on the physicochemical properties of its station-
ary phase, ranging from highly polar to non-polar packing 
materials. Usually, reversed phase SPE column is used to 
remove plant impurities such as sugars, proteins and met-
als prior to analyses, in order to prevent matrix interference 
and improve data reliability.7–9 Previous results indicated 
that rutin could have the highest adsorption capacity in 
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C18 reversed phase.10 This long organosilyl ligand phase 
has higher carbon percentage and lower polarity in chemi-
cally bonded packing materials than C8 and C4. 

Solvent is the dominant factor not only for ex-
traction, but also for SPE fractionation of plant samples. It 
acts as a carrier to deliver phytochemicals into medium. 
The choice of solvent usually follows the principle of “like 
dissolves like” which explains that solvent with the polarity 
value near to the polarity of target compound is likely to 
dissolve the target compound better and vice versa. Since 
1924, rutin has been extracted using alcoholic solvents 
such as ethanol and methanol in many studies.11–13 Mostly, 
50–60% of alcoholic solvent could produce the highest 
yield of rutin from buckwheat.14,15 A portion of water 
would enhance the efficiency of extraction by increasing 
the diffusion of extractable polyphenols through plant tis-
sues.16 Aqueous solvent can increase the polarity of the sol-
vent system for better separation of rutin from complex 
pharmaceutical and plant samples.17–19 Nevertheless, re-
cent advancement of extraction technology revealed that 
subcritical water or ionic liquid which act as a good hydro-
gen donor solvent, could effectively recover polyphenolic 
compounds from lignocellulosic biomass or plant material 
using hydrothermal treatment.20–22 

This study was focused on the investigation of rutin 
recovery from the crude extract of Labisia pumila var. Ala-
ta using different percentages of methanol as the eluent in 
C18 reversed phase SPE. Rutin is one of the key com-
pounds contributing to the previously reported pharma-
cological activities of this plant. Therefore, plant extract or 
fraction rich in rutin is believed can enhance the biological 
effects. The presence of rutin was detected by highly sensi-
tive and reliable analytical technique, namely multiple re-
action monitoring. This target analysis was used to moni-
tor the elution of rutin collected from SPE cartridges, even 
though rutin was present in trace amount. The rutin-rich 
fraction was then analyzed for its antioxidant capacity 
against free radicals using colorimetric method. The find-
ing of this study is important for natural rutin recovery 
from plant-based samples and wastes, particularly on the 
effect of methanol concentration in SPE. 

2. Materials and Methods
2. 1. Chemicals and Plant Leaves

The standard chemical of rutin (97%) was purchased 
from Acros Organics (Pittsburgh, USA). HPLC-grade of 
methanol, n-hexane, ethyl acetate, hydrochloric acid and 
formic acid were obtained from Merck (Darmstadt, Ger-
many). Sodium carbonate and aluminium chloride were 
purchased from Fisher Scientific (Pittsburgh, USA). 1–1 
diphenyl-2-picrylhydrazyl (DPPH) and L-ascorbic acid 
were bought from Sigma-Aldrich (St. Louis, MO). Deion-
ised water was generated from Barnstead NANOpure Dia-
mond water purification system (State of Illinois, USA) at 

18.2 MΩ-cm resistivity. C18 ec octadecyl-modified silica 
cartridges (Chromabond, 1000 mg, 6 mL) were bought 
from Macherey-Nagel (Hoerdt, France). The leaves of La-
bisia pumila var. Alata was purchased from Fidea Resourc-
es (Selangor, Malaysia). The leaves were rinsed and dried 
in an oven at 45 °C for 3 days until constant weight. The 
dried leaves were ground to approximately 2–5 mm for 
further experimental works. 

2. 2. Plant Sample Extraction
The dried and ground leaves (150 mg) of the plant 

were pre-treated with hexane to remove fatty substances 
by sonication at 30 °C for 15 min. The defatted filtrate was 
then extracted with 100 mL of 60% methanol in a reflux 
system at 75 °C for an hour. The boiled solvent was evapo-
rated, condensed and returned to the round bottom flask 
(500 mL) for rutin extraction. The flask contained plant 
samples which were immersed by solvent in homogenous 
condition. This continuous solvent circulation process 
through vaporization and condensation would enhance 
the extraction process. The supernatant was collected after 
extraction and the remaining filtrate was extracted again 
with new solvent (60% methanol) under the similar ex-
traction conditions in order to ensure complete extraction 
of rutin from the plant leaves. The supernatant was com-
bined and dried to a constant weight by a rotary evapora-
tor at 55 °C. The plant crude extract (27.3 mg) was stored 
at –20 °C freezer for the subsequent analysis.   

2. 3. Solid Phase Extraction of Rutin
A reversed phase SPE was carried out to fractionate 

rutin from the crude extract of the herb using the principle 
of column chromatography. The C18 ec cartridge with 14% 
of carbon content and 45 µm of particle size was used for 
rutin fractionation. The cartridge was preconditioned be-
fore use according to the instruction of manufacturer. A 1 
mL crude extract (60 mg/mL) was prepared and loaded 
onto the preconditioned cartridge, and eluted with different 
concentrations of methanol (20–100%) at a flow rate of 0.25 
mL/min. Each fraction consisted of 1 mL eluent and 
screened for rutin detection using an Ultra Performance 
Liquid Chromatography integrated with tandem Mass 
Spectrometer (UPLC-MS/MS). The fractions containing ru-
tin would be combined and dried in vacuo for rutin quanti-
tation. The volume of eluent required for rutin fractionation 
was monitored until completion. The fraction containing 
rutin was dried and determined for its concentration. 

2. 4. UPLC-MS/MS 
The analytical UPLC (Waters Acquity, Milford, MA) 

system was coupled with a triple quadrupole-linear ion 
trap tandem mass spectrometer (Applied Biosystems 4000 
Q TRAP; Life Technologies Corporation, Carlsbad, CA) 
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with an electrospray ionization source. A C18 reserved 
phase Acquity column (150 × 4.6 mm, 1.7 µm) protected 
by a guard column was used throughout this study. The 
mobile phase was a binary solvent system consisting of sol-
vent A (water with 0.1% formic acid) and solvent B 
(CH3CN). The UPLC gradient was: 0–3 min, 10% B; 3–8 
min, 10–90% B; 8–12 min, 90% B; 12–13 min, 90–10% B; 
13–15 min, 10% B for final washing and equilibration of 
the column for the next run. The flow rate was 0.25 mL/
min and the injection volume was 5 µl. All samples were 
filtered with 0.2 µm nylon membrane filter prior to injec-
tion. The negative scan mode of multiple reaction moni-
toring with two transition ions (m/z 609/301 and m/z 
609/151) was used for rutin screening and quantitation. 
The calibration curve was prepared by using a serial of 
standard rutin solutions with different concentrations 
from 0.1 to 1.0 ppm. The capillary and voltage of the ion 
source were maintained at 400 °C and –4.5 kV, respective-
ly. All other parameters were as follows: nitrogen was used 
as ion source gas for nebulisation, 40 psi; for drying sol-
vent, 40 psi; curtain gas, 10 psi; collision gas, high; declus-
tering potential, –40 V, and collision exit energy, –10 V. 
The scan rate was 1000 amu/s. Data acquisition and data 
processing were performed using Analyst 1.4.2. 

2. 5. �Free Radical Scavenging Activity  
by DPPH Assay
The scavenging activity of the fractions was com-

pared to crude extract, standard rutin, standard ascorbic 
acid by using DPPH (1,1-diphenyl-2-picrylhydrazyl) as-
say. A 5 mL DPPH (0.1 mM) in methanol was mixed with 
200 µL samples with different concentrations. After 30 
minutes of incubation in the dark, the absorbance of the 
solution was measured by using a UV-Vis spectrophotom-
eter (Shimadzu UV-1800, Tokyo, Japan) at 517 nm. The 
reagent solution without sample was used as blank. The 
percentage of inhibition was calculated from Equation (1). 
The inhibitory activity at 50% (IC50) was determined from 
the curve constructed by Equation (1). The DPPH assay 
was carried out in triplicate for all samples. 

Inhibition (%) = [(Ac - As)/Ac] × 100		   (1)

Where: Ac = absorbance of blank,
              As = absorbance of sample or standard

3. Results and Discussion
3. 1. �Reflux Extraction for Plant Crude Extract

A reflux system was set up to extract phytochemicals 
from the leaves of L. pumila in 60% methanol. This contin-
uous solvent evaporation and condensation process of sol-
id-liquid extraction technique is an effective method for 
phytochemical extraction because of the ease of operation 

at reasonable cost. The solvent system (60% methanol) was 
chosen based on the finding of previous study conducted 
by the same group of researchers who did the extraction for 
L. pumila.23 Alcoholic solvent is well known as the solvent 
of choice for phytochemical extraction, especially for poly-
phenols and terpenoids.24 Since methanol is more polar 
than ethanol, methanol is likely to be better in penetrating 
plant cellular membranes than ethanol for phytochemical 
extraction.25 However, methanol might not be the solvent 
of choice for those researchers who would like to perform 
cell-based assays because of high cytotoxicity of metha-
nol.26 Pure methanol was also found to be less effective than 
aqueous methanol.27 In particular, rutin is a glycosylated 
quercetin with two sugar moieties. Therefore, a portion of 
water was necessary to further increase the solvent polarity 
for the enhancement of extraction efficiency.28 According 
to Ammar et al.,29 the type of solvent and the method of 
extraction are the most important factors for the extraction 
of bioactive compounds from plant samples. Approximate-
ly, 18.2% of crude extract was obtained in the present study. 
The result was found to be higher than the extraction yield 
of the similar herbal plant in 100% ethanol (6.0%) and 
100% water (13.4%) reported by Azrie et al..30

In comparison with rutin content in the crude ex-
tract, the present study produced the extract with rutin 
concentration of 1.41 mg/g extract which was comparable 
to the previous results which ranged from 0.46–2.12 mg/g 
extract31 and 0.73–2.79 mg/g extract.32 The result of this 
study was found to be higher than the findings of Karimi et 
al..33–35 Although they are from a similar research group, a 
broad range of rutin content (4.60–116.85 µg/g extract) 
was observed. Hence, the variance in rutin content is not 
only attributed to the solvent system, but also the extraction 
conditions such as temperature, time and extraction meth-
od, as well as the variety and maturity stage of the herb.

3. 2. �Reversed Phase Column Fractionation 
for Rutin
A C18 reversed phase column was used for rutin 

fractionation from the plant crude extract using the eluent 
system of methanol at different concentrations (20–100% 
methanol). It was found that the total volume of eluent 
(line bar) and the volume required (dot bar) for rutin elu-
tion were varied from 20–100% of methanol as presented 
in the primary axis of Figure 1. Similarly, the concentra-
tion of rutin eluted from the column also varied at differ-
ent solvent systems as presented in the secondary axis of 
Figure 1. The eluent system of 20% methanol required the 
largest volume of solvent to be discarded before rutin elu-
tion, as well as the largest volume of solvent required for 
rutin elution from the SPE column, but the lowest recov-
ery of rutin (~18%) in the fractionation. As the concentra-
tion of methanol was increased, the capacity ratio (k’) de-
creased which resulted in a faster elution on account of a 
shorter retention time of eluent in the stationary phase. 
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Therefore, rutin must be highly soluble in that particular 
eluent system, so that it can follow the eluent flowing out 
from the packed column quickly.  

As the concentration of methanol was increased, the 
volume of eluent required for rutin elution was reduced sig-
nificantly. Rutin was detected at the first 1-mL of elution for 
the solvent systems of 80 and 100% methanol. Both solvent 
systems required small volume (3 mL) for complete rutin 
elution, and 80% methanol produced the highest recovery 
69.5% among the solvent systems. This percentage was com-
parable to the recovery of rutin in the solvent system of 60% 
methanol. However, 60% methanol was not effective enough 
because higher volume of eluent was required for rutin elu-
tion. Therefore, the affinity of rutin in the 80% methanol sys-
tem appeared to be the highest among the methanolic sys-
tems. This is because rutin could be eluted from the column 
at the smallest volume of solvent and the highest recovery. A 
small portion of water (20%) was required for the optimum 
level of rutin elution. Thus, the 100% methanol system does 
not seem to be the most effective solvent system for rutin 
elution. The observation was not in good agreement with the 
findings of Bulgarian researchers who reported 100% meth-
anol could recover the highest content of rutin, isoquercitrin, 
narcissin and astragalin using C18 SPE column for the Euro-

pean Bupleurum species, namely B. baldense Turra and B. 
affine Sadler.36 Nevertheless, the recovery of the flavonoids 
including rutin using 75% methanolic eluent still exhibited 
the second highest results which were very close to the data 
attained by elution with 100% methanol. 

Based on the Hansen solubility parameters, rutin ap-
pears to be well dissolved in the eluent system of 80% 
methanol. This is because rutin displays the lowest dis-
tance (9.44 MPa1/2) from the mass center of Hansen sphere 
in this solvent system (Table 1). The lower distance can 
provide better miscibility of rutin in the solvent system. 
The distance is calculated by the solvent blend formulation 
which is based on the square root of the sum of the differ-
ence between partial cohesive energy of solvent and ru-
tin.37 The energy consists of dispersion, hydrogen bonding 
and polar bonding which can be estimated from the group 
contribution method.38 The Hansen solubility parameters 
can describe the solubility of solute in solvent better than 
Hildebrand solubility and log P value.39 Hildebrand pa-
rameter could only describe the solubility of solute in 
non-polar and non-hydrogen bonding solvent, whereas 
the one dimensional partition coefficient which is ex-
pressed as log P is very limited for ionizable compound 
like rutin.38 Rutin has many hydroxyl groups in which 
their protons are easily released in aqueous based solvents 
(alcohol and water). In the present study, only half of the 
rutin content was recovered under the water free eluent. 
The crucial requirement for a small portion of water has 
also been highlighted in polyphenol extraction16 and SPE 
fractionation in many studies.17–19 Most probably, the pref-
erence of sugar moieties in the molecular structure of ru-
tin is in the aqueous medium, even though its aglycone, 
quercetin is highly soluble in methanol. 

By considering the effectiveness of fractionation, 80% 
methanol could produce about 60.66 µg rutin in a gram of 
fraction in a milliliter of eluent which was the highest per-
formance among the other solvent systems (13.84–60.66 µg 
rutin/g fraction/mL eluent). This information is very im-
portant, especially for those researchers who would like to 
recover rutin by using the minimum level of solvent con-
sumption. The performance of 100% methanol was found 

Figure 1. Total volume of eluent (line bar) and volume of eluent 
containing rutin (dot bar) at the primary axis, and rutin fractionat-
ed (line graph) from the methanolic system of solid phase extrac-
tion at the secondary axis

Table 1. Rutin solubility in different solvent systems based on Hansen solubility parameters 

	 Hansen solubility parameters (MPa1/2)
	Methanol (%)	  Dispersion (δD)	 Polar bonding (dP)	 Hydrogen bonding (δH)	 Distance*

	 Rutin	 19.30	 16.10	 25.40	 –
	 Water	 15.50	 16.00	 42.30	 18.53
	   20	 15.34	 15.26	 38.30	 15.16
	   40	 15.18	 14.52	 34.30	 12.23
	   60	 15.02	 13.78	 30.30	 10.13
	   80	 14.86	 13.04	 26.30	   9.44
	 100	 14.70	 12.30	 22.30	 10.43 

Where s denotes for solvent and r denotes for rutin
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to be the second highest, which was about 52.27 µg rutin in 
a gram of fraction in a milliliter of eluent. The content of 
rutin was increased from 0.85 ± 0.16 mg/g plant leaves 
(0.08%w/w) or 1.41 ± 0.54 mg/g crude extract (0.14%w/w) 
after reflux extraction, to 3.96 ± 0.39 mg/g fraction 
(0.40%w/w) after fractionation using 80% methanol as the 
eluent. The increment was about 2-fold after extraction and 
4-fold after fractionation. The quantitation of rutin was 
measured by UPLC-MS/MS using the multiple reaction 
monitoring of two transition ions such as m/z 609>301 and 
m/z 609>151 at negative ion mode as shown in Figure 2. 

3. 3. Scavenging Activity of Rutin Fraction
The quality of rutin fraction was evaluated based on 

its scavenging activity using DPPH assay compared to stan-
dard chemicals such as rutin and ascorbic acid. The free 
radicals generated from DPPH were scavenged by antioxi-
dants in a concentration dependent manner. This method 
measured the colour change based on the reduction of pur-
ple-coloured free radical DPPH· to yellow-coloured 2,2-di-
phenyl-1-picrylhydrazine (DPPH–H). The colour density 
was recorded by a UV-Vis spectrophotometer at 517 nm. 
The results showed that IC50 for standard rutin and ascorbic 
acid was 122 and 84 ppm, respectively. The lower IC50 value 
indicates the lower amount of sample required to inhibit 
50% of free radicals which means the sample has higher 
scavenging activity. The antioxidant capacity of standard 

rutin is comparable to ascorbic acid which is a well-known 
antioxidant compound. The IC50 of rutin fraction from the 
80% methanol eluent system was 800 ppm which was 6 
times lower scavenging activity than standard rutin, but al-
most 2 times higher scavenging activity than its crude ex-
tract (Table 2). Therefore, reversed phase fractionation in-
creased the content of rutin in the plant sample, as well as 
improved its antioxidant capacity. The observation also ex-
plains that rutin could be the major radical scavenger. The 
increase of rutin content in the fractionated sample was 
found to increase its scavenging activity significantly.  

Table 2. Scavenging activity of standard chemicals and plant sam-
ples at 50% inhibition

Sample	 IC50 (ppm)

Standard ascorbic acid	     84
Standard rutin	   122
Crude extract	 1500
80% methanol rutin fraction 	   800

a)

b)

Figure 2. (a) Two transition ions of rutin peaks in multiple reaction monitoring and (b) mass fragmentation of rutin at the negative ion mode

4. Conclusion
The detection of rutin has been reported by many 

investigators in L. pumila recently. It could be the promi-
nent flavonol glycoside in the herbal plant which contrib-
utes to the significant pharmacological activities. There-
fore, this study investigated the effects of methanol con-
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centration for rutin recovery in SPE. A reserved phase SPE 
system could recover about 70% of rutin from the crude 
extract of L. pumila var. Alata using 80% methanol as the 
eluent. The rutin rich fraction was found to exhibit higher 
scavenging activity than crude extract, but the value was 
still lower than standard rutin. 
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Povzetek
Ekstrakcija z refluksom je bila uporabljena za pripravo osnovnega ekstrakta iz listov Labisia pumila var. Alata. Za izol-
acijo rutina z visokim izkoristkom je bil ta v nadaljevanju obdelan s C18 ekstrakcijo v trdni fazi z 20–80 % metanolom. 
Pri tem je bil z naraščajočo vsebnostjo metanola potreben manjši volumen eluenta, prav tako je naraščal tudi izkoristek, 
vendar je ta v čistem metanolu rahlo padel. Z 80 % metanolom je bilo izoliranega približno 70 % rutina. Bogata frakcija 
izolata z rutinom je dosegla 3.96 mg rutina /g frakcije, kar je 4-krat več kot v osnovnem ekstraktu. Tudi antioksidacijska 
aktivnost se je 2-krat povečala v primerjavi z osnovnim ekstraktom. Na boljši izkoristek rutina lahko vpliva voda (20 %) v 
80 % sistemu z metanolom. Rutin je namreč glikoziliran flavonol in majhen delež vode lahko pospeši elucijo v primerjavi 
s 100 % metanolom.
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Abstract
A series of diethyl-2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate derivative coupled to 1,3,4-oxadi-
azole-5-thiones and 1,2,4-triazole-5-thiones moieties at C2,C6 positions of 1,4-dihydropyridine ring system was pre-
pared. This linkage was carried out by the reaction of 1,3,4-oxadiazole-5-thiones and 1,2,4-triazole-5-thiones with 
2,6-dibromomethyl-3,5-diethoxycarbonyl-4-phenyl-1,4-dihydropyridine in the presence of potassium carbonate as a 
weak base and dry acetone as the solvent. The newly synthesized compounds were characterized by FT-IR, 1H NMR, 
13C NMR spectral data, elemental analysis and FAB-MS. The synthesized compounds were tested for their antimicrobial 
and antifungal activity against Escherichia coli and Aspergillus fumigatus in vitro in comparison with Enrofloxacin and 
Amphotericin as the reference drugs which are normally used for treating such infections. The synthetic compounds 
showed different inhibition zones against tested bacteria and fungi. Compound 8d showed more antagonistic activity 
against E. coli and A. fumigatus.

Key words: 1,4-dihydropyridines, 1,3,4-oxadiazoles, 1,2,4-triazoles, antimicrobial activity

1. Introduction 
Antibiotics are drugs used for treating infection 

caused by microorganism such as bacteria or fungi and an-
tibiotic resistance is the ability of microorganism to with-
stand the effect of antibiotics. The resistance of infective 
bacteria to present antibiotics remains a clinical obstacle in 
the chemotherapy of many cancers and demands research 
focused on the discovery of new drugs in the antibiotic 
drug field. The 1,4-dihydropyridines (1,4-DHPs) were 
found to be highly effective calcium antagonists and are 
used in treatment of various cardiovascular activities.1–4 
Apart from CVS activities (1,4-DHPs), they posses a vari-
ety of biological activities such as anti-tubercular,5 antimi-
crobial,6–7 anti-inflammatory,8 anti-tumor,9–10 analgesic.11 
A substance which has no calcium antagonistic activity 
but has antibiotic activity would be of value in cancer che-
motherapy and has strong ability in overcoming antican-
cer drug resistance. Among the possible drug resistance 
modifiers the 1,4-dihydropyridines calcium antagonists 
such as Verapamil have been extensively studied.12–13 These 
examples clearly demonstrate the remarkable potential of 

novel DHP derivatives as a source of valuable drug candi-
dates.

In recent years 1,3,4-oxadiazole-5-thiones and 
1,2,4-triazole-5-thiones derivatives which belong to an im-
portant group of heterocyclic compounds containing five 
membered ring have received significant attention and nu-
merous reports have highlighted their diverse range of bio-
logical activities, such as antimicrobial,14–15 antifungal,16–17 
antimycobacterial,18–19 anticancer,20–21 anti-inflammato-
ry22–23 and anti convulsant.24–25 The connection of 1,3,4-oxa-
diazoles or 1,2,4-triazoles to the 1,4-DHPs core has pro-
duced a combination scaffold. 1,4-DHPs can be selectively 
functionalized at several positions. Synthesis and antibacte-
rial activities of bis(1,3,4-oxadiazole-2-thiol) and bis(4-
amino-1,2,4-triazole-3-thiole) derivatives of 1,4-dihdropy-
ridines derivatized at C3, C5 was reported.26 Synthesis and 
biological activities of 1,3,4-oxadiazole derivatives linked to 
N1 of 1,4-dihydropyridines ring system was reported.27 In 
spite of the widely developed chemistry of the 1,4-DHPs, 
much less is known about the synthesis of 1,4-DHPs bear-
ing- substituents other than hydrogen atoms or alkyl groups 
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at C2 and C6. These multicompound 1,4-DHP derivatives 
are useful in probing biological activity and might be used 
as antibiotics and inhibitors of the multidrug-resistant 
transporters. 1,4-DHP derivatives were prepared by 
Hantzsch method.28 Hantzsh dihydropyridine synthesis is a 
one-pot multicomponent condensation reaction where an 
aldehyde β-ketoester and a nitrogen donor, such as ammo-
nia or ammonium acetate, under reflux in ethanol froms 
the final product.29 In our previous works we reported the 
synthesis and antibacterial properties of a new series of 
thioglycoside heterocyclic derivatives of 1,2,4-triazole-5 
-thiones and 1,3,4-oxadiazole-5-thiones.30–32 Following our 
studies on the design of potent antibacterial agents with 
1,3,4-oxadiazoles and 1,2,4-triazole moieties, we have re-
ported the connection of 1,2,4-triazole-5-thiones and 
1,3,4-oxadiazole-5-thiones moieties to the 2,6-position of 
1,4-DHP ring system. These newly synthesized multicom-
pounds 1,4-DHPs are useful in probing biological activity, 
as they could exhibit antimicrobial effects and could act as 
inhibitors of the multidrug-resistant transporters.

2. Materials and Methods
2. 1. Bacterial Strain

The antibacterial and antifungal activity of com-
pounds was assayed according to our perviously published 
method.33 The antibacterial and antifungal activity of com-
pounds was tested against Escherichia coli and Aspergillus 
fumigatus.

2. 2 Bacterium and Fungi Culture
The following microorganisms were used in this 

study to test antimicrobial activity of compounds: E. coli 
(PTCC 1399) and Aspergillus fumigatus (PTCC 5009). All 
microorganisms were provided by Persian Culture Collec-
tions of Microorganism, Iran. Bacteria were cultured for 
24 h at 37 °C in brain heart infusion broth (Merck, Darm-
stadt, Germany) and A. fumigatus was cultured for 72 h at 
5 °C in Saburo Dextrose broth (Merck, Darmstadt, Ger-
many) and were used as inoculums.

2. 3. Susceptibility Tests

The following methods were used to evaluate the ac-
tivity of the compounds. All tests were repeated three 
times, using distilled water without compounds as a con-
trol to test the inhibitory effect of the solvent. Minimum 
inhibition concentrations (MIC) of compounds against 
the tested pathological microorganisms were determined 
using micro broth dilution method.34 Briefly, serial two-
fold dilutions of each compounds (10% w/v) were pre-
pared in 96-well micro titer plate ((from 1:2 to 1:8192) 
containing cation-adjusted Mueller-Hinton broth (Merck, 
Darmstadt, Germany). Control micro-titer plates contain-
ing medium and distilled water at the same dilutions were 
also made. Bacteria and fungi suspensions were adjusted 
to the 0.5 McFarland standards (approximately 1 to 2 × 
108 CFU/mL). A constant amount of microorganisms 
were added to all wells and the plates were incubated at 37 
and 25 °C for 24–72 hour for E. coli and A. fumigatus, re-
spectively (final inoculates were adjusted to the 105 CFU 
per each well). Each well was examined for growth, com-
paring each well to the control. The MIC was defined as 
the lowest concentration of compounds at which there was 
no visible growth of the organisms. For each test enroflox-
acin and amphotericin were used as the control antimicro-
bial agents. The minimal bactericidal concentration (MBC; 
the lowest concentration of compounds that resulted in a 
99.9% reduction in CFU of the initial inoculums) was de-
termined by plating count the contents of wells that 
showed no visible growth of bacteria onto Mueller-Hinton 
agar and Saburo Dextrose agar plates and incubating at 37 
and 25 °C for 24–72 h for E. coli and A. fumigatus, respec-
tively. The MBC was considered the lowest concentration 
of compounds that prevented any colony formation.

3. Result and Discussion
The main synthetic route for substituted 1,3,4-oxadi-

azole-5-thiones 2a–d involves an initial reaction between 
carboxylic acid hydrazides 1a–d and carbon disulfide in 
basic ethanol solution, followed by acidification with di-

Scheme 1. Synthesis of 1,3,4-oxadiazole-5-thione and 1,2,4-triazole-5-thione derivatives
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lute hydrochloric acid which resulted in the precipitation 
of oxadiazole. These compounds were synthesized accord-
ing to the literature method (Scheme 1).35–36 1-Substitut-
ed-4-phenylthiosemicarbazides 3a–d were prepared by 
the condensation of carboxylic acid hydrazides 1a–d with 
phenylisothiocyanate under reflux in absolute ethanol. 
The cyclodehydration of 1-substituted-4-phenylthiosemi-
carbazides 3a–d were carried out in alkaline medium fol-
lowed by acidification with dilute hydrochloric acid to give 
1,2,4-triazole-5-thiones 4a–d according to the literature 
method (Scheme 1).37–39 The existence of thiol-thione tau-
tomerism is known for the compounds 2a–d and 4a–d and 
generally one form is predominant. In the present study, 
the thione structure was dominated in the solid state. 
These constitutional isomers were distinguished by IR and 
1H NMR. The appearance of a C=S absorption peak in the 
region 1248–1278 cm–1 indicated that the oxadiazoles and 
triazoles are in their thione form. The 1H NMR spectra of 
compounds 2a–d and 4a–d exhibited the NH signals (NH 
function of the oxadiazole and triazole ring) as a singlet in 
the range δH 12–14 ppm which also supports the proposed 
thione structure.35–39 

4-Phenyl-1,4-dihydro-2,6-dimethyl-3,5-pyridine di-
carboxylic acid ester (diethyl 2,6-dimethyl-4-phenyl- 
1,4-dihydropyridine-3,5-dicarboxylate)derivative (com-
pound 5) was synthesized by condensation of benzalde-
hyde with two equivalents of β-ketoester in the presence of 
a nitrogen donor such as ammonia or ammonium acetate 
according to the procedure reported in the literature. 40 
The 1H NMR spectrum of compound 5 shows a character-
istic singlet in the range of δH 5–7 ppm which was due to 
the NH proton of the 1,4-DHP ring and another important 
singlet at 5 ppm which was attributed to the CH at C4 of 
the 1,4-DHP ring. Allylic bromination is the replacement 

of a hydrogen on a carbon adjacent to a double bond and 
N-bromosuccinimide (NBS) is a brominating agent that is 
used as the source of bromine in radical reactions that are 
used for allylic bromination. The synthesis of 2,6-dibro-
momethyl-3,5-diethoxycarbonyl-1,4-dihydropyridine 
(compound 6) was carried out by bromination of corre-
sponding 2,6-dimethyl-1,4-dihydropyridine (compound 
5) with NBS in methanol according to the procedure re-
ported in the literature.41 Replacement of the bromines of 
compound 6 with 1,2,4-triazole-5-thiones 4a–d or 1,3,4- 
oxadiazole-5-thiones 2a–d was carried out in the presence 
of potassium carbonate as a weak base in dry acetone to 
afford the corresponding coupled 1,4-dihydropyridines 
(7a–d and 8a–d) (Scheme 2). The structures identification 
for compounds 7a–d and 8a–d was based on spectroscop-
ic methods. In the IR spectra the disappearance of the C=S 
absorption peak in the region 1248–1278 cm–1 and fur-
thermore the absence of NH peak at 12–14 ppm support 
the connection of oxadiazole and triazoles to 1,4-DHP 
ring.

T﻿he CH2X protons at positions C2 and C6 of sym-
metrically substituted 1,4-dihydropyridine ring become 
diastereotopic and provide an AB system in the corre-
sponding 1H NMR spectra. The extent of the observed 
anisochrony of the methylene protons should be influ-
enced by the spatial conformation of ester groups and the 
formation of a CH···O=C intramolecular hydrogen bond-
ing.41 

The in vitro antibacterial and antifungal activities of 
the synthesized compounds against E. coli and A. fumiga-
tus are shown in Tables 1 and 2. The minimal inhibition 
concentration for enrofloxacin as the reference antibacte-
rial drug is 36 µg/µL concentration and for amphotericin 
was 28 µg/µL of drug in the same test conditions.

Scheme 2. Synthesis of 1,4-dihydropyridine compounds bearing 1,3,4-oxadiazole-5-thiones and 1,2,4-triazole-5-thiones
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From the data presented in Tables 1 and 2 it is clear 
that compounds 8a–d showed better antifungal activities 
than compounds 7a–d and the compounds 7c,7d,8d ex-
hibited better and equipotent activity against E. coli. The 
compound 8d is highly active against E. coli and A. fumig-
atus.

4. Experimental
4. 1. General

The melting points of all compounds were recorded 
on a Philip Harris C4954718 apparatus without calibra-
tion. IR spectra were recorded on Thermo Nicolet Nexus 
670 FT-IR spectrometer and 1H and 13C NMR spectra 
measured with Bruker Avance 300 MHz spectrometer. 
Mass spectra were recorded on a JEOL-JMS 600 (FAB MS) 
instrument. Thin layer chromatography (TLC) analyses 
were carried out on silica gel plates. All chemicals were 
purchased from Merck (Tehran, Iran) and used as received 
by standard procedures. All of the instruments, chemicals 
and solvents were dried according to standard methods. 
Freshly distilled solvents were used throughout, and anhy-
drous solvents were dried according to the method report-
ed by Perrin and Armarego. Microanalyses were per-
formed on a Leco Analyzer 932.

4. 2. �General Procedure for the Synthesis  
of 2a–d
Compounds 2a–d were synthesized by the reaction 

of CS2 (6.7 mL, 0.1 mol) with a suspension of carboxylic 
acid hydrazides 1a–d (0.1 mol) in chloroform (100 mL) in 
the presence of Et3N (15 mL, 0.1 mol). After refluxing the 

reaction mixture for 3 h, the resulting solution was filtered 
and acidified with acetic acid (20 mL, 20% v/v). On evap-
oration of the solvent, the solid obtained was washed twice 
with cold water and finally dried in vacuo, then recrystal-
lized from ethanol (yield 80%).35–36

4. 3. �General Procedure for the Synthesis  
of 4a–d
Equimolar quantities of carboxylic acid hydrazides 

1a–d (0.01 mol) and phenylisothiocyanate (1.35 g, 0.01 
mol) in appropriate amount of absolute ethanol were re-
fluxed for 6–8 h. The formed precipitate of 1-substitut-
ed-4-phenylthiosemicarbazides 3a–d was filtered, and 
then a suspension of 0.04 g thiosemicarbazides 3a–d in 
sodium hydroxide 0.4 g (0.01 mol, as a 2N solution) was 
refluxed for 6 h.

The reaction mixture was allowed to cool to the 
room temperature and was then adjusted to pH 6 with di-
luted hydrochloric acid. The formed precipitate was then 
filtered, dried and recrystallized from ethanol, to give 
1,2,4-triazole-5-thiones 4a–d in 75% yields. The following 
compounds were prepared by an analogous procedure.37–39

Diethyl 2,6-Dimethyl-4-phenyl-1,4-dihydropyridine-3, 
5-dicarboxylate (5)40

White crystals; 77% (2.535 g), mp 160–162 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.25 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 2.35 (s, 6H, 2CH3), 4.10 (q, 4H, 
-COOCH2CH3), 5.02 (s, 1H, DHP-C4-H), 5.72 (br s,1H, 
N-H), 7.13–7.32 (m, 5H, Ar-H), 13C NMR (75 MHz, 
CDCl3) δ 14.27, 19.12, 39.66, 59.75, 103.59, 126.11, 127.85, 
127.92, 144.76, 147.96, 168.03. IR (KBr) ν 3340, 3078, 
2976, 1651, 1483, 1378, 1100, 1030, 766, 695 cm–1. Anal. 
calcd for C19H23NO4: C, 69.28; H, 7.04; N, 4.25. Found: C, 
69.18; H, 6.98; N, 4.29.

Diethyl 2,6-Bis(bromomethyl)-4-phenyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (6)41

 Lemon crystals; 72% (3.506 g), mp 135 °C, 1H NMR 
(300 MHz, CDCl3) δ 1.25 (t, J = 7.2 Hz, 6H, -COOCH2CH3), 
4.15 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 4.6, 4.9 (dd, J1 = 
4.65, J2 = 4.65 Hz, 4H, CH2-Br), 5.03 (s, 1H, DHP-C4-H), 
6.53 (br s,1H, N-H), 7.12–7.31 (m, 5H, Ar-H), 13C NMR 
(75 MHz, CDCl3) δ 14.11, 27.15, 40.08, 60.65, 105.79, 
126.84, 128.06, 128.19, 142.19, 145.85, 166.31. IR (KBr) ν 
3334, 3084, 2979, 1686, 1508, 1372, 1095, 760, 704, 558 
cm–1. Anal. calcd for C19H21Br2NO4: C, 46.84; H, 4.34; N, 
2.88. Found: C, 46.76; H, 4.31; N, 2.95.

4. 4. �General Procedure for the Synthesis  
of Compounds 7a–d and 8a–d
A mixture of 2a–d or 4a–d (2 mmol), K2CO3 (0.276 g, 

2 mmol) and acetone (20 mL) were stirred at room tem-
perature for 30 minute, and then 0.487 g (1 mmol) com-

Table 1. In vitro antibacterial activity of synthetic compounds 
against E. coli.

Compound	 MIC	 MBC	 Compound	 MIC	 MBC
	 (g/mL)	 (g/mL)		  (g/mL)	 (g/mL)

8a	 250	 500	 7a	 500	 500
8b	 250	 500	 7b	 125	 125
8c	 125	 250	 7c	      62.5	 125
8d	      62.5	      62.5	 7d	      62.5	 125

Table 2. In vitro antifungal activity of synthetic compounds against 
A. fumigatus.

Compound	 MIC	 MFC	 Compound	 MIC	 MFC
	 (g/mL)	 (g/mL)		  (g/mL)	 (g/mL)

8a	 500	 500	 7a	 1000	 2000
8b	 500	 500	 7b	 1000	 2000
8c	 500	 500	 7c	 1000	 2000
8d	 250	 500	 7d	   500	 1000
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pound 6 and KI (cat.) were added and refluxed for 12 h and 
then evaporated. The residue was extracted with CH2Cl2 
(30 mL) and the organic layer washed with water, dried 
over Na2SO4 and evaporated. Recrystallization of crude 
products from 2-propanol furnished 7a–d or 8a–d.

Diethyl 4-Phenyl-2, 6-bis(((5-phenyl-1,3,4-oxadiazol-2-
yl)thio)methyl)-1,4-dihydropyridine-3,5-dicarboxylate 
(7a)

Pale yellow solid; 73% (0.498 g), m.p. 156–158 °C, 1H 
NMR (300 MHz, CDCl3): δ 25 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.14 (q, J = 7.2 Hz, 4H,-COOCH2CH3), 
4.62 (s, 4H, S-CH2), 5.05 (s, 1H, DHP-C4-H), 7.11–7.31 
(m, 5H, Ar-H), 7.40–7.52 (m, 6H, Ar-H), 7.90 (d, J = 
8.1Hz, 4H, Ar-H), 8.78 (br s, 1H, N-H), 13C NMR (75 
MHz, CDCl3) δ 14.13, 32.32, 39.66, 60.37, 104.99, 123.54, 
126.62, 126.66, 126.71, 128.11, 128.94, 131.59, 144.17, 
147.76, 162.32, 165.38, 166.88. IR(KBr) ν 3330, 3073, 2979, 
1688, 1636, 1483, 1375, 1090, 764, 695, 595 cm–1. Anal. cal-
cd for C35H31N5O6S2: C 61.66, H 4.58, N 10.27, S 9.40. 
Found: C, 61.69; H, 4.53; N, 10.24; S, 9.47. HRMS-FAB 
m/z [M+H]+calcd for C35H31N5O6S2: 681.17. Found: 
681.11.

Diethyl 2,6-Bis((5-(2-chlorophenyl)-1,3,4-oxadiazol-2-
ylthio)methyl)-4-phenyl-1,4-dihydropyridine-3,5-di-
carboxylate (7b)

Pale yellow solid; 62% (0.465 g), m.p. 156–158 °C, 1H 
NMR (300 MHz, DMSO-d6) δ 1.25 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.15 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.65 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.05 (s, 1H, 
DHP-C4-H), 7.10–7.32 (m, 6H, Ar-H), 7.32–7.51 (m, 5H, 
Ar-H), 7.86 (d, J = 6.6 Hz, 2H, Ar-H), 8.72 (br s, 1H, N-H); 
13C NMR (75 MHz, DMSO-d6) δ 14.32, 32.83, 39.60, 60.31, 
104.53, 122.53, 126.94, 127.82, 128.19, 128.49, 131.48, 
131.58, 132.22, 133.70, 44.16, 146.99, 162.32, 164.22, 
166.41. IR (KBr) ν 3282, 3080, 2978, 1678, 1630, 1488, 
1097, 739 cm–1. HRMS-FAB m/z [M+H]+calcd for  
C35H29Cl2N5O6S2: 749.09. Found: 749.14. Anal. calcd for 
C35H29Cl2N5O6S2: C, 56.00; H, 3.89; N, 9.33; S, 8.54. Found: 
C, 56.04; H, 3.84; N, 9.35; S, 8.57.

Diethyl 2,6-Bis((5-(2-hydroxyphenyl)-1,3,4-oxadiazol-
2-ylthio)methyl)-4-phenyl-1,4-dihydropyridine-3,5-di-
carboxylate (7c)

Pale yellow solid; 69% (0.492 g), m.p. 155–157 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.26 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.14 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.63 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.03 (s, 1H, 
DHP-C4-H), 6.95 (t, J = 7.5 Hz, 2H, Ar-H), 7.05 (d, J = 8.4 
Hz, 2H, Ar-H), 7.12–7.32 (m, 5H, Ar-H), 7.42 (t, J = 7.5 
Hz, 2H, Ar-H), 7.65 (d, J = 7.8 Hz, 2H, Ar-H), 8.59 (s, 1H, 
N-H), 9.73 (s, 2H, OH). 13C NMR (75 MHz, CDCl3) δ 
14.12, 32.43, 39.63, 60.47, 105.41, 107.66, 117.47, 119.92, 
126.45, 126.73, 128.02, 128.12, 133.66, 143.66, 146.47, 
157.16, 164.75, 165.64, 166.78. IR (KBr) ν 3302, 2879, 

1692, 1620, 1486, 1100, 753, 703 cm–1. HRMS-FAB m/z 
[M+H]+calcd for C35H31N2O8S2: 713.16. Found: 713.23. 
Anal. calcd for C35H31N5O8S2: C, 58.90; H, 4.38; N, 9.81; S, 
8.98. Found: C, 58.86; H, 4.33; N, 9.84; S, 9.02.

Diethyl 2,6-Bis((5-(3-nitrophenyl)-1,3,4-oxadiazol-2-
ylthio)methyl)-4-phenyl-1,4-dihydropyridine-3,5-di-
carboxylate (7d)

Yellow crystals; 64% (0.493 g), m.p. 150–151 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.26 (t, J = 7.2 Hz, 6H, 
-COOCH2 CH3), 4.15 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.65 (s, 4H, S-CH2), 5.04 (s, 1H, DHP-C4-H), 7.10–7.30 
(m, 5H, Ar-H, 1H, N-H), 7.69 (t, J = 7.8 Hz, 2H, Ar-H), 
8.28 (d, J = 7.8 Hz, 2H, Ar-H), 8.36 (d, J = 8.1 Hz, 2H, Ar-
H), 8.72 (d, J = 17.1 Hz, 2H, Ar-H). 13C NMR (75 MHz, 
CDCl3) δ 14.12, 32.35, 39.65, 60.47, 105.25, 121.49, 125.13, 
126.04, 126.66, 128.06, 128.09, 130.38, 132.04, 143.81, 
146.65, 148.60, 162.32, 164.28, 166.85. IR (KBr) ν 3333, 
3087, 2978, 1693, 1633, 1525, 1479, 1353, 1097, 710 cm–1. 
HRMS-FAB m/z [M+H]+ calcd for C35H29N7O10S2:7 71.14. 
Found: 771.11. Anal. calcd for C35H29N7O10S2: C, 54.47; H, 
3.79; N, 12.70; S, 8.31. Found: C, 54.51; H, 3.76; N, 12.67; 
S, 8.36.

Diethyl 2,6-Bis((4,5-diphenyl-4H-1,2,4-triazol-3-ylt
hio)methyl)-4-phenyl-1,4-dihydropyridine-3,5-dicar-
boxylate (8a)

White solid; 76% (0.632 g), m.p. 189–191 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.22 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.08(q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.49, 4.66 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.04 
(s, 1H, DHP-C4-H), 7.10–7.50 (m, 25H, Ar-H), 9.69 (s, 1H, 
N-H). 13C NMR (75 MHz, CDCl3) δ 14.17, 32.35, 39.82, 
60.03, 104.42, 126.30, 126.68, 127.49, 127.94, 128.20, 
128.33, 129.78, 129.84, 134.25, 145.36, 147.32, 153.61, 
155.05, 167.11. IR (KBr) ν 3292, 3050, 2976, 1688, 1635, 
1493, 1095, 766, 695 cm–1. HRMS-FAB m/z [M+H]+ calcd 
for C47H41N7O4S2: 831.27. Found: 831.22. Anal. calcd for 
C47H41N7O4S2: C, 67.85; H, 4.97; N, 11.78; S, 7.71. Found: 
C, 67.88; H, 4.94; N, 11.79; S, 7.73.

Diethyl 2,6-Bis((5-(2-chlorophenyl)-4-phenyl-4H-1,2,4 
-triazol-3-ylthio)methyl)-4-phenyl-1,4-dihydropyri-
dine-3,5-dicarboxylate (8b)

White solid; 61% (0.549 g), m.p. 164–165 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.22 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.09 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.52, 4.66 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.04 
(s, 1H, DHP-C4-H), 7.11–7.36 (m, 21H, Ar-H), 7.48 (d, J = 
7.2 Hz, 2H, Ar-H), 9.70 (s, 1H, N-H). 13C NMR (75 MHz, 
CDCl3) δ 14.17, 32.35, 39.83, 60.08, 104.12, 126.32, 126.61, 
126.78, 127.95, 128.23, 129.33, 129.62, 131.42, 132.79, 
133.34, 134.28, 145.34, 147.25, 152.95, 153.53, 162.32, 
167.12. IR (KBr) ν 3277, 3068, 2978, 1685, 1637, 1499, 
1094, 763, 697, 604 cm–1; HRMS-FAB m/z [M+H]+ calcd 
for C47H39Cl2N7O4S2: 899.19. Found: 899.25. Anal. calcd 
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for C47H39Cl2N7O4S2: C, 62.66; H, 4.36; N, 10.88; S, 7.12. 
Found: C, 62.67; H, 4.35; N, 10.90; S, 7.15.

Diethyl 2,6-Bis((5-(2-hydroxyphenyl)-4-phenyl-4H-
1,2,4-triazol-3-ylthio)methyl)-4-phenyl-1,4-dihydropy-
ridine-3,5-dicarboxylate (8c)

Pale yellow solid; 71% (0.613 g), m.p. 226–228 °C, 1H 
NMR (300 MHz, CDCl3) δ 1.22 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.08 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.52, 4.70 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.05 
(s, 1H, DHP-C4-H), 6.40–6.54 (m, 5H, Ar-H), 6.97 (d, J = 
8.4 Hz, 2H, Ar-H), 7.12 (t, J = 6.9 Hz, 2H, Ar-H), 7.22 (t, J 
= 7.2 Hz, 2H, Ar-H), 7.27–7.37 (m, 6H, Ar-H), 7.52–7.63 
(m, 6H, Ar-H), 9.25 (s, 1H, N-H), 11.60 (br s, 2H, OH). 13C 
NMR (75 MHz, CDCl3) δ 14.12, 32.13, 39.74, 60.15, 
104.04, 110.04, 117.78, 118.42, 125.48, 126.46, 127.65, 
127.97, 128.16, 130.43,130.67, 131.27, 134.23, 144.61, 
147.00, 153.68, 153.83, 157.86, 166.97. IR (KBr) ν 3303, 
2978, 1691, 1618, 1100, 752, 701 cm–1. HRMS-FAB m/z 
[M+H]+ calcd for C47H41N7O6S2: 863.26. Found: 863.30. 
Anal. calcd for C47H41N7O6S2: C, 65.34; H, 4.78; N, 11.35; S, 
7.42. Found: C, 65.33; H, 4.81; N, 11.32; S, 7.40.

Diethyl 2,6-Bis((5-(3-nitrophenyl)-4-phenyl-4H-1,2,4-
triazol-3-ylthio)methyl)-4-phenyl-1,4-dihydropyri-
dine-3,5-dicarboxylate (8d)

Pale yellow crystals; 68% (0.627 g), m.p. 189–190 °C, 
1H NMR (300 MHz, CDCl3) δ 1.25 (t, J = 7.2 Hz, 6H, 
-COOCH2CH3), 4.08 (q, J = 7.2 Hz, 4H, -COOCH2CH3), 
4.56, 4.66 (dd, J1 = 14.1 Hz, J2 = 14.1 Hz, 4H, S-CH2), 5.04 (s, 
1H, DHP-C4-H), 7.17–7.58 (m, 19H, Ar-H), 7.68 (d, J = 7.8 
Hz, 2H, Ar-H), 8.11 (d, J = 9.3 Hz, 2H, Ar-H), 9.58 (s, 1H, 
N-H). 13C NMR (75 MHz, CDCl3) δ 14.15, 32.31, 39.76, 
60.09, 104.25, 126.39, 127,36, 127.46, 127.95, 128.23, 128.27, 
129.52, 130.38, 130.61, 133.37, 133.53, 145.20, 147.28, 147.96, 
152.93, 155.05, 162.34, 167.11. IR (KBr) ν 3304, 3081, 2980, 
1687, 1634, 1505, 1353, 1096, 909, 770, 701 cm–1. HRMS-
FAB m/z [M+H]+ calcd for C47H39N9O8S2: 921.24. Found: 
921.17. Anal. calcd for C47H39N9O8S2: C, 61.23; H, 4.26; N, 
13.67; S, 6.95. Found: C, 61.24; H, 4.28; N, 13.65; S, 6.94. 

5. Conclusion
In this study we demonstrated the synthesis, antibac-

terial and antifungal activity of new derivatives of 1,4-di-
hydropyridines bearing 1,2,4-triazole and 1,3,4-oxadiazole 
moieties at C2 and C6 of 1,4-DHP ring system. It should 
be noted that compound 8d exhibited the most potent ac-
tivity against E. coli and A. fumigates. The structure-activi-
ty relationship of the compounds showed that substitution 
at the position 2, 6 of the pyridine ring enhances biological 
activity. Our results will have an impact on further investi-
gation in this field in search of 1,4-dihydropyridine com-
pounds connected with 1,2,4-triazole and 1,3,4-oxadiazole 
moieties as antibacterial and antifungal agents.
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Povzetek
Pripravili smo serijo dietil-2,6-dimetil-4-fenil-1,4-dihidropiridin-3,5-dikarboksilatnih derivatov spojenih z 1,3,4-oksadi-
azol-5-tionskimi in 1,2,4-triazol-5-tionskimi ostanki na položajih C2,C6 v 1,4-dihidropiridinskem obročnem sistemu. 
To povezavo smo izvedli z reakcijo med 1,3,4-oksadiazol-5-tioni in 1,2,4-triazol-5-tioni z 2,6-dibromometil-3,5-die-
toksikarbonil-4-fenil-1,4-dihidropiridinom ob prisotnosti kalijevega karbonata kot šibke baze in v suhem acetonu kot 
topilu. Nove pripravljene spojine smo karakterizirali z FT-IR, 1H NMR in 13C NMR spektroskopskimi podatki, kot tudi z 
elementno analizo in FAB-MS. Za sintetizirane spojine smo in vitro preverili delovanje proti mikrobom in glivam (proti 
Escherichia coli in Aspergillus fumigatus) ter rezultate primerjali z vrednostmi za enrofloksacin in amfotericin kot refer-
enčnima zdraviloma, ki se običajno uporabljata za zdravljenje tovrstnih infekcij. Pripravljene spojine so izkazale različne 
inhibicijske sposobnosti proti testiranim bakterijam in glivam. Spojina 8d je pokazala največje antagonistične lastnosti 
proti E. coli and A. fumigatus.
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Abstract
Present work is devoted to the purposeful search of novel promising anti-inflammatory agents among the insufficiently 
known 3’-R-10’-R1-spiro[hetaryl-3(4),6’-[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-ones. The virtual combinatorial library 
of previously unknown spiro-condensed derivatives of [1,2,4]triazino[2,3-c]quinazolines was formed and promising 
COX-2 inhibitors were identified by molecular docking method. Potential anti-inflammatory agents were synthesized by 
[5+1]-cyclocondensation of substituted 3-(2-aminophenyl)-6-R-1,2,4-triazin-5(2H)-ones with heterocyclic ketones. The 
structures of synthsized compounds were verified by complex of physicochemical methods and spectral characteristics fea-
tures were discussed. Obtained compounds were studied for anti-inflammatory activity using formalin induced paw edema 
model and highly active compounds were identified. Conducted SAR-analysis showed that combination of triazino[2,3-c]
quinazoline moiety with spiro-condensed fragments is a reasonable approach for creating novel anti-inflammatory agents.

Keywords: 6,7-dihydro-2H-[1,2,4]triazino[2,3-c]quinazolin-2-ones, spiro-fused cycle, synthesis, molecular docking, 
anti-inflammatory activity

1. Introduction
Inflammation is a chain of complex metabolic and 

morphological changes, aimed to restore the functions of 
the damaged tissues or organ in general. Despite the fact 
that the mentioned process is a natural response to a vari-
ety of factors, its role in the pathological states requires the 
development of drugs for pharmacotherapeutic correc-
tion. Thus, the use of drugs such as NSAIDs, may correct 
as certain stages of inflammation, so exclude the process in 
general.

At the first stages of the antiphlogistics chemistry 
formation, the carboxylic acids of various nature (aspirin, 

diclofenac, ibuprofen and others) were considered as priv-
ileged objects of studies. Whereas recently, the majority of 
studies focus on substances with a heterocyclic fragment.1 
This signifies considerable side effects of NSAIDs of first 
generation (COX-1), namely their negative impact on the 
gastrointestinal tract (gastrotoxicity). Nowadays, new 
classes of NSAIDs are found, which to some extent do not 
have mentioned side effect: selective COX-2 inhibitors 
(nimesulide, meloxicam, piroxicam, lornoxicam) and 
highly selective (specific) COX-2 inhibitors (celecoxib, ro-
fecoxib, parecoxib, etoricoxib etc.).2

The current strategy of creating anti-inflammatory 
drugs is inextricably associated with further study of 
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mechanism of inflammation. Advances in molecular biol-
ogy in the last decades allowed to characterize every stage 
of this process and made it possible to form a number of 
approaches of the creation of this drug group.3,4 Thus, the 
main trends in the creation of innovational drugs include 
the development of С5a receptor antagonists, inhibitors of 
interleukin converting enzyme and tumor necrosis factor 
inhibitors, p38 MAP kinase inhibitors, inhibitors of matrix 
metalloproteinase, etc. Undoubtedly, the mentioned strat-
egy with the use of de novo methodology (molecular dock-
ing) and X-ray analysis of the macromolecules active-site 
has significantly changed the direction of the synthetic 
work aimed at creating the drugs for correcting the in-
flammation. In particular, innovative anti-inflammatory 
drug of dual inhibition of COX-2/5-LOX – 2-(2,2-dimeth-
yl-6,7-diphenyl-2,3-dihydro-1H-pyrrolizin-5-yl)acetic 
acid (Licofelone)5 was found. Moreover, new classes of bi-
ologically active substances with the mentioned type of 
activity were found among triazoles, imidazoles, thiazoli-
dines, 2H-benzo[e][1,2]thiazine-1,1-dioxide, quinolines, 
quinazolines and other.1,6–11 Therefore, rational design 
based on structural similarity to innovative new structures 
of NSAIDs using the de novo methodology and traditional 
pharmacological screening is important and justified.

So, purposeful search of selective anti-inflammatory 
agents among original derivatives of 10-R-3-aryl-6,7-dihy-
dro-2H-[1,2,4]triazino[2,3-c]quinazolin-2-ones of spiro-
fused cyclic frameworks was the aim of this work. That is 
based on rational design, namely structural similarity to a 
number of innovative and well-known drugs and forecast-
ing the likely biological effects (COX inhibitors) using 
methods of computer modeling and in vivo tests.

2. Experimental Section
2. 1. Chemistry
General Methods

Melting points were determined in open capillary 
tubes in a «Stuart SMP30» apparatus and were uncorrect-
ed. Elemental analyses (C, H, N) were performed at the 
ELEMENTAR vario EL Cube analyzer (USA) and were 
within ± 0.3% from the theoretical values. IR spectra 
(4000–600 cm–1) were recorded on a Bruker ALPHA FT-
IR spectrometer (Bruker Bioscience, Germany) using a 
module ATR eco ZnSe. 1H NMR spectra (400 MHz) and 
13C NMR spectra (100 MHz) were recorded on a Vari-
an-Mercury 400 (Varian Inc., Palo Alto, CA, USA) spec-
trometer with TMS as internal standard in DMSO-d6 
solution. LC-MS were recorded using chromatography/
mass spectrometric system which consists of a high per-
formance liquid chromatograph «Agilent 1100 Series» 
(Agilent, Palo Alto, CA, USA) equipped with diode-ma-
trix and mass-selective detector «Agilent LC/MSD SL» 
(atmospheric pressure chemical ionization – APCI). Elec-
tron impact mass spectra (EI-MS) were recorded on a 

Varian 1200 L instrument at 70 eV (Varian Inc., Palo Alto, 
CA, USA). 

Substances 1.1–1.5 were synthesized according to 
the reported procedures.12 Other starting materials and 
solvents were obtained from commercially available sourc-
es and were used without additional purification.

2. 2. Molecular Docking 
Research was conducted by flexible molecular dock-

ing, as an approach of finding molecules with affinity to a 
specific biological target. Macromolecules from Protein 
Data Bank (PDB) were used as biological targets, namely 
COX-1 enzyme in complex with diclofenac (PDB ID – 
3N8Y) and COX-2 in association with celecoxib (PDB ID 
– 3LN1).13 The choice of biological targets was due to the 
literature on the mechanism of action of anti-inflammato-
ry drugs.1

Ligand preparation. Substances were drawn using 
MarvinSketch 6.3.0 and were saved in mol format.14 After, 
they were optimized by program Chem3D using molecu-
lar mechanical MM2 algorithm and saved as pdb files. Mo-
lecular mechanics has been used to produce more realistic 
geometry values for the majority of organic molecules ow-
ing to the fact of being highly parameterized. Using Aut-
oDockTools-1.5.6 pdb files were converted to PDBQT, 
number of active torsions was set as default.15

Protein preparation. Pdb files were downloaded 
from the protein data bank. Discovery Studio 4.0 was used 
to delete water molecules and ligand from crystal. Proteins 
were saved as pdb files. In AutoDockTools-1.5.6 polar hy-
drogens were added and saved as PDBQT. Grid box was 
set as following: center_x = 18.37, center_y = –52.296, cen-
ter_z = 53.949, size_x = 18, size_y = 16, size_z = 16 for 
COX-2 (3LN1); center_x = 32.978, center_y = –44.488, 
center_z = –3.76, size_x = 16, size_y = 16, size_z = 16 for 
COX-1 (3N8Y). Vina was used to carry docking.15 For vi-
sualization Discovery Studio 4.0 was used.

2. 3. Pharmacology
2. 3. 1. Anti-inflammatory Activity

Evaluation of anti-inflammatory activity of the syn-
thesized compounds was performed on 84 Wistar white 
rats of 150–160 g, obtained from the nursery «Institute of 
Pharmacology and Toxicology of Ukraine» (Kyiv). All ex-
perimental procedures and treatments were carried out 
according to the European Convention and «Regulations 
on the use of animals in biomedical research».16 Screening 
of synthesized compounds with estimated anti-inflamma-
tory activity began with the study of their effect on exuda-
tive phase of acute aseptic inflammation (the formalin 
test). Phlogogen (1% aqueous solution of formaline)17 was 
subplantally administered at a dose of 0.1 mL in the back 
right paw of the rat, the left served as control. The studied 
compounds stabilized by Tween-80 were intragastric ad-
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ministered in a dose of 10 mg/kg 1 h before the adminis-
tration of phlogogen. Reference drug diclofenac sodium 
was intragastrically administered to rats at a recommend-
ed dose for pre-clinical studies of 8 mg/kg. Measuring 
paws volume was conducted before the experiment and 3 h 
after the administration of phlogogen using the described18 
methods.

The activity of these substances was determined by 
their ability to reduce the extension of swelling compared 
with control and expressed as a percentage showing how 
the substance inhibited formalin swelling in relation to con-
trol swelling where the value was taken as 100%. The activi-
ty of the studied compounds was calculated as follows:

 						       (1)

where A – antiexudative activity, %; Vse – the volume of 
swollen paw in the experiment; Vhe – the volume of healthy 
paw in the experiment; Vsc – the volume of swollen paw in 
control; Vhc – the volume of healthy paw in control.

Statistical data processing was performed using a li-
cense program «STATISTICA® for Windows 6.0» (Stat-
SoftInc., № AXXR712D833214FAN5) and «SPSS 16.0», 
«Microsoft Office Excell 2003». The results are presented 
as mean ± standard error of the mean. Arithmetic mean 
and standard error of the mean were calculated for each of 
the studied parameters. During verification of statistical 
hypothesis, null hypothesis was declined if statistical crite-
rion is p < 0.05.19

General Procedure for the Synthesis of 3’-R-10´-R1-
Spiro[hetaryl-3(4),6’-[1,2,4]triazino[2,3-c]quinazolin]-
2’(7’H)-ones 2.1–2.11

To a solution of 0.01 M of compounds 1.1–1.5 in 20 
mL of glacial acid was added 0.01 M of appropriate het-
erocyclic carbonyl compound (tetrahydro-4H-pyran-4-
one, dihydrothiophen-3(2H)-one, dihydro-2H-thiopy-
ran-3(4H) -one, 1-methylpiperidin-4-one, dihydrothio-
phen-3(2H) -one 1,1-dioxide, dihydro-2H-thiopyran-3 
(4H)-one 1,1 -dioxide). The reaction mixture was refluxed 
for 3 h. The solvent was removed by vacuum distillation, 
the residue was triturated in methanol, the precipitate was 
filtered and dried. If necessary, crystallized from dioxane.

3’-Phenyl-2,3,5,6-tetrahydrospiro[pyran-4,6’-[1,2,4]tria 
zino[2,3-c]quinazolin]-2’(7’H)-one (2.1). Yield: 3.8 g 
(92.4%); pale yellow crystals; m.p. >300; IR: 3256, 2952, 
2856, 1638, 1624, 1611, 1592, 1551, 1514, 1498, 1479, 1435, 
1417, 1394, 1334, 1299, 1261, 1214, 1177, 1160, 1150, 1136, 
1107, 1097, 1080, 1041, 1027, 1004, 975, 951, 927, 874, 858, 
836, 815, 778, 757, 709, 697, 675, 634, 620 cm–1; 1H NMR 
(DMSO-d6) δ 8.18 (d, J = 8.4 Hz, 2H, H-2, 6 Ph), 8.02 (d, J 
= 7.8 Hz, 1H, H-11), 7.55–7.29 (m, 5H, H-9, H-3, 4, 5 Ph, 
NH), 7.04 (d, J = 8.1 Hz, 1H, H-8), 6.88 (t, J = 7.5 Hz, 1H, 
H-10), 3.90–3.80 (m, 2H, H-2, 2´,6, 6´ pyrane), 2.56–2.51 

(m, 2H, H-3, 5 pyrane), 1.99–1.99 (m, 2H, H-3´, 5´ 
pyrane); 13C NMR (DMSO-d6) δ 34.19, 63.26, 75.98, 
113.70, 116.81, 118.37, 119.81, 127.36, 128.62, 129.10, 
130.27, 130.69, 133.37, 135.46, 144.56, 146.29, 147.28, 
161.00. LC-MS: m/z = 347 [M+1]. Anal. Calcd. for  
C20H18N4O2: C, 69.35; H, 5.24; N, 16.17. Found: C, 69.38; 
H, 5.29; N, 16.28.

1-Methyl-3’-phenylspiro[piperidine-4,6’-[1,2,4]triazino 
[2,3-c]quinazolin]-2’(7’H)-one (2.2). Yield: 2.68 g (74.7%); 
pale yellow crystals; m.p. 269–271 °C; IR: 3274, 1700, 1637, 
1623, 1611, 1594, 1550, 1516, 1498, 1484, 1457, 1436, 1416, 
1365, 1336, 1266, 1222, 1202, 1186, 1157, 1139, 1108, 1080, 
1064, 1031, 1016, 995, 951, 929, 882, 853, 816, 769, 748, 
710, 694, 665, 636 cm–1; 1H NMR (DMSO-d6) δ 8.21 (d, J = 
8.0 Hz, 2H, H-2,6 Ph), 8.02 (d, J = 7.7 Hz, 1H, H-11), 7.54–
7.37 (m, 3H, Н-9; H-3, 5 Ph), 7.28 (s, 1H, NH), 7.07 (d, J = 
7.8 Hz, 1H, H-8), 6.89 (t, J = 7.8 Hz, 1H, H-10), 2.71 (br.s, 
2H, H-2, 6 piperidine), 2.51 (m, 2H, H-2´, 6´ piperidine), 
2.29 (s, 3H, CH3), 2.08 (d, J = 7.3 Hz, 2H, H-3, 5 piperi-
dine), 1.92 (m, 2H, H-3´, 5´ piperidine); 13С NMR  
(DMSO-d6) δ 33.26, 45.79, 50.84, 76.54, 113.61, 116.77, 
119.58, 127.28, 128.59, 129.03, 130.66, 133.36, 135.37, 
144.57, 147.12, 152.35, 154.20, 156.50, 161.11. LC-MS: m/z 
= 360 [M+1]. Anal. Calcd. for C21H21N5O: C, 70.17; H, 
5.89; N, 19.48. Found: C, 70.21; H, 5.93; N, 19.53. 

1-Methyl-3’-(4-tert-butylphenyl)-spiro[piperidine-4,6’- 
[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.3). Yield: 
3.30 g (79.4%); pale yellow crystals; m.p. 255–257 °C; 1H 
NMR (DMSO-d6) δ 8.13 (d, 2H, H-2, 6 Ph), 8.01 (d, 1H, 
H-11), 7.53–7.35 (m, 3H, H-9, H-3, 5 Ph), 7.30 (s, 1H, 
NH), 7.08 (d, 1H, H-8), 6.89 (t, 1H, H-10), 2.85–2.68 (m, 
2H, H-2, 6 piperidine), 2.61–2.42 (m, 2H, H-2´, 6´ piperi-
dine), 2.33 (s, 3H, -CH3), 2.21–2.02 (m, 2H, H-3, 5 piperi-
dine), 2.00–1.81 (m, 2H, H-3´, 5´ piperidine), 1.37 (s, 9H, 
C(CH3)3); LC-MS: m/z = 416 [M+1]. Anal. Calcd. for 
C25H29N5O: C, 72.26; H, 7.03; N, 16.85. Found: C, 72.30; H, 
7.11; N, 16.89.

3’-(4-Fluorophenyl)-1-methylspiro[piperidine-4,6’-[1,2, 
4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.4). Yield: 3.3 
g (88.3%); pale yellow crystals; m.p. 260–262 °C; 1H NMR 
(DMSO-d6) δ 8.32 (t, J = 5.8 Hz, 2H, H-2, 6 Ph), 8.03 (d, J 
= 7.7 Hz, 1H, H-11), 7.42 (t, J = 7.4 Hz, 1H, H-9), 7.29-7.16 
(m, 3H, NH, H-3, 5 Ph), 7.09 (d, J = 8.0 Hz, 1H, H-8), 6.90 
(t, J = 7.3 Hz, 1H, H-10), 2.74 (m, 2H, H-2, 6 piperidine), 
2.55 (m, 2H, H-2´, 6´ piperidine), 2.32 (s, 3H, -CH3), 2.09 
(m, 1H, H-3, 5 piperidine), 1.92 (m, 2H, H-3´, 5´ piperi-
dine); 13С NMR (DMSO-d6) δ 33.15, 45.70, 50.78, 76.55, 
113.57, 115.60 (d, J = 21.5 Hz), 116.78, 119.59, 127.30, 
129.80 (d, J = 2.8 Hz), 131.49 (d, J = 8.6 Hz), 135.40, 144.56, 
146.06, 152.36, 152.49, 161.10, 163.74 (d, J = 248.3 Hz), 
172.54. LC-MS: m/z = 378 [M+1]; Anal. Calcd. for  
C21H20FN5O: C, 66.83; H, 5.34; N, 18.56; Found: C, 66.89; 
H, 5.41; N, 18.64.
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3’-(4-Methoxyphenyl)-1-methylspiro[piperidine-4,6’- 
[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.5). Yield: 
3.68 g (94.6%); pale yellow crystals; m.p. 270–272 °C; 1H 
NMR (DMSO-d6) δ 8.25 (d, J = 8.6 Hz, 2H, H-2, 6 Ph), 
8.01 (d, J = 7.4 Hz, 1H, H-11), 7.40 (t, J = 6.9 Hz, 1H, H-9), 
7.23 (s, 1H, NH), 7.08 (d, J = 8.0 Hz, 2H, H-8), 6.97 (d, J = 
8.7 Hz, 2H, H-3, 5 Ph), 6.89 (t, J = 7.3 Hz, 1H, H-10), 3.86 
(s, 3H, CH3), 2.73 (br.s, 2H, H-2, 6 piperidine), 2.51 (brs, 
2H, H-2´, 6´ piperidine), 2.31 (s, 3H, -CH3), 2.09 (m, 1H, 
H-3, 5 piperidine), 1.92 (brs, 2H, H-3´, 5´ piperidine); 13C 
NMR (DMSO-d6) δ 33.24, 45.78, 50.84, 55.76, 76.43, 
113.70, 114.06, 114.27, 116.72, 119.53, 125.65, 127.18, 
130.69, 131.65, 144.46, 146.56, 151.98, 161.21, 161.42;  
LC-MS: m/z = 390 [M+1]. Anal. Calcd. for C22H23N5O2: C, 
67.85; H, 5.95; N, 17.98. Found: C, 67.91; H, 6.02; N, 18.02.

10’-Bromo-1-methyl-3’-phenylspiro[piperidine-4,6’- 
[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.6). Yield: 
3.8 g (86.6%); pale yellow crystals; m.p. 270–272 °C; 1H 
NMR (DMSO-d6) δ 8.21 (d, J = 7.8 Hz, 2H, H-2, 6 Ph), 
8.11 (s, 1H, H-11), 7.56–7.33 (m, 5H, H-9; NH; H-3, 4, 5 
Ph), 7.05 (d, J = 8.4 Hz, 1H, H-8), 2.73 (m, 2H, H-2, 6 
piperidine), 2.51 (m, 2H, H-2´, 6´ piperidine), 2.30 (s, 3H, 
-CH3), 2.14–1.99 (m, 2H, H-3, 5 piperidine), 1.92 (m, 2H, 
H-3´, 5´ piperidine); EI-MS, m/z (Irel, %) = 292 (6.2), 290 
(5.9), 278 (7.5), 276 (6.5), 266 (5), 265 (18), 264 (6.3), 263 
(19), 223 (12.1), 155 (5.4), 116 (8.9), 115 (5.3), 109 (11.1), 
104 (20.3), 103 (71.9), 102 (6.4), 77 (14.8), 76 (22.6), 75 
(5.8), 72 (32.2), 71 (32.5), 70 (100), 69 (6.1), 68 (8.1), 63 
(12.3), 58 (17), 57 (41.7), 56 (20.8), 54 (10.3), 53 (6.8), 45 
(11.2); LC-MS: m/z = 440 [M+2]. Anal. Calcd. for  
C21H20BrN5O: C, 57.54; H, 4.60; N, 15.98. Found: C, 57.50; 
H, 4.57; N, 15.93.

3’-Phenyl-2,3,5,6-tetrahydrospiro[thiopyran-4,6’-[1,2,4]
triazino[2,3-c]quinazolin]-2’(7’H)-one (2.7). Yield: 3.5 g 
(89.0%); pale yellow crystals; mp >300 °C; 1H NMR (DM-
SO-d6) δ 8.19 (d, J = 7.6 Hz, 1H, H-2, 6 Ph), 8.02 (d, J = 8.0 
Hz, 1H, H-11), 7.51–7.43 (m, 3H, H-3, 4, 5 Ph), 7.40 (t, 
1H, H-9), 7.26 (s, 1H, NH), 7.10 (d, J = 7.9 Hz, 1H, H-8), 
6.89 (t, J = 7.3 Hz, 1H, H-10), 3.25–3.12 (m, 2H, H-2, 6 
thiopyran), 2.52 (m, 6H, H-2´, 3, 3´, 5, 5´, 6´ thiopyran); 
13С NMR (DMSO-d6) δ 23.71, 35.25, 77.54, 113.41, 116.63, 
119.74, 127.24, 128.61, 129.08, 130.71, 133.32, 135.51, 
144.36, 147.29, 152.07, 161.05; LC-MS: m/z = 363[M+1]. 
Anal. Calcd. for C20H18N4OS: C, 66.28; H, 5.01; N, 15.46. 
Found: C, 66.31; H, 5.09; N, 15.49.

3’-Phenyl-4,5-dihydro-2H-spiro[thiophene-3,6’-[1,2,4]
triazino[2,3-c]quinazolin]-2’(7’H)-one (2.8). Yield: 2.8 g 
(81.6%); m.p. 263–265 °C; pale yellow crystals; IR: 3299, 
3076, 2926, 1714, 1640, 1626, 1615, 1598, 1551, 1503, 1486, 
1440, 1411, 1338, 1312, 1271, 1249, 1221, 1191, 1170, 1154, 
1107, 1080, 1028, 992, 948, 926, 867, 815, 776, 750, 692 
cm–1; 1H NMR (DMSO-d6) δ 8.17 (d, J = 4.9 Hz, 2H, H-2,6 
Ph), 8.03 (d, J = 7.6 Hz, 1H, H-11), 7.66 (s, 1H, NH), 7.44–

7.34 (m, 3H, H-9, H-3,5 Ph), 6.95 (d, J = 7.9 Hz, 1H, H-8), 
6.88 (t, J = 7.9 Hz, 1H, H-10), 3.51 (d, J = 11.6 Hz, 1H, H-2 
thiophene), 3.13 (d, J = 11.2 Hz, 1H, H-2´ thiophene), 
3.10–2.92 (m, 2H, H-5, 5´ thiophene), 2.62–2.41 (m, 2H, 
H-4, 4´ thiophene); 13C NMR (DMSO-d6) δ 27.85, 39.14, 
39.41, 87.60, 113.17, 116.05, 119.72, 127.49, 128.61, 129.16, 
130.69, 133.29, 135.48, 145.53, 147.02, 152.34, 161.22.  
LC-MS: m/z = 349 [M+1]. Anal. Calcd. for C19H16N4OS: C, 
65.50; H, 4.63; N, 16.08. Found: C, 65.61; H, 4.75; N, 16.12.

3’-Phenyl-5,6-dihydro-2H,4H-spiro[thiopyran-3,6’-[1,2, 
4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.9). Yield: 3.3 
g (91.8%); pale yellow crystals; m.p. 274–276 °C; IR: 3272, 
2891, 1641, 1626, 1609, 1594, 1553, 1515, 1499, 1483, 1442, 
1414, 1333, 1312, 1298, 1273, 1249, 1188, 1153, 1103, 1076, 
1030, 1012, 980, 950, 923, 872, 859, 825, 814, 787, 774, 749, 
694, 670 cm–1; 1H NMR (DMSO-d6) δ 8.18 (d, J = 5.3 Hz, 
2H, H-2, 6 Ph), 8.00 (d, J = 7.7 Hz, 1H, H-11), 7.52–7.29 
(m, 5H, H-9, H-3, 4, 5 Ph, NH), 7.17 (d, J = 8.0 Hz, 1H, 
H-8), 6.86 (t, J = 7.2 Hz, 1H, H-10), 3.38 (d, J = 13.4 Hz, 
1H, H-2 thiopyran), 2.92 (d, J = 13.2 Hz, 1H, H-2` thiopy-
ran), 2.78–2.59 (m, 1H, H-6 thiopyran), 2.55–2.05 (m, 5H, 
H-4, 4´, 5, 5´, 6´ thiopyran); 13С NMR (DMSO-d6) δ 24.37, 
27.02, 33.55, 34.76, 75.81, 112.99, 116.56, 116.62, 119.51, 
127.27, 128.55, 129.20, 130.68, 133.32, 135.46, 144.45, 
144.51, 152.17, 161.04. LC-MS: m/z = 363 [M+1]. Anal. 
Calcd. for C20H18N4OS: C, 66.28; H, 5.01; N, 15.46. Found: 
C, 66.30; H, 5.03; N, 15.49. 

3’-Phenyl-4,5-dihydro-2H-spiro[thiophene-3,6’-[1,2,4]
triazino[2,3-c]quinazolin]-2’(7’H)-one 1,1-dioxide (2.10). 
Yield: 2.1 g (56.1%); pale yellow crystals; m.p. 266–269 °C; 
1H NMR (DMSO-d6) δ 8.25 (d, J = 5.3 Hz, 1H, H-2, 6 Ph), 
8.04 (d, J = 7.5 Hz, 1H, H-11), 7.97 (s, 1H, NH), 7.49–7.41 
(m, 4H, H-9, H-3, 4, 5 Ph), 7.04–6.84 (m, J = 7.7 Hz, 2H, 
H-8, 10), 4.24 (d, J = 14.9 Hz, 1H, H-2 thiophene), 3.50 (d, 
J = 15.0 Hz, 1H, H-2´ thiophene), 3.47–3.34 (m, 2H, H-5, 
5´ thiophene), 3.30–3.03 (m, 1H, H-4 thiophene), 2.74–
2.55 (m, 1H, H-4´ thiophene); LC-MS: m/z = 381 [M+1]. 
Anal. Calcd. for C19H16N4O3S: C, 59.99; H, 4.24; N, 14.73. 
Found: C, 60.03; H, 4.27; N, 14.77. 

3’-Phenyl-5,6-dihydro-2H,4H-spiro[thiopyran-3,6’-[1,2,4] 
triazino[2,3-c]quinazolin]-2’(7’H)-one1,1-dioxide (2.11). 
Yield: 4.5 g (91.8%); pale yellow crystals; m.p. 296–299 °C; 
1H NMR (DMSO-d6) δ 8.25 (d, J = 5.1 Hz, 2H, H-2, 6 Ph), 
8.05 (d, J = 7.7 Hz, 1H, H-11), 7.46 (m, 4H, H-9, H-3, 4, 5 
Ph), 7.14 (s, 1H, NH), 7.06 (d, J = 8.0 Hz, 1H, H-8), 6.96 (t, 
J = 7.3 Hz, 1H, H-10), 3.97 (d, J = 13.9 Hz, 1H, H-2 thiopy-
ran), 3.53 (d, J = 15.4 Hz, 1H,H-2´ thiopyran), 3.50–3.35 
(m, 1H, H-6 thiopyran), 3.23–2.91 (m, 1H, H-6´ thiopy-
ran), 2.90–2.63 (m, 1H, H-4 thiopyran), 2.34 (m, 3H, H-4´, 
5, 5´ thiopyran); 13С NMR (DMSO-d6) δ 18.09, 31.64, 
50.06, 54.57, 77.78, 113.38, 116.95, 120.21, 127.32, 128.50, 
129.38, 130.80, 133.18, 135.61, 143.78, 147.26, 151.84, 
161.03; LC-MS: m/z = 395 [M+1]. Anal. Calcd. for  
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C20H18N4O3S: C, 60.90; H, 4.60; N, 14.20. Found: C, 60.93; 
H, 4.64; N, 14.26. 

2. Results and Discussion 
Considering the roles of cyclooxygenases (COX-1 

and COX-2) as important pharmacological targets and 
their inhibitors are the basis for the developing of anti-in-
flammatory drugs, in the first phase of the study the virtu-
al base (80 compounds) of 3’-R-10’-R1-spiro [het-
aryl-3(4),6’-[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-
ones was analyzed using molecular docking. Virtual struc-
tural modification of studied compounds, which have 
heterocyclic fragments at spiro position (position 6) was 
held by the 3d position and at positions 8, 9, 10 and 11 of 
the aromatic ring. Complexes of COX-1 and COX-2 were 
downloaded from the Protein Data Bank, to determine the 
affinity (Table 1), http://www.rcsb.org/pdb/home/home.
do. As a reference known selective COX-1 and COX-2 in-
hibitors were used, such as diclofenac sodium and celecox-
ib. Results of the studies showed that the structures ana-
lyzed have a higher affinity to COX-2 and much lower to 
COX-1. Among 80 tested compound, 7 with the highest 
affinity, according to the docking, are presented in the Ta-
ble 1. Compound 2.10 revealed the highest affinity, yet still 
lower than celecoxib.

The visualization of the interaction of the structures 
with the active site of COX-2 (Fig. 1) showed, that com-
pound 2.10 revealed the highest affinity (11.5 kcal/mol). 
There were four hydrogen bonds with the following amino 
acid residues D:TYR341 (3.08 Å), D:HIS75 (3.37 Å), 

D:GLY512 (3.33 Å), D:SER516 (3.63 Å), and besides π-cat-
ion electrostatic interaction with D:ARG106 (4.86 Å), 
π-sigma hydrophobic interactions with D:VAL335 (3.76 
Å), D:VAL509 (3.40 Å, 3.65 Å), D:ALA513 (3.82 Å), π-sul-
fur interaction with D:TRP373 (5.93 Å), π-π stacked hy-
drophobic interaction with D:HIS75 (5.26 Å) and π-alkyl 
hydrophobic interactions with D:LEU517 (5.14 Å), 
D:ARG499 (5.27 Å), D:ALA502 (4.31 Å). Analyzing the 
complex of celecoxib and compound 2.10 with COX-2, 
similar interactions can be traced, namely with such ami-
no acids D:ARG106, D:ARG499, D:VAL335, D:VAL509, 
D:LEU517, D:TRP373, D:ALA513. This may indicate that 
stated class of compound might have the ability to inhibit 
the COX-2 as celecoxib does.

The second stage, namely the synthesis of the corre-
sponding spiro-derivatives 2 provided the interaction of 
substituted 6-R1-3-(2-aminophenyl)-1,2,4-triazine-5(2H)-
ones 1 and the corresponding heterocyclic ketones (Sche
me 1). The heterocyclization was carried out by known 
method,20 namely the refluxing in glacial acid.

Synthesized spiro-derivatives 2 are pale yellow crys-
talline substances, soluble in DMF, slightly soluble in diox-
ane, insoluble in alcohols and water. The compounds’ struc-
tures were established with elemental analysis, LC-MS-data, 
IR and NMR spectra. Thus, triazino[2,3-c]quinazoline frag-
ment of compounds 2 in 1H NMR spectra has the appropri-
ate chemical shifts and multiplicity: 8.11–8.00 ppm (H-11, 
d), 7.42–7.40 ppm (H-9, t), 7.17–6.95 ppm (H-8, d), and 
6.96–6.86 ppm (H-10, t). It is important to note, that H-9 in 
most cases resonated together with the aromatic protons of 
substituent at the position 3 and NH proton of position 7 as 
multiplets. Whereas, protons H-11, H-8 and H-10 have 

Table 1. Results of molecular docking of the most active structures			 

	 Affinity 	 Affinity	
Comp.	 (kcal/mol) 	 (kcal/mol) 	 Types of interactions with amino acid residues of COX-2
	 to COX-1	 to COX-2

2.1	 –7.4	   –10.1	� D:ARG106b, D:VAL509c, D:ALA513c, D:HIS75c, D:VAL335c, D:LEU517c, D:ARG499c, 
D:ALA502c.

2.2	 –3.6	   –10.3	� D:ARG106b, D:VAL509c, D:ALA513c, D:HIS75c, D:VAL335c, D:LEU517c, D:ARG499c, 
D:ALA502c.

2.7	 –5.2	 –9.0	� D:ARG106b, D:VAL509c, D:ALA513c, D:TRP373d, D:HIS75c, D:LEU338c, D:PHE504c, 
D:VAL335c, D:LEU517c, D:ALA502c.

2.8	 –3.3	   –10.4	� D:HIS75a, D:VAL335c, D:VAL509c, D:ALA513c, D:TRP373d, D:HIS75c, D:LEU338c, 
D:PHE504c, D:LEU517c, D:ARG499c, D:ALA502c.

2.9	 –1.3	   –10.6	� D:TYR341a, D:HIS75a, D:VAL509c, D:ALA513c, D:SER339c, D:VAL335c, D:LEU338c, 
D:LEU517c, D:ALA502c.

2.10	 –1.4	   –11.5	� D:TYR341a, D:HIS75a, D:GLY512a, D:SER516a, D:ARG106b, D:VAL335c, D:VAL509c, 
D:ALA513c, D:TRP373d, D:HIS75c, D:LEU517c, D:ARG499c, D:ALA502c.

2.11	 –0.4	   –10.9	� D:TYR341a, D:HIS75a, D:SER516c, D:VAL509c, D:ALA513c, D:LEU338c, D:SER339c, 
D:VAL335c, D:LEU517c, D:ALA502c.

Celecoxib	 –	   –12.1	� D:ARG106a, D:ARG499a, D:GLN178a, D:LEU338a, D:SER339a, D:VAL335c, D:CEL682c, 
D:VAL509c, D:LEU370c, D:VAL335c, D:LEU345c, D:LEU517c, D:TYR371c, D:TRP373c, 
D:ALA513c.

a – hydrogen, b – electrostatic, c – hydrophobic, d – others.
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classical multiplicity and J-coupling (J = 8.05–7.3 Hz).21 
Phenyl moiety in position 3 of 1H NMR spectrum resonated 
as two proton singlets, H-2,6 at 8.25–8.17 ppm and three 
proton multiplets of H-3,4,5 at 7.56–7.35 ppm. Signals of 
p-substituted phenyl derivatives 2 were registered as 
A2B2-systems, as two doublets H-2,6 and H-3,5.

The characteristic singlets of NH protons (position 
7) in 1H NMR spectra of compounds 2 were observed at 
7.97–7.14 ppm and their chemical shift depended on the 
electronic effects of spiro moiety at position 6. Thus, the 
signal of NH proton of compound 2.1 with spiropyran cy-
cle were detected at 7.30 ppm, with spiropiperidine (2.2–
2.6) at 7.33–7.23 ppm, with spirothiopyran (2.7, 2.9) at 
7.29–7.26 ppm and with spirothiophene (2.8) cycle at 7.66 
ppm. In 1H NMR spectra of compound 2.11 (oxidized an-
alogue of compound 2.9) signal of NH proton were shifted 
to a higher field (7.14 ppm). Whereas, the stated proton of 
compound 2.10 resonated at a lower field, namely at 7.97 
ppm, compared to compound 2.8, what is likely due to the 
formation of hydrogen bond between nearby structural 
fragments.

