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Dedicated Issue

Writing a tribute to Professor Emeritus Dr. Miha
Ti8ler on the occasion of his 90™ birthday fills me with
great honor. He was born in Ljubljana on September 18%,
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-

Professor Miha Tisler

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 TiSler 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, efc.

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.

Graphical Contents



Many years of research were devoted to investigations
of azoloazines and azaindolizines, i.e. bicyclic 10 n-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, efc.

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 Tisler
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 Tisler 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 drustva).

Professor Tisler (alone or with colleagues) organized
several National or International Symposia or Congresses:
5% International Congress of Heterocyclic Chemistry
(1975), 5™ International Symposium on the Chemistry of
Organic Sulfur Compounds (1978), 3™ 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 Tisler 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
TiSler commemorating the 90" 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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Dedicated to Professor Emeritus Miha Tisler, University of Ljubljana,
on the occasion of his 90" 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.”” In this context, 3-pyrazolidinones and
their bicyclic analogues are attractive targets due to their
easy availability from a,-unsaturated esters and because
of their applicability and biological activity.*¢ Pyrazolidi-
none derivatives have been employed as dyes and photo-
graphic developers* and as inhibitors of cyclooxygenase,
lipoxygenase,” and y-aminobutyrate aminotransferase® 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 S-turn
structures.>'® Consequently, bicyclic pyrazolidinones are
used as drugs to relieve Alzheimer’s disease'' and as anti-
bacterial (Eli-Lilly’s y-lactam antibiotics),'* and antitrypa-
nosomal agents.”* Synthetic applications of 3-pyrazolidi-

nones comprise their use as chiral auxiliaries,"*" as tem-

plates in asymmetric Diels-Alder cycloadditions,”*-** and
as a new scaffold in organocatalysis.”*~** Typical examples
of important 3-pyrazolidinone derivatives are depicted in
Figure 1.

However, in spite of easy availability of simple pyra-
zolidinones from a,B-unsaturated esters and hydrazine
derivatives,>**' 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 pyrazole**** and
pyrazolidinone derivatives,*? we reported the synthesis
of tetrahydropyrazolo[1,5-c]pyrimidine-2,7-diones as the
first representatives of a novel saturated heterocyclic sys-
tem,*” followed by preparation of closely related tetrahy-
dropyrazolo[1,5-c]pyrimidine-3-carboxamides” and tet-
rahydro-1H-imidazo[1,5-b]pyrazole-2,6-diones.”® In ex-
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Figure 1. Examples of important 3-pyrazolidinone derivatives.

tension, thefirstrepresentatives of octahydro-2H-2a,2a'-di-
azacyclopenta[cd]inden-2-one as a novel tricyclic pyrazo-
lidinone-based system were also prepared.*® 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 5-mesyloxy ester, which in turn
was obtained in three steps from a suitably functionalized
carboxylic acid.’® Pyrazolidinones with 2-hydroxyethyl*
and 2-aminoethyl*>* 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 a-amino acids were
used as scaffolds for potential organocatalysts® and as
key-intermediates in the synthesis of 3-pyrrolinones.*

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[l,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-

H i H ii OH ifi
H
Boc’NvCOZH Boc” N\)'k/COﬂ\Ae 3 _N \/]\/COQME >
93% 849 |Boc 84%
1a 2a 3a
Method A (Ref. 35)
‘. Boc
OMs ; i
H v - 0] v N
— _N \)\/COEME — H1N 3 - Q
Boc 86% o 45% =
4a / 5 6
Bod Method B
L l
jj ‘)j >

OC

5b (66%) 5'b (14%)

41% l vi 80%1 vi
1 !
+
N HoN
8 g 9

2HClI HN 0 O Me
s
HoN

7.
as%i

2HCI N~ NH2
HN._A_coMe

7

Scheme 1. Synthesis of the 5-aminomethyl-3-pyrazolidinones 5a, 5b, 5’b, and 7-9. Reaction conditions: i) CDI, THE r.t. 2 h, then MeO,CCH,CO,K,

MgCl,, r.t.; ii) NaBH,, MeOH, 0-20 °C; iii) MsCl, pyridine, CH,Cl,, 0 °C; iv) N,H

ic separation (MPLC); vi) HCI-EtOAc, MeOH, r.t.

H,0, MeOH, r.t.; v) MeNHNH,, MeOH, r.t., then chromatograph-
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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.*** Masamune-Clais-
en condensation of amino acid 1a, i.e. activation of 1a with
1,I’-carbonyldiimidazole (CDI) followed by treatment of
the intermediate imidazolide with a mixture of potassium
monomethyl malonate and magnesium chloride gave the
corresponding f-keto ester 2a in 93% yield. Reduction of

2a with NaBH, in methanol followed by O-mesylation of
the so formed alcohol 3a afforded the -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
(MPLQ), 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 fert-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

717

H ” H
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HN 0 v N 20
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HN
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Cbz
H H
\N \N 1b
Vi 7
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g A
R v=viii HN @ iX—Xi HN’ S
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HN o} Xiii ?‘N 0
a8 H — Y H 1c—-5c—»12a—>14a Me 67 42
N R 1d>5d>12b->14b  Bn 54 53
R 13ab 14a,b

Scheme 2. Reaction conditions: i) TFA, CH,Cl,, r.t.; ii) 50% aq. glyoxal or (MeO),CH,CHO, H,, Pd-C, MeOH, r.t.; iii) 50% aq. (MeO),CH,CHO, NaB-
H,CN, MeOH, r.t.; iv) aq. HCI, MeOH, H,, Pd-C, r.t.; v) CDI, THE r.t. 2 h, then MeO,CCH,CO,K, MgCl,, r.t.; vi) NaBH,, MeOH, 0-20 °C; vii) MsCl,
pyridine, CH,Cl,, 0 °C; viii) N,H, -H,0, MeOH, r.t.; ix) Boc,0, r.t.; x) Mel, DME K,CO,, r.t; xi) TFA-CH,CL, r.t.; xii) H,, Pd-C, MeOH, r.t,; xiii) CDI,
DME r.t..
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by acidolytic N-deprotection of 5a, 5b, and 5’b. Quite un-
expectedly, treatment of 5a with HCI-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?Y). Attempted isolation and purification of this highly
polar compound 10 failed. On the other hand, reductive
alkylation of 5a with dimethoxyacetaldehyde and
NaBH,CN 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 5¢
and 5d. In a subsequent one-pot procedure,” compounds
5¢ 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,® 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.*! 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 a-amino esters, (S)-
AlaOMe (18e) and (S)-ProOMe (18f). These amidations
afforded mixtures of non-racemic diastereomers 19¢/19%
and 19f/19’f. Subsequent separation of diastereomeric mix-
tures by medium pressure liquid chromatography furnished
the non-racemic diastereomerically pure carboxamides

1. PANHNH,, MeOH,
p-waves, 70 °C

MeO,C CO,Me -
— Ref. 41
15
Ph 2. K;C0g, aq. MeOH,
N - .
2 HN 0 p-waves, 70 °C .
Ref. 41
MeO,C
16
Ph 1. CDI, MeCN, r.t.
N._0 2 RRNH (18a—-d), r.t.
— Hl\l)j -
HO,C
2¥ 97
. o
_ toluene A M
— N
R CHzco_gMe HN
0O
19a—d 20
Compd. R R'  Yield (%)
18a, 19a CH2C02ME H 45
18b, 19b CH,CH,COMe H 45
18c, 19c CH,CH,Ph H 50
18d, 19d Et Et 49

Scheme 3. Synthesis of 3-pyrazolidinone-5-carboxamides 19a-d.

19¢, 19%, 19f, and 19’f in 13-23% yields. Unfortunately, all
products 19e, 19%, 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%, 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%.f were determined by spec-
troscopic methods (‘"H NMR, *C 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%,f were not ob-
tained in analytically pure form. Their identities were con-
firmed by “C NMR and HRMS.

3. Experimental
3. 1. General Methods

Melting points were determined on a Stanford Re-
search Systems MPA100 OptiMelt automated melting
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Scheme 4. Synthesis of non-racemic 3-pyrazolidinones 19e,f and
19%f.

point system. The NMR spectra were obtained on a Bruker
Avance III UltraShield 500 plus at 500 MHz for 'H and 126
MHz for "C, using CDCI, and DMSO-d, (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 pm). Medium performance liquid
chromatography (MPLC) was performed on a Biichi Flash
Chromatography System (Biichi Fraction Collector C-660,
Biichi Pump Module C-605, Biichi Control Unit C-620)
on silica gel (LiChroprep® Si 60, 15-25 um), column di-
mensions: 23 x 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-oxo0-2,5-
dihydro-1H-pyrrole-1-carboxylate (6), glyoxal, dimeth-
oxyacetaldehyde, sodium cyanoborohydride, sodium
triacetoxyborohydride, tetrabutylammonium borohydride,
trifluoroacetic acid (TFA), methyl glycinate hydrochloride
(18a), methyl B-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),*
methyl 4-benzyloxycarbonylamino-3-oxobutanoate (2b),*
and 5-oxo-1-phenylpyrazolidine-3-carboxylic acid (17)"
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.?>*5*

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

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. MgCl, (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. NaHSO, (2 x 20 mL) and brine
(20 mL). The organic phase was dried over anh. Na,SO,,
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.*?

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

Finely powdered NaBH, (650 mg, 17.2 mmol) was
slowly added to a cooled (0 °C) stirred solution of f-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 H,O (150 mL) fol-
lowed by the addition of 1 M aq. HCI (30 mL, 30 mmol).
The product was extracted with dichloromethane (3 x 150
mL) and the combined organic phase was washed with
brine (150 mL). The organic phase was dried over anh.
Na,SO,, filtered, and the filtrate was evaporated in vacuo.
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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.*

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 -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. HCI (200 mL) and brine (2 x 200mL). The
organic phase was dried over anhydrous Na,SO,, 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. '"H-NMR (500 MHz,
DMSO-d,): § 137 (s, t-Bu); 2.20 (dd, ] = 9.0; 15.1 Hz, 1H of
CH,); 2.44 (dd, ] = 3.8; 15.1 Hz, 1H of CH.); 2.86-2.98 (m,
CH,); 3.82-3.90 (m, CH); 4.94 (d, ] = 5.6 Hz, OH); 6.77 (&,
J = 5.8 Hz, NH). "C-NMR (126 MHz, DMSO-d): § 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 y, 15 mmol) was added to
a solution of the mesylate 4a (3 mmol) in CH,CI, (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
(5a)

[(5-oxopyrazolidin-3-yl)methyl]carbamate

Prepared from 4a (1.87 g, 6 mmol) and hydrazine
hydrate (685 pL, 13.8 mmol), stirring for 24 h. Yield: 1.12
g (86%) of white solid; m.p. 103-110 °C. 'H-NMR (500
MHz, DMSO-d.): 8 1.38 (9H, s, #-Bu), 2.00 (1H, dd, ] =
4.9; 16.4 Hz, 4-Ha), 2.36 (1H, dd, ] = 7.9; 16.1 Hz, 4-Hb),
2.88-3.06 (2H, m, 3’-CH,), 3.48 (1H, br s, 3-H), 5.29 (1H,
br s, 2-H), 6.88 (1H, t, J = 5.8 Hz, NHCH,), 8.98 (1H, s,
1-H). "C-NMR (126 MHz, DMSO-d,): § 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 CH N.O,, 216.1343; found,
216.1339. Anal. Calcd for CH, N,O,: C 50.22, H 7.96, N
19.52. Found: C 50.09, H 8.09, N 19.13. IR (ATR) v 3344,
2970, 1692, 1649, 1522, 1445, 1392, 1365, 1277, 1252,
1175, 1124, 1081, 1053, 1000, 964, 901, 874, 782, 732, 638

cm™L

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 pL, 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. "H-NMR (500
MHz, DMSO-d,): § 1.38 (9H, s, t-Bu), 1.95 (1H, dd, ] = 4.2,
16.8 Hz, 4-Ha), 2.46 (3H, s, 2-Me), 2.70 (1H, dd, ] = 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, NHCH,), 9.30
(1H, 5, 1-H). “C-NMR (126 MHz, DMSO-d,): § 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 C, H, N,O,, 230.1499;
found, 230.1496. IR (ATR) v 3301, 2975, 2931, 1692, 1520,
1455, 1392, 1366, 1278, 1253, 1168, 1094, 1044 cm™".

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

Yield: 150 mg (14%) of yellow oil. '"H-NMR (500
MHz, DMSO-d,): § 1.38 (9H, s, t-Bu), 2.09 (1H, dd, / = 5.1,
16.3 Hz, 4-Ha), 2.45 (1H, dd, ] = 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,] = 5.8 Hz, NHCH,). “C-NMR (126 MHz, DMSO-d,):
28.2, 30.6, 35.2, 42.6, 53.0, 77.8, 155.8, 170.5. m/z (ESI) =
230 (MH*). HRMS-ESI (m/2): [MH"] caled for C, H, N0,
230.1499; found, 230.1503. IR (ATR) v 3332, 2977, 2933,
1694, 1520, 1455, 1394, 1367, 1277, 1253, 1169, 1060, 957
cm™.

Method B. Hydrazine hydrate (729 pL, 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. Et,0 (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. '"H-NMR (500 MHz,
DMSO-d): 8 2.75 (1H, dd, ] = 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-CH,);
3.64 (4H, br s, CO,Me, 2-H), 5.75 (1H, br s, NH), 8.34 (3H,
br s, NH,*), 9.65 (3H, br s, NH,*). "C-NMR (126 MHz,
DMSO-d,): 6 34.7, 39.3, 51.8, 52.8, 170.9. Anal. Calcd for
C.H, CLN,0,: C27.28, H 6.87, N 19.09. Found: C 27.58, H
6.69, N 18.84. IR (ATR) v 3437, 3198, 2987, 1727, 1598,
1523, 1471, 1442, 1376, 1301, 1232, 1189, 1054, 1000, 987,
942,902, 869, 772 cm™.

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. '"H-NMR (500 MHz,
DMSO—d6): 62.42 (1H, br d, J=11.4 Hz, 4-Ha), 2.81 (3H,
s, 1-Me), 2.98 (1H, br d, ] = 13.3 Hz, 4-Hb), 3.09 (2H, br d,
3’-CH,), 3.89 (1H, brs, 3-H), 7.90 (2H, br s, 2-H and NH"),
8.50 (3H, br s, NH,"). *C-NMR (126 MHz, DMSO-d,): §
32.6, 39.2, 45.2, 62.3, 171.5. m/z (ESI) = 130 (MH").
HRMS-ESI (m/z): [MH*] calcd for C.H,,N,O, 130.0975;
found, 130.0974. IR (ATR) v 3438, 3004, 2484, 1750, 1493,
1456, 1443, 1425, 1385, 1322, 1302, 1261, 1223,1166, 1118,
1104, 1053, 1013,919 cm™.