In the 1H NMR spectra of compounds 2.1–2.11 pro-
ton signals of position 6 of spiro moiety were recorded as a 
complex set of multiplets in aliphatic part of spectrum due 
to the presence of magnetic nonequivalent axial and equa-
torial protons.21 Whereas, 1H NMR spectra of compounds 
2.8, 2.9 have characteristic features, which were associated 
with the presence in the molecule of a center of asymme-
try. Thus, in the spectra of mentioned compounds protons 
of methylene group of thiophene at position 2 or thiopy-
ran were registered as doublets at 3.13 ppm Нax (J = 11.2 
Hz), 2.92 ppm (J = 13.2 Hz) and Heq at 3.51 ppm (J = 11.6 
Hz), 3.38 ppm (J = 13.4 Hz), respectively. A similar pattern 
of signals was characteristic for their dioxo analogues 
(compounds 2.10, 2.11).

In the 13C NMR spectra of compounds 2 characteris-
tic signal of sp3-hybridized C in spiro position (position 6) 
was observed at 87.60–75.81 ppm, and its chemical shift 
was determined by electron withdrawing effect of the spiro 
cycle. In addition, further structure confirmation was made 
by the corresponding 13C signals of hydrogenated pyran cy-
cle (compound 2.1) at 34.19 and 63.26 ppm, N-meth-
ylpiperidine cycle (2.2, 2.4, 2.5) at 33.26–33.15 ppm, 45.79–
45.70 ppm and 50.84–50.78 ppm and hydrogenated 
thiopyrane cycle (2.7) at 23.71 ppm and 35.28 ppm at 
4,6´-spiro position. While other electronic environments of 
carbon atoms of hydrogenated thiophene (2.8) and thiopy-
ran (2.9) cycle at 3,6´-spiro position caused a series of four 
signals at a high field. A similar pattern of signals was char-
acteristic for dioxo analogue compound 2.11.

Mass spectrometric investigation showed, that com-
pound 2.6 was characterized by a low-intensity molecular 
ion, that formed high-intensity fragmentation ions F1 
[С6Н5СН=N]+ (m/z 103, 71.9%), F2 [СH2N(Me)
CH2=CH2]

+ (m/z 70, 100%) and F3 [С10Н6BrN3O]+ (m/z 
265/263, 18.0/19.0%). The last fraagmented ion described 

Figure 1. Interaction of compound 2.2 (a), 2.10 (b), 2.11 (c), cel-
ecoxib (d) with COX-2, PDB ID: 3LN1

a)

c)

b)

d)



908 Acta Chim. Slov. 2017, 64, 902–910

Kolomoets et al.:   Design, Synthesis and Anti-inflammatory Activity   ...

the presence of bromine in the molecule and its isotopic 
profile. Further carbon-carbon bond breaking and  hydro
gen rearrangements in F2 created intense ions 
[CH2NНCH2=CH2]

+ (m/z 57, 41.7%) and [CH2NCH3]
+ 

(m/z 45, 11.2%), indicating the presence of N-methylpiper-
idine fragment in the molecule.22

3. Pharmacology
Formalin acute inflammation is characterized by a 

powerful inflammatory response, which in 3 h of the ex-

periment can be verified by significant swelling of the paw 
in the control group of animals (average increase in vol-
ume of the paw is 47.38%). Administration of compounds 
2 to the animals with experimental pathology led to a de-
crease of exudative reactions and most of compounds ex-
hibited anti-inflammatory action comparable (compounds 
2.2, 2.6, 2.7, 2.10) or higher (2.3–2.5, 2.8, 2.11) than the 
effect of the reference diclofenac sodium (Table 2). 
SAR-analysis (influence of substituents at positions 3 and 
6) showed, that 3’-phenyl-2,3,5,6-tetrahydrospiro[pyran- 
4,6’-[1,2,4]triazino[2,3-c]quinazolin]-2’(7’H)-one (2.1) 
showed moderate anti-inflammatory effect (higher in the 

Scheme 1. The heterocyclization of 6-R1-3-(2-aminophenyl)-1,2,4-triazine-5(2H)-ones

Table 2. Anti-inflammatory activity of synthesized compounds under formalin induced inflammation model

	 Comp.	 Dosage, mg/kg	 Increase of the paw volume in 3 h, %	 Anti-inflammatory activity, %

	Experimental pathology	 –	 47.38	 0
	 2.1	 10.0	 24.22	 39.39
	 2.2	 10.0	 26.28	 44.44
	 2.3	 10.0	 15.43	 69.19
	 2.4	 10.0	 20.47	 56.57
	 2.5	 10.0	   6.74	 85.86
	 2.6	 10.0	 24.75	 48.48
	 2.7	 10.0	 22.60	 44.44
	 2.8	 10.0	 21.61	 55.56
	 2.9	 10.0	 33.45	 29.29
	   2.10	 10.0	 23.91	 49.49
	   2.11	  10.0	 20.04	 60.61
	 Diclofenac sodium	   8.0	 26.58	 45.45
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control group to 39.4%). Replacing the hydrogenated 
spiropyran (2.1) by 1-methyl-piperidine (2.2) fragment at 
the spiro position 6 increased activity to 44.44% compared 
with the control. The intensity of anti-inflammatory activ-
ity of compound 2.2 is comparable with diclofenac sodi-
um. The position of sulfur in spirocycle of the isomer hy-
drogenated spirothiopyranes (2.7, 2.9) determined the 
anti-inflammatory activity. Thus, the compound 2.7 with 
4,6´-spiro position of thiopyran towards to triazinoquina
zoline cycle exhibited anti-inflammatory activity at the 
level of diclofenac sodium. Relocation of sulfur in the thio-
pyran cycle (3,6´-spiro position, compound 2.9) led to a 
significant decrease of activity, whereas contraction of 
thiopyran cycle by a homologous unit (2.8) in contrast in-
creased activity to 11.11% (compared with diclofenac). 
The structural similarity of compounds 2.10 and 2.11 to 
the celecoxib-like drugs, as we consider led to high an-
ti-inflammatory activity.

Modification of position 3 substituent of triazino-
quinazoline cycle via replacing of phenyl substituent by 
the 4-tert-butylphenyl (2.3), 4-fluorophenyl (2.4) or 4-me-
thoxyphenyl (2.5) was substantiated and led to increasing 
of anti-inflammatory activity at 11.12-40.21%, compared 
with the reference drug (Tab. 2). While, the introduction 
of additional bromine (2.6) at the 10th position of com-
pound 2.2 led to a loss of activity compared to the com-
pounds 2.3-2.5. Such, this way of modification of the mol-
ecule was not promising.

4. Соnclusions
Based on the methodology of purposeful search of 

NSAIDs an effective method for the synthesis of 6-spiro-
fused 10-R-3-aryl-6,7-dihydro-2H-[1,2,4]triazino[2,3-c]
quinazolin-2-ones (a promising class of anti-inflammatory 
agents) was proposed. Structural features of the synthe-
sized compounds, as well as their 1H, 13C NMR spectrosco-
py and mass spectrometry data were discussed. It was es-
tablished that compounds 2.3–2.5, 2.8 and 2.10 under 
formaline-induced paw edema model revealed the activity 
higher comparing to the reference drug – diclofenac sodi-
um. SAR analysis showed that combination of tri-
azine[2,3-c]quinazoline cycle with other heterocyclic frag-
ments is reasonable in scope of novel NSAIDs creation and 
calls for further research.
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Povzetek
Naše raziskave smo usmerili v načrtno iskanje novih, obetavnih antiinflamatornih spojin, zlasti med relativno nezna-
nimi 3’-R-10’-R1-spiro[heteroaril-3(4),6’-[1,2,4]triazino[2,3-c]kinazolin]-2’(7’H)-oni. Pripravili smo virtualno kombi-
natorialno knjižnico doslej neznanih spiro-pripojenih derivatov [1,2,4]triazino[2,3-c]kinazolinov ter s pomočjo metod 
molekulskega sidranja identificirali najbolj obetavne inhibitorje COX-2. Nato smo te potencialne spojine, ki bi lahko 
imele protivnetni učinek, sintetizirali s pomočjo [5+1] ciklokondenzacij substituiranih 3-(2-aminofenil)-6-R-1,2,4-tri-
azin-5(2H)-onov s heterocikličnimi ketoni. Strukture pripravljenih spojin smo določili na osnovi fizikalno-kemijskih 
metod in spektroskopskih značilnosti. Za dobljene spojine smo določili antiinflamatorno aktivnost z uporabo modela s 
formalinom induciranega edema šape testnih živali. Na ta način smo identificirali najbolj aktivne spojine. Izvedena anal-
iza primerjave aktivnosti od strukture spojin (SAR analiza) je pokazala, da je kombinacija triazino[2,3-c]kinazolinskega 
in spiro-pripojenega fragmetna smiselen pristop k pripravi še novih antiinflamatornih zdravil.
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Abstract
Various biological properties of natural and synthetic pyrazole derivatives such as anti-inflammatory, antimicrobial, 
neuroprotective, anticonvulsant, antidepressant and anticancer activities encouraged us to propose a new, fast, green and 
eco-friendly procedure for the preparation of some novel 5-amino-3-(aryl substituted)-1-(2,4-dinitrophenyl)-1H-pyra-
zole-4-carbonitriles. They were efficiently synthesized via one-pot two-step process reaction of malononitrile, 2,4-dini-
trophenylhydrazine and different benzaldehydes in deep eutectic solvent (DES) glycerol/potassium carbonate. The 
products yield and reaction times were considerably improved in the presence of applied DES. Antibacterial effects 
of all newly synthesized pyrazoles in comparison with several common antibiotics were evaluated against a variety of 
Gram-positive and Gram-negative pathogenic bacteria. In addition to, their inhibitory activities on three fungi were 
compared to some current antifungal agents. The moderate to good antimicrobial potentials particularly against fungi 
were observed in the major heterocyclic compounds according to the IZD, MIC, MBC and MFC results. 

Keywords: Green synthesis; deep eutectic solvent; glycerol/potassium carbonate; polysubstituted pyrazoles; antibacterial 
and antifungal activities

1. Introduction
Pyrazoles are an important class of azoles containing 

two adjacent nitrogen atoms, which are found as major or 
minor scaffolds in various medicinal compounds and nat-
ural products. L-α-Amino-β-(pyrazolyl-N)-propanoic 
acid and withasomnine, which were isolated from Citrul-
lus vulgaris (watermelon) juice and from the roots of With-
ania somnifera Dun (Solanaceae), in fact, are two of the 
few naturally occurring pyrazoles that have found poten-
tial use as anti-diabetic and depressant agents in medicinal 
chemistry.1,2 Pyrazofurin and formycin are natural C-nu-
cleoside antibiotics that are used to treat viral infections as 
well as inhibition of tumor cells growth. Stanozolol is a 
synthetic anabolic steroid that can be applied for treatment 
of anaemia and hereditary angioedema. In addition to, the 
pyrazole ring as a part of the chemical structure of drugs 
such as antipyrine, celecoxib and betazole, plays an essen-
tial role in the relief of ear pain and swelling, improvement 

of osteoarthritis signs, and treatment of bacterial and fun-
gal infections (Figure 1).

Compounds containing pyrazole moiety exhibit a 
wide variety of biological and pharmacological activities 
including analgesic, neuroprotective, anticonvulsant, an-
giotensin converting enzyme (ACE) inhibitory, anti-an-
giogenesis, antioxidant and antiviral activities.3–9 Numer-
ous studies have also focused on antibacterial and antifun-
gal properties of pyrazole derivatives.10–12 In a research 
project, inhibitory activities of some heterocyclic Schiff 
bases derived from thiocarbohydrazide were assessed 
against various pathogenic bacterial and fungal strains via 
measurement of their inhibition zone diameters. One of 
the synthesized 1,2,4-triazines could block the growth of 
all selected microorganism.13

Various methods were proposed for the synthesis of 
pyrazole and their analogues.14–17 In this regard, a solution 
of the appropriate triethylamine in 1,4-dioxane efficiently 
catalysed synthesis of pyridine, thiophene and 4H-pyrane 

DOI: 10.17344/acsi.2017.3609
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derivatives via one-pot or multicomponent protocols.18 
Similar procedures were designed to prepare pyrazole de-
rivatives.19–24 Most of these methods include simultaneous 
or multistep reaction of aldehyde, hydrazine and active 
methylene compounds under different conditions.25–29 Re-
cently, deep eutectic solvents (DESs) were widely applied 
as eco-friendly media or efficient catalysts in organic syn-
thesis especially for the preparation of pyrazoles.30–32 Glyc-
erol/potassium carbonate is a new class of DES having its 
physical properties, such as surface tension, viscosity, den-
sity and refractive index, carefully measured.33 In order to 
apply glycerol/K2CO3 system in organic synthesis, some 
novel 5-amino-1-(2,4-dinitrophenyl)-1H-pyrazole-4-car-
bonitrile derivatives were prepared via the reaction of 
malononitrile, 2,4-dinitrophenylhydrazine and various 
benzaldehydes. The in vitro antimicrobial activities of syn-
thesized derivatives were studied against a variety of 
pathogenic bacteria and fungi, as well as structure-activity 
relationships were expanded. 

2. Experimental
2. 1. Chemicals

All reagents, solvents, antibiotics and antifungal 
agents were purchased from commercial sources (Merck, 
Sigma and Aldrich), and used without further purifica-
tion. The bacterial and fungal culture media were obtained 
from HiMedia. Melting points were determined with Kru-
ss type KSP1N melting point meter and are uncorrected. 
Reaction progress was monitored by aluminium TLC 
plates pre-coated by silica gel with fluorescent indicator 
F254 using CH2Cl2/CH3OH (9:1, v/v) as the mobile phase, 
being visualized under UV radiation (254 nm). FT-IR 
spectra of the products were collected using Bruker Ten-
sor-27 FT-IR spectrometer. 1H and 13C NMR spectra were 
recorded at 400 and 100 MHz, respectively, on a Bruker 
FT-NMR Ultra Shield-400 spectrometer. Elemental analy-
ses were performed for C, H and N on a Thermo Finnigan 

Flash EA microanalyzer. DESs were prepared in various 
ratios of glycerol/K2CO3 according to the procedures re-
ported by Naser et al.33 as follows: the mixture of different 
molar ratios of potassium carbonate and glycerol were vig-
orously stirred at 80 oC for 2 h to gain homogenous trans-
parent colorless liquids.

2. 1. 1. �General Procedure for the Synthesis  
of Pyrazoles 4a–f

A mixture of K2CO3 (0.140 g, 0.001 mol) and glycer-
ol (0.360 g, 0.004 mol) was stirred at 80 oC for 2 h to form 
a homogenous colorless liquid as DES1. Under the same 
conditions, the distilled water (0.25 mL), malononitrile (1) 
(0.660 g, 0.001 mol) and benzaldehydes 2a–f (2a: 0.163 g, 
2b: 0.136 g, 2c: 0.151 g, 2d: 0.152 g, 2e: 0.175 g, 2f: 0.175 g; 
0.001 mol) were respectively added to it. The intermediate 
benzylidene malononitriles 6a–f were produced in 2 min. 
2,4-Dinitrophenylhydrazine (3) (0.198 g, 0.001 mol) was 
added to the mixture. The reaction continued for another 
18–28 min. The reaction mixture was cooled to room tem-
perature, and neutralized with glacial acetic acid (0.120 g, 
0.002 mol). After adding 1 mL of ethanol, the mixture was 
poured into ice-cold saturated aqueous NaCl (5 mL). The 
resulting precipitates were collected by filtration, washed 
respectively with distilled water (5 mL) and ethanol (5 
mL), and recrystallized from methanol to afford pure pyr-
azoles 4a–f as colored crystals.

2. 1. 1. 1. �N-(4-(5-Amino-4-cyano-1-(2,4-dinitrophenyl)-
1H-pyrazol-3-yl)phenyl)acetamide (4a). 

Orange crystals; yield: 0.37 g (91%); m.p. 274–275 
°C; IR (KBr) ν 3444, 3281 (NH2, NH), 2231 (C≡N), 1540, 
1326 (NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 2.06 (s, 
3H, CH3), 7.75 (d, J = 8.7 Hz, 2H, H-3ʹʹ and H-5ʹʹ), 7.87 (d, 
J = 8.7 Hz, 2H, H-2ʹʹ and H-6ʹʹ), 7.98 (d, J = 8.5 Hz, 1H, 
H-6ʹ), 8.30 (d, J = 8.5 Hz, 1H, H-5ʹ), 8.55 (s, 2H, NH2), 8.79 
(s, 1H, H-3ʹ), 10.48 (s, 1H, NH); 13C NMR (100 MHz,  
DMSO-d6) δ 24.67 (CH3), 78.00 (C-4), 114.21 (C≡N), 

Figure 1. Natural products and drugs containing pyrazole moiety.
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119.20 (C-3ʹʹ and C-5ʹʹ), 123.43 (C-6ʹ), 126.15 (C-1ʹʹ), 
128.60 (C-5ʹ), 130.08 (C-3ʹ), 132.78 (C-2ʹʹ and C-6ʹʹ), 
137.17 (C-1ʹ), 141.91 (C-2ʹ), 144.82 (C-4ʹ), 145.38 (C-4ʹʹ), 
149.71 (C-3), 160.67 (C-5), 169.77 (C=O). Anal. Calcd. for 
C18H13N7O5: C, 53.07; H, 3.22; N, 24.07. Found: C, 53.01; 
H, 3.18; N, 24.12. 

2. 1. 1. 2. �5-Amino-1-(2,4-dinitrophenyl)-3-(4-
methoxyphenyl)-1H-pyrazole-4-carbonitrile 
(4b). 

Orange crystals; yield: 0.32 g (85%); m.p. 217–219 °C; 
IR (KBr) ν 3456, 3326 (NH2), 2224 (C≡N), 1538, 1319 
(NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 3.88 (s, 3H, 
CH3), 7.03 (d, J = 8.7 Hz, 2H, H-3ʹʹ and H-5ʹʹ), 7.71 (d, J = 
8.7 Hz, 2H, H-2ʹʹ and H-6ʹʹ), 8.01 (d, J = 8.4 Hz, 1H, H-6ʹ), 
8.38 (d, J = 8.4 Hz, 1H, H-5ʹ), 8.62 (s, 2H, NH2), 8.82 (s, 
1H, H-3ʹ); 13C NMR (100 MHz, DMSO-d6) δ 56.39 (CH3), 
77.29 (C-4), 114.40 (C≡N), 115.67 (C-3ʹʹ and C-5ʹʹ), 123.54 
(C-6ʹ), 124.59 (C-1ʹʹ), 127.97 (C-5ʹ), 130.04 (C-3ʹ), 133.84 
(C-2ʹʹ and C-6ʹʹ), 137.13 (C-1ʹ), 141.07 (C-2ʹ), 144.93  
(C-4ʹ), 149.62 (C-3), 160.91 (C-5), 164.82 (C-4ʹʹ). Anal. 
Calcd. for C17H12N6O5: C, 53.69; H, 3.18; N, 22.10. Found: 
C, 53.64; H, 3.17; N, 22.10. 

2. 1. 1. 3. �5-Amino-1-(2,4-dinitrophenyl)-3-(4-
nitrophenyl)-1H-pyrazole-4-carbonitrile (4c). 

Yellow crystals; yield: 0.35 g (89%); m.p. 295–296 °C; 
IR (KBr) ν 3445, 3325 (NH2), 2228 (C≡N), 1543, 1318 
(NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 8.06 (d, J = 
9.3 Hz, 1H, H-6ʹ), 8.15 (d, J = 7.9 Hz, 2H, H-2ʹʹ and 
H-6ʹʹ), 8.24 (d, J = 7.9 Hz, 2H, H-3ʹʹ and H-5ʹʹ), 8.38 (d, J 
= 9.3 Hz, 1H, H-5ʹ), 8.48 (s, 2H, NH2), 8.81 (s, 1H, H-3ʹ); 
13C NMR (100 MHz, DMSO-d6) δ 89.02 (C-4), 117.37 
(C≡N), 121.69 (C-2ʹʹ and C-6ʹʹ), 123.34 (C-6ʹ), 125.10 
(C-3ʹʹ and C-5ʹʹ), 130.35 (C-5ʹ), 131.62 (C-3ʹ), 136.32  
(C-1ʹ), 138.05 (C-1ʹʹ), 142.82 (C-2ʹ), 144.70 (C-4ʹ), 147.29 
(C-4ʹʹ), 148.80 (C-3), 159.75 (C-5). Anal. Calcd. for  
C16H9N7O6: C, 48.62; H, 2.30; N, 24.80. Found: C, 48.68; 
H, 2.25; N, 24.84. 

2. 1. 1. 4. �5-Amino-1-(2,4-dinitrophenyl)-3-(2-hydroxy-
3-methoxyphenyl)-1H-pyrazole-4-carbonitrile 
(4d). 

Brown crystals; yield: 0.33 g (84%); m.p. 198–199 °C; 
IR (KBr) ν 3537 (OH), 3428, 3287 (NH2), 2206 (C≡N), 
1517, 1331 (NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 
3.77 (s, 3H, CH3), 6.76 (m, 1H, H-4ʹʹ), 6.93 (m, 1H, H-5ʹʹ), 
7.31 (m, 1H, H-6ʹʹ), 7.91 (d, J = 8.1 Hz, 1H, H-6ʹ), 8.24 (d, 
J = 8.1 Hz, 1H, H-5ʹ), 8.87 (s, 1H, H-3ʹ), 9.43 (s, 2H, NH2), 
11.63 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6) δ 56.23 
(CH3), 84.75 (C-4), 113.67 (C≡N), 116.95 (C-4ʹʹ), 118.12 
(C-1ʹʹ), 119.58 (C-5ʹʹ), 120.71 (C-6ʹʹ), 123.31 (C-6ʹ), 129.44 
(C-5ʹ), 129.99 (C-3ʹ), 137.05 (C-1ʹ), 140.90 (C-2ʹ), 142.15 
(C-2ʹʹ), 144.64 (C-4ʹ), 146.43 (C-3), 148.43 (C-3ʹʹ), 162.71 
(C-5). Anal. Calcd. for C17H12N6O6: C, 51.52; H, 3.05; N, 
21.21. Found: C, 51.45; H, 3.11; N, 21.18. 

2. 1. 1. 5. �5-Amino-3-(2,4-dichlorophenyl)-1-(2,4-
dinitrophenyl)-1H-pyrazole-4-carbonitrile 
(4e). 

Yellow crystals; yield: 0.36 g (86%); m.p. 184–186 °C; 
IR (KBr) ν 3443, 3287 (NH2), 2227 (C≡N), 1514, 1330 
(NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 7.46 (d, J = 
5.8 Hz, 1H, H-5ʹʹ), 7.66 (s, 1H, H-3ʹʹ), 7.86 (d, J = 5.8 Hz, 
1H, H-6ʹʹ), 8.01 (d, J = 8.0 Hz, 1H, H-6ʹ), 8.29 (d, J = 8.0 
Hz, 1H, H-5ʹ), 8.77 (s, 1H, H-3ʹ), 8.98 (s, 2H, NH2); 13C 
NMR (100 MHz, DMSO-d6) δ 87.52 (C-4), 113.76 (C≡N), 
123.21 (C-6ʹ), 128.39 (C-5ʹ), 128.77 (C-5ʹʹ), 129.04 (C-1ʹʹ), 
130.06 (C-3ʹ), 130.48 (C-6ʹʹ), 131.40 (C-3ʹʹ), 134.55 (C-2ʹʹ), 
135.81 (C-4ʹʹ), 137.95 (C-1ʹ), 139.16 (C-2ʹ), 144.37 (C-4ʹ), 
144.65 (C-3), 157.17 (C-5). Anal. Calcd. for C16H8Cl2N6O4: 
C, 45.85; H, 1.92; N, 20.05. Found: C, 45.90; H, 1.89; N, 
19.98. 

2. 1. 1. 6. �5-Amino-3-(2,6-dichlorophenyl)-1-(2,4-
dinitrophenyl)-1H-pyrazole-4-carbonitrile 
(4f). 

Orange crystals; yield: 0.37 g (88%); m.p. 256–257 °C; 
IR (KBr) ν 3443, 3287 (NH2), 2227 (C≡N), 1514, 1330 
(NO2) cm–1; 1H NMR (400 MHz, DMSO-d6) δ 7.44 (d, J = 
6.1 Hz, 1H, H-4ʹʹ), 7.58 (t, J = 6.1 Hz, 2H, H-3ʹʹ), 7.96 (d, J 
= 8.4 Hz, 1H, H-6ʹ), 8.40 (d, J = 8.4 Hz, 1H, H-5ʹ), 8.83 (s, 
1H, H-3ʹ), 9.01 (s, 2H, NH2); 13C NMR (100 MHz, DM-
SO-d6) δ 84.86 (C-4), 117.36 (C≡N), 123.28 (C-6ʹ), 126.36 
(C-1ʹʹ), 130.48 (C-5ʹ), 130.06 (C-3ʹʹ and C-5ʹʹ), 130.61 
(C-4ʹʹ), 131.41 (C-3ʹ), 131.64 (C-2ʹʹ and C-6ʹʹ), 138.21  
(C-1ʹ), 140.90 (C-2ʹ), 144.35 (C-4ʹ), 144.89 (C-3), 158.66 
(C-5). Anal. Calcd. for C16H8Cl2N6O4: C, 45.85; H, 1.92; N, 
20.05. Found: C, 45.81; H, 1.87; N, 20.10. 

2. 2. In vitro Antimicrobial Assay
Gram-negative bacterial strains including Pseudo-

monas aeruginosa (PTCC 1310), Shigella flexneri (PTCC 
1234), Shigella dysenteriae (PTCC 1188), Proteus mirabilis 
(PTCC 1776), Proteus vulgaris (PTCC 1079), Salmonella 
enterica subsp. enterica (PTCC 1709) and Salmonella typhi 
(PTCC 1609); Gram-positive bacterial strains including 
Streptococcus pyogenes (PTCC 1447), Streptococcus agalac-
tiae (PTCC 1768), Streptococcus pneumoniae (PTCC 
1240), Staphylococcus epidermidis (PTCC 1435) and 
Rhodococcus equi (PTCC 1633); and fungi including As-
pergillus fumigatus (PTCC 5009), Candida albicans (PTCC 
5027) and Fusarium oxysporum (PTCC 5115) were pre-
pared from the Persian Type Culture Collection (PTCC), 
Tehran, Iran. Initial concentrations of 17.6 μg/mL of posi-
tive controls were prepared in double-distilled water. Ac-
cordingly, heterocyclic compounds were dissolved in 10% 
DMSO to produce final concentrations of 10240 μg/mL. 
All the antibiogram assays were repeated at least three 
times. The results were reported as the mean of three inde-
pendent experiments. Antibacterial and antifungal activi-
ties were determined using both broth microdilution and 
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disk diffusion methods, according to Clinical and Labora-
tory Standards Institute (CLSI) guidelines M07-A9, 
M26-A, M02-A11, M44-A and M27-A2 with a slight mod-
ification.34,35

3. Results and Discussion
3. 1. Chemistry

In this project, 5-amino-1H-pyrazole-4-carboni-
triles were synthesized via an efficient, environmentally 
friendly, cost-effective and fast process. One-pot two-step 
reaction of malononitrile (1), mono or disubstituted benz-
aldehydes 2a–f and 2,4-dinitrophenylhydrazine (3) pro-
duced polyfunctional pyrazoles 4a–f in high yields (Sche
me 1). The best results were obtained with glycerol/K2CO3 
as the reaction media and catalyst.

The reaction conditions were optimized in terms of 
solvent, presence or absence of the catalyst and tempera-
ture. 1 mmol each of malononitrile (1), 4-acetamido-
benzaldehyde (2a) and 2,4-dinitrophenylhydrazine (3) 
were reacted under different conditions (Table 1). Glycer-
ol as a green, cheap, non-toxic, inflammable and readily 
available solvent was the component present in all reac-
tions. No target products were obtained when the reac-
tion mixture was stirred at room temperature. The solu-
bility of reagents was improved as the viscosity of glycerol 
largely decreased with increasing temperature to 80 °C. 
All efforts to perform three-component reaction in me-
dia containing glycerol alone were unsuccessful (Entries 
1, 2). The formation of Schiff bases as major products in 

glycerol showed that the presence of K2CO3 catalyst is re-
quired for the synthesis of pyrazoles (Entries 3–6). There 
are two possible mechanisms to form the products, but it 
seems that only route b will afford the final compounds 
4a–f (Scheme 2). Schiff-base condensation reaction was 
observed in route a under some of the applied conditions. 
Colorless solutions of various molar ratios of potassium 
carbonate to glycerol (DES1, 1:4; DES2, 1:5; DES3, 1:6) 
were selected because their physical properties, including 
conductivity, surface tension, viscosity, refractive index, 
density and pH have been evaluated very well in the tem-
perature range of 10–80 °C.33 Three-component reaction 
in 0.5 g of each of these three DESs at room temperature 
have resulted in the Schiff bases and benzylidenemalono-
nitriles as the major products (Entries 7, 9, 11), pyrazoles 
were obtained in 35–40% yields due to the increase of 
temperature to 80 °C (Entries 8, 10, 12). One-pot two-
step process was screened according to route b. Two-step 
procedure was carried out in all DESs, the increase in 
molar ratios of glycerol reduced the product yield (En-
tries 13–18). This can be caused by the higher pH of 
DES1. The first stage reaction did not proceed completely 
at room temperature or at higher temperature even after 
8 h, due to the lack of appearance of the intermediary 
benzylidenemalononitriles in the reaction media. There-
fore, the next stage reaction of unconsumed reagents es-
pecially aldehydes with hydrazine was inevitable under 
these conditions (Entries 13, 15, 17). Adding water to 
achieve the final DES1/H2O ratios of 1:2, 1:1 and 3:1 
(w:w) has improved reaction time and product yield, the 
condensation reaction of malononitrile with aldehyde 

Scheme 1. Total synthesis of polysubstituted pyrazoles 4a–f.

Scheme 2. Proposed mechanisms for the formation of pyrazole derivatives 4a–f.
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was thus completed within 2 min (Entries 19, 20, 22). The 
best results were obtained with DES1/H2O ratio of 2:1 
(w:w), and this was considered as the optimized condi-
tions (Entry 21).

The molecular structures and purity of the newly 
synthesized compounds were identified by NMR (1H and 
13C), FT-IR and elemental analysis (CHN). In FT-IR spec-
tra, absorption bands attributed to symmetric and asym-
metric stretching vibrations of amino groups appeared 
within ν = 3428–3456 and 3281–3326 cm–1, as well as 
stretching vibrations of nitro groups were recorded within 
ν = 1514–1543 and 1318–1331 cm–1. The presence of ni-
trile groups was deduced both from IR bonds and 13C 
NMR signals appearing at ν = 2206–2228 cm–1 and δ  

113.67–117.37 ppm. In addition to these, 1H NMR spectra 
and microanalytical data are in agreement with the chem-
ical structures.    

3. 2. Antimicrobial Evaluation
The in vitro inhibitory activities of the newly synthe-

sized derivatives were evaluated against a variety of patho-
genic bacteria and fungi. Amikacin, ceftriaxone and peni-
cillin belonging to aminoglycoside, cephalosporin and 
penicillin antibiotics, respectively, were used as positive 
antibacterial controls, as well as antifungal agents includ-
ing terbinafine, fluconazole and nystatin. The antimicrobi-
al effects were presented as IZD, MIC, MBC and MFC val-
ues in Tables 3 and 4.

According to the data reported in Table 3, the deriv-
atives were ordered based on the spread of inhibitory 
properties and the MIC values as follows: 4b > 4e > 4d > 4c 
> 4f > 4a. The 3-phenyl ring in pyrazole derivative 4b was 
substituted by a methoxy group at para position, it was the 
only compound synthesized effective against Streptococcus 
pyogenes and Proteus vulgaris. The pyarazole 4a containing 
p-acetamidophenyl substituent was effective only against 
Gram-negative Salmonella typhi. The inhibitory effects of 
derivative 4e including 2,4-dichlorophenyl substituent 
were more significant than those of the derivative 4f with 
2,6-dichlorophenyl substituent. Among pyrazoles 4a–f, 
the antibacterial properties against Proteus mirabilis and 

Table 1. Optimization of the model reaction conditions.

	 Entry	 Solvent	 Condition	 Time (min)	 Yield (%)

	   1	 Glya	 Three-component, rt	 240	 –
	   2	 Gly	 Three-component, 80°C	 120	 Schiff base
	   3	 Gly	 One-pot two-step process (route a), rt	 240	 –
	   4	 Gly	 One-pot two-step process (route a), 80 °C	 180	 Schiff base
	   5	 Gly	 One-pot two-step process (route b), rt	 240	 –
	   6	 Gly	 One-pot two-step process (route b), 80 °C	 180	 Schiff base
	   7	 DES1	 Three-component, rt	 210	 Benzylidene, Schiff base
	   8	 DES1	 Three-component, 80 °C	   90	 40
	   9	 DES2	 Three-component, rt	 180	 Benzylidene, Schiff base
	 10	 DES2	 Three-component, 80 °C	   90	 37
	 11	 DES3	 Three-component, rt	 150	 Benzylidene, Schiff base
	 12	 DES3	 Three-component, 80 °C	   90	 35
	 13	 DES1	 One-pot two-step process (route b), rt	 180	 Benzylidene, Schiff base
	 14	 DES1	 One-pot two-step process (route b), 80 °C	 120	 53
	 15	 DES2	 One-pot two-step process (route b), rt	 150	 Benzylidene, Schiff base
	 16	 DES2	 One-pot two-step process (route b), 80 °C	 150	 47
	 17	 DES3	 One-pot two-step process (route b), rt	 120	 Benzylidene, Schiff base
	 18	 DES3	 One-pot two-step process (route b), 80 °C	 180	 42
	 19	 DES1/H2O, 1:2b	 One-pot two-step process (route b), 80 °C	   50	 60
	 20	 DES1/H2O, 1:1b	 One-pot two-step process (route b), 80 °C	   35	 75
	 21	 DES1/H2O, 2:1b	 One-pot two-step process (route b), 80 °C	   20	 91
	 22	 DES1/H2O, 3:1b	 One-pot two-step process (route b), 80 °C	   40	 68 

a Gly as glycerol; b Ratios as w:w; The amount 0.5 g of solvents containing glycerol was used. Under the optimized conditions, mono and disubstituted 
benzaldehydes 2b–f were also reacted with malononitrile (1) and 2,4-dinitrophenylhydrazine (3) to afford pyrazoles 4b–f. The results are presented 
in Table 2. 

 Table 2. Synthesis of polysubstituted pyrazoles 4a–f under opti-
mized conditions.

Entry	 R	 Product	 Time 	 Yielda

			   (min)	 (%)

   1	 4-CH3CONH-C6H4	 4a	 20	 91
   2	 4-CH3O-C6H4	 4b	 25	 85
  3	 4-O2N-C6H4	 4c	 20	 89
   4	 2-HO-3-CH3O-C6H3	 4d	 30	 84
   5	 2,4-Cl2-C6H3	 4e	 25	 86
   6	 2,6-Cl2-C6H3	 4f	 25	 88 

a All yields refer to isolated products
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Table 3. Antibacterial effects of synthesized pyrazoles and antibiotics.  

Products 	 Bacteria	 4a	 4b	 4c	 4d	 4e	 4f	 AMKa	 CROb	 PENc

		  IZDd	 –	 9.23	 8.53			   –	 17.20	 –	 –
1768	 MICe	 –	 512	 512	 –	 –	 –	 2	 –	 –
		  MBCf	 –	 1024	 1024	 –	 –	 –	 8	 –	 –

		  IZD	 –	 –	 –	 –	 –	 15.46	 20.17	 25.88	 22.61
1447	 MIC	 –	 –	 –	 –	 –	 64	 1	 0.5	 0.25
		  MBC	 –	 –	 –	 –	 –	 128	 4	 1	 0.5

		  IZD	 –	 10.11	 –	 11.50	 10.10	 11.51	 10.10	 32.64	 14.03
1709	 MIC	 –	 256	 –	 256	 512	 256	 0.5	 2	 4
		  MBC	 –	 512	 –	 512	 1024	 512	 1	 8	 16

		  IZD	 –	 15.87	 –	 –	 –	 –	 20.98	 –	 –
1188	 MIC	 –	 256	 –	 –	 –	 –	 0.063	 –	 –
		  MBC	 –	 128	 –	 –	 –	 –	 0.125	 –	 –

		  IZD	 –	 –	 –	 13.26	 –	 15.01	 7.66	 34.08	 18.28
1234	 MIC	 –	 –	 –	 1024	 –	 512	 0.5	 2	 8
		  MBC	 –	 –	 –	 2048	 –	 1024	 4	 4	 16

		  IZD	 –	 –	 –	 10.74	 –	 –	 14.65	 33.91	 20.73
1776	 MIC	 –	 –	 –	 128	 –	 –	 0.25	 0.063	 8
		  MBC	 –	 –	 –	 256	 –	 –	 4	 1	 32

		  IZD	 12.21	 13.89	 –	 11.67	 14.78	 –	 19.31	 30.43	 10.95
1609	 MIC	 64	 64	 –	 64	 32	 –	 0.063	 0.063	 4
		  MBC	 128	 128	 –	 128	 64	 –	 0.25	 0.125	 16

		  IZD	 –	 17.76	 12.14	 –	 13.82	 –	 20.71	 18.54	 23.58
1435	 MIC	 –	 16	 64	 –	 64	 –	 0.25	 0.5	 0.5
		  MBC	 –	 32	 128	 –	 256	 –	 4	 2	 1

		  IZD	 –	 12.10	 13.67	 –	 14.10	 –	 19.07	 16.21	 –
1310	 MIC	 –	 128	 16	 –	 16	 –	 0.063	 0.5	 –
		  MBC	 –	 256	 32	 –	 32	 –	 0.063	 1	 –

		  IZD	 –	 12.16	 –	 11.55	 11.34	 –	 17.44	 –	 12.20
1240	 MIC	 –	 256	 –	 256	 256	 –	 1	 –	 8
		  MBC	 –	 512	 –	 512	 512	 –	 1	 –	 16

		  IZD	 –	 11.78	 –	 –	 –	 –	 22.42	 –	 12.82
1079	 MIC	 –	 16	 –	 –	 –	 –	 4	 –	 8
		  MBC	 –	 64	 –	 –	 –	 –	 4	 –	 32

		  IZD	 –	 19.45	 11.92	 11.08	 15.20	 9.52	 19.47	 21.51	 17.29
1633	 MIC	 –	 32	 32	 256	 128	 128	 1	 2	 8
		  MBC	 –	 64	 128	 512	 256	 256	 2	 2	 16 

–: No noticeable antibacterial effects at selected highest concentration.   a Amikacin, b Ceftriaxone, c Penicillin, d Inhibition zone diameter in mm, e 
Minimum inhibitory concentration in μg/mL, f Minimum bactericidal concentration in μg/mL.

Shigella dysenteriae were observed for the compounds 4d 
and 4f, respectively. Amikacin in comparison with two 
other antibiotics could block the growth of all bacteria.

The in vitro antifungal activities of prepared pyrazoles 
were also evaluated and the results were promising. No in-
hibitory effect was observed with derivative 4d containing 
2-hydroxy-3-methoxyphenyl substituent at the 3-position 
of the pyrazole ring. The dichloro compounds 4e and 4f had 
the same antifungal properties despite their different stereo-
chemistry. Data gathered in Table 4 show that terbinafine 
has more remarkable effects than the others.

4. Conclusions
An efficient, one-pot two-step procedure was pro-

posed and the synthesis of polysubstituted pyrazoles has 
been carried out. Some deep eutectic solvents including dif-
ferent molar ratios of potassium carbonate to glycerol were 
prepared and applied as reaction media and catalyst in this 
synthesis. The best results in terms of product yields and re-
action times were achieved in molar ratios 1:4:14 of K2CO3/
glycerol/H2O. Efficiency of DES K2CO3/glycerol in organic 
synthesis is currently under our investigation, and will be in 
focus of our future research. Furthermore, antimicrobial ac-
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tivities of all synthesized derivatives were evaluated against a 
broad range of pathogenic bacteria and fungi. Based on the 
broad-spectrum inhibitory effects of the pyrazole 4b, includ-
ing 4-methoxy group on 3-aryl ring, it is suggested that 
benzaldehydes with small para electron donating substitu-
ents should be used to synthesize future active analogues. 
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Povzetek
Različne biološke lastnosti naravnih in sintetičnih pirazolskih derivatov, kot so npr. delovanja proti vnetjem in 
mikrobom, nevrozaščitni učinki, antiepileptični ter antidepresivni učinki in aktivnosti proti rakom, so nas spodbudili, 
da smo predlagali novo, hitro, zeleno in ekološko sprejemljivo pot za pripravo nekaterih novih 5-amino-3-(aril substitu-
iranih)-1-(2,4-dinitrofenil)-1H-pirazol-4-karbonitrilov. Učinkovito smo jih pripravili z enolončno dvostopenjsko reak-
cijo med malononitrilom, 2,4-dinitrofenilhidrazinom in različnimi benzaldehidi v globoko evtektičnem topilu (DES) 
glicerol/kalijev karbonat. Uporaba tovrstnega topilnega sistema je opazno povečala izkoristke produktov in skrajšala 
reakcijske čase. Raziskali smo antibakterijsko delovanje novopripravljenih pirazolov in rezultate primerjali z učinki več 
običajnih antibiotikov na izbrane Gram-pozitivne in Gram-negativne patogene bakterije. Raziskali smo tudi inhibitorno 
aktivnost proti trem glivam in jo primerjali z nekaterimi običajnimi učinkovinami proti glivam. Zmerno do dobro anti-
mikrobno delovanje, predvsem pa delovanje proti glivam, smo opazili v nekaterih primerih naših heterocikličnih spojin, 
kot je bilo razvidno iz izmerjenih IZD, MIC, MBC in MFC vrednosti.
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Abstract
A series of substituted 1,8-naphthyridine derivatives was synthesized to be used as cytotoxic and antioxidant agents by 
applying 1,4-dihydro-4-oxo-1,8-naphthyridine-3-carbohydrazide (1) as the starting material. Compound 1 was reacted 
with different reagents to afford the corresponding 3-heterarylcarbonyl-1,8-naphthyridine derivatives 3–19 which were 
tested for their in vitro cytotoxicity against Ehrlich Ascites Carcinoma, and antioxidant activity. Compound 15 showed 
the best cytotoxicity and antioxidant activity.

Keywords: 1,8-naphthyridine; quinazolone; pyrazole; cytotoxicity; antioxidant activity

1. Introduction
Studies on the synthesis of 1,8-naphthyridines have 

served as a fertile field of research in the perusal for anti-
bacterial agents.1–3 Nalidixic acid (1-ethyl-3-carboxy-7-
methyl-1,8-naphthyridine-4-one) has been found to be 
effective particularly against gram negative bacteria found 
in chronic urinary tract infections.4 1,8-Naphthyridine 
derivatives were found to display moderate cytotoxic ac-
tivity against murine p388 leukemia, when changes were 
carried out at N-1 and N-7 positions.5,6 It has been report-
ed that C-3 carboxamide derivatives with a spacer have 
shown good cytotoxicity along with anti-inflammatory 
activity.7

Pharmacologically, pyrazole and its derivatives rep-
resent one of the most important classes of organic hetero-
cyclic compounds, possessing anti-bacterial, anti-fungal,8 
herbicidal9 and anti-viral activities.10

Moreover, the chemistry of carbohydrazoles has 
gained increased interest in both synthetic organic chem-
istry and biological fields and has considerable value in 
many useful applications, such as the assessment process 
of the three dimensional ultra structure examination tech-
niques of interphase nuclei and tissues, besides their ther-
apeutic importance.11

2. Experimental
2. 1. Materials and Methods 
2. 1. 1. Chemicals and Reagents 

All the chemicals and solvents used in this study 
were obtained from Merck (Germany) and Sigma-Aldrich 
chemical company (Germany). 

2. 1. 2. Instruments
All melting points were recorded on Gallenkamp 

electric melting point apparatus and are uncorrected. The 
IR spectra ν cm–1 (KBr) were recorded on Perkin–Elmer 
Infrared Spectrophotometer Model 157, Grating. The 1H 
and 13C NMR spectra were run on Varian Spectropho-
tometer at 400 MHz and 100 MHz using TMS as the inter-
nal reference and DMSO-d6 as the solvent. Chemical 
shifts (δ) are given in ppm. The mass spectra (EI) were 
recorded on 70 eV with Kratos MS equipment and/or 
Varian MAT 311 A Spectrometer at Cairo University, 
Giza, Egypt, and at Assuit University Central Laboratory. 
Elemental analyses (C, H, and N) were carried out at the 
Microanalytical Center of Cairo University, Giza, Egypt 
(automatic analyzer CHNS, Vario ELIII-elementar, Ger-
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many). The results were found to be in good agreement 
with the calculated values.

2. 2. Synthesis
2. 2. 1. �Synthesis of 1,4-Dihydro-N-(2-methyl-

4-oxoquinazolin-3(4H)-yl)-4-oxo-1,8-
naphthyridine-3-carboxamide (3)

A mixture of separated or freshly prepared benzox-
azine 212 (1.16 g, 10 mmol) and 4-oxo-1,4-dihy-
dro-1,8-naphthyridine-3-carbohydrazide (1) (2.04 g, 10 
mmol) in ethanol (25 mL) containing glacial acetic acid (5 
mL) was refluxed for 4 h. The formed precipitate was fil-
tered off, dried and recrystallized from ethanol to give 
compound 3. Yield 63%; White crystal; m.p. 289 °C; IR 
(KBr): νmax 3230–3238 (br, 2 NH), 1668, 1671 (C=O, amid-
ic), 1614 (α,β-unsaturated C=O),13 1569 (C=N) cm–1; 1H 
NMR (DMSO-d6) δ 1.93 (s, 3H, CH3), 7.62–8.24 (m, 7H, 
Ar-H), 9.01 (s, 1H, C2-H of naphthyridine ring), 9.21 (s, 
1H, NH), 10.66 (s, 1H, NH); 13C NMR (DMSO-d6) δ 21.6, 
113.8, 114, 121.1, 122.3, 123.9, 126.6, 127.8, 134.2, 138.1, 
141.7, 148.2, 151.4, 152.6, 162.1, 164.4, 165.9, 176.8; MS 
(EI, 70 eV) m/z (%) 347 (M+, 4.03), 272 (6.05), 259 (5.26), 
230 (10.31), 173 (61.90), 138 (8.82), 123 (8.09), 104 (62.02), 
89 (9.44), 77 (100), 75 (17.03), 63 (24.58), 51 (67.43), 49 
(13.12); Anal. calcd. for C18H13N5O3 (347.33): C, 62.24; H, 
3.77; N, 20.16. Found: C, 62.36; H, 3.59; N, 20.31.

2. 2. 2. �Synthesis of Ethyl 3-(2-(4-Oxo-1,4-dihydro-
1,8-naphthyridine-3-carbonyl)hydrazono)
butanoate (4)

A mixture of compound 1 (2.04 g, 10 mmol) and 
ethyl acetoacetate (1.3 g, 10 mmol) was refluxed in ethanol 
(25 mL) containing drops of glacial acetic acid for 2 h. The 
reaction mixture was cooled to room temperature. The 
solid product that formed was filtered off, dried, and re-
crystallized from ethanol to give compound 4. Yield 95%; 
pale yellow crystal; m.p. 209 °C; IR (KBr): νmax 3237–3255 
(br, NH), 1724 (C=O of ester group), 1689 (C=O, amidic), 
1625 (α,β-unsaturated C=O), 1567 (C=N) cm–1; 1H NMR 
(DMSO-d6) δ 0.91 (s, 3H, CH3), 1.38 (t, 3H, CH3), 2.35 (s, 
2H, CH2), 4.25 (q, 2H, CH2), 7.60–8.24 (m, 3H, CH-pyri-
dine ring), 8.61 (s, 1H, C2-H of naphthyridine ring), 10.81 
(s, 1H, NH), 11.01 (s, 1H, NH); MS (EI, 70 eV) m/z (%) 
316 (M+, 17.5), 271 (2.8), 245 (0.2), 229 (69.0), 204 (0.5), 
202 (1.4), 189 (1.6), 173 (100), 145 (2.3), 104 (12.3), 76 
(10.6); Anal. calcd. for C15H16N4O4 (316.31): C, 56.96; H, 
5.10; N, 17.71. Found: C, 56.96; H, 5.12; N, 17.93.

2. 2. 3. �Synthesis of 3-(3-Methyl-5-oxo-4,5-dihydro-
1H-pyrazole-1-carbonyl)-1,8-naphthyridin-
4(1H)-one (5)

Compound 4 (3.16 g, 10 mmol) was refluxed in eth-
anol (30 mL) containing sodium metal (0.23 g, 10 mmol) 

for 5 h, cooled to room temperature, and poured into ice 
cold water. The separated solid was filtered, dried, and re-
crystallized from ethanol to give 5. Yield 59%; pale brown 
powder; m.p. >300 °C; IR (KBr): νmax 3134 (NH), 1669, 
1674 (C=O, amidic), 1636 (α,β-unsaturated C=O), 1606 
(C=N) cm–1; 1H NMR (DMSO-d6) δ 1.22 (s, 3H, CH3), 
2.07 (s, 2H, CH2), 6.76–8.63 (m, 3H, CH-pyridine ring), 
8.41 (s, 1H, C2-H of naphthyridine ring), 9.83 (s, 1H, 
NH); 13C NMR (DMSO-d6) δ 26.5, 43.2, 113.8, 114, 122.3, 
138, 141.7, 151.4, 152.6, 158.2, 161.4, 167.1, 176.8; MS 
(EI, 70 eV) m/z (%) 270 (M+, 0.26), 173 (0.4), 168 (2.07), 
125 (0.64), 111 (8.76), 97 (0.63), 84 (13.67), 77 (1.54), 68 
(4.23), 52 (100); Anal. calcd. for C13H10N4O3 (270.24): C, 
57.78; H, 3.73; N, 20.73. Found: C, 57.77; H, 3.64; N, 
20.71.

2. 2. 4. �Synthesis of 4-Oxo-N’-(4-oxopentan-2-
ylidene)-1,4-dihydro-1,8-naphthyridine-3-
carbohydrazide (6)

A mixture of 1 (2.04 g, 10 mmol) and acetylacetone 
(1.0 g, 10 mmol) was refluxed in ethanol (25 mL) contain-
ing a few drops of glacial acetic acid for 2 h. The reaction 
mixture was left to cool, and then poured into ice cold wa-
ter. The solid product was filtered off, dried, and recrystal-
lized from ethanol to give compound 6. Yield 41%; dark 
yellow powder; m.p. >300 °C; IR (KBr): νmax 3251 (br, NH), 
1743 (C=O, ketonic), 1681 (C=O, amidic), 1627 (α,β-un-
saturated C=O), 1569 (C=N), 1548 (C=C) cm–1; 1H NMR 
(DMSO-d6) δ 1.20 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.54 (s, 
2H, CH2), 8.48 (s, 1H, C2-H of naphthyridine ring), 7.62–
8.76 (m, 3H, CH-pyridine ring), 10.49 (s, 1H, NH), 11.20 
(s, 1H, NH); MS (EI, 70 eV) m/z (%) 286 (M+, 11.0), 285 
(41.57), 148 (38.57), 134 (53.00), 117 (36.02), 77 (78.89), 
64 (88.82), 50 (100), 49 (63.92), 45 (64.72); Anal. calcd. for 
C14H14N4O3 (286.29): C, 58.73; H, 4.93; N, 19.57. Found: C, 
58.72; H, 4.83; N, 19.69.

2. 2. 5. �Synthesis of 3-(3,5-Dimethyl-1H-pyrazole-
1-carbonyl)-1,8-naphthyridin-4(1H)-one 
(7)

A mixture of 6 (2.86 g, 10 mmol) and acetylacetone 
(1.0 g, 10 mmol) was refluxed in ethanol (30 mL) contain-
ing sodium metal (0.23 g, 10 mmol) for 4 h. The reaction 
mixture was cooled to room temperature, the separated 
solid filtered off, washed with a little cold ethanol and re-
crystallized from ethanol to give 7. Yield 85%; pale yellow 
powder; m.p. sharing at 230 оC; IR (KBr): νmax 3205 (NH), 
1706 (C=O, amidic), 1625 (α,β-unsaturated C=O), 1567 
(C=N), 1548 (C=C) cm–1; 1H NMR (DMSO-d6) δ 1.74, 
1.79 (2s, 6H, 2 CH3), 6.08 (s, 1H, CH), 7.45–8.21 (m, 3H, 
CH-pyridine ring), 8.47 (s, 1H, C2-H of naphthyridine 
ring), 10.12 (s, 1H, NH); 13C NMR (DMSO-d6) δ 14.2, 19.6, 
106.5, 114, 122.3, 125.5, 138, 140.3, 141.7, 151.4, 152.6, 
153.1, 176.8, 193.9; MS (EI, 70 eV) m/z (%) 271 (M++3, 
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0.8), 270 (M++2, 0.5), 204 (9.8), 174 (12.9), 173 (100), 145 
(3.3), 120 (0.4), 105 (56.2), 95 (0.2), 90 (4.1), 78 (76.5); 
Anal. calcd. for C14H12N4O2 (268.27): C, 62.68; H, 4.51; N, 
20.88. Found: C, 62.81; H, 4.60; N, 20.73.

2. 2. 6. �Synthesis of N’-((2-Hydroxynaphthalen-
1-yl)methylene)-4-oxo-1,4-dihydro-1,8-
naphthyridine-3-carbohydrazide (8)

A mixture of 1 (2.04 g, 10 mmol) and 2-hy-
droxy-1-naphthaldehyde (1.72 g, 10 mmol) was refluxed 
in ethanol containing a catalytic amount of glacial acetic 
acid (5 drops) for 4 h. The reaction mixture was cooled to 
room temperature, the separated product filtered off, 
dried, and recrystallized from ethanol to give the hydra-
zone derivative 8. Yield 92%; pale yellow sheets; m.p. 176 
°C; IR (KBr): νmax 3450 (OH), 3330 (NH), 1702 (C=O, 
amidic), 1626 (α,β-unsaturated C=O), 1574 (C=N) cm–1; 
1H NMR (DMSO-d6) δ 1.89 (s, 1H, CH), 6.97–8.61 (m, 
9H, Ar-H), 9.09 (s, 1H, C2-H of naphthyridine ring), 9.21 
(s, 1H, NH), 9.68 (s, 1H, NH), 12.24 (s, 1H, NH), 12.95 
(s, 1H, OH); Anal. calcd. for C20H14N4O3 (358.35): C, 
67.03; H, 3.94; N, 15.63. Found: C, 67.29; H, 3.78; N, 
15.57.

2. 2. 7. �Synthesis of 3-(3H-Benzo[e]indazole-3-
carbonyl)-1,8-naphthyridin-4(1H)-one (9)

Pathway 1
Compound 8 (3.58 g, 10 mmol) was refluxed in eth-

anol containing a few drops of piperidine or triethylamine 
for 4 h. The reaction mixture was cooled to room tempera-
ture, the separated product filtered off, dried, and recrys-
tallized from ethanol to give compound 9.

Pathway 2
An equimolar amount of 1 (2.04 g, 10 mmol) and 

2-hydroxynaphthaldehyde (1.72 g, 10 mmol) in ethanol 
(25 mL) in the presence of a catalytic amount of piperidine 
or triethylamine (4 drops) or sodium ethoxide (10 mmol) 
was refluxed for 3 h. The reaction mixture was left to cool 
at room temperature overnight. The formed precipitate 
was filtered off, dried and recrystallized from ethanol to 
give compound 9. Yield 83%; yellow powder; m.p. 291 °C; 
IR (KBr): νmax 3340 (NH), 1710 (C=O, amidic), 1622 
(α,β-unsaturated C=O), 1579 (C=N), 1549 (C=C) cm–1; 1H 
NMR (DMSO-d6) δ 8.08 (s, 1H, C2-H of naphthyridine 
ring), 8.20 (s, 1H, CH-pyrazole ring), 7.72–8.31 (m, 9H, 
Ar-H), 11.24 (s, 1H, NH); 13C NMR(DMSO-d6) δ 113.5, 
118.0, 121.6, 122.8, 123.6, 124.4, 124.7, 124.9, 125.7, 127.2, 
127.3, 127.8, 134.6, 141.9, 151.2, 152.5, 161.7, 164.3, 177.5; 
MS (EI, 70 eV) m/z (%)340 (M+, 6.95), 208 (3.42), 170 
(26.02), 152 (13.20), 128 (19.71), 115 (72.86), 89 (13.88), 
77 (8.22), 62 (13.54), 51 (17.97), 45 (100); Anal. calcd. for 
C20H12N4O2 (340.33): C, 70.58; H, 3.55; N, 16.46. Found: C, 
70.67; H, 3.34; N, 16.62.

2. 2. 8. �Synthesis of 3-(1H-Indazole-1-carbonyl)-
1,8-naphthyridin-4(1H)-one(10)

An equimolar amounts of 1 (2.04 g, 10 mmol) and 
salicyaldehyde (1.22 g, 10 mmol) in ethanol (25 mL) in the 
presence of a catalytic amount of piperidine (4 drops) was 
refluxed for 3 h. The reaction mixture was left to cool at 
room temperature overnight. The formed precipitate was 
filtered off, dried and recrystallized from ethanol to give 
compound 10. Yield 88%; white powder; m.p. 286 °C; IR 
(KBr): νmax 3073 (NH), 1667 (C=O, amidic), 1622 (α,β-un-
saturated C=O), 1569 (C=N), 1541 (C=C) cm–1; 1H NMR 
(DMSO-d6) δ 8.70 (s, 1H, CH-pyrazole ring), 9.08 (s, 1H, 
C2-H of naphthyridine ring), 6.90–9.24 (m, 5H, Ar-H), 
11.28 (s, 1H, NH); 13C NMR(DMSO-d6) δ 114, 115.4, 
121.5, 121.9, 122.3, 123.9, 125.5, 127.6, 128.3, 138, 143.2, 
151.4, 152.6, 153.1, 176.8, 193.9; Anal. calcd. for  
C16H10N4O2 (290.28): C, 66.20; H, 3.47; N, 19.30. Found: C, 
66.15; H, 3.56; N, 19.35.

2. 2. 9. �Synthesis of 3-(3,4,6-Triamino-2H-
pyrazolo[3,4-b]pyridine-2-carbonyl)-1,8-
naphthyridin-4(1H)-one (13)

A mixture of 1 (2.04 g, 10 mmol) and 2-amino-
prop-1-ene-1,1,3-tricarbonitrile (1.32 g, 10 mmol) in eth-
anol (25 mL) containing a few drops of glacial acetic acid 
(5 drops) was refluxed for 4 h. The reaction mixture was 
then cooled to room temperature and the obtained solid 
material filtered off, dried and recrystallized from ethanol 
to give pyrazolopyridine 13. Yield 51%; pale brown pow-
der; m.p. 288 °C; IR (KBr): νmax 3411, 3382 (NH2), 3228 (br, 
NH groups), 1671 (C=O, amidic), 1628 (α,β-unsaturated 
C=O), 1608 (C=N), 1569 (C=C) cm–1; 1H NMR (DM-
SO-d6) δ 4.18 (s, 4H, NH2), 5.90 (s, 1H, CH), 8.08 (s, 1H, 
C2-H of naphthyridine ring), 6.72–8.31 (m, 3H, CH-pyri-
dine ring), 9.81 (s, 1H, NH), 11.60 (s, 2H, 2 C=NH); 13C 
NMR (DMSO-d6) δ 89.1, 95.1, 118.0, 121.6, 123.6, 134.6, 
147.0, 151.2, 152.5, 153.7, 159.8, 161.7, 162.4, 164.3, 177.5; 
MS (EI, 70 eV) m/z (%) 336 (M+, 38.85), 104 (37.62), 90 
(35.08), 84 (33.29), 78 (82.65), 64 (46.06), 54 (40.92), 53 
(100), 50 (38.25), 48 (42.52); Anal. calcd. for C15H12N8O2 
(336.31): C, 53.57; H, 3.60; N, 33.32. Found: C, 53.34; H, 
3.53; N, 33.54.

2. 2. 10. �Synthesis of 3-Amino-5-(methylthio)-1-
(4-oxo-1,4-dihydro-1,8-naphthyridine-3-
carbonyl)-1H-pyrazole-4-carbonitrile (15)

A mixture of 1 (2.04 g, 10 mmol) and 2-(bis(meth-
ylthio)methylene) malononitrile (1.7 g, 10 mmol) in etha-
nol (25 mL) containing a few drops of glacial acetic acid 
was refluxed for 4 h. The reaction mixture was then cooled 
to room temperature and the obtained solid material fil-
tered off, dried and recrystallized from ethanol to give 
compound 15. Yield 90%; yellow sheets; m.p. 254 оC; IR 
(KBr): νmax 3413, 3382 (NH2), 3226 (br, NH groups), 2200 
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(CN), 1670 (C=O, amidic), 1627 (α,β-unsaturated C=O), 
1608 (C=N), 1569 (C=C) cm–1; 1H NMR (DMSO-d6) δ 
1.96 (s, 3H, SCH3), 4.52 (s, 2H, NH2), 9.05 (s, 1H, C2-H of 
naphthyridine ring), 7.60–8.24 (m, 3H, CH-pyridine ring), 
9.22 (s, 1H, NH), 10.66 (s, 1H, NH); 13C NMR (DMSO-d6) 
δ 16.9, 62.2, 113.8, 115.8, 118.0, 121.6, 134.6, 142.5, 152.6, 
160.5, 161.7, 165.0, 177.5; MS (EI, 70 eV) m/z (%) 327 
(M++1, 23.92), 294 (31.62), 253 (15.05), 230 (24.34), 173 
(31.75), 147 (18.32), 111 (39.36), 105 (28.04), 97 (18.55), 
88 (15.66), 71 (29.92), 65 (24.72), 61 (34.46), 56 (100), 50 
(26.79); Anal. calcd. for C14H10N6O2S (326.33): C, 51.53; H, 
3.09; N, 25.75. Found: C, 51.75; H, 3.13; N, 25.66.

2. 2. 11. �Synthesis of 3-Imino-5-(4-
methoxyphenylamino)-1-(4-oxo-1,4-
dihydro-1,8-naphthyridine-3-carbon yl)-
2,3-dihydro-1H-pyrazole-4-carbonitrile 
(16)

An equimolar amount of compound 15 (3.26 g, 
10mmol) and p-anisidine (1.23 g, 10 mmol) in ethanol (25 
mL) in the presence of a few drops of piperidine was re-
fluxed for 4 h. The reaction mixture was left to cool at 
room temperature overnight. The formed precipitate was 
filtered off, dried and recrystallized from ethanol to give 
compound 16. Yield 65%; dark yellow powder; m.p. 282 
оC; IR (KBr): νmax 3227 (br, NH), 2200 (CN), 1669 (C=O, 
amidic), 1625 (α,β-unsaturated C=O), 1600 (C=N), 1571 
(C=C) cm–1; 1H NMR (DMSO-d6) δ 3.52 (s, 2H, OCH3), 
9.05 (s, 1H, C2-H of naphthyridine ring), 7.60–8.24 (m, 
3H, CH-pyridine ring), 10.66 (s, 1H, NH), 10.82 (s, 1H, 
C=NH); 13C NMR (DMSO-d6) δ 48, 54.1, 113.5 (2C), 
113.6, 113.8, 114, 115.4 (2C), 122.3, 134.9, 138, 141.7, 
149.5, 151.4, 152.6, 159.6, 160, 162, 176.8; MS (EI, 70 eV) 
m/z (%)401 (M+, 9.49), 383 (5.77), 318 (20.98), 308 (15.70), 
245 (6.26), 227 (8.00), 211 (5.27), 207 (30.15), 201 (16.45), 
186 (14.92), 173 (30.74), 120 (8.80), 108 (13.52), 77 (43.49), 
68 (27.50), 52 (100); Anal. calcd. for C20H15N7O3 (401.38): 
C, 59.85; H, 3.77; N, 24.43. Found: C, 59.95; H, 3.86; N, 
24.61.

2. 2. 12. �Synthesis of 5-Amino-3-(4-nitrophenyl)-
1-(4-oxo-1,4-dihydro-1,8-naphthyridine-
3-carbonyl)-2,3-dihydro-1H-pyrazole-4-
carbonitrile (17)

A mixture of 1 (2.04 g, 10 mmol) in ethanol (25 mL) 
containing a few drops of glacial acetic acid (5 drops) and 
2-(4-nitrobenzylidene)malononitrile (1.99 g, 10 mmol) 
was refluxed for 3 h, then left to stand at room temperature 
overnight. The separated solid product was filtered off, 
dried and recrystallized from ethanol to give 17. Yield 
85%; dark yellow powder; m.p. 350 оC; IR (KBr): νmax 
3468–3335 (NH2), 1685 (C=O, amidic), 1629 (α,β-unsatu-
rated C=O), 1582 (C=N), 1550 (C=C), 1552, 1336 (NO2) 
cm–1; 1H NMR (DMSO-d6) δ 2.71 (s, 2H, NH2), 5.29 (s, 1H, 

CH), 9.11 (s, 1H, C2-H of naphthyridine ring), 7.57–9.22 
(m, 7H, Ar-H), 10.81 (s, 1H, NH), 12.28 (s, 1H, NH); 13C 
NMR (DMSO-d6) δ 59.7, 63.4, 113.8, 117.3, 118.0, 121.6, 
125.1, 128.3, 134.6, 142.5, 145.9, 149.4, 152.5, 158.1, 160.5, 
161.7, 177.5; MS (EI, 70 eV) m/z (%)403 (M+, 100), 319 
(34.34), 266 (44.02), 218 (42.66), 212 (20.30), 204 (21.45), 
146 (40.11), 141 (36.01), 105 (28.76), 97 (33.65), 60 (63.03); 
Anal. calcd. for C19H13N7O4 (403.35): C, 56.58; H, 3.25; N, 
24.31. Found: C, 56.71; H, 3.13; N, 24.26.

2. 2. 13. �Synthesis of 5-Amino-3-(4-chlorophenyl)-
1-(4-oxo-1,4-dihydro-1,8-naphthyridine-
3-carbonyl)-2,3-dihydro-1H-pyrazole-4-
carbonitrile (18)

Equimolar quantities of the starting material 1 (2.04 
g, 10 mmol) in ethanol (25 mL) containing a few drops of 
glacial acetic acid and 2-(4-chlorobenzylidene)malononi-
trile (1.88 g, 10 mmol) were refluxed for 3 h, then left to 
stand at room temperature overnight. The separated solid 
product was filtered off, dried and recrystallized from eth-
anol to give 18. Yield 93%; yellow powder; m.p. 307 оC; IR 
(KBr): νmax 3399–3341 (NH2), 3260 (NH), 1679 (C=O, 
amidic), 1625 (α,β-unsaturated C=O), 765 (C-Cl) cm–1; 1H 
NMR (DMSO-d6) δ 2.83 (s, 2H, NH2), 5.69 (s, 1H, CH), 
9.09 (s, 1H, C2-H of naphthyridine ring), 6.72–8.31 (m, 
7H, Ar-H), 10.83 (s, 1H, NH), 11.40 (s, 1H, NH); 13C NMR 
(DMSO-d6) δ 113.8, 114, 118, 122.4, 125.8 (2C), 126.8 
(2C), 131.2, 131.5, 135.5, 138, 141.6, 150, 151.4, 153.1, 
161.5, 166.4, 176.2; MS (EI, 70 eV) m/z (%) 392 (M+–1, 
0.01), 205 (0.11), 189 (77.30), 173 (100), 144 (21.49), 117 
(10.94), 104 (45.37), 77 (47.32), 62 (16.20), 50 (31.49); 
Anal. calcd. for C19H13ClN6O2 (392.8): C, 58.10; H, 3.34; N, 
21.40. Found: C, 58.06; H, 3.12; N, 21.38.

2. 2. 14. �Synthesis of 3-(3,5-Diamino-1H-pyrazole-
1-carbonyl)-1,8-naphthyridin-4(1H)-one 
(19)

Pathway 1
To a solution of 1 (2.04 g, 10 mmol) in ethanol (25 

mL) containing a few drops of glacial acetic acid, cyanoac-
etamide (0.84 g, 10 mmol) was added and the reaction 
mixture was refluxed for 5 h. The solution was cooled to 
room temperature, and the formed precipitate was filtered 
off, dried and recrystallized from ethanol to give pyrazole 
derivative 19.

Pathway 2
A mixture of 1 (2.04 g, 10 mmol) in ethanol (25 mL) 

containing a few drops of glacial acetic acid and malononi-
trile (0.66 g, 10 mmol) were refluxed for 3 h, then left to 
stand at room temperature overnight. The separated solid 
product was filtered off, dried and recrystallized from eth-
anol to give 19. Yield 71%; gray powder; m.p. 255 оC; IR 
(KBr): νmax 3441 (NH2), 3232 (br, NH groups), 1668 (amid-
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ic C=O), 1634 (α,β-unsaturated C=O), 1612 (C=N), 1570 
(C=C) cm–1; 1H NMR (DMSO-d6) δ 4.01 (s, 4H, 2 NH2), 
6.37 (s, 1H, CH-pyrazole ring), 8.07 (s, 1H, C2-H of naph-
thyridine ring), 7.72–8.31 (m, 3H, CH-pyridine ring), 
10.20 (s, 1H, NH); 13C NMR (DMSO-d6) δ 78.6, 118, 121.6, 
123.6, 134.6, 148.2, 151.2, 152.5, 161.7, 164.3, 177.5; MS 
(EI, 70 eV) m/z (%) 270 (M+, 10), 173 (28.63), 105 (76.12), 
95 (0.40), 77 (100), 67 (20.41), 52 (38.72), and 50 (42.40); 
Anal. calcd. for C12H10N6O2 (270.25): C, 53.33; H, 3.73; N, 
31.10. Found: C, 53.46; H, 3.64; N, 31.29.

2. 3. �Antitumor Activity (or Cytotoxicity) 
Using In Vitro Ehrlich Ascites Assay
The isolated compounds were screened for their an-

titumor activity. The viability of the cells used in control 
experiments exceeded 95%. Different concentrations of 
the tested compounds were prepared (100, 50 and 25 µL 
from 1 mg/mL in DMSO (< 00.05%, v/v) and complete to 
1 mL using RPMI-1640 medium). 5-Fluorouracil (25 µg/
mL) was prepared in 100 µL DMSO and complete to 1 mL 
using RPMI-1640 medium. Ehrlich ascites Carcinoma 
(EAC) were derived from ascetic fluid from diseased 
mouse (purchased from National Cancer Institute, by Na-
tional Medical Research Ethics Committee). Ascites fluid 
from the peritoneal cavity of the diseased mouse (contain-
ing Ehrlich cells) was aseptically aspirated. The cells were 
grown partly floating and partly attached in a suspension 
culture in RPMI 1640 medium, supplemented with 10% 
fetal bovine serum. They were maintained at 37 °C in a 
humidified atmosphere with 5% CO2 for 2 h. The viability 
of the cells was determined by the microscopical examina-
tion using a hemocytometer and using trypan blue stain 
(that stains only the dead cells).14

2. 4. �Antioxidant Activity Screening Assay 
2,2’-Azino-bis-3-ethylbenzthiazoline-6-
sulfonic Acid Method
For each of the investigated compounds, 2 mL of 

ABTS solution (60 µM) was added to 3 mL MnO2 solution 
(25 mhg/mL), all prepared in 5 mL aqueous phosphate 
buffer solution (pH 7; 0.1 M). The mixture was shaken, 
centrifuged, filtered, and the absorbance of the resulting 
green-blue solution (ABTS radical solution) at λ 734 nm 
was adjusted to approximately 0.5. Then, 50 µL of 2 Mm 
solution of the tested compound in spectroscopic grade 

MeOH/phosphate buffer (1:1) was added. The absorbance 
was measured and the reduction in color intensity was ex-
pressed as inhibition percentage. L-Ascorbic acid was used 
as the standard antioxidant (positive control). Blank sam-
ple was run without ABTS and using MeOH/phosphate 
buffer (1:1) instead of the tested compounds. Negative 
control was run with ABTS and MeOH/phosphate buffer 
(1: 1) only.15,16 The inhibition ratio (%) was calculated us-
ing the following formula:

						       (1)

3. Results and Discussion
3. 1. Chemistry

In view of these observations and in continuation of 
our previous work in quinazoline chemistry,17,18 we syn-
thesized some new heterocyclic compounds containing 
quinazoline moiety to evaluate their biological activities. 
The synthetic procedures adopted to obtain the target 
compounds are depicted in Schemes 1–10. The starting 
material, 1,4-dihydro-4-oxo-1,8-naphthyridine-3-carbo-
hydrazide (1)19 when heated with benzoxazine derivative 
212 in refluxing ethanol containing a catalytic amount of 
glacial acetic acid afforded 1,4-dihydro-N-(2-methyl-4-
oxoquinazolin-3(4H)-yl)-4-oxo-1,8-naphthyridine-3-car-
boxamide (3) (Scheme 1).

The IR spectrum showed absorption bands at 3230–
3238, 1668, 1671, 1614, and 1569 cm–1 corresponding to 
stretching vibrations of two NH, amidic carbonyl groups, 
α,β-unsaturated ketone, and C=N groups. 1H NMR spec-
trum revealed singlet signal at δ 1.93 ppm due to methyl 
protons, in addition to the classical pattern of 1,8-naph-
thyridine protons. The mass spectrum provided more evi-
dence for the correct structure, which showed the molecu-
lar ion peak at m/z 347 (M+).

Compound 1 when reacted with ethyl acetoacetate 
in refluxing ethanol containing a catalytic amount of gla-
cial acetic acid afforded the acyclic intermediate ethyl 
3-(2-(4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl)
hydrazono)butanoate (4). Heating compound 4 in boiling 
ethanol containing sodium ethoxide leads to cyclization 
with the formation of the pyrazolone derivative 3-(3-meth-
yl-5-oxo-4,5-dihydro-1H-pyrazole-1-carbonyl)-1,8-naph-
thyridin-4(1H)-one (5) (Scheme 2). 

Scheme 1



924 Acta Chim. Slov. 2017, 64, 919–930

Abu-Melha :   Synthesis and Biological Evaluation   ...

Similarly, the hydrazide 1 when subjected to react 
with acetyl acetone in refluxing ethanol containing a cata-
lytic amount of glacial acetic acid afforded the acyclic hy-
drazone derivative 4-oxo-N’-(4-oxopentan-2-ylidene)-
1,4-dihydro-1,8-naphthyridine-3-carbohydrazide (6) 
which when refluxed with ethanol containing sodium 
ethoxide afforded the pyrazole derivative 3-(3,5-dimeth-
yl-1H-pyrazole-1-carbonyl)-1,8-naphthyridin-4(1H)-one 
(7) (Scheme 3).

Structures 4–7 were proved by elemental and spec-
tral analyses. The IR spectra of compounds 4 and 6 in gen-
eral showed absorption frequencies at 1567–1569, 1724, 
and 1689 cm–1 corresponding to C=N and two C=O due to 
ketonic (ester), and amidic carbonyl functional groups, 
while the 1H NMR spectrum of compound 4 showed a 
characteristic signal at δ 0.91 ppm as a singlet signal for 
CH3 protons, δ 1.38 ppm as a triplet signal for CH3 pro-
tons, δ 2.35 ppm as a singlet signal for CH2 protons and at 
δ 4.25 ppm as a quartet signal for CH2 protons besides the 

aromatic protons of pyridine ring at δ 7.60–8.24 ppm, and 
a singlet signal at 8.61 ppm due to C2-H of naphthyridine 
ring. On the other hand, the 1H NMR spectrum of com-
pound 6 showed three singlet signals at δ 1.20, 2.11, 2.54 
ppm corresponding to two methyl protons and CH2 pro-
tons, respectively. In addition, the mass spectrometry 
measurement gave m/z 316 (M+) and 286 (M+) corre-
sponding to the molecular ion peaks of compounds 4 and 
6, respectively. For the pyrazole derivative 5 the IR spec-
trum showed a new absorption band at 1669 cm–1 corre-
sponding to a new amidic carbonyl and absorption fre-
quency at 1606 cm–1 corresponding to C=N stretching 
frequency while the IR spectrum of compound 7 showed 
stretching frequency at 1567 cm–1 due to C=N functional 
group. 1H NMR of compound 5 showed two new singlet 
signals at δ 1.22 and 2.07 ppm corresponding to methyl 
and methylene protons of pyrazolone moiety. On the other 
hand, the 1H NMR spectrum of compound 7 revealed 
three singlet signals at δ 1.74, 1.79, and 6.08 ppm attribut-

Scheme 2

Scheme 3
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able to two methyl groups and methine protons of pyra-
zole moiety. The mass spectra of compounds 5 and 7 
showed their molecular ion peak at m/z 270 (M+) and 270 
(M++2), respectively.

In a similar manner, it was found that 2-hy-
droxy-1-naphthaldehyde when reacted with hydrazide 1 
in ethanol containing a catalytic amount of glacial acetic 
acid afforded the hydrazone derivative 8. Hydrazone 8 cy-
clized to the corresponding pyrazole derivative 3-(3H-ben-
zo[e]indazole-3-carbonyl)-1,8-naphthyridin-4-(1H)-one 
(9) when heated in ethanol containing a catalytic amount 
of piperidine or triethylamine (Scheme 4).

Structures 8 and 9 were proved based on the correct 
analytical and spectral data. The IR of compound 8 showed 
bands at 3450 and 1574 cm–1 corresponding to the hydrox-
yl group and stretching vibration of C=N function. Com-
pound 9 was confirmed by analytical and spectral data, 
beside it was confirmed chemically by an alternative syn-
thesis. Thus, when hydrazide 1 reacted with 2-hy-
droxy-1-naphthaldehyde in refluxing ethanol containing a 
catalytic amount of pipridine or triethylamine or sodium 
ethoxide afforded directly the corresponding pyrazole de-
rivative 9. The IR spectrum of compound 9 showed bands 
at 1579 cm–1 corresponding to C=N function, and the dis-
appearance of the band around 3450 cm–1 corresponding 
to hydroxyl group which indicates that the hydroxyl group 
was involved in the cyclization process. The 1H NMR spec-

trum showed a characteristic singlet signal at δ 8.20 ppm 
due to the pyrazole CH proton plus the classical 1H NMR 
pattern of the rest of 1,8-naphthyridine protons. The mass 
spectroscopic measurement gives an additional confirma-
tion for compound 9 which showed the molecular ion 
peak at m/z 340 (M+). 

In addition, salicylaldehyde when heated directly 
with the hydrazide 1 in refluxing ethanol containing a cat-
alytic amount of piperidine or triethylamine afforded the 
corresponding pyrazole derivative 3-(1H-indazole-1-car-
bonyl)-1,8-naphthyridin-4(1H)-one (10) (Scheme 4).

The IR spectrum of pyrazole derivative 10 showed a 
characteristic absorption band at 1569 cm–1 corresponding 
to C=N function and the disappearance of any band 
around the region 3400 cm–1 corresponding to hydroxyl 
group. 1H NMR spectrum showed singlet signal at δ 8.70 
ppm attributable to the pyrazole proton. The mass spectro-
scopic measurement gives an additional confirmation for 
compound 10 which showed the molecular ion peak at 
m/z 290 (M+). 

An interesting reaction was observed when hydra-
zide 1 was heated with malononitrile dimmer (11) in re-
fluxing ethanol containing a catalytic amount of glacial 
acetic acid affording the pyrazolopyridine 3-(3,4,6-tri-
amino-2H-pyrazolo[3,4-b]pyridine-2-carbonyl)-1,8- 
naphthyridin-4(1H)-one (13) via the non isolable inter-
mediate 12. The reaction may be preceded first by addi-

Scheme 4
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tion of NHNH2 moiety to the two cyano groups with the 
formation of a pyrazole ring. The reaction followed by 
the attack of the lone pair of electrons of NH2 of pyrazole 
ring to the cyano group as shown in the following mech-
anism affording the pyrazolopyridine 13 and not the oth-
er possibility 12a because the exocyclic double bond will 
be more stable in the Z-form due to less steric hindrance. 
This fact confirms that nucleophilic addition occurred 
from NH2 group and not imino group. (Scheme 5).

The IR spectrum of compound 13 showed absorp-
tion bands at 3411, 3382 cm–1 due to NH2 functions, be-
sides a broad band at 3228 cm–1 for NH groups, 1671 and 
1608 cm–1 corresponding to amidic C=O, C=N and the 
disappearance of any band due to cyano functions at 2220 
cm–1 which indicate that the cyano group was involved in 
the cyclization reaction. The 1H NMR showed four singlet 

exchangeable signals at δ 4.18, 9.81, and 11.60 ppm attrib-
utable to one amino group and three NH protons, respec-
tively. The mass spectrum showed the molecular ion peak 
at m/z 336 (M+). 

The hydrazide 1 when heated with dimethylth-
iomethylene malonate (14) in the presence of ethanol con-
taining a few drops of glacial acetic acid afforded the pyra-
zole derivative 15 (Scheme 6). The reaction proceeds ac-
cording to the proposed following mechanism.

The IR spectrum of compound 15 showed absorp-
tion bands at 3413, 3382 cm–1 corresponding to NH2 
group, 3226 cm–1 due to NH function, 1670 and 1608 cm–1 
corresponding to amidic C=O and C=N and a characteris-
tic absorption band at 2220 cm–1 corresponding to CN 
group. The 1H NMR revealed a characteristic singlet signal 
of thiomethyl group at δ 1.96 ppm and three exchangeable 

Scheme 5

Scheme 6
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singlet signals at δ 4.52, 9.22, and 10.66 ppm attributable to 
NH2 and NH protons. The mass spectrum showed the mo-
lecular ion peak at m/z 327 (M++1). 

In addition, when compound 15 was subjected to re-
act with p-anisidine in ethanol containing a catalytic 
amount of triethlylamine afforded 3-imino-5-(4-methoxy-
phenylamino)-1-(4-oxo-1,4-dihydro-1,8-naphthyri-
dine-3-carbonyl)-2,3-dihydro-1H-pyrazole-4-carbonitrile 
(16) (Scheme 7).

Also, it has been found that when hydrazide 1 react-
ed with p-nitrobenzylidene malononitrile and p-chloro-
benzylidene malononitrile in ethanol containing a few 
drops of glacial acetic acid afforded the pyrazole deriva-
tives 5-amino-3-(4-nitrophenyl)-1-(4-oxo-1,4-dihydro-
1,8-naphthyridine-3-carbonyl)-2,3-dihydro-1H-pyra-
zole-4-carbonitrile (17) or 5-amino-3-(4-chlorophenyl)-
1-(4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbon-
yl)-2,3-dihydro-1H-pyrazole-4-carbonitrile (18), respec-
tively (Scheme 8).

Structures 17 and 18 were proved based on the ana-
lytical and spectral data. The IR spectrum of both com-
pounds showed, in general, characteristic absorption 
bands at 1582 and 1550 cm–1 corresponding to stretching 
frequencies of C=N and C=C functions, respectively. The 
1H NMR of both compounds showed a characteristic sin-

glet signal at δ 5.29 and 5.69 ppm attributable to methyne 
protons. The mass spectra of compounds 17 and 18 
showed the molecular ion peak at m/z 403 (M+) and 392 
(M+–1), respectively.

Moreover, when hydrazide 1 reacted with cyanoacet-
amide in refluxing ethanol in the presence of a catalytic 
amount of glacial acetic acid afforded the diaminopyrazole 
derivative 3-(3,5-diamino-1H-pyrazole-1-carbonyl)-1,8- 
naphthyridin-4(1H)-one (19). The same compound was 
obtained when the hydrazide 1 was subjected to react 
with malononitrile under the same reaction conditions 
(Scheme 9).

Structure 19 was established based on both analyti-
cal and spectral data. The IR spectrum showed the classical 
pattern for carbonyl groups which appear at 1668 and 
1634 cm–1, and showed the stretching vibration of C=N 
and C=C functions at 1612 and 1570 cm–1, respectively. On 
the other hand, the amino groups appeared as a tautomer-
ic equilibrium with amino-imino groups and appeared at 
3441 and 3232 cm–1, respectively. 1H NMR of compound 
19 revealed two exchangeable signals at δ 4.01 and 10.20 
ppm due to two NH2 and NH protons, in addition to two 
singlet signals at δ 6.37 and 8.07 ppm for CH-pyrazole and 
C2-H of naphthyridine ring, besides aromatic protons of 
pyridine ring at δ 7.72–8.31 ppm. The mass spectrum gave 

Scheme 7

Scheme 8
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additional evidence for structure 19 which showed its mo-
lecular ion peak at m/z 270 (M+).

3. 2. Pharmacology
3. 2. 1. �Cytotoxicity Against Ehrlich Ascites 

Carcinoma
Effect of Drugs on the Viability of Ehrlich Ascites Cells  
In Vitro

The synthesis, antitumor evaluation and QSAR stud-
ies of novel pyrazol derivatives employed against Ehrlich 
Ascites Carcinoma (EAC, in vitro) cells are described. These 
novel analogues were molecularly designed with the goal of 
having significant potent cytotoxic effect against EAC cells.

Pyrazoles and related analogues were tested for cyto-
toxicity against EAC in vitro. EAC cells were used because 
they have a very well known established model of activi-
ty.20 Results for the ED25 value of the active compounds 
are summarized in Table 1. The data showed clearly that 
compound 15 showed moderate activity (~45%) compar-

ing with the drug reference (5-FU, 98% activity). The rest 
of compounds showed weak activity. Thus, it would appear 
that introducing thiomethyl tautomeric moiety enhanced 
the cytotoxic properties.

Comparing the obtained cytotoxic activity of tested 
compounds in this study, the following structure–activity 
relationships (SAR) were postulated:

1)	 Compound 15 showed a mild cytotoxic activity 
(~45%), this may be due to the presence of thiomethyl and 
cyano groups which have toxic activity in nature. 

2)	 All pyrazole derivatives showed weak activity at 
ED25. Thus the position and nature of substituents in the 
structure of pyrazole derivatives seems to modulate cyto-
toxic activity.

3. 2. 2. ABTS Antioxidant Activity Screening
The antioxidant activity assay employed here is one 

of the several assays that depends on measuring the con-
sumption of stable free radicals, i.e. evaluates the free rad-

Scheme 9

Table 1. In vitro cytotoxicity of pyrazol against Ehrlich Ascites Carcinoma

	 EAC Assay		  EAC Assay

Compound	 Dead cells (%)	 Compound	 Dead cells (%)

        No.	 ED25 µL (1 mg/mL)	 No.	 ED25 µL (1 mg/mL)
   	 Control 0		  Control 0
	 5-FU      98	 	 5-FU      98

        3	   0	 15	 45
        7	 28	 16	 19
        8	 20	 17	 21
        9	 14	 18	 17
      10	 11	 19	 14
      13	 		  23	

Where ED25 is the effective dose at 25 µL of the compounds used. 
The dead % refers to the % of the dead tumor cells and 5-Flu is 5-fluorouracil as a well known cytotoxic 
agent. 
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ical scavenging activity of the investigated component. The 
methodology assumes that the consumption of the stable 
free radical (X') will be determined by the reaction as fol-
lows:

						       (2)

The rate and/or the extent of the process measured in 
terms of the decrease in X' concentration, would be related 
to the ability of the added compounds to trap free radicals. 
The decrease in color intensity of the free radical solution 
due to scavenging of the free radical by the antioxidant 
material is measured colorimetrically at a specific wave-
length. The assay employs the radical cation derived from 
2,2'-azino-bis(3-ethyl benzthiazoline-6-sulfonic acid) 
(ABTS) as a stable free radical to assess antioxidant poten-
tial of the isolated compounds and extracts. The advantage 
of ABTS-derived free radical method over other methods 
is that the produced color remains stable for more than 
one hour and the reaction is stoichiometric. The inhibition 
ratio (%) was calculated using the following formula:

						       (3)

The antioxidant activity of some newly synthesized 
compounds was evaluated by ABTS method.21 The data in 
Table 2 showed clearly that compound 15 demonstrated 
moderate antioxidant activities. Thus, it would appear that 
introducing sulfur atoms and the presence of thiomethyl 
tautomeric equilibrium enhances the antioxidant proper-
ties of 1,8-naphthyridine derivatives. By comparing the 
results obtained of antioxidant of the compound reported 
in this study to their structures, the following SAR was 
postulated: compound 15 was nearly inpotent to vitamin 
C which may be attributed to the presence of amino and 
imino groups which trap the free radical X.

4. Conclusion
This work aimed to synthesize a new series of pyrazole 

derivatives containing 1,8-naphthyridine ring via carbox-
amide linkage. All the structures of the synthesized com-
pounds were confirmed by different spectroscopic data and 
screened for their in vitro cytotoxicity against EAC and an-
tioxidant activity. Results obtained show that compound 15 
displayed the best cytotoxicity and antioxidant activity.
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Povzetek
S pomočjo 1,4-dihidro-4-okso-1,8-naftiridin-3-karbohidrazida (1) kot izhodne spojine smo pripravili serijo substitu-
iranih 1,8-naftiridinskih derivatov ter jih uporabili kot citotoksične in antioksidativne spojine. Spojino 1 smo reagirali z 
različnimi reagenti in tako pripravili ustrezne 3-heteroarilkarbonil-1,8-naftiridinske derivative 3–19, ki smo jih testirali 
za in vitro citotoksičnost proti Ehrichovim ascitnim karcinomom in za antioksidativno aktivnost. Spojina 15 je pokazala 
najboljše citotoksične in antioksidativne lastnosti.
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Abstract
Chromium doped Ni-Cu-Zn nano ferrites with chemical formula Ni0.2Cu0.2Zn0.6Fe2-xCrxO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 
1.0) were prepared by using sol-gel auto combustion method. The prepared precursors of Chromium substituted Ni-Cu-
Zn ferrites were sintered at 500 °C for 4h. Compositional stoichiometry were confirmed from EDAX patterns. The XRD 
data revealed that the all samples possess a single phase cubic spinel structure. The Lattice constant, X-ray density, hop-
ping lengths and crystallite size determined from XRD data decreases with increase in Cr3+ concentration. The IR spectra 
show two major absorption bands, high frequency band ν1 ≈ 600 cm–1 and low frequency band ν2 ≈ 450 cm–1 attributed to 
the stretching vibration of tetrahedral and octahedral sites respectively. The surface morphology of the prepared samples 
was studied by Scanning Electron Microscopy and Transmission Electron Morphology.

Keywords: Spinel ferrite, Sol-gel auto-combustion; Thermal analysis, Morphology, X-ray diffraction 

1. Introduction
Nano ferro spinels are of great interest for address-

ing relationship between physical properties and their 
crystal structure. Due to their reduced sizes, these nanopar-
ticles may possess novel and/or improved properties in 
comparison to the bulk materials. This has renewed inter-
est to study different properties of pure and mixed spinel 
ferrite systems in nanocrystalline regime. Transition metal 
ferrites both doped and undoped are attractive candidates 
for a wide range of applications including catalysis,1–4 and 
several devices such as antennas, permanent magnets, 
memory storage devices, microwave devices, telecommu-
nication, computer etc.5 The polycrystalline ferrites such 
as Ni-Cu-Zn ferrites have very important structural prop-
erties dependent on several factors such as method of 
preparation, substitution of cations, sintering temperature, 
sintering time, sintering atmosphere, porosity and micro-
structure.6,7 Ni-Cu-Zn ferrites were considered as one of 
the most versatile magnetic materials to manufacture Mul-
tilayer chip inductors (MLCIs)  mainly because of their 

high electrical resistivity, low sintering temperature and 
high permeability.8,9 Recently due to better magnetic prop-
erties, controlled shape of nanocrystalline Ni-Cu-Zn fer-
rites have been the dominant materials for MLIC at high 
frequency and low sintering temperature.10–16 These ox-
ides can be sintered at relatively low temperatures with a 
wide range of compositions. Recently, several methods 
were used to synthesize highly crystalline and uniformly 
sized magnetic nanoparticles of Ni-Cu-Zn ferrite.17–21 
Among these methods, the sol-gel method has gained sci-
entific and technological importance during the last three 
decades.22–25 The sol-gel auto-combustion synthesis meth-
od have many advantages as compared to the convention-
al methods such as low temperature processing and/or 
better homogeneity for the synthesis of multi-component 
materials. Considering the importance of Ni-Cu-Zn fer-
rite, we investigated the preparation of chromium doped 
Ni-Cu-Zn nano ferrite by sol-gel auto-combustion method 
using citric acid as fuel at low temperature with a view to 
study the influence of the substitution of Cr3+ ion on the 
structural properties of the system. 

DOI: 10.17344/acsi.2017.3619
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2. Experimental
2. 1. Materials and Synthetic Procedure

Nanocrystalline chromium substituted Ni-Cu-Zn fer-
rites, with composition Ni0.2Cu0.2Zn0.6Fe2-xCrxO4 (x = 0.0, 
0.2, 0.4, 0.6, 0.8 and 1.0) were synthesized by the sol-gel 
auto-combustion method. Analytical reagent grade nickel 
nitrate (Ni(NO3)2 · 6H2O), copper nitrate (Cu(NO3) · 6H2O), 
zinc nitrate (Zn(NO3)2 · 6H2O), chromium nitrate (Cr(NO3)3 
· 9H2O) and iron nitrate (Fe(NO3)3 · 9H2O) were used for 
synthesis. Citric acid (C6H8O7 · H2O) was used as fuel. The 
reaction procedure was carried out in an air atmosphere 
without the protection of inert gases. Metal nitrates and cit-
ric acid were used in the molar ratio 1:3. The metal nitrates 
were dissolved in desired stoichiometric proportions togeth-
er in the minimum amount of double-distilled water to ob-
tain a clear solution. An aqueous solution of citric acid was 
mixed with the metal-nitrate solution, and ammonia solution 
was slowly added to adjust the pH ≈ 7. The mixed solution 
was placed on a hot plate with continuous stirring at 90 °C. 
During evaporation, a very viscous brown gel was formed. 
When all of the water molecules were removed from the 
mixture, the viscous gel began to froth. After few minutes, 
the gel was ignited and burnt with glowing flints. The de-
composition reaction continued until the entire citrate com-
plex was consumed. The auto-combustion was completed 
within a minute, yielding brown-colored ash as the precur-
sor. Sintering temperature was determined from TGA / DTA 
and prepared powders of all the precursor samples were sin-
tered at 500 °C for 4h to obtain the final product. 

2. 2. Characterization of Samples
Simultaneous thermo gravimetric (TGA) and differ-

ential thermal analysis (DTA) of precursors were carried 
on SDT Q600 V20.9 Build 20 instrument in air atmo-
sphere at heating rate 10 °C / min, within temperature 
range 25 °C to 800 °C. The compositional stoichiometry 
was determined by energy dispersive X-ray spectroscopy 
(EDAX, Inca Oxford, attached to the SEM).The crystallo-
graphic structures were identified by X-ray powder dif-
fraction with Cu-Kα radiation (λ = 1.5405 Å) by Phillips 
X-ray diffractometer (Model 3710). The infrared spectra 
of all the samples were recorded at room temperature in 
the range 300 to 800 cm–1 using Perkin Elmer infrared 
spectrophotometer. Morphology and structure of the pow-
der samples were studied on JEOL-JSM-5600 N Scanning 
Electron Microscope (SEM) and on Philips (model CM 
200) Transmission Electron Microscope (TEM). 

3. Results and Discussion
3. 1. Thermal Analysis (TGA / DTA)

The typical TGA/DTA curves of Ni0.2Cu0.2Zn0.6 Fe2-

xCrxO4 (x = 0.0; Figure 1 and x = 1.0; Figure 2), illustrates 

two weight loss steps. The first weight loss step in the tem-
perature range of 30–100 °C, corresponding to  endothermic 
peak around 80 °C, which is due to the loss of coordination 
water in the precursor. The second weight loss step observed 
in the temperature range of 310–425 °C corresponding to 
the exothermic peak around 380 °C, is as a result of the de-
composition of unreacted starting citric acid remained after 
combustion. The released heat in the process of exothermic 
decomposition has been observed to be sufficient for com-
plete conversion of the metal precursors to metal oxides.26

Figure 1: TGA-DTA plot for precursor of Ni0.2Cu0.2Zn0.6Fe2- xCrxO4 
(x = 0.0)

Figure 2. TGA-DTA plot for precursor of Ni0.2Cu0.2Zn0.6Fe2- 

xCrxO4 (x = 1.0) 

Almost no weight loss was observed above 425 °C, 
representing the presence of only Ni0.2Cu0.2Zn0.6Fe2-xCrxO4 
ferrites in this temperature range. 

3. 2. Structural Analysis
3. 2. 1. Elemental Analysis

The compositional stoichiometry of Ni0.2Cu0.2Zn0.6 Fe2-

xCrxO4 ferrite nanoparticles was determined by EDAX. 
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The EDAX confirmed the homogeneous mixing of 
the Fe, Ni, Cu, Zn, Cr and O atoms in pure and doped 
ferrite samples. Figure 3 shows the plots of observed and 
theoretical percentage of Fe, Ni, Cu, Zn, Cr and O values 
versus composions (x). The observed elemental % (ob-
tained from EDAX) values are in close agreement with 
theoretical % (the starting composition used for the prepa-
ration) values. The EDAX analysis is affected by the sur-
face crystalline defects of the nanoparticles. This can also 
be taken into account to explain the difference between 
the values of the atomic ratio as determined by EDAX and 
the expected value.27,28

3. 2. 2. X-ray Diffraction
X-ray diffraction (XRD) patterns of the Ni0.

2Cu0.2Zn0.6Fe2-xCrxO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) 
spinel ferrite system are shown in Figure 4. The XRD pat-
terns confirmed the formation of single phase cubic spinel 
structure without additional peaks corresponding to any 
other phases. The crystal structures of Ni-Cu-Zn ferrite are 
identified as cubic spinel (space group: fd3m) with the cor-
responding (220), (311), (222), (400), (422), (333) and 
(440) planes.

Lattice parameter (a) of all the samples was deter-
mined by using the following equation: 29

					      	  (1)

Lattice constant (a) values with an accuracy of ± 
0.002 Ǻ were calculated for each sample using XRD pat-
tern and are listed in Table 1. It is observed that the lattice 
constant (a) decreases with increase in Cr3+ concentration. 
In the present ferrite system Fe3+ ions (0.67Ǻ) ions are re-
placed by the relatively small Cr3+ ions (0.64Ǻ). The de-
crease in the lattice constant is related to the difference in 
ionic radii of Fe3+ and Cr3+. 30–32

The X-ray density of all the samples was obtained 
by the following relation:

						       (2)

Where, ‘8’ is formula unit, ‘M’ is molecular weight, 
‘N’ is Avogadro’s number, ‘a’ is lattice constant. The val-
ues of X-ray density are presented in table 1. It is seen 
from Table1that, like lattice parameter, X-ray density also 
decreased with increasing Cr3+ content ‘x’. The decrease 
in X-ray density is attributed to decrease in lattice con-
stant. It is observed that X-ray density increase for x = 1.0. 
This is related to the molecular weight of the sample over-
takes the volume (a3).  

The average crystallite diameter ‘DXRD’ of powder 
estimated from the most intense (311) peak of XRD and 
using the Debye-Scherrer method, 29

						       (3)

Where, β1/2 is the full width of half maximum in 
(2θ), ‘θ’ is the corresponding Bragg angle and C = 0.9.The 
values of the crystallite size are given in Table 1. The crys-
tallite size is decreases from 30.3 nm to 8.9 nm with in-
creasing Cr3+substitution. The decrease in the crystallite 
size indicates that the addition of the Cr3+ obstruct the 
crystal growth.33 Due to the surface temperature and the 
molecular concentration at the surface of the crystal re-
sults into decrease in the crystal growth.

The percentage porosity ‘P’ of all the samples was cal-
culated using the values of X-ray density and bulk density:

						       (4)

Figure 3. Plots of Observed and Theoretical elemental % versus 
composition (x) Figure 4. The XRD patterns for Ni0.2Cu0.2Zn0.6Fe2-xCrxO4
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Where, dB and dx are the bulk and X-ray densities 
respectively.

It is observed that porosity increased from 25.4% (x 
= 0.0) to 32% (x = 1.0) with the Cr3+ substitution. In the 
present series of Ni0.2Cu0.2Zn0.6Fe2-xCrxO4, both the molec-
ular weight and the volume of the unit cell decrease with 
increasing Cr3+ substitution, but the rate of the decrease of 
molecular weight is more than that of volume. Therefore, 
the density decreases with Cr3+ substitution, this resulted 
in increase in porosity. Apart from this, the increase in po-
rosity is mainly attributed to decrease in crystallite size, 
which increases the grain boundaries of the particle and 
accordingly the porosity.27

The distance between the magnetic ions i.e. hopping 
lengths (LA and LB) in the tetrahedral A-site and octahedral 
B –site was calculated using following relation: 34

						       (5)

						       (6)

It has been observed from Table 1 that the hopping 
lengths (LA and LB) decreased with Cr3+ substitution. De-
crease in both the hopping lengths with Cr3+ substitution is 
due to the decrease in lattice constant.

3. 2. 3. Infrared Spectroscopy
The infrared spectroscopy is an important tool to 

probe various ordering phenomena that provide informa-
tion on the position of ions and vibrational modes of crys-
tals. The substitution of metal ion in ferrites may give rise 
to structural change within the unit cell without affecting 
the structure as a whole. Such structural changes brought 
about by metal ions strongly influence the lattice vibra-
tions.35 The IR spectra as shown in Figure 5, were record-
ed at room temperature in the frequency range 300–800 
cm–1. For ferrites, generally it is found  two assigned ab-
sorption bands appear around 600 cm–1: ν1, which is at-
tributed to stretching vibration of tetrahedral groups 
Fe3+–O2– and around 400 cm–1: ν2, which is attributed to 
the octahedral groups complex Fe3+–O2–. It is observed 

from Table 2 and Figure 6 that the higher frequency band 
(ν1) is appeared in the range of 568–610 cm–1 whereas 
lower frequency band (ν2) is appeared in the range of 
388–491 cm–1. These bands are characteristics features of 
spinel structure. It explains that the normal mode of vi-
bration of tetrahedral cluster is higher than that of octahe-
dral cluster. It should be attributed to the shorter bond 
length of tetrahedral cluster and longer bond length of 
octahedral cluster.35

Table 1. Lattice constant (a), X-ray density (dx) and hopping lengths (LA) and (LB), particle size (Dxrd) and poros-
ity (P) of Ni0.2Cu0.2Zn0.6Fe2-xCrxO4

Composition	 ‘a’	 ‘dx’	 LA	 LB	 P	                  Particle size (nm)
           ‘x’	 (Å)	 (g/cm3)	 (Å)	 (Å)	 (%)	 Dxrd	 TEM

         0.0	 8.418	 5.329	 3.645	 2.976	 25.4	 30.3	 30.6
         0.2	 8.415	 5.316	 3.644	 2.975	 26.1	 24.9	 25.2
         0.4	 8.406	 5.317	 3.640	 2.972	 27.7	 19.1	 19.5
         0.6	 8.394	 5.323	 3.634	 2.967	 28.7	 16.4	 15.9
         0.8	 8.389	 5.314	 3.632	 2.966	 28.4	 12.6	 12.8
         1.0	 8.367	 5.339	 3.623	 2.958	 32.0	   8.9	   9.5 

Figure 5. IR spectra for the series Ni0.2Cu0.2Zn0.6Fe2-xCrxO4

The differences in band position and intensity with 
Cr3+ substitution may be related to; the decrease in the FeB

3+ 
–O2

2– intermolecular distance increases the metal-oxygen 
vibrational energies, which arises from the decrease in the 
number of Fe3+– O2

2– complexes caused by the increase of 
the number of Cr3+– O2

2–complexes35 and, formation of 
Me2+– O2

2– at A and B sites (Me = Ni2+, Cu2+, Zn2+).
The force constants corresponding to the tetrahedral 

and octahedral complexes are calculated by using the stan-
dard formulae given below: 36

						       (7)

						       (8)
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Where, KO is the force constant of octahedral site, Kt 
is the force constant of tetrahedral site, M1 molecular 
weight of tetrahedral site, M2 molecular weight of octahe-
dral site, ν1 the corresponding center frequency on tetrahe-
dral site, and ν2  the corresponding center frequency on 
octahedral site.

The molecular weights M1 and M2 for each sample 
are calculated from the cation distribution. The force con-
stant is the second derivative of the potential energy with 
respect to the site radius with the other independent pa-
rameters kept constant. The bond lengths RA and RB have 
been calculated using the formula given by Gorter.37 The 
molecular weights of the tetrahedral M1 and octahedral M2 
sites have been calculated using the cation. The values of 
RA, RB and the force constants Kt and KO are listed in Ta-
ble: 2.

3. 2. 4. Scanning Electron Microscopy (SEM) 
Typical Scanning electron micrograph (SEM) of the 

sample x = 0.6 is shown in Figure 6. Each composition is 
characterized by a typical porous structure and small 
rounded grains. It is observed from SEM images that the 
structure is affected by the Cr3+ substitutions. It can be ob-
served from the SEM images that the prepared samples 

are amorphous and porous in nature. The decrease in the 
grain size and an increase in porosity are observed with 
increasing Cr3+ substitutions. The observed changes in 
grain size suggest that the substitution of Cr3+in Ni-Cu-Zn 
ferrite solid solution occurs during sol-gel combustion 
process which enables a better homogeneity in the pow-
ders and, hence, a more controlled microstructure is ob-
tained. 

3. 3. 5. Transmission Electron Microscopy (TEM)
TEM image of the typical sample x = 0.4 is present-

ed in Figure 7. 

Table 2. Band position (n1 and n2), Force constant (K0 and Kt) and Bond length (RA and RB) 
of system Ni0.2Cu0.2Zn0.6Fe2-xCrxO4

Comp.	              Band positions	                  Force constants	                   Bond lengths
   ‘x’	 n1 (cm–1)	 n2 (cm–1)	 KO × 105	 Kt × 105	 RA(Å)	 RB(Å)
			   (dyne/cm) 	(dyne/cm)	

   0.0	 568.1	 388.9	 0.9380	 1.6075	 3.864	 3.065
   0.2	 574.6	 418.1	 1.0834	 1.8388	 3.862	 3.064
   0.4	 585.8	 424.7	 1.1182	 1.8978	 3.861	 3.063
   0.6	 597.2	 447.2	 1.2399	 2.0884	 3.859	 3.063
   0.8	 603.9	 474.2	 1.3937	 2.3203	 3.857	 3.062
   1.0	 610.5	 491.9	 1.4999	 2.4789	 3.855	 3.061 

Figure 6. Scanning electron micrograph of Ni0.2Cu0.2Zn0.6Fe2- xCrxO4 
(x = 0.6)

Figure 7. TEM image for Ni0.2Cu0.2Zn0.6Fe2- xCrxO4(x = 0.4)

The particles were well distributed and slightly ag-
glomerated. The agglomeration is the indication of high 
reactivity of the prepared sample with the heat treatment 
and it may also be come from the magnetostatic interac-
tion between particles. Since Cr3+ ions provide stability to 
the Ni-Cu-Zn lattice; it is believed that they also inhibit 
the process of grain growth through coagulation at the 
stage where the sol-gel is formed and hence samples of 
small particle size are produced.38 Selected area electron 
diffraction (SAED) patterns of the respective TEM image 
is also shown in Figure 8. 



936 Acta Chim. Slov. 2017, 64, 931–937

Shinde et al.:   Preparation and Characterization   ...

The Bragg’ rings observed in these SAED patterns 
corresponding to specific ‘d’ values, that match perfectly 
with the ‘d’ values calculated from XRD. The superimpo-
sition of the bright spot with Debye ring pattern indicates 
polycrystalline nature of the sample which is in accor-
dance with XRD. Like XRD; SAED also confirmed that 
the sample does not possess any type of impurity or sec-
ond phase.

4. Conclusion
Nanocrystalline Ni0.2Cu0.2Zn0.6Fe2-xCrxO4 ferrites 

with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 were prepared by 
sol gel auto combustion method using citric acid as a fuel. 
The EDAX pattern confirmed the homogeneous mixing in 
pure and doped ferrite samples with desired composition. 
Structural analysis with XRD reveals that the system con-
firms the formation of single phase cubic spinel structure 
of Chromium doped Ni-Cu-Zn Nano Ferrites. Lattice con-
stant and X-ray density decreased with Cr3+ substitution. 
The crystallite size is observed in the range of 8.9–30.3 
nm, which is in close agreement with crystallite size ob-
tained from TEM. It is concluded from IR spectra that 
higher frequency band (ν1) is appeared in the range of 
568–610 cm–1 whereas lower frequency band (ν2) is ap-
peared in the range of 388–491 cm–1 confirming character-
istics features of spinel structure. It is observed from SEM 
that the prepared samples are amorphous and porous in 
nature. TEM images of the samples confirmed the particle 
size of obtained ferrite samples is in nm dimensions. The 
prepared Chromium doped Ni-Cu-Zn Nano Ferrites may 
be used as catalyst for organic transformations and in sev-
eral devices such as antennas, memory storage devices, 
microwave devices etc.

5. References
  1. �Mathew, T., Shylesh, S., Devassy, B. M., Vijayaraj, et al., Ap-

plied Catalysis A: General, 2004, 273(1), 35–45. 
	 DOI:10.1016/j.apcata.2004.06.011
  2. �Lu, H. C., Chang, J. E., Vong, W. W., Chen, et al., International 

Journal of Physical Sciences, 2011, 6(4), 855-865. 
  3. �Lim, C. W., Lee, I. S., Nano Today, 2010, 5(5), 412–434. 
	 DOI:10.1016/j.nantod.2010.08.008
  4. �Kooti, M., Afshari, M., Scientia Iranica,  2012, 19(6), 1991–

1995.  DOI:10.1016/j.scient.2012.05.005
  5. �H. Su, H. Zhang, X. Tang, Z. Zhong, Y. Jing, Mater. Sci. Eng. B, 

2009, 162, 22–25.  DOI:10.1016/j.mseb.2009.01.030
  6. �Wang, Sea-Fue, et al., Journal of Magnetism and Magnetic Ma-

terials, 2015, 394, 470–476.
	 DOI:10.1016/j.jmmm.2015.07.037
  7. �Ahmadpour Ghader, Ali Ghasemi, Ebrahim Paimozd, Cur-

rent Nanoscience, 2012, 8.4, 598–602.
	 DOI:10.2174/157341312801784393
  8. �T. Nakamura, J. Magn. Magn. Mater., 1997, 168, 285–291.
	 DOI:10.1016/S0304-8853(96)00709-3
  9. �R. Lebourgeois, S. Duguey, J. P. Ganne, J. M. Heintz, J. Magn. 

Magn. Mater., 2007, 312,  328–330.
	 DOI:10.1016/j.jmmm.2006.10.698
10. �J. H. Jean, C. H. Lee, W. S. Kou, J. Am. Ceram. Soc., 1999, 82, 

343.  DOI:10.1111/j.1551-2916.1999.tb20068.x
11. �V. V. Awati, S. M. Rathod, Sagar E. Shirsath, Maheshkumar L. 

Mane, J. Alloys Compds, 2013, 553, 157–162.
	 DOI:10.1016/j.jallcom.2012.11.045

Figure 8. SAED pattern for Ni0.2Cu0.2Zn0.6Fe2- xCrxO4 (x = 0.4)

Figure 9. Particles size distribution for Ni0.2Cu0.2Zn0.6Fe2- xCrxO4 (x = 
0.4) (based on TEM micrograph, Figure 7)

Particles size distributions for Ni0.2Cu0.2Zn0.6Fe2- 

xCrxO4 (x = 0.4) shown in figure 9. Nanocrystalline parti-
cles observed were in the range 6–55 nm. Particles with 
size between 10-30 nm were most abundant (more than 
70%). The samples particle size obtained from TEM are in 
close agreement to the size calculated from the De-
bye-Scherrer method.

https://doi.org/10.1016/j.apcata.2004.06.011
https://doi.org/10.1016/j.nantod.2010.08.008
https://doi.org/10.1016/j.scient.2012.05.005
https://doi.org/10.1016/j.mseb.2009.01.030
https://doi.org/10.1016/j.jmmm.2015.07.037
https://doi.org/10.2174/157341312801784393
https://doi.org/10.1016/S0304-8853(96)00709-3
https://doi.org/10.1016/j.jmmm.2006.10.698
https://doi.org/10.1111/j.1551-2916.1999.tb20068.x
https://doi.org/10.1016/j.jallcom.2012.11.045


937Acta Chim. Slov. 2017, 64, 931–937

Shinde et al.:   Preparation and Characterization   ...

12. �T. Krishnaveni, B. Rajini Kanth, V. Seetha Rama Raju, S.R. 
Murthy, J. Alloys Compds, 2006, 414, 282–286.

	 DOI:10.1016/j.jallcom.2005.07.029
13. �T. Krishnaveni, B. Rajini Kanth, et al., Journal of Alloys and 

Compounds, 2006, 414, 282–286.
	 DOI:10.1016/j.jallcom.2005.07.029
14. �Yen-Pei Fu, Ko-Yin Pan, Cheng-Hsiung Lin, Materials Let-

ters, 2002, 57, 291–296.
	 DOI:10.1016/S0167-577X(02)00780-2
15. �Li, Bo, et al., Materials Science and Engineering: B, 2003, 99. 1, 

252–254.  DOI:10.1016/S0921-5107(02)00489-0
16. �Zhu, Haikui, et al., Ceramics International, 2014, 40.7, 10985–

10989.  DOI:10.1016/j.ceramint.2014.03.102
17. �M. A. Gabal, Y. M. Al Angari, A. Y. Obaid, Advanced Powder 

Technology, 2014, 25, 457–461.
	 DOI:10.1016/j.apt.2013.07.009
18. �M. Epifani, E. Melissano, G. Pace, M. Schiopa, J. Europ. Cer-

am. Soc., 2007, 27, 115–123. 
	 DOI:10.1016/j.jeurceramsoc.2006.04.084
19. �N. L. Freitas, J. P. Continho, M. C. Silva, H. L. Lira, et al., Ma-

terials Science Forum, 2010, 660, 943–947. 
	 DOI:10.4028/www.scientific.net/MSF.660-661.943
20. �Tiago Pinheiro Braga, Bárbara Maria Campos Sales, et al., 

Catal. Sci. Technol., 2011, 1, 1383–1392.
	 DOI:10.1039/c1cy00176k
21. �Y. Ahn, E. J. Choi, S. Kim, H. N. Ok, Mater. Lett., 2001, 50 (1), 

47–52.  DOI:10.1016/S0167-577X(00)00412-2
22. �Lohar K. S., Pachpinde A. M., Langade M. M., et al., Journal 

of Alloys and Compounds, 2014, 604, 204–210.
	 DOI:10.1016/j.jallcom.2014.03.141
23. �B. G. Toksha, Sagar E. Shirsath, M. L. Mane, S. M. Patange, S. 

S. Jadhav, K. M. Jadhav, J. Phys. Chem. C, 2011, 115, 20905–
20912  DOI:10.1021/jp205572m

24. �Sagrario M. Montemayor, L. A. Garcıa-Cerda, J. R. Torres-Lu-
bian, O. S. Rodrıguez-Fernandez, J Sol-Gel Sci Techn, 2007, 
42, 181–186

25. �J. Azadmanjiri, Mater. Chem. Phys., 2008, 109, 109–112
	 DOI:10.1016/j.matchemphys.2007.11.001
26. �A. Mali, A. Ataie, Ceramics International, 2004, 30, 1979–

1983.  DOI:10.1016/j.ceramint.2003.12.178
27. �Hashim, Mohd, et al., Powder technology, 2012, 229, 37–44.
	 DOI:10.1016/j.powtec.2012.05.054
28. �K. S. Lohar, S. M. Patange, S. E. Shirsath et al., Int. J. of Modern 

Phy. B, 2011, 25-16, 2157–2166.
29. �B. D. Cullity, “Elements of X-ray diffraction”, (Addison-Wesley 

Publ. Comp. Inc., Reading, Massachusetts, U.S.A.), 1956, pp. 99.
30. �S. M. Patange, Sagar E Shirsath, et al., Appl. Phys. A: Mater Sci. 

Proces, 2009, A95, 429–434.
	 DOI:10.1007/s00339-008-4897-0
31. �N. Kumari, V. Kumar, K. Singh, J. Alloys Compd., 2015, 622, 

628–634.  DOI:10.1016/j.jallcom.2014.10.083
32. �Yuksel Koseoglu, Ceramics international, 2015, 41, 6417–

6423.  DOI:10.1016/j.ceramint.2015.01.079
33. �M. Ashtara, A. Munirb, M. Anis-ur-Rehmanb, A. Maqsooda, 

Materials Research Bulletin, 2016, 79, 14–21.
34. �B. Vishwanathan and V. R. K. Murthy, Ferrite Material Science 

and Technology, New Delhi: Narsoa Publishing House, 1990, 
pp. 15–61.

35. �S. S. Bellad, R. B. Pujar, B. K. Chougule, Indian J. Pure Appl. 
Phys., 1998, 36, 598–601.

36. �A. A. Yousef, M. E. El-Zain, S. A. Mazen, et al., J. Phys. Con-
dens. Matter, 1994, 6(29), 5717–5724.

	 DOI:10.1088/0953-8984/6/29/014
37. �E. W. Gorter, Philips Res. Rep., 1954, 9, 295–320.
38. �Muhammad Javed Iqbal, Barkat-ul-Ain, Mater. Sci. Engg. B, 

2009, 164, 6–11.

Povzetek
Nanoferite Ni-Cu-Zn dopirane s kromom in s kemijsko sestavo Ni0.2Cu0.2Zn0.6Fe2-xCrxO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) 
smo pripravili z modificirano sol-gel metodo. Tako pripravljene s kromom substituirane prekurzurje Ni-Cu-Zn feritov 
smo sintrali štiri ure pri 500 °C. Kemijsko sestavo smo potrdili z energijsko disperzivno rentgensko analizo (EDAX). 
Podatki rentgenske praškovne analize (XRD) pa razkrivajo, da so imajo vsi vzorci le eno fazo in kubično spinelno struk-
turo. Konstante osnovne celice, razdalje med magnetnimi ioni in velikost kristalitov, ki smo jih določili z rentgensko 
praškovno analizo se zmanjšujejo z večanjem koncentracije Cr3+ ionov. V infrardečih spektrih prevladujeta dva trakova: 
trak pri visokih frekvencah ν1 ≈ 600 cm–1 in nizkih frekvencah ν2 ≈ 450 cm–1, ki ju lahko pripišemo valenčnim nihanjem 
v tetraedričnih in oktaedričnih okoljih. Morfologijo površine pripravljenih vzorcev smo preučevali z uporabo vrstične 
elektronske mikroskopije (SEM) in presevne elektronske mikroskopije (TEM).
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Abstract
Thickness-sensitive, spectrally selective paints based on a silane treatment of pigments were prepared with different pig-
ment-volume concentrations. The critical pigment-volume concentration was determined by means of electrochemical 
impedance spectroscopy, while the pigment particle size distribution was determined with ultrasound spectroscopy. The 
selectivity versus thickness relation of a paint with a near-critical pigment-volume concentration was studied spectro-
scopically through performance criteria. Its nonlinearity was shown to be related to the surface topography. This relation 
was further supported by hydrophobicity measurements. Heat-gathering tests in a simulated solar collector supported 
the spectroscopic determination of an optimal dry-film thickness.

Keywords: TSSS paints, pigment treatment, spectral selectivity, topography, hydrophobicity

1. Introduction
Spectrally selective paints play a crucial role in solar 

collector panels needed for efficient solar-thermal conver-
sion systems.1 Such systems require spectrally selective ab-
sorbers with high absorption of the sunlight and low infrared 
emittance resulting in little heat lose to environment via con-
vection and radiation. The established measure for the solar 
irradiation absorptivity as a material property is the solar ab-
sorptivity (α, aS, αS), defined by the following equation:

 						       (1)

where S(λ) is the normalized direct solar irradiation distri-
bution function2 and R(λ) is a hemispheric reflectance 
spectra of the material surface. On the other hand, the es-
tablished measure of the fraction of black-body emissivity 
at a given temperature for a material is the thermal emis-
sivity (ε, eT, εT), defined by the following equation: 

    						       (2)

where r(λ, T) is the black-body radiation distribution 
function at a given absolute temperature (T). Since high 
solar absorptivity and a low thermal emissivity are desired 
for solar-energy exploitation, the performance criterion 
PCC was introduced as a measure of the spectral selectivity, 
combining both aS and eT:

PCC = –as + CeT      				     (3)

where C is a constant appropriate for the collector type 
used. The most commonly used values are C = 0.5 for 
high-temperature collectors, C = 0.25 for low-temperature 
collectors and C = 0.34 for unglazed collectors. The C val-
ues as well as classification of collectors are based on ex-
perimental work.3 

Coatings, made from organic spectrally selective 
materials,4, 5 represent one of efficient options to produce 
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spectrally selective absorbers. They can be divided into 
thickness-insensitive, spectrally selective,6–10 and thick-
ness-sensitive, spectrally selective (TSSS) paints.11 The de-
velopment of both types is interlinked in the fields of ab-
sorptive pigments and their dispersions,12 binders,13 and 
durability.14, 15 Typically, black TSSS coatings are based on 
an interaction between a thin layer of highly absorptive 
paint applied without a primer and a thermal infrared re-
flective substrate, such as aluminum, copper or other met-
als. Their selectivity depends to a large extent on their 
thickness, as both aS and eT increase non-linearly with 
thickness. However, the thickness of the TSSS coatings is 
seldom measured, as their usual dry-film thicknesses is of 
the same magnitude as the surface roughness of the com-
monly used substrates, but thickness measurements com-
monly used in the paint industry cannot be reliable.16 The 
grammage, i.e., the weight of coating per nominal surface, 
roughness disregarded, is used instead. The other factor 
influencing selectivity is the substrate. However, its influ-
ence on aS is not significant with coatings applied in usual 
thicknesses (aS ≥ 0.9). On the other hand, eT is very (and 
almost linearly) dependent on the substrate eT. 

Since the development of solar selective absorbers 
with both high conversion efficiency and high-tempera-
ture stability remains a challenging issue due to the cost 
and the materials problems,17 the main aim of this work is 
examination of the selectivity of in-situ silane-treated-pig-
ment TSSS (stpTSSS) paints. Therefore, we are focused in 
study of performance criteria as a function of pigment 
concentration as well as on the optical properties of the 
pigment, the binder and the surface topology. Here, the 
surface-topography study is supported by hydrophobicity 
analysis performed through measurements of the static 
contact angle of a water droplet. 

2. Materials and Methods
The stpTSSS paints were produced according to a 

previously disclosed procedure.4 The SUNCOLOR TS S 
Black Al (Helios Group, SI) paint was used for the particle 
size determination, topography studies, contact-angle 
measurements and tests of the heat-gathering properties. 
Solarect Z (Helios Group, SI) was used as a reference TSSS 
paint without silane-treated pigments. The paints were ap-
plied by spraying, bar or coil coating, diluted with the ap-
propriate Helios SUNCOLOR Thinner (Helios Group, SI) 
or SUNCOLOR Thinner (Helios Group, SI). The substrates 
used were acid-pretreated, 0.2-mm-thick, copper (eT = 
0.03) sheets and degreased, 0.4-mm-thick aluminum 
sheets (eT = 0.01–0.02). The coatings were cured in a cali-
brated Kambič LSP-190 C laboratory oven with ± 5 °C pre-
cision at temperatures > 100 °C. 

The coatings’ grammage was determined by weigh-
ing the difference of uncoated and coated substrates with 
known surfaces. The masses were determined with a preci-

sion of ± 0.0001 g. The surfaces of the rectangular samples 
were determined by measuring their length and width 
with a precision of ± 0.5 mm. The resulting grammage 
measurement error for a substrate of 10.0 cm × 10.0 cm, 
typically used in this work, is 0.01 g/m2.

The aS values were determined by recording the UV-
VIS-NIR spectra with a Perkin Elmer Lambda 950 spec-
trometer with a 150-mm Spectralon integration sphere 
and processing the spectral data according to equation (1). 
The error in the measurement of aS << 0.01.18

The eT values were determined by recording the IR 
spectra with a Bruker IFS66/S spectrometer using an OP-
TO-SOL integration sphere and processing the spectral 
data according to equation (2). The error in the measure-
ment is not documented.

The Electrochemical Impedance Spectroscopy (EIS) 
measurements were performed with a Parstat 2273 poten-
tiostat and a Tait cell. The measuring system has a resolu-
tion of 1pA. The EIS19 data were plotted as a Nyquist chart 
showing the imaginary impedance (Z’’) versus the real im-
pedance (Z’). The higher arc shows a higher coating capac-
ity and thus better barrier properties and a lower permea-
bility. The EIS data were used for a critical pigment volume 
concentration (cPVC) determination of the coatings ac-
cording to the previously described method.20,21

The particle sizes were determined with a Dispersion 
Technology DT-1200 acoustic spectrometer. The method 
based on acoustic attenuation versus an ultrasound fre-
quency measurement allows for a particle size determina-
tion in a realistic, undiluted sample, which is in contrast to 
the more common dynamic light scattering. The particle 
size distribution is calculated from the recorded ultrasound 
spectrum, the dry-matter content, and densities using a un-
imodal or bimodal model. The uncertainty of the measure-
ment for the sample relevant to this work is below 20 nm.

The substrate and coating topographies were deter-
mined with an AFM Park XE100 atomic force microscope 
with a spatial resolution of 500 pm and 150 pm of back-
ground noise. The uncertainty of the measurement for the 
samples relevant to this work is below 1 nm.

The static contact angles for water were measured 
with a Krüss DSA 100 drop shape analysis system with the 
error of the measurement being < 1°. Three measurements 
were made for each sample and then averaged.

The thermal response to irradiation was determined 
with stagnation-temperature measurements of a model 
absorber in a glazed or unglazed thermally insulated hous-
ing. The illumination was provided by filtered Atlas metal 
halide lamps; the power was regulated by changing the dis-
tance between the lamps and the absorber. The light flux 
was determined with a Kipp & Zonen CM11 pyranometer 
with a spectral range of 285–2800 nm and a zero offset < 7 
W/m2. The temperature was measured by means of type-K 
thermocouples, and a Agilent 34970A and a Windows PC 
were used for the data acquisition. Low-Fe-content glass 
with T = 0.92 was used for the glazing.
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3. Results and Discussion
3. 1. PVC Optimization

Paints with different pigment volume concentrations 
(PVCs) were produced according to the already known 
procedure and applied to a copper substrate by air spray-
ing.22 The silane coating of pigment in-situ during the dis-
persion process allows for a better dispersion and smaller 
particle size, as shown in Fig. 1.

The advantage of the new material is even clearer in 
a comparison of the PC values. Fig. 4 shows the PC0.5 val-
ues derived from the above data.

Figure 1. SEM analysis of surfaces of TSSS coatings made of silane 
treated (top) and untreated (bottom) pigments. Samples were made 
with the same PVC and the same application process.

The aS and eT values of the resulting coatings are 
shown in Figs. 2 and 3 with the aS and eT curves for the 
Solarect Z24 paint with PVC 27 as a reference. Both paints 
are based on the same binder and pigment and are formu-
lated with the same PVC. The previously known relation-
ship between the PVC and the spectral selectivity of a 
TSSS paint is also relevant for the stpTSSS paints. Paints 
with a higher PVC exhibit higher aS and lower eT for the 
same grammage and substrate.

Figure 2. aS as a function of grammage for stpTSSS at different PVC 
with a non-silane treated reference, increase of PVC leads to higher 
as values.

Figure 3. eT as a function of grammage for stpTSSS at different PVC 
with a non-silane treated reference, increase of PVC leads to lower 
eT values.

It is clear that the new coatings display better selec-
tivity at a given PVC compared to the reference, but the 
silane-pigment-treating technology offers a further ad-
vance. The reference coating is limited to its PVC with the 
mechanical properties. The stpTSSS, on the other hand, 
can be produced at significantly higher PVCs without any 
apparent loss of adhesion or cohesion. Kunič et al (2009) 
described simple mechanical tests such as cross-cut adhe-
sion23 to determine the mechanical stability in organic se-
lective coatings. 

However, such simple testing method cannot give a 
full picture to important properties like film permeability, 
which significantly influence the coating’s durability. It is 
well known that properties of coating film, including ones 



941Acta Chim. Slov. 2017, 64, 938–944

Steinbücher et al.:   The impact of a silane pigment treatment   ...

tested by cross-cut adhesion test, abruptly changes at 
cPVC.24 cPVC is the PVC where there is just enough bind-
er to provide a complete adsorbed layer on the pigment 
surfaces and to fill the voids between pigment particles in 
the film. In a film with PVC > cPVC, pigment particles are 
not completely wetted and there are voids and/or pores be-
tween them.

To determine the cPVC of stpTSSS paints we used 
electrochemical impedance spectroscopy (EIS) technique. 
A ladder of coatings with PVCs from 25 to 55 was pre-
pared and applied in a 20-µm thickness with a bar-coater 
on a steel substrate. The EIS measurements of the cured 
coatings were performed and the results are shown as a 
Nyquist chart in Fig. 5.

The Nyquist chart shows that the film permeability 
decreases with the PVC until the cPVC is reached, after 
which it drops significantly. A precise determination of the 
PVC allowed for the development of the most selective, 
but still durable, coating. All subsequent experiments were 
performed with a coating corresponding to the coating 5 
in Fig. 5. 

3. 2. Spectral Selectivity
The questions of the selectivity of the coatings and 

selectivity optimization were already partially addressed 
in the PVC dependence. Fig. 4 shows clearly that there is 
an optimal thickness of the coating from the point of view 
of selectivity. Fig. 6 shows the combined UV-VIS-NIR and 
IR spectra of a stpTSSS paint at different thicknesses, ex-
pressed as grammages.

The spectral data show strong pigment absorption 
in the UV and VIS regions, gradually diminishing in the 
NIR region. In the Thermal Infrared (TIR) region signifi-
cant absorption bands are visible at 3–3.5 µm (C-H bond 
stretching), 5.8 µm (C=O bond stretching), 7.9 µm (Si-C 
bond stretching), 9 µm (broad, Si-O bond stretching), all 
corresponding to the paint’s binder. The absorption band 
at 4.2 µm is caused by atmospheric CO2 and is numerical-
ly subtracted in the eT calculations. The increase in the 
absorptivity with thickness points to well-established 
light-absorption and scattering phenomena as the reason 
for the selectivity.25 The PC data in Fig. 4, on the other 
hand, show a more distinct nonlinearity compared to the 
reference coating and point to another mechanism be-
hind the relation between the selectivity and the thick-
ness of the coating. We believe the explanation lies in the 
surface topography of a thinly applied near cPVC coat-
ing.

Figure 4. PC0,5 values as a function of grammage for stpTSSS at dif-
ferent PVC with a non-silane treated reference. Changes in PVC 
doesn’t significantly influence the optimal grammage, which is 
about 1.5 g/m2.

Figure 5. Nyquist chart depicting EIS measurement data as Z’’ ver-
sus Z’ of below (1–5) and above critical (6-10) PVC stpTSSS paints.

Figure 6. Combined UV-VIS-NIR and IR spectra of a stpTSSS paint 
applied at different grammages.

3. 3. Topography
To interpret the topographies correctly, more data 

are needed, i.e., the distribution of particle sizes (PSD) in 
the coating. Fig. 7 shows the particle size distribution ob-
tained by acoustic spectrometry in liquid stpTSSS paint 
(i.e., before application). Clearly, the bimodal distribution 
can be explained with pigment particles that have a medi-
an particle size of 300 nm and a polymer particle disper-
sion with a median particle size of 10 µm. The latter are 
dissolved in the curing process and not present in a cured 
coating.
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To study the topography of the TSSS coatings applied 
at thickness close to the optimal one, optical microscopy is 
of little help, as the surface roughness of practical sub-
strates approaches or exceeds the thickness of the coating. 
AFM imaging was used instead. The samples were pre-
pared by air-spraying the paint on an aluminum substrate.

The image of the substrate in Fig. 8 shows a na-
no-rough surface. From the image of the stpTSSS coating 
with a grammage of 1.2 g/m2 in Fig. 9, a nanostructure 
with a pattern corresponding to the particle size deter-
mined in a liquid coating superimposed on a non-flat sub-
strate can be seen. In some spots a less structured surface 
due to a larger concentration of the binder can be seen. 
The AFM image of the surface of the stpTSSS coating with 
a grammage of 1.7 g/m2 in Fig. 10 shows a less structured 
surface. The uneven surface of the substrate is better filled 
with the coating and the pigment particles are less obvi-
ously exposed. The trend is further evident in Fig. 11, 
showing an AFM image of the stpTSSS coating with a 
grammage of 2.4 g/m2. The surface is smoother and the 
pigment particles are enclosed in a binder, clearly visible 
below the cPVC coating.

From the above images we can conclude that the PC 
versus thickness relation for the stpTSSS coatings shown in 

Figure 7. Particle size distribution in liquid TSSS paint.

Figure 8. AFM image of aluminum substrate.

Figure 9. AFM image of stpTSSS coating with 1.2 g/m2 grammage 
on aluminum substrate.

Figure 10. AFM image of stpTSSS coating with 1.7 g/m2 grammage 
on aluminum substrate.

Figure 11. AFM image of stpTSSS coating with 2.4 g/m2 grammage 
on aluminum substrate.
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Fig. 4 is influenced by the change of the PVC in the top layer 
of the coating as a significant amount of binder is used for the 
substrate wetting, thus exposing more pigment particles.

3. 4. Hydrophobicity
The nanostructure of the stpTSSS is also evident in 

its hydrophobicity. We present the contact angles for the 
water of coatings applied at different grammages in Fig. 12. 
As the binder has a contact angle for water of 96°, if ap-
plied on a thick enough layer to eliminate the influence of 
a substrate, it is clear from the data that the large contact 
angles for the stpTSSS coating are the result of structured 
surfaces. It could also be reasoned that the wetting of the 
pigment particles in the top layer of the coating is not per-
fect at lower grammages, resulting in lower contact angles 
for the more structured surfaces.

practical results to be of industrial significance. To check 
the practicability of the stpTSSS coatings the heat-gather-
ing properties were tested. The coatings were prepared 
with air spraying on an aluminum substrate. Fig. 13 shows 
the spectral selectivity data of the samples and the stagna-
tion temperatures with glazed and unglazed setups at var-
ious illuminations.

The above results clearly show that the best heat-gath-
ering properties are exhibited by the most selective sam-
ple, i.e., the one with the lowest PC value. Relatively low 
temperatures were achieved in the setups used, which 
means PC0.25 is the appropriate criteria for coating selec-
tion.

4. Conclusions
– �Silane-treated-pigment TSSS paints (stpTSSS) produced 

according to a recently disclosed procedure are the first 
Task-X-certified26, organic, spectrally selective coatings. 
They have now entered industrial production on a major 
European producer’s solar absorber surfaces coil-coating 
line.

– �The selectivity of stpTSSS paints was studied. The perfor-
mance criteria (PC) of the coating were found to de-
crease with the pigment-volume concentration (PVC). 
The critical PVC (cPVC) was determined by means of 
EIS.

– �The nonlinearity of the PC versus grammage relation 
was shown to be related not only to the optical proper-
ties of the pigment and the binder used, but also to the 
surface topography. Thin, near cPVC coatings exhibit a 
significantly different surface topography than the thick-
er coatings. We believe that sub-optimal pigment wet-
ting by the binder in the thinly applied coatings’ top lay-
er is caused by a disproportionate amount of binder be-
ing used for the substrate wetting, resulting in a PVC 
gradient in the coating. This phenomenon, which is not 
readily observable in thicker coatings, leaves the subject 
open for further studies.

– �Contact-angle measurements for water support the sur-
face-topography findings, i.e., the contact angles increase 
with the thickness. This can be readily explained by the 
coatings’ compositions and topographies.

– �The spectroscopic measurements of the paint’s selectivity 
correlate well with the results obtained with the stagna-
tion temperature built up in a model collector.

5. Acknowledgements
Authors wish to thank the staff of Laboratory for the 

Spectroscopy of Materials at National Institute of Chemis-
try (of Slovenia) under leadership of Prof. Dr. Boris Orel 
for spectral selectivity measurements and the staff of Phys-
ical Analytical Laboratory at Helios d.d. under leadership 

Figure 12. Contact angles for water for stpTSSS coatings applied at 
different grammages.

3. 5. Heat-gathering Properties
The spectroscopic measurements (Fig. 6) and nano-
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Povzetek
Članek obravnava od debeline odvisne spektralno selektivne premaze, ki so bili pripravljeni z različnimi volumskimi 
koncentracijami pigmenta temelječih na silansko obdelanih pigmentih. Kritična volumska koncentracija pigmenta je 
bila določena s pomočjo elektrokemijske impedančne spektroskopije, porazdelitev velikosti delcev pa z ultrazvočno 
spektroskopijo. Odvisnost selektivnosti od debeline premaza s skoraj kritično volumsko koncentracijo pigmenta je bila 
preučevana spektroskopsko na podlagi zmogljivostnega kriterija. Pokazalo se je, da je nelinearnost slednjega povezana s 
površinsko topografijo, kar je bilo dodatno potrjeno z meritvami hidrofobnosti. Meritve sposobnosti zbiranja toplote v 
simuliranem toplotnem zbiralniku so potrdile spektroskopsko določitev optimalne debeline suhega filma.
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Abstract
In this work, graphene oxide/Co3O4 nanocomposite was synthesized via hydrothermal decomposition of [Co(en)3]
(NO3)3 complex onto graphene oxide nanosheets. The as-prepared nanocomposite (denoted as GO/Co3O4) was structur-
ally characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), Raman spectroscopy, 
scanning electron microscopies (TEM and SEM), energy dispersive X-ray (EDX) spectroscopy, magnetic measurements, 
and N2 adsorption–desorption analysis. The results demonstrated successful immobilization of Co3O4 nanoparticles with 
an average diameter size of around 12.5 nm on the surface of graphene oxide nanosheets. The adsorption performance 
of GO/Co3O4 nanocomposite was investigated towards different organic dyes in aqueous solutions. The results displayed 
that the adsorption rate of the GO/Co3O4 nanocomposite was 98% for methylene blue (MB) in 12 min, and 66% and 45% 
for Rhodamine B (RhB) and methyl orange (MO) in 40 min, respectively. The effects of various important parameters 
including adsorbent dosage, contact time, pH, and temperature on the adsorption process were investigated in detail. The 
equilibrium adsorption data were better fitted by Langmuir isotherm. Adsorption kinetics is well-modeled using pseu-
do-second-order model. Different thermodynamic parameters indicated that the adsorption process was physisorption 
and spontaneous. The findings of the present work highlighted facile fabrication of GO/Co3O4 and its application for 
rapid and efficient removal of MB from wastewater.

Keywords: Graphene oxide nanosheets, Co3O4 nanoparticles, Hydrothermal decomposition, Nanocomposite, Adsorp-
tion performance, Organic dyes.

1. Introduction
Many chemical industries such as paper, plastics, 

cosmetics, leather, printing, food, textile, etc. use dyes for 
coloring their products and release the various types of 
dyes into water bodies which prevent the penetration of 
sunlight, retard the photosynthetic reactions, and affect 
aquatic life.1–4 Most dye molecules have aromatic rings in 
their structures, which make them highly toxic, non-bio-
degradable, carcinogenic, and mutagenic to both human 
being and aquatic life.5 Hence, it is essential to remove or 
minimize dyes to permissible levels, without disturbing 
the quality of water to be able to use it in diverse industrial 
and agricultural applications.6 A wide array of wastewater 
treatment techniques including membrane filtration, cen-
trifugation, photodegradation, chemical coagulation, and 
adsorption have been developed for removing dyes from 
wastewater.

Among these technologies, adsorption is the most 
widely used method due to its versatility, wide applicabili-
ty, and economic feasibility.7 Activated carbon, clays, zeo-
lites, polymeric materials, etc. have been applied to adsorb 
dyes from wastewater. However, these adsorbents suffer 
from either low adsorption capacities or separation prob-
lem. Hence, the adsorbent having both mentioned charac-
teristics is immensely desired in both science and technol-
ogy societies.8 In material science research, a great deal of 
attention has been focused on graphene, a carbon allo-
trope with a two-dimensional sheet-like structure with 
many unique features such as high electrical conductivity, 
mechanical flexibility, chemical and thermal stability, high 
surface functionality, and large surface area.7 Due to strong 
interplane interactions, graphene and its derivatives tend 
to aggregate in a layer-by-layer manner which, as a result, 
a significant part of their surface area is lost. The use of the 
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dispersion of single-layered GO as an absorbent allows 
one to utilize the surface area to the utmost extent, but 
these GO sheets are difficult to collect from water.9 This 
problem can be solved via chemical modification of 
graphene by the process of attaching organic groups or in-
organic particles onto graphite oxide (GO) surfaces which 
can result not only in physical separation of the resultant 
functionalized graphene sheets but also in the possible for-
mation of a stable dispersed phase of graphene in the syn-
thesis process10–12 and keep the surface area and pore vol-
ume at high levels which is required for applications such 
as adsorption processes and photocatalysis.13

In recent years, various transition metal oxides 
nanoparticles such as Fe2O3, ZnO, Fe3O4, TiO2, etc., have 
been deposited on GO nanosheets. For instance, Ami-
no-functionalized Fe3O4 (NH2–Fe3O4) particles were de-
posited on graphene oxide sheets and were used to adsorb 
Methylene Blue (MB) and Neutral Red (NR) from aque-
ous solution by Xie et al.14 The adsorption test of dyes 
demonstrated that it only took 30 min for MB and 90 min 
for NR to reach equilibrium. Luo et al. fabricated magnet-
ic cyclodextrin/graphene oxide (MCGO) materials and 
investigated their application as excellent adsorbents for 
methylene blue.15 MCGO demonstrated extremely fast 
MB-removal from wastewater with high removal efficien-
cy within 50 min. Li et al. prepared a magnetic 
CoFe2O4-functionalized graphene sheet (CoFe2O4–FGS) 
nanocomposite via a facile hydrothermal method and 
used it to adsorb methyl orange.16 The observed maximum 
adsorption capacity at 10 mg L–1 initial concentration was 
71.54 mg g–1. In another study, Fan et al. prepared a mag-
netic chitosan-GO (MCFO) nanocomposite through co-
valent bonding of chitosan to the surface of Fe3O4 nanopar-
ticles followed by covalent functionalization of GO with 
magnetic chitosan which acted as a good adsorbent to 
adsorb MB from aqueous solutions.17 Yao et al. also fabri-
cated Fe3O4/SiO2/GO nanocomposite through a covalent 
bonding technique and used it as an adsorbent for the re-
moval of MB from aqueous solution.18 Maximum MB ad-
sorption capacities were 97, 102.6, and 111.1 mg g–1at 25, 
45, and 60 °C, respectively.

Spinel-type cobalt oxide (Co3O4) is an important 
magnetic p-type semiconductor oxide and its synthesis 
and properties have attracted considerable attention ow-
ing to its prominent applications in heterogeneous cataly-
sis, energy storage and conversion, sensors, devices, 
etc.19–25 For this reason, various nanostructures of Co3O4 
such as nanoparticles, nanoplates, nanorods, nanotubes, 
nanodiscs, nanoflowers, nanocubes and hollow micro-
spheres structures have been prepared by using different 
synthesis methods.26–33 To the best of our knowledge, the 
investigation of adsorption properties of GO/Co3O4 
nanocomposites has not been reported yet. In this study, 
we presented a solvothermal approach for the production 
of GO/Co3O4 nanocomposite. The resulting products was 
characterized by FT-IR, XRD, Raman, FE-SEM, EDX, 

TEM, and VSM techniques and its adsorption properties 
in removing dye molecules from aqueous solutions were 
investigated.

2. Experimental
2. 1. Materials

Methyl orange (C14H14N3NaO3S, MO), methylene 
blue (C16H18ClN3S, MB), Rhodamine B (C28H31ClN2O3, 
RhB), Cobalt (II)-chlorid hexahydrate, and all other mate-
rials and solvents were purchased from Merck chemical 
Co (Germany). All chemical materials were of analytical 
grade and were used as received without further purifica-
tion.

2. 2. Synthesis of Co3O4 Nanoparticles
First, [Co(en)3](NO3)3 complex was prepared via the 

simple reaction of an aqueous solution of [Co(en)3]Cl3 
with concentrated nitric acid according to the reported 
method.34 To prepare Co3O4 nanoparticles, [Co(en)3]
(NO3)3 complex was decomposed at 250 °C for 1 h in an 
electric furnace under ambient air. The decomposition 
product was collected for characterization.

2.3. �Synthesis of Graphene Oxide/Co3O4 
Nanocomposite (GO/Co3O4)
Graphene oxide (GO) was prepared by the oxidation 

of graphite powder under acidic conditions according to 
modified Hummers method using a mixture of H2SO4, 
NaNO3, and KMnO4.

35,36 For the synthesis of GO/Co3O4 
nanocomposite, 50 mg GO was dispersed into 20 mL de-
ionized water by sonication for 1 h to achieve a uniform 
dispersion of GO. 100 mg as-prepared Co3O4 nanoparti-
cles were dispersed in deionized water for 15 min and were 
gradually added into GO suspension. The mixture was 
sonicated for 30 min and transferred into an autoclave for 
hydrothermal treatment at 180 °C for 24 h. The resultant 
product was separated by centrifugation and washed with 
deionized water, and dried in an oven at 60 °C for 12 h.

2. 4. Methods of Characterization
Fourier-transform infrared spectra were obtained on 

Shimadzu FT-IR 8400S (Japan) with temperature con-
trolled high sensitivity detector (DLATGS detector) in the 
scan range of 500–4000 cm–1 using KBr pellet. The XRD 
patterns were obtained on a Rigaku D-max C III, X-ray dif-
fractometer using Ni-filtered Cu Ka radiation (λ = 1.5406 
Å) for phase determination samples. Optical absorption 
spectra of dyes were obtained on a Cary 100 UV-Vis spec-
trophotometer in the wavelength range of 200–800 nm. A 
vibrating sample magnetometer (VSM, Magnetic Danesh-
pajoh Kashan Co., Iran) was employed to measure magnet-
ic parameter at room temperature. Particle size was ob-
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served by a transmission electron microscope (Philips 
CM120) at the accelerating voltage of 100 kV. SEM images 
were obtained on MIRA3 TESCAN Field Emission Scan-
ning Electron Microscope equipped with Energy Disper-
sive X-ray (EDX) analyzer for the elemental analysis of the 
sample. N2 adsorption-desorption measurements were 
performed at 77 K (Micromeritics Tristar ASAP 3000) us-
ing Brunauer-Emmett-Teller (BET) method.

2. 5. Adsorption Tests
Adsorption experiments were performed by using 30 

ml solution with known MB concentration and varying the 
amount of GO/Co3O4 as the adsorbent from 10 to 30 mg in 
40 min. The initial pH of MB solution was adjusted in the 
range of 4–12 by dropwise adding 0.1 mol/L NaOH or 0.1 
mol/L HCl solutions. After adsorption was completed, the 
solution was separated from the precipitate by centrifuga-
tion at 5000 rpm for 5 min. The concentrations of the dye 
in the solutions after different time intervals were deter-
mined with a UV-visible spectrophotometer at the wave-
length of 664 nm (λmax). The amount of MB adsorbed onto 
GO/Co3O4 nanocomposite (qt) and its removal rate (R%) 
were calculated by the following equations:

qt = (C0−Ct)V/m, R% = (C0–Ct)100/C0 = 	  (1)    = (A0–At)100/A0

where C0 and Ct (mg/L) are liquid-phase concentrations of 
dye at initial and at time t, respectively, V (L) is the volume 
of the solution and m (g) is the mass of the used adsorbent.

A0 and At are the absorbance of MB before and after 
the adsorption, respectively.

3. Results and Discussion
3. 1. �Characterization of the GO/Co3O4 

Nanocomposite

The FT-IR spectra of the samples are shown in Fig-
ure 1. For the starting [Co(en)3](NO3)3 complex, the char-
acteristic stretching bands of NH2, CH2, NO3 were ap-
peared at about 3100–3400, 2951 and 1380 cm–1, respec-
tively.37 As can be seen in the spectrum of Co3O4 (Figure 
1(b)), almost all bands associated with the complex obvi-
ously disappeared when the complex was decomposed at 
250 °C and only two strong bands at 569 and 663 cm–1 
were observed which confirmed the spinel structure of 
Co3O4. The former band was attributed to the stretching 
vibration mode of Co(III)–O and the latter band could be 
assigned to Co(II)–O bond.38 The formation of Co3O4 
from the [Co(en)3](NO3)3 complex can be related to the 
explosive decomposition of the complex via an intramo-
lecular redox process occurring between the ethylenedi-
amine (en) ligands and NO3

–  ions as reducing and oxidiz-

ing agents, respectively. This reaction resulted in the for-
mation of solid Co3O4 and gaseous products i.e. CO2, H2O 
and NOx (NO, N2O and NO2).38 Although the exact reac-
tion is unclear and intermediates and gaseous products 
had not been identified directly, the formation of Co3O4 
can be expressed as follows: [Co(en)3](NO3)3(s) → Co3O4(s) 
+ CO2(g) + H2O(g) + NOx (NO(g) +N2O(g) +NO2(g)). In 
FT-IR spectrum of GO (Figure 2(c)) obvious characteristic 
peaks of GO could be seen, including C=O stretching vi-
brations of COOH groups (1726 cm–1), graphitic C=C 
stretching vibrations (1618 cm–1), O-H deformation vibra-
tions of tertiary C-OH (1398 cm–1), C-O stretching vibra-
tions of epoxy/alkoxy groups (1026 cm–1) and O-H stretch-
ing vibrations ( 3100–3700 cm–1).39 However, as can be 
seen in Figure 2(d), after hydrothermal treatment the band 
of C=O was disappeared and the intensity of O-H and C-O 
bands were decreased, which indicated the removal of ox-
ygen-containing functional groups and reduction of GO. 
This finding confirms the formation of reduced graphene 
oxide (rGO) in the composite and the restoration of a gra-
phitic structure in graphene.40 Moreover, the two strong 
absorption peaks in the spectrum of GO/Co3O4 at lower 

Figure 1. FT-IR spectra of (a) [Co(en)3](NO3)3 complex, (b) Co3O4, 
(c) GO, and (d) GO/Co3O4.
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frequencies (in the 400–600 cm–1 range) could be assigned 
to the stretching vibrations of Co-O bonds of Co3O4 phase. 
This result confirmed the formation of GO/Co3O4 nano-
composite.

In order to further identify the chemical composi-
tion and structure of the prepared samples, powder X-ray 
diffraction (XRD) was conducted. Figure 2 displays the 
XRD patterns of Co3O4 and GO/Co3O4 nanocomposite. 
The diffraction patterns in Figures 2(a) and (b) are similar 
and can be indexed to the Co3O4 phase (JCPDS No. 78-
1970). Moreover, no characteristic diffraction peaks for 
GO were observed in the pattern indicating that GO 
nanosheets were not stacked during the synthesis process. 
The reason can be attributed to the fact that Co3O4 
nanoparticles anchored on the surfaces of GO prevented 
the exfoliated GO nanosheets from restacking. However, a 
broad characteristic peak for graphene nanosheets at about 
2θ = 23° appeared, suggesting that GO was reduced to 
graphene during the formation of the nanocomposite. The 
average domain size of Co3O4 nanoparticles was calculated 
to be approximately 13 nm by the Scherrer formula: DXRD 
= 0.9λ/(β cos θ), where DXRD is average crystalline size; λ, β, 
and θ are wavelength of Cu Kα radiation, full width at half 
maximum of the diffraction peak, and Bragg angle, respec-
tively.41

Co3O4. Compared to GO, it was clear that D and G bands 
of GO/Co3O4 were down shifted by 10 cm−1. The red shifts 
of D and G bands for GO/Co3O4 provided evidence for 
charge transfer between GO and Co3O4, which indicated 
a strong interaction between them. Raman spectra fur-
ther confirmed the successful synthesis of GO/Co3O4 
composite.

SEM images indicating the microstructural features 
of GO, Co3O4, GO/Co3O4 nanocomposite are shown in 
Figure 4. SEM image of pure GO in Figure 4(a) shows lay-
ered structure of GO having large stacks, possibly consist-
ing of hundreds of graphene oxide nanosheets. It should 
also be noted that the surfaces of GO sheets were quite flat 
and smooth. Figure 4(b) shows SEM micrograph of 
sphere-like Co3O4 nanoparticles. The SEM images of GO/
Co3O4 in Figures 4(c) and (d) clearly show graphene oxide 
nanosheets were successfully decorated with Co3O4 
nanoparticles. It can be clearly seen that the Co3O4 
nanoparticles were well deposited on GO which were a 
flexible interleaved structure. Some wrinkles are found on 
the surface, which may be important for preventing aggre-
gation of GO and maintaining high surface area, which 
could be a great benefit to its adsorption ability. On the 
contrary with pure GO sheets, the surfaces of GO 
nanosheets in the nanocomposite were rough, and the 
edges were highly crumpled.

The morphologies and microstructures of the 
as-prepared Co3O4 and GO/Co3O4 samples were further 

Figure 2. XRD patterns of (a) Co3O4and (b) GO/Co3O4 nanocom-
posite.

Raman spectroscopy is a powerful tool to character-
ize significant structural changes of GO during the com-
posite synthesis. Figure 3 presents the Raman spectra of 
GO and GO/Co3O4 nanocomposite. According to the Ra-
man spectrum of GO in Figure 3(a), the obvious peaks at 
1318 and 1584 cm−1 can be attributed to the disordered 
structure (D band, sp3 carbon atoms of disorders and de-
fects) and graphite structure (G band, sp2 carbon atoms in 
graphitic sheets) of GO, respectively.42 In the spectrum of 
GO/Co3O4, D and G peaks still exist, while other two ob-
vious peaks at 477 and 683 cm–1 can be attributed to 

Figure 3. Raman spectra of (a) GO and (b) GO/Co3O4 nanocom-
posite.
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Figure 4. SEM images of (a) GO, (b) Co3O4, and (c,d) GO/Co3O4.

Figure 5. TEM images of (a,b) Co3O4, and (c,d) GO/Co3O4 nanocomposite.
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analyzed by TEM. Figures 5(a) and (b) show the typical 
TEM images of the Co3O4, displaying that the product 
consists of a large quantity of nearly uniform monodis-
persed spheres with the diameter size in the range of 10–
25 nm which loosely aggregated. As can be seen in Figures 
5(c) and (d), the almost transparent graphene sheets are 
fully exfoliated and decorated homogeneously with 
sphere-like Co3O4 nanoparticles having an average diam-
eter of 12 nm in consistent with the average particle size 
calculated from Debye-Scherer formula. No obvious ag-
gregation was seen in Figures 5(c) or 4(d). The GO sheets 
could not only prevent agglomeration of the Co3O4 
nanoparticles and enable a good dispersion of these 
spherical particles, but also substantially enhance the spe-
cific surface area of the composite.

Further investigation was carried out by energy dis-
persive X-ray spectroscopy (EDX) to characterize the 
composition of the as-prepared GO/Co3O4 nanocompos-
ite as shown in Figure 6. The presence of C, O and Co ele-
ments in the composites could be proven by the EDX ele-
mental spectrum of GO/Co3O4. The inset of Figure 6 
shows a representative SEM image of the nanocomposite 
with corresponding EDX elemental mappings. As present-
ed in the inset of Figure 6, the distribution of correspond-
ing elemental mappings confirmed the existence of C, O, 
and Co. From the maps, it can be seen that the elements 
were uniformly distributed over the nanocomposite, con-
firming the homogeneity of the sample. The results further 
indicated that Co3O4 nanocrystals had been successfully 
loaded on the surface of GO.

of Co3O4 sample shows a ferromagnetic behavior. The fine 
hysteresis loop of GO/Co3O4 nanocomposite exhibited a 
typical weak ferromagnetic behavior at room temperature. 
The saturation magnetization (Ms) of Co3O4 nanoparticles 
sample is 1.3 emu g–1. In contrast, the GO/Co3O4 nano-
composite has smaller Ms value (0.18 emu g–1), due to the 
presence of non-magnetic GO component, weakening its 
magnetic property.

Nitrogen adsorption experiments were used to eval-
uate the pore size and structure of samples. Figure 8 shows 
the nitrogen adsorption–desorption isotherms and the 
corresponding pore size distributions curves (the insets) 
for GO, Co3O4 and GO/Co3O4 samples. The isotherms in 
Figure 8(a)–(c) can be classified to type IV with H4 hyster-
esis loop for GO and H3-hysteresis loops for Co3O4 and 
GO/Co3O4 samples (according to the IUPAC classifica-
tion), which indicate the presence of mesopores. The inter-
connected porous network could mainly contribute to the 
formation of mesopores of GO and the aggregation of GO 
nanosheets could result in the formation of the mesopores. 
Some textural properties of the samples were listed in Ta-
ble 1. As shown in Table 1, the materials were mesoporous. 
The BET surface area and pore volume of GO/Co3O4 were 
higher than the values of GO. It can be concluded that the 
addition of Co3O4 had a great effect on the structure of 
GO, greatly increasing the surface area and pore volume, 
which were all favorable factors for improving the adsorp-
tion performance.

Figure 6. EDX spectrum of GO/Co3O4 nanocomposite. The inset 
shows the corresponding EDX elemental mappings.

The magnetization curves of Co3O4 and GO/Co3O4 
samples were measured at room temperature, as shown in 
Figure 7. Obviously, the shape of magnetic hysteresis loop 

Figure 7. Magnetic hysteresis loops of (a) Co3O4 nanoparticles and 
(b) GO/Co3O4 nanocomposite.

Table. 1 Textural properties of GO, Co3O4 and GO/Co3O4 samples.

	Entry 	 Sample	 SBET (m2/g)	 Vp (cm3/g)	 Dp (nm) 

	 1	 GO	   79.15	 0.126	 1.26
	 2	 Co3O4	 103.67	 0.338	 1.27
	 3	 GO/Co3O4	 107.27	 0.336	 1.27

SBET: BET surface area. Vp: Total pore volume. Dp: Average pore 
diameter calculated using BJH method.
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3. 2. Adsorption Studies
The adsorption activity of GO/Co3O4 was examined 

by dispersing composite powder (30 mg) into an aqueous 
solution (30 ml, 25 mg L–1) of organic dyes (MB, RhB, and 
MO), and the concentrations of the dye solutions were de-
termined at given intervals by UV-vis absorption spectra. 
From Figure 9, it can be clearly seen that GO/Co3O4 had 
different adsorption abilities towards MB, RhB, and MO. 
The removal percentage of MB of up to 98% could be 
achieved in 12 min, while only 66% and 45% of RhB and 
MO were removed within 40 min. To better understand 
adsorption ability of the nanocomposite, MB was chosen 
as the removal target to study the adsorption performance 
in more detail, including adsorption kinetic parameters, 
adsorption isotherms, and thermodynamic parameters.

Figure 10 shows the adsorption abilities of pure 
Co3O4 and GO samples toward MB, RhB, and MO dyes 
under our reaction conditions. By using Co3O4 alone, it is 
clear from Figure 10(a)–(c) the decrease in intensities of 

characteristic UV-Vis absorption bands of these dyes is al-
most negligible within 40 min, indicating that it has no 
ability to adsorb dyes even after long contact times. Figure 
10(d)–(f) shows that the GO sample has different adsorp-
tion ability towards the dyes. It can be seen that the inten-
sity of the absorption bands of MB and RhB decreases with 
increasing contact time. The adsorption efficiencies of GO 
nansheets sample toward these two dyes are about 90% 
and 50%, respectively, albeit after long adsorption times of 
40 min (Figure 10(d) and (e)). On the other hand, as can 
be seen in Figure 10 (f), the decrease in intensity of char-
acteristic absorption band of MO dye is trace within 40 
min. In Figure 10 (g) the adsorption abilities of Co3O4, GO 
and GO/Co3O4 samples toward MB, RhB, and MO dyes 
were compared. The removal percentages of three dyes in 
the presence of Co3O4 sample as an adsorbent were almost 
negligible (less than 5%) in 40 min. The removal rates of 
GO sample for MB and RhB cationic dyes are 90 and 50% 
after long adsorption time of 40 min and the removal of 

Figure 8. N2 adsorption–desorption isotherms of (a) GO, (b) Co3O4 and (c) GO/Co3O4 samples. The insets show the corresponding pore size distri-
bution curves.
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Figure 9. The adsorption capability of GO/Co3O4 nanocomposite toward different dyes: (a) MB; (b) RhB and (c) MO. (d) The removal efficiency of 
MB, RhB, and MO dyes.

Figure 10. The adsorption capabilities of (a)–(c) Co3O4 nanoparticles and (d)–(f) grapheme oxide (GO) nanosheets toward MB, RhB, and MO dyes. 
(g) Adsorption efficiency (%) of the dyes in the presence of different adsorbent samples.
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MO dye is almost negligible at the same time. It is clear 
that with respect to the removal percentages and adsorp-
tion times, the GO/Co3O4 nanocomposite is more suitable 
and superior. It is suggested that the well dispersed Co3O4 
nanoparticles on the graphene surface could act as spacers 
and thus prohibit the grapheme sheets to restack. This di-
rectly results in significant increase of the geometry sur-
face area of graphene, which can be of great benefit to ad-
sorption processes. This result is consistent with BET sur-
face area data in Figure 8.

3. 3. �Kinetic Studies and Effects of Contact 
Time
Figure 11 shows the effect of GO/Co3O4 adsorbent 

dosage on the removal of MB. It is obvious that the per-
centage of dye removed by the adsorbent increased during 
the initial stage due to the highest amount of available va-
cant surface sites and was then slow for all samples until a 
state of equilibrium was reached after 12 min. It is also ob-
served in Figure 11 that the percentage of the adsorbed dye 
at equilibrium increased sharply from 43% to 98% with 
increasing adsorbent dosage from 10 to 30 mg that could 
be attributed to increase of contact area and availability of 
more adsorption sites.

Meanwhile, to further investigate the adsorption be-
havior of GO/Co3O4, pseudo-second-order kinetics model 

was applied. The pseudo-second-order kinetic model is 
expressed by the following equation:

t/qt = 1/k2qe
2 + t/qe				      (2)

where k2 is rate constant of the pseudo-second-order mod-
el (g mg–1 min–1), qe and qt (mg g–1) are the amounts of the 
dye adsorbed at equilibrium and at various times t (min), 
respectively. The values of k2 and qe at different amount of 
adsorbent can be determined from the intercept and slope 
of plots of t/qt versus t (Figure 12), respectively, and the 
results are given in Table 2. It is observed that the experi-
mental adsorption capacity (qe,exp: 24.63) value was close to 
the calculated adsorption capacity (qe,cal: 26.31). Also, large 
correlation coefficients (R2 = 0.998) suggested that the ad-
sorption kinetic followed the pseudo-second-order model. 
The values of qe,cal were increased from 26.31 to 38.46 mg 
g–1, when the initial amount of adsorbent was decreased 
from 30 mg to 10 mg, due to the affinity for the adsorption 
surface sites at lower adsorbent concentration.

Figure 11. The effect of with different dosages of GO/Co3O4 on the 
removal of MB

Figure 12. Pseudo-second-order kinetics plot of MB adsorption on 
GO/Co3O4 nanocomposite.

The comparative removal efficiency of MB with dif-
ferent adsorbents in the aqueous medium is presented in 
Table 3. It was observed that in term of removal efficiency 
(%) and contact time, GO/Co3O4 nanocomposite was the 
most efficient adsorbent (98% adsorption of methylene 
blue) compared to other reported adsorbents. This may be 

Table 2. Adsorption kinetic parameters for the adsorption of MB onto GO/Co3O4.

	 Adsorbent 	 qe,exp (mg g–1)	 k2 (g mg–1 min–1)a	 qe,cal (mg g–1)	 R2
	 dosage (mg)

	 30	 24.63	 0.05159	 26.31	 0.998
	 20	 25.15	 0.0371	 28.57	 0.994
	 10	 32.52	 0.0193	 38.46	 0.989

aPseudo-second-order kinetics
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due to the fact that, in the case of GO/Co3O4 nanocompos-
ite, the main driving force for adsorption was electrostatic 
forces of attraction between cationic MB molecules and 
negatively charged oxygen-containing surface groups 
along with π–π interaction between localized π electrons 
in the conjugated aromatic rings of the adsorbent and ad-
sorbate which is comparatively stronger than π−π interac-
tion, electrostatic attraction, van der Waals interaction, 
and hydrogen bonding alone.43,44

3. 4. Adsorption Isotherm
An adsorption isotherm declares the relationship be-

tween the mass of dye adsorbed at a given temperature un-
der equilibrium conditions per unit mass of adsorbent (qe, 
mg g–1) and the liquid phase dye concentration (Ce, mg 
L–1).45 In this study, to investigate the nature of electrostatic 
interaction of dye molecules with GO/Co3O4 nanocom-
posite, Langmuir and Freundlich models were applied, in 
which the experiments were conducted by varying the 
amount of adsorbent from 10 to 25 mg at 25 °C while 
keeping the concentration of methylene blue solution con-
stant (25 mg L–1). Langmuir adsorption model supposes 
that maximum adsorption occurs on a saturated monolay-
er of solute molecules and all adsorption sites on the ad-

sorbent surface are homogeneous and is given by the fol-
lowing equation: 46

ce/qe = 1/kLqm + ce/qm				      (3)

where kL is Langmuir adsorption constant, ce, qe, and qm, 
are MB concentration at equilibrium (mg L–1), the amount 
of MB adsorbed at equilibrium (mg g−1), and the maxi-
mum adsorption capacity (mg g–1), respectively. The values 
of qm and kL are computed from the slope and intercept of 
the linear plot of ce/qe versus ce. The separation factor (RL) 
is used to evaluate the favorability adsorption on the ad-
sorbent, which is defined by the following equation: 47

RL = 1/(1+ KLC0)				      (4)

The parameter can show that the isotherm is irre-
versible (RL = 0), favorable (0 < RL< 1), linear (RL = 1) or 
unfavorable (RL> 1). In this work, the value of RL calculat-
ed for the initial concentrations of MB was 0.11, which il-
lustrated that the adsorption of MB onto GO/Co3O4 was 
favorable. Freundlich model is based on the assumption 
that the multilayer of the adsorption process occurs on a 
heterogeneous surface and is given by the following equa-
tion:47

Figure 13. Adsorption isotherm plots for the adsorption of MB onto GO/Co3O4 nanocomposite: (a) Langmuir isotherm, (b) Freundlich isotherm.

Table 3. The comparative removal efficiency of MB with different adsorbents.

	Entry	 Adsorbent material	 Removal 	 CMB (mg L–1)	 Time (min)	 Ref.		  efficiency (%)

	 1	 G–CNT hybrid	   97	 10	 180	 [40]
	 2	 H6P2W18O62/MOF-5	   97	 10	   10	 [49]
	 3	 M-MWCNTs	   82	 20	 120	 [51]
	 4	 (4-Hap)4[Mo8O26]hybrid	 100	 10	 120	 [54]
	 5	 H3PW12O40@MIL-101	     97.5	 20	   30	 [55]
	 6	 GO/Co3O4 nanocomposite	   98	 25	   12	 This work
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logqe = 1/n log ce + log kf			     (5)

where KF is a Freundlich constant and n is the heterogene-
ity factor. The isotherms based on the experimental data 
are shown in Figures 13(a) and (b), and the parameters 
obtained from linear regression are summarized in Table 
4. According to the obtained data, correlation coefficient 
R2 in Langmuir model (0.973) was higher than that of Fre-
undlich model (0.910), which exhibited that Langmuir 
model was suitable for describing the adsorption equilibri-
um of MB on GO/Co3O4 nanocomposite.

3. 5. Effect of pH
The effect of pH on the adsorption process of dyes is 

important because industrial dyes are discharged in waste-
waters at a pH different from the environmental pH.48 In 
general, the solution pH can affect the surface charge of 
the adsorbent, the degree of ionization/ dissociation of dye 
molecules as well as dissociation of functional groups on 
the active sites of the adsorbent.49,50 Figure 14 shows the 
effect of initial solution pH on MB adsorption onto GO/
Co3O4. Both, the adsorption capacity and removal rate of 
MB became significant with increasing solution pH from 4 
to 12. This phenomenon can be explained by the fact that 
at higher pH values, the surface of GO/Co3O4 may become 
negatively charged, which can attract positively charged 
MB cations through electrostatic forces. A similar trend 
was observed for the adsorption of methylene blue onto 

magnetic cyclodextrin/graphene oxide,15 or polydopamine 
microspheres,47 magnetite-loaded multi-walled carbon 
nanotubes,51 and magnetic graphene oxide.52

3. 6. Thermodynamic Parameters
Thermodynamic studies for the adsorption of MB 

onto GO/Co3O4 were carried out at different temperatures. 
Thermodynamic parameters, namely, Gibbs free energy 
(ΔG°), enthalpy (ΔH°) and entropy (ΔS°) were calculated 
using following equations:

lnKL = –∆H°/(RT) + ∆S°/R			     (6)∆G°= –RT lnKL

where KL (L/g) is Langmuir constant, R is universal gas 
constant (8.314 J mol–1 K) and T is absolute temperature (in 
Kelvin). Plotting lnKL versus 1/T gave a straight line with 
slope and intercept equal to –∆H°/R and ∆S°/R, respective-
ly (Figure 15). The positive value of ∆H° (Table 5) showed 
endothermic nature of adsorption process that it was in ac-
cordance with increasing adsorption capacity collaborated 
with the increase of temperature. The negative value of ∆G° 
for different temperatures showed the feasibility and spon-
taneous nature of adsorption. The activation energy, Ea, 
was calculated by using Arrhenius equation:

lnk = ln A – Ea/RT				      (7)

Table 4. Isotherm parameters for the adsorption of MB onto GO/Co3O4.
		

	 Langmuir isotherm	 Freundlich isotherm
	

	KL (L mg–1)	 qm (mg g–1)	 RL	 R2	 KF (mg g–1 (L mg–1)1/n)	 n	 R2
		

	 0.32	 40	 0.11	 0.973	 16.36	 3.98	 0.910
		

Figure 14. Effect of initial pH on adsorption capability and removal 
of MB with GO/Co3O4 nanocomposite.