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

Prepared from 5% (85 mg, 0.37 mmol). Yield: 60 mg
(80%) of very hygroscopic white semi-solid. 'H-NMR (500
MHz, DMSO-d,): § 2.40 (1H, dd, ] = 4.7, 16.8 Hz, 4-Ha),
2.75 (1H, dd, ] = 8.7, 16.8 Hz, 4-Hb), 2.94 (3H, s, 2-Me),
2.97-3.07 (2H, m, 5-CH,), 3.92-4.01 (1H, m, 5-H), 4.91
(2H, br s, NH,*), 8.33 (3H, br s, NH,*). "C-NMR (126
MHz, DMSO-d,): § 30.7, 33.9, 39.9, 51.2, 169.9. m/z (ESI)
= 130 (MH*). HRMS-ESI (m/z): [MH'] calcd for
C.H,_N,0, 130.0975; found, 130.0972.

3. 4. Tert-Butyl ((2-(2,2-dimethoxyethyl)-5-
oxopyrazolidin-3-yl)methyl)carbamate
(11a)

NaBH,CN (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 H,0O, 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. 'H-NMR (500 MHz, DMSO-d,): § 1.37 (9H, s,
t-Bu), 1.89 (1H, dd, J = 2.3, 16.4 Hz, 4-Ha), 2.70 (1H, dd,
=4.5,12.7 Hz, IH of NCH,), 2.75 (1H, dd, ] = 8.4, 16.8 Hz,
4’-Hb), 2.78-2.87 (1H, m, 1H of NCH,), 2.89 (1H, dd, ] =
5.9,12.7 Hz, IH of NCH,), 3.00 (1H, m, 1H of NCH), 3.25
and 3.26 (6H, 2s, 1:1, 2 x OMe), 3.23-3.29 (1H, m, 3’-H
overlapped by the signal for HZO), 4.40 (1H,dd,J =4.5,5.9
Hz, CH(OMe),), 6.82 (1H, t, ] = 5.9 Hz, NHCH,), 9.34
(1H, s, I’-H). »C-NMR (126 MHz, DMSO-d,): § 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 C;H,N,O,, 304.1867; found, 304.1866. IR (ATR) v
3395, 3055, 2982, 2936, 2836, 2360, 2340, 1699, 1507, 1452,
1423, 1392, 1367, 1266, 1169, 1132, 1074, 974, 896, 866,
741, 705, 668 cm ™.

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. '"H-NMR (500 MHz, DMSO-d,): §
1.91 (1H, dd, J=2.5,16.9 Hz,4’-Ha), 2.71 (1H, dd, J = 4.5,
12.8 Hz, 1H of NCH,), 2.78 (1H, dd, ] = 8.3, 16.8 Hz, 4’-
Hb), 2.89 (1H, dd,J=3.2,5.9 Hz, 1H ofNCHz), 2.90 (1H,
m, 1H of NCH,), 3.08 (1H, m, 1H of NCH,), 3.24 and 3.25
(6H, 2s, 1:1, 2 x OMe), 3.29-3.36 (1H, m, 3’-H), 4.40 (1H,
dd, J = 4.5, 5.9 Hz, CH(OMe),), 5.02 (2H, d, ] = 4.3 Hz,
PhCH,), 7.29-7.39 (6H, m, Ph and NHCH,), 9.36 (1H, s,
I’-H). “C-NMR (126 MHz, DMSO-d,): § 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 C H, N.O,, 338.1711; found, 338.1709.
IR (ATR) v 3336, 3058, 2938, 2836, 2360, 2342, 1698,
1519, 1455, 1266, 1134, 1073, 977, 918, 869, 830, 739, 701,
668 cm™'.

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).%°
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3. 6. 1. Preparation of the Free Diamines 12a,b

Boc,0 (2.4 g, 11 mmol) was added to a stirred solu-
tion of 5¢,d (9 mmol) in a mixture of dioxane (12 mL),
water (25 mL), and Na,CO, (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 x 20 mL), dried over
anh. Na,SO,, 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), K,CO, (691 mg, 5 mmol)
and methyl iodide (934 pL, 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 x 30
mL). The organic phase was dried over anh. Na,SO,, 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 K,CO, 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 x 10 mL), dried over
anh. Na,SO,, 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 12¢,d (1.5 mmol), methanol (20
mL), and 10% Pd-C (80 mg) was hydrogenated under 3
bar of H, at room temperature for 1.5 h. The catalyst was
removed by filtration through a short pad of Celite®,
washed with methanol (3 x 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 HCI-Et,0 (1 mL), was added and the precip-
itate (imidazole hydrochloride) was removed by filtration
and washed with anh. Et,O (2 x 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.
'H-NMR (500 MHz, DMSO-d,): & 2.41 (1H, dd, ] = 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, ] =
1.2, 9.7 Hz, 4-H), 3.58 (1H, dd, J = 7.35, 9.82 Hz, 4-H),
4.30 (1H, dtd, ] = 1.20, 7.65, 7.61, 10.97 Hz, CH). *C-NMR
(126 MHz, DMSO-d6): 6 30.1, 32.3, 35.3,47.6, 53.4, 162.6,
170.1. m/z (ESI) = 130 (MH"). HRMS-ESI (m/z): [MH"]
caled for CH, N,O,, 170.0924; found, 170.0926. IR (ATR)
v 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™.

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

Prepared from 5% (340 mg, 1.55 mmol) and CDI (265
mg, 1.55 mmol). Yield: 201 mg (53%) of yellow oil. 'H-NMR
(500 MHz, DMSO-d,): § 2.44 (1H, dd, ] = 16.2, 7.7 Hz,
3-Ha), 2.59 (1H, ddd, ] = 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, = 11.3, 7.5, 1.1 Hz, 3’-
H), 4.34 (1H, d, ] = 14.8 Hz, 1H of CH,Ph), 4.46 (1H, d, ] =
14.9 Hz, 1H of CH,Ph), 7.18-7.26 (2H, m, 2H of Ph), 7.27-
7.43 (3H, m, 3H of Ph). "C-NMR (126 MHz, DMSO-d,): §
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"]
caled for C H N.O,, 246.1237; found, 246.1237.

372

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 uL, 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. NaHSO, (2 x 20
mL), saturated aq. NaHCO, (2 x 20 mL), and brine (2 x 20
mL). The organic phase was dried over anh. Na, SO, 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 pL, 5 mmol). Yield: 653 mg
(45%) of red crystals; m.p. 148-152 °C. 'H-NMR (500
MHz, DMSO-d,): § 2.79 (1H, dd, ] = 1.3, 16.6 Hz, 4-Ha),
3.06 (1H, dd, ] = 9.3, 16.6 Hz, 4-Hb), 3.60 (3H, s, OMe),
3.85-3.97 (2H, m, CH,CO,Me), 4.16-4.22 (1H, m, 5-H),
6.86 (1H,d, J=6.8 Hz, I’-H), 7.12 (1H, t, ] = 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, ] = 6.1 Hz, NHCH,).
"C-NMR (126 MHz, DMSO-d,): § 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 C ,H, .N,O

1577374

278.1135; found, 278.1138. Anal. Calcd for C . H N.O,: C
56.31, H 5.45, N 15.15. Found: C 56.05, H 5.53, N 14.87. IR
(ATR) v 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™.

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 B-alaninate hydrochloride (18b) (140 mg, 1
mmol), and NMM (120 pL, 1 mmol). Yield: 131 mg (45%) of
pale yellowish crystals; m.p. 88-91 °C. 'H-NMR (500 MHz,
DMSO—d6): 6 2.41-2.54 (2H, m, CHZNH), 3.07 (1H,dd, ] =
17.2, 9.3 Hz, 4-Ha), 3.13 (1H, dd, ] = 17.2, 3.5 Hz, 4-Hb),
3.47 (1H, ddt, ] = 13.6, 7.3, 5.1 Hz, CHZCOZMe), 3.50-3.60
(4H, m, OMe and 1H of CHZCOZMe), 4.09 (1H, ddd, J=9.7,
6.6,3.4 Hz, 5-H), 5.43 (1H, d, J= 6.6 Hz, I’-H), 7.14 (1H, t,
=7.4 Hz, 1H of Ph), 7.37 (2H, dd, ] = 8.7, 7.3 Hz, 2H of Ph),
7.78 (1H, s, NHCO), 7.82 (2H, d, ] = 7.6 Hz, 2H of Ph).
BC-NMR (126 MHz, DMSO—ds): d 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 C_ H _N,O

147717 374

292.1292; found, 292.1295. Anal. Calcd for C ,H _N.O,: C,
57.72; H, 5.88; N, 14.42. Found: C, 57.89; H, 5.61; N, 14.20. IR
(ATR) v 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™.

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

Prepared from 17 (208 mg, 1 mmol), CDI (178 mg, 1.1
mmol), and 3-phenylethylamine (18¢c) (126 pL, 1 mmol).
Yield: 154 mg (50%) of white crystals; m.p. 131-133 °C.
"H-NMR (500 MHz, DMSO—dﬁ): 6273 2H, td, J = 4.5, 6.7,
6.9 Hz, NHCHz), 3.02 (1H, dd, ] = 9.6, 17.7 Hz, 4-Ha), 3.09
(1H,dd,J=3.3,17.3Hz,4-Hb), 3.45(1H, qd, J=6.4,13.1 Hz,
1H OfCﬂzPh), 3.58 (1H, qd,J=6.5,13.1 Hz, 1H OfCﬂzPh),

4.02 (1H, ddd, J = 3.3, 6.6, 9.8 Hz, 5-H), 5.31 (1H, d, J = 6.7
Hz, I-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, ] = 7.8 Hz, 2H
of Ph). ®*C-NMR (126 MHz, DMSO-ds): é 35.4, 37.3, 404,
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*] caled for C H, N,O,, 310.1550; found, 310.1555.

187720

Anal. Caled for C, H N.O,: C, 69.88 H, 6.19; N, 13.58.
Found: C, 69.78; H, 6.13; N, 13.53. IR (ATR) v 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™.

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 pL, 1 mmol).
Yield: 128 mg (49%) of pale greyish crystals; m.p. 77-79
°C. 'H-NMR (500 MHz, DMSO-ds): 61.05GH,t,J=7.1
Hz, Me), 1.18 (3H, t, ] = 7.0 Hz, Me), 2.85 (2H, d, J = 15.7
Hz, 4’—CH2), 3.32 (2H, m, CﬂzMe), 3.42 (2H, m, CHZMe),
4.55 (1H, m, 5°-H), 6.39 (1H, d, ] = 9.37 Hz, I’-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, ] = 8.10 Hz, 2H of Ph). C-NMR (126
MHz, DMSO-dé): 612.7,14.4,37.4,39.6,40.9,53.2,117.7,
123.4, 128.4, 139.1, 168.2, 170.5. m/z (ESI) = 262 (MH").
HRMS-ESI (m/z): [MH*] calcd for C ,H, N.O,, 262.1550;
found, 262.1551. Anal. Caled for C ,H ]N.O,: C, 64.35; H,
7.33; N, 16.08. Found: C, 64.44; H, 7.20; N, 15.93. IR (ATR)
v 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™.

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

and 19¢/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%
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’¢, 19f, and 19’f.

3. 8. 1. Methyl (5R,2’S)-(3-0x0-2-
phenylpyrazolidine-5-carbonyl)alaninate
(19e) and its (5S8,2’S)-isomer 19%

Prepared from 17 (0.208 g, 1 mmol), CDI (0.178 g,
1.1 mmol), methyl (S)-alaninate hydrochloride (18e) (140

Glavac et al.:  Synthesis of novel 3D-rich a-amino acid-derived ...

723



724

Acta Chim. Slov. 2017, 64, 715-726

mg, 1 mmol), and NMM (120 pL, 1 mmol); MPLC
(EtOAc-hexane, 1:1).

Data for the (-)-isomer 19e. Yield: 67 mg (23%) of
yellow oil; [a] ?* -64.5 (c 0.365, CH,Cl,), MPLC: R, = 67
min. '"H NMR (500 MHz, CDClS): 61.33(3H,d,/=7.2 Hz,
Me), 3.13 (2H, d, ] = 6.4 Hz, 4-CH,), 3.75 (3H, s, CO,Me),
4.16 (1H, q, /] = 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, ] = 7.4 Hz, 1H of Ph), 7.38
(2H, dd, ] = 7.4, 8.7 Hz, 2H of Ph), 7.73 (1H, s, I’-H), 7.83
(2H, dd, J = 1.2, 8.8 Hz, 2H of Ph). *C NMR (126 MHz,
CDCls): 6 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 C H N,O,,
292.1292; found, 292.1292. IR (ATR) v 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™.

Data for the (+)-isomer 19%. Yield: 60 mg (21%) of
yellow oil; [a] ** +82.2 (c 0.39, CH,Cl,), MPLC: R = 78
min. 'H NMR (500 MHz, CDC13): 61.43(3H,d,J=7.1 Hz,
Me), 3.09 (1H, dd, J = 9.3, 17.2 Hz, 4-Ha), 3.16 (1H, dd, ] =
3.5,17.2 Hz, 4-Hb), 3.62 (3H, s, COZMe), 4.14 (1H, ddd, J
=3.5,6.6,9.7Hz, 2-H), 4.54 (1H, m, 5-H), 5.44 (1H, d, ] =
6.7 Hz, 3-H), 7.16 (1H, t, ] = 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, I’-H and
2H of Ph). *C NMR (126 MHz, CDC13): 6 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
C,H N0, 292.1292; found, 292.1293. IR (ATR) v 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™.

3. 8. 2. Methyl (5R,2’S)-(3-0x0-2-
phenylpyrazolidine-5-carbonyl)prolinate
(19f) and its (58,2’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 pL, 1 mmol); MPLC
(EtOAc-hexane, 2:1).

Data for the (-)-isomer 19f. Yield: 40 mg (13%) of
yellow oil; [a] ** -98.1 (¢ 0.425, CH,Cl,), MPLC: R = 67
min. 'H NMR (500 MHz, CDC13): §2.03-2.10 (2H, m, 4’-
CH,), 2.09-2.18 (1H, m, 3-CH)), 2.23-2.31 (1H, m,
3-CH,), 2.95 (1H, dd, ] = 8.2, 165 Hz, 4-CH,), 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, COZMe), 4.51 (1H,
dt, J = 8.2, 11.0 Hz, 5-H), 4.60 (1H, dd, ] = 3.9, 8.8 Hz, 2’-
H), 5.67 (1H, d, ] = 10.8 Hz, NH), 7.13 (1H, t, ] = 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). *C NMR (126 MHz, CDCIS):
624.7,28.8,37.5,46.4,52.5, 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 C, H N.O,, 318.1448; found,
318.1447. IR (ATR) v 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™.