Figure 15.Van’t Hoff plots for the adsorption of MB onto GO/
Co3O4.
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where k is pseudo-second-order rate constant, Ea, A, R, 
and T are activation energy, Arrhenius factor, universal gas 
constant, and temperature in Kelvin, respectively. The lin-
ear plot of lnk against 1/T provided slope equal to –Ea/R. 
The value of Ea ranging from 5 to 40 kJ mol–1 are character-
istic for physisorption while ranging from 40 to 800 kJ 
mol–1 indicates chemisorptions.53 The activation energy for 
the adsorption of MB onto GO/Co3O4 nanocomposite was 
found to be 7.37 kJ mol–1, which indicated that the process 
was governed by physical adsorption.

that Co3O4 nanoparticles were deposited onto GO na
nosheets. Compared with Co3O4 nanoparticles, GO/Co3O4 
nanocomposite showed weaker ferromagnetic behavior. 
The results revealed that GO/Co3O4 nanocomposite de
monstrated rapid uptake of cationic methylene blue (MB) 
and the adsorption process followed pseudo-second-order 
kinetic model as well as Langmuir isotherms. Rapid ad-
sorption rate was mainly attributed to the electrostatic in-
teraction of oppositely charged adsorbate−adsorbent spe-
cies along with their π−π interaction. Thermodynamic 
parameters showed that the adsorption was spontaneous. 
Recyclability tests indicated that GO/Co3O4 nanocompos-
ite could be recycled and utilized several times without 
losing adsorption capacity.

5. Acknowledgements
The authors gratefully acknowledge Lorestan Uni-

versity Research Council and Iran Nanotechnology Initia-
tive Council (INIC) for their financial supports.

6. References
  1. �C. A. Demarchi, M. Campos and C. A. Rodrigues, J. Environ. 

Chem. Eng. 2013, 1, 1350–1358.
	 DOI:10.1016/j.jece.2013.10.005
  2. �J. Wang, C. Zheng, S. Ding, H. Ma and Y. Ji, Desalination 2011, 

273, 285–291.  DOI:10.1016/j.desal.2011.01.042
  3. �F. Marahel, M. A. Khan, E. Marahel, I. Bayesti and S. Hosseini, 

Des. Water Treat. 2015, 53, 826–835.
  4. �N. M. Julkapli, S. Bagheri and S. B. A. Hamid, Scientific World 

J. 2014, 2014.  	 DOI:10.1080/19443994.2013.846240
  5. �H. Hou, R. Zhou, P. Wu and L. Wu, Chem. Eng. J. 2012, 211, 

336–342.  DOI:10.1016/j.cej.2012.09.100
  6. �A. K. Sarkar, A. Pal, S. Ghorai, N. Mandre and S. Pal, Carbo-

hydr. Polym. 2014, 111, 108–115.
	 DOI:10.1016/j.carbpol.2014.04.042
  7. �M. Yusuf, F. Elfghi, S. A. Zaidi, E. Abdullah and M. A. Khan, 

RSC Adv. 2015, 5, 50392–50420.
  8. �L. Zhou, C. Gao and W. Xu, ACS Appl. Mater. Interfaces. 2010, 

2, 1483–1491.  DOI:10.1021/am100114f	
  9. �Y. Chen, L. Chen, H. Bai and L. Li, J. Mater. Chem. A. 2013, 1, 

1992–2001.  DOI:10.1039/C2TA00406B
10. �S. Park and R. S. Ruoff, Nat. nanotechnol. 2009, 4, 217–224.
	 DOI:10.1038/nnano.2009.58
11. �X. Wang, X. Li, L. Zhang, Y. Yoon, P. K. Weber, H. Wang, J. 

Guo and H. Dai, Sci. 2009, 324, 768–771.
	 DOI:10.1126/science.1170335
12. �T. Ramanathan, A. Abdala, S. Stankovich, D. Dikin, M. Her-

rera-Alonso, R. Piner, D. Adamson, H. Schniepp, X. Chen 
and R. Ruoff, Nat. Nanotechnol. 2008, 3, 327–331.

	 DOI:10.1038/nnano.2008.96
13. �B. Li and H. Cao, J. Mater. Chem. 2011, 21, 3346–3349.
	 DOI:10.1039/C0JM03253K

Table 5. Thermodynamic parameters for the adsorption of MB onto 
GO/Co3O4.

	T (K)	 ∆G° (KJ/mol)	 ∆H° (KJ/mol)	 ∆S° (J/mol k)

298	 –2.96	 13.01	 53.62
308	 –3.49	 –	 –
318	 –4.03	 –	 –

Figure 16. Effect of recycle times of GO/Co3O4 on MB removal rate.

3. 7. �Recyclability of GO/Co3O4 
Nanocomposite
Recovery and regeneration ability of the adsorbent, 

that can reduce the cost of the treatment process, is crucial 
for its practical application. For this purpose, the used ad-
sorbent was regenerated with ethanol solution, and the 
absorption-desorption cycle was repeated four times and 
the obtained results are shown in Figure 16. In the first 
three cycles, the removal efficiencies were 98%, 95%, and 
93%, respectively, and then remained at 90% at the fourth 
cycle. These results show that the adsorbent had the poten-
tial of reusability.

4. Conclusion
GO/Co3O4 nanocomposite was synthesized success-

fully by a hydrothermal route. The results obtained from 
XRD, FTIR, FESEM, EDS, and TEM techniques showed 

https://doi.org/10.1016/j.jece.2013.10.005
https://doi.org/10.1016/j.desal.2011.01.042
https://doi.org/10.1080/19443994.2013.846240
https://doi.org/10.1016/j.cej.2012.09.100
https://doi.org/10.1016/j.carbpol.2014.04.042
https://doi.org/10.1021/am100114f
https://doi.org/10.1039/C2TA00406B
https://doi.org/10.1038/nnano.2009.58
https://doi.org/10.1126/science.1170335
https://doi.org/10.1038/nnano.2008.96
https://doi.org/10.1039/C0JM03253K


957Acta Chim. Slov. 2017, 64, 945–958

Pourzare et al.:   Graphene Oxide/Co3O4 Nanocomposite:   ...

14. �G. Xie, P. Xi, H. Liu, F. Chen, L. Huang, Y. Shi, F. Hou, Z. 
Zeng, C. Shao and J. Wang, J. Mater. Chem. 2012, 22, 1033–
1039.  DOI:10.1039/C1JM13433G

15. �L. Li, L. Fan, H. Duan, X. Wang and C. Luo, RSC Adv. 2014, 4, 
37114–37121.

16. �N. Li, M. Zheng, X. Chang, G. Ji, H. Lu, L. Xue, L. Pan and J. 
Cao, J. Solid State Chem. 2011, 184, 953–958.

	 DOI:10.1016/j.jssc.2011.01.014
17. �L. Fan, C. Luo, X. Li, F. Lu, H. Qiu and M. Sun, J. Hazard. 

Mater. 2012, 215, 272–279.
	 DOI:10.1016/j.jhazmat.2012.02.068
18. �Y. Yao, S. Miao, S. Yu, L. P. Ma, H. Sun and S. Wang, J. Colloid 

Interface Sci. 2012, 379, 20–26.
	 DOI:10.1016/j.jcis.2012.04.030
19. �F. Jiao and H. Frei, Angew. Chem. 2009, 121, 1873–1876.
	 DOI:10.1002/ange.200805534
20. �H. Sun, H. Tian, Y. Hardjono, C. E. Buckley and S. Wang, 

Catal. Today. 2012, 186, 63–68.
	 DOI:10.1016/j.cattod.2011.09.001
21. �J. A. Koza, Z. He, A. S. Miller and J. A. Switzer, Chem. Mater. 

2012, 24, 3567–3573.  DOI:10.1021/cm3012205
22. �Z. Wang and L. Zhou, Adv. Mater. 2012, 24, 1903–1911.
	 DOI:10.1002/adma.201200469
23. �G. Wang, H. Liu, J. Horvat, B. Wang, S. Qiao, J. Park and H. 

Ahn, Chem. Eur. J. 2010, 16, 11020–11027.
	 DOI:10.1002/chem.201000562
24. �T. Zhu, J. S. Chen and X. W. Lou, J. Mater. Chem. 2010, 20, 

7015–7020.  DOI:10.1039/c0jm00867b
25. �L. Jin, X. Li, H. Ming, H. Wang, Z. Jia, Y. Fu, J. Adkins, Q. 

Zhou and J. Zheng, RSC Adv. 2014, 4, 6083–6089.
26. �S. Farhadi and K. Pourzare, Mater. Res. Bull. 2012, 47, 1550–

1556.  DOI:10.1016/j.materresbull.2012.02.028
27. �S. Farhadi, K. Pourzare and S. Bazgir, J. Alloys Compd. 2014, 

587, 632–637.  DOI:10.1016/j.jallcom.2013.10.259
28. �L. Wang, J. Deng, Z. Lou and T. Zhang, Sens. Actuators B 

Chem. 2014, 201, 1–6.  DOI:10.1016/j.snb.2014.04.074
29. �J. Xu, L. Gao, J. Cao, W. Wang and Z. Chen, Electrochim. Acta. 

2010, 56, 732–736.  DOI:10.1016/j.electacta.2010.09.092
30. �D. Vickers, L. Archer and T. Floyd-Smith, Colloids Surf. A 

Physicochem. Eng. Aspects, 2009, 348, 39–44.
	 DOI:10.1016/j.colsurfa.2009.06.025
31. �J. S. Chen, T. Zhu, Q. H. Hu, J. Gao, F. Su, S. Z. Qiao and X. W. 

Lou, ACS appl. mater. interfaces. 2010, 2, 3628–3635.
	 DOI:10.1021/am100787w
32. �S. Farhadi, Z. Heydari-Chegeni and M. Mousavi, J. Alloys 

Compd. 2017, 692, 923–933.
	 DOI:10.1016/j.jallcom.2016.09.136
33. �F. Hong, Y. Ni, Y. Zhong, H. Wu, J. Alloys Compd. 2016, 659, 

112–121.  DOI:10.1016/j.jallcom.2015.11.049
34. �G. S. Girolami, T. B. Rauchfuss, R.J. Angelici, Synthesis and 

technique in inorganic chemistry: a laboratory manual, Uni-
versity Science Books, Sausalito, CA, 1999.

35. �Y. Yao, Z. Yang, H. Sun and S. Wang, Ind. Eng. Chem. Res. 
2012, 51, 14958–14965.  DOI:10.1021/ie301642g

36. �P. Bradder, S. K. Ling, S. Wang and S. Liu, J. Chem. Eng. Data. 
2010, 56, 138–141.  DOI:10.1021/je101049g

37. �K. Nakamoto, Infrared and Raman spectra of inorganic and 
coordination compounds, Wiley Online Library, 1986.

38. �S. Farhadi, M. Javanmard and G. Nadri, Acta Chim. Slov. 
2016, 63, 335–343.  DOI:10.17344/acsi.2016.2305

39. �B. Pejova, A. Isahi, M. Najdoski and I. Grozdanov, Mater. Res. 
Bull. 2001, 36, 161–170.

	 DOI:10.1016/S0025-5408(00)00479-7
40. �L. Ai and J. Jiang, Chem. Eng. J. 2012, 192, 156–163.
	 DOI:10.1016/j.cej.2012.03.056
41. �H. P. Klug and L. E. Alexander, X-ray diffraction procedures, 

Wiley New York. 1954.
42. �Y. Zhao, S. Chen, B. Sun, D. Su, X. Huang, H. Liu, Y. Yan, K. 

Sun and G. Wang, Sci. Rep. 2015, 5, 7629–7635.
	 DOI:10.1038/srep07629	
43. �P. Sharma and M. R. Das, J. Chem. Eng. Data. 2012, 58, 151–

158.  DOI:10.1021/je301020n
44. �Y. Li, Q. Du, T. Liu, X. Peng, J. Wang, J. Sun, Y. Wang, S. Wu, 

Z. Wang and Y. Xia, Chem. Eng. Res. Des. 2013, 91, 361–368.
	 DOI:10.1016/j.cherd.2012.07.007
45. �L. Sun, S. Hu, H. Sun, H. Guo, H. Zhu, M. Liu and H. Sun, 

RSC Adv. 2015, 5, 11837–11844.
46. �L. Yao, S. K. Lua, L. Zhang, R. Wang and Z. Dong, J. Hazard. 

Mater. 2014, 280, 428–435.
	 DOI:10.1016/j.jhazmat.2014.08.026
47. �J. Fu, Z. Chen, M. Wang, S. Liu, J. Zhang, J. Zhang, R. Han and 

Q. Xu, Chem. Eng. J. 2015, 259, 53–61.
	 DOI:10.1016/j.cej.2014.07.101
48. �X. Rong, F. Qiu, C. Zhang, L. Fu, Y. Wang and D. Yang, Pow-

der Technol. 2015, 275, 322–328.
	 DOI:10.1016/j.powtec.2015.01.079
49. �X. Liu, W. Gong, J. Luo, C. Zou, Y. Yang and S. Yang, Appl. 

Surf. Sci. 2016, 362, 517–524.
	 DOI:10.1016/j.apsusc.2015.11.151
50. �Z. Chen, J. Zhang, J. Fu, M. Wang, X. Wang, R. Han and Q. 

Xu, J. Hazard. Mater. 2014, 273, 263–271.
	 DOI:10.1016/j.jhazmat.2014.03.053
51. �L. Ai, C. Zhang, F. Liao, Y. Wang, M. Li, L. Meng and J. Jiang, 

J. Hazard. Mater. 2011, 198, 282–290.
	 DOI:10.1016/j.jhazmat.2011.10.041
52. �J. H. Deng, X.-R. Zhang, G.-M. Zeng, J.-L. Gong, Q.-Y. Niu 

and J. Liang, Chem. Eng. J. 2013, 226, 189–200.
	 DOI:10.1016/j.cej.2013.04.045
53. �A. Farghali, M. Bahgat, W. El Rouby and M. Khedr, J. Alloys 

Compd. 2013, 555, 193–200.
	 DOI:10.1016/j.jallcom.2012.11.190
54. �Y. Q. Zhang, C.-C. Wang, T. Zhu, P. Wang and S.-J. Gao, RSC 

Adv. 2015, 5, 45688–45692.
55. �T. T. Zhu, Z.-M. Zhang, W.-L. Chen, Z.-J. Liu and E.-B. Wang, 

RSC Adv. 2016, 6, 81622–81630.

https://doi.org/10.1039/C1JM13433G
https://doi.org/10.1016/j.jssc.2011.01.014
https://doi.org/10.1016/j.jhazmat.2012.02.068
https://doi.org/10.1016/j.jcis.2012.04.030
https://doi.org/10.1002/ange.200805534
https://doi.org/10.1016/j.cattod.2011.09.001
https://doi.org/10.1021/cm3012205
https://doi.org/10.1002/adma.201200469
https://doi.org/10.1002/chem.201000562
https://doi.org/10.1039/c0jm00867b
https://doi.org/10.1016/j.materresbull.2012.02.028
https://doi.org/10.1016/j.jallcom.2013.10.259
https://doi.org/10.1016/j.snb.2014.04.074
https://doi.org/10.1016/j.electacta.2010.09.092
https://doi.org/10.1016/j.colsurfa.2009.06.025
https://doi.org/10.1021/am100787w
https://doi.org/10.1016/j.jallcom.2016.09.136
https://doi.org/10.1016/j.jallcom.2015.11.049
https://doi.org/10.1021/ie301642g
https://doi.org/10.1021/je101049g
https://doi.org/10.17344/acsi.2016.2305
https://doi.org/10.1016/S0025-5408(00)00479-7
https://doi.org/10.1016/j.cej.2012.03.056
https://doi.org/10.1038/srep07629
https://doi.org/10.1021/je301020n
https://doi.org/10.1016/j.cherd.2012.07.007
https://doi.org/10.1016/j.jhazmat.2014.08.026
https://doi.org/10.1016/j.cej.2014.07.101
https://doi.org/10.1016/j.powtec.2015.01.079
https://doi.org/10.1016/j.apsusc.2015.11.151
https://doi.org/10.1016/j.jhazmat.2014.03.053
https://doi.org/10.1016/j.jhazmat.2011.10.041
https://doi.org/10.1016/j.cej.2013.04.045
https://doi.org/10.1016/j.jallcom.2012.11.190


958 Acta Chim. Slov. 2017, 64, 945–958

Pourzare et al.:   Graphene Oxide/Co3O4 Nanocomposite:   ...

Povzetek
Nanokompozit grafenovega oksida (GO)/Co3O4 smo sintetizirali s hidrotermalnim razpadom spojine [Co(en)3](NO3)3 
na nanoplasteh grafenovega oksida. Tako pripravljen nanokompozit (GO/Co3O4) smo karakterizirali z infrardečo spek-
troskopijo (FT-IR), rentgensko praškovno difrakcijo (XRD), ramansko spektroskopijo, vrstično in presevno elektron-
sko mikroskopijo (TEM, SEM), energijsko disperzivno rentgensko spektroskopijo (EDX), magnetnimi meritvami in N2 
adsorpcijsko – desorpcijsko analizo. Rezultati so pokazali, da so se nanodelci Co3O4, s povprečnim premerom 12,5 nm 
pripeli na plasti grafenovega oksida. Adsorpcijsko učinkovitost GO/Co3O4 smo preučevali napram različnim organskim 
barvilom v vodnih raztopinah. Rezultati adsorpcijske učinkovitosti nanokompozita GO/Co3O4 so: metilen modro: 98 % 
v 12 minutah; rodamin B 66 % v 40 minutah, metiloranž 45 % v 40 minutah. Podrobno smo preučevali vplive različnih 
parametrov kot so množina adsorbenta, čas, pH vrednosti in temperatura na adsorpcijski proces. Podatki adsorpcijskega 
ravnotežja najbolje sledijo Langmuirjevi izotermi, adsorpcijsko kinetiko pa lahko opišemo s psevdo modelom druge-
ga reda. Različni termodinamski parametri kažejo na to, da je proces adsorpcije spontan. Poudarimo lahko tudi lažjo 
pripravo nanokompozita GO/Co3O4 in njegovo uporabo pri odstranjevanju barvila metilen modro iz odpadnih vod.
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Abstract
To support the understanding of chemistry concepts and processes at the particulate level, various representations are 
included in learning materials. This paper focuses on how submicroscopic representations (SMRs) are integrated into 
Slovenian chemistry textbook sets with respect to the curriculum topics for 8th and 9th Grade. Textbook set analysis is 
based on four holistic SMRs descriptors (direct, indirect, combined descriptor, and SMRs without descriptors), which 
support learners’ recognition of SMRs’ informational value at different levels by providing different accompanying SMRs 
add-ons. The textbook sets analysis revealed that the number of SMRs varies significantly with regard to different curric-
ulum topics. The overall proportion of the descriptors that enable the learner a direct recognition of SMRs is low in all 
curriculum topics. Interestingly, the descriptors that do not enable the learners a direct recognition of SMRs prevail in 
textbook sets. To obtain more detailed insight into the criteria based on which the textbook authors integrate SMRs with 
various descriptors into textbook sets, further studies are necessary.

Keywords: Chemistry, curriculum, submicroscopic representations, textbook

1. Introduction
Textbooks are an important resource in supporting 

the effective teaching and learning of chemistry, as one 
school subject in the larger field of science education. They 
can be used for studying at school as well as at home.1 In 
order to be used as teaching materials at schools, the text-
book sets for chemistry should be synchronised with the 
National Curriculum for Chemistry at certain educational 
levels2,3 and confirmed by the National Commission for 
Textbook Approval at the Ministry of Education of the Re-
public of Slovenia.4 To support the quality of the textbook 
sets in chemistry education, significant attention has been 
paid to textbook analysis. For example, Abraham et al.5 stud-
ied eighth graders’ degree of understanding of five selected 
chemistry concepts found in textbooks and attempted to 
identify related misconceptions; Sanger and Greenbowe6 an-
alysed the college chemistry textbooks as sources of miscon-
ceptions and errors in electrochemistry; Abd‐El‐Khalick, 
Waters, and Le7 studied representations of nature of science 
in high school chemistry textbooks over the past four de-
cades; Devetak, Vogrinc, and Glažar8 studied explanations 
of states of matter in Slovenian science textbooks from 1th to 

8th Grade; and Souza and Porto9 analysed iconographic and 
textual aspects of chemistry textbooks which had significant 
diffusion in the context of Brazilian universities. 

Johnstone10 suggested that representing chemistry 
concepts and processes is based on representations at three 
levels: macroscopic (observable phenomena), submicro-
scopic or particulate (different representations of atomic, 
molecular, and particle structures), and symbolic (mathe-
matical and chemical symbols). The understanding of 
chemistry is based on creating mental images for corre-
sponding phenomena on the particulate level. Such mental 
images are considered to be internal representations that 
can be visualised through the use of special symbolic sys-
tems, so-called external representations of the particulate 
nature of matter,11,12 which are referred to as submicrosco-
pic representations (SMRs) in this paper. Few macroscopic 
observations can be understood without recourse to 
sub-microscopic representation or models.13 Various visu-
alisations are used to support students when connecting 
the three levels of concept representations,14–16 as the inter-
pretation of the macroscopic phenomenon at the particu-
late level is perceived to be an important part in contem-
porary chemistry teaching.17 
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2. The Context and the Purpose  
of the Study

This paper focuses on SMRs in Slovenian chemistry 
textbook sets with respect to the topics of the National 
Chemistry Curriculum for 8th and 9th Grade.3 Previous 
research has been dealing with misconceptions related 
with SMRs.18 The novelty of the present research is in fo-
cusing on the descriptors, which accompanying SMRs. 
Namely, based on their own acceptance of the simultane-
ous use of SMRs as a part of a triple representation of 
chemistry concepts (submicroscopic, macroscopic and 
symbolic levels), chemistry educators, such as authors of 
textbooks, can assume that students can also easily com-
prehend and efficiently learn with the use of SMRs.10 How-
ever, the understanding of the kinds of information and 
inferences that the visualisations in various learning mate-
rials provide requires explicit instruction and practice.19 
The research indicates that students’ successful learning 
with SMRs is significantly impacted by their representa-
tional competence in chemistry.20–22 The representational 

competence includes a distinct set of skills for construct-
ing, selecting, interpreting, and using disciplinary repre-
sentations for communicating, learning, or problem solv-
ing.23 Moreover, in the textbook sets the authors can unin-
tentionally devote more emphasis to the implementation 
of SMRs in particular topics, whereas in others the partic-
ulate representations can be neglected.

The following research questions (RQ) were stated: 

1st RQ: �How does the number of SMRs in Slovenian chem-
istry textbook sets for 8th and 9th Grade change 
with respect to curriculum topics?

2nd RQ: �What holistic descriptors of SMR add-ons are used 
to support learners in the recognition of SMRs’ in-
formational value in specific curriculum topics of 
Slovenian chemistry textbook sets for 8th and 9th 
Grade?

3rd RQ: �How does the number of specific holistic descrip-
tors of SMR add-ons in Slovenian chemistry text-
book sets for 8th and 9th Grade change with re-
spect to curriculum topics?

Table 1. The list of the analysed textbook sets

			   Year of	 Number 	

Textbook set* 			   publication 	 of Pages 	 Grade/

         title	 Author(s)	 Publisher	 (Edition)	 Textbook/	 Learner’s
    			   Textbook/	 workbook	 age
			   workbook		

Kemija danes 1	 Gabrič, A., Glažar, S. A., Graunar, 		  2014 (1st Ed.)/
	 M., Slatinek-Žigon, M.	 DZS	 2013 (1st Ed.)	 125/106	 8/13

Kemija 8,	 Sajovic, I., Wissiak Grm, K., Godec, A., 	 Zavod RS
i-učbenik	 Kralj, B., Smrdu, A., Vrtačnik, M., Glažar, S.	 za šolstvo	 2014	 264	 8/13

Moja prva 	 Vrtačnik, M., Wissiak Grm, K. S.,  		  2015 (1st Ed.)/	 240/92,	 8, 9/13, 
kemija	 Glažar, S. A., Godec, A.	 Modrijan	 2014 (1st Ed.)	 61	 14

Peti element 8	 Devetak, I., Cvirn Pavlin, T., Jamšek, S.	 ROKUS 	 2010 (1st Ed.)/
		  KLETT	  2010 (1st Ed.)	 103/71	 8/13

Pogled 	 Kornhauser, A., Frazer, M.	 MK	 2003 (1st Ed.)/
v kemijo 8			   2004 (1st Ed.)	 140/126	 8/13

Od atoma 	 Smrdu, A.	 JUTRO	 2012 (2nd Ed.)/ 
do molekule			   2012 (2nd Ed.)	 128/160	 8/13

Kemija	 Graunar, M., Podlipnik, M., Mirnik, J. (textbook)	 DZS	 2016 (1st Ed.)/
danes 2	 Dolenc, D., Graunar, M., Modec, B. (notebook)		  2016 (1st Ed.)	 152/96	 9/14

Kemija 9, 	 Jamšek, S., Sajovic, I., Wissiak Grm, K., 	 Zavod RS
i-učbenik	 Godec, A., Boh, B., Vrtačnik, M., Glažar, S.	 za šolstvo	 2014	 271	 9/14

Peti element 9	 Devetak, I., Cvirn Pavlin, T., Jamšek, S.	 ROKUS	 2011 (1st Ed.)/	 77/ 79	 9/14		  Klett	 2011 (1st Ed.)

Pogled v kemijo 9	 Kornhauser, A., Frazer, M. 	 MK	 2005 (1st Ed.)/
			   2006 (1st Ed.)	 140/115	 9/14

Od molekule do 	 Smrdu, A.	 Jutro	 2013 (2nd Ed.)/ 
makromolekule			   2013 (2nd Ed.)	 128/152	 9/14 

The term “textbook set (*)” refers to all materials for students in the written or electronic form. 
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3. Methods
3. 1. Sample

In this study, we focused on the chemistry textbook 
sets in primary school (8th and 9th Grade), which are in 
Slovenia obligatory written based on the objectives of Na-
tional Chemistry Curriculum and consequently confirmed 
by the National Commission for Textbook Approval at the 
Ministry of Education, Science and Sport in the 2016/17 
school year. National Chemistry Curriculum for 8th and 
9th Grade3 for each of the ten topics (Chemistry is a World 
of Matter, Atom and the Periodic System of Elements, 

Compounds and Bonding, Chemical Reactions, The Ele-
ments in the Periodic Table, Acids, Bases and Salts, Hydro-
carbons and Polymers, Organic Compounds Containing 
Oxygen, Organic Compounds Containing Nitrogen, The 
Mole) specifies specific objectives and points out suggest-
ed contents how to implement them in chemistry teach-
ing. Teachers are free to distributed the above listed curric-
ulum topics in 70 hours in Grade 8 and 64 hours in Grade 
9 with regard to their opinion.

A list of analysed textbook sets is shown in Table 1. 
As can be derived from the Table 1, in the present study 
2826 pages were analysed.

Table 2. Examples of SMR add-ons

Descriptor	 Examples of SMR add-ons	

Direct (D)
		

		

Indirect (I)		
		

Combined (C)		
		

Without (W)	
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3. 2. Instruments
For the purpose of this research, a rubric24 for the 

evaluation of SMRs in the textbook sets was used. This ru-
bric was based on the assumption that in practice the learn-
er perceives each SMR as one whole. The four main holistic 
descriptors accompanying SMRs were used: i.e. direct de-
scriptor (D), indirect descriptor (I), combined descriptor 
(C), and SMRs without descriptors (W), which support 
learners’ recognition of SMRs’ informational value on dif-
ferent levels by providing different accompanying add-ons 
of SMRs. To ensure the validity of the rubric, 283 pages 
(10% of all analysed textbook set pages) were analysed by 
both authors, and the four main types of holistic descrip-
tors were defined. To reduce bias issues related to the use of 
the rubric for categorisation of SMR descriptors, through 
discussion and agreement, a 95% inter-rater reliability of 
the rubric was established. The direct SMR add-ons enable 
the learner a direct and unambiguous recognition of parti-
cles. Thereby, various types of explanatory keys can be 
used: for example, pictorial, textual, integrated structural, 
or other symbolic notations used in the explanatory key. 
Indirect SMR add-ons do not enable the learner a direct 
recognition of particles. The nature of the particles can be 
derived based on the compound’s name, structure-proper-
ties relation or symbolic SMR add-ons, or by other means, 
but only in cases that the learners have the necessary chem-
ical knowledge, that enables the recognition of its informa-
tional value. Combined SMR add-ons enable the learner a 
direct recognition and provide other information. It is a 
combination of the direct and the indirect descriptor. Ex-
amples of SMR add-ons are presented in Table 2. In order 
to visualize descriptors explicitly, the type of descriptors 
represents the only variable and SMR add-ons are accom-
panying SMR of the same compound (propane molecule). 

3. 3. Data analysis
The rubric described in the instrument section was 

used in the analysis of the chemical representations of the 

entire sample of chemistry textbook sets, which are pre-
sented in Table 1. The textbook sets were analysed individ-
ually. The SMRs were categorised with regard to curricu-
lum topics of the National Chemistry Curriculum for 8th 
and 9th Grade.3 The core topics in which SMRs were cate-
gorised are the following: (1) Chemistry is a World of Mat-
ter (orig. Kemija je svet snovi); (2) Atom and the Periodic 
System of Elements (orig. Atom in periodni sistem elemen-
tov); (3) Compounds and Bonding (orig. Povezovanje 
delcev/gradnikov); (4) Chemical Reactions (orig. Kemijske 
reakcije); (5) The Elements in the Periodic Table (orig. Ele-
menti v periodnem sistemu); (6) Acids, Bases and Salts 
(orig. Kisline, baze in soli); (7) Hydrocarbons and Poly-
mers (orig. Družina ogljikovodikov s polimeri); (8) Organic 
Compounds Containing Oxygen (orig. Kisikova družina 
organskih snovi); (9) Organic Compounds Containing Ni-
trogen (orig. Dušikova družina organskih spojin) and (10) 
The Mole (orig. Množina snovi). Eventually, the number of 
SMRs in each of the topics were counted and the frequen-
cies calculated. Analysed SMRs involved SMRs of mole-
cules, atoms and ions.

4. Results and Discussion
The results of the analysis are presented with regard 

to the research questions.

4. 1. �The Number of SMRs in Slovenian 
Chemistry Textbook Sets for 8th and 
9th Grade Change With Respect to 
Curriculum Topics (Related to RQ1)
The number of images about the SMRs in chemistry 

textbook sets is given in Table 3. Most frequently, the 
SMRs were used in the topics “Hydrocarbons and Poly-
mers” (28.68%; 407 SMRs) and “Organic Compounds 
Containing Oxygen” (20.23%; 287 SMRs). The lowest fre-
quencies of the use of SMRs were found in the following 

Table 3. The proportion of SMRs and curriculum objectives in the particular topics of the textbook sets 

The topics of the National Chemistry Curriculum	 SMRs	 Curriculum

for 8th and 9th Grade		  objectives
	 N	 f (%)	 N	 f (%)

Chemistry is a World of Matter (1)	 179	 12.61	   5	 8.62
Atom and the Periodic System of Elements (2)	 29	 2.04	   4	 6.90
Compounds and Bonding (3)	 150	 10.57	   5	 8.62
Chemical Reactions (4)	 69	 4.86	   6	 10.34
The Elements in the Periodic Table (5)	 16	 1.13	   7	 12.07
Acids, Bases and Salts (6)	 160	 11.28	   7	 12.07
Hydrocarbons and Polymers (7)	 407	 28.68	   9	 15.52
Organic Compounds Containing Oxygen (8)	 287	 20.23	   7	 12.07
Organic Compounds Containing Nitrogen (9)	 116	 8.17	   5	 8.62
The Mole (10)	 6	 0.42	   3	 5.17
SUM	 1419	 100.00	 58	 100.00
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topics: The Mole (0.42%; 6 SMRs), The Elements in the 
Periodic Table (1.13%; 16 SMRs) and Atom and the Peri-
odic System of Elements (2.04%; 29 SMRs). 

It was expected that the change in the number of the 
SMRs would be proportionally related to the number of 
objectives in the specific chemistry topics, as the objectives 
in the Chemistry Curriculum for 8th and 9th Grade3 are 
written operationally and can be interpreted by the use of 
representations on all three representational levels (mac-
roscopic, submicroscopic, and symbolic). This has been 
proven true for the topics in which the highest proportion 
of the SMRs has been used. The highest proportion of 
SMRs in the chemistry textbook sets for the curriculum 
topic “Hydrocarbons and Polymers” (28.68%; 407 SMRs) 
is proportional to the highest proportion of objectives in 
this topic (15.52%; 9 objectives). Similarly, the proportion 
of SMRs in the chemistry textbook sets for the curriculum 
topic “Organic Compounds Containing Oxygen” (20.23%; 
287 SMRs) are proportional to the proportion of objec-
tives in this topic (12.07%; 7 objectives). Chemistry con-
cepts and processes of these topics are traditionally ex-
plained by combining all three representational levels, 
which is also encouraged with the notations of the curric-
ulum objectives that directly indicate the relationship be-
tween structure, properties, and application of substances. 
For example, one of the objectives in the curriculum topic 
“Hydrocarbons and Polymers” states: “Students should 
know that carbon and hydrogen are the fundamental ele-
ments of organic compounds – hydrocarbons, and they 
can identify the causes for the abundance and the variety 
of organic compounds”.24 

Despite the high proportion of associated objectives 
(10.34%; 6 objectives) in the curriculum, the textbook set 
analysis revealed surprisingly a low number of SMRs used 
in the curriculum topic “Chemical Reactions” (4.86%; 69 
SMRs). Furthermore, the manner in which notations of 
the objectives are written indicates the need for their ex-
planation by the combined use of the three levels of their 
representation. For example, it would be expected that for 
the achievement of the objectives such as “Students should 
be able to define reactants and products of chemical reac-
tions”26 and “Students should get acquainted with chemi-
cal equations as notations of chemical reactions”26 would 
be to a greater proportion presented in the textbooks, not 
only with photos of the phenomena and/or examples of 
experiments with their symbolic notations but also with 
the underlying SMRs.

More frequent use of the triple-nature representa-
tions of chemistry concepts would also be expected in the 
curriculum topic “The Elements in the Periodic Table”. 
However, as mentioned before, the number of SMRs in 
this topic are one of the lowest among the curriculum top-
ics (Table 3). One of the reasons for the lower proportions 
of SMRs could also be in the nature of some of the objec-
tives. In particular, some objectives explicitly refer to the 
macroscopic representational level, e.g. “Students should 

get to know natural resources of elements and com-
pounds”27 or to the development of stoichiometric skills, 
e.g. “Students should know how to calculate a mass per-
centage of the elements in the compounds”.27 Consequent-
ly, in these cases the use of SMRs could easily be neglected.

 

4. 2. �Holistic descriptors of SMR add-ons used 
to support learners in the recognition 
of SMRs’ informational value in specific 
curriculum topics of Slovenian chemistry 
textbook sets for 8th and 9th Grade 
(related to RQ2)
The analysis revealed that various topics of the 

Chemistry Curriculum for 8th and 9th Grade3 include not 
only different numbers of SMRs but that those SMRs also 
include different add-ons. The descriptors of the SMR add-
ons have already been presented in Table 2. As expected, 
the analysis of the textbooks revealed that the authors of 
the textbook sets used various proportions of different 
types of descriptors of SMR add-ons in specific topics, 
which is presented in Table 4 and Table 5.

In the top three topics in which SMRs are most fre-
quently used, i.e. “Hydrocarbons and Polymers”, “Organic 
Compounds Containing Oxygen” and “Chemistry is a 
World of Matter”, the use of indirect SMRs add-ons prevail 
(56.27%, 229 SMRs; 69.69%, 200 SMRs; 36.87%, 66 SMRs, 
respectively). However, it is interesting that more than one 
third of SMRs (35.87%, 146 SMRs; 26.13, 75 SMRs; 35.20%, 
63 SMRs, respectively) do not include any descriptors. In 
these cases, the recognition of the informational value of 
particular SMRs depends entirely on learners’ previous ex-
perience, knowledge, and their representational compe-
tence. This is surprising for the first curriculum topic 
“Chemistry is a World of Matter”, as it should introduce 
some of the examples of simple compounds and the states 
of matter on the particle level, where students’ develop-
ment of their representational competence needs to be sys-
tematically supported by explicit instruction and prac-
tice.18 In “Hydrocarbons and Polymers” and “Organic 
Compounds Containing Oxygen” other types of SMR de-
scriptors occur rarely, but in the first topic of the curricu-
lum “Chemistry is a World of Matter”, in addition to the 
indirect descriptor of SMR add-ons also the significant 
proportion of the combined descriptors (26.26%; 47 
SMRs) were found. In these cases, the recognition of the 
informational value of a particular SMR is supported by 
SMR add-ons and the learners’ previous experience, 
knowledge, and their representational competence. 

As mentioned earlier, in the topics of the curriculum 
“Atom and the Periodic System of Elements”, “The Ele-
ments in the Periodic Table”, and “The Mole”, the lowest 
frequencies of the use of SMRs were found. However, the 
analysis of different types of SMRs add-ons in the second 
curriculum topic “Atom and the Periodic System of Ele-
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ments” reveals that more than half of the SMRs cases are 
accompanied by indirect descriptors (55.17%; 16 SMRs) 
of SMR add-ons, more than one third of SMRs enable the 
learner a direct recognition of particles (10.34%; 3 SMRs) 
and provide other information – combined descriptor 
(31.03%; 9 SMRs). In this case the recognition of the in-
formational value of a particular SMR is substantially sup-
ported by SMR add-ons, which greatly enables students 
easier understanding of the atomic structure, ions forma-
tion from the atoms and, consequently, the understanding 
of the relation between atomic structure and their posi-
tion in the Periodic Table of Elements with regard to the 
objectives of the curriculum.3 In the fifth topic of the cur-
riculum, “The Elements in the Periodic Table”, the SMR 
cases with indirect descriptors of SMR add-ons (62.50%; 
10 SMRs) prevail. The second most frequently used SMRs 
are SMRs without SMR add-ons (25.00%; 4 SMRs). In the 
last curriculum topic “The Mole” two thirds of SMRs do 
not have SMRs add-ons (66.67%; 4 SMRs) and the rest 
have an indirect descriptor (33.33%; 2 SMRs). For the rec-
ognition of SMRs’ informational value learners need to 
rely on their previous experience, knowledge, and repre-
sentational competence developed in earlier topics of the 
curriculum.

In all of the remaining topics “Acids, Bases and Salts”, 
“Compounds and Bonding”, “Organic Compounds Con-
taining Nitrogen” and “Chemical reactions” the indirect 

SMR add-ons prevail (45.63%, 73 SMRs; 58.67%, 88 SMRs; 
56.03%, 65 SMRs; 59.42%, 41 SMRs, respectively). More-
over, in these topics, which are placed in different parts of 
the curriculum, a high proportion of SMRs without any 
SMR add-ons was found, which do not support recogni-
tion of SMRs’ informational value. 

4. 3. �Holistic descriptors of SMR add-ons used 
to support learners in the recognition  
of SMRs’ informational value in particular 
curriculum topics of Slovenian chemistry 
textbook sets for 8th and 9th Grade (related 
to RQ3)
In the textbook set analysis, particular attention has 

been devoted to studying whether the authors systemati-
cally planned the integration of SMS in the textbooks in 
order to support students’ development of their represen-
tational competence. Specifically, in order to do so, Hinze, 
Rapp, Williamson, et al.,19 pointed out that explicit in-
struction for that purpose and practice with the use of par-
ticular representations, e.g. SMRs, is necessary. In the con-
text of the textbook sets, it would mean, that particular 
kinds of SMRs with add-ons would be carefully selected 
and their integration into the textbook sets continuously 
upgraded throughout the curriculum. 

Table 4. The proportion of SMRs within the particular topics of the textbook sets – part 1

			  The first five topics of the National Chemistry Curriculum for 8th and 9th Grade3

Descriptor		  Chemistry is	 Atom and the			   The Elements
of SMR	 General	 a World of	 Periodic	 Compounds	 Chemical	 in the
add-ons		  Matter	 System of	 and Bonding	 Reactions	 Periodic	
			    Elements			   in Table
	 N	 f (%)	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)

Direct (D)	 63	 4.44	 3	 1.68	 3	 10.34	 5	 3.33	 16	 23.19	 2	 12.50
Indirect (I)	 790	 55.67	 66	 36.87	 16	 55.17	 88	 58.67	 41	 59.42	 10	 62.50
Combined (C)	 147	 10.36	 47	 26.26	 9	 31.03	 26	 17.33	 6	 8.70	 0	 0.00
Without (W)	 419	 29.53	 63	 35.20	 1	 3.45	 31	 20.67	 6	 8.70	 4	 25.00
SUM	 1419	 100.00	 179	 100.00	 29	 100.00	 150	 100.00	 69	 100.00	 16	 100.00

Table 5. The proportion of SMRs within the particular topics of the textbook sets – part 2

	                    T	he last five topics of the National Chemistry Curriculum for 8th and 9th Grade3

	  		  Organic	 Organic	
Descriptor of	 Acids, Bases	 Hydrocarbons	 Compounds	 Compounds	 The MoleSMR add-ons	 and Salts	 and Polymers	 Containing	 Contenting
			   Oxygen	 Nitrogen

	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)	 N	 fc (%)
Direct (D)	 11	 6.88	 17	 4.18	 6	 2.09	 0	 0.00	 0	 0.00
Indirect (I)	 73	 45.63	 229	 56.27	 200	 69.69	 65	 56.03	 2	 33.33
Combined (C)	 38	 23.75	 15	 3.69	 6	 2.09	 0	 0.00	 0	 0.00
Without (W)	 38	 23.75	 146	 35.87	 75	 26.13	 51	 43.97	 4	 66.67
SUM	 160	 100.00	 407	 100.00	 287	 100.00	 116	 100.00	 6	 100.00
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From Figure 1, it can be seen how the overall propor-
tion of different descriptors of SMR add-ons are distribut-
ed through the topics of the curriculum. The textbook set 
analysis revealed that the overall proportion of direct and 
combined descriptors of SMR add-ons is significantly low 
through all the curriculum topics (range from 0.00% to 
3.31%). That can be connected with the Johnstone’s claim10 
that the experienced chemists do the transition between 
levels of representations very easily and they assumed that 
learners can do this as easily as they do. These simplified 
assumptions about learners’ easy comprehension and effi-
cient learning with SMRs are reflecting in the low frequen-
cy of SMR descriptors, where the informational value of a 
particular SMR enables the learner a direct recognition of 
particles, in textbook sets.

It can also be observed from Figure 1, that the over-
all percentages of SMRs with indirect descriptors or with-
out any add-ons throughout the curriculum are higher 
than the percentages of SMRs with direct and combined 
descriptors of SMR add-ons, whereby the figures in the 
topics “Hydrocarbons and Polymers” and “Organic Com-
pounds Containing Oxygen” stand out (range from 5.29% 
to 16.14%). From the perspective of the integration of 
SMRs into the textbook sets based on the assumption 
about their continuous upgrading throughout the curric-
ulum topics (from the first to last topic), this is a very in-
teresting finding. It can be related to the fact that in these 
chapters the highest proportion of SMSs is used from all 
curriculum topics, as proposed earlier, probably as a con-
sequence of the number of curriculum objectives for these 
topics (Table 3). However, the ratio among the different 
descriptors of SMR add-ons used in these chapters speaks 

in favour of indirect SMR add-ons, which do not enable 
the learner a direct recognition of particles, as well as 
SMRs without add-ons, which do not provide any addi-
tional information to support the learner’s recognition 
process. The reason for the use of such representations at 
that point of the textbook sets could either be that the au-
thors assume that the learners are already able to recog-
nise the informational value of SMRs indirectly, because 
their representational competence has been adequately 
developed in previous topics, or that the authors integrate 
SMRs with add-ons into the textbook sets without consid-
ering how the correct recognition of the informational 
value by learners might affect the learning process based 
on it. 

As only a low proportion of direct and combined 
SMR add-ons was found in the textbook set analysis, it 
seems worthy to encourage textbook authors to devote 
special attention to optimally equip the SMRs with add-
ons to support students’ development of the representa-
tional competence across the curriculum. When the learn-
ers’ perception of SMRs is not a possible initial obstacle for 
learning, it will be easier to overcome the range of students’ 
misconceptions, related to particle nature of chemical con-
cepts, i.e. in making the distinctions between elements, 
compounds, and mixtures; appreciations of the reversibil-
ity of state changes; seeing atoms and ions as the building 
blocks of matter; appropriate use of basic chemistry termi-
nology, understanding that Broensted acids and bases are 
not substances but molecules and ions etc.28-31 On the oth-
er hand it is important to pay attention to scientific accura-
cy of SMRs to enable appropriate understanding of chem-
ical concepts and processes. 

Figure 1. The proportion of SMRs with particular descriptors within all of the topics in the textbook sets [Curriculum topics: Chemistry is a World 
of Matter (1); Atom and the Periodic System of Elements (2); Compounds and Bonding (3); Chemical Reactions (4); The Elements in the Periodic 
Table (5); Acids, Bases and Salts (6); Hydrocarbons and Polymers (7); Organic Compounds Containing Oxygen (8); Organic Compounds Contain-
ing Nitrogen (9); The Mole (10)]
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5. Conclusions
When learning chemistry, learners are often chal-

lenged by various representations at the submicroscopic 
level that are included in learning materials, such as text-
book sets, to develop understanding of chemistry concepts 
and processes at the particulate level. Previous research19,23 
has demonstrated that the understanding of visualisations 
in various learning materials based on recognising the in-
formational value of various representations requires ex-
plicit instruction and practice. 

This paper presents an analysis of the chemistry text-
book sets for 8th and 9th Grade in Slovenia from the per-
spective of the integration of SMRs into various National 
Chemistry Curriculum3 topics. In particular, it was found 
that the number of SMRs in Slovenian chemistry textbook 
sets varies significantly with regard to different curriculum 
topics. In the topics where the highest proportion of the 
SMRs has been used (“Hydrocarbons and Polymers”, “Or-
ganic Compounds Containing Oxygen”), the number of 
the SMRs is proportionally related to the number of objec-
tives in the specific chemistry topics. Despite the high pro-
portion of objectives in the curriculum, the textbook sets 
analysis indicates a surprisingly low number of the SMRs 
used in the curriculum topics “Chemical Reactions” and 
“The Elements in the Periodic Table”. 

Regarding the holistic descriptors of SMR add-ons, 
that are used to support learners in the recognition of 
SMRs’ informational value in various curriculum topics, it 
was found that the descriptors that do not enable the 
learners a direct recognition of SMRs prevail, especially in 
the topics “Hydrocarbons and Polymers” and “Organic 
Compounds Containing Oxygen”, which are in the final 
part of the curriculum.

In contrast, the textbook set analysis revealed that 
the overall proportion of the descriptors that enable the 
learner a direct recognition of the informational value of 
SMRs is very low through all the curriculum topics. The 
results can serve as a foundation for a discussion with text-
book authors about the role of SMRs with add-ons in sup-
porting students’ development of representational compe-
tence across curriculum as well as in the learning process, 
as it seems valuable that the particular kinds of SMRs with 
add-ons would be carefully selected and their integration 
into the textbook sets continuously upgraded throughout 
the curriculum. Further studies are necessary to obtain 
more detailed insight into the criteria based on which the 
authors integrate SMRs with various descriptors into text-
book sets. 

From the learner’s point of view, in future studies, it 
would be valuable to focus on research possibilities pro-
vided by contemporary technology, such as Eyetracker, for 
following the learner’s information processing and their 
use of SMRs in learning with traditional as well as with 
e-learning materials. Thus far, for example, the importance 
of various features and notations of visualisations for the 
learners has been examined with eye trackers by William-

son et al.,32 who studied students’ use of ball-and-stick im-
ages versus electrostatic potential maps when considering 
electron density, positive charge, proton attack, and hy-
droxide attack; O’Keefe et al.,33 who examined how the in-
tegration of multiple representations was associated with 
learning in a multimedia simulation; Ferk Savec et al.34 

examined some of the features of the explanatory key, such 
as coloured versus black-and-white explanatory keys, and 
pictorial versus textual explanatory keys, etc. 

The results of such studies contribute to the quality 
of the textbook sets and consequently also to the quality of 
chemistry teaching and learning, as they can be used for 
studying in various learning environments. 
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Povzetek
V podporo razumevanju naravoslovnih pojmov in procesov na ravni delcev so v učna gradiva vključene različne pred-
stavitve (reprezentacije). Članek se osredotoča na preučevanje, kako so submikroskopske reprezentacije (SMR-ji) in-
tegrirane v slovenske kemijske učbeniške komplete v povezavi z vsebinami učnega načrta za osnovno šolo. Izhodišče 
za analizo učbeniškega gradiva so predstavljali štirje holistični deskriptorji SMR-jev (direktni, indirektni, kombinirani 
deskriptor in SMR-ji brez deskriptorjev), ki glede na specifične opisnike SMR-jev do različne mere podpirajo učenca 
pri prepoznavanju informacijske vrednosti SMR-jev. Analiza učbeniških kompletov je pokazala, da se število SMR-jev 
močno spreminja glede na različne vsebine učnega načrta. Delež deskriptorjev, ki učencem omogočajo direktno pre-
poznavanje SMR-jev, je nizek v vseh vsebinah učnega načrta. Zanimivo je, da deskriptorji, ki ne omogočajo direktne 
prepoznave SMR-jev, prevladujejo v učbeniških kompletih. Z namenom pridobitve poglobljenega vpogleda v kriterije, 
na podlagi katerih avtorji učbenikov integrirajo SMR-je z različnimi deskriptorji v učbeniške komplete, so potrebne 
nadaljnje raziskave.

https://doi.org/10.1007/978-1-4020-8872-8_14
https://doi.org/10.1039/C3RP00074E
https://doi.org/10.1007/978-94-007-5914-5_10
https://doi.org/10.1016/j.learninstruc.2012.12.002
https://doi.org/10.1080/0950069022000038231
https://doi.org/10.1007/1-4020-3613-2_8
https://doi.org/10.1080/07370008.2012.719956
https://doi.org/10.1002/sce.21203
https://doi.org/10.1007/978-3-540-70989-3_3
https://doi.org/10.1021/ed200259j
https://doi.org/10.1016/j.chb.2014.02.040
https://doi.org/10.17344/acsi.2016.2835


968 Acta Chim. Slov. 2017, 64, 968–979

Zakrajšek et al.:   Optimization of UPLC Method for Simultaneous   ...

Scientific paper

Optimization of UPLC Method for Simultaneous 
Determination of Rosuvastatin and Rosuvastatin  

Degradation Products
Jure Zakrajšek,1,* Katarina Bevc-Černilec,1 Simona Bohanec1 and Uroš Urleb2

1 Lek Pharmaceuticals d.d., Development Center Slovenia, Verovškova 57, 1526 Ljubljana, Slovenia

2 Biologics Technical development and Manufacturing, Novartis, Verovškova 57, 1526 Ljubljana, Slovenia

* Corresponding author: E-mail:  jure.zakrajsek@sandoz.com; 
Tel.: +386 1 580 26 30, Fax.: +386 1 568 13 93

Received: 23-06-2017

Abstract
An ultra-performance liquid chromatographic method for simultaneous determination of rosuvastatin and rosuvasta-
tin degradation products was developed and optimized by using fractional factorial experimental design. Optimized 
method is capable to accurately determine all potential degradation products of rosuvastatin. During the optimization 
the effect of four chosen chromatographic factors was evaluated. The analytical method operational design region was 
modeled using Umetrics MODDE software and optimal chromatographic conditions were predicted. The results of the 
model show that the most important factors to reach good separation between the peaks of rosuvastatin impurities are 
the pH of buffer solution and the amount of ACN and THF in the mobile phase. The final optimized method using QbD 
approach was validated for linearity, accuracy and precision for determination of rosuvastatin and rosuvastatin degrada-
tion products in rosuvastatin pharmaceutical dosage forms. Limit of detection and quantification were determined for 
two known specified impurities. The use of experimental designs enabled us to obtain the maximum amount of informa-
tion about the analytical method design region. Optimization of the method was done without additional experiments, 
only weighing the responses and rebuilding the statistical model. This approach is very cost-effective when evaluating a 
variety of different factors and their interactions.

Keywords: Fractional factorial design; experimental design; UPLC method optimization; rosuvastatin

1. Introduction
Rosuvastatin belongs to the statin class of pharma-

ceutical substances that are used for lowering of low-den-
sity lipoprotein cholesterol (LDL-C).

Rosuvastatin is mainly administered as a calcium 
salt of the active hydroxy acid in tablets with 2.5, 5, 10, 20 
or 40 mg of rosuvastatin (RSV). Rosuvastatin substance is 
chemically not stable and degrades into many known and 
unknown degradation products under different stress con-
ditions (thermal, oxidative, and/or photolytic)1. The struc-
tural formulas of rosuvastatin and its known impurities are 
shown in Figure 1.

It is a white amorphous powder only sparingly solu-
ble in water and slightly soluble in ethanol. It contains a 
polar methane sulphonamide group that interacts with the 
HMG-CoA reductase.2,3

Efforts for applying concepts of quality by design 
(QbD) principles to analytical method development have 
increased in recent years in order to achieve more accu-
rate, robust and rigged analytical methods which are used 
for better control strategy of production processes.4–6 
While quality by design principles are well known and ad-
opted for the development of pharmaceutical products,7,8 
QbD concept has not yet been fully adopted for analytical 
method development and optimization.

Different experimental designs are used for the eval-
uation of the effects of different factors and their interac-
tions for process optimization and design space modeling. 
Compatibility studies between the drug substance and 
other excipients performed by experimental designs are 
also described in literature.9 Maximum amount of ob-
tained information with the smallest possible number of 
experiments was achieved by this approach.9 Effect of dif-

DOI: 10.17344/acsi.2017.3662



969Acta Chim. Slov. 2017, 64, 968–979

Zakrajšek et al.:   Optimization of UPLC Method for Simultaneous   ...

ferent process and formulation parameters on chemical 
stability of the final drug product was also studied by using 
fractional factorial designs.10

The same principles of QbD can be applied to analyt-
ical method development/optimization in order to devel-
op more robust analytical methods and determine the an-
alytical method operation design region.11,12

The proposed concept is designed around the analyt-
ical target profile (ATP), which predefines the require-
ments for the analytical method. During the development 
phase of the analytical method one must show that the an-
alytical method confirms to the criteria set in the ATP.13

Use of experimental designs (DoE) in order to assess 
the multidimensional combination and interactions of fac-
tors that could affect the measurements is suggested.14

Different experimental designs can be used and are 
described in the literature to evaluate the effect of differ-
ent chromatographic parameters such as a buffer pH 
value, column temperature, percentage of organic mod-
ifier in the mobile phase and others.15–17 The same con-
cepts can be applied not only to chromatographic ana-
lytical methods, but also to other analytical techniques 
such as Karl Fisher titration for water content determi-
nation.18

To assure the quality of pharmaceutical dosage forms 
containing rosuvastatin calcium as active ingredient, the 
assay of rosuvastatin and its degradation products needs to 
be controlled by a validated analytical method. Various an-
alytical methods have been reported in the literature for 
determination of rosuvastatin in different pharmaceutical 

Figure 1. Structural formula of rosuvastatin (RSV) and its known impurities (RSV diastereoisomer, RSV oxo, RSV lactone, RSV dehydro).



970 Acta Chim. Slov. 2017, 64, 968–979

Zakrajšek et al.:   Optimization of UPLC Method for Simultaneous   ...

dosage forms including combinational products. These in-
clude HPTLC,19 HPLC with ultraviolet detection20–24 and 
UPLC with ultraviolet detection.25

Different HPLC methods with ultraviolet detection 
have been published for the determination of rosuvasta-
tin degradation products.25–27 Several methods have  
also been published for the determination of rosuvastatin 
in biological fluids using RP-HPLC/UV detection28 or 
LC/MS.29

The objective of this work was to develop a new an-
alytical method that could simultaneously be used for the 
determination of rosuvastatin and rosuvastatin degrada-
tion products in rosuvastatin pharmaceutical dosage 
forms. The method has to be stability indicating30 and ca-
pable to detect all changes in product quality during sta-
bility testing at various stability conditions according to 
regulatory requirements (accelerated, long-term or stress 
stability).31 Simultaneous determination of rosuvastatin 
and its degradation products with one analytical method 
is a great benefit regarding time and resources, taking 
into account the number of samples that need to be ana-
lyzed during the stability studies for regulatory purposes. 
In addition the method should be accurate, precise and 
linear with acceptable limit of detection and qualification 
for all specified impurities (RSV oxo and RSV lactone).32 
The development of the method was done by using QbD 
principles. The optimization step of the development was 
performed using experimental designs and analytical 
method operational design region modeling. A degraded 
sample from two different stress conditions (photolytic 
and acidic conditions) was used for the final optimization 
step.

2. Experimental
2. 1. Chemicals and Reagents

Anhydrous acetic acid (CH3COOH), ammonium 
acetate (CH3COONH4), tetrahydrofuran (THF) purchased 
from Merck KGaA (Darmstadt, Germany), acetonitrile 
(CH3CN – ACN) purchased from J.T. Baker (Avantor Per-
formance Materials, Center Valley, PA) were used for 
preparation of mobile phases and solvents. Acetonitrile 
and tetrahydrofuran were of HPLC grade, all other chem-
icals were of analytical grade.

Milli-Q water purification system (Millipore Corp., 
Bedford, MA) was used to obtain highly purified water 
used for all aqueous solutions.

In-house rosuvastatin tert-octylammonium working 
standard, rosuvastatin oxo tert-octylammonium and rosu-
vastatin lactone identification standards were used for 
preparation of standard solutions used for validation and 
analysis of drug product.

Stock buffer solutions with different pH were pre-
pared by weighing 1.54 g of ammonium acetate and dis-
solving in 1000 mL of highly purified water. pH of buffer 

solution was adjusted to defined pH value using anhydrous 
acetic acid.

Mixture of stock buffer solution : acetonitrile = 600 : 
400 (v/v) was used as solvent for standard and sample 
preparation.

2. 2. Equipment
Experiments were performed on a Waters Acquity 

UPLC separation module, equipped with a quaternary 
gradient pump, temperature controlled column heater, 
sampler manager and dual wavelength UV detector 
(Waters Corporation, Milford, MA). Instrument control 
was performed using Empower 3 Software for chroma-
tography (Waters Corporation, Milford, MA). Same 
software was used for data acquisition and processing of 
results.

Waters Acquity UPLC HSS C18 analytical chro-
matographic column (100 × 2.1mm, 1.8 µm) provided by 
Waters Corporation (Milford, MA) was used for all opti-
mization experiments.

pH measurements and adjustments were performed 
with Mettler-Toledo SevenMulti pH meter using a Met-
tler-Toledo InLab Expert Pro pH electrode (Mettler-Tole-
do LLC, Columbus, OH).

Mobile phases were vacuum filtered prior the use 
through OmniporeTM 0.1  µm JV filter, purchased from 
Millipore (Billerica, MA).

Suntest chamber Atlas SUNTEST XLS+ (Atlas, 
Mount Prospect, IL) was used to expose sample solutions 
to artificial sunlight according to ICH guideline for Photo-
stability.33

Samples and standard solutions were filtered through 
Millipore Millex-GV Hydrophilic PVDF 0.22 µm disk fil-
ters, purchased from Millipore (Billerica, MA), before the 
analysis was performed using UPLC method.

2. 3. Analytical Method
Fast gradient UPLC method was developed for si-

multaneous determination of rosuvastatin and its degra-
dation products in rosuvastatin formulations with a single 
injection of the sample and UV detection at two different 
wavelengths. The initial chromatographic conditions are 
summarized in Table 1.

The initial method was optimized due to the insuffi-
cient resolution between rosuvastatin peak (RSV) and 
RSV diastereoisomer as presented in the chromatogram of 
peak identification solutions shown in Figure 2.

We have optimized the initial chromatographic pa-
rameters using a fractional factorial experimental de-
sign. The goal of the optimization was to achieve better 
resolution between rosuvastatin peak and rosuvastatin 
diastereoisomer and not worsen the resolution between 
other peaks of degradation products within the chro-
matogram.
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2. 4. Standard Solutions

Stock standard solution of rosuvastatin working 
standard (0.5 mg/mL) was prepared by dissolving appro-
priate amount of rosuvastatin working standard in sol-
vent.

Working concentrations of rosuvastatin standard 
solutions were achieved by diluting the stock standard 
solution with solvent to concentration 2.5 µg/mL (used for 
the quantitation of degradation products) and concentra-
tion 0.25 µg/mL (used for signal-to-noise determination).

Stock standard solution was used for assay determi-
nation of rosuvastatin.

Different concentrations of standard solution used in 
the validation were achieved by diluting the stock standard 
solution with solvent.

Stock solutions of rosuvastatin oxo (100 μg/mL) and 
rosuvastatin lactone (100 μg/mL) standards were prepared 
by dissolving appropriate amount of rosuvastatin oxo or 
rosuvastatin lactone standard in solvent. Stock solutions 
were used to prepare spiked samples at appropriate con-
centration levels used in the validation study.

All standard solutions were filtered through Millipore 
Millex-GV Hydrophilic PVDF 0.22 µm filter into vials.

2. 5. Analysis of Samples
Samples were prepared by dissolving 10 rosuvastatin 

tablets in appropriate volume of solvent to acquire a con-
centration 0.5 mg/mL of rosuvastatin. In addition, ultra-
sonic bath was used to achieve complete disintegration of 
the tablets.

All sample solutions were filtered through Millipore 
Millex-GV Hydrophilic PVDF 0.22 µm filter into vials and 
analyzed with the analytical method.

To evaluate a resolution between unknown impuri-
ty X and RSV lactone impurity a degraded sample of ro-
suvastatin tablets was prepared. Two stock sample solu-
tions were exposed to different degradation conditions. 
One sample solution was exposed to artificial sunlight 
under which the unknown impurity X was formed. Hy-
drochloric acid was added to the second sample solution, 
as rosuvastatin lactone impurity is known to form under 
acidic conditions. Both samples were mixed in 1 : 1 (v/v) 

Table 1. Chromatographic conditions of the initial UPLC method for assay determination of rosuvastatin.

Mobile phase A	 ammonium acetate buffer pH 3.6 : acetonitrile : tetrahydrofuran = 750 : 200 : 40 (v/v/v)		
Mobile phase B	 ammonium acetate buffer pH 3.6 : acetonitrile : tetrahydrofuran = 250 : 700 : 50 (v/v/v)		
Column	 Waters Acquity UPLC HSS C18, 100 × 2.1 mm, 1.8 μm		
Column temperature	 30 °C		
Flow rate	 0.5 mL/min		
Detection wavelength	 242 nm (for degradation products)
	 280 nm (for assay determination)		
Injection volume	 12 µL		

		  Time	 %A	 %B
		    0	 88	 12
Gradient parameters		      8.5	 88	 12
		    19.5	 30	 70
		  20	 88	 12

Figure 2. Chromatogram of peak identification solution analyzed with initial chromatographic conditions.
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ratio to obtain a sample that was used for optimization 
purposes.

3. Results and Discussion
3. 1. Chromatographic Condition Optimization

Screening of the influence of four chromatographic 
factors on different chromatographic responses was per-
formed as the initial step of analytical method optimiza-
tion. A randomized fractional factorial experimental de-
sign (24–1) of resolution IV with central point was used. 
Buffer pH, amount of acetonitrile in mobile phase A, the 
amount of organic modifier tetrahydrofuran in mobile 
phase A and column temperature were selected as factors 

of interest, and were used to generate the fractional facto-
rial experimental design. All factors and their correspond-
ing levels are shown in Table 2.

Fractional factorial experimental design was gener-
ated using Umetrics MODDE 11.0 software.

Eleven experiments presented in Table 4 were car-
ried out according to the generated experimental design. 
Three central point experiments (experiment N9, N10 and 
N11) were also included for the determination of experi-
mental error. All experiments were carried out in a ran-
domized order (run order) in order to eliminate any sys-
tematic errors.

Six chromatographic responses presented in Table 3 
were selected and measured for all performed experi-
ments: resolution between rosuvastatin (RSV) peak and 
RSV diastereoisomer (Res 1), resolution between impurity 
X peak and RSV lactone peak (Res 2), resolution between 
RSV lactone peak and RSV dehydro impurity peak (Res 3), 
number of theoretical plates of rosuvastatin peak (N), 
symmetry factor for rosuvastatin peak (T) and retention 
time or rosuvastatin peak (Rt).

The results of experiments are presented in Table 4.
All obtained and collected response measurements 

were processed with Umetrics MODDE software. Partial 
least squares (PLS) multivariate method of simultaneously 
estimating the models for all the responses was used for 
fitting and optimizing the statistical model. PLS method 

Table 2. Factors and corresponding levels for 24–1 fractional factori-
al design used for screening analysis.

Factor name	 Abbr.	 Settings	 Initial

(f1) Buffer pH	 pH	 3.3 to 3.9	 3.6
(f2) Amount of THF	 THF	 30 to 50 mL	 40 mL
(f3) Amount of ACN	 ACN 	 175 to 225 mL*	 200 mL
(f4) Column temperature	 Temp	 25 to 35 °C	 30 °C

*Change in ACN volume was compensated with defined buffer 
solution volume so that the total volume of buffer solution and ACN 
was not changed.

Table 3. Responses and used suitability criteria for method optimization and sweet spot analysis.

Response name	 Abbr.		 Suitability criteria
		  Min	 Target	 Max

Resolution RSV, RSV diastereoisomer	 Res 1	 2.5	 3.0	 –
Resolution impurity X, RSV lactone	 Res 2	 1.5	 2.0	 –
Resolution RSV lactone, RSV dehydro 	 Res 3 	 6.0	 6.5	 –
Number of theoretical plates of RSV peak	 N	 7000	 7500	 –
Symmetry factor for RSV peak	 T	 0.8	 1.0	 1.6
Retention time or RSV peak	 Rt	 –	 6.0	 6.5

Table 4. Randomized 24–1 fractional factorial design and results of observed responses.

Exp	 Run		                   Factors					                           Responses
 No	 Order	 f1	 f2	 f3	 f4	 Res 1	 Res 2	 Res 3	 N	 T	 Rt

  N1	 1	 –	 –	 –	 –	 3.39	 1.39	 5.48	 7976	 1.59	 9.432
  N2	 11	 +	 –	 –	 +	 2.98	 1.26	 3.30	 8379	 1.66	 8.907
  N3	 3	 –	 +	 –	 +	 2.55	 n.a.*	 7.74	 6930	 1.51	 5.493
  N4	 4	 +	 +	 –	 –	 2.66	 1.69	 5.09	 7401	 1.53	 6.951
  N5	 8	 –	 –	 +	 +	 2.30	 1.68	 6.19	 6361	 1.45	 4.368
  N6	 2	 +	 –	 +	 +	 2.07	 1.57	 3.25	 6537	 1.45	 4.383
  N7	 7	 –	 +	 +	 –	 2.22	 1.64	 6.63	 5643	 1.37	 3.87
  N8	 10	 +	 +	 +	 –	 2.07	 1.83	 4.86	 6138	 1.37	 4.037
  N9	 9	 0	 0	 0	 0	 2.63	 1.54	 5.78	 7526	 1.51	 5.846
N10	 5	 0	 0	 0	 0	 2.64	 1.57	 5.77	 7186	 1.54	 5.838
N11	 6	 0	 0	 0	 0	 2.63	 1.60	 5.78	 7217	 1.54	 5.844

* Resolution could not be measured due to the coelution of the two peaks.
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simultaneously deals with numerous responses, taking 
their covariances into account. This provides an overview 
of the relationship between the responses and factors to 
determine the proper effect on all responses obtained 
within the statistical model.34

This provides an overview of the relationship be-
tween the responses and factors to determine the proper 
effect on all responses obtained within the statistical 
model.

The main effects of factors were identified for each 
response using the statistical model and are presented in 
Figure 3.

Higher amount of ACN and THF in the mobile 
phase A have negative effect on theoretical plates of RSV 
peak (N), as presented in Figure 3. In addition, higher lev-
el of these two factors also has a negative effect on symme-
try factor of RSV peak (T) and retention time of RSV peak 
(Rt). Higher amount of ACN and THF in the mobile phase 
A with the combination of higher column temperature 
also have negative effect on the resolution between RSV 
peak and RSV diastereoisomer (Res 1).

On the contrary, higher amount of ACN and THF in 
the mobile phase A have positive effect on resolution be-
tween impurity X peak and RSV lactone peak (Res 2), by 
improving the resolution between these two peaks. The 
most significant factors affecting the resolution between 
RSV lactone peak and RSV dehydro peak (Res 3) are buffer 

solution pH with negative effect and the amount of THF in 
the mobile phase A with positive effect.

Reducing the amount of ACN in the mobile phase A 
and reducing the buffer solution pH would lead to better 
responses of all measured resolutions.

All non-significant factors were excluded from the 
statistical model and the model was refitted.

Using MODDE integrated sweet spot analysis tool, 
the analytical operational design region was modeled. Ap-
propriate suitability criteria were assigned to all the re-
sponses measured (see Table 3). Using the analysis tool the 
optimal chromatographic conditions were predicted (Fig-
ure 4).

The analytical method operational design region is 
presented for all four evaluated factors from the sweet spot 
diagram in Figure 4. The green area represents the part of 
the operational design region where all from statistical 
model calculated responses fulfil the criteria set for individ-
ual responses. This area is called the sweet spot. The black 
cross represents the optimal conditions as predicted by 
MODDE software tool. The outcome of the sweet spot anal-
ysis is in line with our preliminary conclusions obtained 
from the main effects plot (Figure 3). The sweet spot calcu-
lated by MODDE software tool is achieved by lowering buf-
fer solution pH, reducing the amount of ACN in the mobile 
phase A and raising the column temperature. No additional 
change was made to the amount of the THF in the mobile 

Figure 3. Main effects for all observed responses for UPLC method optimization for the determination of rosuvastatin and rosuvastatin degradation 
products.
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Figure 4. Sweet spot diagram for a PLS model of the analytical operational design region. Optimal chromatographic conditions proposed by 
MODDE are marked with a cross. The initial chromatographic conditions are marked with a star at the center of the figure.

Figure 5. Sweet spot diagram for a PLS model of the analytical operational design region with weighted responses.
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phase. The chromatographic parameters of the initial sweet 
spot analysis are presented in Table 5 (initial sweet spot con-
ditions) and in Figure 4 (marked with a star).

Using the suggested sweet spot chromatographic 
conditions, the degraded sample mixture was analyzed. 

Chromatograms of degraded sample mixture (shown 
as a blue lines) and peak identification solution obtained 
with chromatographic conditions of the initial sweet spot 
and final sweet spot conditions (shown as black lines) are 
presented in Figure 6.

The resolution between impurity X peak and RSV 
lactone peak was not satisfactory when proposed initial 

sweet spot conditions were used while considerably better 
resolution between RSV and RSV diastereoisomer peak 
was achieved.

Since we had a statistical model for the analytical 
method operational design region no additional experi-
ments were performed. MODDE sweet spot analysis was 
performed once again by weighing the importance of dif-
ferent responses measured. Resolution between RSV peak 
and RSV diastereoisomer peak (Res 1) and resolution be-
tween impurity X peak and RSV lactone peak (Res 2) were 
assigned with the highest weights, while the weights for all 
other responses were reduced. This way the sweet spot tool 

Table 5. Initial chromatographic conditions compared to initial sweet spot conditions and final sweet spot conditions.

		  Initial 	 Initial	 Final
Factor name	 Abbr.	 chromatographic	 sweet spot	 sweet spot 
		  conditions	 conditions	 conditions

(f1) Buffer pH	 pH	 3.6	 3.3	 3.3
(f2) Amount of THF	 THF	 40 mL	 40 mL	 45 mL
(f3) Amount of ACN	 ACN 	 200 mL	 185 mL	 185 mL
(f4) Column temperature	 Temp	 30 °C	 35°C	 35°C

Figure 6. Chromatogram of the peak identification solution (black line) and degraded sample mixture (blue line) analyzed with initial sweet spot 
conditions (top) and final sweet spot conditions (bottom).
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was forced to find a spot with a satisfactory resolution be-
tween the critical pairs of impurities and not achieving the 
acceptance criteria for other responses. Additionally, the 
criteria for resolution between impurity X peak and RSV 
lactone peak (Res 2) was also tightened.

After running the sweet spot analysis again with the 
weighted responses, the new suggested sweet spot was cal-
culated. The analytical method operational design region 
was modeled again and is presented in Figure 5. pH buffer 
solution value was fixed to 3.3 and column temperature to 
35 °C. New optimal chromatographic conditions proposed 
by MODDE optimizer are marked with a cross.

The resolution between the unknown impurity X 
and RSV lactone could be improved with higher amounts 
of THF in the mobile phase. Suggested chromatographic 
parameters are presented in Table 5 (final sweet spot con-
ditions).

The chromatogram obtained with the final sweet 
spot chromatographic conditions (Figure 6 bottom) shows 
significantly improved resolution between the impurity X 
peak and RSV lactone peak. The resolution between RSV 
peak and RSV diastereoisomer is significantly better than 
with the initial method. Despite all the method changes 
overall runtime of the analysis method was not prolonged.

3. 2. Analytical Method Validation
The optimized analytical method was validated for 

determination of rosuvastatin and rosuvastatin degrada-
tion products in rosuvastatin tablets. Linearity, precision, 
accuracy, limit of detection and quantification were deter-
mined for main compound rosuvastatin and both speci-
fied degradation products RSV oxo and RSV lactone. The 
acceptance criteria for different validation parameters 
were set in line with ICH requirements.32

3. 2. 1. Linearity and Working Range
The linearity of the method for determination of ro-

suvastatin was determined by using nine different stan-
dard solutions of rosuvastatin working standard. All solu-

tions were prepared in three replicates. The covered con-
centration range was from 0.25 mg/mL to 0.75 mg/mL  
(50–150% of target concentration. The linearity of rosu-
vastatin was determined using nine different solutions  
of rosuvastatin working standard prepared in three repli-
cates for determination of related substances. The concen-
tration range covered was from 0.15 µg/mL to 6.0 µg/mL 
(0.03– 1.2%). For rosuvastatin lactone and rosuvastatin 
oxo impurities, the linearity was determined using six dif-
ferent standard solutions prepared in three replicates. The 
concentration range covered for rosuvastatin lactone was 
0.15 µg/mL to 6.0 µg/mL (0.03–1.2 %) and for rosuvastatin 
oxo 0.25 µg/mL to 3.0 µg/mL (0.05–0.6 %). The obtained 
linear regression results are presented in Table 6.

The response of all components was found to be lin-
ear in the tested concentration range. Good correlation 
coefficient (> 0.99) was obtained for all components.

3. 2. 2. Precision
Repeatability of the analytical system for determina-

tion of rosuvastatin was check at the target concentration 
of rosuvastatin (0.5 mg/mL) by six replicate injections of 
the sample solution.

Repeatability was also validated for known rosuvas-
tatin impurities RSV lactone and RSV oxo. The results of 
individual impurities are expressed as % (percentage) of 
RSV lactone and % of RSV oxo. The obtained results and 
RSD of the measurements are presented in Table 7.

Intermediate precision was performed by injecting 
six sample solution replicates. The study was done by differ-
ent analyst that performed the analysis on different days, 
different chromatographic systems and different UPLC col-
umns. All together six different variations were performed. 
Assay of rosuvastatin, % of RSV lactone and % of RSV oxo 
were measured. The results are presented in Table 7.

The results in Table 7 demonstrate good precision of 
the method for assay determination, RSD value < 1.0%. 
The precision for individual impurities was found to be ac-
ceptable as the criteria for RSD (n = 6 or 36) of the impu-
rities measured at this level was set to < 20 %.

Table 6. Average linear regression data for RSV, RSV lactone and RSV oxo obtained for optimized UPLC method.

	 Target and concentration 
Component	 range	 Slope	 Intercept	 Intercept	 R2

	 [µg/mL]		  bias in %

RSV for assay determination	 500
	 250–750	 2929137	 6892266	 0.47	 0.9998

RSV for degradation products	 1.3
	 0.15–6.0	 7662070	 999981	 5.05	 0.9981

RSV lactone	 2.9
	 0.15–5.9	 8030538	 –14466	 –0.06	 0.9996

RSV oxo	 2.5
	 0.25–3.0	 5354275	 –51492	 –0.71	 0.9994
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3. 2. 3. Accuracy
The accuracy of the proposed analytical method was 

checked at three concentration levels. For rosuvastatin de-
termination the range was from 70%–130% of the target 
assay determination concentration. For the determination 
of degradation products, the accuracy for rosuvastatin was 
checked in range 0.03 % (0.15 µg/mL)–0.24 % (1.2 µg/mL), 
for RSV lactone in range 0.03 % (0.15 µg/mL)–1.2 % (6.0 
µg/mL) and for RSV oxo in range 0.05 % (0.25 µg/mL)–0.6 
% (3.0 µg/mL).

All samples were prepared by spiking the appropriate 
amount of a component into a placebo solution. Spiked sam-
ples were prepared in three replicates and analyzed by the 
proposed optimized analytical method. The recovery factor 
was calculated and obtained results are presented in Table 8.

As presented in Table 8 the recovery for the determi-
nation of rosuvastatin is acceptable. Individual recovery 

values were within ≤ 100 ± 3 % and the RSD(n=3) of the ob-
tained recovery values was below 2 %, demonstrating good 
accuracy of the method for determination of rosuvastatin 
in rosuvastatin drug products.

The accuracy for degradation products determination 
was also satisfactory for all components. The calculated re-
covery was within 80–120% for all components and the RS-
D(n=3) of the obtained recovery values was below 20%.

3. 2. 4. Limit of Detection
The detection limits were determined on the basis of 

signal-to-noise (S/N) ratio ≥ 3 : 1 according to ICH guide-
lines. The signal-to-noise values and calculated LOD con-
centrations are presented in Table 9.

The calculated obtained LOD concentration are 
0.009 µg/mL for rosuvastatin, 0.009  µg/mL for RSV lac-

Table 7. Repeatability and intermediate precision results for RSV, RSVlactone and RSV oxo.

Component	                                               Precision		                                                 Intermediate precision
	 % content1	 % RSD2	 % content3	 % RSD4

RSV for assay determination	 99.61	 0.96	 98.89	   0.71
RSV lactone	   0.111	 2.23	   0.105	 10.72
RSV oxo	   0.091	 4.59	   0.080	 12.30

1 average of 6 determinations; 2 determined on 6 measurements; 3 average of 36 determinations; 4 determined on 36 measurements

Table 8. Results of recovery experiments at five concentration levels of RSV, RSV lactone and RSV oxo, obtained with optimized UPLC method.

Component		  Level 1	 Level 2	 Level 3

RSV for assay	 Concentration range	 70 % (350 µg/mL)	 100 % (500 µg/mL)	 130 % (650 µg/mL)

determination	 Mean recovery1	 101.31	 101.18	 101.17
	 % RSD2	        0.16	      0.29	     0.25

RSV for degradation 	 Concentration range	 0.03 % (0.15 µg/mL)	 0.20 % (1.0 µg/mL)	 0.24 % (1.2 µg/mL)
products	 Mean recovery1	 102.56	 101.47	 103.88
determination	 % RSD2	        9.82	     4.07	     3.25
 

	 Concentration range	 0.03 % (0.15 µg/mL)	 1.0 % (5.0 µg/mL)	 1.2 % (6.0 µg/mL)
RSV lactone	 Mean recovery1	 110.14	 105.49	 104.84
	 % RSD2	        4.63	     0.54	     0.75

	 Concentration range	 0.05 % (0.25 µg/mL)	 0.5 % (2.5 µg/mL)	 0.6 % (3.0 µg/mL)
RSV oxo	 Mean recovery1	 108.97	   99.76	 100.01
	 % RSD2	        6.79	     0.38	     0.51

1 average of 3 determinations; 2 determined on 3 measurements

Table 9. Results of signal-to-noise values and LOD for RSV, RSV lactone and RSV oxo impurities 
obtained with optimized UPLC method.

Component	 Concentration	 Concentration	 Average S/N ratio	 LOD
	 % of RSV	 µg/mL	 (n = 6)	 µg/mL

RSV	 0.01	  0.05	 16.5	 0.009
RSV lactone	 0.01	   0.05	 15.9	 0.009
RSV oxo	 0.02	 0.1	 10.6	 0.028
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tone and 0.028 µg/mL for RSV oxo impurity. The deter-
mined S/N ratios are higher than required 3, however low-
er quantification limits are not needed since the reporting 
limit for impurities is 0.05% with respect to the concentra-
tion of rosuvastatin in the sample. 

3. 2. 5. Limit of Quantification
The quantitation limits were determined on the basis 

of signal-to-noise (S/N) ratio ≥ 10 : 1 according to ICH 
guidelines. The signal-to-noise values and calculated LOQ 
concentrations are presented in Table 10.

The calculated obtained LOQ concentration are 
0.029 µg/mL for rosuvastatin, 0.031  µg/mL for RSV lac-
tone and 0.097 µg/mL for RSV oxo impurity. The deter-
mined S/N ratios are higher than required 10, but lower 
quantification limits are not needed as the reporting limit 
for impurities is 0.05% with respect to the concentration of 
rosuvastatin in the sample. 

4. Conclusions
The optimization of a new analytical method capable 

of simultaneous determination of rosuvastatin assay and 
its degradation products in rosuvastatin drug products 
was performed with a single fractional factorial experi-
mental design. Only 11 experiments were needed for the 
optimization, while at least 16 experiments would be 
needed to cover the same analytical method operational 
region of the first optimization step with a traditional one 
factor at time (OFAT) approach.

During the optimization, it was demonstrated that it is 
necessary to do the optimization of analytical methods with 
a sample that contains all possible degradation products. The 
degradation of the sample in this article was performed by 
artificial sun-light and acid hydrolysis as this was proven to 
be the most stability indicating condition for rosuvastatin.

It was shown that with the appropriate statistical 
model of the analytical method operational region one can 
also do the optimization with no additional experiments, 
if the outcome of the first trial is not satisfactory. The re-
sponses can be weighted and the sweet-spot analysis run 
again on the same set of experiments.

The final analytical method optimized with QbD ap-
proach was validated according to ICHQ2R1 guideline.32 
The method was found to be linear, accurate and precise 

for both rosuvastatin assay determination and determina-
tion of rosuvastatin degradation products. The validated 
method was successfully applied for rosuvastatin drug 
products.

The final optimized method is stability indicating 
and is capable to detect all changes in the rosuvastatin pro-
duct(s) that are stored at different storage and stress stabil-
ity conditions. It enables to determine the content of rosu-
vastatin and its degradation products in a single injection 
run. This optimization reflects in saving of time and re-
sources since one stability study includes hundreds of 
samples tested during the product’s shelf life.
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Povzetek
Z uporabo delnega faktorskega načrta smo ovrednotili vpliv štirih kromatografskih parametrov in izvedli optimizacijo 
visoko ločljivostne tekočinske kromatografske metode za hkratno določitev rosuvastatina in njegovih razkrojnih pro-
duktov. Nova optimizirana metoda omogoča natančno določitev vsebnosti rosuvastatina in vseh razkrojnih produktov 
rosuvastatina v farmacevtskih pripravkih, ki vsebujejo rosuvastatin.

S pomočjo programa Umetrics MODDE smo izdelali model, ki opisuje delovno območje analitske metode, in 
napovedali optimalne pogoje kromatografske ločbe. Rezultati statističnega modela so pokazali, da so najpomembnejši 
parametri, ki zagotavljajo najboljšo ločbo med rosuvastatinom in njegovimi nečistotami, pH puferne raztopine in količi-
na ACN ter THF v mobilni fazi.

Analitsko metodo za določitev rosuvastatina in njegovih razkrojnih produktov, optimizirano s pomočjo QbD 
pristopa, smo validirali, pri čemer smo ovrednotili njeno linearnost, točnost in natančnost. Za dve znani specificirani 
nečistoti smo določili mejo določitve in mejo zaznave.

Uporaba programa za statistično načrtovanje poskusov nam je omogočila izvedbo optimizacije le z utežitvijo 
spremljanih odzivov in ponovnim vrednotenjem delovnega območja analitske metode, brez izvedbe dodatnih poskusov. 
S statističnim načrtovanjem poskusov smo dobili kar največ informacij o delovnem območju analitske metode z na-
jmanjšim možnim številom izvedenih poskusov. S takšnim pristopom se zmanjšajo tudi stroški razvoja metode, saj nam 
statistično načrtovanje poskusov omogoča hkratno obravnavo različnih parametrov in njihovih medsebojnih interakcij.
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Abstract
Structure transitions and mechanism of the formation of superlattices lamellae in microporous polyolefin (polyethylene 
and polypropylene) films obtained in the process based on polymer melt extrusion followed by annealing, uniaxial exten-
sion and thermal fixation have been studied by statistical analysis of electron microscopy images of the film surface. The 
structure of the porous films prepared in the multistage process has been studied by SEM, gravimetry and permeability 
measurements. It has been shown that the pore formation at the stage of uniaxial extension is accompanied by the order-
ing of lamellae and their self-organization controlled by spin draw ratio and annealing temperature. It was established 
that an increase of these parameters lead to the transition of disorder–order type. The effect of preparation conditions on 
the ordering process of regular spatial lattices of lamellae has been discussed.

Keywords: Percolation, self-organization, through permeability, porous films, polyethylene, polypropylene 

1. Introduction
At present time a large number of porous systems 

containing microscopic pores have been prepared and stud-
ied; and among them, polyolefin films are the most promis-
ing materials. Owing to high chemical resistance to various 
media, they are widely used as gas and liquid permeable 
membrane materials in medical, chemical, and food indus-
tries. Microporous polymer films have a number of advan-
tages over porous systems based on inorganic substances, 
namely: easy manufacturing, small thickness and hence 
lower resistance to mass transfer, and high elasticity.

Flexible-chain polyolefins such as high density poly-
ethylene1,2 and polypropylene3–6 are capable to form the 
oriented lamellar structures during crystallization of poly-
mer melts under extension. The thermal treatment of these 
samples at temperatures close to the melting temperature 
of a polymer leads to an increase in the degree of crystal-
linity and a decrease in the number of tie chains in amor-
phous regions between lamellae, and, finally, almost all tie 

chains become stressed. In result of such structure forma-
tion the materials (films and fibers) acquire so-called “hard 
elastic” mechanical properties, that is, high elastic modu-
lus and ability to large reversible deformations.4,7 Due to a 
very low number of tie chains in amorphous regions the 
pores appear between lamellae at uniaxial extension of 
hard elastic samples in air at room temperature. Porous 
films with well developed networks of through flow chan-
nels may be used as microfiltration membranes, separators 
in galvanic cells, and elastic substrates in composite sys-
tems.8–13 

Up to now, there have been few published papers5,14 
concerning the analysis of the porousfilm preparation pro-
cess, at which transition from individual pores to a con-
nected network of through flow channels is observed. In14 
it was shown that the formation of through pores in the 
samples prepared in the process based on melt extrusion 
occurs via the percolation mechanism.15 The task of the 
work was the investigation of the effect of pore formation 
process conditions on the percolation transitions and or-
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dering effects at the self-organization of lamellar structure 
in the polyolefin porous films.

2. Experimental 
The process used to prepare the microporous poly-

olefin films consists of four stages: (1) melt extrusion, (2) 
annealing of extruded films, (3) uniaxial extension of the 
annealed films (pore formation stage), and (4) thermal fix-
ation of the porous structure.2,5,14 The films are character-
ized by a multilevel (multifractal) structure.5 Such struc-
ture is formed by stacks of crystalline lamellae arranged 
normally to the orientation (extension) direction of sam-
ples, so that molecular chains in crystallites are oriented in 
the extension direction. Lamellae stacks are connected by 
thin “bridges” (stressed ties) and form the framework of 
the solid-phase percolation cluster.16 In the process of uni-
axial extension, discontinuities (pores) appear in such 
filmsas a result of moving apart and bending of lamellae 
between the bridges of tie chains. It was shown that the 
number and size of pores grow with an increase in the de-
gree of extension that leads to the coalescence of pores and 
the formation of through flow channels, i.e., the films be-
come filtration membranes permeable to liquids. It was 
also found that the overall porosity (P) and the permeabil-
ity (G) of the membranes can be controlled by varying the 
spin draw ratio (λ) at the polymer melt extrusion, the an-
nealing temperature (Tann) of extruded films and degree of 
uniaxial extension (ε) at the pore formation stage.17

Two structure self-ordering types are implemented 
in the prepared microporous films. The first type includes 
the cooperative percolation over pores (the formation of 
through channels) or the geometrical phase transition oc-
curring upon reaching a critical degree of the overall po-
rosity. The second type is associated with the periodic spa-
tial superlattice of lamellae due to the disorder–order tran-
sition and ordering of particle aggregates (stacks of lamel-
lae).The percolation transition leads to the formation of a 
liquid-permeable porous structure and the self-organiza-
tion of lamellae at increasing the control parameters of the 
process: λ, Tann and ε. 

Commercial grades of linear PE (Mw = 170000, Mw/
Mn = 4–5) and isotactic PP (Mw = 380000, Mw/Mn = 4–5) 
was used for porous films preparation. The melt was crys-
tallized in air. The degree of melt orientation was varied by 
the spin draw ratio λ. Extruded films were annealed under 
isometric conditions, i.e. at fixed ends of the film, to pre-
vent their shrinkage at heating. The porous structure of 
membranes was formed at uniaxial extension of annealed 
films at room temperature. At the final stage, thermal fixa-
tion of the porous samples was performed for relaxation of 
inner stresses resulting from extension.

The permeability of porous films G was determined 
by measuring the liquid (ethanol) flow rate through the 
film.8

An important characteristic of porous systems is 
overall porosity, i.e., the fraction of the sample volume oc-
cupied by pores. In the microporous films under investiga-
tion all type of pores, namely, the open-cell, closed and 
through pores, contribute to the overall porosity P which 
was determined by the gravimetric method.

P = [(ρ-ρp) / ρ] × 100 %,			    (1)

Where ρ is the density of a dense (nonporous) film, 
being equal to 950 and 900 kg/m3 for PE and PP films, re-
spectively; and ρp is the density of a porous film deter-
mined by weighing.

The images of the surface of membrane samples were 
obtained on a FE-SEM SUPRA 35 scanning electron mi-
croscope (Ziess, Germany).

Statistic analysis of SEM images was carried out us-
ing the cluster two-phase model on a square lattice with 
the ratio r/ξ ≈ 0.1, where r is the distance between sites and 
ξ is the correlation length of phase clusters. Within this 
model, we calculated the average lattice density Ωp of po-
rous phase clusters (porous phase fraction in two-dimen-
sional space) and the radial distribution functions g(R) of 
the cluster lattice density. The effective size d and fractal 
dimension D of porous phase clusters were determined by 
the initial region (R <d) of the fall of curves g(R) using the 
power-law asymptotic, g(R) ~ RD – 2.

The correlation length ξ was identified with the ab-
scissa of the point at the maximum of the direction aver-
aged radial density distribution function g(R) of the po-
rous phase clusters. When the point of the maximum was 
absent, the correlation length was identified with the 
point at which the function g(R) reached the asymptote 
g(R) = 1.

The angular dependences (indicatrices) of the lat-
tice fractal density ρs of the solid phase clusters were ob-
tained according to the procedure described on the scale 
of a rectangle with area 2rξ centered at the occupied lat-
tice site.

The degree of ordering of the lamellae in the films ϕ, 
was quantitatively estimated using the coordination order 
parameter along the extension axis of the films:

ϕ =|Ls||–Lp||| / (Ls||Lp||)
1/2,			    (2)

where Ls|| and Lp|| are the periods of alternation of the lat-
tice densities of the solid phase and the porous phase clus-
ters, respectively, along the s axis.

The regular spatial lattice of particles corresponds to 
the parameter ϕ = 0; with an increase in the coordination 
disorder, the parameter ϕ increases. The periods Ls|| and 
Lp|| were determined using the functions g(R)||calculated in 
the direction of this axis. The thickness l|| of solid phase 
particles was calculated as l|| = 0.8Rmin, where Rmin is the 
position of the first minimum of the corresponding func-
tion g(R)||.
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3. Results and Discussion 
The microporous films prepared by the method used 

in this study are characterized by a relief-like strongly de-
veloped surface. This pattern arises at uniaxial extension 
stage in result of stress release due to the through pores 
appearance. As can be seen from SEM images, the surface 
relief of the PE and PP films (Figure 1)is designed by two 
types of structural elements; namely, extended large comb-
like structures arranged perpendicular to the direction of 
orientation of the film and thin “bridges” aligned parallel 
to the film orientation direction and connecting the comb-
like structures.

Deeper regions (pores) are seen between these struc-
tural formations on the sample surface. The PP samples are 
characterized by smaller sizes of the structural elements of 
the surface relief and by their considerably larger number 
as compared to the PE films. These characteristics of the 
surface structure indicate that the PP films have a more 
developed surface relief than the PE ones. This is con-
firmed by the measurements of specific surface, which is 
equal to 41 and 83 m2/g for PE and PP microporous films, 
respectively.

3. 1. �Effect of Spin Draw Ratio on the 
Ordering Transitions
Due to the orientation efforts at the melt extrusion 

the periodic superlattice of oriented lamellae is formed in 
the films via the universal mechanism of particle self-or-
dering, controlled by the spin draw ratio λ. At the stages of 
extrusion and annealing which is performed at isometric 
conditions, lamellae are organized in an ensemble of ori-
ented supramolecular structures. Under uniaxial exten-
sion of the films prepared at these stages this ensemble 
transforms to a spatial network of smaller particles, i.e., 
lamellae stacks (superlattices of lamellae), due to irrevers-
ible splitting of structons. The superlattice formation can 
be considered as the disorder–order transition, which 
leads to ordering of the multilevel supramolecular poly-
mer structure. At increasing of λ the size and degree of the 
aggregates ordering increase. The transformation of the 
microporous films’ surface texture with variations in spin 
draw ratio is caused by the change in the relative contribu-
tion from the stacks of lamellae and stressed ties connect-
ing them to the spatial distribution of the density of the 
solid phase cluster.

A typical property of the microporous polyolefin 
films under study is the percolation effects which are asso-
ciated with the formation of a fractal structure of the sur-
face. The fractal cluster of the solid phase is arisen near the 
threshold of percolation in result of the coalescence of 
pores and appearance of through flow channels. Percola-
tion mechanism of the through pores formation is demon-
strated by the dependence of the permeability G (flow rate 
through the membrane) on λ which exhibits a percolation 
threshold of λ for permeability at threshold value of the 
overall porosity P (the sample volume fraction occupied 
with pores) (Figure 2). 

For PE films the threshold is reached at P* = (30 ± 2) 
%, for PP ones P* = (23 ± 2) %. The difference between the 
values of P* for PE and PP is connected with the structure 
details of PE films. This result is in accordance with perco-
lation theory15 which gives for percolation threshold 
2530%.

The transition through the percolation threshold at P 
>P* is accompanied bythe formation of a percolation clus-
ter of the porous phase in the material. On the film surface, 
this transition corresponds to an increase in the correla-Figure 1. SEM images of the PE and PP porous films surface
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tion length ξ, a decrease in the total anisotropy of the den-
sity distribution ρs of the solid phase clusters, and a disor-
dering of the average density distribution of the porous 
phase clusters. The above phenomena have a common 
character and are observed in the computer implementa-
tion of the lattice clusters models.

The orientational order of lamellae and the degree of 
orientation of polymer chains increase with increasing λ. 
This growth is nonlinear, which is indicated by both the 
nonmonotonic dependence of the correlation length on λ 
for investigated samples and a significant scatter of the data 
on birefringence in PE porous films, obtained by changing 
the parameter λ.18 It can be assumed that the nonlinear in λ 
orientation behavior reflects different conditions of their 
structure formation depending on parameters of melt ex-
trusion process. In this case, the transition from one mode 
to another is accompanied by a change in the orientation of 
molecules and supramolecular structures themselves and 
also porous phase clusters. Of particular interest is the dis-
order–order orientation transition on the λ scale, associated 
with the formation of oriented through channels. 

Microporous PE films were prepared at variation of λ 
in the range 24–69. The structural parameters and porous 
structure transformation have been investigated by statis-
tical treatment of the SEM images. It was obtained that the 
lattice density fraction Ωs of the solid phase on the surface 
of microporous PE films corresponds in two-dimensional 
mapping to the infinite cluster of the particles at Ωs ≥ Ω*, 
where Ω* is the critical value at the percolation threshold 
(0.45 ± 0.03).19 In its turn, the porous structure of the films 

is transformed upon varying parameter λ, and the transi-
tion from discrete pores (Ωp < Ω*) to through channels (Ωp 
> Ω*) occurs at λ > 29. The existence of the critical value of 
λ, which provides percolation in PE membranes, was pre-
viously found in.14

Radial functions g(R) of the clusters density distribu-
tion of the phases in the general case is typical for the 
structurally nonuniform systems and nonmonotonically 
approach the straight line g(R) = 1 (Figure 3a) as R increas-
es. This straight line is reached at R = ξ, where ξ is the cor-
relation radius of density fluctuations.19 It should be ex-
pected that the values of ξ for two mutually complementa-
ry percolation clusters coincide (Figures 3b, 3c).

Figure 2. Plots of overall porosity P (1) and permeability G (2) of 
porous PE and PP films vs. spin draw ratio λ.

Figure 3. Distribution functions g(R) of the clusters density along 
the directions: solid phase (1) and porous phase (2) for λ = 24 (a), 
36 (b) and 69 (c).

Table 1. The structural parameters of the porous PE films.

	 λ	                          Solid phase		                          Pores 	
		  ξ, μm	 d, μm	 Ωp	 d, μm

	 24	 0.71	 0.6	 0.36	 0.35
	 29	 0.25	   0.13	 0.30	 0.18
	 36	 0.54	   0.28	 0.46	 0.38
	 42	 0.58	   0.80	 0.42	 0.62
	 69	 –	   0.09	 0.57	 0.09

At the same time as lattice density Ωp of the cluster of 
the particles decreases, the value of ξ increases (Table 1).

For the PE film obtained at λ = 69 the periodic oscil-
lation of the functions g(R) near the value g(R) = 1, and 



984 Acta Chim. Slov. 2017, 64, 980–987

Elyashevich et al.:   Ordering Effects and Percolation   ...

functions g(R) almost coincide both for the solid phase 
and for pores which indicates the formation of the uni-
form periodic structure of microporous PE films. The in-
finite cluster is transformed into the two-dimensional qua-
silattice of oriented particles, and the superlattice is con-
structed of ordered stacks of lamellae, so that each stack 
involves ~2.5 lamellae. The mean sizes of the particles 
(stacks of lamellae) and pores in the direction perpendicu-
lar to the orientation axis coincide.

The formation of through channels at increasing of 
λ is associated with ordering the particles in the orienta-
tion direction of the samples. Functions g(R) of clusters 
of the phases along the orientation direction indicate that 
the periodicity of alternation of the particles with period 
L|| appears at the scale of the correlation radius ξ. It was 
calculated that the value of L||substantially exceeds both 
the thickness of a single lamella (30 nm) and the long pe-
riod (35 nm).20 Thus, the anisometric particles that are 
revealed by SEM on the film surface are the fragments of 
the solidified polymer material involving the stacks of 
lamellae. The pattern of the surface is similar to the inter-
nal lamellar structure of porous samples; however, they 
are characterized by a larger scale of structural ele-
ments.20,21 Periods L|| of alternation of the particles and 
pores in the orientation direction for the porous sample 
prepared at λ = 69 coincide and correspond to the average 
period L = 170 nm. 

Structure transformations in PP porous films were 
investigated for the samples prepared at λ = 44 and 78. In 
the samples, prepared at λ = 78, the 3D regular lattice of 
lamellae stacks and also the system of oriented through 
flow channels providing the highest permeability to the 
sample are formed. In 2-dimensional images the regular 
scale lattice of lamellae is characterized by a coincidence of 
alternation periods of lattice density for solid (s) and po-
rous (p) phases clusters along (Ls|| = Lp|| = 110 nm) and 
perpendicular (Ls⊥ = Lp⊥=110 nm) to extension direction 
(axe s), both.In this case overall porosity of the films equal 
50%, so solid and porous phases in the lattice may be con-
sidered as co-dimensional.

In the film prepared at λ = 44 regular 3D lattice of 
lamellar is absent. Along axes, the condition ξ = Ls|| = Lp|| = 
110 nm is valid. However, in transverse direction there is 
no any coordination between radial functions g(R)s⊥ and 
g(R)p⊥of a lattice density clusters of phases distribution. In 
this case the solid and porous phases are non-dimensional 
ones; the overall porosity is 41%. Non-dimensional char-
acter of solid and porous phases is the reason of permea-
bility decreasing of this membrane in 1.5 times in compar-
ison withthe film (λ = 78) which is characterized by regu-
lar 3D lattice of lamellae.

The transition “co-dimensional – non-dimensional” 
solid and porous phases is related to the change of topo-
logical structure of the films, namely, to transition from 
the model of statistical network of pores to model of ori-
ented network of through flow channels.

3. 2. �The influence of the Annealing 
Temperature on the Structure 
Transformation at Pore Formation

The process of the pore formation at uniaxial exten-
sion is regulated by self-organization of lamellae and, con-
sequently, strongly depends on the lamellar structure 
formed at extrusion and annealing stages. Figure 4 shows 
the relationship of the basic parameters (Tann and λ), ensur-
ing the achievement of percolation values of the overall po-
rosity (23 and 30% for PE and PP films, respectively). This 
figure shows, under what combination of values λ and Tann 
appears through permeability in porous polyolefin films. 

Figure 4. Relation between λ and Tann at the threshold values of 
overall porosity for PE and PP films. Uniaxial extension is 200%.

The figure evidences: when extrusion was performed 
at lower λ, the percolation value P* is achieved at higher 
Tann, and vice versa; if on the extrusion stage greater λ was 
used, then annealing can be performed at lower tempera-
tures Tann. However, this regularity is disrupted for PE. The 
fact is that structural rearrangement, consisting in increas-
ing the size of lamellae occurs when annealing was carried 
out at temperatures at which the mobility of the chains in 
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the PE crystals appears. According to dynamic mechanical 
analysis (DMA) for obtained PE films, this temperature is 
in the range 90–100 °C (Figure 5). Annealing of the films 
at lower temperatures does not permit to realize the per-
fecting of the lamellar structure and transition to a 
hard-elastic state, which is a prerequisite for the formation 
the through channels, upon subsequent uniaxial exten-
sion. The weakening of the connection between λ and Tann 
for PE films at Tann close to 100 °C shows, that further in-
crease λ does not allows to decrease Tann below this tem-
perature. For PP films character of relation between 
thresholds λ and Tann does not change, because in this case 
used values λ correspond Tann, which are higher than ap-
pearance of chains mobility in crystals 130–140 °C accord-
ing to DMA (Figure 5).

lence of the through oriented channels (after the percola-
tion threshold) occurs a linear correlation between two 
and three dimensional porosity (Figure 6).

The dependence of permeability of porous films G 
on the parameter τ = (P – P*)/P* characterizing the degree 
of deviation of the porosity parameter P from the percola-
tion threshold P* was studied. The parameter P in the re-
gion P >P* was varied by changing of Tann; P linearly in-
creases with Tann. It was shown that the dependence G(τ) is 
a power-law function G ~ τt and is characterized by the 
critical indices t = 1.5 and t = 1.9 for λ = 44 and λ = 78, 
respectively.

The change of the critical index t with increasing λ 
can be associated with the transition from percolation in a 
random inhomogeneous medium (t = 1.5) to anisotropic 
percolation over oriented through channels (t = 1.9). Such 
a transition should be a consequence of an increase in the 
cooperativity of the lamellae ordering process at the stage 
of pore formation and the development of a regular spatial 
3D lattice of particles.

An analysis of the two-dimensional SEM images of 
the membrane surface makes it possible to clear up the 
character of pore formation process with increasing poros-
ity P or the degree of deviation τ from the percolation 
threshold P*. The areas occupied by pores increase that 
corresponds to the pore growth under steady-state condi-
tions at which the lamellar structure of membranes is or-
dered.

The investigation of correlations between the two-di-
mensional network density Ωp of porous phase clusters 
and the volume porosity P of PP membranes shows that Ωp 
is independent of P in the case of λ = 44; at λ = 78 the linear 
correlation between these parameters is observed. The 
equality Ωp = P is valid for homogeneous systems. Porous 
phase clusters in the membranes under study are topolog-
ically inhomogeneous due to the presence of three pore 
types: through, closed, and open cell. The establishment of 
the linear dependence Ωp(P) in going from λ = 44 to λ = 78 
suggests that, among three pore types, through channels 
begin to dominate.

With an increase in Tann, lamellae undergo ordering: 
the larger is the value of λ, the higher is the rate of decrease 
in the degree of ordering the lamellae ϕ which approaches 
zero at Tann→ Tm. The transition from a less ordered cluster 
of the solid phase to a more ordered cluster is associated 
with the convergence of the values of the periods Lp|| and 
Ls|| and with the formation of a superlattice of lamellae. 
Similar self-organization of particles in membranes occurs 
with an increase in the parameter λ at a fixed temperature 
Tann.

The effect of the annealing temperature Tann on the 
degree of ordering the lamellae ϕ in the membranes is il-
lustrated in Figure7 (curve 2). In the range Tann< 439–440 
K with an increase in Tann, lamellae undergo ordering. In 
this case, the larger is the value of λ, the higher is the rate 
of decrease in the parameter ϕ. In the temperature range 

Figure 5. The temperature dependences of tg δ: PE and PP films.

To establish a correlation between the density of the 
porous phase Ωp (the surface area occupied by all types of 
pores) and overall porosity P, the PP films obtained at dif-
ferent Tann for which there is a linear relationship between 
these parameters were selected. In the case of the preva-

Figure 6. The dependences of the average lattice density Ωp of orous 
phase clusters on the surface of PE (1) and PP (2) films on overall 
porosity P. The dashed line corresponds to Ωp = P.
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Tann> 440 K the parameter ϕ is calculated for aggregates of 
lamellae. The permeability G of the membranes prepared 
at the parameter λ = 78 increases to infinity with an in-
crease in the annealing temperature Tann (Figure 7, curve 
1). This behavior of the dependence G(Tann) is explained by 
the fact that, in the range Tann< 440 K, the permeability 
increases as a result of the increase in the degree of order-
ing of the particle lattice (with a decrease in ϕ) at a con-
stant pore size d, whereas at Tann> 440 K, it increases due to 
the increase in the pore size d when ϕ≈ const.

lamella ordering process. The choice of this or that mecha-
nism by the system depends on the melt spin draw ratio λ 
during extrusion. 

3. 3. The Uniaxial Extension Stage
The self-organization of elements forming the the 

film surface relief, which is similar to the lamellar struc-
ture of the polymer, occurs at the stage of uniaxial exten-
sion of the films (pore formation). It should be noted that 
uniaxial extension of the annealed PE and PP films leads to 
the formation of pores even at small degrees of deforma-
tion ε, immediately from the beginning of the extension 
process that may be observed visually in the change of 
transparent annealed films to opaque milk-white microp-
orous material because of the light scattering on the walls 
of pores.22

Uniaxial extension of the polyolefin samples along 
the direction of extrusion initiates an ordering process of 
particles of the solid phase – crystalline lamellae – and the 
ties connecting them. The self-organization of solid phase 
particles is accompanied by the increase in anisotropy of 
mechanical properties of the samples, change in their tex-
ture from biaxial to axial, an increasing in the degree of 
homogeneity of the spatial structure and a significant 
growth in the permeability, which reaches a value of 250 l/
(m2 h atm) that is characteristic for the membranes with a 
regular 3D lattice lamellae2,5,17.

4. Conclusion 
The transformations of supermolecular organization 

in the process of porous structure formation under study 

Figure 7. The dependences of the ratio G/Gmax for the permeability 
of porous films (1) and the parameter ϕ (2) on the temperatureTann.

The statistical analysis of SEM images of PP porous 
films prepared at λ = 44 and 78 shows that the films surfac-
es exhibit polymorphism represented by two regions with 
different topologies: regularly arranged particles similar to 
those ones in the films annealed at Tann< 442 K, and the 
regions characterized by larger supermolecular structure 
formed at Tann> 442 K whose size increases with Tann. The 
transformation of the film surface microrelief from the 
first type to the second one of regions manifests itself as a 
sharp increase in the period Ls|| of alternation of the densi-
ty of the solid phase cluster (Figure 8). 

The increase of Ls|| in the films annealed at Tann = 
442–444 K is associated with the formation of stacks of 
lamellae constituting the framework of the solid phase 
percolation cluster.16 The aggregation of lamellae leads to 
the separation of the curves Ls||(Tann) at the point of bifur-
cation at a temperatures Tann> 440 K into two branches: for 
the individual lamellae (curve 3) and for the aggregates of 
lamellae. It should be noted that the alternation of the solid 
phase density Ls|| for the individual lamellae, within the er-
ror of calculation, does not depend on Tann and λ. 

Thus, two self-assembly mechanisms with increasing 
Tann were detected: the gradual and bifurcation ones; the 
latter is characterized by a higher cooperativity of the 

Figure 8. The dependences of period Ls|| in PP porous films on the 
annealing temperature Tann for the aggregates of lamellae at λ = 44 
(1), and λ = 78 (2), and for the individual lamellae (3).
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have been analyzed using statistical treatment of the SEM 
images of the PE and PP films surfaces at variations of 
their orientation degree. The porous structure of these 
films is originated at uniaxial extension stage following the 
extrusion and annealling. Basic characteristics of the po-
rous structure – permeability and overall porosity – are 
significantly affected by both the degree of orientation λ of 
the polymer melt at extrusion stage and also the annealing 
temperature Tann of the extruded films. The dependences of 
permeability on Tann and λ are characterized by the perco-
lation threshold for the appearance of through flow chan-
nels. At uniaxial extension the permeability increases with 
degree of extension due to increasing of number and sizes 
of through pores. This growth is accompanied by a rising 
of the ordering degree of the structure elements – self-or-
ganization and the formation of the superlattice of crystal-
line lamellae. The sample structure is transformed from 
biaxial topology of the random network of pores to uniax-
ial one of the oriented through channels. The self-organi-
zation of porous phase is the result of formation the regu-
lar spatial lamellar 3D lattice at the pore formation stage. 
This transformation may be considered as the disorder-or-
der transition which leads to the ordering of the multilevel 
supermolecular structure of the film.
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tronske mikroskopije površja filmov, raziskani strukturni prehodi in mehanizem nastajanja super-rešetk lamel. Strukturo 
poroznih filmov, pripravljenih v večstopenjskem postopku, smo preučevali z meritvami SEM, gravimetrije in prepust-
nosti. Pokazano je bilo, da nastajanje por v fazi enoosnega raztezanja spremlja urejanje lamel, njihovo samoorganizacijo 
nadzira predilno raztezno razmerje ter temperatura žarjenja. Ugotovljeno je bilo, da povečanje teh pokazateljev vodi do 
prehoda vrste nered – red. Podana je razprava o vplivu pogojev priprave na postopek urejanja pravilne prostorske rešetke 
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Abstract
A microwave-assisted, environmentally benign green protocol for the synthesis of functionalized (Z)-3-(2-oxo-
2-phenylethylidene)-3, 4-dihydro-2H-benzo[b][1,4]oxazin-2-ones (11a–n) in excellent yields (upto 97%) and 
(Z)-3-(2-oxo-2-phenylethylidene)-3,4-dihydroquinoxalin-2(1H)-ones (14a–h) (upto 96% yield) are reported. The 
practical applicability of developed methodology were also confirmed by the gram scale synthesis of 11a, 14c and 14e; 
synthesis of anticancer alkaloid Cephalandole A 16 (89% yield). All the synthesized compounds 11a–n, 14a–h and 
16 were assessed for their in vitro antioxidant activities in DPPH radical scavenging and FRAP assay. In DPPH assay, 
compounds 11a, 14c and 14e, the most active compounds of the series, were found to show IC50 value of 10.20 ± 0.08 
μg/mL, 9.89 ± 0.15 μg/mL and 8.97 ± 0.13 μg/mL, respectively in comparison with standard reference (ascorbic acid, 
IC50 = 4.57 μg/mL). Whereas, in FRAP antioxidant assay seven compounds (11c, 11e, 11i, 11k, 11l, 14d and 14h) dis-
played higher antioxidant activity in comparison to the reference standard BHT (C0.5FRAP = 546.2 μM). Moreover, the 
cytotoxic studies of the compounds 11a, 14c, 14e and 14h were found to be non-toxic in nature in 3T3 fibroblast cell 
lines using MTT assay.
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1. Introduction
Benzo[1,4]oxazines 1-8, a sub-class of benzo fused 

heterocycles, are endowed with a wide range of biolog-
ical activities such as anti-inflammatory,1 analgesic,2 an-
tibacterial,3 neuroprotective,4 D2 receptor antagonists,5 
antimycobacterial,6,7 antihypertensive,8 antifungal,9 

herbicidal,10 antiarrhythmic,11 thrombin inhibitor and 
fibrinogen receptor antagonists,12 5-HT receptor antago-
nists,13 potent inhibitor of tumor-driven angiogenesis14a 
and selective non-steroidal mineralocorticoid receptor 

antagonists14b etc. Some marine secondary metabolites 
such as, Arcticoside 5a (potent antifungal agent) and 
C-1027 chromophore- III & V 5b (potent antitumor 
antibiotic),15 which were isolated from a culture of an 
arctic marine actinomycete Streptomyces strain; possess 
as benzo[1,4]oxazines substructures in their active scaf-
folds (figure 1). 

Owing to the several biological activities having 
benzo[1,4]oxazines moieties in their scaffold or in whole 
molecule, several syntheses of benzo[1,4]oxazines, 2-oxo-

Figure 1. Structures of biologically active benzo[1,4]oxazines 1-8.
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benzo[1,4] oxazines and its related structural motifs have 
been reported in the literature using metal as well as met-
al-free catalyst.16–18 Earlier, Kikelj et al. reported the first 
synthesis of 3-unsubstituted 3,4-dihydro-1,4-benzoxaz-
in-2-ones via catalytic hydrogenation of 4-benzyl-3,4-di-
hydro-1,4-benzoxazin-2-one.16a Since then, several met-
al-catalysed synthesis of substituted benzo[1,4]oxazines 
have been reported in the literature16b–d [figure 2; entry 
i-iii]. 2-aminophenols or substituted 2-nitrophenols16f or 
2-halophenols,16g-j were most commonly used as start-
ing materials towards the synthesis of benzo[1,4]oxazine 
derivatives. With 2-aminophenols as the starting sub-
strate, various protection and deprotection steps are re-
quired.16k-l Xia et al. (2008) reported sulphamic acid as an 
efficient catalyst for the synthesis of benzo[1,4]oxazines 
derivatives in one pot reaction condition providing good 
yield.16e In spite of this efficient methodology, sulphamic 
acid is associated with several drawbacks with respect to 
its hazardous nature towards animals as well as environ-
ment, such as the high toxicity of sulphamic acid in an-
imals (LD50 = 1312 mg/kg in mouse via oral route; LD50 
= 3160 mg/kg in rat via oral route; toxicity value of LC50 
= 70.3 mg/l in fish Pimephales promelas species); acute 
oral and inhalation toxicity to human etc. Its disposal also 
induces toxicity to the environment.16f Thus, none of the 
reported methodologies were environmentally benign as 
these were associated with several drawbacks such as the 

use of toxic catalysts, toxic starting materials, hazardous 
organic solvents, multistep and complicated reaction as-
sembly, limited number of appropriate substrates for di-
verse synthesis, tedious workup and low yields etc.19–21 
Therefore, an efficient, environmentally benign and more 
green approach for the synthesis of benzo[1,4]oxazines is 
still a challenging area of research.

Moreover, it has also been observed that several 
chalcones and its analogues,22a–c quinolines,22d–f and cou-
marin-derived scaffolds,22g,h which have 2-oxobenzo[1,4]
oxazine-like substructure in their scaffold, were found to 
be potent antioxidants under several in vitro antioxidant 
assays. So, in our endeavour to search for new class of po-
tent antioxidants we have developed inclinations towards 
2-oxo-benzo[1,4]oxazine based analogues (prototype A: 
figure 1), because it has almost similar substructure as 
present in coumarins, chalcones and quinolone or its an-
alogues. In this context, we were interested to explore the 
green synthesis and antioxidant activity of non-naturally 
occurring 2-oxobenzo[1,4]oxazines derived analogues, 
because to the best of our knowledge the antioxidant ac-
tivity of 2-oxobenzo[1,4]oxazine class of molecules have 
never been studied earlier.

During the past few decades, Microwave-Assist-
ed Organic Synthesis (MAOS) has been identified as an 
efficient green protocol for accelerating drug discovery 
process.23a–d Moreover, it is well documented that Mi-

Figure 2. Previous and present reports for the synthesis of substituted benzo[1,4]oxazine derivatives.
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crowave irradiation (MW) is a form of electromagnetic 
energy having lower frequency (300–300000 MHz) and 
it has several advantages over conventional heating con-
ditions such as: reduction of the reaction times as well as 
decrease side reactions, increase yields of desired prod-
ucts and improve reproducibility. Therefore, industrial 
as well as academic research groups are frequently using 
MAOS for rapid reaction optimization, accelerating the 
efficient synthesis of new chemical entities and also for 
the novel methodology development.23e–g Hence, utilizing 
this concept; herein, we report a very simple, mild and 
highly efficient green protocol for the synthesis of high-
ly functionalized 2-oxobenzo[1,4]oxazines 11a–n (upto 
97% yield) and 2-oxoquino[1,4]oxalines 14a–h (upto 
96% yield) under microwave irradiations using readily 
available starting materials. The main advantage of this 
protocol is the avoidance of any toxic reagent, solvent or 
catalyst. Although, compounds 11a–i and 14a–h are al-
ready reported in the literature, but they were prepared by 
other routes,17 and their antioxidant activities have never 
been evaluated till now. Therefore, for the first time, we 
have evaluated the in vitro antioxidant activities of all the 
synthesized compounds 11a–n, 14a–h and 16 in DPPH 
radical scavenging assay using ascorbic acid (IC50 = 4.57 
μg/mL) as standard reference and ferric reducing antiox-
idant power (FRAP) assay taking BHT (546.0 ± 13.6 μM) 
as standard reference.

To the best of our knowledge, this is the first report of 
microwave-assisted synthesis and in vitro antioxidant ac-
tivities of functionalized 2-oxobenzo[1,4]oxazines 11a–n, 
2-oxoquino[1,4]oxalines 14a–h and 16 in excellent yields 
having high level of functional group compatibility. 

2. Results and Discussion
We started our initial investigation towards the devel-

opment of an environmentally benign, sustainable protocol 
for the synthesis of 2-oxobenzo[1,4]oxazine with a typical 
model reaction between 2,4-dioxo-4-phenylbutanoic acid 
9a and 2-aminophenol 10a in isopropanol (1.0 mL) under 
nitrogen atmosphere at room temperature for 3 h which 
furnished the condensation product 11a in only 18% yield 
(entry 1, Table 1). Carrying out the above reaction at 90 °C 
for 3 h afforded 11a in better yield [(45%), entry 2, Table 1, 
Method 1]. The product obtained was fully characterized 
by its spectroscopic data (1H and 13C NMR, HRMS and IR).

Since we observed an increase in the yield of 11a as 
we change solvent from isopropanol to DMF and conven-
tional to MW irradiation condition; we switched over to 
more polar DMSO solvent. Thus, the above reaction was 
carried out in DMSO solvent, at 150 °C for 10 min under 
microwave irradiation, which furnished 11a in 77% yield 
(entry 7, Table 1, Method B). Decreasing or increasing the 

Table 1. Optimization study: Synthesis of 2-oxobenzo[1,4]oxazines 11a by the reaction of 2,4-dioxo-4-phenylbutanoic acid 9a and 2-aminophenol 10a.a

Entry	 Solvent	 Temp (°C)	 Method Ab	 Method Bc	

			   Time (min)	 Yield (%)d	 Time (min)	 Yield (%)d

    1	 Isopropanol	 rt	 180	 18	 –	 –
    2	 Isopropanol	   90	 180	 45	 10	 52
    3	 Isopropanol	   90	 300	 55	 30	 58
    4	 DMF	   90	 180	 51	 30	 64
    5	 DMF	 120	 180	 58	 20	 62
    6	 DMF	 150	 120	 50	 15	 69
    7	 DMSO	 150	 180	 59	 10	 77
    8	 DMSO	 150	 240	 61	   5	 51
    9	 DMSO	 150	 300	 67	 15	 72
 10	 DMSO	 180	 120	 65	   2	 56
  11	 Diethylene glycol	 150	 180	 61	   5	 94
  12	 Diethylene glycol	 150	 120	 54	   3	 80
  13	 Diethylene glycol	 150	 300	 67	   7	 93
  14	 Diethylene glycol	 170	 180	 64	   2	 85
  15	 Diethylene glycol	 160	 180	 65	   2	 82
  16	 Diethylene glycol	 170	 300	 63	   5	 81

a Reaction conditions: 9a (0.1 mmol), 10a (0.1 mmol) in solvent (1.0 mL), 5–300 min, N2 atmosphere.     b Method A: Conventional heating; 
c Method B: Microwave Irradiation;      d Isolated yield after recrystalization/column chromatography.
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a unless otherwise mentioned, all the reactions were carried out with substrates 9a–f (0.2 mmol), substituted 2-aminophenols 10a–c (0.2 mmol) in 
diethylene glycol (2.0 mL) at 150 °C under microwave irradiation. b Isolated yield. 

Scheme 1. Microwave-assisted one-pot green synthesis of 2-oxobenzo[1,4]oxazine analogues (11a–n).a,b
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time for the above reaction in DMSO solvent was not found 
to be fruitful. (Entries 8–10, Table 1). Then, we planned to 
perform our model reaction in more polar diethylene gly-
col as solvent. To our surprise, after 5 min at 150 °C, we ob-
tained 11a in 94% yield (entry 11, Table 1). Furthermore, in 
spite of increasing the reaction temperature from 150 °C to 
170 °C or increasing/ decreasing the reaction time; we were 
successful in obtaining 11a in the yield range of 81–93% 

(entries 12–16, Table 1). Finally, based on above screening 
studies, diethylene glycol as solvent, 150 °C temperature for 
5 min was found to be the best optimized reaction condi-
tion under microwave irradiations (entry 11, Table 1). 

After optimization study, we further investigated the 
scope and generality of this reaction. Several alkyl/alkoxy/
halide/nitro-substituted 2,4-dioxo-4-phenylbutanoic ac-
ids 9a–f were reacted with alkyl/halide/nitro-substitut-

a Unless otherwise mentioned, all reactions were carried out with substrates 9a-g or 12 (0.2 mmol) and 1,2-diamino benzene 13 (0.2 mmol) in di-
ethylene glycol (2.0 mL) at 150 °C under microwave irradiation. b Isolated yield.

Scheme 2. Microwave-assisted one-pot synthesis of functionalized 2-oxoquino[1,4]oxalines 14a–h.a
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ed 2-aminophenol 10a–c in diethylene glycol under our 
optimized conditions (Scheme 1). The desired 2-oxoben-
zo[1,4]oxazines 11a–n were purified either by flash col-
umn chromatography method or by recrystallization (see 
experimental section).

As evident from scheme 1; substituted 2, 4-di-
oxo-4-phenylbutanoic acid 9a–f reacted smoothly with 
substituted 2-aminophenol 10a–c, and furnished substitut-
ed 2-oxobenzo[1,4]oxazines 11a–n in 78–97% yield range. 
It has been observed that nitro-based 2-oxobenzo[1,4]ox-
azines 11k–n were obtained in comparatively lesser yields 
(78–83%) with rest of the compounds 11a–j. This is due to 
poor solubility of nitro-based 2-oxobenzo[1,4]oxazines 
11k–n in ethyl acetate which makes the purification of these 
compounds via column chromatography very tedious and 
cumbersome. In this study, the most characteristic feature 
observed was that a broad range of functional groups, like 
Cl, Br, OMe and NO2 are well compatible under our opti-
mized reaction conditions. Thus, these groups can further 
be manipulated to obtain new therapeutic molecules.

After successful implementation of our methodolo-
gy on 11a–n series; we extended its synthetic application 
towards the synthesis of its congener class of bioactive het-
erocycles i.e. 2-oxoquino[1,4]oxalines 14a–h; which were 
synthesized from 9a–g with phenyl-1,2-diamine 13 using 
our optimised methodology in the excellent yield (90-
96%), as depicted in Scheme 2. 

Furthermore, the practicality of this methodology 
was demonstrated via gram scale synthesis of compounds 
11a, 14c and 14e. Thus, the reaction of 9a (2.00 g, 10.40 
mmol), 9c (2.26 g, 10.00 mmol) or 9e (2.71 g, 10.00 
mmol) with either 10a (1.13 g, 10.40 mmol) or 13 (1.08 g, 

10.00 mmol) in diethylene glycol under MW irradiation 
at 150 °C for 7–9 min furnished the target compounds, 
11a (2.49 g, 90.41%); 14c (2.60 g, 87.32%) and 14e (3.09 g, 
90.14%), respectively. (Scheme 3)

We have further demonstrated practicality of our de-
veloped methodology for the synthesis of anticancer indole 
alkaloid, Cephalandole A, which was isolated from Taiwanese 
orchid Cephalanceropsis gracilis (Orchidaceae). Its crude ex-
tract showed good activity against CNS (SF-268; IC50 = 12.2 
µM), breast (MCF-7; IC50 = 7.57 µM) and lung (NCI-H460; 
IC50 = 7.8 µM) carcinoma cell lines.24 3-indoleglyoxylic acid 
(15) on reaction with aminophenol (10a) in diethylene glycol 
under MW at 150 °C for 10 min furnished indole alkaloid 
Cephalandole A (16) in 89% yield (Scheme 4). The spectral 
data was found to be the same as the literature data.

2. 1. �Material and Methods for  
Antioxidant Activity

2. 1. 1. �In vitro antioxidant DPPH radical 
scavenging activity24a–e

In DPPH radical scavenging method the synthesized 
compounds at different concentrations ranging from 10 to 
100 μg mL–1 was mixed with 1.5 mL of a DPPH methanolic 
solution (20 mg L–1). Pure methanol was taken as control 
and ascorbic acid (vitamin C) was used as a reference com-
pound. The percent of DPPH decoloration of the sample 
was calculated according to the formula.

��Decoloration % = [1 − (Abs sample / Abs control)] 
× 100

Scheme 3. Gram scale synthesis of 11a, 14c and 14h. 

Scheme 4. Synthesis of Cephalandole A (16)
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The decoloration was plotted against the sample 
concentration and a logarithmic regression curve was es-
tablished in order to calculate the IC50. The results are ex-
pressed as antiradical efficiency (AE), which is 1000-fold 
inverse of the IC50 value AE = 1000/ IC50.

2. 1. 2. �In vitro Ferric Reducing Antioxidant Power 
(FRAP) Assay24f 

The FRAP reagent was prepared by mixing fresh-
ly prepared 10.0 mM of ferric-tripyridyltriazine (TPTZ) 
solution, 20.0 mM FeCl3 × 6H2O solution and 300 mM 
sodium acetate buffer (pH 3.6) in a ratio of 1:1:10 (v/v/v). 
Sample was added to 3 mL of FRAP reagent and this re-
action mixture was incubated for 30 min at 37 °C tem-
perature. The absorbance of prepared reaction mixture 
was measured at 593 nm. A freshly prepared solution of 
FeSO4 was used for calibration of standard curve. The 
FRAP antioxidant capacities were expressed in terms of 
C0.5FRAP (the concentration of samples with respect to 
the antioxidant ability equivalent to that of FeSO4 at 0.5 
mmol/L).

2. 2. �Antioxidant Activity: In vitro antioxidant 
DPPH Radical Scavenging Assay, 
FRAP Assay and Structure-activity 
Relationship25

The DPPH radical scavenging assay is generally uti-
lised for the screening of antioxidant activity of diverse 
heterocycles.25a DPPH is a stable free radical, which can 
easily accept an electron or a hydrogen radical to become 
a stable molecule. Literature reports illustrate that DPPH 
assay works in two ways; a single electron transfer (SET) 
or a hydrogen atom transfer (HAT) mechanism.25b DPPH 
in the methanolic medium has odd electron configuration 
which shows a strong absorption band at 515 nm and the 
absorbance decreases in the presence of free radical scav-
engers which results in the colour change from deep pur-
ple to yellow.25c–d The radical quenching ability strongly de-
pends on the structural accessibility of the radical trapping 
site. The electron density as well as steric hindrance plays a 
vital role in the antioxidant activity because they may pre-
vent the test molecule from reaching to the DPPH radical 
site and thus results in lower activity.25e

Table 2. Antioxidant activity of synthesized compounds 11a–n, 14a–h and 16 by DPPH radical 
scavenging and FRAP assay.25

S. No.	 Compound No.	 Antioxidant activitya		

		  DPPH assay (IC50) (μg/mL)	 FRAP assay (C0.5FRAP μM)

    1	 11a	 10.20 ± 0.08	 611.5 ± 23.2
    2	 11b	 19.70 ± 0.31	 763.2 ± 38.1
    3	 11c	 29.80 ± 0.17	 306.8 ± 25.8
    4	 11d	 65.32 ± 0.97	 >1000
    5	 11e	 25.02 ± 0.21	 421.7 ± 37.9
    6	 11f	 23.45 ± 0.14	 845.9 ± 35.1
    7	 11g	 67.40 ± 0.28	 >1000
    8	 11h	 78.50 ± 1.41	 921.6 ± 29.6
    9	 11i	 34.42 ± 0.62	 291.7 ± 23.1
  10	 11j	 42.98 ± 0.76	 >1000
  11	 11k	 21.27 ± 0.11	 489.2 ± 18.5
  12	 11l	 56.12 ± 1.03	 348.8 ± 31.4
  13	 11m	 15.70 ± 0.14	 598.5 ± 23.4
  14	 11n	 78.76 ± 1.43	 >1000
  15	 14a	 27.36 ± 0.44	 638.4 ± 37.6
  16	 14b	 91.36 ± 2.04	 >1000
  17	 14c	   9.89 ± 0.15	 612.8 ± 17.8
  18	 14d	 28.24 ± 0.46	 498.4 ± 22.4
  19	 14e	   8.97 ± 0.13	 689.3 ± 30.0
  20	 14f	 43.54 ± 0.88	 592.7 ± 41.6
  21	 14g	 38.97 ± 0.97	 >1000
  22	 14h	 14.27 ± 0.23	 358.3 ± 17.7
  23	 16	 11.87± 0.14	 NDb

  24	 Ascorbic acid	 4.57 	 –
  25	  BHT	 –	 546.0 ± 13.6

a Results are expressed as a mean ± standard deviation (n = 3). DPPH radical scavenging activities are 
expressed as IC50 concentrations of the compounds (μg/mL) required to inhibit 50 % of the radicals 
and the maximum inhibition values; 
b ND means not done.
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The FRAP assay was measured using the method 
as described by Benzie and Strain.25f This methodology 
demonstrates that the antioxidant molecule reacts to a 
complex of ferric tripyridyltriazine [Fe3+–TPTZ] and pro-
duces a colored ferrous tripyridyltriazine [Fe2+–TPTZ] 
complex. Generally, the reducing nature of antioxidant 
molecule is associated with their action by breaking the 
free radical chain via donating a hydrogen atom. 

All the synthesized 2-oxobenzo[1,4]oxazines 11a–n, 
2-oxoquino[1,4]oxalines 14a–h and Cephalandole A 16 
were screened for their in vitro antioxidant activities using 
DPPH radical scavenging activity assay using ascorbic acid 
as standard reference as well as in FRAP assayusing BHT 
as standard reference (Table 2)..25,26 

The in vitro antioxidant screening of compounds 11a–
f, having no substitution at benzoxazine aromatic ring; it 
had been observed that the compound 11a was found to be 
the most active compound having IC50 value of 10.20 ± 0.08 
μg/mL (entry 1, Table 2) in comparison with standard ref-
erence ascorbic acid (IC50 = 4.57 μg/mL). When mono-halo 
substituents were present at side chain of aromatic ring as 
in case of 11c, 11e and 11f having –Cl, –F and –Br substit-
uent respectively; these molecules exhibited slightly lesser 
antioxidant activity in comparison with 11a (Table 2; entry 
3, 5 and 6). Further, 2-oxobenzo[1,4]oxazine having di-halo 
substituents on side chain of aromatic ring (11d) exhibited 
decrease of antioxidant activity drastically (Table 2; entry 
4) in comparison to mono-halo substituted analogues 11c, 
11e and 11f. In addition, electron-donating substituents at 
side chain of aromatic ring in compound 11b showed bet-
ter antioxidant activity in comparison to halo-substituted 
2-oxobenzo[1,4]oxazine analogues 11c–11f.

Moreover, in 2-oxobenzo[1,4]oxazines having –CH3 
or –NO2 substituent at para-position of benzoxazine ar-
omatic nucleus (11g–11n); the antioxidant activity was 
found to be lesser (Table 2; entry 7–14) in comparison 
with unsubstituted analogues 11a–11f, except compound 
11k and 11m; which exhibited better activity profile (Ta-
ble 2; entry 11 and 13). Whereas, 2-oxobenzo[1,4]oxazine 
having di-chloro substituents at side chain of aromat-
ic ring (Table 2; entry 14); 11n was found to be the least 
active compound among 2-oxobenzo[1,4]oxazine series. 
Furthermore, the –CH3 substituent at benzoxazine nu-
cleus along with electron-donating methyl substituent or 
halo-substituent at side chain of aromatic ring as in com-
pounds 11g-j; these were found to show moderate to poor 
antioxidant activities (Table 2; entry 7–10) in comparison 
to other analogues of the series. 

In the case of 2-oxoquino[1,4]oxalines 14a–h deriv-
atives, compounds 14c and 14e were found to be the best 
compounds of this series and have shown the antioxidant 
activities having the IC50 value of 9.89 ± 0.15 μg/mL and 
8.97 ± 0.13 μg/mL, respectively, in comparison to ascor-
bic acid (Table 2; entry 17 and 19). The 2-oxoquino[1,4]
oxalines 14f having fluoro substituent showed lesser anti-
oxidant activity profile (IC50 value of 43.54 ± 0.88 μg/mL). 

It can be speculated that due to larger electronegativity of 
fluorine atom, which accumulates the electron density, re-
stricts the delocalization of bonds due to which, the free 
electrons of 14f are not easily available for quenching of 
DPPH radical. Furthermore, extending the side chain of 
phenyl ring to more electron rich naphthyl ring in 14h 
(IC50 = 14.27 ± 0.23 μg/mL) showed promising activity. In 
addition, the un-substituted 2-oxoquino[1,4]oxaline 14a 
and dichloro-substituted side chain of aromatic ring hav-
ing 2-oxo-quino[1,4]oxaline 14d showed lesser activity 
(Table 2; entry 15 and 18) in comparison with 14c and 14e. 
The electron-donating substituents at side chain of aro-
matic ring (compound 14b and 14g) showed poor activity 
profile (Table 2: entry 16 and 21) in comparison with their 
corresponding halo-substituted analogues 14c and 14e. 

All the synthesized compounds were also assessed in 
the ferric to ferrous reduction assay (FRAP assay) taking 
BHT as standard reference. (Table 2) In the present study, 
the trend for ferric ion reducing activities of all the com-
pounds 11a–n and 14a–h, with respect to standard refer-
ence BHT indicates that the seven compounds (11c, 11e, 
11i, 11k, 11l, 14d and 14h) were found more potent antiox-
idant than BHT. The compound which have the mono-halo 
(such as: F, Cl, Br) substituent at the side chain of aromatic 
ring in 2-oxobenzo[1,4]oxazin (compound 11c, 11e, 11i, 
11k and 11l) exhibited higher antioxidants activity than 
BHT, whereas 2-oxoquino[1,4]oxaline 14d and 14h, which 
have 2,4-dichloro substituent at side chain of aromatic ring 
or naphthyl substituent displayed better antioxidant activ-
ity than standard reference BHT. Compounds 11a, 11m, 
14c and 14f showed comparable FRAP antioxidant activ-
ity than standard reference BHT. Rest of the compounds 
showed moderate to low FRAP antioxidant activity. 

Moreover, for the first time the antioxidant activity 
of Cephalandole A 16 was also evaluated and found to 
possess moderate antioxidant activity having IC50 value of 
11.87 ± 0.14 μg/mL in comparison to ascorbic acid (Table 
2; entry 23) in DPPH radical scavenging assay.

These results showed that the mono-halo substitution 
at side chain of aromatic ring in nitrogen congener of 2-oxo-
benzo[1,4]oxazines i.e. 2-oxoquino[1,4]oxalines 14c and 
14e along with un-substituted 2-oxobenzo[1,4]oxazine 11a 
were found to be the most active compounds of the series 
showing promising antioxidant activities in DPPH radical 
scavenging. Furthermore, in the FRAP antioxidant assay, 
seven compounds (11c, 11e, 11i, 11k, 11l, 14d and 14h), 
which have mono-halo substitution at side chain of aromat-
ic ring in 2-oxobenzo[1,4]oxazine (11c, 11e, 11i and 11k, 
11l) and dihalo substituent as well as naphthyl substituent 
at 2-oxoquino[1,4]oxalines (14d and 14h), showed higher 
antioxidant activity in comparison with BHT, respectively.

2. 3. Cytotoxicity
Compounds 11a, 14c, 14e and 14h (which displayed 

good antioxidant activity in DPPH radical scavenging as-
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say) were also assessed for their cytotoxic studies using 
MTT assay taking 25–250 µg/mL concentration in 3T3 
fibroblast cell lines.27 The screening results showed that 
these compounds were found non-toxic even at 250 μg/mL 
and displays allowable values of cell viability. (Figure 3)

 

3. Experimental Section
3. 1. General

All glass apparatus were oven dried prior to use. 
Melting points were taken in open capillaries on complab 
melting point apparatus and are presented uncorrected. Mi-
crowave reactor (CEM Discover) was used for operation of 
reactions. Infrared spectra were recorded on a Perkin-El-
mer FT-IR Spectrum 2 spectrophotometer 1H NMR and 
13C NMR spectra were recorded on ECS 400 MHz (JEOL) 
NMR spectrometer using CDCl3, CD3OD and CD3SOCD3 
as solvent and tetramethylsilane as internal reference. 
Electrospray ionization mass spectrometry (ESI-MS) and 
HRMS were recorded on Xevo G2-S QTof (Waters, USA) 
Spectrometer. Column chromatography was performed 
over Merck silica gel (particle size: 60-120 Mesh) procured 
from Qualigensä (India), flash silica gel (particle size: 230–
400 Mesh). All chemicals and reagents were obtained from 
Sigma Aldrich (USA), Merck (India) or Spectrochem (In-
dia) and were used without further purification.

3. 2. �General Procedure for the Synthesis of (Z)-
3-(2-oxo-2-phenylethylidene)-3,4-dihydro-
2H-benzo[b][1,4]oxazin-2-one (11a) in 
optimization study as given in table 1:
(1) Method A (conventional heating condition): 
A solution of 9a (19.2 mg, 0.10 mmol) and 10a (10.9 

mg, 0.10 mmol) in given solvent (1.0 mL) was heated at 
given time and temperature (as shown in Table 1). The 

progress of the reaction was monitored by TLC using 9:1 
hexane/ethyl acetate as an eluent. After completion of re-
action, the reaction mixture was extracted with ethyl ace-
tate (3 × 50 mL) and distilled water. The organic layer was 
combined and dried over anhydrous Na2SO4 and the or-
ganic solvent was removed under reduced pressure to give 
the crude product. The crude products were purified ei-
ther by recrystallization using EtOAc/hexane (v/v = 20:80) 
or by flash column chromatography method over silica gel 
using 9:1 hexane/ethyl acetate as an eluent which afforded 
the pure desired 2-oxobenzo[1,4]oxazine 11a having good 
yields (18–67%).

(2) Method B (microwave irradiation condition): 
To a solution of 9a (19.2 mg, 0.10 mmol) in given 

solvent (1.0 mL) was added 10a (10.9 mg, 0.10 mmol), 
and the reaction mixture was irradiated under microwave 
at given temperature and time (as shown in Table 1). The 
progress of the reaction was monitored by TLC using 9:1 
hexane/ethyl acetate as an eluent. After completion of the 
reaction, the reaction mixture was extracted with ethyl ac-
etate (3 × 50 mL) and distilled water. The organic layer was 
combined and dried over anhydrous Na2SO4 and the or-
ganic solvent was removed under reduced pressure to give 
the crude product. The crude product were purified either 
by recrystallization using EtOAc/hexane (v/v = 20:80) or 
by flash column chromatography method over silica gel 
using 9:1 hexane/ethyl acetate as an eluent which afford-
ed the pure desired 2-oxobenzo[1,4]oxazine 11a product 
having good yields (51–94%).

3. 3. �General Procedure for the synthesis 
of functionalized (Z)-3-(2-oxo-2-
phenylethylidene)-3,4-dihydro-2H-
benzo[b][1,4]oxazin-2-ones (11a-n) 
and (Z)-3-(2-oxophenylethylidene)-3,4-

Figure 3. Percentage cell viability test.
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dihydroquinoxalin-2(1H)-ones (14a–h) 
as given in scheme 1 and scheme 2:
To a solution of compound 9a–f (0.20 mmol; 1 eq., 

as given in Scheme 1) or 9a–g (0.20 mmol; 1 eq. as giv-
en in Scheme 2) in diethylene glycol (2.0 mL) was added 
compound 10a–c (0.20 mmol; 1 eq., as given in Scheme 1) 
or 12 and 13 (0.20 mmol; 1 eq., as given in Scheme 2) and 
the reaction mixture was irradiated under microwave at 
150 °C temperature for about 5–10 min depending upon 
the substrate utilized. The progress of the reaction was 
monitored by TLC using 9:1 hexane/ethyl acetate as an 
eluent. After completion of reaction, the reaction mixture 
was extracted with ethyl acetate (3 × 50 mL) and distilled 
water. The organic layer was combined and dried over an-
hydrous Na2SO4 and the organic solvent was removed un-
der reduced pressure to give the crude product. The crude 
products were purified either by recrystallization using 
EtOAc/hexane (v/v = 20:80) or by flash column chroma-
tography method over silica gel using 9:1 hexane/ethyl 
acetate as an eluent which afforded the pure desired (Z)-
3-(2-oxo-2-phenylethylidene)-3,4-dihydro-2H-benzo[b]
[1,4]oxazin-2-ones 11a–n and (Z)-3-(2-oxo-2-phenyle-
thylidene)-3,4-dihydroquinoxalin-2(1H)-ones 14a–h hav-
ing good yields (78–97%).

3. 4. �Characterization data of (Z)-3-(2-
oxo-2-phenylethylidene)-3,4-dihydro-
2H-benzo[b] [1,4]oxazin-2-ones, 
(Z)-3-(2-oxo-2-phenylethylidene)-3,4-
dihydroquinoxalin-2(1H)-ones (11a–n 
and 14 a-h) and Cephalandole A

(Z)-3-(2-oxo-2-phenylethylidene)-3,4-dihydro-2H-ben-
zo[b][1,4]oxazin-2-one (11a)17a-c

Yellow solid; yield: 94%, Rf (EtOAc/hexane; 20:80) 
= 0.85; m.p. 185–186 °C; FT-IR (KBr, νmax/cm–1) 3434, 
1754, 1614, 1594, 1270; 1H NMR (400 MHz, CDCl3) 
δ 8.00 (d, J = 7.4 Hz, 2H, C4`H, C8`H), 7.55 – 7.46 (m, 
3H, C1`H, C5`H, C7`H), 7.21–7.05 (m, 5H, C5H, C6H, 
C7H, C8H); 13C NMR (100 MHz, CDCl3) δ 191.6 (>C=O), 
156.3 (O=C-O-), 141.3 (C9), 139.1 (C3`), 138.3 (C6`), 
132.8 (C3), 128.8 (C10), 127.7 (C4`, C8`), 126.0 (C5`, 
C7`), 124.0 (C6), 123.8 (C7), 117.2 (C5), 116.0 (C8), 
94.7 (-C=C); HRMS (ESI) calcd. for C16H11NO3 [M+H]+: 
266.0739; found 266.0734. 

(Z)-3-(2-oxo-2-(p-tolyl)ethylidene)-3,4-dihydro-2H-
benzo[b][1,4]oxazin-2-one (11b)17b,d

Yellow solid; yield: 95%, Rf (EtOAc/hexane; 20:80) 
= 0.80; m.p. 160–162 °C; FT-IR (KBr, νmax/cm–1) 3437, 
2925, 1759, 1622, 1110; 1H NMR (400 MHz, CDCl3) δ 
7.91 (d, J = 7.6 Hz, 2H, C4`H, C8`H), 7.27 (m, 2H, C5`H, 
C7`H), 7.20–7.16 (m, 2H, C5H, C8H), 7.10-7.06 (m, 2H, 
C6H, C7H), 7.03 (d, J = 1.2 Hz, 1H, C1`H), 2.41 (s, 3H, 
-CH3); 13C NMR (100 MHz, CDCl3) δ 191.4 (>C=O), 156.5 
(O=C-O-), 143.6 (C6`), 141.2 (C9), 138.8 (C3`), 135.7 
(C3), 129.5 (C10), 127.9 (C4`, 8`), 125.9 (C5`, C7`), 123.9 
(C6), 123.8 (C7), 117.2 (C5), 115.9 (C8), 94.8 (-C=C-), 
21.8 (-CH3); HRMS (ESI) calcd. for C17H13NO3 [M+H]+: 
280.0895; found 280.0899.

(Z)-3-(2-(4-chlorophenyl)-2-oxoethylidene)-3,4-dihy-
dro-2H-benzo[b][1,4]oxazin-2-one (11c)17a,d

Yellow solid; yield: 90%, Rf (EtOAc/hexane; 20:80) = 
0.80; m.p. 155–157 °C; FT-IR (KBr, νmax/cm–1) 3437, 1759, 
1633, 1585, 752; 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 
8.4 Hz, 2H, C4`H, C8`H), 7.44 (d, J = 8.4 Hz, 2H, C5`H, 
C7`H), 7.22–7.09 (m, 4H, C5H, C6H, C7H, C8H), 6.98 (s, 
1H, C1`H); 13C NMR (100 MHz, CDCl3) δ 190.1 (>C=O), 
156.1 (O=C-O-), 141.4 (C6`), 139.4 (C9), 139.1 (C3`), 
136.6 (C3), 129.1 (C10), 129.0 (C4`, C8`), 126.0 (C5`, 
C7`), 124.3 (C6), 123.6 (C7), 117.3 (C5), 116.1 (C8), 94.2 
(-C=C-); HRMS (ESI) calcd. for C16H10ClNO3 [M+2H]+: 
301.0349; found 301.0345.

(Z)-3-(2-(2,4-dichlorophenyl)-2-oxoethylidene)-3,4-di-
hydro-2H-benzo[b][1,4]oxazin-2-one (11d)

Yellow solid; yield: 97%, Rf (EtOAc/hexane; 20:80) = 
0.85; m.p. 160–162 °C; FT-IR (KBr, νmax/cm–1) 3436, 1758, 
1620, 1577, 1101; 1H NMR (400 MHz, CDCl3) δ 12.85 
(s, 1H, -NH- ), 7.53 (d, J = 7.6 Hz, 1H, C4`H), 7.46 (s, 
1H, C8`H), 7.32 (d, J = 8.0 Hz, 1H, C5`H), 7.20 – 7.12 
(m, 5H, C6H, C7H, C8H, C7`H), 6.76 (s, 1H, C1`H); 13C 
NMR (100 MHz, CDCl3) 191.1 (>C=O), 155.1 (O=C-O-), 
140.8 (C9), 138.4 (C6`), 136.8 (C3`), 136.6 (C4`), 131.8 
(C10), 130.0 (C3), 129.9 (C8`), 126.7 (C5`), 125.4 (C7`), 
123.9 (C6), 122.7 (C7), 116.6 (C5), 115.6 (C8), 97.5 (C1`: 
-C=C-); HRMS (ESI) calcd. for C16H9Cl2NO3 [M+2H]+: 
334.9959; found 334.9953.

(Z)-3-(2-(4-fluorophenyl)-2-oxoethylidene)-3,4-dihy-
dro-2H-benzo[b][1,4]oxazin-2-one (11e)17e,i

Yellow solid; yield: 94%, Rf (EtOAc/hexane; 20:80) = 
0.80; m.p. 152–154 °C; FT-IR (KBr, νmax/cm–1) 3434, 2925, 
1757, 1622, 1596, 1156; 1H NMR (400 MHz, CDCl3) δ 8.03 
(dd, J = 5.6, 8.8 Hz, 2H, C4`H, C8`H), 7.22–7.11 (m, 6H, 
C5H, C6H, C7H, C8H, C5`H, C7`H), 7.00 (s, 1H, C1`H); 
13C NMR (100 MHz, CDCl3) δ 190.1(>C=O), 166.9 (C6`), 
156.2 (O=C-O-), 141.3 (C9), 139.2 (C3`), 134.6 (C3), 130.3 
(C10), 125.9 (C4`, C8`), 124.6 (C6), 123.7 (C7), 117.3 (C5), 
116.0 (C5`, C7`), 115.8 (C8), 94.3 (C1`:-C=C-) ; HRMS (ESI) 
calcd. for C16H10FNO3 [M+H]+: 284.0645; found 284.0649.
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(Z)-3-(2-(4-bromophenyl)-2-oxoethylidene)-3,4-dihy-
dro-2H-benzo[b][1,4]oxazin-2-one (11f)17i

Yellow solid; yield: 93%, Rf (EtOAc/hexane; 20:80) = 
0.85; m.p. 200–202 °C; FT-IR (KBr, νmax/cm–1) 3437, 1754, 
1624, 1585, 1277, 1111; 1H NMR (400 MHz, CDCl3) δ 7.85 
(d, J = 8.0 Hz, 2H, C4`H, C8`H), 7.60 (d, J = 8.0 Hz, 2H, 
C5`H, C7`H), 7.24–7.09 (m, 4H, C5H, C6H, C7H, C8H), 
6.97 (s, 1H, C1`H); 13C NMR (100 MHz, CDCl3) δ 190.3 
(>C=O), 156.1 (O=C-O-), 141.4 (C9), 139.4 (C3`), 137.1 
(C3), 132.1 (C5`, C7`), 129.2 (C10), 127.8 (C4`, C8`), 
126.0 (C6`), 124.3 (C6), 123.6 (C7), 117.3 (C5), 116.1 (C8), 
94.2 (C1`: -C=C-); HRMS (ESI) calcd. for C16H10BrNO3 
[M+2H]+: 344.9844; found 344.9849.

(Z)-6-methyl-3-(2-oxo-2-phenylethylidene)-3,4-dihy-
dro-2H-benzo[b][1,4]oxazin-2-one (11g)17c

Yellow solid; yield: 88%, Rf (EtOAc/hexane; 20:80) 
= 0.90; m.p. 157–158 °C; FT-IR (KBr, νmax/cm–1) 3436, 
1750, 1618, 1572, 1123, 740; 1H NMR (400 MHz, CDCl3) δ 
8.00–7.98 (m, 2H, C4`H, C8`H), 7.56-7.45 (m, 3H, C1`H, 
C5`H, C7`H), 7.07–7.02 (m, 2H, C8H, C6`H), 6.88 (d, J 
= 8.5 Hz, 2H, C5H, C7H), 2.34 (s, 3H, -CH3); 13C NMR 
(100 MHz, CDCl3) δ 191.5 (>C=O), 156.5 (O=C-O-), 
139.4 (C9), 139.2 (C3`), 138.4 (C6), 136.1 (C3), 132.7 
(C6`), 128.8 (C4`, C8`), 127.7 (C5`, C7`), 124.8 (C7), 
123.4 (C10), 116.8 (C5), 116.2 (C8), 94.5 (C1`: -C=C-), 
21.08 (-CH3); HRMS (ESI) calcd. for C17H13NO3 [M+H]+: 
280.0895; found 280.0899.

(Z)-6-methyl-3-(2-oxo-2-(p-tolyl) ethylidene)-3, 4-di-
hydro-2H-benzo[b][1,4]oxazin-2-one (11h)17e

Yellow solid; yield: 89%, Rf (EtOAc/hexane; 20:80) 
= 0.80; m.p. 162–164 °C; FT-IR (KBr, νmax/cm–1) 3434, 
1762, 1602, 1313, 1047; 1H NMR (400 MHz, CDCl3) δ 7.90 
(d, J = 8.1 Hz, 2H, C4`H, C8`H), 7.27 (d, J = 8.0 Hz, 2H, 
C5`H, C7`H), 7.06 (d, J = 8.1 Hz, 1H, C8H), 7.02 (s, 1H, 
C1`H), 6.88 (d, J = 9.4 Hz, 2H, C5H, C7H), 2.42 (s, 3H, 
C6`: -CH3), 2.35 (s, 3H, C6: -CH3); 13C NMR (100 MHz, 
CDCl3) δ 191.3 (>C=O), 156.6 (O=C-O-), 143.5 (C6`), 
139.3 (C9), 139.0 (C3`), 136.0 (C6), 135.8 (C3), 129.5 (C5`, 
C7`), 127.8 (C4`, C8`), 124.6 (C7), 123.5 (C10), 116.8 
(C5), 116.1 (C8), 94.6 (C1`: -C=C-), 21.7 (C6: -CH3), 21.0 
(C6`: -CH3); HRMS (ESI) calcd. for C18H15NO3 [M+H]+: 
294.1052; found 294.1055.

(Z)-3-(2-(4-chlorophenyl)-2-oxoethylidene)-6-methyl-
3,4-dihydro-2H-benzo[b][1,4]oxazin-2-one (11i)17h

Yellow solid; yield: 91%, Rf (EtOAc/hexane; 20:80) = 
0.85; m.p. 145–147 °C; FT-IR (KBr, νmax/cm–1) 3437, 1767, 
1629, 1582; 1H NMR (400 MHz, CDCl3) δ 7.94–7.92 (m, 2H, 
C4`H, C8`H), 7.46–7.43 (m, 2H, C5`H, C7`H), 7.08 (d, J 
= 9.2 Hz, 1H, C8H), 6.97 (s, 1H, C1`H), 6.92-6.90 (m, 2H, 
C5H, C7H), 2.35 (s, 3H, -CH3); 

13C NMR (100 MHz, CDCl3) 
δ 190.1 (>C=O), 156.3 (O=C-O-), 139.5 (C9), 139.4 (C6`), 
139.0 (C3`), 136.7 (C6), 136.1 (C3), 129.1 (C4`, C8`), 129.0 
(C5`, C7`), 125.0 (C7), 123.2 (C10), 116.9 (C5), 116.3 (C8), 

94.1 (C1`: -C=C-), 21.1 (-CH3); HRMS (ESI) calcd. for C17H-
12ClNO3 [M+2H]+: 315.0506; found 315.0509.

(Z)-3-(2-(4-bromophenyl)-2-oxoethylidene)-6-methyl-
3,4-dihydro-2H-benzo[b][1,4]oxazin-2-one (11j)

Yellow solid; yield: 96%, Rf (EtOAc/hexane; 20:80) 
= 0.85; m.p. 179–181 °C; FT-IR (KBr, νmax/cm–1) 3435, 
2923, 1763, 1624, 1543, 1052; 1H NMR (400 MHz, CDCl3) 
δ 7.87–7.84 (m, 2H, C4`H, C8`H), 7.63–7.59 (m, 2H, 
C5`H, C7`H), 7.08 (d, J = 9.2 Hz, 1H, C8H), 6.96 (s, 
1H, C1`H), 6.92–6.90 (m, 2H, C5H, C7H), 2.35 (s, 3H, 
-CH3); 13C NMR (100 MHz, CDCl3) δ 190.2 (>C=O), 
156.3 (O=C-O-), 139.5 (C9), 139.4 (C6`), 137.1 (C3`), 
136.2 (C6), 132.0 (C3), 129.2 (C5`, C7`), 127.7 (C4`, C8`), 
125.1 (C7), 123.2 (C10), 117.0 (C5), 116.3 (C8), 94.0 (C1`: 
-C=C-), 21.1 (-CH3); HRMS (ESI) calcd. for C17H12BrNO3 
[M+H]+: 358.0001; found 358.0007.

(Z)-3-(2-(4-bromophenyl)-2-oxoethylidene)-6-nitro-
3,4-dihydro-2H-benzo[b][1,4]oxazin-2-one (11k)

Yellow solid; yield: 83%, Rf (EtOAc/hexane; 20:80) = 
0.70; m.p. 195–197 °C; FT-IR (KBr, νmax/cm–1) 3435, 2925, 
1759, 1525, 1023; 1H NMR (400 MHz, CDCl3) δ 8.03–7.97 
(m, 2H, C4`H, C8`H), 7.89–7.86 (m, 2H, C5`H, C7`H), 
7.66–7.63 (m, 2H, C5H, C7H), 7.32 (d, J = 9.2 Hz, 1H, 
C8H), 7.07 (s, 1H, C1`H); 13C NMR (100 MHz, CDCl3) 
δ 190.8 (>C=O), 154.9 (O=C-O-), 145.3 (C6), 145.0 (C9), 
138.0 (C3`), 136.5 (C3), 132.3 (C5`, C7`), 129.4 (C4`, 
C8`), 128.6 (C6`), 124.5 (C10), 119.2 (C7), 118.0 (C5), 
111.6 (C8), 96.4 (C1`: -C=C-); HRMS (ESI) calcd. for 
C16H9BrN2O5 [M+2H]+: 389.9695; found 389.9699.

(Z)-6-nitro-3-(2-oxo-2-(p-tolyl) ethylidene)-3, 4-dihy-
dro-2H-benzo[b][1,4]oxazin-2-one (11l)

Yellow solid; yield: 81%, Rf (EtOAc/hexane; 20:80) = 
0.75; m.p. 220–223 °C; FT-IR (KBr, νmax/cm–1) 3433, 1760, 
1624, 1524, 1109; 1H NMR (400 MHz, DMSO-d6) δ 8.73 
(d, J = 2.4 Hz, 1H, C4`H), 7.96–7.92 (m, 3H, C5`H, C7`H, 
C8`H), 7.46–7.37 (m, 3H, C5H, C7H, C8H), 6.95 (s, 1H, 
C1`H), 2.40 (s, 3H, -CH3); 13C NMR (100 MHz, DMSO-d6) 
189.9 (>C=O), 155.7 (O=C-O-), 145.9 (C6), 143.8 (C9), 
139.2 (C6`), 138.5 (C3`), 135.2 (C3), 130.1 (C4`, C8`), 
128.1 (C5`, C7`), 119.5 (C10), 118.9 (C7), 117.7 (C5), 
112.6 (C8), 94.8 (C1`: -C=C-), 21.7 (-CH3); HRMS (ESI) 
calcd. for C17H12N2O5 [M+H]+: 325.0746; found 325.0741.

(Z)-3-(2-(4-chlorophenyl)-2-oxoethylidene)-6-nitro-
3,4-dihydro-2H-benzo[b][1,4]oxazin-2-one (11m)

Yellow solid; yield: 78%, Rf (EtOAc/hexane; 20:80) 
= 0.70; m.p. 239–240 °C; FT-IR (KBr, νmax/cm–1) 3435, 
2924,1622, 1525, 1272; 1H NMR (400 MHz, DMSO-d6) δ 
8.73 (s, 1H, C5H), 8.03 (d, J = 7.2 Hz, 2H, C4`H, C8`H), 
7.91 (d, J = 9.1 Hz, 1H, C7H), 7.59 (d, J = 7.2 Hz, 2H, 
C5`H, C7`H), 7.42 (d, J = 9.0 Hz, 1H, C8H), 6.90 (s, 1H, 
C1`H); 13C NMR (100 MHz, DMSO-d6) δ 188.9 (>C=O), 
156.0 (O=C-O-), 146.0 (C6), 144.7 (C9), 139.8 (C6`), 138.2 
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(C3`), 137.1 (C3), 129.9 (C4`, C8`), 129.6 (C5`, C7`), 
125.8 (C10), 119.0 (C7), 117.8 (C5), 113.1 (C8), 94.4 (C1`: 
-C=C-); HRMS (ESI) calcd. for C16H9ClN2O5 [M+2H]+: 
346.0200; found 346.0204.

(Z)-3-(2-(2,4-dichlorophenyl)-2-oxoethylidene)-6-ni-
tro-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-one (11n)

Yellow solid; yield: 80%, Rf (EtOAc/hexane; 20:80) = 
0.75; m.p. 185–187 °C; FT-IR (KBr, νmax/cm–1) 3588, 2930, 
1769, 1585, 1685, 1108; 1H NMR (400 MHz, CDCl3) δ 8.05 
–7.99 (m, 2H, C7H, C8`H), 7.55(d, J = 8.4 Hz, 1H, C5`H, 
C7`H), 7.48 (d, J = 2.0 Hz, 1H, C7`H), 7.37–7.33 (m, 2H, 
C5H, C8H), 6.89 (s, 1H, C1`H); 13C NMR (100 MHz, 
CDCl3) δ 192.4 (>C=O), 154.5 (O=C-O-), 145.2 (C6), 
145.1 (C9), 138.0 (C6`), 137.6 (C3`), 136.9 (C4`), 132.7 
(C3), 131.0 (C8`), 130.8 (C5`), 127.6 (C7`), 124.2 (C10), 
119.4 (C7), 118.1 (C5), 111.7 (C8), 100.4 (C1`: -C=C-); 
HRMS (ESI) calcd. for C16H8Cl2N2O5 [M+2H]+: 379.9810; 
found 379.9815.

(Z)-3-(2-oxo-2-phenylethylidene)-3,4-dihydroquinox-
alin-2(1H)-one (14a)17a,b

Yellow solid; yield: 94%, Rf (EtOAc/hexane; 20:80) = 
0.85; m.p. 268–269 °C; FT-IR (KBr, νmax/cm–1) 3060, 1688, 
1619; 1H NMR (400 MHz, DMSO-d6) δ 10.0 (s, 1H, -NH-), 
8.07–8.05 (m, 2H, C4`H, C8`H), 7.55–7.48 (m, 3H, C5`H, 
C6`H, C7`H), 7.21 – 7.12 (m, 4H, C5H, C6H, C7H, C8H); 
7.03 (s, 1H, C1`H); 13C NMR (100 MHz, DMSO-d6) δ 
187.9 (>C=O), 155.2 (-NH-C=O), 145.4 (C3), 138.4 (C3`), 
131.2 (C6`), 128.2 (C10), 126.5 (C5`, C7`), 123.9 (C4`, 
C8`), 123.6 (C9), 123.1 (C6), 116.1 (C7), 115.1 (C5), 114.9 
(C8), 89.0 (C1`: -C=C-); HRMS (ESI) calcd. for C16H-
12N2O2 [M+H]+: 265.0899; found 265.0893.

(Z)-3-(2-oxo-2-(p-tolyl)ethylidene)-3,4-dihydroquinox-
alin-2(1H)-one (14b)17k

Yellow solid; yield: 96%, Rf (EtOAc/hexane; 20:80) 
= 0.80; m.p. 221–222 °C, FT-IR (KBr, νmax/cm–1) 3045, 
1677, 1615; 1H NMR (400 MHz, CDCl3) δ 10.26 (s, 1H, 
-NH-), 7.96 (d, J = 8.0 Hz, 2H, C4`H, C8`H), 7.31–7.29 
(m, 2H, C5`H, C7`H), 7.21–7.12 (m, 4H, C5H, C6H, 
C7H. C8H); 7.01 (s, 1H, C1`H), 2.43 (s, 3H, -CH3); 13C 
NMR (100 MHz, CDCl3) δ 190.5 (>C=O), 158.0 (-NH-
C=O), 144.6 (C6`), 142.8 (C3), 136.3 (C3`), 130.3 (C10), 
129.4 (C5`, C7`), 127.7 (C4`, C8`), 125.6 (C9), 124.9 (C6), 
123.9 (C7), 116.2 (C5), 115.9 (C8), 90.9 (C1`: -C=C-), 21.7 
(C6`: -CH3); HRMS (ESI) calcd. for C17H14N2O2 [M+H]+: 
279.1055; found 279.1059.

(Z)-3-(2-(4-chlorophenyl)-2-oxoethylidene)-3,4-dihy-
dro-quinoxalin-2(1H)-one (14c)17a,k

Yellow solid; yield: 91%, Rf (EtOAc/hexane; 20:80) = 
0.85; m.p. 267–268 °C, FT-IR (KBr, νmax/cm–1) 3052, 1686, 
1614; 1H NMR (400 MHz, DMSO-d6) δ 11.8 (s, 1H, -NH-), 
7.98 (d, J = 8.8 Hz, 2H, C4`, C8`), 7.57–7.44 (m, 3H, C5`H, 
C7`H, C8H), 7.19–7.14 (m, 3H, C5H, C6H, C7H); 6.80 

(s, 1H, C1`H); 13C NMR (100 MHz, DMSO-d6) δ 187.5 
(>C=O), 156.1 (-NH-C=O), 146.7 (C3), 138.1 (C6`), 137.3 
(C3`), 129.3 (C10), 127.5 (C4`, C8`), 124.8 (C5`,C7`), 
124.2 (C9), 124.1 (C6), 117.3 (C7), 117.2 (C5), 115.9 (C8), 
89.9 (C1`: -C=C-); HRMS (ESI) calcd. for C16H11ClN2O2 
[M+2H]+: 300.0509; found 300.0503.

(Z)-3-(2-(2,4-dichlorophenyl)-2-oxoethylidene)-3,4-di-
hydroquinoxalin-2(1H)-one (14d)17l

Yellow solid; yield: 95%, Rf (EtOAc/hexane; 20:80) 
= 0.80; m.p. 260–262 °C, FT-IR (KBr, νmax/cm–1) 3054, 
1682, 1618; 1H NMR (400 MHz, DMSO-d6) δ 11.84 (s, 
1H, -NH-), 7.63–7.49 (m, 4H, C4`H, C5`H, C7`H, C8H), 
7.19–7.15 (m, 3H, C5H, C6H, C7H), 6.44 (s, 1H, C1`H); 
13C NMR (100 MHz, DMSO-d6) δ 187.8 (>C=O), 154.8 
(-NH-C=O), 145.2 (C6`), 138.2 (C3), 134.7 (C3`), 130.7 
(C8`), 130.3 (C4`), 129.2 (C10), 127.1 (C5`), 126.6 (C9), 
123.8 (C7`), 123.5 (C6), 123.1 (C7), 116.3 (C5), 114.9 
(C8), 92.8 (C1`: -C=C-); HRMS (ESI) calcd. for C16H10Cl-
2N2O2 [M+2H]+: 334.0119; found 334.0113.

(Z)-3-(2-(4-bromophenyl)-2-oxoethylidene)-3,4-dihy-
droquinoxalin-2(1H)-one (14e)17g

Yellow solid; yield: 93%, Rf (EtOAc/hexane; 20:80) = 
0.75; m.p. 281–282 °C, FT-IR (KBr, νmax/cm-1) 3044, 1678, 
1606; 1H NMR (400 MHz, DMSO-d6) δ 11.81 (s, 1H, -NH-), 
7.92–7.89 (m, 2H, C4`H, C8`H), 7.71–7.69 (m, 2H, C5`H, 
C7`H), 7.44 (s, 1H, C8H), 7.18–7.14 (m, 3H, C5H, C6H. 
C7H); 6.79 (s, 1H, C1`H); 13C NMR (100 MHz, DMSO-d6) 
δ 186.5 (>C=O), 155.1 (-NH-C=O), 145.7 (C3), 137.5 
(C3`), 131.2 (C5`, C7`), 128.5 (C10), 126.5 (C4`, C8`), 
125.1 (C6`), 123.8 (C9), 123.1 (C6), 116.2 (C7), 115.1 
(C5), 114.9 (C8), 88.8 (C1`: -C=C-); HRMS (ESI) calcd. 
for C16H11BrN2O2 [M+2H]+: 344.0004; found 344.0009.

(Z)-3-(2-(4-fluorophenyl)-2-oxoethylidene)-3,4-dihy-
droquinoxalin-2(1H)-one (14f)17g 

Yellow solid; yield: 91%, Rf (EtOAc/hexane; 20:80) 
= 0.80; m.p. 252–253 °C, FT-IR (KBr, νmax/cm–1) 3053, 
1680, 1614; 1H NMR (400 MHz, DMSO-d6) δ 12.0 (s, 1H, 
-NH-), 8.02–8.00 (m, 2H, C4`H, C8`H), 7.48 (s, 1H, C8H), 
7.33–7.28 (m, 2H, C5`H. C7`H), 7.12–7.11 (m, 3H, C5H, 
C6H, C7H); 6.76 (s, 1H, C1`H);13C NMR (100 MHz, DM-
SO-d6) δ 187.1 (>C=O), 164.4 (C6`), 155.7 (-NH-C=O), 
145.7 (C3), 135.3 (C3`), 129.9 (C4`, 8`), 129.8 (C10), 
126.7 (C9), 124.1 (C6), 123.7 (C7), 116.6 (C5), 113.8 (C8), 
115.4 (C5`,C7`), 88.9 (C1`: -C=C-); HRMS (ESI) calcd. for 
C16H11FN2O2 [M+H]+: 283.0805; found 283.0809.

(Z)-3-(2-(4-methoxyphenyl)-2-oxoethylidene)-3,4-di-
hydroquinoxalin-2(1H)-one (14g)16e

Yellow solid; yield: 90%, Rf (EtOAc/hexane; 20:80) = 
0.75; m.p. 241–242 °C, FT-IR (KBr, νmax/cm–1) 3058, 1689, 
1618; 1H NMR (400 MHz, DMSO-d6) δ 11.95 (s, 1H, -NH-), 
7.95 (d, J = 9.2 Hz, 2H, C4`H, C8`H), 7.45–7.44 (m, 1H, 
C8H), 7.14–7.03 (m, 5H, C5H, C6H, C7H, C5`H, C7`H); 
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6.77 (s, 1H, C1`H), 3.83 (s, 3H, -OCH3); 
13C NMR (100 

MHz, DMSO-d6) δ 187.7 (>C=O), 162.3 (C6`), 155.9 (-NH-
C=O), 144.9 (C3), 131.3 (C4`,C8`, C10), 129.2 (C3`), 126.5 
(C9), 124.3 (C6), 123.7 (C7), 116.3 (C5), 115.3 (C8), 113.9 
(C5`, C7`), 88.9 (C1`: -C=C-), 55.4 (-OCH3); HRMS (ESI) 
calcd. for C17H14N2O3 [M+H]+: 295.1004; found 295.1009.