Data for the (+)-isomer 19°f. Yield: 43 mg (14%) of
yellow oil; [a] ;> +2.5 (¢ 0.43, CH,CL,), MPLC: R = 84 min.
'H NMR (500 MHz, CDCl,): § 2.02-2.13 (2H, m, 4-CH,),
2.11-2.20 (1H, m, 3-CH,), 2.23-2.29 (1H, m, 3-CH,), 2.89
(1H, dd, ] = 8.1, 16.1 Hz, 4-CH,), 3.02 (1H, dd, ] = 11.3,
162 Hz, 4-CH,), 347 (1H, td, ] = 7.1, 9.6, 5-CH,), 3.76
(3H,s,CO,Me), 3.85 (1H, ddd, J = 4.3, 8.0, 10.0 Hz, 5-CH,)
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, ] = 7.4 Hz, 1H of Ph),
7.36 (2H, dd, J=7.3,8.7 Hz, 2H of Ph), 7.86 (2H, d, ] =7.6
Hz, 2H of Ph). *C NMR (126 MHz, CDCL,): § 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 C, H ,N.O,, 318.1448; found, 318.1447.
IR (ATR) v 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™.

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

Studirali smo sinteztne pristope za pripravo novih 3-pirazolidinonskih derivatov funkcionaliziranih na polozajih N(1)
in/ali C(5). 5-aminoalkil-3-pirazolidinone smo pripravili v $tirih korakih iz N-za§¢itenih glicinov preko Masam-
une-Claisenove homologacije, redukcije, O-meziliranja in ciklizacije z derivati hidrazina. Proste amine smo pripravili z
ods¢ito 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 ods¢itili 5-(N-alkil-N-Cbz-aminometil)pirazolidine-3-one in s sledeco
ciklizacijo z 1,1’-karbonildiimidazolom (CDI) pripravili dva nova predstavnika perhidroimidazo[1,5-b]pirazola, ki je
skoraj popolnoma neraziskan heterocikli¢ni 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 lo¢ili s pomo¢jo 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.! 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.* 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.’
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.* 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.” 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,® benzodiazepines,” cinnamic acids,?
benzofurans, and phenolphthalein derivatives,” Ru(II)
complexes,'” salicylic and aminobenzoic acids derivatives,
as well as some nonsteroidal anti-inflammatory drugs and
their analogues.'""? 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. Stefane et al'’ indentified com-
pounds based on cyclopentane scaffold, which are
AKRICI and AKRIC3 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
Berani¢ 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." Since
enzymes perform highly stereoselective reactions, it seems
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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, a-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 procedure’® (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 a,-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.'® Highly efficient asymmet-
ric hydrogenation of a-arylmethylene cyclopentanones
was realized by chiral tailor-made iridium-spiroamino-
phosphine catalysts;'” 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 Itsuno'® that chiral aminoalcohols to-
gether with BH, effected the enantioselctive reduction of
prochiral ketones, Corey' isolated the primarily formed
oxazaborolidine derivative, and developed a powerful cat-
alytic version of an original stoichometric reduction. Con-

9}
é /©/ 1. NaOH/H,0 _ =
2. HCI +
2a R=Cl 3a (31%)
2b: R = OMe 3b (41%) R
CHO
. /©/ 1. NaOH/H,0, MeOH ,_»
cl 2. HCl Q O
5 2a
6 (9%) Cl
Scheme 1. Synthesis of a-arylmethylene cyclic ketones 3, 4 and 6.
OO 17 SO
P P.
\Rh/ = SRy N Cl N
V4 \| P o TN
! R Cl JRu
Ph Ph Ph Ph ,P\ Cl }3\
C1 Ph Ph
(R)-C2 or (S)-C2 'é:
‘e H Ph H Ph
C?({-Ph C_’_,QPh
@]
0 e
(S)-C5 (R)- cs

OMe

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.?® 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. BH, x Me,S, 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 BH, x Me,S 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.?*

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.

(o]

OH

= éﬂ\r N
JaR=Cl R 7ab = =]
3b: R = OMe
BH;xMe;S, C5
0] e OH
solvent
= — —
6 cl 8 cl

entry ketone ‘(:::2?;:; solvent B}(%:u?ijzs T (°C) product yield® (%) ee® (%)

1 3a (S)-C5, 10 THF 1.10 I 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 342 -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
13¢d 6 (R)-C5, 20 toluene/ CH2C12 2.10 0 8 21 24
144 6 (8)-C5, 20 toluene/ CH2C12 1.27 0 8 20 33
15 6 (8)-C5, 20 CHZCIZ 1.27 0 8 19 21
16f 6 (5)-C5, 20 THF 1.27 -30 - - -
17¢ 6 (5)-C5, 20 CH,C], 1.27 -30 8 22 19

“Isolated yield is given. "Determined by chiral HPLC. “First solution of 6 added to a solution of (R)-C5, then BH, x Me,S. “Ketone dissolved in

CH,Cl

2772

and catalyst in toluene. “Reaction quenched with MeOH. The desired alcohol was not isolated.
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Figure 2. Chromatograms of (a) racemic alcohol 7a, (b) racemic alcohol 7b, (c) racemic alcohol 8, (d) enantiomerically enriched (R)-7a obtained
with (§)-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.

moselective reduction with NaBH, in the presence of
CeCl, x 6H,0. 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,? 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.2 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.** 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.
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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 [a]?’ + 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-

-

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

at 40% probability.

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 C,H,Clo
Formula weight 208.67
Temperature 150(2)
Crystal system orthorhombic
Space group P222,
a(h) 4.99305(10)
b(A) 9.3428(2)
c(A) 22.2446(4)
a(®) 90.00
b(°) 90.00
v(©) 90.00
Volume (A?) 1037.69(4)
VA 4
F (000) 440
Crystal size (mm3) 0.08 x 0.25 x 0.60
p (CuK\a) ( /mm) 0.079
Nref 6371
R 0.0327
R, 0.0876
S 1.08
Bond length (A)
C2(1)-CI(1) 1.7440(16)
C(8)-C(©9) 1.336(2)
O(1)-C(10) 1.4238(19)
Bond angles (°)
C(5)-C(1H—-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(1H-C(8)—-C() 10.0(1)
C(7)-C(8)—C(9)—C(11) —4.5(1)

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 [a]? - 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 yeast™ 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 carota®
root reduction of structurally different prochiral ketones
(up to 100% ee). Similarly, an a,B-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%.” 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 °C 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.

baker's yeast, D-glucose, H;O

Q OH
38°C,10d
= 9% ee /
3a D Ta O
Cl aucus carota i
H,0, 1. 1,24 h
>99% ee

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 'H and “*C
nuclei. The '"H NMR spectra in CDCI, are referenced with
respect to TMS as the internal standard. The *C NMR
spectra are referenced against the central line of the sol-
vent signal (CDCI, triplet at § = 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 HCI
solution (60 mL) to pH ~ 4. The product was extracted
with CH,Cl, (3 x 150 mL), and combined organic layers
were dried over anhydrous Na_SO,. The solvent was evap-
orated in vacuo, and the residue was purified by SiO, 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 °C (lit.2 77-79°C).

2,5-Bis(4-chlorobenzylidene)cyclopentanone (4a): mp
225-227 °C (lit.” 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 HCI solution (20 mL) to pH ~ 4. The prod-
uct was extracted with CH,ClL, (3 x 100 mL), and the com-
bined organic layers were dried over anhydrous Na SO,.

The solvent was evaporated in vacuo, and the residue was
purified by SiO, column chromatography (petroleum
ether : EtOAc =10: 1) to give 843 mg (41%) of yellow crys-
talline product. Mp 65.4-66.3 °C (lit.*® 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 HCI solution (60 mL) to
pH ~ 1. The product was extracted with CH,Cl, (3 x 150
mL) and combined organic layers were dried over anhy-
drous Na,SO,. The solvent was evaporated in vacuo and
the residue was purified by SiO, 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.** 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 CeCl, x 6H,0 were dissolved in MeOH
(20 mL), and stirred at room temperature for 30 min. Then
solid NaBH, (296 mg, 7.83 mmol) was added portion-wise.
After 15 min additional amount of NaBH, (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 x 50 mL). The combined
organic layers were successively washed with 5% aqueous
NaHCO, solution (50 mL), water (30 mL), and brine (30
mL), and dried over anhydrous Na,SO,. The solvent was
evaporated in a vacuo to give 360 mg (89%) of white crys-
talline product (+)-(7a), mp 76-77 °C. IR (ATR) v 3358,
2964, 1911, 1705, 1620, 1493, 1405, 1325, 1243, 1166, 1143,
1090, 1027, 1009, 980, 940, 887, 823, 730 cm’'. 'H NMR
(500 MHz, CDC13) 8 1.60 (br s, 1H, OH), 1.61-1.68 and
1.70-1.79 (2 x m, 2 x 1H, CH,), 1.93-2.02 (m, 2H, CH),
2.51-2.59and 2.65-2.74 (2 x m, 2 x 1H, CH2)> 4.59 (m, 1H,
OCH), 6.53 (br q,J 2.5 Hz, 1H, C=CH), 7.28 (AA'BB', ] 8.8
Hz, 2H, Ar), 7.30 (AA'BB', ] 8.8 Hz, 2H, Ar). ®*C NMR (125
MHz, CDC13) 6 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-H,0] * caled
for C_H,,Cl, 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) v 3252,
2998, 2955, 2931, 2833, 1604, 1510, 1463, 1420, 1294, 1242,
1178, 1112, 1034, 973, 938, 886, 831, 753 cm™’. '"H NMR
(500 MHz, CDCI3) 6 1.50 (s, 1H, OH), 1.62-1.69 and 1.72—
1.79 (2 x m, 2 x 1H, CH,), 1.89-2.01 (m, 2H, CH,), 2.50-
2.59 and 2.67-2.75 (2 x m, 2 x 1H, CHz)’ 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', 8.8 Hz, 2H, Ar), 7.30 (AA'BB/, ] 8.8 Hz, 2H, Ar).
“C NMR (125 MHz, CDCL,) 6 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-H,O]* caled for C_H.O, 187.1117; found,
187.1114. Analytical data are in agreement with the litera-
ture data.”

(£)-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) v 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™'. '"H NMR (500 MHz, CDC13)
8 1.97 (br s, 1H, OH), 3.79-3.99 (m, 2H, CHZ), 5.62 (brs,
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).
3C NMR (125 MHz, CDCI3) 8 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-H,0]* calcd for C H, Cl,
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), BH,:Me,S (470 uL, 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 SiO, radial chromatography (petro-
leum ether : EtOAc = 5: 1) to give 80 mg (77%) of enantio-
merically enriched product. 96% ee; t, = 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), [a]? +41.3 (1.13, CH,Cl,).

(S)-2-(4-Chlorobenzylidene)cyclopentanol (S)-(7a): for
the synthesis details see Table 1, entry 10. Yield 70%, 95%
ee; t, = 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), [a]> -
31.9 (1.17, CH,CL).

(R)-2-(4-Methoxybenzylidene)cyclopentanol (R)-(7b):
for the synthesis details see Table 1, entry 9. Yield 67%,
82% ee; t, = 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), [a]? +
3.8 (1.11, CHCL).

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

90% ee; t, = 16.0 min (major), 18.7 min (minor) (chiralcel
OD-H), iPrOH:heksan = 98:2, 1.5 ml/min, [a]? - 9.9
(1.08, CH,CL).

2-(4-Chlorobenzylidene)-2,3-dihydro-1H- inden-1-ol
(8): for the synthesis details see Table 1, entry 13. Yield
21%, 24% ee; t, = 19.9 min (major), £, = 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), [a]? - 13.4 (0.96, CH,CL,).

2-(4-Chlorobenzylidene)-2,3-dihydro-1H-inden-1-ol
(6): for the synthesis details see Table 1, entry 14. Yield
20%, 33% ee; t, = 20.3 min (minor), ¢, = 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 pmol) and isopropanol (2
mL) were added to hydrogenation vessel under nitrogen
atmosphere. Then K,CO, (10 mg, 0.072 mmol) was added,
the autoclave was pressurized to 80 bars of H,, and the re-
action mixture was stirred at room temperature. After 2
days additional amount of C4 (4.6 mg, 3.8 umol) was add-
ed (ketone 3a still present). Because the ketone 3a was still
not consumed after 7 days, additional amount of K,CO,
(50 mg, 0.362 mmol) was added. After additional 5 days
the reaction was still not complete, therefore K,CO, (10
mg, 0.072 mmol), catalyst C4 (5 mg, 4.1 pmol) and isopro-
panol (1 mL) were added, and hydrogenated for further 4
days. The solvent was evaporated and the residue was pu-
rified by SiO, 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 x
100 mL), the organic phase was dried over anhydrous Na-
,50,, and the solvent was evaporated under reduced pres-
sure. The residue was purified by SiO, 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 x 50 mL). The
organic phase was dried over anhydrous Na SO, 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 a-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
AKRI1C 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(1 H-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, 'H and “C
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,' formation of coordination
compounds and metal-organic frameworks.? 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.’ 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 D* or for
the total synthesis of mandelalide A).> Other options in-
clude the template-induced cyclization (around the host
ion)® and cyclization on a solid support (like Merri-
field-based synthesis of cyclic peptides or such inspired by
non-ribosomal peptide aldehydes).” More contemporary
approaches are based on multi multicomponent macrocy-
clizations (MiBs)® that include various bifunctional build-
ing blocks. However, neither of the above mentioned ap-

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

ommons 737



738

Acta Chim. Slov. 2017, 64, 737-746

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.” 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.''* Of interest are also preparations of calix[4]arene
systems linked with 1,2,4-triazole and 1,3,4-oxadiazole de-
rivatives,'® as well as other tetraaza macrocycles applied as
ligands in various coordination compounds.'®

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)'” 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. 'H NMR spectra were re-
corded at 29 °C with a Bruker Avance III 500 spectrometer
at 500 MHz using Me,Si as an internal standard. *C 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 (CDCI, triplet at 77.0
ppm or DMSO-d, 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, Kodevar et al.'® 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
H,SO, upon heating) analogously as previously described***’
and subsequent derivatization of the free 3-amino group
with acetyl chloride the 2H-pyran-2-one 1 was obtained.”
Dienophile 2 was prepared by a modification of the proce-
dures published by Cava et al.** 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)*

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.)* 139-141 °C
(EtOH). IR (ATR) 3104, 3087, 2936, 2856, 1686, 1453,
1418, 1372, 1327, 1240, 1129 cm™. 'H NMR (500 MHz,
CDCI,): 6 1.29 (m, 4H, 2 x NCH,CH,CH,), 1.59 (m, 4H, 2
x NCH,CH,CH,), 3.51 (t, 4H, 2 x NCH,CH CH.), 6.69 (s,
4H, 4 x CH). *C NMR (125 MHz, CDCL,):  25.6, 27.8,
36.9, 124.4, 171.1. MS (ESI+) m/z 277 (MH'*). HRMS
(ESI+) caled. for C ,H _N O, (MH*"): 277.1183. Found:

1777274

277.1181. Anal. calcd. for C H N.O,0.1 HO: C, 60.47;

167 274

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™. '"H NMR
(500 MHz, DMSO-d,): 8 1.03 (m, 8H, 2 x NCH,CH,
CH,CH,CH,CH,N), 1.23 (m, 8H, 2 x NCH,CHCH,
CH,CHCH)N), 1.85 (s, 6H, 2 x Me), 1.95 (s, 6H, 2 x
NHCOCH,), 2.02 (s, 6H, 2 x COMe), 3.00 (d, ] = 7.5 Hz,
4H, 2 x 3a-H, 4a-H), 3.18 (m, 8H, 2 x NCH,CH,CH,CH,
CH,CH,N), 4.11 (d, ] = 7.5 Hz, 4H, 2 x 7a-H, 8a-H), 6.82
(s,2H, 2 x CH), 8.43 (s, 2H, 2 x NH). "C NMR (125 MHz,
DMSO-d,): § 18.2, 23.5, 25.8, 27.0, 27.4, 37.7, 41.2, 42.9,
48.8, 57.2, 138.2, 142.7, 1703, 174.1, 175.3, 195.8.
MS (ESI+) m/z 884 (MH'). HRMS (ESI+) calcd. for
C,H.N.O  (MH"): 883.3872. Found: 883.3844. Anal. cal-

46~ 55

cd. for C,H.N.O 0.8 HO: C, 61.57; H, 6.24; N, 9.37.

4677547 6

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 diftfractom-
eter using graphite monochromated Mo-Ka radiation (A =

0.71073 A). The data were processed using DENZO.*
Structures were solved by direct methods implemented in
SIR97% and refined by a full-matrix least-squares proce-
dure based on F* with SHELXL-2014.% 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 A (CH,), N-H = 0.86 A and with
U (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 §(F?)/e.s.d. and with F * < F > were
deleted from the refinement. In 2b a proposed twin law
has been applied according to Platon analysis and the R,
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
DMEF 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 DME. 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 6-20 reflection geometry,

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

Compound 2a 2b 3-2DMF

CCDC 1547701 1547702 1547703

Molecular formula C HNO, CHN,O, C,HN.O,,

Molecular weight 276.29 276.29 1029.14

Crystal system Triclinic Monoclinic Orthorhombic

Space group P-1 P2 /a Pcan

a () 4.5975(2) 8.4999(3) 10.4260(10)

b(A) 5.5190(3) 6.6347(2) 17.5217(2)

c(A) 14.1680(10) 12.6120(5) 27.8937(4)

a () 93.956(3) 90 90

B ) 97.222(4) 98.295(2) 90

y ) 97.692(4) 90 90

V(A% 352.08(4) 703.80(4) 5095.7(5)

Z 1 2 4

D_ (gcem™) 1.303 1.304 1341

p (mm™) 0.097 0.097 0.098

F(000) 146 292 2192

Crystal dimensions (mm) 0.60 x 0.35 x 0.05 0.60 x 0.50 x 0.05  0.28 x 0.13 x 0.08

Reflections collected 2464 3070 11000

Data / restraints / parameters 1540/0/91 1566 /0/93 5819/6/369
0.0227 0.0204 0.0320

R
R, wR, [I>20(I)]*
R, wR, (all data)®

Goodness of fit on F, §¢
Extinction coefficient

Apmax’ Apmin (e A_S)

0.0444, 0.1231
0.0580, 0.1343
1.039

0.128, -0.150

0.0775, 0.2475
0.0854, 0.2540
1.097
0.62(15)
0.226, -0.229

0.0486, 0.1157
0.0855, 0.1335
1.010

0.263, -0.306

“R=3||F| - |EJVZ|F,).* wR, = {S[w(F 2 - F2R1/SIw(F 2P]}"2. ¢ S = {S[(F.2 - F221/(n/p)}* 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-Kal
radiation (A = 1.54059 A).

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.?”’! 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.*® The
initial cycloaddition step leads to the formation of CO,-
bridged oxabicyclo[2.2.2]octenes that in the next step
eliminate a molecule of CO, (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.*”? 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-

0 0° N
1) EL,O N
THZ 2) NaOAc / Ac,0, 100 °C Vi
—_—

EE:H?]E
HaN 2

n-BuOH
150 °C (MW)

MEIOIO
MeOC Z nHcome

NHCOMe

Scheme 1. Reaction sequence leading to the macrocycle 3.

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 procedure? 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 CH, group (i.e. acetylacetone), a C,-synthon
such as N,N-dimethylformamide dimethyl acetal (DMFD-
MA) and hippuric acid (2) as an N-acylglycine derivative
as previously described by Kepe, Ko¢evar and co-work-
ers.’® 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. H,SO, at approx. 80 °C), the product
containing a free NH, group is isolated by the extraction in
CH,Cl, (after addition of water and neutralization with so-
dium hydrogen sulfate)'® and further acetylated with ace-
tyl chloride at room temperature in CH,Cl, with the addi-
tion of pyridine as the base.*!

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
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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 —[CH,] - tethers.

The cycloaddition between dienophile 2 and
2H-pyran-2-one derivative 1 was carried out employing
microwave irradiation® 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.**

Indeed, after the cooling of the reaction mixture and
addition of diisopropyl ether, product 3 was isolated and
further crystallized from DME. According to the '"H NMR
analysis of 3 it was clear that a macrocyle was obtained,
composed of two —[CH_] - chains (multiplets at § 1.03,
1.23 and 3.18 ppm each integrated for 8H, belonging to the
two central y-CH, groups of the chain, to the two 3-CH,
units and to the two a-CH, groups, respectively), two
methyl groups (singlet at § 1.85 ppm integrated for 6H),
two acetylamino groups (singlet at § 1.95 ppm integrated
for 6H) and two acetyl groups (singlet at § 2.02 ppm inte-
grated for 6H). Furthermore, two most characteristic dou-
blets (each for 4H) were observed at § 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.*® Furthermore, a sin-
glet at § 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 § 8.43 (for 2H) for the two NH
groups were also observed in 'H NMR. In the IR spectrum
of 3 bands corresponding to the NH group at 3368 cm™
and carbonyl group at 1698 cm™ were observed. These
data were further corroborated by the *C 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.* 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 2 /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-C7
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) A for the C4
and N1 atoms in 2a and a negligible deviation in the range
+0.001(1) to -0.001(1) A 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).’**” The main difference in

A

ok e

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 C, chain for 2a (left) and 2b (right). d) Molecular over-
lay of polymorphs 2a (green) and 2b (orange).
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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 CH, hydrogens are eclipsed over the
succinimide ring) and 68.4(3)° in 2b (where CH, 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 motif** R? (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
R? (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 (A and °).

D-H--A D-H(A) H-AA) D-A(A) D-H-A(°) Symmetry code
2a

C2-H2--02 0.93 238 3.2650(17) 159.0 x-1,y-1,z
C3-H3--02 0.93 2.51 3.4057(17) 161.3 X+ 1,-y,-z+1
2b

C2-H2--02 0.93 242 3.341(4) 172.9 %y-1,z
C3-H3--02 0.93 2.45 3.369(4) 167.7 X-Y,y-Yh-z+1
3.2DMF

N3-H3---04 0.86 2.17 3.0207(18) 168.1 X~y -z + %
C1-H1--06 0.98 2.44 2.982(2) 114.7 %9,z
C2-H2--07 0.98 2.60 3.384(2) 137.3 %9,z
C4-H4--07 0.98 2.44 3.317(3) 149.4 %9,z
C5-H5--03 0.98 2.54 3.374(2) 142.8 X-Yh, -y + 1z
C5-H5--06 0.98 2.56 3.125(2) 116.8 %9,z
C15-H15A--06 0.96 2.53 3.382(2) 147.5 x+1,y,z
C17-H17B--04 0.96 2.60 3.443(3) 146.4 X~y -z + %
C17-H17C--05 0.96 2.44 3.314(3) 150.8 x-1,9z2

Figure 2. 2D layer formation in 2a generated by C-H--O hydrogen bonding (blue dashed lines) with graph set motifs R? (8) and R? (10) (top). View

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

layer (bottom).

2a calculated

2a as synthesized

i | i

2b calculated

P, a

2b as synthesized

Figure 4. Calculated and experimentally determined PXRD patterns of polymorphs 2a and 2b.

and C3-H3---0O2 hydrogen bonding between adjacent pyr-
role-2,5-dione moieties with the graph set motif R*(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 —[CH, ] - tethers into the macrocyclic
structure 3 (Figure 5). Macrocycle 3-2DMF crystallizes in
orthorhombic P ¢ a n space group and the asymmetric unit
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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 R? (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.

e

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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R' (6). Infinite 2D layer is formed due to C5-H5--03, C15-
H15A--06 and C17-H17C--O5 hydrogen bonding with
six adjacent macrocycle molecules generating the graph set
motifs C(5), C(15), R?,(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 R? (8) and R* (10) in 2a
and graph set motif R?,(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 —[CH,] - 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.-03, C15-
H15A.-06 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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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 I,-catalyzed dimerization under SFRC provided a good Hammett plot p* =
-2.8 (r* = 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.'* Transformations
of neat reactants under solvent-free reaction conditions
(SERC) are one of the best solutions in this regard.*” 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.® Moreover, the
course of the reaction can be dramatically influenced un-
der highly concentrated reaction conditions (HCRC).? It
has been documented that water can remarkably affect the
course of the reaction,'*'? including enantioselectivity.*~*
Water has become a reaction solvent of immense impor-
tance for the selectivity/reactivity studies of nucleophiles
and electrophiles,'s'® where carbocation intermediates
play an important role.'”*' Mixtures of water with organic

solvents have been employed to determine the geometry of
the transition states,” with the hydrophobic effect attract-
ing attention in studies of organic reactions in the presence
of water.”* In recent years, iodine?®” 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.?*
It has been established that iodine is an efficient catalyst
for the transformation of alcohols under SFRC, with ter-
tiary alcohols being dehydrated;* while primary and sec-
ondary transformed into ethers or esters.*’~* This protocol
has been already applied under various conditions*-*¢ 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,”** but the knowledge of the behavior
of iodine under SFRC and HCRC remains largely undis-
covered.”
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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 pK_ 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,” 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 (PhCH,CI,
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, Ph,CO, 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 Et,O and
water. The organic phase was separated, washed with water,
dried over anhydrous Na,SO ; the solvent evaporated and
pure products were obtained after column chromatogra-
phy or crystallization. Alcohols prepared by method A:
1,2-diphenyl-2-propanol* 1c¢, 1,1-diphenyl-1-propanol*
le, 1-(4-methoxyphenyl)-2-phenylethanol® 1i, 1-(4-me-
thoxyphenyl)-1-phenylethanol* 1j, 1-(2-methoxyphenyl)-
1-phenylethanol® 1k, 1,1-bis(4-methoxyphenyl)-2-phen-
ylethanol* 11, 2-(4-methoxyphenyl)-1-phenyl-2-propa-
nol¥ 1n, 9-ethyl-9-fluorenol*® 4a, 9-benzyl-9-fluorenol®
4b and 9-benzyl-9-xanthenol® 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 Na,SO, and the solvent removed under reduced
pressure. Alcohols prepared by method B: 5-ethyl-10,11-di-
hydro-5H-dibenzo[a,d]cyclohepten-5-0l 4c, 9-ethyl-9-
xanthenol® 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 NaBH,: 1,2-diphenylethanol*
1b, 1-(4-methoxyphenyl)ethanol*? 1h, 1-(4-fluorophenyl)
ethanol® 1o, 1-(3-methylphenyl)ethanol®* 1p, 1-(3-me-
thoxyphenyl)ethanol** 1q, 1-(4-chlorophenyl)ethanol* 1r,
1-(4-bromophenyl)ethanol** 1s. D) By reduction using Al-
KOH:* Xanthydrol** 10. E) By halohydroxylation:*>*¢
1,1-diphenyl-2-bromoethanol* 1f and 1,1-diphenyl-2-flu-
oroethanol®® 1g. Pure products were usually obtained us-
ing column chromatography (CC) at given conditions us-
ing Fluka 60 silica gel (63-200 pm, 70-230 mesh ASTM).
Reaction progress was monitored by thin-layer chroma-
tography on Merck 60 F,,, TLC plates or by 'H NMR spec-
troscopy. NMR spectra were recorded on Bruker Avance
300 DPX, and Bruker Avance III 500 Instrument (*H: 300
MHz, ®C: 75.5 MHz and 125 MHz). The 'H spectra were
referred to an internal standard (0 ppm for TMS) or to the
residual 'H signal of CHCI, at 7.26 ppm. The "C spectra
were referred to the central line of CDCI, (77.00 ppm).
New compounds were characterized by 'H NMR, *C
NMR and IR spectroscopy, HRMS and/or elemental anal-
ysis, and also with the melting points when solid. Known
products were characterized by "H NMR and IR spectros-
copy, melting point when solid and by LRMS in most of
the cases. Additionally, *C NMR spectra were recorded for
those products, whose'>C NMR data were not found in the
literature. Melting points were determined on Biichi 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 '"H NMR
spectroscopy. The crude reaction mixture was diluted
with tert-butyl methyl ether, washed with an aqueous
solution of Na S O,, water, dried over Na SO, 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 '"H 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 I, 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 (CH,CL, MeOH, EtOH, i-PrOH, TFE,
HFIP, HCOOH, AcOH and H,0 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 'H 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 p* for the I -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 '"H NMR spectroscopy and relative

rate constants calculated from the equation” k = k,/k, =
log ((A — X)/A)/log ((B — Y)/B), derived from the In-
gold-Shaw relation® 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 k ,

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

'"H NMR spectroscopy utilising internal standard 1,1-di-

phenylethene.

2. 5. Volumetric Determination of Iodine
After the I -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 Na_S O, (¢ = 0.1022 mol/L, V = 0.58 mL).

27273
2. 6. Volumetric Determination of Iodine
After the I -catalyzed Reaction of 1n

Under HCRC in CH2C12

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 Na S O, (¢ =0.1022 mol/L, V =
0.57 mL).