(Z)-3-(2-(naphthalen-2-yl)-2-oxoethylidene)-3,4-dihy-
droquinoxalin-2(1H)-one (14h)17m

Yellow solid; yield: 94%, Rf (EtOAc/hexane; 20:80) 
= 0.85; m.p. 263–264 °C, FT-IR (KBr, νmax/cm–1) 3093, 
1694, 1614; 1H NMR (400 MHz, DMSO-d6) δ 11.67 (s, 
1H, -NH-), 8.17-8.05 (m, 2H, C4`H, C9`H), 7.81–7.72 (m, 
3H, C5`H, C6`H, C8`H), 7.52–7.39 (m, 4H, C6H, C8H, 
C7`H, C10`H); 7.25–7.14 (m, 2H, C5H, C7H), 6.89 (s, 1H, 
C1`H); 13C NMR (100 MHz, DMSO-d6) δ 188.3 (>C=O), 
156.3 (-NH-C=O), 146.5 (C3), 144.1 (C3`), 139.9 (C12`), 
138.3 (C11`), 129.6 (C9`), 129.4 (C10), 128.5 (C4`), 128.4 
(C5`), 127.5 (C9), 127.3 (C8`), 125.3 (C7`), 125.1 (C6`), 
124.7 (C6), 124.4 (C7), 117.1 (C10`), 116.3 (C5), 115.9 
(C8), 90.1 (C1`: -C=C-); HRMS (ESI) calcd. for C20H-
14N2O2 [M+H]+: 315.1055; found 315.1059.

Synthesis of Cephalandole A (16): To a solution of 
3-Indoleglyoxylic acid 15 (226.9 mg, 1.20 mmol) in dieth-
ylene glycol was added 10a (130.8 mg, 1.20 mmol) and the 
reaction mixture was irradiated under MW at 150 °C tem-
perature for 10 min and the progress of reaction was moni-
tored by TLC. After that, the reaction mixture was extract-
ed with ethyl acetate (3 × 50 mL) and distilled water. The 
organic layer was combined and dried over anhydrous Na-
2SO4 and the organic solvent was removed under reduced 
pressure to give the crude product. The crude product was 
further purified by flash column chromatography method 
over silica gel using hexane/ethyl acetate (8:2; v/v) as an 
eluent which afforded the pure desired Cephalandole A 16 
having good yield (280.5 mg, 89%). Yellowish solid; m.p. 
232–233 °C; 1H NMR24c (400 MHz, DMSO-d6) δ 11.98 (s, 
1H), 8.76–8.74 (m, 1H), 8.69 (s, 1H), 7.85 (d, J = 6.4 Hz, 
1H), 7.54–7.39 (m, 4H), 7.27–7.25 (m, 2H); HRMS (ESI) 
calcd. for C16H10N2O2 [M+H]+: 263.0742; ; found 263.0749.

4. Supplementary Data
The characterization spectra of synthesized 2-oxo-

benzo[1,4]oxazines 11a-n, 2-oxoquino[1,4]oxalines 14a-h 
and Cephalandole A (16) are provided in supplementary 
material via the ‘‘Supplementary Content’’ section of this 
article’s webpage.

5. Conclusions
In summary, we have developed a simple and highly 

efficient MW-assisted protocol for the synthesis of func-

tionalized 2-oxobenzo[1,4]oxazines 11a–n and 2-oxoqui-
no[1,4]oxalines 14a–h in excellent yields. This reaction tol-
erates a broad range of substrates, and provides a straight-
forward access to functionalized 2-oxobenzo[1,4]oxazines 
and 2-oxoquino[1,4]oxalines. The practical applicability of 
developed methodology was confirmed by the gram scale 
synthesis of 11a, 14c and 14e, along with the synthesis 
of Cephalandole A (16) (89% yield). All the synthesized 
compounds were screened for their in vitro antioxidant ac-
tivities using DPPH radical scavenging and FRAP assays. 
Compounds 11a, 14c and 14e, the most active compounds 
of the series, were found to show IC50 value of 10.20 ± 
0.08 μg/mL, 9.89 ± 0.15 μg/mL and 8.97 ± 0.13 μg/mL, 
respectively as compared to standard reference ascorbic 
acid (IC50 = 4.57 μg/mL) in DPPH assay, whereas in FRAP 
assay, seven compounds (11c, 11e, 11i, 11k, 11l, 14d and 
14h) exhibited higher antioxidant activity in comparison 
with BHT. Cytotoxic studies revealed that the non-toxic 
nature of compounds 11a, 14c, 14e and 14h even at 250 
μg/mL concentration. To the best of our knowledge, this is 
the first report of microwave-assisted synthesis and in vitro 
antioxidant activities of functionalized 2-oxobenzo[1,4]
oxazines 11a–n; and 2-oxoquino[1,4]oxalines 14a–h and 
Cephalandole A 16 in excellent yields. The potential in vi-
tro antioxidant activity combined with ease of preparation 
qualifies these compounds as candidates for further lead 
optimization studies.
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Povzetek
V prispevku je opisana okolju prijazna in s pomočjo mikrovalov spodbujena sinteza funkcionaliziranih (Z)-3-(2-okso-
2-feniletiliden)-3, 4-dihidro-2H-benzo[b][1,4]oksazin-2-onov (11a–n) z odličnimi izkoristki (do 97%) in (Z)-3-(2-ok-
so-2-feniletiliden)-3,4-dihidrokinoksalin-2(1H)-onov (14a) (do 96% izkoristek). Uporabna vrednost razvite metod-
ologije je prikazana na sintezi spojin 11a, 14c in 14e na gramski skali ter na sintezi protitumorskega alkaloida cefalandola 
A (16, 89% izkoristek). Vse sintetizirane spojine, 11a–n, 14a–h in 16, so bile preizkušene na in vitro antioksidativno 
aktivnost,  DPPH radikalsko lovljenje in FRAP test. Pri DPPH testiranju so se kot najbolj aktivne pokazale spojine 11a, 
14c in 14e z IC50 vrednostmi 10.20 ± 0.08 μg/mL, 9.89 ± 0.15 μg/mL in 8.97 ± 0.13 μg/mL glede na standardno referenco 
(askorbinska kislina, IC50 = 4.57 μg/mL), medtem, ko je pri FRAP antioksidativnem testu sedem spojin (11c, 11e, 11i, 
11k, 11l, 14d in 14h) izkazalo višjo antioksidativno aktivnost kot referenčni standard BHT (C0.5FRAP = 546.2 μM). Poleg 
tega so študije citotoksičnosti spojin 11a, 14c, 14e in 14h hh pri MTT testiranju pokazale, da so te spojine netoksične do 
celičnih linij naravnih 3T3 fibroblastov.

https://doi.org/10.1021/jf020540a
https://doi.org/10.2478/intox-2013-0031
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Abstract
In this study, the PMo12O40

3− polyanion was immobilized chemically on amino functionalized magnetic graphene ox-
ide nanosheets. The as-prepared ternary magnetic nanocomposite (Fe3O4/GO-NH2/H3PMo12O40) was characterized by 
powder X-ray powder diffraction (XRD), fourier transformation infrared spectroscopy (FTIR), Raman spectroscopy, 
energy dispersive spectroscopy (EDX), field emission scanning electron microscopy (FESEM), BET surface area meas-
urements, magnetic measurements (VSM) and atomic force microscopy (AFM). The results demonstrated the successful 
loading of H3PMo12O40 (~36.5 wt.%) on the surface of magnetic graphene oxide. The nanocomposite showed a higher 
specific surface area (77.07 m2/g) than pure H3PMo12O40 (≤10 m2/g). The adsorption efficiency of this nanocomposite for 
removing methylene blue (MB), rhodamine B (RhB) and methyl orange (MO) from aqueous solutions was evaluated. 
The nanocomposite showed rapid and selective adsorption for cationic dyes from mixed dye solutions. The adsorption 
rate and capacity of Fe3O4/GO-NH2/H3PMo12O40 were enhanced as compared with GO, GO-NH2, Fe3O4/GO-NH2, and 
H3PMo12O40 samples due to enhanced electrostatic attraction and hydrogen-bonding interactions. The nanocomposite 
is magnetically separated and reused without any change in structure. Thus, it could be a promising green adsorbent for 
removing organic pollutants in water. 

Keywords: Graphene oxide nanosheets; Magnetic nanocomposite; Polyoxometalates; Organic dyes; Adsorption; Fe3O4 
nanoparticles.

1. Introduction
Industrial activities release an increasing amount of 

contaminants, such as metal ions, organic dyes, and clean-
ing agents, which has raised public concern.1,2 So, waste-
water treatment has attracted much attention in the past 
decades because of grievous effluent discharge of some 
organic dyes from plating, textile, and printing paper, plas-
tic, cosmetic, pharmaceutical, and food industries that are 
resistant to biological degradation, making them quite dif-
ficult to remove from the wastewater.3,4 Organic dyes are 
not only highly visible and, even in a small amount, de-
crease gas solubility in water, but also toxic, carcinogenic, 
and mutagenic for human beings.5–9 Owing to their com-
plex aromatic molecular structures, dyes are generally sta-

ble to light, heat and oxidizing agents.10 Therefore, effective 
removal of dyes from dye-wastewater is essential. Among 
the various technologies such as photocatalytic degrada-
tion,11 electrochemical degradation,12 and adsorption,13 
adsorption is considered one of the most efficient and eco-
nomical methods for water purification.14 Many polymeric 
and inorganic adsorbents such as carbonaceous nanoma-
terials,15 porous metal oxides,16 clays,17 chitosan,18 zeo-
lites,19 and so on20,21 were developed for removing pollut-
ants from aqueous solutions. However, such adsorbents 
are associated with certain problems that limit their prac-
tical applications, such as low adsorption capacity, slow 
adsorption rate, and difficult separation of the adsor-
bents.22 Furthermore, some of them are only effective for 
wastewater including low concentrations of dyes and they 
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are generally poor at selectively removing the targeted or-
ganic dye wastes. Hence, in this regard, it is extremely im-
perative to find a new desirable adsorption material, which 
not only is capable of reducing the organic dyes in 
dye-wastewater with high efficiency and fast adsorption 
rate but also can achieve selective separation and recovery 
of raw materials. 

Polyoxometalates (POMs), as an outstanding class of 
anionic metal oxide clusters, have attracted great attention 
due to their earth-abundant source, rich topology and ver-
satility, controllable shape and size, oxo-enriched surfaces, 
high electronegativity etc.,23 which have various applica-
tions in many fields, such as catalysis,24 optics,25 magne-
tism,26 biological medicine,27 and dye adsorption.28 The 
strong attraction of POMs to cationic dyes suggests that 
they are potential and suitable adsorbents for selectively 
capturing cationic dyes. However, there are still obvious 
disadvantages for POMs as adsorbents: (i) their relatively 
small surface area seriously obstructs the accessibility to 
the active sites and (ii) their excellent solubility in aqueous 
solution determines that they cannot be reused and recy-
cled in the process of wastewater treatment. Therefore, 
plenty of remarkable work has been done to encapsulate 
POMs into porous solid matrices, such as activated car-
bon29 and silica30 for creating composite materials. Unfor-
tunately, these methods sometimes lead to low POM load-
ing; it is thus of vital significance to search for an applica-
ble solid matrix to immobilize POMs, which might greatly 
improve their adsorption ability for target dyes.

Among various materials, graphene oxide (GO) has 
been proven as an effective sorbent for the removal of in-
organic and organic pollutants owing to its large theoreti-
cal specific surface area (~2630 m2/g) and the presence of 
several active sites on its surface.31–39 In addition, in com-
parison with other carbonaceous nanomaterials, GO may 
be more environmental friendly and have better biocom-
patibility.40 However, it is difficult to separate it from aque-
ous solution because of its small particle size, causing seri-
ous health and environmental problems once it is dis-
charged into the environment.41 The centrifugation meth-
od needs a very high rate and the traditional filtration 
method may cause blockages of filters. Compared with 
traditional centrifugation and filtration methods, the mag-
netic separation method is considered as a rapid and effec-
tive technique for separating nanomaterials from aqueous 
solution.42,43 Hence, magnetite/graphene composites with 
large specific surface area (enhancing the removal of water 
pollutants) and magnetic separation (facilitated by the re-
cycling of the composites) have begun to be used in the 
field of environmental treatment.44–48 

On the basis of the above discussion, in this work, 
amino functionalized magnetic graphene oxide (Fe3O4/
GO-NH2) was synthesized by a facile method and used as 
a novel support for immobilizing Keggin-type PMo12O40

3− 
anions. This magnetically recoverable ternary nanocom-
posite material (Fe3O4/GO-NH2/H3PMo12O40) was pre-

pared by a simple acid-base electrostatic interaction be-
tween H3PMo12O40 and amino groups of Fe3O4/GO-NH2. 
For one thing, PMo12O40

3− anion with highly electronega-
tive and hydrophilic properties and structural stability 
could be utilized as a potential adsorbent for removal of 
the cationic dyes in dye-wastewater. For another, magnetic 
GO possesses outstanding porosity and extremely large 
surface area, and it is insoluble in water, which is an appro-
priate solid matrix to anchor Keggin-type PMo12O40

3−  
anions. The combination of polyoxoanions and Fe3O4/ 
GO-NH2 could improve the surface area and avoid the dis-
solution of POM. The hybrid nanomaterial exhibited supe-
rior adsorption rate and selective adsorption ability for the 
cationic dyes. Remarkably, this material exhibited a large-
scale adsorption capacity of 426.7 mg/g for MB. Hence, it 
is a promising and environmental friendly adsorbent for 
removing and separating organic pollutants in dye-waste-
water.

2. Experimental
2. 1. �Materials and Characterization 

Techniques 

Graphite powder (C, 99.95%), 3-aminopropyltriet
hoxysilane (APTES, 99%), phosphomolybdic acid (H3P-
Mo12O40, 98%), toluene, sulfuric acid (H2SO4, 98%), and 
potassium permanganate (KMnO4, 98%) were purchased 
from Merck Chemical Co. All other chemicals were com-
mercially purchased and used without further purification. 
The infrared spectra were recorded at room temperature 
using a Shimadzu FT-IR 160 spectrophotometer in the 
4000–400 cm–1 region with KBr pellets. Powder XRD pat-
terns were recorded on a Rigaku D-max C III X-ray diffrac-
tometer using Ni-filtered Cu Kα radiation (λ = 1.54184 Å). 
The morphology of samples was studied using a MIRA3 
TESCAN scanning electron microscope equipped with an 
energy dispersive X-ray analyzer (EDX) for the elemental 
analysis. AFM images were recorded by multi-mode atom-
ic force microscopy (ARA-AFM, model Full Plus, ARA 
Research Co., Iran). Magnetic measurements were carried 
out at room temperature using a vibrating sample magne-
tometer (VSM, Magnetic Daneshpajoh Kashan Co., Iran) 
with a maximum magnetic field of 10 kOe. Optical ad-
sorption spectra were obtained using a Cary 100 Varian 
UV-Vis spectrophotometer in a wavelength range of 200–
800 nm. The Brunauer–Emmett–Teller (BET) surface area 
was measured by N2 adsorption measurements at 77 K 
using a Nova 2000 instrument. The concentration of Mo in 
the composite was determined by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES, model 
OEC-730). A controllable Serial-Ultrasonics apparatus 
(James 6MD, England) operating at an ultrasonic frequen-
cy of 100 kHz with a nominal output power of 50 W was 
used to disperse samples.
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2. 2. Preparation of Graphene Oxide 
Graphene oxide (GO) was prepared by the modified 

Hummers method through the oxidation of graphite pow-
der.49,50 Graphite powder (2.0 g) and NaNO3 (1.0 g) were 
mixed with 40 mL of concentrated H2SO4 in a 500 mL flask 
and stirred for 1 h in an ice bath. Then KMnO4 (6.0 g) was 
added into the vigorously stirred suspension slowly below 
15 °C. The ice bath was then removed, and the mixture was 
stirred at room temperature until it slowly became brown-
ish slurry. It was diluted with 100 mL of water. The reac-
tion temperature was rapidly increased to 98 °C with effer-
vescence, and the color changed to brown. After that, 200 
mL of water and 20 mL of H2O2 (30 wt.%) were added. For 
purification, the mixture was centrifuged and washed with 
10% HCl and then deionized water several times to re-
move the residual metal ions and acid. After centrifuging 
and drying at room temperature, GO was obtained as a 
powder. 

2. 3. �Preparation of Magnetic Graphene Oxide 
(Fe3O4/GO)
0.25 g of GO was dispersed in 90 mL of water by son-

ication for 1 h. Then, 0.84 g of (NH4)2Fe(SO4)2 and 2.08 g 
of (NH4)Fe(SO4)2 were added to the GO dispersion and its 
pH was adjusted at 12 by adding 1 mol/L NaOH. The mix-
ture was stirred at 50 °C for 2 h, filtered and washed with 
water and ethanol three times. The resulting solid was 
Fe3O4 /GO.

2. 4. �Preparation of Aminopropyl 
Functionalized Magnetic Graphene 
Oxide (Fe3O4/GO-NH2)
To a round bottom flask, 0.40 g of the as-synthesized 

Fe3O4/GO dispersed in 50 mL of water, 5 mL of APTES, 
and 150 mL of ethanol were added. The mixture was stirred 
for 30 min at room temperature and refluxed at 80 °C for 24 
h. After the reaction, the solid was separated by a magnet 
and washed with ethanol to remove the unreacted APTES. 
The final product was dried at 80 °C in vacuum for 12 h to 
obtain Fe3O4/GO-NH2.

2. 5. �Preparation of the Fe3O4/GO–NH2/
H3PMo12O40 Hybrid Nanomaterial
1 g of the as-prepared Fe3O4/GO-NH2 was dispersed 

in 80 mL of water and sonicated for 1 h. Then, 1 g of H3P-
Mo12O40 in 200 mL of ethanol was added and sonicated for 
another 1 h. The resulting mixture was stirred at room 
temperature for 24 h, filtered, and washed with deionized 
water and ethanol three times to remove the unreacted 
H3PMo12O40. The final product was dried at 60 °C in open 
air to obtain magnetic Fe3O4/GO-NH2/H3PMo12O40 hybrid 
nanomaterial. Elemental analysis (ICP-AES) showed that 
the Mo content in Fe3O4/GO-NH2/H3PMo12O40 was 

32.55%. According to the elemental analysis results and 
molecular weight of H3PMo12O40, the loading amount 
(wt.%) of H3PMo12O40 in Fe3O4/GO-NH2/H3PMo12O40 was 
estimated to be 36.5%. 

2. 6. Dye Adsorption Tests
The aqueous stock solutions of dyes (500 mg/L) were 

prepared by dissolving solid dyes (MB, RhB, and MO) in 
deionized water. Working solutions of dyes, when re-
quired, were prepared by successive dilution of the stock 
solution with deionized water. The adsorption experi-
ments of dyes were performed in a 100 mL glass beaker 
and the adsorption reaction temperature was maintained 
at 25 °C. In a typical experiment, 25 mg of the as-prepared 
Fe3O4/GO-NH2/H3PMo12O40 hybrid nanomaterial was 
added into 50 mL of dye aqueous solution (C0 = 25 mg/L) 
and stirred in the dark and at predetermined time inter-
vals, a small portion (3 mL) of the dye solution was pipet-
ted out and the solid adsorbent was separated by an exter-
nal magnet. The concentration (Ct) of the dye in the clear 
solution was determined by measuring the absorbance of 
the solution at fixed wavelengths, 664 nm for MB, 554 nm 
for RhB, and 463 nm for MO, using a UV-Vis spectropho-
tometer. A similar experiment was also performed with 50 
mL of different concentrations of MB solutions (5, 15, 25, 
35, and 50 mg/L). Also, the hybrid nanomaterial was 
transferred into the mixtures of MB/MO (v:v 1/1, 50 mL, 
25 mg/L), MO/RhB, and MB/MO/RhB. UV-Vis spectros-
copy was performed to determine the selective adsorption 
ability of hybrid nanomaterial at given time intervals. Fur-
thermore, the adsorption capability of the Fe3O4, Fe3O4/
GO, Fe3O4/GO-NH2, and H3PMo12O40 samples toward MB 
dye solution was evaluated under similar conditions as de-
scribed above. 25 mg of the as-prepared adsorbent was 
added into 50 mL of 25 mg/L MB solution and stirred in 
the dark. Dye removal ability (%) was calculated by mea-
suring the dye absorbance at 664 nm before and after ad-
sorption process at room temperature. Finally, Fe3O4/GO-
NH2/H3PMo12O40 was investigated for its recycling proper-
ty for the removal of MB after Fe3O4/GO-NH2/H3PMo12O40 
was separated, washed with ethanol, and dried in a vacu-
um oven. In all experiments, the adsorption efficiency 
(η%) and adsorption capacity (qt; mg/g) were calculated 
according to the following equations:

η% = [(C0 − Ct)/C0] × 100 = [(A0 − At)/A0] × 100     (1)qt = [(C0 − Ct) × V]/m 

Where C0 (mg/L) and A0 are the initial dye concen-
tration and absorbance before removal at initial time t = 0, 
Ct (mg/L) and At are the concentration and absorbance of 
dye remaining in the solution after treatment with adsor-
bent at time t, qt is the amount of adsorbed MB molecules 
on the adsorbent (in mg/g). V (in L) is the initial volume of 
the MB solution and m (in g) is the mass of the adsorbent.
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3. Results and Discussion
3. 1. �Characterization of the Fe3O4/GO–NH2/

H3PMo12O40 Hybrid Nanomaterial
The GO is an inexpensive, stable, environmentally 

benign, easily available solid material, and contains rich 
oxidation functional groups, such as hydroxyl, epoxide, 
carboxyl, and carbonyl groups. Due to these functional 
groups, GO can well disperse in polar solvents and forms a 
homogenous colloidal suspension, which facilitates the 
contact between reactant and catalytic active site.51 On the 
other hand, these rich functional groups can be easily re-
acted with organic molecules to generate stable covalent 
functional GO.19–21 These suggest that attaching organic 
bases on GO might afford an efficient, reusable and envi-
ronmentally benign base support for heteropolyacids such 
as PMo12. In this work, Keggin-type H3PMo12O40 was im-
mobilized onto 3-aminopropyl functionalized GO nanos
heets decorated with magnetic Fe3O4 nanoparticles. The 
preparation of the Fe3O4/GO-NH2/H3PMo12O40 hybrid is 
illustrated in Figure 1. The surface of GO–NH2 is positive-
ly charged by the protonation of -NH2, which helps in an-
choring the PMo12O40

3– anion due to electrostatic attrac-
tion. To confirm the successful construction of the Fe3O4/
GO-NH2/H3PMo12O40 hybrid, elemental analysis was em-
ployed. It revealed that Fe3O4/GO-NH2/H3PMo12O40 con-
tains 36.5% Mo, indicating that H3PMo12O40 molecules 
were anchored on GO nanosheets. Due to the electrostatic 
attraction of the absorbed PMo12O40

3− and -NH3
+ group, 

the hydrogen bonds between -NH3
+ and H3PMo12O40 mol-

ecules are reinforced.52–54 These are the possible reasons for 
the significant enhancement of Fe3O4/GO-NH2/H3P-
Mo12O40 adsorptivity. Moreover, the structure and compo-
sition of the hybrid nanomaterial was characterized by 
XRD, FT-IR, Raman spectra, EDX, SEM, AFM, VSM, and 
BET surface area analyses.

Figure 2 displays the XRD patterns for Fe3O4, Fe3O4/
GO-NH2, and Fe3O4/GO-NH2/H3PMo12O40 samples. All 

the diffraction patterns in Figure 2(a)–(c) are similar and 
can be indexed to the Fe3O4 phase (JCPDS No. 41-1488). 
No characteristic diffraction peaks of the H3PMo12O40 ap-
peared which presumably was due to the low content in-
corporation of H3PMo12O40. Also this result implies that 
the Keggin unit homogeneously disperses into the GO 

Figure 1. The preparation procedure to attach H3PMo12O40 on the surface of aminopropyl functionalized magnetic graphene oxide.

Figure 2. XRD patterns of (a) pure Fe3O4, (b) Fe3O4/GO-NH2 and 
(c) Fe3O4/GO-NH2/H3PMo12O40.

c)

b)

a)
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nanosheets, which will help to enhance the adsorption ac-
tivity of the hybrid nanomaterial. Moreover, no character-
istic diffraction peaks for GO are observed in the pattern 
indicating that the GO nanosheets do not stack during the 
synthesis. The reason can be attributed to the Fe3O4 and 
H3PMo12O40 nanoparticles anchored on the surfaces of GO 
to prevent the exfoliated GO nanosheets from restacking.55 
However, a broad characteristic peak for graphene 
nanosheets at about 2θ = 23 appeared, suggesting that the 
GO was reduced to graphene during the functionalization 
process.

The FT-IR spectra of synthesized materials are 
shown in Figure 3. The FT-IR spectrum of the GO in Fig-
ure 3(a) shows the C=O and graphitic C=C stretching 
bands at about 1735 and 1626 cm−1, respectively.56 Also, 
the strong band at 1030 cm−1 is related to the stretching 
vibrations of the C–OH bonds. In the spectrum of Fe3O4/
GO-Si(CH2)3NH2 sample (abbreviated as Fe3O4/GO-NH2) 
in Figure 3(b), the strong band at about 588 cm-1 is as-
signed to the Fe–O stretching vibration of the spinel-type 
Fe3O4 structure.57 The presence of Si-O bond was con-
firmed by a strong band at about 1116 cm−1 assigned to the 
Si–O–C stretching vibration.58,59 Also, two broad bands at 
3430 and 1630 cm–1 can be ascribed to the stretching and 
bending modes of –NH2 groups, respectively. The pres-
ence of the anchored propyl chain of APTES was con-
firmed by C–H stretching vibrations at 2926 and 2850 
cm−1.59 The FT-IR spectrum of the Fe3O4/GO-NH2 exhibits 
peaks at 1223 and 1028 cm−1 corresponding to C–N and 
C–OH, respectively.60 These show the successful grafting 
of APTES onto the magnetic GO sheet through covalent 
bonds. It is well known that Keggin-type PMo12O40

3– poly-
oxometalate contains a cluster of Mo(VI) ions linked by 
oxygen atoms with a tetrahedral phosphate group. Oxygen 
atoms form four physically distinct bonds (P–Oa, Mo–Ot, 
Mo–Ob–Mo, and Mo–Oc–Mo bonds), which have distinct 
infrared signatures as shown in Figure 3(c): 1066 cm–1 for 
asymmetric stretch vibration of P–Oa (Oa corresponds to 
oxygen atom of tetrahedral phosphate group), 966 cm–1 for 
asymmetric stretch vibration of Mo = Ot (Ot corresponds 
to the terminal oxygen atoms), 870 cm–1 for bending vibra-
tion of Mo–Ob–Mo (Ob corresponds to oxygen atom 
bridging the two tungsten atoms), and 786 cm−1 for bend-
ing vibration of Mo–Oc–Mo (Oc represents oxygen atom at 
the corners of the Keggin structure).61 The FT-IR spectrum 
of the hybrid nanomaterial sample is shown in Figure 3(d),  
the absorption peaks of PMo12O40

3– cluster at 1053, 945, 
875, and 798 cm−1 corresponding to the P–Oa, Mo=Ot, 
Mo–Ob–Mo and Mo–Oc–Mo band vibrations, and the vi-
brational bands of Fe3O4/GO–NH2 located around 1605, 
1383, 1042, 746, and 543 cm−1 were all observed in the IR 
spectrum of the hybrid nanomaterial which demonstrates 
the coexistence of PMo12O40

3–, Fe3O4, and GO-NH2 in the 
hybrid nanomaterial. The red/blue shift of peaks of the 
Fe3O4/GO-NH2/H3PMo12O40 compared with the parent 
H3PMo12O40 can be attributed to strong attraction between 

negatively charged PMo12O40
3- and positively charged 

Fe3O4/GO-NH3
+ surface.62,63 Raman spectroscopy is a 

powerful tool to characterize the significant structural 
changes in GO during the Fe3O4/GO-NH2/H3PMo12O40 
hybrid synthesis.

d)

c)

b)

a)

Figure 3. IR spectra of (a) pure GO, (b) Fe3O4/GO-NH2 and (c) 
H3PMo12O40 and (d) Fe3O4/GO-NH2/H3PMo12O40.

Figure 4 presents the Raman spectra of GO, Fe3O4/
GO-NH2 and Fe3O4/GO-NH2/H3PMo12O40. All the sam-
ples display the characteristic D (sp3 carbon atoms of dis-
orders and defects) and G bands (sp2 carbon atoms in gra-
phitic sheets).64,65 As compared with the D and G bands of  
pure GO (D, 1318 cm−1; G, 1590 cm−1), the two bands of 
Fe3O4/GO-NH2 shift to D, 1315 cm−1 and G, 1588 cm−1, 
suggesting the successful silylanization of GO with APT-
ES. After anchoring the H3PMo12O40 on the Fe3O4/GO-
NH2, further shifts in D and G bands are found (D, 1311 
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cm−1 and G, 1592 cm−1). These shifts in Raman peaks can 
be attributed to strong interaction between PMo12O40

3– an-
ion and positively charged Fe3O4/GO-NH3

+ in Fe3O4/GO-
NH2/H3PMo12O40 hybrid,66 which is consistent with the 
FT-IR analysis. In addition, it is shown that the D/G inten-
sity ratios of Fe3O4/GO-NH2 and Fe3O4/GO-NH2/H3P-
Mo12O40 are higher than that of GO, suggesting a higher 
level of disorder of the graphene layers during the func-
tionalization process.67 Also, this is proposed to be caused 
by the reduction of GO during the syntheses of GO-NH2 
and Fe3O4/GO-NH2/H3PMo12O40 hybrid as confirmed by 
the XRD data.68 The peaks of Keggin structure did not ap-
pear, which indicated that H3PMo12O40 species on the 
Fe3O4/GO-NH2 sample were in a high-dispersed state. 
This result was identical to the XRD results.

SEM images indicating the microstructural features 
of GO, Fe3O4, Fe3O4/GO-NH2, and Fe3O4/GO-NH2/H3P-
Mo12O40 hybrid nanomaterial are shown in Figure 5. The 
SEM micrograph of pure GO in Figure 5(a) shows the 
highly porous and layered structure of GO having large 
stacks, possibly consisting of hundreds of GO nanosheets. 
It should also be noted that the surfaces of the GO sheets 
are quite flat and smooth. Figure 5(b) shows the SEM mi-
crograph of sphere-like Fe3O4 nanoparticles. It is worthy 
to observe that the lateral size of graphitic nanosheets was 
not disrupted with the oxidation, The SEM image of 
Fe3O4/GO-NH2 in Figure 5(c) clearly shows GO nanos

a)

b)

c)

Figure 4. Raman spectra of (a) GO, (b) Fe3O4/GO-NH2 and (c) 
Fe3O4/GO-NH2/H3PMo12O40.  

Figure 5. SEM images of (a) GO, (b) Fe3O4, (c) Fe3O4-GO, (d) Fe3O4/GO-NH2, and (e)-(f) Fe3O4/GO-NH2/H3PMo12O40 hybrid nanomaterial.
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heets were successfully decorated with the Fe3O4 nanopar-
ticles consisting of small and elongated grains. It was 
found that the average size of Fe3O4 nanoparticles was in 
the range of 20–30 nm. Figure 5(d)–(f) shows the mor-
phology of the Fe3O4/GO-NH2/H3PMo12O40 hybrid nano-
material. As can be seen, agglomerated Fe3O4 and PMo12 
nanoparticles completely covered the surfaces of large 
graphene sheets. It should also be noted that the micropo-
res between the graphene sheets were evenly filled up with 
the Fe3O4 nanoparticles as clearly seen in the images of 
stack edges given in Figure 5(d)–(f). All the micrographs 
of the hybrid nanomaterial clearly indicated that the sur-
face properties of the modified GO product were strongly 
affected. Opposite to pure GO, the surfaces of GO 
nanosheets in the hybrid nanomaterial are rough, and the 
edges are highly crumpled. It can be concluded that mi-
crostructural properties of Fe3O4/GO-NH2/H3PMo12O40 
hybrid nanomaterial encourage preparing the highly po-
rous, magnetically active and structurally layered nano-
materials.

AFM is a beneficial tool for studying various mor-
phological features and parameters, since it has the advan-
tage of probing in deep insights of surface topography 
qualitatively due to its both lateral and vertical nanometer 
scale spatial resolution. The AFM images in Figure 6 dis-
play the surface morphology of the Fe3O4/GO-NH2/H3P-
Mo12O40. As observed in Figure 6(a), the AFM image re-
veals the appearance of sphere-like nanoparticles and their 
respective particle size and morphology clearly were close 
to those determined by the SEM images. As can be seen 
from Figure 6(b), the surface of the composite showed a 
porous and uniform packed structure with size (height) of 
particles on the grapheme sheet to be approximately 20 
nm. Thus, the Fe3O4/GO-NH2/H3PMo12O40 could provide 
a rough and coarse surface with porosity for adsorption 
uses. The results are in good agreement with BET results 
and SEM images.

Further investigation was carried out by energy dis-
persive X-ray spectroscopy (EDX) to characterize the com-
position of the as-prepared Fe3O4/GO-NH2/H3PMo12O40 
hybrid nanomaterial. Figure 7(a)–(i) show the EDX spec-
trum and a representative SEM image of the hybrid nano-
material with corresponding EDX elemental mappings. The 
presence of C, N, Si, O, Fe, P, and Mo elements in the com-
posite can be proved by the EDX elemental spectrum (Fig-
ure 7(a)). As presented in Figure 7(b)–(f), the correspond-
ing elemental mapping distribution shows the existence of 
C, N, Si, O, Fe, P, and Mo. From the maps, it can be seen that 
the elements are uniformly distributed over the hybrid 
nanomaterial, confirming the homogeneity of the sample. 
The P and Mo elements were from H3PMo12O40 and the re-
sults further indicate that the H3PMo12O40 particles were 
successfully supported on the surface of the Fe3O4/GO-NH2.

The magnetic properties of the pure Fe3O4 and Fe3O4/
GO-NH2/H3PMo12O40 samples were investigated by VSM 
at room temperature, and the magnetic hysteresis loops are 
depicted in Figure 8. It is clear that both Fe3O4 and the 
Fe3O4/GO-NH2/H3PMo12O40 composite are soft magnetic 
materials due to their coercivity (Hc) of zero.69 Moreover, 
they are also superparamagnetic materials, as their mag-
netic hysteresis loops passed through the origin of the co-
ordinates. The saturation magnetization values of Fe3O4 
and Fe3O4/GO-NH2/H3PMo12O40 are 27.50 and 9.16 emu/g, 
respectively. The saturation magnetization of the magnetic 
composite decreases by approximately 70% compared with 
that of pure Fe3O4, which can be attributed to the less mag-
netic source component (Fe3O4) per gram in the composite 
sample. However, the saturation magnetization of the com-
posite could satisfy the requirements of easy separation in 
the suspension solution using an extra magnet after reac-
tion as shown in the inset of Figure 8. Thus, the Fe3O4/GO-
NH2/H3PMo12O40 composite can be easily separated using 
a magnetic separation process after being used for the re-
moval of dye pollutants from aqueous solutions.

Figure 6. (a) AFM image and (b) height profile of Fe3O4/GO-NH2/H3PMo12O40 in a three dimensional image. 
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Figure 7. (a) EDX spectrum, and (b)-(i) a representative SEM image of the Fe3O4/GO-NH2/H3PMo12O40 hybrid nanomaterial with corresponding 
EDX elemental mappings.

Figure 8. Magnetic hysteresis loop of (a) Fe3O4 and (b) Fe3O4/GrO-
NH2/H3PMo12O40 at room temperature. The inset shows the behav-
iour of the nanocomposite under an external magnetic field.

N2 adsorption/desorption measurements were per-
formed to investigate specific surface area and the pore 
size distribution of the Fe3O4/GO-NH2/H3PMo12O40. As 
can be seen in Figure 9(a), the nitrogen adsorption iso-
therm is a typical type IV curve with a fine H1-type hyster-
esis loop in the range of ca. 0.8–1.0 p/p0, indicating the 
existence of mesoporous structure.70,71 The BET surface 
area is measured to be 76.36 m2/g that is much higher than 
the value of pure POM (≤10 m2/g). In addition, the total 
pore volume is 0.01 cm3/g and according to the corre-
sponding Barrett–Joyner–Halenda (BJH) pore size distri-
bution curve in Figure 9(b), the pore size distribution of 
the Fe3O4/GO-NH2/H3PMo12O40 shows a peak centered at 
around 2.28 nm. Such porosity of Fe3O4/GO-NH2/H3P-
Mo12O40 composite can improve the adsorption perfor-
mance. It can be concluded that introduction of magnetic 
Fe3O4/GO-NH2 has a good effect on the structure of H3P-
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Mo12O40 and increases the surface area and porosity of 
POM which are all useful factors for improving the ad-
sorption performance.

3. 2. Dye Adsorption Studies
To evaluate the adsorption capability of Fe3O4/GO-

NH2/H3PMo12O40 hybrid nanomaterial for removing or-

Figure 9. (a) N2 adsorption–desorption isotherm and (b) pore size distribution of Fe3O4/GO-NH2/H3PMo12O40.

Figure 10. UV-vis spectral changes of dyes aqueous solutions over Fe3O4/GrO-NH2/H3PMo12O40 at different time intervals: (a) MB dye, (b) RhB dye, 
(c) MO dye and (d) Comparison of adsorption efficiency (%) of dyes as function of time. Conditions: [dye]= 25 mg/L, 50mL; [Adsorbent]= 25 mg/50 
mL at 25 °C.

a) b)

a) b)

d)
c)
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ganic dyes from contaminated water, three organic pollut-
ants (MB, RhB, and MO) with different sizes and charges 
were selected for experiments. The adsorption was moni-
tored using the characteristic absorption peak, which is 
664, 553 and 463 nm for MB, RhB, and MO, respectively. 
The decrease in the intensity of these characteristic peaks 
with adsorption time indicates the decrease in the dye 
amount in the solution. The time dependent UV-Vis ab-
sorption spectra of dyes in the presence of the Fe3O4/GO-
NH2/H3PMo12O40 are shown in Figure 10(a)–(c). The digi-
tal images and UV-Vis spectroscopic results show that the 
characteristic absorption peaks of cationic MB and RhB 
dyes at 664 and 553 nm almost completely disappeared 
within 3 and 30 min, respectively. As it can be seen in Fig-
ure 10(c), the characteristic absorbance band of MO at 463 
nm decreased slightly even after 40 min with negligible 
fading of the orange color. The results show that the hybrid 
nanomaterial is a poor absorbent for anionic MO dye from 
aqueous solution. As compared in Figure 10(d), it is clear 
that the Fe3O4/GO-NH2/H3PMo12O40 has different adsorp-
tion abilities toward different organic dyes. The adsorption 
efficiency for MB is 100% in 3 min and for RhB is 96% in 
30 min. The removal of MO dye is less than 25% after 40 
min. Particularly, the adsorption rate of 50 mL of 25 mg/L 
MB and RhB solutions quickly reached 100% and 85%, re-
spectively, in the first three minutes. The different effects 
on removal of dyes can be related to the structure of the 
dye molecules and the adsorbent material. Firstly, POMs 
are a kind of hydrophilic metal-oxo cluster compounds. 
The hydrophilic/hydrophobic property of the hybrid 
framework is modulated by loading the H3PMo12O40 mol-
ecules, which allows the ingress and egress of the dye mol-
ecules. Secondly, POMs with a large number of negative 
charges in the hybrid may have a stronger force with the 
positive charges of dyes. So, the hybrid has demonstrated a 
good adsorption property toward the cationic dye mole-
cules MB and RhB. However, the removal percent of RhB 
is relatively low due to the large volume of the RhB mole-
cules, which caused a steric hindrance with the active ad-
sorption sites on the hybrid. Although MO molecules are 
small enough for ingress and egress, a little uptake capacity 
of MO was observed as the negative charge of this dye 
molecule. There are like-charges that repel each other be-
tween the POM caged in hybrid and MO.

To further demonstrate the role of anionic H3PMo12O40 
cluster in the hybrid nanomaterial, a series of control exper-
iments were carried out using Fe3O4, Fe3O4/GO, Fe3O4/ 
GO-NH2, and pure H3PMo12O40 samples as adsorbents for 
removing MB dye. As shown in Figure 11, the adsorption 
efficiencies of these samples toward the MB dye are 40–78% 
albeit after long adsorption times of 30–40 min. Apparently, 
the removal efficiencies and rates of these materials are 
smaller than those of the Fe3O4/GrO-NH2/H3PMo12O40 hy-
brid nanomaterial for cationic MB dye (100% in 3 min). 
Therefore, there is still merit in exploring the hybrid nano-
material as efficient adsorbent toward cationic MB dye. 

3. 3. �Selective Adsorption Ability of the 
Hybrid Nanomaterial for the Mixed 
Organic Dyes
Selective adsorption and separation of the specific 

dye are more attractive and challenging in the process of 
dye-wastewater treatment. In this study, in view of the 
large uptake capacity of MB and RhB in Fe3O4/GO-NH2/
H3PMo12O40, it can be anticipated that the composite ma-
terial may also have an outstanding adsorption and sepa-
ration behavior in the treatment of mixture of dyes. The 
selective uptake of dyes was tested using the MB/MO mix-
ture (50 mL, C0(MB) = C0(MO) = 25 mg/L) and MB/RhB mix-
ture (50 mL, C0(MB) = C0(MO) = 25 mg/L) with 25 mg of 
Fe3O4/GO-NH2/H3PMo12O40 as adsorbent. The process 
was monitored by UV-Vis spectroscopy. As MB and MO 
are similar in molecule size, the preferable uptake of MB 
from the MB/MO mixture may be assigned to the anionic 
nature of the composite Fe3O4/GO-NH2/H3PMo12O40, as 
shown in Figure 12(a). For comparison, cationic RhB was 
selected to mix with anionic MO (50 mL, C0(MO) = C0(RhB) = 
25 mg/L). Results revealed that RhB was also preferably 
adsorbed on the composite material from the MO/RhB 
mixture as illustrated in Figure 12(b), which may imply 
that the uptake of dyes is heavily influenced by molecule 
size along with charges.72,73 To further validate this point, a 
ternary mixture of MB, RhB, and MO (50 mL, C0(MB) =  
C0(MO) = C0(RhB) = 25 mg/L) with 25 mg of the adsorbent was 
investigated. As exhibited in Figure 12(c), the representa-
tive peaks of MB and RhB all disappeared quickly in mixed 
dyes and only the characteristic absorption peaks of MO 
were left, suggesting that Fe3O4/GO-NH2/H3PMo12O40 
could selectively capture cationic dyes when utilized in the 
corresponding ternary mixture. The same conclusion is 
displayed in the insets of Figure 12(a)–(c) and only the col-
or of MO can be seen in the final solutions of mixed dyes. 
It can be attributed to the negative charge of this dye mol-

Figure 11. Adsorption efficiency (%) of the MB dye in the pres-
ence of different adsorbent samples.
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ecule, which repels each other between MO and the H3P-
Mo12O40 cluster in the hybrid nanomaterial. The slightly 
decreasing absorbance of MO is more likely to be adsorbed 
on the surface of adsorbent. The results further confirmed 
that the electrostatic attraction is the key factor for the oc-
currence of adsorption. Thus, Fe3O4/GO-NH2/H3PMo12O40 
composite nanomaterial is an environmental friendly, ac-
tive adsorbent for removing different cationic organic pol-
lutants after the immobilization of POM anion.

3. 4. �The Reusability and Stability of the 
Hybrid Nanomaterial
The stability and reusability of the adsorbents are an 

important standard for practical application. To verify 
whether the composite material is stable and recycled 
during the adsorption experiments, the cycle tests of 
Fe3O4/GO-NH2/H3PMo12O40 on removing MB were ex-
plored. After each cycle, the adsorbent was completely 
separated by a magnet because of the magnetic property in 

water. Subsequently, the fast release process of the ad-
sorbed MB was achieved by thoroughly washing the ad-
sorbent with a dilute solution of NaCl and ethanol three 
times. Then, desorbed adsorbent was added to 50 mL of 25 
mg/L MB solution under stirring. As described in Figure 
13, the composite nanomaterial showed almost identically 
rapid adsorption of MB. After four cycles, the regenerated 
adsorbent was still able to remove 94% MB from the aque-
ous solution. Thus, we may conclude that the composite 
nanomaterial can be reusable during the adsorption ex-
periment.

The stability of this material is further discussed. As 
depicted in Fig. 14(a) and (b), the XRD pattern and FT-IR 
spectrum of the recovered adsorbent after the fourth run 
are consistent with those of the as-synthesized composite 
(see Figures 2(c) and 3(d)). These observations confirmed 
that the structure of the Fe3O4/GO-NH2/H3PMo12O40 hy-
brid nanomaterial is stable under the reaction conditions 
and is not affected by the reactants. The morphology of the 
recycled adsorbent particles was also analyzed. Fig. 14(c) 

Figure 12. Selective adsorption ability of Fe3O4/GO-NH2/H3PMo12O40 toward mixed dyes solution of (a) MB+MO, (b) RhB+MO, (c) 
MB+RhB+MO. Conditions : C0 (MB) = C0 (RhB) = C0 (MO) = 25 mg/L and adsorbent dose = 25 mg/50mL

a) b)

c)
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shows a representative SEM image of the adsorbent after 
four cycles. It could be observed that the recovered adsor-
bent almost kept its initial size and morphology (see Fig-
ure 5(e) and (f)) and the surface of GO nanosheets was still 
decorated with Fe3O4 and H3PMo12O40 particles, revealing 
the strong binding between the Fe3O4 nanoparticles and 
H3PMo12O40 with GO nanosheets. We can also observe 
representative peaks of C, N, O, Si, Fe, P, and Mo from the 
EDX of the recovered Fe3O4/GO-NH2/H3PMo12O40 (Figure 
14(d)). Considering the above mentioned experiment re-
sults, we can conclude that the structure of the compound 
remained intact, which further confirms its excellent sta-
bility and recyclability. 

The Fe3O4/GO-NH2/H3PMo12O40 hybrid exhibited 
the maximum adsorption capacity of 426.7 mg/g when 
100 mg of Fe3O4/GO-NH2/H3PMo12O40 was soaked in 100 
mL of 500 mg/L aqueous MB solution for 2 h. As can be 
seen in Table 1, Fe3O4/GO-NH2/H3PMo12O40 exhibits 

Figure 13. Recyclability of the Fe3O4/GO-NH2/H3PMo12O40 hybrid 
nanomaterial in the removal of MB dye. 

Figure 14. (a) XRD pattern, (b) FT-IR spectrum, (c) SEM image, and (d) EDX spectrum of the recovered Fe3O4/GO-NH2/H3PMo12O40 hybrid nano-
material after the fourth run.

a) b)

c) d)
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much higher uptake capacity of MB, compared with the 
adsorbents that were reported.74–87 On the basis of the 
above observations and the characteristics of Fe3O4/GO-
NH2/H3PMo12O40 nanocomposite, we infer that the follow-
ing factors could contribute to the increased adsorption 
capacity of this nanocomposite. On the one hand, the an-
chored aminopropyl groups and the presence of the well 
dispersed Fe3O4 and H3PMo12O40 nanoparticles on the GO 
nanosheets surface could act as spacers and thus prohibit 
the graphene sheets to restack. This directly results in sig-
nificant increase of the specific surface area of graphene 
structures, which can be of great benefit to adsorption pro-
cesses. This result is consistent with BET surface area data 
in Figure 9. On the other hand, the anchored PMo12O40

3–

polyanions with a large number of negative charges in the 
ternary hybrid have a stronger attraction force with the 
positive charges of cationic dyes (e.g. MB). In fact, higher 
adsorption capacity of the Fe3O4/GO-NH2/H3PMo12O40 is 
due to synergistic effect between GO nanosheets and 
PMo12O40

3- polyanions. Thus, this material is a promising 
adsorbent for the treatment of toxic organic pollutants in 
the dye-wastewater.

tion capacity for cationic dyes and lower adsorption capac-
ity for anionic dyes. This adsorption selectivity is due to 
the favorable electrostatic interactions between the adsor-
bents and cationic dyes. High adsorption capacity, com-
pared with other adsorbents, accompanied by the ease of 
separation by an external magnetic field make the pre-
pared hybrid a powerful separation tool to be utilized in 
wastewater treatment.
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Table 1. Comparison of the adsorption capacities of MB onto some 
typical adsorbents.

Entry	 Adsorbent material	 Adsorption	 Ref.		  capacity (mg/g)	

    1	 Activated carbon	 135	 74
    2	 Nano- ZIF - 8	 13.3	 74
    3	 Zeolite	 10.86	 75
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Povzetek
V raziskavi poročamo o vezavi polianionov PMo12O40

3− na amino funkcionalizirane nanoplasti grafenovega oksida (GO). 
Tako pripravljen ternarni magnetni nanokompozit (Fe3O4/GO-NH2/H3PMo12O40) smo karakterizirali z naslednjimi 
metodami: rentgensko praškovno difrakcijo (XRD) infrardečo spektroskopijo (FTIR), ramansko spektroskopijo, energi-
jsko disperzivno spektroskopijo (EDS), vrstično elektronsko mikroskopijo z emisijo polja (FE-SEM), meritvami površine 
(BET), magnetnimi meritvami (VSM) in mikroskopijo na atomsko silo (AFM). Rezultati so pokazali uspešno vezavo 
H3PMo12O40 (utežni delež ~36.5 %) na površino magnetnega grefenovega oksida. Specifična površina nanokompozita je 
bila višja (77.07 m2/g) od čistega H3PwMo12O40 (≤10 m2/g). Preučevali smo adsorpcijsko učinkovitost nanokompozita 
v primerih odstranjevanja nekaterih barvil (metilen modro, rodamin B in metiloranž) iz vodnih raztopin. Z uporabo 
nanokompozita smo prikazali hitro in selektivno adorpcijo za kationska barvila iz mešanih raztopin barvil. Stopnja in 
kapaciteta adsorpcije Fe3O4/GO-NH2/H3PMo12O40 sta bili povečani v primerjavi z GO, GO-NH2, Fe3O4/GO-NH2 in H3P-
Mo12O40 zaradi povečane elektrostatske privlačnosti in interakcij preko vodikovih vezi. Nanokompozit lahko ločimo z 
magneti in ponovno uporabimo, pri čemer v kompozitu ne pride do strukturnih sprememb. Menimo, da nanokompozit 
Fe3O4/GO-NH2/H3PMo12O40 predstavlja obetaven “zeleni” adsorbent za odstranjevanje organskih onesnaževal iz voda.
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Abstract
γ-Spiroiminolactone derivatives can be  synthesized through an one-pot three-component reaction of cyclic carbonyl 
compounds (isatin, acenaphthoquinone, ninhydrin), activated α-methylene carbonyl groups and isocyanides in water 
using sodium dodecyl sulfate (SDS) as a commercially available and cheap surfactant compound. All products were ob-
tained in good to excellent yields without formation of any by-products in water as a green and benign reaction medium. 
Moreover, presented method was successfully applied for the synthesis of some novel bis(spiroiminolactone) derivatives.

Keywords: γ-spiroiminolactone, water, multi-component reaction, isocyanide, surfactant

1. Introduction
It is well-known that heterocyclic compounds have 

played an important role in drug discovery and pharma-
ceuticals synthesis. Among various kinds of heterocycles, 
iminolactones have been intensively studied and widely 
applied as useful intermediates for the synthesis of buteno-
lides.1 They have been shown wide range of biological ac-

tivities such as antimicrobial,2 antifungal,3 anti-inflamma-
tory,4 anticancer,5 and antiviral.6 Moreover, iminolactones 
have been used for the synthesis of sphingofungin F7a that 
exhibits inhibitory effects toward serine palmitoyl trans-
ferase (SPT), which induces apoptosis in both yeast and 
mammalian cells by blocking the sphingosine biosynthesis 
pathway.7b 

DOI: 10.17344/acsi.2017.3773

Scheme 1. The one-pot multi-component synthesis of γ-spiroiminolactones in water.
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For a number of reasons, the development of simple 
and more benign chemical processes for the synthesis of 
biologically active compounds in water is one of the major 
challenges for chemists. Some of these reasons are the fact 
that water is a safe, inexpensive, readily available, and en-
vironmentally benign reaction medium.8 However, the in-
solubility of most organic compounds in water is the ma-
jor drawback of the application of water as a safe reaction 
medium in organic synthesis. Furthermore, some active 
sites in organic compounds are either decomposed or de-
activated in water. One useful way to overcome this prob-
lem is the application of surfactant-combined catalysts 
that was first introduced by Kobayashi.9a–e

As people’s concerns about their living environment 
increases continuously, the design of new multi-compo-
nent reactions (MCRs) with ecofriendliness, green proce-
dures had drawn significant attention, especially in organ-
ic synthesis and drug discovery with environmentally be-
nign solvents (specially water) and reagents.9b  

In continuation to our recent studies about the syn-
thesis of heterocyclic compounds in water,10 we wish to 
report an eco-friendly synthesis of γ-spiroiminolactones 
(4a-n) via a one-pot three component reaction of cyclic 
1,2-ketones (1a-d), activated α-methylene carbonyl com-
pounds (2a-c), and isocyanide derivatives (3a-c) in water. 
(Scheme 1).

2. Results and Discussion
Initially, in order to find the best reaction condition, 

the one-pot condensation reaction between isatin (1a)  
(1 mmol, 0.147 g), 5,5-dimethylcyclohexane-1,3-dione (2a) 
(1 mmol, 0.140 g) and  cyclohexyl isocyanide (3a) (1 mmol, 
0.109 g) was selected as a model reaction. The reaction 
yield and duration time were monitored in the presence of 
sodium dodecyl sulfate (SDS) as a very cheap and readily 
available surfactant compound under various reaction con-
ditions. The obtained results are summarized in Table 1.

Table 1. The one-pot condensation reaction between isatin (1a)  
(1 mmol, 0.147 g), 5,5-dimethylcyclohexane-1,3-dione (2a) (1 mmol, 
0.140 g) and  cyclohexyl isocyanide (3a) (1 mmol, 0.109 g) in the 
presence of SDS as a surfactant in water (5 mL) under various reac-
tion conditions.

Entry	 SDS (mol%, g)	 Temp. (°C)	 Time (h)	 Yield (%)a

1	   5,  0.014	 Reflux	 48	 51
2	 10,  0.028	 Reflux	 36	 85
3	 15,  0.042	 Reflux	 24	 91
4	 20,  0.056	 Reflux	 24	 91
5	 25,  0.070	 Reflux	 24	 90
6	 15,  0.042	 r.t.	 48	 –
7	 15,  0.042	 40	 48	 15
8	 15,  0.042	 70	 48	 73
9	 –	 Reflux	 48	 –

a Isolated yield.

As it is shown in Table 1, the best result was obtained 
in the presence of 15 mol% of SDS at reflux temperature 
(Table 1, entry 3). Moreover, the model reaction was stud-
ied in the absence of SDS in water at reflux temperature. At 
this condition the reaction was not proceeded even after a 
long time (48 h) and a gummy solid was formed (Table 1, 
entry 9). This observation establishes the crucial role of 
SDS as a surfactant to produce an appropriate reaction 
medium. Moreover, the model reaction was investigated in 
other solvents such as EtOH, MeOH, CH2Cl2, THF, 
CH3CN, EtOAc and n-hexane, and only trace amounts of 
products were detected (Table 2).

Table 2. The one-pot condensation reaction between isatin (1a), 
5,5-dimethylcyclohexane-1,3-dione (2a), and  cyclohexyl isocya-
nide (3a) with the presence of SDS in various solvents at reflux 
conditions.a

Entry	 Solvent (5 mL)	 Time (h)	 Yield (%)b

1	 n-hexane	 24	 Trace
2	 EtOAc	 24	 Trace
3	 CH3CN	 24	 Trace
4	 EtOH	 24	 28
5	 MeOH	 24	 21
6	 CH2Cl2	 24	 Trace
7	 THF	 24	 Trace 

a Molar ratio: isatin (1 mmol, 0.147 g), 5,5-dimethylcyclohexane-
1,3-dione (1 mmol, 0.140 g),  cyclohexyl isocyanide (1 mmol, 0.109 
g), and SDS (15 mol%, 0.042 g). b Isolated yield.

In the next step, to establish the generality and effi-
ciency of the presented method a variety of starting mate-
rials were examined. In this regard a variety of reactive 
cyclic carbonyl compounds such as isatins, acenaphtho-
quinone and ninhydrin (1a-d), 1,3-dicarbonyl compounds 
(2a-c) and isocyanides (3a-c) were examined under opti-
mized conditions (Scheme 1). The obtained results are 
summarized in Table 3.

All reactions were completed after 24 h and desired 
products were obtained in good to excellent yields (72–
92%). As it is shown in Table 3, lower yields of products 
were obtained in the case of ninhydrin (Table 3, entries 10 
and 11) that may be due to the higher water solubility of 
ninhydrin and its lower tendency to diffuse to micelles.  
We think that two factors play crucial role in this reaction 
and directly affect the yields and the rates. One is the use 
of SDS as a surfactant and the other one is water as a sol-
vent. 

Recent investigations indicate that water molecules 
repel small covalent organic molecules and force them to 
form aggregates in order to decrease the organic surface 
area.11a Forced aggregates of organic reactants are raised 
in energy more than their unaggregated ground states and 
are closer in energy to the activated complexes or transi-
tion states and this phenomenon significantly leads to the 
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Table 3. The one-pot multi-component synthesis of γ-spiroiminolactone derivatives in the presence of SDS in 
water after 24 h.

Entry	 Reactant 1	 Reactant 2	 Reactant 3	 Product  4	 Yield (%)a

1	 1a	 2a	 3a		  91

2	 1a	 2a	 3b		  92

3	 1a	 2a	 3c		  89

4	 1b	 2a	 3a		  83

5	 1b	 2a	 3b		  89

6	 1b	 2a	 3c		  82

7	 1a	 2b	 3a		  90

8	 1b	 2b	 3a		  89

9	 1a	 2b	 3b		  91

10	 1d	 2a	 3a		  75
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enhancement of the reaction rate. Furthermore, hydrogen 
bonding between polar transition states and water mole-
cules leads to the stabilization of transition state and de-
creases the activation gap of the reaction.11a Therefore, the 
use of SDS as a surfactant has major influence on the rate 
of the reactions. This compound forms many micelles in 
water with a lipophilic inner site that will act as micro re-
actors and prepare appropriate places for organic materi-
als to meet each other. So briefly, SDS makes micelles as 
nano-reactors for organic reactions in water, therefore 
organic materials with higher energy states penetrate to 
these nano-reactors and collide with each other to re-
act.11b 

In recent years, the synthesis of bis-heterocyclic 
compounds has been attracted chemists because of unique 
biological activities such as antibacterial, fungicidal, tuber-
culostatic, antiamoebic, and plant growth regulation.12 
Therefore, there are numerous reports on the synthesis of 
various types of these compounds.13 Considering these 
facts, we applied our method for the synthesis of some 
novel bis(spiroiminolactone) derivatives. For this purpose, 
compound (6) was synthesized as a bis(isatin) compound 
via the reaction of isatin (1a, 2 eq) and 1,4-bis(chlorome-
thyl)benzene (5, 1 eq) in DMF. Then it was condensed 
with carbonyl compounds processing the α-methylene 
group (2a-c) and cyclohexyl isocyanide (3a, 2 eq) in water, 
and in the presence of SDS (Scheme 2). 

As it is shown in Scheme 3, our proposed mecha-
nism for the synthesis of γ-spiroiminolactones (4a-n) via a 
one-pot three-component reaction between cyclic carbon-
yl compounds (1a-d), activated α-methylene carbonyl 

groups (2a-c) and isocyanides (3a-c) consists of two steps. 
In the first step, intermediate (5) forms from the Knoeve-
nagel condensation of cyclic carbonyl compounds (1a-d) 
and activated α-methylene carbonyl derivatives (2a-c). In 
the next step, desired products (4a-n) are obtained via the 
Michael-type addition of isocyanides (3a-c) to the inter-
mediate (5). It is followed by an intermolecular cyclization 
reaction. 

Based on the Jafari report14 the catalytic effect of mi-
cellar SDS in our presented method can be explained as 
the following. Cyclic carbonyl compounds (1a-d), activat-

Entry	 Reactant 1	 Reactant 2	 Reactant 3	 Product  4	 Yield (%)a

11	 1d	 2b	 3b		  72

12	 1a	 2c	 3a		  86

13	 1c	 2c	 3b		  83

14	 1c	 2a	 3a		  83

 a Isolated yields.

Figure 1. The one-pot condensation reaction between isatin (1a)  
(1 mmol, 0.147 g), 5,5-dimethylcyclohexane-1,3-dione (2a)  
(1 mmol, 0.140 g) and cyclohexyl isocyanide (3a) (1 mmol, 0.109 g) 
in the presence of recovered SDS in water (5 mL) under reflux con-
dition.
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ed α-methylene groups (2a-c) and isocyanides (3a-c), 
which are expected to produce γ-spiroiminolactones (4a-
n), are all hydrophobic molecules in aqueous media. In the 
micellar solution of SDS, the hydrophobic moieties escape 
from water molecules, which encircle the micelle core of 
SDS. Therefore, they are activated by hydrogen bonding 
and are pushed by water molecules into the hydrophobic 
core of the micellar droplets, where the reactions take 
place more easily. Water is also a sufficiently polar medium 
to shift the keto-enol equilibrium to the enol form, which 

are highly hydrophilic species. This explanation is also 
schematically presented by Scheme 3.

The possibility of catalyst recycling was examined by 
using the model reaction under the optimized conditions. 
After completion of the reaction, the insoluble products 
were filtered, water was evaporated under reduced pres-
sure, and the obtained solid was washed with diethyl ether 
and dried under reduced pressure for 24 h. The recovered 
SDS was reused five times and no loss of efficiency was 
observed (Figure 1).

Scheme 2. The one-pot three component synthesis of some novel bis(spiroiminolactone) derivatives in water in the presence of SDS.
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3. Conclusion

In summary, an efficient one-pot procedure for the syn-
thesis of novel γ-spiroiminolactone derivatives is described.  
This method avoids the use of hazardous catalysts or solvents. 
The advatages the presented method are efficiency, generality, 
high yields of desired products, short reaction times, clean re-
action profile, ease of product isolation, simplicity, and agree-
ment with some green chemistry protocols, which all make it 
a useful and attractive process for the synthesis of γ-spiroimi-
nolactone derivatives. Moreover, the presented method was 
successfully applied for the synthesis of more complex struc-
tures such as novel bis(spiroiminolactone) derivatives.

4. Experimental

The chemicals used in this work were obtained from 
Merck and Sigma-Aldrich companies and were used with-
out purification. Melting points were measured on an 
Elecrtothermal 9100 apparatus and are uncorrected. 1H 
and 13C NMR spectra were recorded on a BRUKER DRX-
250 AVANCE spectrometer at 250 and 62.5 MHz respec-
tively. Chemical shifts are given as δ values in CDCl3 
against TMS as an internal standard and J values are given 
in Hz. IR spectra were recorded using a Shimadzu FT-IR 
apparatus. Microanalyses were performed on a Per-
kin-Elmer 240-B microanalyzer. 

Scheme 3. Proposed mechanism for the synthesis of γ-spiroiminolactones (4a-n) via a one-pot three-component reaction between cyclic carbonyl 
compounds (1a-d) (isatin, acenaphthoquinone, ninhydrin), activated α-methylene groups (2a-c) and isocyanides (3a-c) in the presence of SDS in 
water.
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Preparation of 1-(4-((2,3-dioxoindolin-1-yl)methyl)
benzyl)indoline-2,3-dione (6)

In a double neck 250 mL round-bottom flask con-
nected to an argon gas inlet, NaH (110 mmol, 2.63 g) was 
added to a solution of isatin (100 mmol, 14.71 g) in dried 
DMF 50 mL at 0 oC and resulting mixture was stirred at 
that temperature under argon atmosphere for 0.5 h, and 
then warmed to room temperature. Then, 1,4-bis(chlo-
romethyl)benzene (50 mmol, 8.75 g) was added and re-
sulting solution stirred at 80 oC for 8h under argon atmos-
phere. After this time, the reaction mixture was cooled to 
room temperature and immediately added to the cold wa-
ter (500 mL). Resulting precipitates were filtered and dried. 
Crude products were recrystallized from hot acetic acid 
and 1-(4-((2,3-dioxoindolin-1-yl)methyl)benzyl)indo-
line-2,3-dione (16.00 g, 81%) was obtained as an orange 
solid. mp 243–245 °C. IR (KBr) ν 3050, 2960, 1720, 1670 
cm–1. 1H NMR (250 MHz, CDCl3) δ (ppm) 5.83 (s, 4H), 
7.20 (s, 4H), 7.28 (t, J = 7.5 Hz, 2H), 7.45 (d, J = 7.5 Hz, 
2H), 7.64 (t, J = 7.5 Hz, 2H), 7.74 (d, J = 7.5 Hz, 2H). 13C 
NMR (62.5 MHz, CDCl3) δ (ppm) 46.2, 111.1, 121.3, 
123.5, 128.2, 129.3, 133.8, 135.0, 151.3, 166.9, 186.3. Anal. 
Calcd. for C24H16N2O4: C, 72.72; H, 4.07; N, 7.07 (%). 
Found: C, 72.80; H, 4.01; N, 7.11 (%). MS (m/z): 396 (M+).

General procedure for the preparation of γ-spiroiminol-
actones in the presence of SDS in water

Isocyanide derivative (1 mmol) was added to a mixture 
of 1,3-dicarbonyl compound (1 mmol),  reactive carbonyl 
compound (isatins, acenaphthoquinone or ninhydrin) (1 
mmol) and SDS (0.04 g, 15 mol%) in water (5 mL), and the 
resulting mixture was refluxed and stirred for 24 h. After this 
time, the reaction mixture was cooled to room temperature 
and precipitates were filtered and washed with water (10 mL), 
and recrystallized from hot ethanol to afford the pure prod-
uct. For the synthesis of bis(spiroiminolactone) derivatives, 2 
mmol of isocyanide and 1,3-dicarbonyl compounds should 
be applied for each 1 mmol of bis(isatin) compound.

2-(cyclohexylimino)-6,6-dimethyl-6,7-dihydro-2H- spiro 
[benzofuran-3,3´-indoline]-2´,4(5H)-dione (4a)

White solid, mp 231–234 °C (dec.) (lit. 230 oC 
(dec.)).10a IR (KBr) ν 3395, 2858, 1745, 1731, 1654 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.96 (s, 3H), 0.99 (s, 
3H), 1.13–1.28 (m, 10H), 1.92–2.07 (distorted AB system, 
2H), 2.32 (d, J = 17.5 Hz, 1H), 2.42 (d, J = 17.5 Hz, 1H), 
3.92–4.03 (m, 1H), 6.82–6.97 (m, 3H), 7.24 (t, J = 7.5 Hz, 
1H), 8.01 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 
23.1, 23.8, 26.3, 29.6, 31.1, 37.0, 49.7, 55.4, 66.4, 107.6, 
121.2, 121.3, 126.1, 126.6, 136.5, 137.9, 140.9, 148.3, 174.2, 
191.2. Anal. Calcd. for C23H26N2O3: C, 72.99; H, 6.92; N, 
7.40 (%). Found: C, 73.09; H, 6.98; N, 7.51 (%). MS (m/z): 
378 (M+).

2-(tert-butylimino)-6,6-dimethyl-6,7-dihydro-2H-spiro 
[benzofuran-3,3´-indoline]-2´,4(5H)-dione (4b)

White solid, mp 224–226 °C (dec.) (lit. 227 oC 
(dec.)).10a IR (KBr) ν 3390, 2950, 1750, 1731, 1615 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.96 (s, 3H), 0.99 (s, 
3H), 1.05 (s, 9H), 2.01 (d, J = 17.5 Hz, 1H), 2.13 (d, J = 17.5 
Hz, 1H), 2.47 (d, J = 17.5 Hz, 1H), 2.68 (d, J = 17.5 Hz, 1H), 
6.44 (d, J = 7.5 Hz, 1H), 6.75 (t, J = 7.5 Hz, 1H), 7.31–7.43 
(m, 2H), 8.04 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ 
(ppm) 26.7, 29.1, 30.0, 37.4, 50.1, 52.8, 67.4, 108.0, 121.6, 
121.7, 126.5, 127.0, 136.9, 138.3, 144.4, 148.7, 174.6, 191.6. 
Anal. Calcd. for C21H24N2O3: C, 71.57; H, 6.86; N, 7.95 (%). 
Found: C, 71.50; H, 6.82; N, 8.02 (%). MS (m/z): 352 (M+).

6,6-dimethyl-2-(2,3,3-trimethylbutan-2-ylimino)-6,7-di-
hydro-2H-spiro[benzofuran-3,3´-indoline]-2´,4(5H)-di-
one (4c)	

White solid, mp 217–220 oC (dec.) (lit. 220 °C 
(dec.)).10a IR (KBr) ν 3350, 2985, 1724, 1700, 1603 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 1.06 (s, 3H), 1.10 (s, 
3H), 1.12 (s, 9H), 1.56 (s, 6H), 2.08 (d, J = 17.5 Hz, 1H), 
2.18 (d, J = 17.5 Hz, 1H), 2.55 (d, J = 18.0 Hz, 1H), 2.68 (d, 
J = 18.0 Hz, 1H), 6.75 (d, J = 7.5 Hz, 1H), 6.90 (t, J = 7.5 Hz, 
1H), 7.16–7.32 (m, 2H), 8.73 (s, 1H). 13C NMR (62.5 MHz, 
CDCl3) δ (ppm) 22.9, 24.2, 26.3, 29.6, 33.5, 37.0, 49.7, 67.0, 
72.3, 107.6, 121.2, 121.3, 126.1, 126.6, 136.0, 136.5, 137.9, 
148.3, 174.2, 191.2. Anal. Calcd.for C25H32N2O3: C, 73.50; 
H, 7.90; N, 6.86 (%). Found: C, 73.51; H, 7.93; N, 6.84 (%). 
MS (m/z): 394 (M+).

5´-chloro-2-(cyclohexylimino)-6,6-dimethyl-6,7-dihydro 
-2H-spiro[benzofuran-3,3´-indoline]-2´,4(5H)-dione  
(4d)

White solid, mp 256–258 °C (dec.) (lit. 254 °C 
(dec.)).10a IR (KBr) ν 3400, 2975, 1733, 1710, 1680 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.97(s, 3H), 0.99 (s, 3H), 
1.12–1.30 (m, 10H), 1.96– 2.04 (distorted AB system, 2H), 
2.27 (d, J = 17.5 Hz, 1H), 2.40 (d, J = 17.5 Hz, 1H), 3.41–
3.50 (m, 1H), 6.78 (d, J = 7.5 Hz, 1H), 7.18 (d, J = 7.5 Hz, 
1H), 7.40 (s, 1H), 8.75 (s, 1H).13C NMR (62.5 MHz, CDCl3) 
δ (ppm) 23.4, 25.0, 26.5, 29.8, 32.8, 37.2, 49.9, 55.6, 68.9, 
109.1, 120.2, 125.5, 129.1, 129.6, 136.8, 137.8, 141.1, 148.5, 
174.4, 195.4. Anal. Calcd. for C23H25ClN2O3: C, 66.90; H, 
6.10; N, 6.78 (%). Found: C, 66.93; H, 6.15; N, 6.86 (%). MS 
(m/z): 412 (M+).

2-(tert-butylimino)-5´-chloro-6,6-dimethyl-6,7-dihydro- 
2H-spiro[benzofuran-3,3´-indoline]-2´,4(5H)-dione 
(4e)

White solid, m.p. = 234–236 °C (dec.) (lit. 238 °C 
(dec.)).10a IR (KBr) ν 3250, 2985, 1744, 1632, 1600 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.97 (s, 3H), 0.99 (s, 
3H), 1.11 (s, 9H), 2.05–2.21 (distorted AB system, 2H), 
2.53 (d, J = 17.5 Hz, 1H), 2.65 (d, J = 17.5 Hz, 1H), 6.77 (d, 
J = 7.5 Hz, 1H), 7.13 (d, J = 7.5 Hz, 1H), 7.41 (s, 1H), 8.51 
(s, 1H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 26.3, 28.7, 
29.6, 37.0, 49.7, 52.4, 68.9, 105.9, 120.0, 125.3, 128.9, 129.4, 
136.5, 137.6, 144.0, 148.3, 176.1, 195.1. Anal. Calcd. for 
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C21H23ClN2O3: C, 65.20; H, 5.99; N, 7.24 (%). Found: C, 
65.22; H, 5.91; N, 7.28 (%). MS (m/z): 386 (M+).

5´-chloro-6,6-dimethyl-2-(2,3,3-trimethylbutan-2-ylimi-
no)-6,7-dihydro-2H-spiro[benzofuran-3,3´-indoline]- 
2´,4(5H)-dione (4f)

White solid, mp 220–223 °C (dec.) (lit. 224oC 
(dec.)).10a IR (KBr) ν 3200, 2970, 1725, 1685, 1600 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.98 (s, 3H), 1.05 (s, 
3H), 1.12 (s, 9H), 1.55 (s, 6H), 2.10–2.27 (distorted AB 
system, 2H), 2.58 (d, J = 17.5 Hz, 1H), 2.68 (d, J = 17.5 Hz, 
1H), 6.74 (d, J = 7.5 Hz, 1H), 7.13 (d, J = 7.5 Hz, 1H), 7.41 
(s, 1H), 8.68 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 
23.1, 24.4, 26.5, 29.8, 33.7, 37.2, 49.9, 65.9, 71.6, 109.1, 
120.2, 125.5, 129.1, 131.3, 134.4, 136.8, 137.8, 148.5, 178.9, 
195.5. Anal. Calcd. for C25H31ClN2O3: C, 67.20; H, 6.81; N, 
6.53 (%). Found: C, 67.33; H, 6.98; N, 6.36 (%). MS (m/z): 
428 (M+).

2-(cyclohexylimino)-6,7-dihydro-2H-spiro[benzofuran- 
3,3´-indoline]-2´,4(5H)-dione (4g)

White solid, mp 231–234 °C (dec.) (lit.235 oC 
(dec.)).10a IR (KBr) ν 3390, 2855, 1740, 1730, 1655 cm–1. 
1H NMR (250 MHz, CDCl3) δ (ppm) 1.02–1.31 (m, 10H), 
1.93–2.12 (m, 4H), 2.38 (t, J = 7.5 Hz, 2H), 3.98 (m, 1H), 
6.74 (d, J = 7.5 Hz, 1H), 6.90 (t, J = 7.5 Hz, 1H), 7.15–7.26 
(m, 2H), 8.04 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ 
(ppm) 19.7, 21.9, 23.4, 26.1, 31.3, 34.5, 55.6, 69.7, 107.8, 
117.8, 124.3, 126.8, 128.2, 138.1, 141.1, 146.4, 179.7, 196.3. 
Anal. Calcd. for C21H22N2O3: C, 71.98; H, 6.33; N, 7.99 
(%). Found: C, 71.95; H, 6.38; N, 7.95 (%). MS (m/z): 350 
(M+).

5´-chloro-2-(cyclohexylimino)-6,7-dihydro-2H-spiro 
[benzofuran-3,3´-indoline]-2´,4(5H)-dione (4h)

White solid, mp 243–245 °C (dec.) (lit. 241 oC 
(dec.)).10a IR (KBr) ν 3395, 2850, 1746, 1732, 1650 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.98–1.30 (m, 10H), 
1.95–2.34 (m, 4H), 2.31 (t, J = 7.5 Hz, 2H), 3.94 (m, 1H), 
6.73 (d, J = 7.5 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 7.40 (s, 
1H), 8.04 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 
19.7, 21.9, 23.4, 26.6, 31.3, 34.5, 58.3, 69.2, 109.1, 120.2, 
125.5, 128.2, 129.1, 133.0, 137.8, 141.1, 144.1, 178.9, 195.9. 
Anal. Calcd. for C21H21ClN2O3: C, 65.54; H, 5.50; N, 7.28 
(%). Found: C, 65.58; H, 5.51; N, 7.34 (%). MS (m/z): 384 
(M+).

2-(tert-butylimino)-6,7-dihydro-2H-spiro[benzofuran- 
3,3´-indoline]-2´,4(5H)-dione (4i)

White solid, mp 225–228 °C (dec.), (lit. 225 oC 
(dec.)).10a IR (KBr) ν 3392, 2955, 1752, 1731, 1615 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 1.07 (s, 9H), 2.08–2.20 
(m, 4H), 2.28 (t, J = 7.5 Hz, 2H), 6.79 (d, J = 7.5 Hz, 1H), 
6.91 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 7.5 Hz, 1H), 7.29 (t, J = 
7.5 Hz, 1H), 9.01 (s, 1H). 13C NMR (62.5 MHz, CDCl3) δ 
(ppm) 19.3, 21.5, 28.5, 34.1, 52.2, 69.0, 107.4, 121.1, 124.5, 

126.4, 127.8, 137.7, 143.8, 145.1, 177.9, 195.5. Anal. Calcd. 
for C19H20N2O3: C, 70.35; H, 6.21; N, 8.64 (%). Found: C, 
70.39; H, 6.27; N, 8.66 (%). MS (m/z): 324 (M+). 

2-(cyclohexylimino)-6,6-dimethyl-6,7-dihydro-2H-spiro 
[benzofuran-3,2´-indene]-1´,3´,4(5H)-trione (4j)

White solid, mp 238–240 °C (dec.) (lit. 242 oC 
(dec.)).10a IR (KBr) ν 3390, 2855, 1743, 1735, 1730 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 0.97 (s, 3H), 0.99 (s, 
3H), 1.04–1.38 (m, 10H), 1.98–2.13 (distorted AB system, 
2H), 2.47 (d, J = 18.0 Hz, 1H), 2.59 (d, J = 17.5 Hz, 1H),  
4.01 (m, 1H), 6.64 (d, J = 7.5 Hz, 2H), 6.98 (d, J = 7.5 Hz, 
2H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 22.3, 23.0, 
25.5, 28.8, 33.5, 36.2, 48.9, 54.6, 68.5, 115.4, 133.2, 133.5, 
136.7, 136.9, 141.7, 157.2, 196.8, 205.1. Anal. Calcd. for 
C24H25NO4: C, 73.64; H, 6.44; N, 3.58 (%). Found: C, 73.66; 
H, 6.40; N, 3.60 (%). MS (m/z): 391 (M+).

2-(tert-butylimino)-6,7-dihydro-2H-spiro[benzofuran- 
3,2´-indene]-1´,3´,4(5H)-trione (4k)

White solid, mp 244–246 °C (dec.) (lit. 248 oC 
(dec.)).10a IR (KBr) ν 3390, 2850, 1745, 1738, 1730 cm–1. 1H 
NMR (250 MHz, CDCl3) δ (ppm) 1.04 (s, 9H), 1.87–2.32 
(m, 4H), 2.40 (t, J = 7.5 Hz, 2H), 6.79 (d, J = 7.5 Hz, 2H), 
7.01 (d, J = 7.5 Hz, 2H). 13C NMR (62.5 MHz, CDCl3) δ 
(ppm) 20.0, 23.2, 29.2, 34.8, 52.9, 67.8, 115.3, 123.4, 134.5, 
137.9, 145.1, 158.3, 196.1, 206.7. Anal. Calcd. for 
C20H19NO4: C, 71.20; H, 5.68; N, 4.15 (%). Found: C, 71.25; 
H, 5.62; N, 4.20 (%). MS (m/z): 337 (M+).

2-(cyclohexylimino)spiro[indeno[1,2-b]furan-3,3´-indo-
line]-2´,4(2H)-dione (4l)

White solid, mp 284–287 °C (dec.) (lit. 284 oC 
(dec.)).10a IR (KBr) ν 3390, 2855, 1738, 1695 cm–1. 1H NMR 
(250 MHz, DMSO-d6) δ (ppm) 1.01–1.33 (m, 10H), 3.96 
(m, 1H), 6.75 (d, J = 7.5 Hz, 1H), 6.90 (t, J = 7.5 Hz, 1H), 
7.15–7.26 (m, 4H), 7.64 (t, J = 7.5 Hz, 1H), 7.82 (d, J = 7.5 
Hz, 1H), 9.93 (s, 1H). 13C NMR (62.5 MHz, DMSO-d6) δ 
(ppm) 23.1, 23.8, 31.1, 55.4, 64.0, 107.9, 117.2, 121.3, 122.1, 
124.4, 125.1, 126.6, 127.0, 128.3, 131.1, 132.5, 139.9, 145.0, 
147.8, 152.3, 170.2, 195.7. Anal. Calcd. for C24H20N2O3: C, 
74.98; H, 5.24; N, 7.29 (%). Found: C, 74.93; H, 5.26; N, 
7.33 (%). MS (m/z): 384 (M+).

2´-(tert-butylimino)-2H-spiro[acenaphthylene-1,3´-in-
deno[1,2-b]furan]-2,4´(2´H)-dione (4m)

White solid, m.p. >300 oC (lit. > 300 oC).10a IR (KBr) 
ν 3395, 2857, 1730, 1695 cm–1. 1H NMR (250 MHz, 
CDCl3) δ (ppm) 1.05 (m, 9H), 7.12 –7.44 (m, 5H), 7.52–
7.69 (m, 1H), 7.78–7.91 (m, 1H), 7.98–8.20 (m, 3H). 13C 
NMR (62.5 MHz, CDCl3) δ (ppm) 31.2, 54.5, 76.6, 121.5, 
124.0, 125.1, 125.8, 126.5, 127.0, 127.8, 128.8, 129.5, 130.1, 
132.0, 132.9, 134.0, 134.1, 134.8, 140.5, 145.3, 147.9, 186.5, 
195.8. Anal. Calcd. for C26H19NO3: C, 79.37; H, 4.87; N, 
3.56 (%). Found: C, 79.39; H, 4.80; N, 3.51 (%). MS (m/z): 
393 (M+).
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2´-(cyclohexylimino)-6´,6´-dimethyl-6´,7´-dihydro-2H, 
2´H-spiro[acenaphthylene-1,3´-benzofuran]-2,4´(5´H)- 
dione  (4n)

White solid, mp 231–233 °C (dec.) (lit. 229 oC 
(dec.)).10a IR (KBr) ν 2890, 1740, 1620, 1612. 1H NMR (250 
MHz, CDCl3) δ (ppm) 0.87 (s, 3H), 0.90 (s, 3H), 0.97–1.05 
(m, 10H), 1.98–2.14 (distorted AB system, 2H), 2.35–2.44 
(distorted AB system, 2H), 4.05 (m, 1H), 7.36–7.42 (m, 
1H), 7.65–7.75 (m, 1H), 7.81–7.95 (m, 1H), 7.98–8.23 (m, 
3H). 13C NMR (62.5 MHz, CDCl3) δ (ppm) 21.4, 26.9, 28.5, 
30.2, 35.5, 48.5, 50.1, 54.0, 93.2, 108.6,  112.8, 117.2, 122.0, 
124.9, 127.7, 128.4, 130.9, 132.6, 149.0, 153.2, 163.0,  185.7,  
191.5  195.7. Anal. Calcd. for C27H27NO3: C, 78.42; H, 6.58; 
N, 3.39 (%). Found: C, 78.38; H, 6.61; N, 3.42 (%). MS 
(m/z): 413 (M+).

2´-(cyclohexylimino)-6´,6´-dimethyl-6´,7´-dihydro-2H, 
2´H-spiro[acenaphthylene-1,3´-benzofuran]-2,4´(5´H) 
-dione  (7a)

White solid, mp >300 °C. IR (KBr) ν 3050, 2970, 
1740, 1730, 1660 cm–1. 1H NMR (250 MHz, DMSO-d6) δ 
(ppm) 0.96 (s, 6H), 0.99 (s, 6H), 1.07–1.28 (m, 20H), 1.96–
2.14 (distorted AB system, 4H), 2.56 (d, J = 18.0 Hz, 2H), 
2.67 (d, J = 18.0 Hz, 2H), 3.92–4.03 (m, 2H), 4.64 (d, J = 
12.0 Hz, 2H), 4.89 (d, J = 12.0 Hz, 2H), 6.76 (d, J = 7.5 Hz, 
2H), 6.92 (t, J = 7.5 Hz, 2H), 7.05 (s, 4H), 7.15–7.26 (m, 
4H). 13C NMR (62.5 MHz, DMSO-d6) δ (ppm) 23.4, 24.0, 
26.5, 29.8, 31.3, 37.2, 39.9, 49.9, 55.6, 68.2, 107.9, 116.9, 
121.9, 124.0, 127.1, 129.3, 131.6, 136.1, 139.2, 141.0, 147.7, 
174.8, 196.1. Anal. Calcd. for C54H58N4O6: C, 75.50; H, 
6.81; N, 6.52 (%). Found: C, 75.41; H, 6.88; N, 6.43 (%). MS 
(m/z): 859 (M+).

2´-(cyclohexylimino)-6´,6´-dimethyl-6´,7´-dihydro-2H, 
2´H-spiro[acenaphthylene-1,3´-benzofuran]-2,4´(5´H) 
-dione  (7b)

White solid, mp >300 °C. IR (KBr) ν 3060, 2950, 
1748, 1735, 1665 cm–1. 1H NMR (250 MHz, DMSO-d6) δ 
(ppm) 0.99–1.29 (m, 20H), 1.96–2.12 (m, 8H), 2.37 (t, J = 
7.5 Hz, 4H), 3.99 (m, 2H), 4.590 (d, J = 12.0 Hz, 2H), 4.73 
(d, J = 12.0 Hz, 2H), 6.75 (d, J = 7.5 Hz, 2H), 6.90 (t, J = 7.5 
Hz, 2H), 7.06 (s, 4H), 7.15–7.26 (m, 4H). 13C NMR (62.5 
MHz, DMSO-d6) δ (ppm) 19.9, 22.0, 23.5, 26.8, 27.8, 34.7, 
46.2, 55.8, 65.6, 108.1, 121.4, 123.3, 126.6, 126.9, 127.3, 
129.4, 135.4, 139.3, 141.1, 145.7, 174.1, 196.7. Anal. Calcd. 
for C50H50N4O6: C, 74.79; H, 6.28; N, 6.98 (%). Found: C, 
74.74; H, 6.20; N, 7.05 (%). MS (m/z): 802 (M+).