2. 7. Spectroscopic and Analytical Data
of Novel Compounds

Bis[1-(4-fluorophenyl)ethyl] ether 20

SFRC (r.t. = 4.5 h, 55 °C), CC (SiO,, petroleum
ether), colorless 0il (90%), as a mixture of stereoisomers in
ratio 1/0.39; IR (neat): 2976, 2930, 1604, 1508, 1371, 1224,
1156, 1091, 949, 836 cm™; 'H NMR (300 MHz, CDCIS): )
7.23-7.12 (m, 8H), 7.05-6.87 (m, 8H), 4.42 (q, ] = 6.4 Hz,
2H), 4.13 (q, ] = 6.5 Hz, 2H, major), 1.41 (d, ] = 6.4 Hz,
6H), 1.32 (d, ] = 6.5 Hz, 6H, major); ?C NMR (75.5 MHz,
CDC13): 0 162.2 (d, J = 245 Hz, 2C, major), 162.0 (d, ] =
245 Hz, 2C, minor), 139.8 (d, ] = 3 Hz, 2C, minor), 139.6
(d, J = 3 Hz, 2C, major), 127.8 (d, ] = 8 Hz, 4C, major),
127.7 (d, ] = 8 Hz, 4C, minor), 115.3 (d, J = 22 Hz, 4C,
major), 115.0 (d, ] = 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
C, H,.F,0262.1169; found 262.1172.
Bis[1-(3-methylphenyl)ethyl] ether 2p

SFRC (r.t. = 4.5 h, 55 °C), CC (SiO,, hexane/CH,_
CL), 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™; 'H NMR (300
MHz, CDCla): §7.22-6.93 (m, 16H), 4.42 (q, ] = 6.4 Hz,
2H), 4.14 (q, ] = 6.5 Hz, 2H, major), 2.36 (s, 6H, major),
2.30 (s, 6H, minor), 1.41 (d, ] = 6.4 Hz, 6H, minor), 1.32
(d, J = 6.5 Hz, 6H, major); *C NMR (75.5 MHz, CDCI,):
S 144.2, 144.2, 1379, 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 C H, O 254.1671; found
254.1677. Anal. Caled for C H, O: 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 (SiO,, hexane), white
solid (81%), as a mixture of stereoisomers in ratio 1/0.53;
mp 68-74 °C; IR (neat): cm™; '"H NMR (300 MHz, CDCL,):
87.45(d, J=8.4 Hz, 4H), 7.38 (d, ] = 8.4 Hz, 4H), 7.11 (d,
J=8.4Hz,4H),7.09 (d,] = 8.4 Hz, 4H), 4.42 (q,] = 6.4 Hz,
2H, minor), 4.13 (q, / = 6.5 Hz, 2H, major), 1.41 (d, ] = 6.4
Hz, 6H, minor), 1.32 (d, ] = 6.5 Hz, 6H, major); “C NMR
(75.5 MHz, CDC13): 6 143.1, 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: Calced for C, H, Br,O 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) Etl, 40 mL toluene, 1 h, reflux),
CC (Si0,, CH,Cl /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™; 'H NMR (300 MHz, CDCIS): )
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, ] = 7.4 Hz, 2H), 2.14 (s, 1H),
0.69 (t, ] = 7.4 Hz, 3H); "C NMR (75.5 MHz, CDCL,): 8
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 C_H,,O: 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) PhCH,Cl, 40 mL toluene, 1 h, re-
flux), CC (SiO,, CH,Cl /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™; 'H NMR (300 MHz,
CDC13): 87.73-7.70 (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); “C NMR (75.5 MHz, CDCL): § 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
C,H,,0: 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 (SiO,, petro-
leum ether), colorless viscous oil (39%); IR (neat): 2937,
2824, 1610, 1510, 1455, 1371, 1299, 1249, 1088, 832, 701
cm™; '"H NMR (300 MHz, CDCL,): § 7.18-7.13 (m, 5H),
6.87-6.82 (m, 4H), 3.81 (s, 3H), 3.08 (s, 3H), 3.02 (d, ] =
13.1 Hz, 1H), 2.95 (d, J = 13.1 Hz, 1H), 1.46 (s, 3H); °C
NMR (75.5 MHz, CDCIS): § 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 C| 'H, O,: 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 (SiO,, petro-
leum ether), viscous colorless o0il (73%); IR (neat): 2975,
1609, 1510, 1454, 1300, 1250, 1179, 1091, 1034, 833, 702
cm™;'H NMR (300 MHz, CDCIS): 8 7.13-7.07 (m, 5H),
6.83-6.80 (m, 2H), 6.75 (d, ] = 8.8 Hz, 2H), 3.79 (s, 3H),
3.30(dq,J=14.2Hz,J=7.0 Hz, 1H), 3.09 (dq, ] = 14.2 Hz,
J=7.0Hz, 1H), 2.96 (d, J = 13.1 Hz, 1H), 2.87 (d, ] = 13.1
Hz, 1H), 1.43 (s, 3H), 1.16 (t, ] = 7.0 Hz, 3H); *C NMR
(75.5 MHz, CDCI3): 8 158.4, 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 C H, 0,: C, 79.96; H, 8.20. Found: C, 79.75; H,
8.56.

1,2-Diphenylethyl formate 7ba

HCRC (HCOOH, without L, r.t. = 23 h, 25 °C), CC
(5i0,, petroleum ether), viscous colorless oil (81%); IR
(neat): 3064, 3031, 2925, 1724, 1495, 1450, 1167, 755, 699
cm™; 'H NMR (300 MHz, CDCL,): § 7.99 (s, 1H), 7.32-
7.16 (m, 8H), 7.07-7.04 (m, 2H), 6.02 (dd, J = 7.7 Hz, ] =
6.2Hz,1H), 3.21 (dd,J=13.8 Hz, J = 7.7 Hz, 1H), 3.06 (dd,
J=13.8 Hz, ] = 6.2 Hz, 1H); "C NMR (75.5 MHz, CDCL,):
8 160.1, 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 C _H,,0,: C, 79.62; H, 6.24. Found: C, 79.66; H, 6.27.

1-(4-Methoxyphenyl)-2-phenylethyl formate 7ia

HCRC (HCOOH, without L, r.t. = 30 min, 25 °C),
preparative chromatography (SiO,, CH,Cl,), white solid
(55%); mp 63.0-63.8 °C; IR (KBr): 2910, 2837, 1710, 1512,
1242, 1163, 1035, 977, 831, 734, 698 cm™; '"H NMR (300
MHz, CDCl,): 8 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, ] =
6.2 Hz, 1H), 3.80 (s, 3H), 3.24 (dd, ] = 13.8 Hz, ] = 7.8 Hz,
1H), 2.82 (dd, ] = 13.8 Hz, ] = 6.2 Hz, 1H); *C NMR (75.5
MHz, CDCL,): § 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: Caled for C H, O, 256.1099; found 256.1102.
Anal. Calcd for C, H, O,: 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

SERC (r.t. = 30 min, 25 °C), CC and separation by
preparative chromatography (SiO,, 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™; 'H NMR (300 MHz,
CDCl,): 6 7.31-7.19 (m, 3H), 7.16-7.10 (m, 4H), 7.05-6.97
(m, 3H), 6.87 (d, ] = 8.8 Hz, 2H), 6.74 (d, ] = 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=13.9Hz, 1H), 3.17 (d, ] = 13.9 Hz, 1H), 2.83 (d,
J=13.1 Hz, 1H), 2.66 (d, ] = 13.1 Hz, 1H), 0.92 (s, 3H); *C
NMR (75.5 MHz, CDCL,): § 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 C,,H,,0,: 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

SERC (r.t. = 30 min, 25 °C), CC and separation by
preparative chromatography (SiO,, 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™; '"H NMR (300
MHz, CDCL,): § 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, ] = 13.1
Hz, 1H), 3.02 (d, /] = 13.1 Hz, 1H), 2.85 (d, ] = 13.1 Hz,
1H), 2.78 (d, ] = 13.1 Hz, 1H), 1.12 (s, 3H); *C NMR
(75.5 MHz, CDCL,): § 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 C, ,H, O,: C, 85.68; H, 7.19. Found:
C, 85.52; H, 7.44.

3. Results and Discussion

Most of the published I -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.*** 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

(DIMERIZATION)

(DEHYDRATION)

1
Ar_T—CHpRE Ar-__R1 Ar,
0 | vs. .
Ar—-CH,R? H"R?  R°HC
Rl
2 3
Entry Alcohol Reaction conditions® Conversion® Dimerization / Dehydration
Ar R! R? 1 and time [%] 2 / 3
1 Ph H H a A,165h 38 100
2 B,165h 90 100
3 Ph H Ph b A,67h 88 81 19
4 B,67h 10 100
5 Ph CH, Ph [ A,20h 100 100¢
6 B,48h 100 1004
7 Ph Ph H d A, 10 min 100 100
8 B,1h 97 100
9 Ph Ph CH, e A,3he 100 100
10 B,1h 10 100
11 Ph Ph Br f A, 96 h* 98 100
12 B,1h 0
13 Ph Ph F g A, 192 he 57 100
14 B,1h 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,1h 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 1 A, 200 min 31 100
24 B, 200 min 100 100

*A: SFRC; 1 mmol of 1 and 0.03 mmol of I; B: HCRC; 1 mmol of 1, 3 mmol of CH,Cl, and 0.03 mmol of I,. °Conversion and product distribution
determined by 'H NMR spectroscopy. €4% of (Z)-isomer relatively to (E)-alkene, traces of the Hofmann alkene. ¢5% of (Z)-isomer relatively to
(E)-alkene, Zaitsev vs. Hofmann = 85/15. 1¢ remained intact without iodine under conditions A and B. ¢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-1, possessing different struc-
tural features were selected as substrates (Scheme 1).
Groups Ar, R, and R? having electron-releasing substitu-
ents should enhance the stability of electron-deficient in-
termediates, whereas {-halogen atom R? 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-1 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-CH,ClL,). 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 1¢ 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 I -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. 0-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 11 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
HO, CH.R B
s X | N Iy, 25°C l/%,l/l/ﬁ
Ay~ HCRC 7 YL;
4 5
Entry Y Alcohol R 4 Reaction time?* Conversion [%]®
1 / CH, a 15 min 3
2 23h 100
3 / Ph b 15 min 0
4 96 h 0
5 CH,CH, CH, C 15 min 79
6 154 min 100
7 CH,CH, Ph d 15 min 35
8 154 min 100
9 O CH, e 15 min 67
10 60 min 100
11 O Ph f 15 min 65
12 30 min 100

“Reaction conditions: 1 mmol of 4, 3 mmol of CH,Cl, and 0.03 mmol of I, stirred at 25 °C. ®Determined by

"H 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 11 in CH,CL,
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.* 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 I -catalyzed transformation of the dibenzo-substituted
tertiary alcohols 4 under HCRC-CH,Cl,; 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.’"**%* 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 CH,CH,
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 1) 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 H,0, 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

OH I HCRC (DIMERIZATION) (DEHYDRATION)  (SUBSTITUTION]
Ar_,_’,_CHZR HCOOHor RI~N-O-~gr! ¥ _R G . - e
CH3;0H or Ar  Ar st S
1 H,O 2 3
6 R? = Me
7 R?=CHO
Entry Alcohol Reaction Conversion Product distribution®
Ar R! conditions® [%]® 2 3 6/7
1 Ph Ph CH,CL/67h 10 100
2 MeOH / 67 h 0
3 HCOOH/23h 89 100
4 H,0/67h 14 90 10
5 p-An Ph CH,CL,/ 60 min 97 100
6 MeOH /20 h 100 5 95
7 HCOOH / 30 min 100 87 13¢
8 H,0 /230 min 100 88 12
9 p-An H CH,CL, /15 min 92 100
10 MeOH / 180 min 95 5 95
11 HCOOH / 30 min 98 8 92
12 H,0 /15 min 96 100

*1 mmol of 1, 3 mmol of solventand 0.03 mmol of I, stirred at 25 °C. ® Conversion and product distribution determined by "H NMR spectroscopy.

¢ Dimerization vs. Dehydration vs. Substitution. ¢ A ratio 2/7 without I, was 23/77.
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HCOOH, where dimerization was the main process (entry
7), while transformation without I, 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 CH,Cl, and H,0,
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,” thus signifying the role of pK , 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-CH,CI, (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,* 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

MeO@ CH,OH

1m

I | conditions

p-An p-An
o) p—An—\ >
p.An_/ OMe p-An
2m 6ma 8
Entry Reaction conditions® Conversion [%]° Dimerization / Ipso / Substitution®
2m / 8 /6ma
1 SFRC / 150 min 54 82 / 8
2 HCRC-CH,CI,/ 150 min 37 86 / 14
3 HCRC-MeOH /190 h 91 10 / 90

*SFRC: 1 mmol of 1Im and 0.03 mmol of I, HCRC: 1 mmol of 1m, 3 mmol of solvent and 0.03 mmol of I, stirred at 25 °C." Conversion and product
distribution determined by "H NMR spectroscopy. ¢ Dimerization vs. Ipso substitution vs. Substitution.
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Table 5. The effect of the reaction conditions on the iodine-catalyzed transformations of 1n

s OR ph OMe OMe
MeOﬁ.‘E>—r'ﬂ:/ f, % dr} c\\
N/ e/
6na: R = Me /£ *Phy !
6nb: R = Et PH  Me Me
W 3na 3na’
MeO—/ —
) OH A
—\ Ph I I I |
MeO— H—1 - or L A2 Ph
<='; Me rea:jt,:tlion . H MeO Ph MeO R
1 conditions — O ph 3
: MeO— H—— v | +3nb
reaction conditions: Me
1. SFRC or A A Ph\Ph ;
2. CH:Clz or Me \H
3. ROH; R = Me, Et, i-Pr,| l ) _
CH(CFs) OMe
32 | ) fDMe ' \-’OME Ph Ph
¢ ?> (’ % Me &
= Ph, = e &
~{ " )i o
Ph  Me Me 3
3na 3na’ MeO
B OMe
Product distributi
Entry Reaction conditions® Conversion [%]° 3na‘+3na‘ 3nb 9:0 ue ;; ribution 6
1 SFRC 100 57 23 20
2 CH,Cl-3 mmol 100 58 21 21
3 CH,CL-30 mmol 98 70 12 8 10
4 CH,Cl,-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 (CH,),CHOH-3 mmol 77 67 33
10 (CF,),CHOH-3 mmol 100 72 14 14

* SFRC; 1 mmol of 1n and 0.03 mmol of I, HCRC; 1 mmol of 1n, 3, 30 or 300 mmol of solventand 0.03 mmol of I, stirred at 25 °C for 30 min.
® Conversion determined by 'H NMR spectroscopy. © 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.¢ Methoxy ether 6na in the case of MeOH and ethoxy ether 6nb in the case of EtOH were formed.

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
CH,Cl, on the transformation of 1 mmol of In. 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 I, 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 I, 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 CH,Cl,
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
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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 (CF,),CHOH (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 (CH,Cl,) and HFIP. The latter solvent is
known to stabilize the carbocationic intermediates,***” 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-9-0l 10 in the presence of catalytic amount of I, (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 I, in
methanol.®® We published a detailed iodine-catalyzed dis-
proportionation of ethers under SFRC.* 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-CH,ClL,. 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 I -catalyzed reaction;
no conversion was noted after two days at 85 °C under
SERC. 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 PK, 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-CH,CL,), while ipso-substitution took place as

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

o
P ,)\\ N SN
I..SFRC or = Il\‘j N ij jl x]
OH / CH,Cly \“\..f'j"“*o' = = 5] ~
o gk /
- aveE Y 11a 11b
L0
i OMe
10 \MeOH _ NNy
) - [\)\O,I\C’-’/
11c
Entry Reaction conditions Conversion (%)° 11a Dljtlbuti(;rl; of P/mdlllitcs
1 SFRC*/ 15 min 100 50 / 50
2 CH,CL"/ 5 min 100 50 /50
3 MeOH" / 5 min 100 100

*1 mmol of 10, 0.03 mmol of I, T = 25 °C. *1 mmol of 10, 3 mmol of solvent, 0.03 mmol L, T = 25 °C. “Conversion and product distribution

determined by "H NMR spectroscopy.
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Table 7. The effect of the HCRC on the transformation of 1m and 1h

OMe
o

R : g
- . I, 25 2 ~ Q
OH HCRC, R?0H
1m:R'=H
1h: R' = Me

R2 = Me, Et, i-Pr, CH,CF 3, CH(CF3)2

|
T R1
+
o 3
R oi\[ﬁ R20
=
2 OMe

(ljl'ule

—
| P ~

+ L
AR MeO =~ “OMe

6 8

Dimerization / Substitution / Ipso

2 : i a : b
Entry 1 R’0OH Reaction time Conversion (%) 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 CF,CH,0H 1h 40 77 / 23
5 1m (CF,),CHOH 1h 30 65 / 35
6 1h MeOH 15 min 43 14 / 86
7 1h MeOH 3h 95 5 / 95
8 1h EtOH 15 min 49 61 / 39
9 1h EtOH 25h 98 12 / 88

10 1h i-PrOH 15 min 37 80 / 20

11 1h i-PrOH 25h 98 25 / 75

12 1h CF,CH,0H 15 min 83 20/ 80

13 1h CF,CH,0H 2.5h 96 8/ 92

14 1h (CF,),CHOH 15 min 60 100

1 mmol of 1, 3 mmol of R*OH, 0.03 mmol of I, T = 25 °C. *Conversion and product distribution determined by '"H NMR spectroscopy.

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-CH,Cl,) (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 8. The effect of the hydroxy-substituted solvent on the conversion of 2h under HCRC

Me 'Tle RO._Me
: - 2 | S
i%/L ? xl/\»L ROzH ]
MeO™ 7 ~F0oMe 9
2h OMe
R = Me, Et, i-Pr, CHQCF;; Ac 6 1h
Entry ROH Reaction time® Conversion (%) 6 / 1h
1 MeOH 3h 75 97 / 3
2 EtOH 15h 74 97 / 3
3 i-PrOH 15h 52 96 / 4
4 CF,CH,OH 1.5h 91 95 / 5
5 CH,COOH 6h 79 88¢ / 12

*Reaction conditions: 1 mmol of 2h, 3 mmol ROH, 0.03 mmol of I, T = 25 °C, R. t. (reaction time). ®Conversion and product distribution determined
by 'H NMR spectroscopy. 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.® 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 CF,CH,OH (entry 4). Although considerably
more acidic and worse nucleophile than ethanol, the high-
est conversion was achieved in CF,CH,OH. 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 correlation””" 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-

Me Me Me

REYTOH_B o > 0’“‘(\_

~F 55 °C ~F A *

1 2
-l“

Entry R 1 ot logk ,

1 4-F 1o -0.07 0.30

2 3-Me 1p -0.07 0.24

3 H la 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

006

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

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 I -catalyzed dimeriza-
tion under SFRC (Figure 1). The SFRC conditions are
challenging, and therefore the Hammett correlation has
been rarely studied.”

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 20-s were formed and good Hammett correlation (1 =
0.98) was obtained utilizing o* substituent constants. The
slope p* = —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 p =
—2.76 was obtained in I -catalyzed dihydroperoxidation of
benzaldehydes in acetonitrile at 22 °C.”* 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,™ 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 I -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 process”™ (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

log kg
=28
e =098
02
o
o+
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Table 9. Comparison of activity of different catalysts on the transformation of 10°

OMe
_catalyst _ j/\
éﬁo =—-Neasloasl Q*Q
11a 11b

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

1 3% IZ/SFRCC 15 min 100 50 50
2 3% 1,/MeOH 5 min 100 100

3 PMA/SFRC? 15 min 29¢ 7 7
4 PMA/MeOH! 5 min 100 8 8 84

5 3% HI (57%)® 15 min 100 50 50
6 3% HI (57%)/MeOH" 5 min 100 10 10 80
7 3% 1,/3% H,0/MeOH! 5 min 100 100

8 3% 12/3% KI/SFRC 15 min 100 50 50
9 3% 12/3% KI/MeOHX 5 min 100 100

10 3% 1,/3% Bu NI/SFRC! 15 min 40™ 2 2
11 3% 1,/3% Bu, NI/MeOH" 5 min 95 100

*Reaction conditions: 10 (1 mmol, 198 mg) and various catalysts, rt. * Conversion and product distribution determined by "H NMR spectroscopy.

“Entries 1 and 2 from Table 6. 410 (1 mmol, 198 mg) and phosphomolybdic acid hydrate (PMA, H,[P(Mo,0

),] - xH,0), 60 mg. ¢71% of unreacted

371074

10 and 15% of a new, unidentified product presumably a ROR type dimer of 10. 10 (1 mmol, 198 mg), methanol (3 mmol, 96 mg) and PMA (60
mg). ¢10 (1 mmol, 198 mg) and HI (57 % aqueous solution, 0.03 mmol, 6.7 mg). "10 (1 mmol, 198 mg), methanol (3 mmol, 96 mg) and HI (57%

aqueous solution, 0.03 mmol, 6.7 mg).

10 (1 mmol, 198 mg), H,0O (0.03 mmol, 0.6 mg), methanol (3 mmol, 96 mg) and I, (0.03 mmol, 7.6 mg).

JKI (0.03 mmol, 5 mg) and I, (0.03 mmol, 7.6 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) was added. *KI (0.03 mmol, 5 mg), 1, (0.03
mmol, 7.6 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) and methanol (3 mmol, 96 mg) were added. 'I, (0.03 mmol, 7.6 mg) and Bu, NI
(0.03 mmol, 11.1 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) was added. ™60% of unreacted 10 and 36% of a new product, presumably
a ROR type dimer of 10. "I, (0.03 mmol, 7.6 mg), Bu,NI (0.03 mmol, 11.1 mg) were stirred for 20 minutes, 10 (1 mmol, 198 mg) and methanol (3

mmol, 96 mg) were added.

10 in a mixture of 3% of I, 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-
ant’® 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

Iy FioF 8
ol 8 B .I—I
on.\ “\! H"O"
&4 i Wiy L Hx&'):/—\ R!
Ar i H O or > H o oor _ e —_—
R Tﬁ Rj} Ar” R Ar
Ar” R! Ar”R!
TS-1 TS-2 TS-3
DIMERIZATION )
i 5 5 &+ &
Hooowr 8 HO il
(o} I o ;
gl o wE.  dF H.2>.. ™ R
Arﬂ/‘L’_‘\l,H 0 Aro) i H o or ‘? ' ®(
Os. RO R Ar
R* R4
TS-5 TS5 TS-7

SUBSTITUTION

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 I/KI/MeOH vyielded the methoxy ether 11c as a

1 H\
A ?: H &)
r—L = S S — 3
5 Ar—COH—=RE 5 5 Ar,
I R2 H Tho—l — )=
Ar—C—H ANy ?\ rR2 R?
R ;\a\r—(l:‘—c:H—R1
R2 rL 3
4 .
TS-4
DEHYDRATION
R4
|
§
— A—C—H
R‘J
6or7

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 I, with
Bu,NT almost completely suppressed disproportionation,
suggesting that formation of triiodide was a key (entry 10).
Reaction of 10 with I./Bu,NI 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.” 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 Na S O, 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 bond™ activation in disproportionation
of ethers under SFRC*, which is in agreement with recent
computational” and experimental studies.® 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
I, 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
I,-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 I,-catalyzed di-
merization of substituted 1-phenylethanols under SFRC
(T =55 °C) furnished straight-line p* = -2.8 (* = 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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Abstract

Novel tetrachloridoruthenium(III) complex Na[trans-RuCl, (DMSO)(PyrDiaz)] (3) with pyridine-tethered diazenedi-
carboxamide PyrDiaz ligand (PyrDiaz = N'-(4-isopropylphenyl)-N?-(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),Cl,]). Compound 3 is the analogue of the antimetastatic Ru(IIT) 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.! 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,” 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.?

Commenced with a group of platinum chemothera-
peutic agents that has been in clinical use for half of a cen-
tury,* other precious-metal-based alternatives lately en-
ticed an army of chemists worldwide.” 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.®’

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.’® 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 drugs'®" yet superior synergistic effects.'>!*

Over the past years, we have investigated redox-ac-
tive' diazenecarboxamides as potential anti-cancer
agents.” The results of the in vitro experiments suggested
that they likely target tumour cell redox mechanism by ox-
idation of glutathione into glutathione disulphide.'® 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,'* prompting us to consider novel diazenecar-

boxamide-platinum conjugates (Figure 1).' This has led
to complex A, possessing higher cytotoxicity against T24
bladder carcinoma cells as compared to the parent plati-
num precursor ([PtCI(DMSO)(en)]Cl; en = ethylenedi-
amine) and organic ligand, for example."* 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).1%2° 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 IC, values in the

N +2
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A

Figure 1. Selected diazenecarboxamide-platinum conjugates.

PFs
A, —5 |

ZI Iz

i U uN
/R“\ N, a” NN
ol N«.\{q U=
O ° .Y
B

\ @ —I*Prs

low micro-molar range.'**" 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."”

Encouraged by these results and inspired by rutheni-
um(IIl) complexes NAMI-A (imidazolium trans-[tetra-
chlorido(dimethyl sulfoxide)imidazole ruthenium(III)]),*
KP1019 (indazolium trans-[tetrachloridobis(1H-inda-
zole)ruthenium(III)]) and its sodium salt KP1339* (Fig-
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Figure 2. Selected organometallic [Arene-Ru"-Diazenecarboxamide] compounds.
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Figure 3. Selected Ru(III) complexes having anti-cancer activity.

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

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 D,O with a Bruker
Avance III 500 MHz instrument operating at 500 MHz, at
296 K, and referenced to the peak of HOD (6 = 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 L) 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

N'-(4-Isopropylphenyl)-N*-(pyridin-2-ylmethyl)di-
azene-1,2-dicarboxamide* (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),
CL])* (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 v 3245, 3035, 2959, 1736,
1718, 1603, 1534, 1482, 1459, 1438 cm™'; HRMS (ESI-)
m/z for C H,.CIN,O,RuS~ [M - Na]: calcd 646.9462,

197725

found 646.9467, m/z for C _H,,CI.N_O,Ru [M-Na-DMSO
-HCI]": calcd 532.9560, found 532.9554; Anal. calcd for
C,,H,.CLN.O NaRuS - 0.1 H,0: 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-
Cl,1(DMSO)] ) are listed in Table 1. Single-crystal data
were collected at 150 K on a Gemini A diffractometer

o]

)L O NBS
JLDEt

/@/”co HoNHNT ~OEt HTH”
FLNHN. OB :/
H
L) iPr =

equipped with an Atlas CCD detector, using graphite
monochromated CuKa radiation (A = 1.54184 A). The
data were treated using the CrysAlisPro software suite
program package.”® Analytical absorption correction was
applied. Structure of compound 3 was solved using direct
methods with SHELXS-97% and refined using the least-
squares method on F* with SHELXL-2014% and using the
graphical interface of OLEX2.% Figures were prepared us-
ing Diamond software.*® 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,
N'-(4-isopropylphenyl)-N?-(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).** 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),Cl ], 2) was se-
lected as the ruthenium(III) precursor. This compound
was prepared by the literature procedure starting from the
commercial hydrated RuCl, via hydrogen trans-bis(di-
methyl sulfoxide)tetrachloridoruthenate(III) ([(DMSO),H]
[trans-Ru(DMSO-S),Cl,]) as shown in Scheme 2.%

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

[ Y
/
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0
H
B
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Scheme 1. Synthesis of pyridine-tethered diazenecarboxamide ligand 1 (PyrDiaz).**
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Scheme 2. Preparation of Ru(III) precursor 2.
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Scheme 3. Synthesis of Ru(III) complex 3 (left) and schematic presentation of sodium ion stabilized three-dimensional framework (right).

NAMI-A.*! 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 findings'** 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 'H 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 [Ru"'Cl (DMSO)(PyrDiaz)]" ion at
m/z 646.9467 (calcd for C H,.CI,N,O,RuS: 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 [Ru"Cl,(PyrDiaz - H)]" ion at m/z 532.9554
(caled for C_H,,CIN.O,Ru” ([M - Na - HCI]: 532.9560).
In positive mode (ESI+), the spectrum of compound 3 was
featureless.

The paramagnetic ruthenium(IIl) ion severely
broadened the NMR signals of coordinated ligands, not
allowing the assignment procedure. The "H NMR spectra
of freshly prepared D,O 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.*"** Monitoring the D,O solution of 3 for 24 h at
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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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Figure 5. '"H NMR spectrum of a) complex 3, and b) complex 2 as D,O solutions. Relevant insets are only shown (spectra were recorded with spec-

tral width of 60 ppm, number of scans = 128).

room temperature by '"H 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 Ru™ 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-

b a

A

. ¢

Cci

N5

tral atom. The Ru-N and Ru-S bond distances of 2.109(6)
and 2.2924(17) A, respectively, are very similar to those
found in the related structures containing trans-RuNCIS
donor set.**~>¥ 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
RuCINaOS ring in the crystal structure. The sodium has
six atoms in its distorted octahedrally coordinated envi-
ronment with the resulting CIN,O, 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

-
s1 03 -
N3
J Cl4

Ru1 Na1
\
\
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\
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4 cr @ N;‘~‘\
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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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Table 1. Crystal data and structure refinement details for 3.