2´-(cyclohexylimino)-6´,6´-dimethyl-6´,7´-dihydro-2H, 
2´H-spiro[acenaphthylene-1,3´-benzofuran]-2,4´(5´H) 
-dione  (7c)

White solid, mp >300 °C. IR (KBr) ν 3060, 2950, 
1748, 1735, 1665 cm–1. 1H NMR (250 MHz, DMSO-d6) δ 
(ppm) 1.00–1.35 (m, 20H), 3.90 (m, 2H), 4.59 (d, J = 12.0 
Hz, 2H), 4.74 (d, J = 12.0 Hz, 2H), 6.79 (d, J = 7.5 Hz, 2H), 
6.90 (t, J = 7.5 Hz, 2H), 7.11 (s, 4H), 7.14–7.26 (m, 8H), 

7.64 (t, J = 7.5 Hz, 2H), 7.82 (d, J = 7.5 Hz, 2H). 13C NMR 
(62.5 MHz, DMSO-d6) δ (ppm) 23.5, 24.2, 31.5, 43.3, 55.8, 
66.0, 107.9, 119.2, 121.7, 124.8, 127.2, 127.3, 127.4, 128.7, 
129.9, 131.5, 131.8, 132.9, 140.1, 143.6, 146.3, 153.4, 176.0, 
193.5. Anal. Calcd. for C56H46N4O6: C, 77.22; H, 5.32; N, 
6.43 (%). Found: C, 77.13; H, 5.40; N, 6.31 (%). MS (m/z): 
870 (M+).
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Povzetek
V prispevku je opisana priprava γ-spiroiminolaktonskih derivatov z enostopenjsko trokomponentno reakcijo cikličnih 
karbonilnih spojin (kot so: isatin, acetonaftokinon, ninhidrin), spojin z aktivirano α-metilensko karbonilno skupino in 
izocianidov v vodi, ob uporabi natrijevega dodecil sulfata (SDS) kot komercialno dostopne in cenene površinsko aktivne 
snovi. Vsi produkti so bili pridobljeni z dobrimi in nekateri celo z odličnimi izkoristki, brez tvorbe stranskih produktov. 
Kot reakcijski medij je bila uporabljena voda kot zeleno in nenevarno topilo. Predstavljena metoda je bila tudi uspešno 
uporabljena za pripravo nekaterih novih bis(spiroiminolaktonskih) derivatov.
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1. Introduction
1,2,3-Triazoles are one of the most important class-

es of heterocyclic organic compounds, which are report-
ed to be present in a plethora of biological activities in 
diverse therapeutic areas.1 The 1,2,3-triazole motif is as-
sociated with diverse pharmacological activities, such as 
antibacterial, antifungal, hypoglycemic, antihypertensive 
and analgesic properties. Polysubstituted five-membered 
aza heterocycles rank as the most potent glycosidase in-
hibitors.2 Further, this nucleus in combination (or linked) 
with various other classes of compounds, such as amino 
acids, steroids, aromatic compounds, carbohydrates etc., 
became prominent in having various pharmacological 
properties.3 1,2,3-Triazole modified carbohydrates have 
became easily available after the discovery of the Cu(I) 
catalyzed azide-alkynes 1,3-dipolar cycloaddition reac-
tion4 and quickly became a pronounced class of non-nat-

ural sugars. The chemistry and biology of triazole modi-
fied sugars is dominated by triazole glycosides.5 There-
fore, the synthesis and investigation of biological activity 
of 1,2,3-triazole glycosides is an important objective, 
which also received a considerable attention by the me-
dicinal chemists. 

Thiazoles are familiar group of heterocyclic com-
pounds possessing a wide variety of biological activities 
and their utility as medicine is very much estabilished.6 
Thiazole nucleus is also an integral part of all the available 
pencillins which have revolutionized the therapy of bacte-
rial diseases.7 Furthurmore, there has been considerable 
interest in the chemistry of thiazolidine-4-one ring system 
which is the core structure in various synthetic pharma-
ceuticals displaying a broad spectrum of biological activi-
ties.8–10 The thiazolidine-4- one ring also occurs in nature; 
thus actithiazic acid isolated from Streptomycis strains ex-
hibits highly specific in vitro activity against mycobacteri-

DOI: 10.17344/acsi.2017.3805

Abstract
A new series of 5-((3aR,5S,6S,6aR)-6-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydro-
furo[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2,6-diphenyl-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thiazoles 10a–r 
was synthesized by the reaction of chalcone derivatives of 2-((3aR,5S,6S,6aR)-6-((1-(4-chlorophenyl)-1H-1,2,3-triazol-
4-yl)methoxy)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-phenylthiazolidin-4-one 9 with aryl/alkyl hydra-
zines. The chemical structures of newly synthesized compounds were elucidated by IR, NMR, MS and elemental analysis. 
The compounds 10a–r were evaluated for their nematicidal activity against Dietylenchus myceliophagus and Caenorhab-
ditis elegans by aqueous in vitro screening technique. Among them, compounds containing N-benzylpyrazole moiety 
(10d, 10j, 10p), and N- methylpyrazole moiety (10f, 10i, 10r) showed significant nematicidal activity against both tested 
nematodes with LD50 160–210 ppm, almost equal to oxamyl standard. Further, these compounds 10a–r were screened 
for their antifungal (MZI, MIC, and MFC) activity against four fungal organisms viz, Candida albicans (ATCC 102331), 
Aspergillus fumigates (HIC 6094), Trichophyton rubrum (IFO 9185) and Trichophyton mentagrophytes (IFO 40996). Most 
of the new compounds showed appreciable activity against the tested fungi, and emerged as potential molecules for 
further development.

Keywords: Hybrid heterocyclics, click reaction, Knovenagel condensation, cyclisation, nematicidal activity, antifungal 
activity
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um Tuberculosis.11 Thiazolidine-4-ones are known to ex-
hibit diverse bioactivities, such as antiplatelet activating 
factor,12 antihistaminic,13 COX inhibitory,14 Ca+2 channel 
blocking,15 PAF antagonist,16 cardioprotective,17 anti-isch-
emic18 and nematicidal activities.19 Moreover, pyrazoles 
and their derivatives could be considered as possible anti-
microbial agents.20 The other derivatives display antide-
pressant,21 antiarthritic22 and cerebroprotecting23 proper-
ties. Some aryl pyrazoles were reported to be non-nucleo-
side human immunodeficiency virus (HIV-1) reverse 
transcriptase inhibitor,24 COX-2 inhibitor,25–27 activator of 
the nitric oxide receptor and to have soluble guanylate cy-
clase activity.28

Nematodes are tiny worms, some of them are plant 
parasites, and can play an important role in the predispo-
sition of the host plant to the invansion by secondary 
pathogens.29 Plants attacked by nematodes show retarded 
growth and development, as well as loss in the quality and 
quantity of the harvest. The namaticides currently still in 
use are slated for reduction due to the environmental 
problems, and human and animals health concerns. For 
example, effective namaticides, such as dibromochloro-
propane (DBCD) and ethylene dibromide (EDB) have 
been withdrawn from the market due to their deleterious 
effects on humans and the environment. Methyl bromide, 
the most effective and widely used fumigant for soil-borne 
pests including nematodes, has already been banned.

The use of nonfumigant nematicides, based on or-
ganophosphates and carbamates, is expected to increase 
concomitantly with the withdrawal of methyl bromide, 
which will bring about new environmental concerns. In 
fact, the highly toxic Aldicarb used to control insects and 
nematodes has been detected in ground water.30 Therefore, 
alternative nematode control methods or less toxic nemat-
icides need to be developed.31 One way of searching for 
such nematicidal compounds is to screen naturally occur-
ring compounds in plants. Several such compounds, e.g. 
alkaloids, sesquiterpenes, diterpenes, polyacetylenes have 
nematicidal activity.32–33 For example, a-terthienyl is a 
highly effective nematicidal compound. Other compounds 
with nematicidal activity have been isolated from plants, 
mainly from the family Asteraceae.32–33 However, com-
pounds of plant origin and their analogs have not been 
developed into commercial nematicides yet; hence there is 
a need to develop commercial syntheses.

Following the successful introduction of antimicro-
bial and nematicidal agents, inspired by the biological 
profile of triazoles, thiazolidinones, pyrazoles and their 
increasing importance in pharmaceutical and biological 
fields and in continuation of our work on biologically ac-
tive molecules34–48 and in order to enhance the biological 
activity of triazoles, thiazolidinones and pyrazole moi-
eties, it was thought to be of interest to accomodate tri-
azole, thiazolidinones and pyrazole moieties in single mo-
lecular framework. In this article we report the synthesis 
of a new class of hybrid heterocycles 10a–g in good yields 

and their evaluation for in vitro antifungal and nemati-
cidal activity.

2. Results and Discussion
The key intermediate 8 required for the synthesis of 

title compound was prepared according to the procedure 
outlined in the Scheme 1. Diacetone D-glucose (1) pre-
pared from D-(+)-glucose by treating with acetone in the 
presence of a catalytic amount of sulphuric acid according 
to the literature procedure,49 reduction of 2 (prepared by 
Swern oxidation of 1) with NaBH4 in aq. ethanol at 0 °C for 
1 h gave 3 (77%), which on subsequent propargylation in 
DMF in the presence of NaH for 1 h afforded propargyl 
ether 4 (80%). Now the propargyl ether converted into tri-
azole 5 (82%) by using 1,3-dipolar cycloaddition with 
p-chlorophenyl azide was carried out at ambient tempera-
ture in the presence of CuSO4 and sodium ascorbate in a 
mixture of 1:1 t-BuOH–H2O as reported by Sharpless. 
Acid hydrolysis of 5,6-acetonide 5 in 60% AcOH furnished 
the diol 6 (85%), which on oxidative cleavage with NaIO4 
gave the aldehyde 7. Subsequently one-pot synthesis of tri-
azole linked to thiazolidenone glycosides was carried out 
by the condensation reaction between 7, primary aromatic 
amine and a thioglycolic acid in the presence of ZnCl2 un-
der microwave irradiation/conventional heating (Scheme 
2). In the classical method, the reactions were performed 
in dry toluene at reflux for a long time (2–4 h), often lead-
ing to degradation processes and consequent low yields of 
isolated products, whereas the application of microwave 
assisted technology, the reaction is completed in only 5–10 
minutes and the compounds, isolated by conventional 
work-up, are obtained in satisfactory yields, often higher 

Table 1. Synthesis of compounds 10a–r

Compound	         R	          RI	 Yield (%)

       10a	 p-Me-C6H4-	 C6H5-	 69
       10b	 p-Me-C6H4-	 p-MeOC6H4-	 70
       10c	 p-Me-C6H4-	 p-Cl-C6H4-	 67
       10d	 p-Me-C6H4-	 C6H5-CH2-	 72
       10e	 p-Me-C6H4-	 (CH3)2-CH-	 76
       10f	 p-Me-C6H4-	 CH3-	 66
       10g	 p-Cl-C6H4-	 C6H5-	 68
       10h	 p-Cl-C6H4-	 p-MeOC6H4-	 70
       10i	 p-Cl-C6H4-	 p-Cl-C6H4-	 76
       10j	 p-Cl-C6H4-	 C6H5-CH2-	 69
       10k	 p-Cl-C6H4-	 (CH3)2-CH-	 67
       10l	 p-Cl-C6H4-	 CH3-	 71
       10m	 p-NO2-C6H4-	 C6H5-	 74
       10n	 p-NO2-C6H4-	 p-MeOC6H4-	 76
       10o	 p-NO2-C6H4-	 p-Cl-C6H4-	 72
       10p	 p-NO2-C6H4-	 C6H5-CH2-	 74
       10q	 p-NO2-C6H4-	 (CH3)2-CH-	 71
       10r	 p-NO2-C6H4-	 CH3-	 67
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than those achieved by traditional methods.35 Compound 
8 was then reacted with p-fluorobenzaldehyde in the pres-
ence of anhydrous NaOAc in glacial AcOH at reflux tem-
perature to give chalcone derivatives of triazole linked thi-
azolidenone glycosides 9. Furthermore, the compounds 
upon cyclocondensation with alkyl/aryl hydrazines in the 
presence of anhydrous NaOAc in glacial AcOH at reflux 
temperature gave 10a–r in good yields. The versatility of 
the reaction is demonstrated by the fact that both aromatic 
hydrazines, such as phenyl hydrazines, and aliphatic hy-
drazines, such as benzylhydrazine, isopropylhydrazine, 
methylhydrazine, afforded their corresponding 10a–r in 
good yields. The structures of synthesized compounds 

were confirmed by IR, NMR, MS and elemental analysis. 
Furthermore, the compounds were subjected to nemati-
cidal and anti bacterial testing.

3. Antifungal Activity
The newly prepared compounds 10a–r were screened 

for their antifungal activity against four fungal organisms, 
viz Candida albicans (ATCC 10231), Aspergillus fumigates 
(HIC 6094), Trichophyton rubrum (IFO 9185) and Tricho-
phyton mentagrophytes (IFO 40996) in dimethyl sulfoxide 
(DMSO) by agar diffusion method.50 Amphotericin B was 

Sheme 1

Sheme 2

R = a) 4-CH3-C6H5 b) 4-Cl-C6H5; c) 4-NO2-C6H5

Reagents and conditions: a) COCl2, CH2Cl2, Et3N, –78 °C 
→ rt, 1.5 h, 83%; b) NaBH4, EtOH, H2O, (19:1), 0 °C → rt, 
78%; c) Propargyl bromide, NaH, DMF, 0 oC → rt; d) 
p-Chlorophenylazide, sodium ascorbate, CuSO4 · 5H2O, 
t-BuOH/H2O, 0 °C → rt, 75%; e) 60%, AcOH, rt, 69%; f) 
NaIO4, CH2Cl2, 0 °C → rt, 75%; g) Ar-NH2, SHCH2COOH, 
ZnCl2, toluene, 80 °C, 85%; h) 4-F-C6H4-CHO, AcOH /
NaOAc, reflux, 82–88%; i) R’-NHNH2 · HCl, AcOH/
NaOAc reflux, 76–67%.
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used as the standard drug and the zones of fungal inhibi-
tion values are reported in Table 3. In addition, the MIC 
and MFC values determined by the broth dilution meth-
od51 are recorded in Table 4.

4. Nematicidal Activity 
The compounds synthesized 10a–g in this study 

were also screened for their nematicidal activity against 
Dietylenchus myceliophagus and Caenorhabditis elegans by 
aqueous in vitro screening technique52 at various concen-
trations. The nematicidal activity of each tested compound 
was compared with the standard drug Levamisole. The re-
sults have been expressed in terms of LD50 i.e. median le-

thal dose at which 50% of nematodes became immobile 
(dead). The screened data reveal that compounds 10e and 
10f are the most effective against Dietylenchus myceliopha-
gus and Caenorhabditis elegans with LD50 190 and 220 × 
10–6 respectively, whereas the other tested compounds 
showed moderate activity. The LD50 values of the com-
pounds screened are presented in Table 2.

5. Experimental
Commercial grade reagents were used as supplied. 

Solvents except analytical reagent grade were dried and pu-
rified according to literature when necessary. Reaction 
progress and purity of the compounds were checked by 

Table 2. Median lethal dose LD50 (ppm) of compounds 10a–r

	Compd.	 D. mycelio-	 C. elegans	 Compd.	 D. mycelio-	 C. elegans		  phagus		  phagus	

	 10a	 850	 670	 10j	 180	 200
	 10b	 950	 870	 10k	 520	 670
	 10c	 240	 360	 10l	 190	 210
	 10d	 190	 210	 10m	 800	 620
	 10e	 550	 600	 10n	 920	 810
	 10f	 160	 200	 10o	 230	 350
	 10g	 810	 650	 10p	 190	 190
	 10h	 900	 820	 10q	 510	 600
	 10i	 290	 380	 10r	 180	 200
Oxamyl	 150	 180	 Oxamyl	 150	 180

LD50, median lethal dose (the concentration at which 50% nematodes became immobile)

Table 3. Inhibitory zone diameters (mm) of 10a–r against tested fungal strains

	 Compound	 Mean zone of inhibition (MZI) in mma

		  C. albicans	 A. fumigatus	 T. rubrum	 T. mentagrophytes

	 10a	 11	 10	 –	 09
	 10b	 09	 15	 13	 12
	 10c	 13	 11	 11	 10
	 10d	 22	 16	 15	 16
	 10e	 –	 13	 –	 –
	 10f	 20	 20	 20	 18
	 10g	 –	 –	 17	 –
	 10h	 14	 –	 –	 –
	 10i	 –	 –	 15	 –
	 10j	 21	 17	 14	 16
	 10k	 10	 –	 11	 12
	 10l	 18	 15	 13	 16
	 10m	 08	 11	 10	 09
	 10n	 13	 –	 –	 –
	 10o	 15	 –	 –	 –
	 10p	 19	 16	 11	 13
	 10q	 –	 –	 09	 –
	 10r	 21	 14	 15	 14
Amphotericin B	 25	 20	 20	 18

Amphotericin B (100 μg/disc) was used as the positive reference; compounds 10a–r (300 μg/disc).
– indicates no sensitivity or MZI lower that 7 mm.   a Values are mean (n = 3).
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thin-layer chromatography (TLC) on pre-coated silica gel 
F254 plates from Merck and compounds were visualized ei-
ther by exposure to UV light or dipping in 1% aqueous po-
tassium permanganate solution. Silica gel chromatographic 
columns (60–120 mesh) were used for separations. Micro-
wave reactions were carried out in mini lab microwave cat-
alytic reactor (ZZKD, WBFY-201). Optical rotations were 
measured on Perkin–Elmer 141 polarimeter by using a 2 
mL cell with a path length of 1 dm with CHCl3 or CDCl3 as 
solvent. All melting points are uncorrected and measured 
using Fisher–Johns apparatus. IR spectra were recorded as 
KBr disks on a Perkin–Elmer FT IR spectrometer. The 1H 
NMR and 13C NMR spectra were recorded on a Varian 
Gemini spectrometer (300 MHz for 1H and 75 MHz for 
13C). Chemical shifts are reported as δ on ppm scale against 
TMS as the internal reference and coupling constants (J) are 
reported in Hz units. Mass spectra were recorded on a VG 
micro mass 7070H spectrometer. Elemental analyses (C, H, 
N) were determined by a Perkin–Elmer 240 CHN elemental 
analyzer and are within ±0.4% of theoretical values.

2-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-phenylthiazolidin-4-ones 
8a–c. To a solution of diol 6 (0.200 g, 0.48 mmol) in  
CH2Cl2 (5 mL), NaIO4 (0.130 g, 0.61 mmol) was added at 0 
°C and stirred at room temperature for 6 h. The reaction 
mixture was filtered and washed with CH2Cl2 (2 × 10 mL). 
It was dried (Na2SO4) and evaporated to give aldehyde 7 
(0.150 g) in quantitative yield as a yellow liquid, which was 
used as such for the next reaction. 

To a stirred mixture of 7 (0.150 g, 0.395 mmol), ar-
omatic amine (0.395 mmol) and anhydrous thioglycolic 
acid (0.160 g, 0.211 mmol) in dry toluene (5 mL), ZnCl2 
(0.100g, 0.751 mmol) was added after 2 min and irradiat-
ed in microwave bath reactor at 280 W for 4–7 minutes at 
110 °C. After cooling, the filtrate was concentrated to 
dryness under reduced pressure and the residue was tak-
en-up in ethyl acetate. The ethyl acetate layer was washed 
with 5% sodium bicarbonate solution and finally with 
brine. The organic layer was dried over Na2SO4 and evap-
orated to dryness at reduced pressure. The crude product 
thus obtained was purified by column chromatography 
on silica gel (60–120 mesh) with hexane/ethyl acetate as 
the eluent. 

2-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-p-tolylthiazolidin-4-one 
(8a) m.p. 191–193 °C; 1H NMR (300 MHz, CDCl3) δ 8.26 
(d, J = 8.7 Hz, 2H, Ar-H), 8.04 (s,1H,Ar-H), 7.54 (d, J = 9.2 
Hz, 2H, Ar-H), 7.39 (d, J = 8.33 Hz, 2H, Ar-H), 7.15 (d, J = 
8.3 Hz, 2H, Ar-H), 5.76 (d, J = 3.6 Hz,1H, C1H), 4.96 (d, J 
= 5.2 Hz,1H, CH-S), 4.66 (t, J = 3.9 Hz,1H, C2H), 4.54 (s, 
2H, OCH2), 3.96–3.91 (m, 1H,C4H), 3.76 (s, 2H, CH2), 
3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 2.3 (s, 3H,CH3), 
1.53 (s, 3H,CH3), 1.36 (m, 3H,CH3); 13C NMR (75 MHz, 
CDCl3) δ 172.6, 143.2, 137.4, 133.6, 132.3, 131.2, 128.4, 
127.9, 124.8,122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 
65.9, 51.4, 26.1, 16.1; MS: m/z (M++Na) 565. Anal. Calcd 
for C26H27ClN4O5S: C, 57.51; H, 5.51; N, 10.32. Found: C, 
57.32; H, 5.35; N, 10.09.

Table 4. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) in μg/mL of compounds 10a–r

	 Compd.	 C. albicans		 A. fumigatus	 T. rubrum		  T. mentagrophytes
		  MIC	 MFC	 MIC	 MFC	 MIC	 MFC	 MIC	 MFC

	 10a	 –	 –	 25.0	 25.0	 25.0	 50.0	 25.0	 25.0
	 10b	 25.0	 25.0	 25.0	 50.0	 12.5	 12.5	 12.5	 25.0
	 10c	 12.5	 25.0	 6.25	 12.5	 6.25	 12.5	 6.25	 12.5
	 10d	 3.12	 6.25	 25.0	 25.0	 12.5	 25.0	 25.0	 25.0
	 10e	 12.5	 25.0	 –	 –	 –	 –	 –	 –
	 10f	 3.12	 3.12	 3.12	 6.25	 3.12	 6.25	 6.25	 12.5
	 10g	 6.25	 6.25	 12.5	 25.0	 12.5	 12.5	 6.25	 12.5
	 10h	 25.0	 50.0	 –	 –	 25.0	 50.0	 25.0	 50.0
	 10i	 12.5	 12.5	 25.0	 25.0	 12.5	 12.5	 25.0	 50.0
	 10j	 3.12	 6.25	 6.25	 12.5	 6.25	 12.5	 12.5	 25.0
	 10k	 12.5	 25.0	 25.0	 25.0	 –	 –	 25.0	 50.0
	 10l	 12.5	 25.0	 6.25	 50.0	 6.25	 25.0	 –	 –
	 10m	 12.5	 25.0	 12.5	 50.0	 6.25	 25.0	 12.5	 12.5
	 10n	   6.25	 12.5	 12.5	 25.0	 12.5	 25.0	 –	 –
	 10o	 25.0	 25.0	 25.0	 50.0	 25.0	 50.0	 6.25	 12.5
	 10p	 12.5	 25.0	 –	 –	 –	 –	 –	 –
	 10q	 25.0	 25.0	 25.0	 50.0	 12.5	 25.0	 12.5	 25.0
	 10r	 12.5	 25.0	 12.5	 25.0	 12.5	 25.0	 12.5	 25.0
	Amphotericin B	 6.25	 12.5	 3.12	 6.25	 3.12	 12.5	 3.12	 12.5

– Indicates fungi are resistant to the compound >100 μg/mL concentration.
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3-(4-Chlorophenyl)-2-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-imidazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)thiazoli-
din-4-one (8b) m.p. 216–218 °C; 1H NMR (300 MHz, 
CDCl3) δ 8.02 (s,1H,Ar-H), 7.50 (d, J = 9.2 Hz, 4H, Ar-H), 
7.41 (d, J = 8.9 Hz, 4H,Ar-H), 5.72 (d, J = 3.6 Hz,1H, C1H), 
4.94 (d, J = 5.2 Hz, CH-S), 4.60 (t, J = 3.9 Hz,1H, C2H), 4.51 
(s, 2H, OCH2), 3.96–3.91 (m, 1H, C4H), 3.76 (s, 2H, CH2), 
3.31 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.55 (s, 3H, 
CH3), 1.32 (m, 3H, CH3); 13C NMR (75 MHz, CDCl3) δ 
170.6, 139.4, 134.8, 133.2, 129.4, 128.6, 125.6, 122.2, 119.4, 
111.2, 104.9, 81.5, 74.5, 66.3, 52.6, 34.6, 26.5; MS: m/z 
(M++H) 563. Anal. Calcd for C25H24Cl2N4O5S: C, 53.29; H, 
4.29; N, 9.94. Found: C, 53.21; H, 4.16; N, 9.83.

2-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-nitrophenyl)thiazoli-
din-4-one (8c) m.p. 201–205 °C; 1H NMR (300 MHz, 
CDCl3) δ 8.26 (d, J = 8.7 Hz, 2H), 8.04 (s, 1H, Ar-H), 7.51 
(d, J = 9.2 Hz, 2H, Ar-H), 7.42 (d, J = 8.5 Hz, 2H, Ar-H), 
6.82 (d, J = 9.8 Hz, 2H, Ar-H), 5.71 (d, J = 3.6 Hz, 1H, 
C1H), 4.96 (d, J = 5.2 Hz, CH-S), 4.62 (t, J = 3.9 Hz,1H, 
C2H), 4.53 (s, 2H, OCH2), 3.96–3.91 (m, 1H,C4H), 3.76 (s, 
2H, CH2), 3.28 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.52 
(s, 3H,CH3), 1.34 (m, 3H,CH3); 13C NMR (75 MHz, CDCl3) 
δ 170.6, 147.5, 144.4, 143.2, 134.8, 131.2, 128.6, 124.6, 
122.4, 119.8, 111.8, 104.9, 81.5, 78.2, 74.8, 66.9, 52.4,  
34.6, 26.8; MS: m/z (M++H) 574. Anal. Calcd for  
C25H24ClN5O7S: C, 52.31; H, 4.21; N, 12.20. Found: C, 
52.26; H, 4.19; N, 12.11.

(Z)-5-Benzylidene-2-((3aR,5S,6S,6aR)-6-((1-(4-chloro-
phenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-phenylthi-
azolidin-4-ones 9a–c. A mixture of compound 8 (0.01 
mol), p-fluorobenzaldehyde (0.02 mol) and sodium ace-
tate (0.01 mol) in anhydrous glacial acetic acid (20 mL), 
was refluxed for 3 h. The reaction mixture was concentrat-
ed and then poured into ice cold water, the solid thus sep-
arated was filtered, washed with water and crystallized 
from glacial acetic acid to afford pure compounds.

(Z)-2-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-5-(4-fluorobenzylidene)-3- 
p-tolylthiazolidin-4-one (9a). This compound was ob-
tained as brown solid, m.p. 231–235 °C; 1H NMR (300 
MHz, CDCl3) δ 8.22 (d, J = 8.7 Hz, 2H, Ar-H), 8.06 (s, 1H, 
Ar-H), 7.84 (s, 1H, CH =C), 7.54 (d, J = 9.2 Hz, 2H, Ar-H), 
7.39 (d, J = 8.33 Hz, 2H, Ar-H), 7.15 (d, J = 8.3 Hz, 2H, Ar-
H), 6.91–6.87 (m, 5H, Ar-H and CH-S), 5.76 (d, J = 3.6 Hz, 
1H, C1H), 4.66 (t, J = 3.9 Hz,1H, C2H), 4.54 (s, 2H, OCH2), 
3.96–3.91 (m, 1H,C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 
1H, C3H), 2.3 (s, 3H,CH3), 1.53 (s, 3H,CH3), 1.36 (m, 
3H,CH3); 13C NMR (75 MHz, CDCl3) δ 172.6, 143.2, 137.4, 

133.6, 132.3, 131.2, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 
103.8, 81.2, 78.1, 74.1, 65.9, 51.4, 26.1, 16.1; MS: m/z 
(M++H) 649. Anal. Calcd for C33H30ClFN4O5S: C, 61.06; H, 
4.66; N, 8.63. Found: C, 60.82; H, 4.45; N, 8.43.

(Z)-3-(4-Chlorophenyl)-2-((3aR,5S,6S,6aR)-6-((1-(4-
chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-di-
methyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-5-(4-flu-
orobenzylidene)thiazolidin-4-one (9b). The compound 
was obtained as dark yellow solid, m.p. 232–235 °C; 1H 
NMR (300 MHz, DMSO-d6) δ 8.06 (s, 1H, Ar-H), 7.82 (s, 
1H, CH =C), 7.52 (d, J = 9.2 Hz, 4H, Ar-H), 7.43 (d, J = 8.9 
Hz, 4H,Ar-H), 6.91–6.87 (m, 5H, Ar-H and CH-S), 5.72 
(d, J = 3.6 Hz, 1H, C1H), 4.60 (t, J = 3.9 Hz,1H, C2H), 4.51 
(s, 2H, OCH2), 3.96–3.91 (m, 1H, C4H), 3.31 (dd, J1 = 9.1 
Hz, J2 = 4.2 Hz, 1H, C3H), 1.55 (s, 3H, CH3), 1.32 (m, 3H, 
CH3); 13C NMR (75 MHz, DMSO-d6) δ 170.6, 138.4, 134.8, 
133.2, 130.8, 129.4, 128.6, 124.6, 122.2, 119.4, 111.2, 104.9, 
81.5, 74.5, 66.3, 52.6, 34.6, 26.5; MS: m/z (M++H) 669. 
Anal. Calcd for C32H27Cl2FN4O5S: C, 57.40; H, 4.06; N, 
8.37. Found: C, 57.21; H, 4.01; N, 8.03.

(Z)-2-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-5-(4-fluorobenzylidene)-3- 
(4-nitrophenyl)thiazolidin-4-one (9c). The compound 
was obtained as brown solid, m.p. 216–218 °C; 1H NMR 
(300 MHz, DMSO-d6) δ 8.26 (d, J = 8.7 Hz, 2H), 8.04 (s,1H, 
Ar-H), 7.84 (s, 1H, CH =C), 7.51 (d, J = 9.2 Hz, 2H, Ar-H), 
7.42 (d, J = 8.5 Hz, 2H,Ar-H), 6.91–6.87 (m, 5H, Ar-H and 
CH-S), 6.82 (d, J = 9.8 Hz, 2H, Ar-H), 5.71 (d, J = 3.6 Hz, 
1H, C1H), 4.62 (t, J = 3.9 Hz, 1H, C2H), 4.53 (s, 2H, OCH2), 
3.96–3.91 (m, 1H,C4H), 3.76 (s, 2H, CH2), 3.28 (dd, J1 = 9.1 
Hz, J2 = 4.2 Hz, 1H, C3H), 1.52 (s, 3H,CH3), 1.34 (m, 
3H,CH3); 13C NMR (75 MHz, CDCl3) δ 170.6, 147.5, 144.4, 
143.2, 138.4, 134.8, 130.6, 131.2, 128.6, 124.6, 122.4, 119.8, 
111.8, 104.9, 81.5, 78.2, 74.8, 66.9, 52.4, 26.8; MS: m/z 
(M++Na) 692. Anal. Calcd for C31H29ClFN5O7S: C, 55.56; 
H, 4.36; N, 10.30. Found: C, 55.26; H, 4.29; N, 10.10.

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2,6-di-
phenyl/ 2-alkyl-6-phenyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazoles 10a–r. A mixture of compound 9 (5 
mmol), alkyl/aryl hydrazine (5 mmol) and anhydrous so-
dium acetate (5 mmol) in glacial acetic acid (20 mL), was 
refluxed for 7 h. The reaction mixture was concentrated 
and cooled to room temperature, the solid thus separated 
was filtered, washed thoroughly with water. The crude 
product thus obtained was purified by column chromatog-
raphy on silica gel with hexane/ethyl acetate as eluent to 
afford pure compounds.

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
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ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-phenyl-
6-p-tolyl-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole (10a). This was obtained by reacting compound 9a 
(1 g) and phenylhydrazine (0.25 g) as described in the 
typical procedure and isolated as a brown solid, yield 72%, 
m.p. 248–250 °C; 1H NMR (300 MHz, DMSO-d6) δ 8.20 (d, 
J = 8.7 Hz, 2H, Ar-H), 8.04 (s, 1H, Ar-H), 7.51 (d, J = 9.2 
Hz, 2H, Ar-H), 7.40 (s, 1H, CH-S), 7.29 (d, J = 8.33 Hz, 2H, 
Ar-H), 7.18–7.15 (m, 5H, Ar-H), 7.05 (d, J = 8.3 Hz, 2H, 
Ar-H), 6.91–6.87 (m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz,1H, 
C1H), 5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 
1H, CH-N), 4.66 (t, J = 3.9 Hz,1H, C2H), 4.54 (s, 2H, 
OCH2), 3.96–3.91 (m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 
4.2 Hz, 1H, C3H), 2.3 (s, 3H,CH3), 1.53 (s, 3H,CH3), 1.36 
(m, 3H, CH3); 13C NMR (75 MHz, DMSO-d6) δ 172.6, 
143.2, 141.4, 137.4, 133.6, 132.3, 131.2, 129.3, 125.3, 128.4, 
127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 
65.9, 51.4, 26.1, 21.3, 16.1; MS: m/z (M++Na) 761. Anal. 
Calcd for C39H36ClFN6O4S: C, 63.36; H, 4.90; N, 11.37. 
Found: C, 63.12; H, 4.75; N, 11.29.

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-(4-me-
thoxyphenyl)-6-p-tolyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10 b). This was obtained by reacting 
compound 9a (1 g) and p-methoxyphenylhydrazine (0.35 
g) as described in the typical procedure and isolated as a 
yellow solid, yield 62%, m.p. 268–272 °C; 1H NMR (300 
MHz, DMSO-d6) δ 8.18 (d, J = 8.7 Hz, 2H, Ar-H), 8.04 (s, 
1H, Ar-H), 7.51 (d, J = 9.2 Hz, 2H, Ar-H), 7.40 (s, 1H,  
CH-S), 7.29 (d, J = 8.33 Hz, 2H, Ar-H), 7.12–7.10 (m, 4H, 
Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 6.91–6.87 (m, 4H, 
Ar-H), 5.76 (d, J = 3.6 Hz,1H, C1H), 5.62 (d, J = 2.2 Hz, 1H, 
S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, J = 3.9 
Hz,1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 1H,C4H), 
3.91 (s, 3H,OMe), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, 
C3H), 2.3 (s, 3H,CH3), 1.53 (s, 3H, CH3), 1.36 (m, 3H, 
CH3); 13C NMR (75 MHz, DMSO-d6) δ 172.6, 151.7, 143.2, 
141.4, 137.4, 133.6, 132.3, 131.2, 129.3, 125.3, 128.4, 127.9, 
124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 55.8, 
51.4, 26.1, 21.3, 16.1; MS: m/z (M++H) 789. Anal. Calcd for 
C40H38ClFN6O5S: C, 62.46; H, 4.98; N, 10.92. Found: C, 
62.12; H, 4.88; N, 10.87.

2-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-6-p-tolyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10c). This was obtained by reacting 
compound 9a (1 g) and p-chlorophenylhydrazine (0.45 g) 
as described in the typical procedure and isolated as a 
brown solid, yield 76%, m.p. 248–251 °C; 1H NMR (300 
MHz, DMSO-d6) δ 8.21 (d, J = 8.7 Hz, 2H, Ar-H), 8.09 
(s,1H,Ar-H), 7.55 (d, J = 9.2 Hz, 2H, Ar-H), 7.42 (s, 1H, 
CH-S), 7.29 (d, J = 8.33 Hz, 2H, Ar-H), 7.10–7.08 (m, 4H, 

Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 6.91–6.87 (m, 4H, 
Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 (d, J = 2.2Hz, 1H, 
S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, J = 3.9 Hz, 
1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 1H, C4H), 
3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 2.3 (s, 3H,CH3), 
1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 13C NMR (75 MHz, 
DMSO-d6) δ 172.6, 151.7, 143.2, 137.4, 133.6, 132.3, 131.2, 
129.3, 126.3, 125.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 
103.8, 81.2, 78.1, 74.1, 65.9, 51.4, 26.1, 21.3, 16.1; MS: m/z 
(M++ H) 773. Anal. Calcd for C39H35Cl2FN6O4S: C, 60.54; 
H, 4.58; N, 10.86. Found: C, 60.32; H, 4.28; N, 10.47.

2-Benzyl-5-((3aR,5S,6S,6aR)-6-((1-(4-chlorophenyl)-
1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahy-
drofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-6-
p-tolyl-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thiazole 
(10d). This was obtained by reacting compound 9a (1 g) 
and benzylhydrazine (0.65 g) as described in the typical 
procedure and isolated as a brown solid, yield 66%. m.p. 
288–291°C; 1H NMR (300 MHz, DMSO-d6) δ 8.21 (d, J = 
8.7 Hz, 2H, Ar-H), 8.09 (s, 1H, Ar-H), 7.55 (d, J = 9.2 Hz, 
2H, Ar-H), 7.42 (s, 1H, CH-S), 7.29 (d, J = 8.33 Hz, 2H, 
Ar-H), 7.10–7.08 (m, 5H, Ar-H), 7.05 (d, J = 8.3 Hz, 2H, 
Ar-H), 6.91–6.87 (m, 4H, Ar-H), 5.92 (s, 2H, CH2Ph), 5.76 
(d, J = 3.6 Hz, 1H, C1H), 5.62 (d, J = 2.2 Hz, 1H, S-CH), 
5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, J = 3.9 Hz, 1H, 
C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 1H, C4H), 3.26 
(dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 2.3 (s, 3H, CH3), 
1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 13C NMR (75 MHz, 
DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 133.6, 132.3, 131.2, 
129.3, 125.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 
81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 26.1, 21.3, 16.1; MS: m/z 
(M++ H) 753. Anal. Calcd for C40H38ClFN6O4S: C, 63.78; 
H, 5.08; N, 11.16. Found: C, 63.52; H, 4.96; N, 10.97. 

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-isopro-
pyl-6-p-tolyl-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]
thiazole (10e). This was obtained by reacting compound 
9a (1 g) and isopropylhydrazine (0.35 g) as described in 
the typical procedure and isolated as a yellow solid, yield 
76%, m.p. 248–251 °C; 1H NMR (300 MHz, DMSO-d6) δ 
8.19 (d, J = 8.7 Hz, 2H, Ar-H), 8.06 (s, 1H, Ar-H), 7.55 (d, 
J = 9.2 Hz, 2H, Ar-H), 7.42 (s, 1H, CH-S) 7.29 (d, J = 8.33 
Hz, 2H, Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 6.91–6.87 
(m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 (d, J = 
2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, 
J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 
1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 2.80–
2.78 (m, 1H, CH), 2.3 (s, 3H,CH3), 1.53 (s, 3H, CH3), 1.36 
(m, 3H, CH3), 0.96 (d, J = 6.3 Hz, 6H, 2 × CH3); 13C NMR 
(75 MHz, DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 133.6, 
132.3, 131.2, 129.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 
103.8, 81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 50.6, 26.1,  
21.3, 16.1; MS: m/z (M++ H) 705. Anal. Calcd for  



1037Acta Chim. Slov. 2017, 64, 1030–1041

Srinivaset al.:   Synthesis, Nematicidal and Antifungal Properties   ...

C36H38ClFN6O4S: C, 61.31; H, 5.43; N, 11.92. Found: C, 
60.98; H, 5.26; N, 11.77. 

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-meth-
yl-6-p-tolyl-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole (10 f). This was obtained by reacting compound 9a 
(1 g) and methylhydrazine (0.25 g) as described in the 
typical procedure and isolated as a yellow solid, yield 66%, 
m.p. 228–231 °C; 1H NMR (300 MHz, DMSO-d6) δ 8.19 (d, 
J = 8.7 Hz, 2H, Ar-H), 8.06 (s, 1H, Ar-H), 7.55 (d, J = 9.2 
Hz, 2H, Ar-H), 7.42 (s, 1H, CH-S), 7.29 (d, J = 8.33 Hz, 2H, 
Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 6.91–6.87 (m, 4H, 
Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 (d, J = 2.2 Hz, 
1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, J = 3.9 
Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 1H, C4H), 
3.71 (s, 3H, N-CH3), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, 
C3H), 2.3 (s, 3H, CH3), 1.53 (s, 3H, CH3), 1.36 (m, 3H, 
CH3); 13C NMR (75 MHz, DMSO-d6) δ 171.6, 151.6, 143.2, 
137.4, 133.6, 132.3, 131.2, 129.3, 128.4, 127.9, 124.8,  
122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 
39.3, 26.1, 16.1; MS: m/z (M++ Na+) 689. Anal. Calcd for 
C34H34ClFN6O4S: C, 60.30; H, 5.06; N, 12.42. Found: C, 
60.22; H, 4.96: N, 12.22.

6-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-2-phenyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10g). This was obtained by reacting 
compound 9b (1 g) and phenylhydrazine (0.25 g) as de-
scribed in the typical procedure and isolated as a brown 
solid, yield 65%, m.p. 249–251°C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.16 (d, J = 8.7 Hz, 2H, Ar-H), 8.02 (s, 1H, 
Ar-H), 7.49 (d, J = 9.2 Hz, 2H, Ar-H), 7.36 (s, 1H, CH-S), 
7.22 (d, J = 8.33 Hz, 2H, Ar-H), 7.13–7.11 (m, 5H, Ar-H), 
7.02 (d, J = 8.3 Hz, 2H, Ar-H), 6.81–6.77 (m, 4H, Ar-H), 
5.66 (d, J = 3.6 Hz, 1H, C1H), 5.58 (d, J = 2.2 Hz, 1H, 
S-CH), 5.21 (d, J = 2.2 Hz, 1H, CH-N), 4.62 (t, J = 3.9 Hz, 
1H, C2H), 4.51 (s, 2H, OCH2), 3.94–3.91 (m, 1H, C4H), 
3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 3H, 
CH3), 1.36 (m, 3H, CH3); 13C NMR (75 MHz, DMSO-d6) δ 
174.6, 143.0, 141.4, 137.4, 133.6, 132.3, 131.2, 129.3, 125.3, 
128.4, 127.9, 126.1, 124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 
78.1, 74.1, 65.9, 51.4, 26.1, 16.1; MS: m/z (M++H) 759. 
Anal. Calcd for C39H36ClFN6O4S: C, 60.08; H, 4.38; N, 
11.07. Found: C, 60.02; H, 4.11; N, 10.95.

6-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-2-(4-methoxyphenyl)-3,3a,5,6-tetrahy-
dro-2H-pyrazolo[3,4-d]thiazole (10h). This was ob-
tained by reacting compound 9b (1 g) and p-methoxy-
phenylhydrazine (0.35 g) as described in the typical proce-

dure and isolated as a yellow solid, yield 68%, m.p. 274–276 
°C; 1H NMR (300 MHz, DMSO-d6) δ 8.18 (d, J = 8.7 Hz, 
2H, Ar-H), 8.04 (s, 1H, Ar-H), 7.51 (d, J = 9.2 Hz, 2H, 
 Ar-H), 7.40 (s, 1H, CH-S), 7.29 (d, J = 8.33 Hz, 2H, Ar-H), 
7.12–7.10 (m, 4H, Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 
6.91–6.87 (m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 
5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H,  
CH-N), 4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 
3.96–3.94 (m, 1H, C4H), 3.91 (s, 3H, OMe), 3.26 (dd, J1 = 
9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 3H,CH3), 1.36 (m, 
3H, CH3); 13C NMR (75 MHz, DMSO-d6) δ 172.6, 151.7, 
143.2, 141.4, 137.4, 133.6, 132.3, 131.2, 129.3, 126.1, 125.3, 
128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 
74.1, 65.9, 55.8, 51.4, 26.1, 16.1; MS: m/z (M++H) 789. 
Anal. Calcd for C39H35Cl2FN6O5S: C, 59.32; H, 4.47; N, 
10.64. Found: C, 58.92; H, 4.18; N, 10.47.

2,6-Bis(4-chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-
chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-di-
methyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-flu-
orophenyl)-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole (10i). This was obtained by reacting compound 9b 
(1 g) and p-chlorophenylhydrazine (0.45 g) as described in 
the typical procedure and isolated as a brown solid, yield 
76%, m.p. 268–271 °C; 1H NMR (300 MHz, DMSO-d6) δ 
8.23 (d, J = 8.7 Hz, 2H, Ar-H), 8.11 (s, 1H, Ar-H), 7.58 (d, 
J = 9.2 Hz, 2H, Ar-H), 7.46 (s, 1H, CH-S), 7.29 (d, J = 8.33 
Hz, 2H, Ar-H), 7.11–7.09 (m, 4H, Ar-H), 7.07 (d, J = 8.3 
Hz, 2H, Ar-H), 6.91–6.87 (m, 4H, Ar-H), 5.76 (d, J = 3.6 
Hz, 1H, C1H), 5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 
2.2 Hz, 1H, CH-N), 4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 
2H, OCH2), 3.96–3.94 (m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, 
J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 
13C NMR (75 MHz, DMSO-d6) δ 172.6, 151.7, 143.2, 137.4, 
133.6, 132.3, 131.2, 129.3, 126.3, 125.3, 128.4, 127.9, 124.8, 
122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 51.4,  
26.1, 16.1; MS: m/z (M++ Na) 815. Anal. Calcd for  
C38H32Cl3FN6O4S: C, 57.47; H, 4.08; N, 10.56. Found: C, 
57.22; H, 3.95; N, 10.32.

2-Benzyl-6-(4-chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-
(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2- 
dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl) 
-3-(4-fluorophenyl)-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10j). This was obtained by reacting 
compound 9b (1 g) and benzylhydrazine (0.65 g) as de-
scribed in the typical procedure and isolated as a brown 
solid, yield 71%, m.p. 258–261 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.25 (d, J = 8.7 Hz, 2H, Ar-H), 8.11 (s, 1H, 
Ar-H), 7.59 (d, J = 9.2 Hz, 2H, Ar-H), 7.46 (s, 1H, CH-S), 
7.32 (d, J = 8.33 Hz, 2H, Ar-H), 7.12–7.10 (m, 5H, Ar-H), 
7.08 (d, J = 8.3 Hz, 2H, Ar-H), 6.96–6.90 (m, 4H, Ar-H), 
5.96 (s, 2H, CH2Ph), 5.77 (d, J = 3.6 Hz, 1H, C1H), 5.65 (d, 
J = 2.2 Hz, 1H, S-CH), 5.28 (d, J = 2.2 Hz, 1H, CH-N), 4.66 
(t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 
1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.53 



1038 Acta Chim. Slov. 2017, 64, 1030–1041

Srinivaset al.:   Synthesis, Nematicidal and Antifungal Properties   ...

(s, 3H, CH3), 1.36 (m, 3H, CH3); 13C NMR (75 MHz,  
DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 133.6, 132.3, 131.2, 
129.3, 125.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 
81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 26.1, 16.1; MS: m/z (M++ 
H) 773. Anal. Calcd for C39H35Cl2FN6O4S: C, 60.54; H, 
4.56; N, 10.86. Found: C, 60.34; H, 4.36; N, 10.37. 

6-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-2-isopropyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10k). This was obtained by reacting 
compound 9b (1 g) and isopropylhydrazine (0.35 g) as 
described in the typical procedure and isolated as a yellow 
solid, yield 69%, m.p. 238–239 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.32 (d, J = 8.7 Hz, 2H, Ar-H), 8.16 
(s,1H,Ar-H), 7.65 (d, J = 9.2 Hz, 2H, Ar-H), 7.52 (s, 1H, 
CH-S), 7.39 (d, J= 8.33 Hz, 2H, Ar-H), 7.09 (d, J = 8.3 Hz, 
2H, Ar-H), 6.95–6.92 (m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 
1H, C1H), 5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 
Hz, 1H, CH-N), 4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, 
OCH2), 3.96–3.94 (m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 
4.2 Hz, 1H, C3H), 2.80–2.78 (m, 1H, CH), 1.53 (s, 3H, 
CH3), 1.36 (m, 3H, CH3), 0.96 (d, J = 6.3 Hz, 6H, 2×CH3); 
13C NMR (75 MHz, DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 
133.6, 132.3, 131.2, 129.3, 128.4, 127.9, 124.8, 122.9, 119.2, 
111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 50.6,  
26.1, 16.1; MS: m/z (M++ H) 725. Anal. Calcd for  
C35H35Cl2FN6O4S: C, 57.93; H, 4.86; N, 11.58. Found: C, 
57.72; H, 4.66; N, 11.46. 

6-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimeth-
yltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-2-methyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10l). This was obtained by reacting 
compound 9b (1 g) and methylhydrazine (0.25 g) as de-
scribed in the typical procedure and isolated as a yellow 
solid, yield 76%, m.p. 241–243 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.29 (d, J = 8.7 Hz, 2H, Ar-H), 8.16 (s,1H,  
Ar-H), 7.59 (d, J = 9.2 Hz, 2H, Ar-H), 7.48 (s, 1H, CH-S), 
7.39 (d, J = 8.33 Hz, 2H, Ar-H), 7.09 (d, J = 8.3 Hz, 2H, Ar-
H), 6.91–6.88 (m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 
5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-
N), 4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–
3.94 (m, 1H, C4H), 3.71 (s, 3H, N-CH3), 3.26 (dd, J1 = 9.1 
Hz, J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, 
CH3); 13C NMR (75 MHz, DMSO-d6) δ  171.6, 151.6, 143.2, 
137.4, 133.6, 132.3, 131.2, 129.3, 128.4, 127.9, 124.8, 122.9, 
119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 58.1, 51.4,  
39.3, 16.1; MS: m/z (M++ H) 684. Anal. Calcd for  
C32H30Cl2FN6O4S: C, 56.14; H, 4.42; N, 12.28. Found: C, 
55.92; H, 4.26: N, 12.02.

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-

ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-6-(4-ni-
trophenyl)-2-phenyl-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10m). This was obtained by reacting 
compound 9c (1 g) and phenylhydrazine (0.25 g) as de-
scribed in the typical procedure and isolated as a brown 
solid, yield 75%, m.p. 241–243 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.26 (d, J = 8.7 Hz, 2H, Ar-H), 8.02 (s, 1H, 
Ar-H), 7.49 (d, J = 9.2 Hz, 2H, Ar-H), 7.22 (d, J = 8.33 Hz, 
2H, Ar-H), 7.08–7.05 (m, 6H, Ar-H and CH-S), 7.02 (d, J 
= 8.3 Hz, 2H, Ar-H), 6.81–6.77 (m, 4H, Ar-H), 5.66 (d, J = 
3.6 Hz, 1H, C1H), 5.58 (d, J = 2.2 Hz, 1H, S-CH), 5.21 (d, J 
= 2.2 Hz, 1H, CH-N), 4.62 (t, J = 3.9 Hz,1H, C2H), 4.51 (s, 
2H, OCH2), 3.94–3.91 (m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, 
J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 
13C NMR (75 MHz, DMSO-d6) δ 174.6, 143.0, 141.4, 137.4, 
136.2, 133.6, 132.3, 131.2, 129.3, 128.4, 127.9, 126.1, 124.8, 
122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 51.4,  
26.1, 16.1; MS: m/z (M++H) 770. Anal. Calcd for  
C38H33ClFN7O6S: C, 59.26; H, 4.32; N, 12.73. Found: C, 
59.16; H, 4.10; N, 12.53.

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-(4-me-
thoxyphenyl)-6-(4-nitrophenyl)-3,3a,5,6-tetrahy-
dro-2H-pyrazolo[3,4-d]thiazole (10n). This was ob-
tained by reacting compound 9c (1 g) and p-methoxy-
phenylhydrazine (0.35 g) as described in the typical proce-
dure and isolated as a yellow solid, yield 76%, m.p. 264–266 
°C; 1H NMR (300 MHz, DMSO-d6) δ 8.28 (d, J = 8.7 Hz, 
2H, Ar-H), 8.04 (s, 1H, Ar-H), 7.51 (d, J = 9.2 Hz, 2H, Ar-
H), 7.40–7.35 (m, 5H, Ar-H and CH-S), 7.29 (d, J = 8.33 
Hz, 2H, Ar-H), 7.05 (d, J = 8.3 Hz, 2H, Ar-H), 6.91–6.87 
(m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 (d, J = 
2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, 
J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 
1H, C4H), 3.91 (s, 3H, OMe), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 
Hz, 1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 13C 
NMR (75 MHz, DMSO-d6) δ 172.6, 151.7, 143.2, 141.4, 
137.4, 133.6, 132.3, 131.2, 129.3, 126.1, 125.3, 128.4, 127.9, 
124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 55.8, 
51.4, 26.1, 16.1; MS: m/z (M++H) 800. Anal. Calcd for 
C39H35ClFN7O7S: C, 58.53; H, 4.41; N, 12.25. Found: C, 
58.22; H, 4.16; N, 12.01.

2-(4-Chlorophenyl)-5-((3aR,5S,6S,6aR)-6-((1-(4-chloro-
phenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltet-
rahydrofuro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluoro-
phenyl)-6-(4-nitrophenyl)-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10 o). This was obtained by reacting 
compound 9c (1 g) and p-chlorophenylhydrazine (0.45 g) as 
described in the typical procedure and isolated as a brown 
solid, yield 72%, m.p. 285–287 °C; 1H NMR (300 MHz, DM-
SO-d6) δ 8.23 (d, J = 8.7 Hz, 2H, Ar-H), 8.11 (s, 1H, Ar-H), 
7.58 (d, J = 9.2 Hz, 2H, Ar-H), 7.40–7.35 (m, 5H, Ar-H and 
CH-S), 7.29 (d, J = 8.33 Hz, 2H, Ar-H), 7.07 (d, J = 8.3 Hz, 
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2H, Ar-H), 6.91–6.87 (m, 4H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, 
C1H), 5.62 (d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, 
CH-N), 4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 
3.96–3.94 (m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 
1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 

13C NMR 
(75 MHz, DMSO-d6) δ 172.6, 151.7, 143.2, 137.4, 133.6, 
132.3, 131.2, 129.3, 126.3, 125.3, 128.4, 127.9, 124.8, 122.9, 
119.2, 111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 51.4, 26.1, 16.1; MS: 
m/z (M++ Na) 815. Anal. Calcd for C38H32Cl2FN7O6S: C, 
56.72; H, 4.01; N, 12.81. Found: C, 56.42; H, 3.95; N, 12.72.

2-Benzyl-5-((3aR,5S,6S,6aR)-6-((1-(4-chlorophenyl)-
1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahy-
d rof u ro [ 2 , 3 - d ] [ 1 , 3 ] d i oxo l - 5 - y l ) - 3 - ( 4 - f lu oro -
phenyl)-6-(4-nitrophenyl)-3,3a,5,6-tetrahydro-2H-pyr-
azolo[3,4-d]thiazole (10p). This was obtained by reacting 
compound 9c (1 g) and benzylhydrazine (0.65 g) as de-
scribed in the typical procedure and isolated as a yellow 
solid, yield 71%, m.p. 275–277 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.35 (d, J = 8.7 Hz, 2H, Ar-H), 8.11 (s, 1H, 
Ar-H), 7.59 (d, J = 9.2 Hz, 2H, Ar-H), 7.46–7.40 (m, 6H, 
Ar-H and CH-S), 7.32 (d, J = 8.33 Hz, 2H, Ar-H), 7.08 (d, 
J = 8.3 Hz, 2H, Ar-H), 6.96–6.90 (m, 4H, Ar-H), 5.96 (s, 
2H, CH2Ph), 5.77 (d, J = 3.6 Hz, 1H, C1H), 5.65 (d, J = 2.2 
Hz, 1H, S-CH), 5.28 (d, J = 2.2 Hz, 1H, CH-N), 4.66 (t, J = 
3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 (m, 1H, 
C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 1.53 (s, 
3H, CH3), 1.36 (m, 3H, CH3); 13C NMR (75 MHz,  
DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 133.6, 132.3, 131.2, 
129.3, 125.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 
81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 26.1, 16.1; MS: m/z (M++ 
H) 773. Anal. Calcd for C39H35ClFN7O6S: C, 59.73; H, 4.50; 
N, 12.56. Found: C, 59.66; H, 4.41; N, 12.36. 

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-isopro-
pyl-6-(4-nitrophenyl)-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10q). This was obtained by reacting 
compound 9c (1 g) and isopropylhydrazine (0.35 g) as de-
scribed in the typical procedure and isolated as a brown 
solid, yield 69%, m.p. 221–223 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.32 (d, J = 8.7 Hz, 2H, Ar-H), 8.16 (s, 1H, 
Ar-H), 7.65 (d, J = 9.2 Hz, 2H, Ar-H), 7.52–7.48 (m, 5H, 
Ar-H and CH-S), 7.39 (d, J = 8.33 Hz, 2H, Ar-H), 7.09 (d, 
J = 8.3 Hz, 2H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 
(d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 
4.66 (t, J = 3.9 Hz, 1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 
(m, 1H, C4H), 3.26 (dd, J1 = 9.1 Hz, J2 = 4.2 Hz, 1H, C3H), 
2.80–2.78 (m, 1H, CH), 1.53 (s, 3H, CH3), 1.36 (m, 3H, 
CH3), 0.96 (d, J = 6.3 Hz, 6H, 2×CH3); 13C NMR (75 MHz, 
DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 133.6, 132.3, 131.2, 
129.3, 128.4, 127.9, 124.8, 122.9, 119.2, 111.2, 103.8, 81.2, 
78.1, 74.1, 65.9, 58.1, 51.4, 50.6, 26.1, 16.1; MS: m/z (M++ 
H) 736. Anal. Calcd for C35H35ClFN7O6S: C, 57.10; H, 4.79; 
N, 13.32. Found: C, 56.98; H, 4.56; N, 12.99. 

5-((3aR,5S,6S,6aR)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[2,3-d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)-2-meth-
yl-6-(4-nitrophenyl)-3,3a,5,6-tetrahydro-2H-pyra-
zolo[3,4-d]thiazole (10r). This was obtained by reacting 
compound 9c (1 g) and methylhydrazine (0.25 g) as de-
scribed in the typical procedure and isolated as a brown 
solid, yield 67%, m.p. 251–253 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 8.29 (d, J = 8.7 Hz, 2H, Ar-H), 8.16 (s, 1H, 
Ar-H), 7.59 (d, J = 9.2 Hz, 2H, Ar-H), 7.48–7.44 (m, 5H, 
Ar –H and CH-S), 7.39 (d, J = 8.33 Hz, 2H, Ar-H), 7.09 (d, 
J = 8.3 Hz, 2H, Ar-H), 5.76 (d, J = 3.6 Hz, 1H, C1H), 5.62 
(d, J = 2.2 Hz, 1H, S-CH), 5.25 (d, J = 2.2 Hz, 1H, CH-N), 
4.66 (t, J = 3.9 Hz,1H, C2H), 4.54 (s, 2H, OCH2), 3.96–3.94 
(m, 1H, C4H), 3.71(s, 3H, N-CH3), 3.26 (dd, J1 = 9.1 Hz, J2 
= 4.2 Hz, 1H, C3H), 1.53 (s, 3H, CH3), 1.36 (m, 3H, CH3); 
13C NMR (75 MHz, DMSO-d6) δ 171.6, 151.6, 143.2, 137.4, 
133.6, 132.3, 131.2, 129.3, 128.4, 127.9, 124.8, 122.9, 119.2, 
111.2, 103.8, 81.2, 78.1, 74.1, 65.9, 58.1, 51.4, 39.3, 16.1; 
MS: m/z (M++ H) 684. Anal. Calcd for C33H31ClFN7O6S: C, 
55.97; H, 4.41; N, 13.85. Found: C, 55.82; H, 4.26: N, 13.72.

6. Conclusion
In conclusion, a series of a new class of hybrid het-

erocycles 10a–r have been synthesized and evaluated for 
their nematicidal activity, most of the compounds showed 
appreciable nematicidal activity. The antifungal activities 
of these compounds were evaluated against various fungi. 
Many of the synthesized compounds showed good activity 
against the tested fungi and therefore have emerged as po-
tential molecules for further development.
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Povzetek
Z reakcijo med halkonskimi derivati 2-((3aR,5S,6S,6aR)-6-((1-(4-klorofenil)-1H-1,2,3-triazol-4-il)metoksi)-2,2-di-
metiltetrahidrofuro[2,3-d][1,3]dioksol-5-il)-3-feniltiazolidin-4-onov 9 in aril/alkil hidrazini smo pripravili novo serijo 
5-((3aR,5S,6S,6aR)-6-((1-(4-klorofenil)-1H-1,2,3-triazol-4-il)metoksi)-2,2-dimetiltetrahidrofuro[2,3-d][1,3]dioksol-
5-il)-3-(4-fluorofenil)-2,6-difenil-3,3a,5,6-tetrahidro-2H-pirazolo[3,4-d]tiazolov 10a–r. Strukture novih spojin smo 
določili na osnovi IR, NMR, MS in elementne analize. Za spojine 10a–r smo tudi določili učinkovanje proti ploskim 
črvom (nematodam) Dietylenchus myceliophagus in Caenorhabditis elegans z in vitro metodo v vodnih raztopinah. Ug-
otovili smo, da spojine, ki vsebujejo N-benzilpirazolni (10d, 10j, 10p) ali N- metilpirazolni fragment (10f, 10i, 10r), 
izkazujejo občutno nematocidno aktivnost proti obema testiranima živalskima vrstama z LD50 160–210 ppm, kar je 
skoraj enako aktivnosti standarda oksamila. Za spojine 10a–r smo tudi raziskali delovanje proti glivam (izmerili smo 
MZI, MIC in MFC vrednosti) in sicer: Candida albicans (ATCC 102331), Aspergillus fumigates (HIC 6094), Trichophyton 
rubrum (IFO 9185) in Trichophyton mentagrophytes (IFO 40996). Večina novih spojin je izkazala opazno delovanje proti 
testiranim glivam, kar daje možnosti nadaljnjega razvoja predstavljenih spojin
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Abstract
A novel cadmium complex with mixed ligands {[Cd(2,2’-biim)(4,4’-bipy)(H2O)(ClO4)] (ClO4)}n (1) (2,2’-biim = 
2,2’-biimidazole; 4,4’-bipy = 4,4’-bipyridine) has been synthesized through hydrothermal reaction and its crystal struc-
ture was determined by single-crystal X-ray diffraction technique. Single-crystal X-ray diffraction analyses revealed 
that complex 1 crystallizes in the space group Pna21 of the orthorhombic system and exhibits a one-dimensional zig-
zag chain structure consisting of [Cd(2,2’-biim)(4,4’-bipy)(H2O)(ClO4)]n

n+ cationic chains and isolated ClO4
– anions. 

Powder photoluminescent characterization reveals that complex 1 has an emission in the green region of the spectrum. 
Time-dependent density functional theory (TDDFT) calculation showed that the nature of the photoluminescence of 
complex 1 is originated from the ligand-to-ligand charge transfer (LLCT; from the HOMO of the perchlorate anions 
to the LUMO of the 4,4’-bipy ligand). A wide optical band gap of 3.25 eV was found by the solid-state UV/vis diffuse 
reflectance spectrum.

Keywords: Cadmium, photoluminescence, semiconductor, TDDFT, LLCT

1. Introduction

In recent years, preparation and characterization of 
coordination complexes have attracted increasing interest 
not only due to their amazing structural topologies but 
also their potential applications in the fields of catalyst, 
sensors, medicine, biology, solar energy conversion, mag-
netism, photoluminescence materials, and so forth.1–,5 

From the perspective of the crystal engineering, the most 
useful and facile way to construct coordination complexes 
is to adopt a suitable ligand to connect metal centers. To 

this end, the ligand is better to possess as much as donor 
atoms that enable it to bridge metal centers together to 
yield extended architectures. N-containing heterocyclic 
ligands (e.g., 2,2’-biim and 4,4’-bipy namely, 2,2’-biimid-
azole and 4,4’-bipyridine, respectively), which have several 
coordination sites and various coordination modes, have 
been widely applied as such ligands to design novel coor-
dination complexes.6–12 2,2’-biim and 4,4’-bipy have been 
confirmed to be a good chelating or bridging ligand to 
build coordination complexes. Being very strong N-ligat-
ing ligands, 2,2’-biim and 4,4’-bipy are also important to 

DOI: 10.17344/acsi.2017.3838

mailto:wtchen_2000@


1043Acta Chim. Slov. 2017, 64, 1042–1047

Yi et al.:   Preparation, Structure, Photoluminescent   ...

afford useful supramolecular recognition positions to 
form interesting supramolecular topologies. Therefore, 
2,2’-biim and 4,4’-bipy are important and useful ligands to 
achieve extended structures or supramolecular geome-
tries. Furthermore, the imidazole or pyridyl rings of the 
2,2’-biim or 4,4’-bipy possess delocalized π-electron sys-
tems which allow them to become an ideal candidate to 
prepare photoluminescent materials. 

In addition, coordination complexes possessing 
group 12 (IIB) elements (Zn, Cd, Hg) are attractive due to 
their photoluminescent and semiconductive properties, 
various coordination numbers and topologies provided by 
their d10 configuration of the IIB ions, as well as the im-
portant role of zinc played in biological systems.13–15 For 
the sake of exploring the metal ions on the structures and 
properties of the coordination complexes, we often choose 
the IIB ions as the central ion source. In order to explore 
novel IIB coordination complexes with attractive structur-
al topologies and interesting properties, we recently focus 
on the design and preparation of novel IIB coordination 
complexes with various organic ligands. We report in this 
work the preparation, crystal structure, photoluminescent 
and semiconductive properties, and theoretical calcula-
tion of a novel cadmium complex with mixed ligands, i.e. 
{[Cd(2,2’-biim)(4,4’-bipy)(H2O)(ClO4)](ClO4)}n (1) with 
a 1-D zigzag chain structure. It should be pointed out that 
this is the first IIB complex with both 4,4’-bipy and 2,2’-
biim ligands.

2. Experimental
2. 1. Materials and Instrumentation. 

All chemicals and reagents were of reagent grade, 
commercially available and directly applied for the reac-
tion. Photoluminescent characterization was measured 
using solid-state powders of the title complex at room tem-
perature on a JY FluoroMax-3 spectrometer. Time-depen-
dent density functional theory (TDDFT) calculation was 
performed by virtue of the Gaussian03 suite of program 
packages. Solid-state UV/vis diffuse reflectance measure-
ment was conducted on a computer-controlled TU1901 
UV/vis spectrometer equipped with an integrating sphere 
attachment. Finely-ground powder sample was coated on 
barium sulfate which acts as a reference for 100% reflec-
tance.

2. 2. �Synthesis of {[Cd(2,2’-biim)(4,4’-bipy)
(H2O)(ClO4)](ClO4)}n (1) 

Cd(ClO4)2 · 6H2O (1.00 mmol, 0.420 g), 2,2’-biim (1.00 
mmol, 0.134 g), 4,4’-bipy (1.00 mmol, 0.156 g) and 10 mL 
distilled water were put into a 25 mL vial of a Teflon-lined 
stainless steel autoclave. The autoclave was heated around 
433 K under autogenous pressure over a period of ten days 
and powered off, then cooled to room temperature. Finally, 
light-yellow block crystals were collected, washed with dis-

tilled water, dried in air and used for single-crystal X-ray 
diffraction as well as property measurements. The yield was 
24% (based on cadmium). Caution: perchlorate salts are 
highly explosive and must be handled with careful!

2. 3. X-ray Structure Determination 
The single-crystal data of the title complex were col-

lected on a SuperNova X-ray diffractometer equipped with 
a graphite monochromated Mo-Kα radiation source (λ = 
0.71073 Å) at 293(2) K. The diffraction was performed by 
means of a ω scan mode. Using the CrystalClear software, 
we reduced the data set and corrected the empirical ab-
sorption.16 The crystal structure was successfully solved by 
using the direct methods and Siemens SHELXTLTM Ver-
sion 5 software package.17 The non-hydrogen atoms were 
generated based on the subsequent Fourier difference 
maps and refined anisotropically. The hydrogen atoms 
were located theoretically and ride on their parent atoms; 

Table 1.  Crystallographic data and structural analysis for complex 1

Formula	 C16H16CdCl2N6O9

Mr	 619.65
Crystal system	 orthorhombic 
Space group	 Pna21 
a (Å)	 17.7584(5) 
b (Å)	 9.8785(3) 
c (Å)	 12.3847(4) 
V (Å3)	 2172.60(11) 
Z	 4 
Reflections collected	 6691 
Independent, observed reflections (Rint)	 3304, 3118 (0.0219) 
dcalcd. (g/cm3)	 1.894 
μ/mm−1	 1.315 
F(000)	 1232
R1, wR2	 0.0271, 0.0634
S	 1.027 
∆ρ(max, min) (e/Å3)	 0.388, –0.350

Table 2.  Selected bond lengths (Å) and bond angles (º) for complex 1

Distance	 (Å)	 Distance	 (Å)

Cd1–N5i	 2.290(3) 	 Cd1–N6 	 2.355(3)
Cd1–O1W 	 2.296(3)	 Cd1–N4 	 2.369(4)
Cd1–N2 	 2.303(3)	 Cd1–O7 	 2.499(4)

Angle	 (°)	 Angle	 (°)

N5i–Cd1–O1W 	 95.24(14)	 N2–Cd1–N4 	 72.89(11)
N5i–Cd1–N2 	 170.58(14)	 N6–Cd1–N4 	 91.18(13)
N2–Cd1–O1W 	 86.63(13)	 N5i–Cd1–O7 	 87.33(12)
N6–Cd1–O1W 	  99.57(13)	 O1W–Cd1–O7 	 77.90(14)
N2–Cd1–N6 	 99.89(12)	 N2–Cd1–O7 	 84.04(12)
N5i–Cd1–N4 	 103.84(12)	 N6–Cd1–O7 	 175.26(12)
N4–Cd1–O1W 	 158.28(12)	 N4–Cd1–O7 	 92.53(14) 

Symmetry code: (i) –x – ½, y + ½, z – ½.

http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3D%255B%25E6%2597%25A0%25E5%258C%2596%255D%2520barium%2520sulfate%26keyfrom%3Dhao360&q=%E7%A1%AB%E9%85%B8%E9%92%A1+%E8%8B%B1%E6%96%87&ts=1503108068&t=cd07942c6dd42ffe92268bd30692fe4
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however, the hydrogen atoms of the coordinated water 
molecule were not located and are not included into the 
model. The single-crystal structure was finally refined by 
using the full-matrix least-squares procedure on F2. Crys-
tallographic data and structural refinements for the title 
complex are summarized in Table 1. Selected bond lengths 
and bond angles for the crystal structure are displayed in 
Table 2. The hydrogen bonding interactions are presented 
in Table 3.

3. Results and Discussion
Single-crystal X-ray diffraction measurement re-

vealed that complex 1 crystallizes in the space group Pna21 
of the orthorhombic system with four formula units in one 
unit cell and the crystallographically asymmetric unit is 
comprised of one cadmium ion, one 4,4’-bipy ligand, one 
2,2’-biim ligand, one isolated perchlorate anion, one coor-
dinating perchlorate anion and one coordinating water 
molecule, as presented in Fig. 1. Complex 1 is character-
ized by a 1-D zigzag chain structure, consisting of [Cd(2,2’-
biim)(4,4’-bipy)(H2O)(ClO4)]n

n+ cationic chains and iso-
lated ClO4

– anions. The cadmium ion displays a slightly 
distorted octahedral geometry with the equatorial posi-
tions inhabited by three nitrogen atoms from one 2,2’-biim 
and one 4,4’-bipy ligand as well as one oxygen atom from 
one coordinating water molecule, and the apical sites are 
occupied by one oxygen atom from one coordinating per-
chlorate anion as well as one nitrogen atom from one 4,4’-
bipy ligand (Fig. 1).

nally coordinating and isolated. The Cd···Cd distance is 
11.5886(2) Å because of the distraction of the long rod-
like bridging 4,4’-bipy ligand. The bond lengths of Cd–N 
are in the range of 2.290(3)–2.369(4)Å with a mean value 
of 2.329(4) Å. This is in agreement with those found in the 
literature.18–20 The bond lengths of Cd–O for water and for 
perchlorate ligand are 2.296(3) Å and  2.499(4) Å, respec-
tively. This is also comparable with those reported in the 
literature.21–24 The bond angle of N5’–Cd1–N2 is 
170.58(14)°, close to 180°, while other N–Cd–N angles lo-
cate in a range of 72.89(11)°–103.84(12)°, close to 90°. The 
bond angles of N4–Cd1–O1W and N6–Cd1–O7 are 
158.28(12)° and 175.26(12)°, respectively, while other N–
Cd–O angles are in a range of 84.04(12)°–99.57(13)°. The 
bond angle of O–Cd–O is only 77.90(14)°. The dihedral 
angle of the pyridyl rings of the 4,4’-bipy ligand is 14.90(4)°. 
The imidazole rings of the 2,2’-biim ligand is nearly copla-
nar with a small dihedral angle of 4.64(2)°, which is close 
to that in another cadmium 2,2’-biim complex (3.23°).25 In 
complex 1, there are many hydrogen bonding interactions 
such as N–H···O and C–H···O interactions as listed in Ta-
ble 3. The 1-D [Cd(2,2’-biim)(4,4’-bipy)(H2O)(ClO4)]n

n+ 
cationic chains and isolated ClO4

– anions are interlinked 
together through these hydrogen bonding interactions, 
electrostatic interactions and van der Waals interactions to 

Figure 1. An ORTEP diagram of complex 1 with 30% thermal ellip-
soids. Hydrogen atoms are omitted for clarity. Symmetry code: –x 
– ½, y + ½, z – ½.

The neighboring cadmium ions are interconnected 
by the 4,4’-bipy ligands through the nitrogen atoms to 
construct a 1D zigzag chain structure running along the 
b-axis, as depicted in Fig. 2. Different from the bridging 
4,4’-bipy ligand, the 2,2’-biim molecule acts as a terminal 
ligand and chelates to one cadmium ion with the chelating 
angle N2–Cd1–N4 being of 72.89(11)°. In complex 1, 
there are two kinds of perchlorate anions, namely, termi-

Figure 2. The 1-D zigzag chain structure of complex 1.

Figure 3. Packing diagram of complex 1 with the dashed lines rep-
resenting the hydrogen bonding interactions.
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construct a three-dimensional (3-D) supramolecular 
structure as shown in Fig. 3. To the best of our knowledge, 
this is the first IIB complex containing both 4,4’-bipy and 
2,2’-biim ligands, although a lot of IIB complexes with ei-
ther 4,4’-bipy or 2,2’-biim as a ligand have been reported 
thus far. 26–29

cited by the wavelength of 424 nm, the photoluminescent 
emission spectra yield a strong emission peak at 493 nm in 
the green region of the spectrum. As a result, complex 1 
could be a candidate material for green photoluminescence.

Trying to unveil the nature of the photolumines-
cence spectra of complex 1, we truncated ground state ge-
ometry from its single-crystal X-ray diffraction data set 
and carried out its theoretical calculation in light of the 
time-dependent density functional theory (TDDFT) based 
on this ground state geometry. The TDDFT investigation 
was performed with the B3LYP function and by virtue of 
the Gaussian03 software package. After successfully calcu-
lating, the theoretical electron-distribution diagrams were 
obtained using the ChemOffice Ultra 7.0 graphics pro-
gram and the results are given in Fig. 5. It is easy to find out 
that the electron-density distribution of the singlet state of 
HOMO is totally resided at the coordinating perchlorate 
anion with an energy being of –0.213039 Hartrees; howev-
er, the electron-density population of the singlet state of 
the LUMO locates at the 4,4’-bipy ligand and the energy of 

Table 3.  Hydrogen bonding interactions

D–H···A	 D–H, Å	 H···A, Å	 D···A, Å	 D–H···A, °

N1–H1B···O2ii	 0.86	 2.38	 3.169(6)	 153
N1–H1B···O3ii	 0.86	 2.31	 3.058(5)	 146
N3–H3A···O2ii	 0.86	 2.07	 2.905(5)	 162
C8–H8A···O7ii	 0.93	 2.54	 3.328(6)	 142
C10–H10A···O4iii	 0.93	 2.57	 3.298(6)	 136 

Symmetric codes: (ii) –x, –y, ½ + z; (iii) x, y, 1 + z.

In general, cadmium compounds can exhibit attrac-
tive photoluminescent properties and, therefore, they have 
potential application in the areas of light-emitting diodes, 
electrochemical displays, photoluminescent materials, sen-
sors.30,31 Moreover, complexes containing 4,4’-bipy or 2,2’-
biim ligands can generally also show good photolumines-
cence due to the existence of their delocalized π electrons. As 
a result, the title complex is expected to possess photolumi-
nescent behavior. Based on these considerations, in the pres-
ent work, we measured the photoluminescent properties of 
complex 1 using powder-like samples under room tempera-
ture. Fig. 4 gives the photoluminescent excitation and emis-
sion spectra of complex 1. As displayed in this figure, the 
photoluminescent emission spectra of complex 1 show a 
wide and intensive emission peak, while the photolumines-
cent excitation spectra show that the effective energy ab-
sorption mainly resides in the wavelength span of 250–430 
nm. The photoluminescent excitation spectra display a main 
peak at 424 nm and a shoulder at 355 nm. When it was ex-

Figure 4. Photoluminescence spectra of 1 with the red and green 
lines representing excitation and emission spectra, respectively.

Figure 5. The electron-density population of complex 1. The isosurfaces correspond to the electronic density differences of –10 e nm–3 (blue) and 
+10 e nm–3 (red).
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the LUMO is calculated to be –0.122838 Hartrees. The en-
ergy difference between LUMO and HOMO is 0.090201 
Hartrees that is small enough to allow the charge transfer 
from HOMO to LUMO. Based on these observation, it is 
proposed that the essence of the photoluminescence of 
complex 1 could be assigned to the ligand-to-ligand charge 
transfer (LLCT; from the HOMO of the perchlorate anion 
to the LUMO of the 4,4’-bipy ligand).

Cadmium compounds are well-known not only for 
their photoluminescent behaviors but also for their semi-
conductive properties and the latter enable them to be 
widely applied in military or civil areas. For example, Hg-
CdTe, known as MCT, is one of the most famous military 
infrared detectors based on the semiconductive proper-
ties. Therefore, it could be worthy to measure the semicon-
ductive properties of the title complex. Powder-like bari-
um sulfate acts as a reference for 100% reflectance and 
finely-ground powder sample was coated on the surface of 
the barium sulfate. After measuring the solid-state UV/vis 
diffuse reflectance spectra, the data was treated carefully 
with the Kubelka-Munk function which is known as α/S = 
(1 – R)2/2R. With regard to this function, α means the ab-
sorption coefficient, S refers to the scattering coefficient 
which is actually wavelength independent when the size of 
the particle is larger than 5 µm, and the R is related to the 
reflectance. From the α/S vs. energy gap diagram, the value 
of the optical band gap could be determined via extrapo-
lating the linear portion of the absorption edges. In this 
way, the solid-state UV/vis diffuse reflectance spectra 
showed that complex 1 has a wide energy band gap of 3.25 
eV, as depicted in Fig. 6. As a result, complex 1 could be a 
possible candidate for the wide optical band gap semicon-
ductors. The slow slope of the optical absorption edge of 
complex 1 suggests that it must be an indirect transition.32 
The energy band gap of 3.25 eV of complex 1 is obviously 
larger than those of CuInS2 (1.55 eV), CdTe (1.5 eV) and 
GaAs (1.4 eV), all of them are broadly applied as efficient 
photovoltaic materials.33,34

4. Conclusions 
In conclusion, a novel cadmium complex with mixed 

ligands has been synthesized and characterized by sin-
gle-crystal X-ray diffraction. It exhibits a 1-D zigzag chain 
structure. It is the first cadmium complex with both 4,4’-
bipy and 2,2’-biim ligands. Powder photoluminescent 
characterization reveals that it displays an emission in the 
green region. TDDFT calculation revealed that the nature 
of the photoluminescence is originated from the li-
gand-to-ligand charge transfer (LLCT; from the HOMO of 
the perchlorate anions to the LUMO of the 4,4’-bipy li-
gand). A wide optical band gap of 3.25 eV was determined 
by the solid-state UV/vis diffuse reflectance spectrum. 
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Povzetek
S hidrotermalno reakcijo smo sintetizirali nov kadmijev kompleks z različnimi ligandi, {[Cd(2,2‘-biim)(4,4‘-bipy)(H2O)
(ClO4)] (ClO4)}n (1) (2,2‘-biim = 2,2‘-biimidazol; 4,4‘-bipy = 4,4‘-bipiridin), ter določili kristalno strukturo z monokris-
talno rentgensko difrakcijo. Rentgenska strukturna analiza razkriva, da kompleks 1 kristalizira v prostorski skupini 
Pna21 ortorombskega kristalnega sistema z enodimenzionalnimi cikcak [Cd(2,2‘-biim)(4,4‘-bipy)(H2O)(ClO4)]n

n+ ka-
tionskimi verigami in izoliranimi ClO4

– anioni. Analiza fotoluminiscenčnih lastnosti prahu kaže, da kompleks 1 emitira 
zeleno svetlobo. Izračuni na podlagi teorije časovno odvisnega gostotnostnega funkcionala (TDDFT) kažejo, da je vzrok 
za pojav fotoluminiscence v kompleksu 1 v prenosu naboja z liganda na ligand (LLCT; od HOMO perkloratnega aniona 
k LUMO 4,4‘-bipy liganda). S pomočjo UV/Vis difuzne reflektance v trdnem stanju je bil ugotovljen širok prepovedani 
pas velikosti 3.25 eV.
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Abstract
In the present research, the applicability of stable isotope (δ13C, δ15N, δ34S, δ18O) and multi-element (P, S, Cl, K, Ca, Zn, Br, 
Rb, Sr) data for determining the geographical origin of garlic (Allium sativum L.) at the scale of Slovenia was examined. 
Slovenia is a rather small country (20273 km2) with significant geological and biological diversity. Garlic, valued for its 
medicinal properties, was collected from Slovenian farms with certified organic production and analyzed by elemental 
analyzer isotope ratio mass spectrometry combined with energy dispersive X- ray fluorescence spectrometry. Multivari-
ate discriminant analysis (DA) revealed a distinction between four Slovenian macro-regions: the Alpine, Dinaric, Medi-
terranean and Pannonian. The model was validated through a leave-10%, 20% and 25% out cross validation. The overall 
success rate of correctly reclassified samples was 77% (on average), indicating that the model and the proposed method-
ology could be a promising tool for rapid, inexpensive and robust screening to control the provenance of garlic samples.

Keywords: Food traceability, Garlic, Geographical origin, Stable isotopes, Elemental composition, Slovenia

1. Introduction
Garlic (Allium sativum L.), a bulb vegetable widely 

used in global cuisine, is one of the most investigated food 
products. It contains approximately 65% water, 28% car-
bohydrates, 2% proteins, 1.2% free amino acids and 1.5% 
fiber. A further 2.3% is comprised of organosulfur com-
pounds, which give garlic its characteristic pungent taste 
and flavor. These compounds are strongly related to garlic’s 
beneficial effects on health,1 exhibiting antioxidant, anti-
microbial, anticarcinogenic and antimutagenic activities 
as well as containing protective medicinal properties 
against cardiovascular and respiratory diseases.1,2

In recent years, proof of provenance has played an 
increasingly significant role in food safety and quality sur-
veillance programmes. It also affects consumers’ rights in 
accordance with national legislation, international stan-
dards and guidelines. Thus, geographical origin determi-

nation has become another fundamental factor used for 
evaluating the quality of a product.3 In Slovenia, the quali-
ty of garlic is currently defined by the Rules on the Quality 
of Vegetables.4 At larger scale, in Europe, Commission 
Regulation (EC) No. 2288/97 lays down the marketing 
standards for garlic.5 These rules concern the visual ap-
pearance of vegetables (size, shape, firmness, cleanliness 
etc…), packaging and labeling, including the declaration 
of origin of produce. Nevertheless, rapid, reliable, robust 
and inexpensive screening methods are still necessary in 
order to ensure the geographical authenticity and trace-
ability of food products and in addition, the main goal of 
research in this field has been lately focused on defining 
the parameters and providing appropriate analytical tools. 
One of the important techniques, where the scope of geo-
graphical assignment of food products can be remarkably 
extended, relies on a combination of isotopic and elemen-
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tal fingerprinting. An important prerequisite is the avail-
ability of suitable databases, based on a large number of 
authentic samples. Moreover, basic knowledge on stable 
isotope fractionation effects in nature also needs to be in-
creased.6 For garlic, no databank for tracing its origin at 
national, continental or global scale has been set up yet, in 
spite of global utilization of garlic as a condiment in cui-
sine or for medicinal purposes.7 

Many authors have attempted to determine the geo-
graphical origin of different cereal grains,8–11 Chinese teas12 
and honey13 using only stable isotopes of light elements. 
Samples classification into groups according their geo-
graphical origin was relatively successful, indicating that 
better classification could be achieved by applying not only 
stable isotope ratios of one or two light elements, but by 
using multielement stable isotope ratio data. Moreover, the 
use of stable isotope data in combination with multi-ele-
mental analysis can provide even better discrimination in 
the case of apple juices,14 teas,15 tomatoes,16 wines17 and 
honey.18 In spite of this, a combination of multielement 
stable isotopes and multi-element fingerprinting has been 
rarely used, especially for tracing the geographical origin 
of vegetables. There has been scarce research on determin-
ing the geographical origin of garlic. Smith (2005)19 pro-
posed trace metal profiling using high-resolution induc-
tively coupled plasma mass spectrometry in order to de-
termine the country of origin of garlic, whilst to authors‘ 
very best knowledge there appears to be very little litera-
ture data published applying stable isotope ratios or their 
combination with elemental composition data, e.g. Feher 
et al., (2017).20

The popularity of garlic in Slovenia is increasing ex-
tremely. According to the Statistical office of Republic of 
Slovenia total production of garlic in Slovenia in 2015 was 

980 t, hereof 478 t for market production.21 This was 3 
times higher for total production and 35–40 times higher 
for market production in comparison to 10 years ago. In 
ten years (i.e., 2005–2015) the garlic import from other 
countries has decreased for around 20%, and amounted to 
1296 t in 2015.22 Slovenia is a small country (20273 km2) 
characterized by rich geological, climatological and biolog-
ical diversity. It is situated between the Alps, the Dinaric 
Mountains, the Pannonian Basin and the Mediterranean 
Sea, making it ideal for this study. Our primary aim was to 
examine the possibility of using stable isotope ratio, mul-
tielement analyses, and chemometry (specifically, multi-
variate discriminant analysis (DA)) for characterizing and 
classifying organically grown Slovenian garlic according to 
the geographical macro-region in which it was cultivated 
(Alpine, Dinaric, Pannonian, or Mediterranean). The data 
gathering at the scale of Slovenia has commenced within 
the framework of the project “ISO-FOOD- ERA chair for 
isotope techniques in food quality, safety and traceability” 
funded by the EU. Furthermore, it is also expected that our 
findings will initiate the creation of a national database as 
the proposed methodology could be a promising tool for 
fast and cheap screening purposes which would allow for 
seamless implementation into existing food regulations 
and trade agreements.