3

formula
Fw (g mol™)
crystal size (mm)

C,,H,.CI,N,NaO,RuS

197725

669.36
0.59 x 0.12 x 0.01

crystal color Yellow
crystal system Orthorhombic
space group Prna2
a (A) 9.64914(19)
b(A) 21.4978(6)
c(A) 14.5013(3)
V(A?) 3008.07(12)
Z 4
calcd density (g cm™) 1.478
F(000) 1348
no. of collected reflns 9948
no. of independent reflns 4713

" 0.0443
no. of reflns observed 4388
no. parameters 323
Flack parameter -0.022(16)
R[I>20(D)]" 0.0415
wR, (all data)® 0.1113
Goof, & 1.067

maximum/minimum residual +0.909/-0.462

electron density (e A-3)

*R=Z||F,| - [F|/Z|F,|.* wR, = {Z[w(F,} - F2J/Z[w(F?)*]}"
< S ={X[(F} - F?)*l/(n/p)}'”* where n is the number of reflections
and p is the total number of parameters refined.

Table 2. Selected bond lengths (A) and angles (°) for 3.

Rul -Cll  2.3294(17) Cl1 - Rul- CI2 92.44(7)
Rul -Cl2  2.3624(18) Cll - Rul - CI3 90.27(7)
Rul -CI3  2.3387(17) Cll - Rul - Cl4 175.82(7)
Rul -Cl4  2.3797(17) Cl1 - Rul - S1 89.86(7)
Nal - Ol 2.397(7) Cl1 - Rul - N5 89.57(18)
Nal-02  2.290(6) N5 - Rul - S1 179.32(18)
Nal-03  2.319(6) Cl2 - Rul - CI3 177.29(7)
Nal-N2  2.558(6) Ol - Nal - 02 104.3(3)
Nal -N3  2.542(7) Ol - Nal - O3 141.3(2)
Nal-Cl4  2.683(3) Ol - Nal - N2 77.2(2)
N1 - Cl10 1.321(11) Ol - Nal - N3 64.0(2)
N2 - N3 1.228(9) Ol - Nal - Cl4 83.72(19)
N2 - C10 1.490(9) N2 -N3-Cl1 109.5(6)
N3 -Cl1 1.474(9) N3 -Cl1 - N4 110.1(6)
N4 - Cl1 1.345(10) N3 -N2-C10 111.3(6)
01 -C10 1.198(9) C10-N1-C7 127.7(7)
02-Cl11 1.204(9) Cl1-N4-Cl12  119.4(6)

Table 3. Hydrogen bonding geometry for 3.

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(IIT) complexes.”*-* 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-Pyr* and AziRu® (Figure 3), has been re-
ported to show interesting reactivity profiles towards bio-
logically relevant targets.” Derivatives with functionalized
pyridine ligand have also been investigated.*> 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-RuCl,(DMSO)
(PyrDiaz)] (PyrDiaz = N'-(4-isopropylphenyl)-N*-(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-RuCl,(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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Z neposredno reakcijo med PyrDiaz ligandom (PyrDiaz = N'-(4-izopropilfenil)-N?-(piridin-2-ilmetil)diazen-1,2-dikar-
boksamid)) in natrijevim trans-bis(dimetil sulfoksid)tetrakloridorutenatom(III) (Na-[trans-Ru(DMSO),Cl,]) smo sin-
tetizirali nov tetrakloridorutenijev(III) kompleks Na[trans-RuCl,(DMSO)(PyrDiaz)] (3) s piridin-funkcionaliziranim
diazenkarboksamidnim ligandom PyrDiaz. Spojina 3 je analog antimetastati¢cnega 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.! Protease inhibitors are not valuable only
as potential drugs but also as experimental tools for struc-
tural biology,” as they can be used as molecular probes in
the elucidation of protease structures and protease path-
way mechanisms.’ 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.*

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.” 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.>® The constitutive proteasome contains three
enzymatically active subunits, namely the blc (caspase-
like), the b2c (trypsin-like), and the P5c (chymotryp-
sin-like) that are embedded into a barrel-shaped structure
consisting of four rings of p-subunits and a-subunits in an
abba order. The immunoproteasome has essentially the
same overall structure, only the catalytically active sub-
units of cCP are replaced by their counterparts bli, b2i,
and {5i (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.”
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.®*

There is an amounting body of research on the
small-molecule inhibitors of proteasomes.>!! Both market-
ed medicines, bortezomib and carfilzomib, equally inhibit
the catalytically active B5 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.® 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.” To overcome these problems, multiple approaches
can be found in literature: design of reversible proteasome
inhibitors,'? use of structural differences in the binding
sites of both proteasomes in structure-based drug de-
sign,'>' design of highly selective and hydrolytically more

stable peptidic compounds,” design of highly selective
non-peptidic compounds,'® use of non-catalytic residues
or allosteric sites in inhibitor design,"” and the design of
selective electrophilic warheads.’® 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.>'! Electrophilic warheads belong
to structural classes of aldehydes, o’p’-epoxyketones,
a-keto aldehydes, p-lactones, vinyl sulfones, Michael-ac-
ceptor systems, and boronates.” The active interest in this
field is clearly represented by a very recent publication,"
where a new mechanism for an existing warhead was re-
ported, i.e. the formation of 1,4-oxazepane upon reaction
of an o’p’-epoxyketone warhead with the N-terminal
threonine rather than the previously reported morpholine
ring.'"*" 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.”® 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.”’ 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.'®?' In current paper we describe an optimized synthet-
ic approach towards oxathiazol-2-one electrophilic war-
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Figure 1. Proteasome (immunoproteasome) assembly with B1i (caspase-like), f2i (trypsin-like) and f5i (chymotrypsin-like) N-terminal threonine

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

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).182

We started the synthesis with the alkylation of
nipecotamide employing a set of alkyl bromides in DMF as
a solvent and Na,CO, 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 THE.*
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.” 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 HCI evolution, followed by 1 h of reflux; this
yielded > 50% of isolated oxathiazol-2-one.”® 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.,”* literature only describes a relatively simple case of
benzamide cyclization towards final 5-phenyl-1,3,4-0x-
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-

synthetic
availability -

by

central scaffold

threonine
o protease
}-0 % selectivity -9
S N/ g Le————— 2
warhead

Q=C,N

Figure 3. Design of piperidin-3-yl-oxathiazol-2-ones as potential covalent inhibitors of threonine proteases.
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Figure 4. Cyclization of piperidine carboxamides towards final piperidin-3-yl-oxathiazol-2-ones.

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 *C NMR spectrum. Namely, the carbon atom of
the carboxamide 2a can be found as expected at 178.3 ppm
(400 MHz, DMSO-d,), 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™
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

e
3 0

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 POC13, SOCl2 are well documented in literature.?**
More recent, chemoselective and milder methods were
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Figure 5. The proposed mechanism of dexydration of primary amides to nitriles using chlorocarbonylsulfenyl chloride.
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Figure 6. Possible side reaction pathways in the synthesis of piperidin-3-yl-oxathiazol-2-ones.

also reported, where ethyl dichlorophosphate/DBU sys-
tem or methyl (carboxysulfamoyl)triethylammonium hy-
droxide (Burgess reagent) were used as the dehydrating
reagents.”>”” In addition, Vilsmeier reagents,® bromodi-
methylsulfonium bromide (BDMS),” PdCl, in aqueous
acetonitrile,” Swern oxidation conditions and other cata-
lytic or alternative methods using silanes, silazanes, chlo-
rosilanes, alkoxysilanes, and aminosilanes were also de-

scribed.’* 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.** The nitrile sulphide is

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

Cpd. No Product Yield (n) (%)*
N-S
| —
3a ©/\PO/LO e 68
N-S
|
3b B o’E 2 2
N
NS,
I
3c CIU\N OFO 42
N-S
1
" /©/\ N D>:O 33
MeOQOC
F N-S
|
* /©/\ N =0 43
NC
3f 16

N-S
I /‘EO
PhCOHN

*Yield after purification using column chromatography (SiO, 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.* Nitrile sulphides are short-lived species
prone to fragmentation and can take part in further cyc-
loadditions.*-%

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 Ohrngren et al.** 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-
,CO, (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 THE, DCM and
Et,N were dried and purified by distillation over Na,
K,CO, and KOH, respectively. Analytical thin-layer chro-
matography (TLC) was performed on Merck silica gel
(60F,,,) 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. '"H-, COSY-,
HMQC- and ®C-NMR spectra were recorded on a Bruker
AVANCE DPX,, spectrometer in CDCl, or DMSO-d,
solution with TMS as internal standard. Chemical shifts
are reported in ppm (8) 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 jonization (MS Cen-
tre, Jozef 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 DME, solid Na,CO, (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 HCI (2 x 15 mL).
The pH of combined aqueous phases was adjusted to 8
with NaHCO, and extracted with EtOAc (4 x 30 mL).
Combined organic phases were washed with H,O (1 x 30
ml), brine (1 x 30 mL) and dried over Na,SO,. The vola-
tiles were removed under reduced pressure to give com-
pound 2a as white solid. Yield = 56 %; TLC (EtOAc:MeOH
= 2:1), R, = 0,50; m.p. 108-110 °C; 'H NMR (400 MHz,
DMSO-d,) 6 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, ] 4.4, 13.2 Hz,
2H, CH,), 6.75 (br s, 1H, NH,), 7.22-7.34 (m, 6H, ArH
and NH); “C NMR (400 MHz, CDCL,) § 22.8 (C-5), 26.9
(C-4), 41.8 (C-3), 53.8 (C-6), 55.0 (C-2), 63.5 (CH,),
127.4 (C-4’), 128.4 (C-3 and C-5), 129.2 (C-2" and
C-6), 137.6 (C-1"), 178.0 (OCNH.); IR (ATR) v 3333,
3148, 2932, 2758, 1632, 1429, 1368, 1356, 1337, 1253, 1100,
1070, 1002,858, 734,698, 666, 564, 518 cm™'; 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 DME, solid Na,CO, (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 x 15 mL). The pH of combined aqueous phases was ad-
justed to 8 with NaHCO, and extracted with EtOAc (4 x 30
mL). Combined organic phases were washed with H,O (1
x 30 ml), brine (1 x 30 mL) and dried over Na SO,. The
volatiles were removed under reduced pressure to give
compound 2b as pale orange solid. Yield = 93%; TLC
(EtOAc:MeOH = 2:1), R, = 0.63; m.p. 111-114 °C; 'H
NMR (400 MHz, DMSO-d,) § 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, CH,), 6.76 (br s, 1H, NH,), 7.27 (br s,
1H, NH,), 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); *C NMR (400 MHz,
DMSO-d,) § 24.4 (C-5), 27.0 (C-4), 42.3 (C-3), 53.2
(C-6), 55.8 (C-2), 61.4 (CH,), 123.3 (C-3’ and C-5),
129.6 (C-2" and C-6), 146.5 (C-1°), 146.9 (C-4’), 175.4
(OCNH,); IR (ATR) v 3385, 3180, 2926, 2787, 1644, 1605,
1512, 1421, 1341, 1249, 1204, 1166, 1102, 1048, 989, 862,
797, 736,720 cm™'; 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 DME, solid Na,CO, (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.
DMEF was removed under reduced pressure, the residue
dissolved in EtOAc (30 mL) and extracted with 0.5 M HCl
(2 x 15 mL). The pH of combined aqueous phases was ad-
justed to 8 with NaHCO, and extracted with EtOAc (4 x 30
mL). Combined organic phases were washed with H O (1
x 30 ml), brine (1 x 30 mL) and dried over Na SO,. The
volatiles were removed under reduced pressure to give
compound 2c as pale orange solid. Yield = 53%; TLC
(EtOAc:MeOH = 2:1), R, = 0.60; 'H NMR (400 MHz,
CDCI,) § 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, CH,), 6.07 (br s, IH, NH, ), 7.14—
7.16 (m, 1H, NH,), 7.24-7.26 (m, 4H, ArH); *C NMR (400
MHz, CDCL) § 22.9 (C-5), 26.9 (C-4), 41.9 (C-3), 53.7
(C-6), 55.1 (C-2), 62.9 (CH,), 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 (CONH,); IR (ATR) v 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™'; 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 DME, solid Na,CO, (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 HCI (2 x 15 mL). The pH of combined aqueous phases
was adjusted to 8 with NaHCO, and extracted with EtOAc
(4 x 30 mL). Combined organic phases were washed with
H,0 (1 x 30 ml), brine (1 x 30 mL) and dried over Na SO,.
The volatiles were removed under reduced pressure to
give compound 2d as white solid. Yield = 91 %; TLC
(EtOAc:MeOH = 2:1), R, = 0.62; '"H NMR (400 MHz,
DMSO-d,) § 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, ] 2.8 Hz, 2H, CH,), 3.85 (s, 3H, CH3),
6.77 (brs, 1H, NHz)’ 7.27 (brs, 1H, NHz)’ 7.44 (d, ] 8.4 Hz,
2H, H-2’ and H-6’), 7.92 (dd, ] 2.0, 4.8 Hz, 2H, H-3’ and
H-5"); IR (ATR) v 3403, 3183, 2936, 2797, 1715, 1647,
1434, 1415, 1273, 1239, 1199, 1165, 1112,1086, 1027, 995,
964, 860, 806, 760, 754, 706 cm™".