2. Materials and Methods
2. 1. Sampling

Samples were collected in autumn 2014 and 2015 
from several Slovenian certified organic farms in order to 
ensure authenticity, traceability and equivalent production 
regimes. In total, 38 samples of garlic from four different 
Slovenian macro-regions (Fig. 1) were obtained. 

Fig. 1. Regionalization of Slovenia into four macro-regions23 with sampling sites and years of garlic samples
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2. 2. Stable Isotope Analysis
Samples for simultaneous carbon, nitrogen and sul-

fur isotope ratio analysis were dried to constant weight in 
an oven at 60 °C. The dried samples were then homoge-
nized and ground to a fine powder using a mortar. A 
known weight (10 mg) of garlic powder was folded and 
compressed in a tin capsule and introduced into the au-
tosampler. Analysis was carried out using an Elementar 
vario PYRO cube elemental analyser (OH/CNS Pyrolyser/
Elemental Analyser) linked to an IsoPrime100 continuous 
flow isotope ratio mass spectrometer (IsoPrime, Cheadle, 
Hulme, UK). Each sample was analyzed in three repeti-
tions. The difference between the replicates for any of the 
elements did not exceed 0.2‰. 

For oxygen stable isotope analysis, liquid samples 
were obtained by squeezing fresh garlic through a gauze. 
Isotopic ratios were then measured after equilibration (40 
°C, 6h) with 5% CO2+ He mixture. Analysis was perfor
med using an IsoPrime100 isotope ratio mass spectrome-
ter and MultiFlow preparation system (IsoPrime, Cheadle, 
UK) according to the ENV 12141:1996.24

The stable isotope compositions are reported accord-
ing to the IUPAC guidelines25,26 as relative differences in 
the isotope ratios (isotope-delta values), as seen in Equa-
tion (1)25: 

						       (1)

The superscripts i and j denote the higher and low-
er atomic masses of the analysed element E, and RP  and 
RRef denote the heavy-to-light isotope ratios of the element 
E in the analysed sample and the reported reference ma-
terial, respectively. A short-hand notation for elements 
with only two relevant stable isotopes is used in the text, 
i.e., δ13C, δ15N, and the δ34S; the δ values are expressed in 
per mil (‰) relative to standards. The δ13C values are ex-
pressed relative to VPDB (Vienna Peedee belemnite) on a 
scale normalized by assigning consensus values of −46.6‰ 
to L-SVEC lithium carbonate and +1.95‰ to NBS 19 cal-
cium carbonate. The  δ18O values of water are expressed 
relative to the VSMOW2 (Vienna Standard Mean Ocean 
Water 2), δ34S relative to the VCDT (Vienna Canyon Di-
ablo Troilite), and δ15N relative to Air (atmospheric N2). 
By definition, the δ value of the reporting standards is 0‰.

For  δ13C and  δ15N measurements, working stand-
ards were used, calibrated versus USGS40 (L-glutamic 
acid; certified δ13CVPDB value –26.39 ±0.04‰; recommend-
edδ15N value –4.5 ±0.1‰), USGS41 (L-glutamic acid; 
certified  δ13CVPDB  value +37.63 ±0.05‰; recommend-
ed δ15NAir value +47.6 ±0.2‰), IAEA-CH-6 (sucrose with 
certified δ13C value –10.45 ±0.03‰), IAEA-N-1 (ammoni-
um sulfate with certified δ15NAir value +0.4 ±0.2‰) inter-
national reference materials, and IAEA-SO-5 (barium sul-
fate with recommended δ34S +0.5 ±0.2‰) reference ma-
terial for sulfur. The accuracies of the δ13C, δ15N, and δ34S 

analyses were monitored with commercially available iso-
tope standards (Sercon) with recommended δ13C and δ15N 
values, and informative δ34S values: Wheat Flour Standard 
Organic Analytical Standard (OAS; –27.21 ±0.13‰; +2.85 
±0.17‰; –1.42 ±0.80‰ for δ13C, δ15N and δ34S, respective-
ly), Sorghum Flour Standard OAS (–13.68 ±0.19‰; +1.58  
±0.15‰; +10.11 ±1.00‰) and Protein (Casein) Standard 
OAS (–26.98 ±0.13‰; +5.94 ±0.08‰; +6.32 ±0.80‰). All 
these values were certified by the Elemental Microanalysis 
Ltd.

The measured  δ18O values were recalculated us-
ing the in-house reference materials (distilled seawater 
with  δ18O value +0.34 ±0.07‰, MilliQ water with  δ18O 
value –9.12 ±0.07‰ and snow with  δ18O value –19.73 
±0.09‰). All these working standards were calibrated vs. 
the IAEA international reference material VSMOW2 with 
recommended δ18OVSMOw value 0 ±0.02‰ and Greenland 
Ice-Sheet Precipitation (GISP; certified  δ18OVSMOW –24.76 
±0.09‰). Reproducibility of the measurements was 
±0.1‰ for  δ18O, ±0.2‰ for  δ13C and ±0.3‰ for  δ15N 
and δ34S.

2. 3. Elemental Analysis
Multielement determination of macro (P, S, Cl, K, 

Ca) and micro elemental (Zn, Br, Rb, Sr) content was per-
formed in single measurement using non-destructive en-
ergy dispersive X-ray fluorescence spectrometry. Pellets 
were prepared from 0.5 to 1.0 g of powdered sample mate-
rial using a pellet die and hydraulic press. For excitation, 
the disc radioisotope excitation source of Fe-55 (25 mCi) 
and Cd-109 (20 mCi) from Eckert and Ziegler were used. 
The emitted fluorescence radiation was measured using an 
energy dispersive X-ray fluorescence spectrometer con-
sisting of a Si(Li) detector (Canberra), a spectroscopy am-
plifier (Canberra M2024), analogue-to-digital converter 
(Canberra M8075) and PC-based multichannel analyser 
(S-100 Canberra). The spectrometer was equipped with a 
vacuum chamber (Fe-55) for measuring light elements 
P-Cl. The energy resolution of the spectrometer was 175 
eV at 5.9 keV. The complex X-ray spectra were analyzed 
using AXIL spectral analysis software. Quantification was 
then performed utilizing the Quantitative Analysis of En-
vironmental Samples (QAES) software, developed in our 
laboratory.27,28 The estimated analysis uncertainty was 5% 
to 10%. The accuracy of the data was checked using the 
National Institute of Standards and Technology 1573a ref-
erence material (tomato leaves).

2. 4. Statistical Analysis
Statistical calculations were carried out using the 

XL-STAT software package (Addinsoft, New York, USA). 
Simple statistics included analysis of variance by ANOVA 
with Duncan’s tests for comparison of means for normally 
distributed data, and Kruskal–Wallis one-way analysis of 
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variance by ranks (Kruskal–Wallis test) for not 
normally distributed data in order to reveal sta-
tistically significant differences, whilst multi-
variate DA was used for determination of key 
factors responsible for discrimination of four 
Slovenian geographical macro-regions.

3. Results and Discussion
3. 1. Garlic

In Table 1 means and standard deviations 
of the stable isotope and elemental composition 
of the 38 garlic samples according to their given 
macro-region origin are reported, whilst Table 
2 gives means, standard deviations and ranges 
(minimum- maximum) of the stable isotope 
and elemental composition of the 38 garlic 
samples, irrespective of geographical origin. 
The data of δ15N, δ18O, δ34S, P, K and Zn were 
normally distributed and their variances were 
homoscedastic, while the data of δ13C, S, Cl, Ca, 
Br, Rb, Sr and Si were not normally distributed. 
According to ANOVA test three parameters 
(δ18O, P, K) were statistically significant (p<0.05) 
for discriminating between the four Slovenian 
macro-regions. Additionally, the Kruskal- Wal-
lis test revealed that only δ13C is statistically sig-
nificant for determining the origin of the garlic 
samples.

3. 2. Stable Isotopes
We emphasize that only statistically sig-

nificant parameters are described below. In this 
regard, the post-hoc Duncan test revealed that it 
is possible to differentiate the Mediterranean 
region from all the other regions on the basis of 
δ18O values. The lowest δ18O values were mea-
sured in garlic samples from the Dinaric region 
(average δ18O = –2.6‰), whilst the highest δ18O 
values were found in samples from the Mediter-
ranean region (average δ18O = –0.8‰). The Al-
pine and Pannonian regions fell in between 
with average values of δ18O = –2.1‰ and δ18O = 
–1.9‰, respectively. The xylem sap of terrestri-
al plants reflects the integrated isotopic com-
positons of the water sources, since the water is 
absorbed through the root system with no iso-
topic fractionation during uptake. After that, 
transpiration through the leaf stomata occurs, 
leading to enrichment of δ18O in the leaf water.29 
The distribution trends of δ18O values in garlic 
samples is similar to that observed in Slovenian 
groundwater,30 when considering the δ18O con-
tent of groundwater in the Mediterranean re- Ta
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gion and in garlic samples from this region (Fig. 2). The 
lowest values in groundwater were detected in several Al-
pine areas, which is not in accordance with our results ob-
tained from garlic. Here, it should be taken into account 
that the distribution of δ18O in precipitation across Slove-
nia is almost identical to that in groundwater, however, 
there is no databank for the isotopic composition of pre-
cipitation in Slovenia yet. However, our results are in 
agreement with the literature data,8,14,31–32 which indicate 
that the coastal regions have higher δ18O values due to a 
relatively warm and dry climate (temperature and amount 
effect, respectively). The factors that most influence the 
fractionation of δ18O are distance from the sea (continental 
effect) and altitude and latitude characteristics.31,32

3. 3. Elements
The elements measured by energy dispersive X-ray 

fluorescence spectroscopy can be divided into two groups: 
macro and microelements. In total, 9 elements were deter-
mined, 5 macro- (K, P, S, Ca, Cl) and 4 microelements (Zn, 
Rb, Br, Sr). We emphasize that only the stastistically signif-
icant parameters are described below and results are de-
picted as g/kg of dry matter (DM). Based on average values 
of P, the Mediterranean region (5.13 g/kg) was distinguish-
able from both the Alpine (4.09 g/kg) and Dinaric regions 
(3.56 g/kg), but not from the Pannonian (5.11 g/kg). Fur-
ther, based on the average K values, the Mediterranean re-
gion (15.7 g/kg) was found to be statistically different from 
both the Alpine (13.0  g/kg) and Dinaric (11.7  g/kg) re-
gions, but not from the Pannonian (15.2 g/kg). It was also 

not possible to discriminate the Pannonian region from 
both the Dinaric and Alpine regions.

In order to easier compare the elemental content of 
Slovenian garlic with literature data, average values can be 
defined, irrespective to the geographical origin (Table 2). 
Our results reveal differences in comparison with the liter-
ature data. For example, Chekki et al. (2014)33 reported 
that concentration of P in Tunisian garlic was 0.14 g/kg, 
which is lower than in Slovenian garlic (4.39 g/kg), while 
the opposite is true for Indian (4.60  g/kg) and Turkish 
(6.01 g/kg) garlic. Contents of K (16.68 g/kg), P (4.78 g/
kg), Ca (0.69 g/kg) and Zn (66 mg/kg) in Nigerian garlic 
were reported by Akinwande and Olatunde (2015).34 These 
concentrations are found to be higher than ours. A similar 
range of concentrations was reported by Gonzálvez A et al. 
(2008).35 The present data shows the heterogeneity of the 
results and the geographical and/or environmental influ-
ences on mineral content of garlic, which makes mineral 
profiling a possible tool for determining the geographical 
origin of internationally produced garlic. 

3. 4. �Results of Multivariate Discriminant 
Analysis (DA)
Fig. 3(a) shows discriminant score plots of Slovenian 

garlic samples in order to verify the possibility to differen-
tiate samples according to the geographical origin using 
the combination of stable isotope and multi-elemental 
composition data, while in Fig. 3(b) plot of correlations 
between initial variables and discriminant factors (F1, F2) 
is seen. An overlap is observed among garlic samples orig-

Fig. 2. Assessment of isotopic composition of δ18O in groundwater in Slovenia (multiple linear regression method)30 and sample sites for garlic samples
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inating from both the Alpine and Dinaric geographical 
regions, whilst samples from both the Pannonian and 
Mediterranean regions are well separated (Fig. 3a). Over-
lapping results can occur due to the similar geological 
characteristics and climate conditions; similar findings of 
indistinguishable both the Alpine and Dinaric regions 
were also confirmed by Nečemer et al. (2016)36 in the case 
with cow milk. Moreover, the Wilks λ value ranges from 0 
to 1, indicating that means of two groups are equal if λ = 1, 
whereas means are different if λ = 0.37 In our case, Wilks λ 
is 0.0289. Further, p- value (<0.0001) was lower than the 
significance level alpha (0.1), which signify that at least 
one of the means vector is different from another. The dis-
crimination among the garlic samples from the four differ-
ent macro-regions is distinctly demonstrated along the 
Function 1 (F1) axis with δ13C (standardized coefficient, 
–0.83), δ34S (0.64), Zn (1.34) and P (–1.15). Function 2 

(F2) is also linked to the variability within each particular 
group and the most significant parameters were δ13C 
(–0.80) and δ34S (–1.17), P (0.97) and Cl (–1.66). Other pa-
rameters are less influential. F1 explains 60.48% of the to-
tal variance, while F2 accounts for 27.34%. The model was 
validated through the leave-10%-out cross validation, 
which gave a success rate of 75%. Additionally, the total 
prediction ability of leave-20%-out and leave-25%-out was 
75% and 80%, respectively. In accordance with the litera-
ture data for cereals,9,10 the results confirm that δ13C is an 
important parameter for determining geographical origin. 
The differences in the δ13C values could be attributed to 
differences in local growth conditions e.g., temperature, 
relative humidity, drought stress, light intensity, and nutri-
ent availability.10,38 Conversely, δ34S is rarely used in such 
investigations, although sulfur isotopes in plants are 
known to be related to soil geology13 and are promoted as 

Fig. 3. (a) Discriminant score plots of 38 Slovenian garlic samples from the Alpine (A; n = 18), Dinaric (D; n = 6), Mediterranean (M; n = 9), Pan-
nonian (P; n = 5) regions. (b) Plot of correlations between initial variables and discriminant factors (F1, F2)

Fig. 4. Discriminant score plots of 38 Slovenian garlic samples from the Alpine (A; n = 18), Dinaric (D; n = 6), Mediterranean (M; n = 9), Pannonian 
(P; n = 5) regions applying (a) stable isotope and (b) elemental parameters

a) b)

a) b)
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valuable indicators for assigning the origin of plant mate-
rial.39 Finally, the elemental fingerprint (especially Zn and 
P) has an even greater discriminating power than the sta-
ble isotope ratios. 

Directions and lengths of vectors of initial variables 
in Fig. 3b indicate that higher mean δ13C values were deter-
mined in both the Mediterranean and Dinaric regions 
compared to the Alpine and Pannonian. Further, the high-
est mean values of δ18O and contents of K, P, S, Cl and Ca 
were measured in the Mediterranean region, but the mean 
Rb and δ34S values were there the lowest. The mean δ15N 
values were found to be the highest in the garlic samples, 
originated from the Pannonian region.

Additionally, in order to compare different ap-
proaches, stable isotope (Fig. 4a) and multi-elemental (Fig. 
4b) data were tested separately. In the case of stable isotope 
data, the groups were not separated from each other due to 
overlapping results, while in the case of multi-elemental 
data the tendency of grouping was noticed. Nonetheless, 
the groups could not be distinguished according to their 
macro-regional origin. In first case, the major contribu-
tions to separate garlic into groups were δ13C and δ18O in 
F1 and δ13C and δ34S in F2. Regarding elemental data, garlic 
differed mostly because of the differences in P and Zn con-
tents in F1, and Zn and Br in F2.

4. Conclusions
In conclusion, the stable isotopic compositions of 

four elements (δ13C, δ15N, δ34S, δ18O) and elemental compo-
sition of nine elements (K, P, S, Ca, Cl, Zn, Br, Rb, Sr) were 
used to differentiate the geographical origin of organically 
grown garlic from Slovenian certified farms. The results 
show a definite tendency towards their respective Slove-
nian macro-regions, although the slight overlap among 
some samples is likely due to them having been grown in 
regions with similar geological and climatic conditions 
and to the natural variability of the samples. The main pa-
rameters that differentiate the origin of the garlic samples 
were δ13C, δ34S, Zn, P and Cl. Considering the results ob-
tained, we can conclude that elemental analyser isotope 
ratio mass spectrometry, when combined with energy dis-
persive X-ray fluorescence spectrometry, has the potential 
to be a rapid, simple and powerful method to investigate 
the origin of a large number of samples. In addition, our 
preliminary results represented the first model of garlic in 
Slovenia, regarding the geographical origin of cultivation. 
Despite these encouraging results, there still remain some 
limitations and further research based on a larger dataset 
will be important in establishing databases that are more 
reliable. The annual differences in the stable isotope ratios 
and elemental composition of plant materials must also be 
taken into account, which will mean collecting samples 
over a number of years. Such expanded databases will re-
quire interpretations that are more complex due to the in-

creased number of samples and because of the natural 
variation in stable isotope ratios and elemental composi-
tion.
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Povzetek
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področju Slovenije z analizo izotopske (δ13C, δ15N, δ34S, δ18O) ter elementne (P, S, Cl, K, Ca, Si, Zn, Br, Rb, Sr) sestave. 
Slovenija je razmeroma majhna država (s površino le 20273 km2), a z vidika geološke in biološke raznolikosti zelo za-
nimiva za raziskovanje geografskih vplivov. Rezultate, ki so bili pridobljeni z masno spektrometrijo za analizo izotopskih 
razmerij in energijsko disperzijsko rentgensko fluorescenčno spektrometrijo, smo statistično ovrednotili z multivariatno 
diskriminantno analizo. Dobljeni model smo validirali z izpuščanjem objektov, t.j. z 10 %, 20 % in 25 % izpuščenih objek-
tov. V povprečju je bil odstotek pravilne klasifikacije vzorcev česna 77 %, kar nakazuje na to, da sta model ter predlagana 
metodologija obetajoča za nadaljnje raziskovanje hitre, poceni in robustne kontrole porekla.

https://doi.org/10.1631/jzus.B1200046
https://doi.org/10.1016/j.foodchem.2009.12.082
https://doi.org/10.1016/j.foodchem.2016.02.039
https://doi.org/10.1016/j.foodchem.2008.08.077
https://doi.org/10.1002/rcm.4935
https://doi.org/10.1016/j.foodchem.2013.04.106
https://doi.org/10.1016/j.foodchem.2009.12.094
https://doi.org/10.1021/jf040166+
https://doi.org/10.1515/pac-2013-1023
https://doi.org/10.1515/pac-2016-0302
https://doi.org/10.1016/j.sab.2008.07.006
https://doi.org/10.1080/10408398.2012.689380
https://doi.org/10.1016/j.talanta.2007.09.039
https://doi.org/10.1016/j.jfca.2016.07.002
https://doi.org/10.1021/jf062690h
https://doi.org/10.1016/j.foodchem.2016.05.161


1056 Acta Chim. Slov. 2017, 64, 1056–1060

Author Index / Kazalo avtorjev

Abbasi Muhammad Athar .................. 159
Abbasoglu Rza ................................... 290
Abdelaziz Mahmoud A. ..................... 439
Abdo Nadia Youssef Megally ............ 117
Abdollahi Najmeh .............................. 409
Abdollahi-Basir Mohammad  

Hossein ........................................... 73
Abramović Helena.............................. 491
Abu-Melha Sraa.................................. 919
Acharya Manoj ..................................... 45
Ahmad Irshad ..................................... 159
Ahmed Mahmood .............................. 332
Ain Qurat-ul........................................ 159
Ajerloo Bahram .................................. 129
Akdag Abdurrahman .......................... 312
Akpinar Merve ................................... 422
Al-farouk Fatma Omar ....................... 117
Ali Amir ............................................. 332
Ali Saqib ............................................ 397
Al-Omran Fatima ............................... 439
Alyapyshev Mikhail ........................... 582
Amini Mostafa M. .............................. 479
Antypenko Oleksii.............................. 902
Anusha Siluveru ................................. 319
Aryan Reza.......................................... 911
Ashraf Muhammad ............................ 159
Atalay Rengul Cetin ........................... 621
Athar Muhammad Makshoof ............. 332
Attia Ali Kamal .................................. 415
Babain Vasily ..................................... 582
Babanly Mahammad Baba ................. 221
Badiei Alireza ..................................... 701
Balakrishnan Malini ............................. 83
Balati Ali ............................................ 479
Bangal Mukund N. ............................. 461
Barani Azam ....................................... 193
Basu Subhankar ................................... 83
Bayrakci Mevlut ................................. 679
Behzad Sara Karimi ........................... 479
Béni Áron ........................................... 248
Berest Galyna...................................... 902
Bevc-Černilec Katarina....................... 968
Beyzaei Hamid.................................... 911
Bohanec Simona................................. 968
Boroujeni Kaveh Parvanak ................ 692
Botros Samir ...................................... 102

Bregar Vladimir Boštjan .................... 534
Brudar Sandi ...................................... 564
Bukošek Vili........................................ 980
Bukovec Peter .................................... 577
Bunchamnan Jutamas.......................... 849
Burakham Rodjana ............................. 590
Burcă Silvia ........................................ 513
Cao Qi .................................................. 95
Carr Paul D. ....................................... 613
Cercado-Quezada Bibiana ................. 449
Cerc-Korošec Romana ....................... 342
Chaudhary Sandeep............................ 988
Chavoshiyan Mahshad ....................... 613
Chen Guang-Ying .............................. 633
Chen Hao-Hua ................................... 633
Chen Wen-Tong................................ 1042
Cheng Guo-Ping ................................ 261
Cherkezova-Zheleva Zara .................. 299
Chua Lee Suan.................................... 888
Cigić Blaž............................................ 491
Ciuffreda Pierangela .......................... 603
Contreras-Bustos Roberto .................. 449
Čanadanović-Brunet Jasna ................. 283
Čeh Boris ........................................... 342
Černá Karla ........................................ 598
Černigoj Urh ...................................... 564
Ćetković Gordana .............................. 283
Dahmann Georg.................................. 715
Dar’in Dmitriy ................................... 582
De Lera Garrido Fernando Juan.......... 771
Deeks Steven G. ................................. 530
Dehghani-Firouzabadi Amin .............. 686
Demirak Ahmet .................................. 237
Deng Yuanyuan .................................... 95
Derun Emek Moroydor ...................... 654
Deshmukh Dattatray G. ..................... 461
Dhale Laxman Appa........................... 931
Dilmaghani Karim Akbari................... 895
Divarova Vidka .................................. 365
Dolinar Marko....................................  804
Doljak Bojan .......................................... 1
Dolžan Vita ........................................ 530
Drvarič Talian Sara ............................ 560
Đilas Sonja ......................................... 283
Đorević Aleksandra ............................ 603
Đurović Dijana ................................... 276

Acta Chimica Slovenica Vol. 64 (2017)

AUTHOR INDEX



1057Acta Chim. Slov. 2017, 1056–1060

Author Index / Kazalo avtorjev

El-Das Yara S. .................................... 102
Erdani Kreft Mateja ........................... 534
Ertul Seref .......................................... 679
Fadavi Abdulhamid ............................ 692
Fan Meng ............................................. 55
Fanedl Lijana ..................................... 227
Farahani Mohammad Reza ................ 256
Farhadi Saeed ................... 129, 945, 1005
Faridbod Farnosh...............................  842
Farooq Umar ...................................... 332
Fatahala Samar S................................. 865
Fekry Amany M. ................................ 415
Ferdin Jana ......................................... 530
Ferk Savec Vesna ................. 63, 661, 959
Fu Lin ................................................. 202
Gan Hui-Yee ...................................... 144
Gao Wei .............................................. 256
Gasanly Turan Mirzaly ...................... 221
Gasymov Vagif Akber ........................ 221
Gazvoda Martin.................................. 763
Ghanbari Mohammad ........................ 479
Ghasemzadeh Mohammad Ali ............. 73
Glavač Jaka......................................... 715
Gobec Stanislav.................................. 771
Godec Andrej ................................... S101
Golobič Iztok...................................... 938
Golobič Amalija.................................. 790
Goreshnik Evgeny ...................... 208, 763
Goričar Katja ...................................... 530
Grabrijan Katarina.............................. 771
Gregorčič Peter................................... 938
Grethe Thomas ................................... 373
Grobin Blaž ........................................ 491
Grošelj Uroš................ 715, 727, 782, 790
Gruden Evelin .................................... 577
Guštin Ema ......................................... 549
Guven Ebru Bilget ............................. 621
Hadizadeh Shahla ............................... 692
Hafner Jože......................................... 938
Hajková Pavlína ................................. 598
Hakimi Mohammad.......................... 1005
Haleem Muhammad Abdul ................ 397
Han Xiao-Meng ................................. 431
Han Yong-Jun ............................. 179, 500
Hasani Sodabeh .................................. 692
Hatefi-Mehrjardi Abdolhamid ............ 193
He Zeyue .............................................. 95
Hélix-Nielsen Claus ............................. 83
Hendijani Mehrnoosh ......................... 707
Hetemi Dardan.................................... 818
Hidalgo-Herrador José Miguel .......... 598
Hladnik Anžej .................................... 530
Hrast Špela.......................................... 959
Hribar-Lee Barbara ............................ 560
Huang Jian-Gen................................ 1042
Hundal Geeta ..................................... 672

Hussain Ghulam ................................. 159
Ibrahim Rehab A. ............................... 439
Imamaliyeva Samira Zakir ................. 221
Imran Muhammad .............................. 256
Indolean Cerasella .............................. 513
Iqbal Muhammad ............................... 397
Islamčević Razboršek Maša ............... 537
Ismail Hammad .................................. 397
Ivanović Milena ................................. 537
Jaiswal Pradeep K............................... 988
Jamir Latonglila.................................. 832
Janagap Steve...................................... 818
Jarc Eva .............................................. 549
Jelen Andreja ...................................... 980
Jereb Marjan ....................................... 747
Jiménez-Becerril Jaime ...................... 449
Jiménez-Reyes Melania ..................... 449
Jing Bo ................................................. 95
Jukič Marko........................................ 771
Jurca Sabina ........................................... 1
Juteršek Mojca.................................... 804
Južnič Stanislav .................................. S67
Kadić Selmir....................................... 771
Kamel Mona M. ................................. 102
Kapitány Sándor ................................. 248
Karimi Mohammad Ali ...................... 193
Karpenko Olexandr............................. 902
Karthik Pulluri.................................. 1030
Kaučič Venčeslav ............................... 381
Kawde Abdel-Nasser ......................... 267
Kazimirovna Elyashevich Galina....... 980
Keskin Feyyaz .................................... 237
Khajuria Heena .................................. 170
Khajuria Ruchi ................................... 672
Khalil Omneya M............................... 102
Khan Farman Ali ................................ 159
Khedr Mohammed A. ......................... 865
Kiani Mahtab ..................................... 707
Kick Thomas ...................................... 373
Kinzhybalo Vasyl ............................... 208
Kitanovski Nives ................................ 342
Kocman David.................................. 1048
Kočevar Marijan................................. 737
Kolar Mitja ......................................... 537
Kolarević Ana .................................... 603
Kolomoets Oleksandra........................ 902
Kong Lingqian ................................... 215
Korenak Jasmina .................................. 83
Košmrlj Janez...................................... 763
Kour Mandeep ................................... 672
Kovalenko Sergiy................................ 902
Kozjek Škofic Irena............................. 877
Kragelj Lapanja Nevenka ...................... 1
Kranjc Krištof .................................... 737
Križaj Igor .......................................... 555
Kržan Mojca ....................................... 564



1058 Acta Chim. Slov. 2017, 64, 1056–1060

Author Index / Kazalo avtorjev

Kucukdumlu Asligul .......................... 621
Kumar Sandeep .................................. 672
Kump Ana .......................................... 549
Kuotsu Neivotsonuo Bernadette......... 832
Ladol Jigmet ....................................... 170
Latinović Zorica ................................. 555
Lazarević Jelena ................................. 603
Lekova Vanya ..................................... 365
Lenassi Metka .................................... 530
Leonardi Adrijana .............................. 555
Leow Li-Eau ...................................... 144
Li Gao-Nan ........................................ 633
Li Qing-Bin ........................................ 179
Li Qing-Bin ........................................ 500
Li Songdong ......................................... 55
Li Wanjun ............................................. 55
Lodhi Muhammad Arif ...................... 159
Logar Ana ........................................... 661
Lohar Kishan Shankarrao................... 931
Lojen Sonja....................................... 1048
Lojk Jasna .......................................... 534
Lubczak Jacek..................................... 858
Lubczak Renata................................... 858
Luk’yanov Mykhailo ......................... 208
Lukić Branislav................................... 782
Ma Lihua .............................................. 55
Ma Chunlei ........................................... 55
Măicăneanu Andrada ......................... 513
Mahalingam Umadevi ........................ 186
Mahltig Boris ..................................... 373
Mahne Opatić Anja........................... 1048
Makrlík Emanuel ............................... 582
Maleki Mansoureh............................ 1005
Mali Anil C. ....................................... 461
Malik Rabia ........................................ 159
Mallick Subrata .................................... 45
Manríquez-Reza E. ............................ 449
Mansourpanah Yaghoub...................... 945
Maraković Nikola ................................ 15
Marina Klemenčič..............................  804
Marinšek Logar Romana .................... 227
Martini Tomaž .................................... 571
Mashevskaya Irina V........................... 988
Mathad Vijayavitthal T. ...................... 461
Mathur Manas..................................... 988
Meden Anton ...................................... 381
Medhane Vijay J. ............................... 461
Medvešček Simona ............................ 381
Mermer Nevin Karamahmut .............. 654
Milanova Maria .................................. 299
Milisavljević Branka .......................... 276
Mirza Bushra ...................................... 397
Mishra Satyaki ..................................... 45
Mitov Ivan .......................................... 299
Mohamed Mossad S............................ 865
Mohamed Mona A. ............................ 415

Mohammadi Abdelnassar ................... 129
Mohammadipour Mohammad ........... 707
Mohareb Rafat Milad ................. 117, 439
Molaei Bahar ........................................ 73
Moradi Leila ....................................... 506
Motraghi Zahra................................... 911
Murtaza Ghulam ................................ 332
Mushtaq Zahid ................................... 159
Mushtaq Afifa .................................... 397
Mys’kiv Marian Mys’kiv ................... 208
Nadeem Kashif ................................... 332
Najafi Meysam ..................................... 40
Namazian Mansoor ............................ 613
Nečemer Marijan.............................. 1048
Nedović-Vuković Mirjana ................. 276
Nidhin Pallipurath Veleelath .............. 467
Nikitha Gurala .................................... 319
Nikoofard Hossein.............................. 842
Niu Zhi-Gang ..................................... 633
Nosulenko Inna................................... 902
Novinec Marko................................... 782
Obreza Aleš......................................... 771
Ong Siew-Teng .................................. 144
Ozcan Fatih........................................  679
Ozyilmaz Ali Tuncay ......................... 312
Pajin Biljana ....................................... 283
Palchikov Vitaliy................................. 902
Pandey Sushil K. ................................ 672
Panjičko Mario ................................... 227
Paul Arun ........................................... 467
Pavlin Mojca ...................................... 534
Peklaj Cirila ....................................... 661
Peng Xiuxiang ...................................... 95
Perdih Franc........................................ 737
Petan Toni .................................. 549, 555
Petek Anja .......................................... 537
Peterlin Boris M. ................................ 530
Petrinic Irena ........................................ 83
Petrović Jovana .................................. 283
Pevec Andrej....................................... 763
Phucho Tovishe................................... 832
Plemenita Ana .................................... 530
Počkaj Marta ...................................... 342
Podgornik Helena ............................... 564
Podlipnik Črtomir .............................. 560
Poklar Ulrih Nataša ............................ 491
Polanc Slovenko.................................. 763
Posta József ........................................ 248
Potkonjak Branislav ........................... 276
Pourzare Kolsoum............................... 945
Požgan Franc............................... 715, 727
Prah Uroš............................................ 877
Prek Benjamin..................................... 798
Prikhodko Jaroslav.............................. 988
Prislan Iztok ....................................... 564



1059Acta Chim. Slov. 2017, 1056–1060

Author Index / Kazalo avtorjev

Qian Shao-Song.................................. 825
Qin Jie ................................ 202, 431, 633
Racheva Petya .................................... 365
Rajam Bindhu Muthunadar ................ 186
Rajasri Thallapalli .............................. 319
Raju Kammachichu ............................ 319
Rakuša Temova Žane ......................... 523
Ramasamy Parimaladevi .................... 186
Rao Chakunta Govind ........................ 319
Ravinder Banothu .............................. 319
Reddy K. Vasumathi......................... 1030
Rehman Aziz-ur.................................. 159
Ren Yan-Jie......................................... 825
Ričko Sebastijan.......................... 715, 790
Roškar Robert .................................... 523
Rozman Damjana ............................... 571
Ruzlan Nur Nabihah........................... 888
Saadiq Muhammad ............................ 397
Sadegh Maryam Aghamohammad ..... 506
Safaei Hamid Reza............................ 1020
Sahoo Rudra N. .................................... 45
Samzadeh-Kermani Alireza................ 911
Santaladchaiyakit Yanawath ...... 590, 849
Santaniello Enzo ................................ 603
Saran Mukesh...................................... 988
Sargolzaei Mohsen.............................. 842
Sarmidi Mohamad Roji....................... 888
Selucký Pavel ..................................... 582
Selvaraj Charles ................................. 467
Senberber Fatma Tugce ...................... 654
Sergeevich Kuryndin Ivan.................. 980
Shah Syed Adnan Ali ......................... 159
Shahid Muhammad ............................ 159
Shahrokh Mansooreh ......................... 692
Sharma Vashundhra............................ 988
Sheikh Haq Nawaz ............................. 170
Shekouhy Mohsen............................. 1020
Shi Jingwen ........................................ 215
Shinde Bajarang Laxman.................... 931
Siddiqui Sabahat Zahra ...................... 159
Singh Rajinder ................................... 170
Sinha Upasana Bora...........................  832
Sóki Erzsébet ..................................... 248
Soleimani Esmaiel ............................. 644
Soleymanzadeh Mahdiyeh ................. 193
Sosič Izidor......................................... 771
Soukupová Lenka ............................... 598
Spasić Snežana ................................... 276
Spassova Ivanka ................................. 299
Srečnik Eva ........................................ 523
Srijaranai Supalax ...................... 590, 849
Srinivas Avula .......................... 319, 1030
Stajčić Slađana ................................... 283
Stanovnik Branko................................ 798
Steinbücher Miha................................ 938
Stephen Arputharaj David .................. 467

Stojan Jurij ......................................... 571
Stojanović Gordana ............................ 603
Stojnova Kirila ................................... 365
Strojan Klemen .................................. 534
Su Wei ................................................ 638
Sunitha Malladi ........................ 319, 1030
Suryavanshi Venkat S. ....................... 931
Sushmitha Dupa ................................. 319
Svete Jurij ..........  534, 715, 727, 782, 790
Swami Ajit K. .................................... 988
Swapna Pothuganti ............................. 319
Swaroopa Deva .................................. 319
Syed Atiya .......................................... 672
Šinko Goran ......................................... 15
Šmelcerović Andrija ........................... 603
Štefane Bogdan........................... 715, 727
Tahir Muhammad Nawaz ................... 397
Tavaf Elham ....................................... 701
Tišler Zdenĕk ..................................... 598
Tongsa Darunee.................................. 849
Toplak Časar Renata .............................. 1
Tukmechi Amir................................... 895
Tumbas Šaponjac Vesna ..................... 283
Tuncbilek Meral ................................. 621
Turek Bor Lucijan............................... 737
Tzvetkov Martin ................................. 299
Urankar Damijana............................... 763
Urek Raziye Ozturk ........................... 422
Urleb Uroš........................................... 968
Uršula Prosenc Zmrzljak .................... 571
Vafazadeh Rasoul ............... 409, 613, 686
Vajs Jure.............................................. 763
Valcheva Evgenia ............................... 299
Vaňura Petr ......................................... 582
Vavsari Vaezeh Fathi .......................... 701
Venturini Peter.................................... 938
Veranič Peter ...................................... 534
Vichapong Jitlada ............................... 590
Vidmar Beti ........................................ 227
Virant Miha ........................................ 560
Vladimirovich Novikov Dmitrii......... 980
Voskoboynik Оleksii........................... 902
Vražič Dejan........................................ 747
Vrvić Miroslav M. .............................. 276
Vulić Jelena ........................................ 283
Wang Enju .......................................... 638
Wang Li .............................................. 179
Wang Li-Na ........................................ 202
Wang Peng ................................. 202, 431
Wang Qi ............................................... 55
Wang Xianyou ..................................... 95
Wang Xue-You ................................... 633
Wang Xun .......................................... 633
Wang Yin-Feng................................. 1042
Wei Sun .............................................. 633
Willis Anthony C. .............. 409, 613, 686



1060 Acta Chim. Slov. 2017, 64, 1056–1060

Author Index / Kazalo avtorjev

Wissiak Grm Katarina S....................... 63
Wu Dong-Min .................................... 633
Wu Yu-Shan ....................................... 431
Xu Yin-Xiang ..................................... 825
Xu Yu ................................................. 202
Xue Ling-Wei ..................................... 179
Xue Chongchong ............................... 215
Xue Ling-Wei ............................. 261, 500
Yadav Dharmendra K ......................... 988
Yi Xiu-Guang ................................... 1042
Yildirim Meral ................................... 654
Yıldız Dilek ........................................ 237
Yilmaz Bahar ..................................... 679
You Qi ................................................ 202
Yuan Shizhuang ................................. 638
Zaharieva Joana ................................. 299
Zahedi Mohammad Mehdi ................. 911
Zakrajšek Jure .................................... 968
Zamani Farzad ..................................... 73

Zamani Narges ................................... 644
Zamanian Ali ...................................... 707
Zárybnická Lenka .............................. 598
Zarzyka Iwona ................................... 858
Zhang Cai-Xia .................................... 261
Zhang Daopeng .................................. 215
Zhang Ding-Wa ................................ 1042
Zhang Li-Xin ..................................... 825
Zhang Meng ....................................... 202
Zhao Gan-Qing .................................. 500
Zhao Shan-Shan ................................. 431
Zhu Jia-Wei ........................................ 202
Zhu Jin-Long ...................................... 825
Ziaie Maghsoud ................................. 895
Ziarani Ghodsi Mohammadi .............. 701
Zupančič Marija ................................. 577
Zupančič Matevž ................................ 938
Žlajpah Margareta .............................. 555



S123Acta Chim. Slov. 2017, 64, (4), Supplement

Društvene vesti in druge aktivnosti

DRUŠTVENE VESTI IN DRUGE AKTIVNOSTI
SOCIETY NEWS, ANNOUNCEMENTS, ACTIVITIES

Vsebina

Koledar znanstvenih in strokovnih srečanj .........................................................................    S125
Navodila za avtorje .................................................................................................................    S130

Contents

Scientific meetings – chemistry, chemical technology and chemical engineering ........    S125
Instructions for authors .........................................................................................................    S130



S124 Acta Chim. Slov. 2017, 64, (4), Supplement

Društvene vesti in druge aktivnosti



S125Acta Chim. Slov. 2017, 64, (4), Supplement

Društvene vesti in druge aktivnosti

2018

February 2018

21 – 23	 ChemCYS 2018 – 14TH CHEMISTRY CONFERENCE FOR YOUNG SCIENTISTS
	 Blankenberge, Belgium
Information:	 http://chemcys.be/

March 2018

13 – 15	� FILTECH 2018 – INTERNATIONAL CONFERENCE AND EXHIBITION FOR FILTRATION 
AND SEPARATION TECHNOLOGIES

	 Cologne, Germany
Information:	� http://www.rsc.org/events/detail/16406/filtech-2018-international-conference-and-exhibition-

for-filtration-and-separation-technologies

21 – 23	 POLYMERS: DESIGN, FUNCTION AND APPLICATION
	 Barcelona, Spain
Information:	 http://sciforum.net/conference/polymers-2018

April 2018

15 – 18	� PETROMASS 2018 – XI. INTERNATIONAL MASS SPECTROMETRY CONFERENCE ON 
PETROCHEMISTRY, ENVIRONMENTAL AND FOOD CHEMISTRY

	 Bled, Slovenia
Information:	 http://www.petromass2018.com/

May 2018

7 – 9	 6TH INTERNATIONAL CONFERENCE ON POPULATION BALANCE MODELLING
	 Ghent, Belgium
Information:	 http://www.pbm2018.ugent.be/

10 – 12	� 117TH GENERAL ASSEMBLY OF THE BUNSEN SOCIETY FOR PHYSICAL CHEMISTRY 
2018 – KINETICS IN THE REAL WORLD

	 Hannover, Germany
Information:	 http://www.bunsen.de/en/veranstaltungen/veranstaltungskalender/bunsentagung-2018/

20 – 23	� ISCRE 25 – 25TH INTERNATIONAL SYMPOSIUM ON CHEMICAL REACTION 
ENGINEERING

	 Florence, Italy
Information:	 http://www.aidic.it/iscre25/

20 – 23	� 5TH INTERNATIONAL SCHOOL-CONFERENCE ON CATALYSIS FOR YOUNG 
SCIENTISTS “CATALYST DESIGN: FROM MOLECULAR TO INDUSTRIAL LEVEL”

	 Moscow, Russia
Information:	 http://conf.nsc.ru/catdesign2018/en/

KOLEDAR VAŽNEJŠIH ZNANSTVENIH SREČANJ 
S PODROČJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS – 
CHEMISTRY AND CHEMICAL ENGINEERING
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June 2018

3 – 6	 6TH INTERNATIONAL CONGRESS ON GREEN PROCESS ENGINEERING
	 Toulouse, France
Information:	 http://www.gpe2018.org/

3 – 7	 POLYMERS AND ORGANIC CHEMISTRY 2018 (POC 2018)
	 Palavas Les Flots Palavas, France
Information:	 http://poc2018.enscm.fr

4 – 6	� IIS PRAGUE 2018 – 13TH INTERNATIONAL SYMPOSIUM ON THE SYNTHESIS AND 
APPLICATIONS OF ISOTOPES AND ISOTOPICALLY LABELLED COMPOUNDS

	 Prague, Czech Republic
Information:	 http://www.iis-prague2018.cz/

4 – 7	 POLYMERS AND ORGANIC CHEMISTRY 2018 (POC 2018)
	 Montpellier, France
Information:	 https://iupac.org/event/polymers-organic-chemistry-2018-poc-2018/

10 – 13	 30TH EUROPEAN SYMPOSIUM ON APPLIED THERMODYNAMICS
	 Prague, Czech Republic
Information:	 http://esat2018.cz/

10 – 13	 28TH EUROPEAN SYMPOSIUM ON COMPUTER-AIDED PROCESS ENGINEERING
	 Graz, Austria
Information:	 https://www.tugraz.at/events/escape28/home/

13 – 15	 8TH EUROPEAN MEETING ON CHEMICAL INDUSTRY AND ENVIRONMENT
	 Nantes, France
Information:	 http://conferences.imt-atlantique.fr/emchie2018/

24 – 28	 10TH INTERNATIONAL CONFERENCE ON MOLECULAR IMPRINTING, MIP 2018
	 Jerusalem, Israel
Information:	 http://www.ortra.com/events/mip2018

30 – Jul 3	� 3RD SOUTH EAST EUROPEAN CONFERENCE ON SUSTAINABLE DEVELOPENT OF 
ENERGY, WATER AND ENVIROMENTAL SYSTEMS

	 Novi Sad, Serbia
Information:	 http://www.novisad2018.sdewes.org/

July 2018

1 – 5	 WORLD POLYMER CONGRESS MACRO18
	 Cairns Queensland, Australia
Information:	 http://www.macro18.org

2 – 6	� XVI INTERNATIONAL IUPAC CONFERENCE ON HIGH TEMPERATURE MATERIALS 
CHEMISTRY (HTMC-XVI)

	 Ekaterinburg, Russian Federation
Information:	 http://htmc16.ru/

8 – 13	 27TH IUPAC INTERNATIONAL SYMPOSIUM ON PHOTOCHEMISTRY
	 Dublin, Ireland
Information:	 https://iupac.org/event/27th-iupac-international-symposium-photochemistry/

9 – 13	 EUROMEMBRANE 2018
	 Valencia, Spain
Information:	 http://euromembrane2018.org/

10 – 14	 25TH INTERNATIONAL CONFERENCE ON CHEMISTRY EDUCATION ICCE 2018)
	 Sydney, Australia
Information:	 http://www.icce2018.org/

15 – 20	� THE 18TH INTERNATIONAL SYMPOSIUM ON SOLUBILITY PHENOMENA AND 
RELATED EQUILIBRIUM PROCESSES (ISSP)

	 Tours, France
Information:	 http://issp18.org/
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30 – Aug 4	 43RD INTERNATIONAL CONFERENCE ON COORDINATION CHEMISTRY
	 Sendai, Japan
Information:	 http://iccc2018.jp

August 2018

12 – 17	 18TH INTERNATIONAL BIOTECHNOLOGY SYMPOSIUM
	 Montréal, Canada
Information:	 http://ibs2018montreal.org/

25 – 29	� 23RD INTERNATIONAL CONGRESS OF CHEMICAL AND PROCESS ENGINEERING 
CHISA 2018

	 Prague, Czech Republic
Information:	 http://2018.chisa.cz/

25 – 29	� 21ST CONFERENCE ON PROCESS INTEGRATION, MODELLING AND OPTIMISATION 
FOR ENERGY SAVING AND POLLUTION REDUCTION PRES 2018

	 Prague, Czech Republic
Information:	 http://2018.chisa.cz/

26 – 30	 ECC7 – 7TH EuCheMS CHEMISTRY CONGRESS
	 Liverpool, UK
Information:	 https://www.euchems2018.org/

26 – 30	 35TH INTERNATIONAL CONFERENCE ON SOLUTION CHEMISTRY (ICSC)
	 Szeged, Hungary
Information:	 http://www.mke.org.hu/ICSC2018

26 – 31	 22ND INTERNATIONAL MASS SPECTROMETRY CONFERENCE (IMSC) 2018
	 Florence, Italy
Information:	 http://www.imsc2018.it/

30 – 31	� ICOSSE 2018 : 20TH INTERNATIONAL CONFERENCE ON OPERATING SYSTEMS AND 
SOFTWARE ENGINEERING

	 Bangkok, Thailand
Information: 	 https://www.waset.org/conference/2018/08/bangkok/ICOSSE

September 2018

2 – 6	 SMARTER 6 meeting
	 Ljubljana, Slovenia
Information:	 https://smarter6.ki.si/

2 – 7	� 69TH ANNUAL MEETING OF THE INTERNATIONAL SOCIETY OF 
ELECTROCHEMISTRY

	 Bologna, Italy
Information:	 http://annual69.ise-online.org/

2 – 7	 32ND CONFERENCE  OF EUROPEAN COLLOID AND INTERFACE SOCIETY (ECIS)
	 Ljubljana, Slovenia
Information:	 http://ecis2018.fkkt.uni-lj.si/index.html

4 – 7	 N-LIGANDS2018 – 7TH EuCheMS CONFERENCE ON NITROGEN-LIGANDS
	 Lisbon, Portugal
Information:	 http://www.n-ligands2018.com/

9 – 12	 12TH EUROPEAN SYMPOSIUM ON BIOCHEMICAL ENGINEERING SCIENCES
	 Lisbon, Portugal
Information:	 http://esbes2018.org/

9 – 12	 16TH EUROPEAN CONFERENCE ON MIXING
	 Toulouse, France
Information:	 http://inpact.inp-toulouse.fr/MIXING16/
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9 – 13	 EUROPEAN CORROSION CONGRESS
	 Prague, Czech Republic
Information:	 http://www.eurocorr2018.org/

9 – 14	 8TH IUPAC INTERNATIONAL CONFERENCE ON GREEN CHEMISTRY
	 Bangkok, Thailand
Information:	 http://www.greeniupac2018.com

10 – 14	� 9TH INTERNATIONAL CONFERENCE FOR CONVEYING AND HANDLING OF 
PARTICULATE SOLIDS

	 London, UK
Information:	 http://www.constableandsmith.com/events/chops-2018/

16 – 19	 DISTILLATION & ABSORPTION CONFERENCE 2018
	 Firenze, Italy
Information:	 http://www.aidic.it/da2018/

16 – 21	 22ND INTERNATIONAL CONFERENCE ON ORGANIC SYNTHESIS (22-ICOS)
	 Florence, Italy
Information:	 http://www.22-icos-florence.it

16 – 21	 13TH INTERNATIONAL CONFERENCE ON SOLID STATE CHEMISTRY
	 Pardubice, Czech Republic
Information:	 http://www.ssc-conference.com/2018/

18 – 21	 11TH INTERNATIONAL DRYING SYMPOSIUM
	 Valencia, Spain
Information:	 http://www.ids2018.webs.upv.es/

19 – 21	 SLOVENIAN CHEMICAL SOCIETY ANNUAL MEETING 2018
	 Portorož, Slovenia
Information:	 http://chem-soc.si/scs-annual-meeting-2018

October  2018

14 – 17	� 4TH INTERNATIONAL CONFERENCE ON BIOINSPIRED AND BIOBASED CHEMISTRY 
& MATERIALS

	 Nice, France
Information:	 http://www.unice.fr/nice-conference/

14 – 18	 14TH IUPAC INTERNATIONAL CONGRESS OF PESTICIDE CHEMISTRY
	 Rio de Janeiro, Brazil
Information:	 https://iupac.org/event/14th-iupac-international-congress-of-pesticide-chemistry/

21 – 24	 15TH INTERNATIONAL CONFERENCE ON MICROREACTION TECHNOLOGY
	 Karlsruhe, Germany
Information:	 http://dechema.de/en/IMRET2018.html

November 2018

5 – 9	 XXIII INTERNATIONAL CONFERENCE ON CHEMICAL REACTORS
	 Ghent, Belgium
Information:	 http://conf.nsc.ru/CR_23/en/

2019
May 2019

19 – 24	 14TH IUPAC INTERNATIONAL CONGRESS OF CROP PROTECTION CHEMISTRY
	 Ghent, Belgium
Information:	 https://www.iupac2019.be
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June 2019 

2 – 6	� 14TH INTERNATIONAL SYMPOSIUM ON MACROCYCLIC AND SUPRAMOLECULAR 
CHEMISTRY

	 Lecce, Italy
Information:	 https://ismsc2019.eu/

16 – 19	 LOSS PREVENTION 2019
	 Delft, The Netherlands
Information:	 http://lossprevention2019.org/

16 – 20	� 17TH INTERNATIONAL CONFERENCE ON CHEMISTRY AND THE ENVIRONMENT 
– ICCE2019

	 Thessaloniki, Greece
Information:	� http://www.euchems.eu/events/17th-international-conference-chemistry-environment-icce2019/

26 – 30	� 6TH EUROPEAN CONFERENCE ON ENVIRONMENTAL APPLICATIONS OF 
ADVANCED OXIDATION PROCESSES (EAAOP-6)

	 Portorož, Slovenia
Information:	 http://eaaop6.ki.si/

July 2019

5 – 12	 IUPAC 2019 PARIS FRANCE
	 Paris, France
Information:	 https://www.iupac2019.org/

21 – 26	� THE 18TH INTERNATIONAL SYMPOSIUM ON NOVEL AROMATIC COMPOUNDS 
(ISNA-18)

	 Sapporo City, Japan
Information:	� https://iupac.org/event/18th-international-symposium-novel-aromatic-compounds-isna-18/

September 2019

15 – 19	� 11TH EUROPEAN CONGRESS OF CHEMICAL ENGINEERING – ECCE11 &  
4TH EUROPEAN CONGRESS OF APPLIED BIOTECHNOLOGY – ECAB5

	 Florence, Italy
Information:	 http://efce.info/ECCE12_ECAB5-p-112545.html
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Submissions
Submission to ACSi is made with the implicit un­
derstanding that neither the manuscript nor the es­
sence of its content has been published in whole or 
in part and that it is not being considered for publi­
cation elsewhere. All the listed authors should have 
agreed on the content and the corresponding (sub­
mitting) author is responsible for having ensured 
that this agreement has been reached. The accep­
tan­ce of an ar­tic­le is ba­sed en­ti­rely on its scien­ti­fic 
merit, as judged by peer review. There are no page 
charges for publishing articles in ACSi.

Submission material
Typical submission consists of:
•	 ‑full ma­nus­cript (Word fi­le, with tit­le, aut­hors, 
ab­stract, key­words, fi­gu­res and tab­les em­bed­ded, 
and references);
•	 sup­ple­men­tary fi­les:
	 – �Statement of novelty (Word file),
	 – �List of suggested reviewers (Word fi­le),
	 – �ZIP fi­le con­tai­ning graphics (fi­gu­res, il­lu­stra

tions, images, photographs),
	 – �Graphical abstract (sin­gle grap­hics fi­le),
	 – �Proposed cover picture (optional, single 

grap­hics fi­le),
	 – �Appendices (op­tio­nal, Word files, grap­hics 

fi­les).

Submission process
Submission process consists of 5 steps. Before sub­
mission, authors should go through the checklist at 
the bottom of these guidelines page and prepare 
for submission:
Step 1: Starting the submission
•	� Choo­se one of the jour­nal sections.
•	� Con­firm all the re­qui­re­ments of the checklist.
•	� Ad­di­tio­nal plain text com­ments for the edi­tor 
can be pro­vi­ded in the re­le­vant text field.

Step 2: Upload submission
•	� Up­load full ma­nus­cript in the form of a Word fi­le 
(with tit­le, aut­hors, ab­stract, key­words, fi­gu­res 
and tables embedded, and references).

Step 3: Enter metadata
•	� First na­me, last na­me, con­tact email and affi ­lia

tion for all authors, in relevant order, must be 
provided. Corresponding author has to be se­
lec­ted. Full po­stal ad­dress and pho­ne num­ber of 
the corresponding author has to be provided.

•	� Title and abstract must be provided in plain 
text.

•	� Key­words must be pro­vi­ded (max. 6, se­pa­ra­ted 
by semicolons).

•	� Data about con­tri­bu­tors and sup­por­ting agen
cies may be entered.

•	� References in plain text must be pro­vi­ded in 
the re­le­vant text fi­led.

Step 4: Upload supplementary files
•	� Statement of novelty in a Word fi­le must be 

uploaded
•	� List of suggested reviewers with at least 
three re­vie­wers must be up­loa­ded as a Word fi
le.

•	� All graphics have to be uploaded in a single ZIP 
fi­le. Grap­hics should be na­med Fi­gu­re 1.jpg, Fi
gure 2.eps, etc.

•	� Graphical abstract image must be uploaded 
separately.

•	� Proposed cover picture (optional) should be 
uploaded separately.

•	� Any ad­di­tio­nal appendices (optional) to the pa­
per may be uploaded. Appendices may be pub­
lished as a supplementary material to the paper, 
if accepted.

•	� For each up­loa­ded fi­le the aut­hor is as­ked for 
additional metadata which may be provided. 
De­pen­ding of the type of the fi­le plea­se pro­vi
de the relevant title (Statement of novelty, List 
of sug­ge­sted re­vie­wers, Fi­gu­res, Grap­hi­cal ab
stract, Pro­po­sed co­ver pic­tu­re, Ap­pen­dix).

Step 5: Confirmation
•	 ‑Fi­nal con­fir­ma­tion is re­qui­red.

Article Types
Review articles are welcome in any area of che­
mistry and may cover a wider or a more specialized 
area, if a high im­pact is ex­pec­ted. Ma­nus­cripts nor
mally should not ex­ceed 40 pa­ges of one co­lumn 
for­mat (let­ter si­ze 12, 33 li­nes per pa­ge). Aut­hors 
should consult the ACSi editor prior to preparation 
of a review article.
Scientific articles should have the following struc­
ture:
  1.	 Tit­le (max. 150 cha­rac­ters),
  2.	 Aut­hors and affi ­lia­tions,
  3.	 Ab­stract (max. 1000 cha­rac­ters),
  4.	 Key­words (max. 6),
  5.	 Introduction,
  6.	 Ex­pe­ri­men­tal (Re­sults and Dis­cus­sion),
  7.	 Re­sults and Dis­cus­sion (Ex­pe­ri­men­tal),
  8.	 Conclusions,
  9.	 Acknowledgements (if any),
10.	 Re­fe­ren­ces.
The sec­tions should be ar­ran­ged in the se­quen­ce 
generally accepted for publications in the respecti­
ve fields. Scien­ti­fic ar­tic­les should re­port sig­ni­fi­cant 

Acta Chimica Slovenica 
Author Guidelines
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and in­no­va­ti­ve ac­hie­ve­ments and ex­hi­bit a high le
vel of originality.

Short communications generally follow the same 
or­der of sec­tions, but should be short (max. 2500 
words) and re­port a sig­nificant as­pect of re­search 
work meriting separate publication.

Technical articles report applications of an al­
ready described innovation. Typically, technical ar­
tic­les are not ba­sed on new ex­pe­ri­ments.

Preparation of Submissions
Text of the submitted articles must be prepared 
with Word for Win­dows. Nor­mal style set to sin­gle 
co­lumn, 1.5 li­ne spa­cing, and 12 pt Ti­mes New Ro
man font is recommended. Line numbering (con­
tinuous, for the whole document) must be enab­
led to sim­plify the re­vie­wing pro­cess. For any ot­her 
format, please consult the editor. Articles should 
be writ­ten pre­fe­rably in En­glish. Cor­rect spel­ling 
and grammar are the sole responsibility of the aut­
hor(s). Papers should be written in a concise and 
succinct manner. The authors shall respect the ISO 
80000 standard, and IUPAC Green Book rules on 
the names and symbols of quantities and units.The 
Système International d’Unités (SI) must be used 
for all dimensional quantities.

Graphics (figu­res, graphs, il­lu­stra­tions, di­gi­tal ima
ges, pho­to­graphs) should be in­ser­ted in the text 
whe­re ap­pro­pria­te. The cap­tions should be self-ex
planatory. Lettering should be readable (suggested 
8 point Arial font) with equal si­ze in all fi­gu­res. Use 
com­mon programs such as Word Ex­cel to pre­pa­re 
fi­gu­res (graphs) and Chem­Draw to pre­pa­re struc
tu­res in their fi­nal si­ze (8 cm for sin­gle co­lumn 
width or 17 cm for doub­le co­lumn width) so that 
neit­her re­duc­tion nor en­lar­ge­ment is re­qui­red. In 
graphs, only the graph area determined by both 
axes should be in the fra­me, whi­le a fra­me around 
the whole graph should be omitted. The graph area 
should be white. The legend should be inside the 
graph area. The style of all graphs should be the 
same. Figures and illustrations should be of 
suffi ­cient qua­lity for the prin­ted ver­sion, i.e. 300 
dpi minimum. Digital images and photographs 
should be of high qua­lity (mi­ni­mum 250 dpi re­so
lu­tion). On sub­mis­sion, fi­gu­res should be of good 
enough resolution to be assessed by the referees, 
ideally as JPEG­s. High-re­so­lu­tion fi­gu­res (in JPEG, 
TIFF, or EPS for­mat) might be re­qui­red if the pa­per 
is accepted for publication.

Tables should be pre­pa­red in the Word fi­le of the 
pa­per as usual Word tab­les. The cap­tions should 
abo­ve the tab­le and self-expla­na­tory.

References should be numbered and ordered se­
quen­tially as they ap­pear in the text, li­ke­wii­se met
hods, tab­les, fi­gu­re cap­tions. When ci­ted in the 
text, re­fe­ren­ce num­bers should be su­pers­crip­ted, 
following punctuation marks. It is the sole respon­

sibility of authors to cite articles that have been 
submitted to a journal or were in print at the ti­
me of sub­mis­sion to ACS­i. For­mat­ting of re­fe­ren­ces 
to published work should follow the journal style; 
please also consult a recent issue:
1. �J. W. Smith, A. G. Whi­te, Acta Chim. Slov. 2008, 

55, 1055–1059.
2. �M. F. Kem­me­re, T. F. Keu­rent­jes, in: S. P. Nu­nes, 
K. V. Pei­ne­mann (Ed.): Mem­bra­ne Tech­no­logy in 
the Che­mi­cal In­du­stry, Wi­ley-VCH, Wein­heim, 
Ger­many, 2008, pp. 229–255.

3. �J. Le­vec, Ar­ran­ge­ment and pro­cess for oxi­di
zing an aqu­e­ous me­dium, US Pa­tent Num­ber 
5,928,521, da­te of pa­tent July 27, 1999.

4. �L. A. Bur­sill, J. M. Tho­mas, in: R. Ser­sa­le, C. Col
le­la, R. Aiel­lo (Eds.), Re­cent Pro­gress Re­port and 
Dis­cus­sions: 5th In­ter­na­tional Zeo­li­te Con­fe­ren
ce, Na­ples, Italy, 1980, Gia­ni­ni, Na­ples, 1981, 
pp. 25–30.

5. �J. Sze­gez­di, F. Csiz­ma­dia, Pre­dic­tion of dis­so­cia
tion constant using microconstants, http://www. 
che­ma­xon.com/conf/Pre­dic­tion_of_dis­so­cia­tion 
_con­stant_using_mi­cro­co nstants.pdf, (as­ses
sed: March 31, 2008)

Titles of journals shoud be abbreviated according to 
Che­mi­cal Ab­stracts Ser­vi­ce Sour­ce In­dex (CASSI).

Special Notes
•	� Com­ple­te cha­rac­te­ri­za­tion, including crystal 

structure, should be given when the synthesis 
of new compounds in crystal form is reported.

•	� Nu­me­ri­cal data should be reported with the 
number of significant digits corresponding 
to the magnitude of ex­pe­ri­men­tal un­cer­tainty.

•	� The SI system of units and IUPAC recom­
mendations for nomenclature, symbols and 
abbreviations should be followed closely. Addi­
tionally, the authors should follow the general 
guidelines when citing spectral and analytical 
data, and depositing crystallographic data.

•	� Characters should be correctly represented 
throug­hout the ma­nus­cript: for exam­ple, 1 
(one) and l (ell), 0 (ze­ro) and O (oh), x (ex), D7 
(ti­mes sign), B0 (de­gree sign). Use Symbol font 
for all Greek let­ters and mat­he­ma­ti­cal symbols.

•	� The ru­les and re­com­men­da­tions of the IUBMB 
and the International Union of Pure and Ap­
plied Chemistry (IUPAC) should be used for 
abbreviation of chemical names, nomenclature 
of chemical compounds, enzyme nomenclature, 
isotopic compounds, optically active isomers, 
and spectroscopic data.

•	� A conflict of interest occurs when an indi­
vidual (author, reviewer, editor) or its organi­
zation is involved in multiple interests, one of 
which could possibly corrupt the motivation for 
an act in the ot­her. Fi­nan­cial re­la­tions­hips are 
the most ea­sily iden­ti­fiab­le conflicts of inte­rest, 
whi­le conflicts can oc­cur al­so as per­so­nal re­la
tionships, academic competition, etc. The Edi­
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tors will ma­ke effort to en­su­re that conflicts  
of interest will not compromise the evaluation 
process; potential editors and reviewers will be 
as­ked to exempt them­sel­ves from re­view pro
cess when such conflict of in­te­rest exists. When 
the manuscript is submitted for publication, the 
authors are ex­pec­ted to disc­lo­se any re­la­tions
hips that might po­se po­ten­tial conflict of in­te
rest with respect to results reported in that ma­
nuscript. In the Acknowledgement section the 
source of funding support should be mentioned. 
The statement of disclosure must be provided 
as Com­ments to Edi­tor du­ring the sub­mis­sion 
process.

•	� Published statement of Informed Consent. 
Re­search des­cri­bed in pa­pers sub­mit­ted to ACS­i 
must ad­he­re to the prin­ci­ples of the Dec­la­ra
tion of Hel­sin­ki (http://www.wma.net/e/
policy/b3.htm). These studies must be appro­
ved by an appropriate institutional review board 
or committee, and informed consent must be 
ob­tai­ned from sub­jects. The Met­hods sec­tion of 
the pa­per must inc­lu­de: 1) a sta­te­ment of pro
tocol approval from an institutional review board 
or committee and 2), a statement that informed 
consent was obtained from the human subjects 
or their representatives.

•	� Published Statement of Human and Ani­
mal Rights. When re­por­ting ex­pe­ri­ments on 
human subjects, authors should indicate whet­
her the procedures followed were in accordan­
ce with the ethical standards of the responsible 
com­mit­tee on hu­man ex­pe­ri­men­ta­tion (in­sti­tu
tio­nal and na­tio­nal) and with the Hel­sin­ki Dec
la­ra­tion of 1975, as re­vi­sed in 2008. If doubt 
exists whet­her the re­search was con­duc­ted in 
ac­cor­dan­ce with the Hel­sin­ki Dec­la­ra­tion, the 
aut­hors must ex­plain the ra­tio­na­le for their ap
proach and demonstrate that the institutional 
re­view body ex­pli­citly ap­pro­ved the doubt­ful as
pects of the study. When re­por­ting ex­pe­ri­ments 
on animals, authors should indicate whether the 
institutional and national guide for the care and 
use of laboratory animals was followed.

•	� Con­tri­bu­tions aut­ho­red by Slovenian scien­
tists are evaluated by non-Slovenian referees.

•	� Pa­pers des­cri­bing microwave-assisted reac­
tions performed in domestic microwave ovens 
are not considered for publication in Acta Chimi­
ca Slovenica.

•	� Manuscripts that are not prepared and sub­
mitted in accord with the instructions for aut­
hors are not considered for publication.

Appendices
Authors are encouraged to make use of supporting 
information for publication, which is supplementary 
material (appendices) that is submitted at the sa­
me time as the manuscript. It is made available on 
the Journal’s web site and is linked to the article in 

the Jour­nal’s Web edi­tion. The use of sup­por­ting in
formation is particularly appropriate for presenting 
additional graphs, spectra, tables and discussion 
and is more likely to be of interest to specialists 
than to ge­ne­ral rea­ders. When pre­pa­ring sup­por
ting information, authors should keep in mind that 
the sup­por­ting in­for­ma­tion fi­les will not be edited 
by the edi­to­rial staff. In ad­di­tion, the fi­les should 
be not too lar­ge (up­per li­mit 10 MB) and should be 
pro­vi­ded in com­mon wi­dely known fi­le for­mats so 
as to be ac­ces­sib­le to rea­ders wit­hout diffi ­culty. All 
fi­les of sup­ple­men­tary ma­te­rials are loa­ded sepa
ratly during the submission process as supplemen­
tary fi­les.

Proposed Cover Picture and  
Graphical Abstract Image
Authors are encouraged to submit illustrations as 
candidates for the journal Cover Picture as well as 
grap­hi­cal ab­stracts. Grap­hical ab­stract contains an 
image that appears as a part of the entry in the 
table of contents in both online and printed edition. 
The pictures may be the same. The illustrations 
must be related to the subject matter of the paper. 
Usually both pro­po­sed co­ver pic­ture and picture for 
graphical abstract are the same, but authors may 
pro­vi­de diffe­rent pic­tu­res as well.
Graphical content: an ideally full-colour illustra­
tion of re­so­lu­tion 300 dpi from the ma­nus­cript must 
be pro­po­sed with the sub­mis­sion. Grap­hi­cal ab
stract pic­tu­res are prin­ted in si­ze 6.5 × 4 cm (hen­ce 
mi­ni­mal re­so­lu­tion of 770 × 470 pi­xels). Co­ver pic
tu­re is prin­ted in si­ze 11 × 9.5 cm (hen­ce mi­ni­mal 
re­so­lu­tion of 1300 × 1130 pi­xels).
Statement of novelty
Sta­te­ment of no­velty is pro­vi­ded in a Word fi­le and 
sub­mit­ted as a sup­ple­men­tary fi­le in step 4 of sub
mission process. Authors should in no more then 
100 words emp­ha­si­ze the scien­ti­fic no­velty of the 
pre­sen­ted re­search. Do not re­peat for this pur­po­se 
the content of your abstract.
List of suggested reviewers
List of sug­ge­sted re­vie­wers is a Word fi­le sub­mit
ted as a sup­ple­men­tary fi­le in step 4 of sub­mis­sion 
process. Authors should propose the names, full af­
fi­lia­tion (de­partment, in­sti­tu­tion, city and coun­try) 
and e-mail addresses of three potential referees. 
For each re­vie­wer at least one re­fe­ren­ce re­le­vant to 
the scien­ti­fic field should be pro­vi­ded as well. Ap
propriate referees should be knowledgeable about 
the subject but have no close connection with any 
of the authors. In addition, referees should be from 
institutions other than (and preferably countries ot­
her than) those of any of the authors.

How to Submit
Users re­gi­stred in the ro­le of aut­hor can start sub
mis­sion by choo­sing USER HOME link on the top of 
the page, then choosing the role of the Author and 
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follow the relevant link for start of submission. Prior 
to submission we strongly recommend that you fa­
miliarize yourself with ACSi style by browsing the 
journal, either in print or online, particularly if you 
have not submitted to the ACSi before or recently.

Correspondence
All correspondence with the ACSi editor regarding 
the paper goes through this web site and emails. 
Emails are sent and re­cor­ded in the web si­te da
tabase. All emails you receive from the system 
contain relevant links. Please do not answer the 
emails directly but use the embedded links in 
the emails for carrying out relevant actions. 
Alternatively, you can carry out all the actions and 
correspondence through the online system by log­
ging in and selecting relevant options.

Proofs
Proofs will be dispatched via e-mail and corrections 
should be re­tur­ned to the edi­tor by e-mail as quick­
ly as pos­sib­le, nor­mally wit­hin 48 hours of re­ceipt. 
Typing errors should be corrected; other changes of 
contents will be treated as new submissions.
 
Submission Preparation Checklist
As part of the submission process, authors are re­
qui­red to check off  their sub­mis­sion’s com­plian­ce 
with all of the following items, and submissions 
may be returned to authors that do not adhere to 
these guidelines.
  1. �The sub­mis­sion has not been pre­vi­ously pub

lished, nor is it under consideration for publi­
ca­tion in any ot­her jour­nal (or an ex­pla­na­tion 
has been pro­vi­ded in Com­ments to the Edi­tor).

  2. �All the listed authors have agreed on the con­
tent and the corresponding (submitting) aut­
hor is responsible for having ensured that this 
agreement has been reached.

  3. �The sub­mis­sion fi­les are in the cor­rect for­mat: 
ma­nus­cript in MS Word; dia­grams and graphs 
are crea­ted in Ex­cel and sa­ved in one of the fi­le 
for­mats: TIFF, EPS or JPG; il­lu­stra­tions are al
so saved in one of these formats (See Author 
guidelines for details).

  4. �The ma­nus­cript has been exa­mi­ned for spel­ling 
and grammar (spell checked).

  5. �The title (ma­xi­mum 150 cha­rac­ters) briefly ex
plains the contents of the manuscript.

  6. �Full na­mes (first and last) of all aut­hors to­get
her with the affi ­lia­tion ad­dress are pro­vi­ded. 
Na­me of aut­hor(s) de­no­ted as the cor­res­pon
ding author(s), together with their e-mail ad­
dress, full po­stal ad­dress and te­lep­ho­ne/fax 
numbers are given.

  7. �The abstract states the objective and conclu­
sions of the research concisely in no more than 
150 words.

  8. �Key­words (ma­xi­mum six) are pro­vi­ded.

  9. �Statement of novelty is pre­pa­red as a Word 
fi­le.

10. �The text ad­he­res to the styli­stic and bib­lio­grap
hic re­qui­re­ments out­li­ned in the Author gui­
delines.

11. �Text in nor­mal style is set to sin­gle co­lumn, 
1.5 li­ne spa­cing, and 12 pt. Ti­mes New Ro­man 
font is re­com­men­ded. All tab­les, fi­gu­res and il
lustrations have appropriate captions and are 
pla­ced wit­hin the text at the ap­pro­pria­te points.

12. �Mat­he­ma­ti­cal and che­mi­cal equa­tions are pro
vided in separate lines and numbered (Arabic 
numbers) consecutively in parenthesis at the 
end of the li­ne. All equa­tion num­bers are (if 
ne­ces­sary) ap­pro­pria­tely inc­lu­ded in the text. 
Corresponding numbers are checked.

13. �Tab­les, Fi­gu­res, il­lu­stra­tions, are pre­pa­red in 
correct format and resolution (see Author gui­
delines).

14. �The let­te­ring used in the fi­gu­res and graphs do 
not vary greatly in size. The recommended let­
tering size is 8 point Arial.

15. �Se­pa­ra­te fi­les for each fi­gu­re and il­li­stra­tion are 
prepared. The names (numbers) of the separa­
te fi­les are the sa­me as they ap­pear in the text. 
All the fi­gu­re fi­les are pac­ked for up­loa­ding in a 
sin­gle ZIP fi­le.

16. �Aut­hors ha­ve read special notes and have ac­
cordingly prepared their manuscript (if neces­
sary).

17. �Re­fe­ren­ces in the text and in the Re­fe­ren­ces 
are correctly cited. (see Author guidelines). 
All re­fe­ren­ces men­tio­ned in the Re­fe­ren­ce list 
are ci­ted in the text, and vice versa.

18. �Per­mis­sion has been ob­tai­ned for use of cop
yrighted material from other sources (including 
the Web).

19. �The na­mes, full affi ­lia­tion (de­part­ment, in­sti­tu
tion, city and country), e-mail addresses and 
references of three potential referees from in­
stitutions other than (and preferably countries 
other than) those of any of the authors are pre­
pa­red in the word fi­le.

20. �Full-co­lour il­lu­stra­tion or graph from the ma
nuscript is proposed for graphical abstract.

21. �Appendices (if appropriate) as supplementary 
material are prepared and will be submitted at 
the same time as the manuscript.

 
Privacy Statement
The names and email addresses entered in this 
journal si­te will be used exc­lu­si­vely for the sta­ted 
purposes of this journal and will not be made avai­
lable for any other purpose or to any other party.
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Priro~nik predstavlja monografije nevar-
nih kemikalij, opisuje njihove kemijske in fizi-
kalne lastnostih, prakti~no uporabo ter nji-
hov vpliv na `ive organizme in okolje. Name-
njena je  strokovnjakom, ki delujejo na po-
dro~ju kemije, farmacije, veterine, agrono-
mije pa tudi poslovnim osebam, ki se ukvar-
jajo s proizvodnjo in prometom z nevarnimi
kemikalijami ter nadzirajo njihov promet.  

Priro~nik nudi veliko koristih podatkov
osebam, ki so pogosto v stiku z naravnim
okoljem (lovci, ~ebelarji, ribi~i, ekologi), ki
skrbijo za za{~ito rastlin (gozdarstvo, polje-
delstvo, sadjarstvo) in `ivali (veterina). V tem
pogledu so posebno predstavljene kemikali-
je, katerih uporaba je dovoljena v Sloveniji
na podro~ju kmetijstva, sadjarstva in goz-
darstva. 

Publikacija je izredno primer-
na kot u~benik za {tudente ke-
mije, kemijske tehnologije,
farmacije in drugih sorodnih
znanosti.

V publikaciji so zajete
zakonske dolo~be glede
razvr{~anja in ozna~evanja
kemikalij v prometu, obe-
nem z uredbo Evropskega
parlamenta in Sveta o razvr{-
~anju, ozna~evanju in pakiranju
snovi ter zmesi, ki se za~ne iz-
vajati za snovi s 1. decem-
brom 2010, za zmesi pa s 1.
junijem 2015.  

Opisi posameznih kemikalij so oprem-
ljeni tudi s CAS in s {tevilkami carinske tari-
fe, ki je usklajena s kombinirano nomenkla-
turo EU. 

Vsebina knjige je prilagojena dose`kom
mednarodnih organizacij (Organizacija za
hrano in kmetijstvo – FAO, Organizacija za
ekonomsko sodelovanje in razvoj  OECD,
Svetovna zdravstvena organizacija  WHO...),
ki so v osemdesetih letih prej{njega stoletja
postavljale temelje nove svetovne politike
pri obravnavi kemijskih snovi in njihovega
vpliva na ~lovekovo okolje. 

Priro~nik je rezultat dela strokovnjakov
Fakultete za farmacijo in Fakultete za kemijo
in kemijsko tehnologijo. Podatki so zbrani iz
razli~nih virov, ki so bili dosegljivi v strokovni
literaturi, na spletnih straneh, v uradnih listih
in drugih sprejemljivih publikacijah. 

Ker je tak{en na~in obravnave nevarnih
kemikalij pripravljen v sloven{~ini, je knjiga
pomemben prispevek uresni~evanju nacio-
nalnega programa o kemijski varnosti.

Avtorji knjige so Prof. Dr. Ale{ Krbav~i~,
Prof. Dr. Ale{ Obreza, Prof. Dr. Marija Soll-

ner-Dolenc, Prof. Dr. Branko Stanov-
nik in Mag. Milan [krlj. 

Vsebinsko priro~nik zaje-
ma opise  blizu 800 kemikalij,
IUPAC kemijski nomenkla-
turni sistem za organske in
neorganske spojine, opis
svetovnega usklajenega si-
stema za razvr{~anje in oz-
na~evanje kemikalij (GHS),

mednarodni sistem merskih
enot, pregled aktivnih snovi in

preparatov za za{~ito rastlin regi-
striranih v RS in osnovne far-
makolo{ko toksikolo{ke last-

nosti nekaterih kemijskih
funkcionalnih skupin.

KEMIJSKI
PRIRO^NIK

Cena knjige v elektronski 
obliki (CD-ROM) zna{a 15 EUR
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PRIPORO^ILA IUPAC 2005 

NOMENKLATURA 
ANORGANSKE 
KEMIJE

Kemijska nomenklatura oz. poimenovanje kemij-
skih elementov in spojin je potrebno zato, da se
vsi, ki jih uporabljajo, med seboj lahko sporazu-
mevajo. Najpomembnej{e pri tem je, da je poi-
menovanje spojin enotno in enozna~no, saj mo-
ra biti zagotovljeno, da si pod dolo~enim ime-
nom vsi predstavljajo isto kemijsko spojino. 

Z razvojem kemije in celotne splo{ne znanosti je
bilo v preteklosti odkritih ali sintetiziranih ogrom-
no {tevilo kemijskih spojin, kar se bo v prihod-
nosti brez dvoma nadaljevalo s {e ve~jo inten-
ziteto. Vzporedno z odkritji in raziskavami pa se
je razvijalo in prilagajalo tudi poimenovanje
kemijskih spojin. IUPAC (Mednarodna unija za
~isto in uporabno kemijo) skrbi za vsklajeno de-
lovanje na tem podro~ju. V predgovoru k origi-
nalu knjige, ki sledi le-temu, je zato natan~no
opisano, kako je Mednarodna unija poimenova-
nje kemijskih spojin spremljala, zasledovala in

spreminjala, kadar je bilo to potrebno zaradi
jasnosti ali mo`nosti razli~nih razumevanj.

Pred nami je tako v letu 2008 prevod »Nomen-
clature of Inorganic Chemistry, IUPAC Recom-
mendations 2005« v slovenskem jeziku, le tri le-
ta po izidu izvirnika. Zadnja slovenska nomenk-
latura anorganske kemije je bila izdana leta
1986, njen obseg pa je bil 86 strani (brez pre-
glednic). Nova izdaja prevoda obsega skoraj
400 strani strokovno izjemno zahtevnega teksta.
Slovenski prevod je pripravil Andrej [malc, z re-
cenzijo in z nekaterimi dodatnimi dejavnostmi v
zvezi s pripravo za tisk pa mu je pomagal Pri-
mo` [egedin. Za obse`no in strokovno korektno
opravljeno delo se obema iskreno zahvaljujem.

Ven~eslav Kau~i~
Predsednik Slovensko kemijsko dru{tvo

Izdajo pripravili
Neil G. Connellz, Ture Dambus 
Richard M. Hartshorn, Alan T. Hutton

Publikacijo lahko kupite v Slovenskem kemijskem dru{tvu, 
Hajdrihova 19, 1000 Ljubljana
Naro~ilo oddate preko dru{tvene spletne strani: 
http://www.chem-soc.si/publikacije/nomenklatura-anorganske-kemije 
Cena: 17,50 EUR

ISBN 978-961-90731-8-6
Obseg: 367 str.
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Slovensko kemijsko društvo
www.chem-soc.si
e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac.uk

SETAC
www.setac.org

European Water Association
http://www.ewa-online.eu/

European Science Foundation
www.esf.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

EuCheMS: Brussels News Updates
http://www.euchems.eu/newsletters/

Novice europske zveze kemijskih društev 
(EuCheMS) najdete na:

Koristni naslovi
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Donau Lab d.o.o., Ljubljana
Tbilisijska 85

SI-1000 Ljubljana
www.donaulab.si

office-si@donaulab.com

Že od   3.214€
+DDV      

(B30 Trace s 25 L Pro rezerv.           

Slika je simbolična )

Sistemi za čisto in ultračisto vodo
Kvaliteta vode 1 do 3*
*v skladu s standardom ISO 3696 in ustreznimi ASTM ter CLSI



Basic and applied research 
on materials, life sciences, 
biotechnology, chemical engineering, 
structural and theoretical chemistry, 
analytical chemistry and environmental 
protection.

In line with the priority areas of the EU Research 
and Innovation: nanotechnology, genomics and 
biotechnology for health, sustainable development, 
climate change, energy efficiency and quality and 
safety of food. 

We expand knowledge and technology transfer to the 
domestic and foreign pharmaceutical, chemical, automotive and 
nanobiotechnologycal industries. 

We are aware of the power of youth, so we transfer our  
knowledge on younger generations with providing many means  
of collaboration.                                         
                          contact:  mladi@ki.si
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Hajdrihova 19
1000 Ljubljana 

Slovenia 
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www.helios-group.eu

Strast do 
pametnih 
premazov
Visoki standardi, znanje, strast do inovacij 
ter želja po nenehnih izboljšavah – to je okolje 
v katerem že več kot 150 let nastajajo Heliosovi 
pametni premazi. 

Rešitve, ki zadostijo široki paleti potreb ustvarjajo 
vez, zaradi katere kupci postanejo naši partnerji in tako 
rastemo – skupaj.



BODITE NEUSTAVLJIVI

Prehransko dopolnilo ni nadomestilo za uravnoteženo in raznovrstno 
prehrano. Skrbite tudi za zdrav življenjski slog.

MAGNEZIJ Krka 300

NOVO

Granulat za pripravo napitka vsebuje magnezijev citrat in vitamin B2.

Magnezij in vitamin B2 prispevata k zmanjševanju
utrujenosti in izčrpanosti ter normalnemu delovanju
živčnega sistema.  

 
Magnezij prispeva tudi k delovanju mišic. 

Okus po pomaranči in limeti.          Brez konzervansov. 

Brez umetnih barvil, arom in sladil.         Ena vrečka na dan.
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Professor Miha Tišler research was mainly devoted to the syntheses of 
new heterocyclic compounds and their transformations, development of 
new reagents, structural studies, tautomerism, etc. Figure shows crystal 
structure of N-[(Z)-2-benzoylamino-3-(4,6-dimethyl-2-pyrimidinylami-
no)propenoyl]-L-proline, one of the numerous compounds prepared in 
his laboratory in Ljubljana which has become internationally known as 
the school for heterocyclic chemistry (See Editorial).

Dedicated to Professor and Academician Miha Tišler at the occasion of his 90th birthday 
Selected titles: Synthesis of Novel 3D-Rich α-Amino Acid-Derived 3-Pyrazolidinones n Synthesis 
and X-ray Structural Analysis of the Ruthenium(III) Complex Na[trans-RuCl4(DMSO)(PyrDiaz)], 
the Diazene Derivative of Antitumor NAMI-Pyr n Discrimination Between Synechocystis Members 
(Cyanobacteria) Based on Heterogeneity of Their 16S rRNA and ITS Regions n Geographical Origin 
Characterization of Slovenian Garlic Using Stable Isotope and Elemental Composition Analyses
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