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

To a solution of piperidine-3-carboxamide (500 mg,
3.90 mmol) in 50 mL DME solid Na,CO, (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 HCI (2 x 15 mL). The pH of combined aqueous
phases was adjusted to 8 with NaHCO, and extracted with
EtOAc (4 x 30 mL). Combined organic phases were
washed with H O (1 x 30 ml), brine (1 x 30 mL) and dried
over Na SO,. The volatiles were removed under reduced
pressure to give compound 2e as pale yellow solid. Yield =
71 %; TLC (EtOAc:MeOH = 2:1), R, = 0.66; m.p. 126-128
°C; '"H NMR (400 MHz, DMSO-d,) § 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, CHZ), 6.77
(brs, 1H, NHZ), 7.27 (brs, 1H, NHZ), 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’); 3*C NMR (400 MHz, CDC13) §22.9 (C-5),
26.8 (C-4),41.9 (C-3), 53.5 (C-6), 55.3 (C-2), 56.0 (CHZ),
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 (OCNHZ); IR
(ATR) v 3364, 3187, 2929, 2811, 2227, 1646, 1611, 1569,
1486, 1411, 1350, 1298, 1246, 1201, 1166, 1089, 1002, 941,
849, 830, 731 cm™; 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 H, 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). Et,N
(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 HCI (1 x 10 mL). The pH of com-
bined aqueous phases was adjusted to 8 with NaHCO, and
extracted with EtOAc (2 x 15 mL). Combined organic
phases were washed with H,O (1 x 20 ml), brine (1 x 20
mL) and dried over Na SO,. The volatiles were removed
under reduced pressure to give compound 2f as colourless
oil. Yield = 16 %; TLC (EtOAc:MeOH = 2:1), R = 0.36; 'H
NMR (400 MHz, DMSO-d,) 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, CH,), 6.76 (br
s, 1H, NH,), 7.24-7.29 (m, 3H, H-2" and H-6" and NH),
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, ] 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 Na, CO, (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 Et,N (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), R, =
0.56; 'H NMR (400 MHz, DMSO-d,) § 1.50-1.56 (m, 2H,
H-5and 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, CH,), 7.23-7.34 (m, 5H, ArH); “C
NMR (400 MHz, CDCL,) § 24.2 (C-5), 27.0 (C-4), 38.6
(C-3), 53.5 (C-6), 55.1 (C-2), 63.1 (CH,), 127.2 (C-4),
128.3 (C-3’ and C-5’), 128.9 (C-2’ and C-6’), 137.8 (C-
I’), 162.9 (NCO), 174.3 (SCO); IR (ATR) v 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™; HRMS-ESI (m/z):
[M+H]* calcd for C \H N,0,S, 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 Na,CO, (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 Et,N (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), R, = 0.38; "TH NMR (400 MHz, DMSO-d,) § 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, ] 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, CH,), 7.58 (d, ] 8.8 Hz, 2H, H-3" and
H-5), 8.18 (d, J 8.8 Hz, 2H, H-2’ and H-6’); *C NMR
(400 MHz, DMSO-d,) § 24.1 (C-5), 26.6 (C-4), 38.3
(C-3),53.5 (C-6), 54.9 (C-2), 61.5 (CH,), 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) v 2939, 2792, 1758, 1598,
1515, 1340, 1191, 1092, 926, 858, 802, 738, 650, 571 cm™;
HRMS-ESI  (m/z): [M+H]* caled for C H N.O,S,
322.0867, found, 322.0862.

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

To a solution of 1-(4-chlorobenzyl)piperidine-3-car-
boxamide (2¢, 300 mg, 1.19 mmol) in dioxane (30 mL) in
a three-necked flask, solid Na,CO, (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 Et,N (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), R, =042;'H
NMR (400 MHz, CDCL,) 6 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, CH,), 7.16-7.31 (m, 4H, ArH); “"C NMR (400 MHz,

CDCls) 6 24.2 (C-5), 26.9 (C-4), 38.6 (C-3), 53.5 (C-6),
55.1 (C-2), 62.5 (CH,), 1269, 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) v 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™;
HRMS-ESI (m/z): [M+H]* caled for C H CIN,O,S,
311.0626, found, 311.0621.

Methyl 4-((3-(2-oxo0-1,3,4-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 Na,CO, (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 EtN (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), R, = 0.29; '"H NMR (400 MHz,
DMSO-d,) 8 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, CH,), 3.85
(s, 3H, CH,), 7.45 (d, ] 8.4 Hz, 2H, H-2’ and H-6’), 7.93
(dd, J 2.0, 4.8 Hz, 2H, H-3" and H-5); *C NMR (400
MHz, DMSO-d,) 6 23.5 (C-5), 26.1 (C-4), 37.5 (CH,),
52.0 (C-6), 53.0 (C-2), 54.5 (CH,), 61.5 (CH,), 1283,
128.7, 128.8, 129.1, 129.1 (C-2)34)56), 144.0 (C-1’),
162.4 (CO), 166.1 (NCO), 174.2 (SCO); IR (ATR) v 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™'; HRMS-ESI (m/z): [M+H]* calcd for
C,H,N,0,S, 335.1061, found, 335.1066.
3-Fluoro-4-((3-(2-oxo0-1,3,4-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 Na,CO, (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 Et,N (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), R, = 0.29; '"H NMR (400 MHz, DMSO-d,) 6 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, CHZ), 7.62 (t,J7.6 Hz, 1H,
H-5%),7.69(dd, J1.6,6.4 Hz, 1H, H-2’), 7.83 (dd, J 1.2, 8.4
Hz, 1H, H-3’); *C NMR (400 MHz, DMSO—d6) § 235
(C-5),26.0 (C-4), 37.5(C-3), 52.7 (C-6), 54.2 (C-2), 54.3
(CHZ), 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) v 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™;
HRMS-ESI (m/z): [M+H]" caled for C_H FN.O,S,
320.0873, found, 320.0869.

N-(4-((3-(2-0x0-1,3,4-o0xathiazol-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 Na,CO, (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 Et,N (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), R, = 0.07; 'H NMR (400 MHz,
DMSO-d,) § 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, CH,), 7.28 (d, ]
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, ] 8.4 Hz, 2H, H-3’ and H-5),
7.94-7.97 (m, 2H, H-2” and H-67), 10.26 (s, 1H, NH); *C
NMR (400 MHz, CDCL,) § 23.4 (C-5), 27.6 (C-4), 52.9
(C-3),54.7 (C-6), 62.1 (C-2), 76.5 (CH,), 120.2 (C-3" and
C-5°),127.1 (C-2” and C-6”), 128.8 (C-2; C-6, C-3” and
C-57),129.8 (C-47), 131.9 (C-1"and C-17), 134.9 (C-4),
165.8 (NHCO); IR (ATR) v 2950, 2916, 2868, 2837, 1655,
1601, 1523, 1458, 1410, 1376, 1319, 1258, 1167, 1098, 997,
973, 841, 809, 168, 694 cm™'; HRMS-ESI (m/z): [M+H]*
caled for C ,H, N.O,S, 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 Et,N (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), R,
= 0.95; '"H NMR (400 MHz, DMSO-d,) § 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, CH,), 7.26-7.36 (m, 5H,
ArH); *C NMR (400 MHz, DMSO-d,) § 22.8 (C-5), 26.6
(C-4), 42.3 (C), 53.1 (C-6), 55.8 (C-2), 61.5 (CH,), 121.8
(CN), 126.9 (C-4’), 128.1,128.2, 128.4, 128.6 (C-273756"),
137.8 (C-1’); IR (ATR) v 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™; MS m/z
(relative intensity): 201.1 (M+Na, 100); HRMS-ESI (m/z):
[M+H]* calcd for C \H | N,0,S, 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 Et,N (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) R,
= 0.96; '"H NMR (400 MHz, CDCL,) § 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, ] 6.8,
14.4 Hz, 2H, CH,), 7.53 (d, 2H, H-2’ and H-6), 8.19 (dd,
] 2.0, 4.8 Hz, 2H, H-3" and H-5); *C NMR (400 MHz,
CDCl,) § 23.4 (C-5), 27.4 (C-4), 27.9 (C-3), 53.3 (C-6),
55.1(C-2),61.7 (CH,), 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) v 2945, 2802, 2240, 1599, 1467, 1439, 1154, 1093,
1033, 1012, 990, 955, 801, 773, 696, 651, 547 cm™'; MS m/z
(relative intensity): 246.1 (M+Na, 100); HRMS-ESI (m/z):
[M+H]* caled for C,,H,.N.O,S, 246.1242, found, 246.1243.
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4. Conclusion

Based on the previously reported oxathiazol-2-
one-bearing and nonpeptidic inhibitors of the chymotryp-
sin-like (P5i) 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

ATRIR

attenuated total reflectance infrared spectroscopy

BDMS  bromodimethylsulfonium bromide
CDCl,  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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Z zamenjavo molekulskega skeleta smo nacrtovali spojine s piperidinskim jedrom, derivatiziranim z oksatiazol-2-on-
skim elektrofilnim centrom, ki omogoca selektivno zaviranje treoninskih proteaz. Sinteza produktov po postopkih,
opisanih v literaturi, ni bila uspe$na, poleg tega smo identificirali nitrile kot glavne stranske produkte, ki nastanejo pri
dehidraciji karboksamidne funkcionalne skupine. S sistemati¢no 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 biolosko 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 (IC,,
~ 25 uM), while the strongest inhibition of cathepsin B was achieved with N-(2-picolyl)carboxamide 5¢ (IC, ~ 45 uM).

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."? Due to bio-
logical activity of many of its derivatives, pyrazolo[1,5-a]
pyrimidine is an important heterocycle among 5-6-fused
systems.>® The importance of pyrazolo[1,5-a]pyrimidine
is reflected in the results of a literature search® 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,® antagonists of serotonin 5-HT6 receptors,” kinase
inhibitors,* ' PET tumor imaging agents,'' and inhibitors
of amyloid 3-peptide aggregation.'? 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

Zaleplon

Ocinaplon Indiplon

Figure 1. Approved drugs based on a pyrazolo[1,5-a]pyrimidine
scaffold.

be crucial for the resorption of bone matrix."*-'” 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.'*" 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.*"' Several inhibitors have progressed into
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clinical trials but there are, as yet, no inhibitors on the
market.?

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.>*! 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

MeQ,;C NH>
S NH
o N Ph\[
1 MeO,C H 5 LiOH-H,0
4 (]
Boc\N/\)]\/COQMe AcOH, 80 °C PN |5 N.goe MeOH, 50 °C
e 24, -
-N 6
Ph 2 95%, 5\1 a Mo 54%
o 3
R F
F
F
Ph E 0 Ph
HO,.C  H b 1. BPC, E;N, O~ 7
= N “Boc MeCN, r.t. = N N‘BOC
N~ N~
o 4 - o 4 -
Compd. Yield (%)
1
R - 5a 72
2.R'R?NH (6a-h), _N—¢ Nl 5b 55
EtaN, MeCN, rt. R I N| Nep . ¢ 7
» N
55-87% N-N 5d 61
O 5a-h 5e 81
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5g 76
5h 87
R'R?NH (6a-h):
NH = NH
,/\.\,/\NH2 g 2 \|N 2 Meo\/\NHg MezN/\"/\NHz
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NH O NH Me—N  NH
N/
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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,?” 7-oxopyrazolo[1,5-a]pyrimidine-3-car-
boxamides,”®  7-(1-aminoethyl)pyrazolo[1,2-a]pyrimi-
dines,” and tetrahydropyrazolo[1,5-c]pyrimidine-3-car-
boxamides.” 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-ox0-4,7-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 B-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.?*** Subsequent cyclisa-
tion of 2 with methyl 5-amino-1H-pyrazole-4-carboxylate
(1)¥ 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,?* 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,”* 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 ("H NMR, *C
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."»**!-%

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 A2. These calcu-
lated physicochemical properties are compliant with Li-
pinski’s rule of five?®* 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.’* All compounds
were initially tested for their activity at a concentration of
100 uM. As shown in Table 2, compound 5a had the
strongest inhibitory effect on cathepsin K, with an IC,  val-
ue of 25 + 5 uM under the experimental conditions used in
the assay and complete (100%) inhibition was observed at
concentrations of 600 uM 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¢ (IC,, value of 45 + 15 uM) and to a
lesser extent by compounds 5a and 5d. Altogether these
results identify three compounds, 5a, 5¢ 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™) No. of atoms ClogP No. of HBD No. of HBA PSA (A?)
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
5¢c 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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Table 2: Effect of compounds 3, 4 and 5a-h on the activity of cathepsins K and B.*

Compound Cathepsin K Cathepsin B

RA (%)® IC_, (uM) RA (%)® IC_, (uM)
control 100 100
3 89 89
4 84 84
5a 29 25+5 36 110 + 30
5bc - -
5¢ 94 20 45+ 15
5d 95 23 150 =50
5e 69 104
5f 60 -
5g 74 61
5h 112 101

%) 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 uM final concentration). Final enzyme concentrations
were 1 nM. IC,  values were determined from titration curves. ®) Residual activity at saturation. <) Activity of 5b
could not be determined fluorometrically due to strong absorption of the compound at the excitation

wavelength.

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 'H and 126
MHz for “C, using CDCI, and DMSO-d, (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 pm).

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

3. 2. Synthesis of methyl 5-(N-Boc-N-

benzyl- 2-aminoethyl)-7-oxo0-4,7-

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. '"H NMR (500 MHz, CDCL,): § 1.30 (9H, s, t-Bu);
2.95 (2H, t, ] = 10.0 Hz, CH,); 3.54 (2H, t, ] = 10.0 Hz,
CH,); 3.86 (3H, s, OMe); 4.45 (2H, s, CH,Ph); 5.72 (1H, s,
6-H); 7.29 (5H, m, Ph); 8.15 (1H, s, 2-H); 11.45 (1H, s,

NH). BC NMR (126 MHz, CDCI3): 5 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?*] caled for C_H N, O, 427.1976;

2277277 475

found, 427.1971. Anal. Calcd for C,H, N, O.: C 61.96, H
6.15,N 13.14. Found: C 61.90, H 6.29, N 13.17. IR (ATR) v
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™.

3. 3. Synthesis of 5-(N-Boc-N-benzyl-2-
aminoethyl)-7-o0x0-4,7-dihydropyrazolo
[1,5-a]pyrimidin-3-carboxylic acid (4)

A mixture of the ester 3 (3.408 g, 8 mmol), LiOH -

H,0 (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. NaHSO,. 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.'H NMR (500 MHz, CDC13): 6 1.21 (9H, s, t-Bu); 2.90

(2H, t, J = 10.0 Hz, CHZ); 3.36 (2H, t, ] = 10.0 Hz, CHz);

4.45 (2H, s, CH,Ph); 5.68 (1H, s, 6-H); 7.29 (5H, m, Ph);

8.26 (1H, s, 2-H); 12.78 (1H, s, NH), CO,H exchanged.

BC NMR (126 MHz, CDC13): 86 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"] caled for C, H,N,O,, 413.1806; found,

257475

413.1812. Anal. Calcd for C,H,,N,O.-H O: C 58.60, H
6.09, N 13.02. Found: C 58.50, H 5.74, N 12.89. IR (ATR)
v 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™.
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3. 4. Synthesis of 5-(N-Boc-N-benzyl-2-
aminoethyl)-7-o0x0-4,7-dihydropyrazolo
[1,5-a]pyrimidin-3-carboxamides 5a-h
A mixture of carboxylic acid 4 (207 mg, 0.5 mmol),

MeCN (5 mL), and Et,N (70 uL, 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 Et,N (70 pL, 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

CHZCIZ—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-
oxo0-4,7-dihydropyrazolo[1,5-a]pyrimidin-
5-yl]ethyl}carbamate (5a)

Prepared from 4 (207 mg, 0.5 mmol) and butylamine
(6a) (50 pL, 0.5 mmol). Yield: 167 mg (72%) of yellowish
resin. '"H NMR (500 MHz, CDCL,): § 0.85 (3H, t, ] = 7.0
Hz, CH,CH,); 1.27 (2H, m, CH); 1.34 (9H, s, t-Bu); 1.42
(2H, m, CH,); 2.29 (2H, m, CH.); 3.23 (2H, m, CH,); 3.44
(2H, m, CH,); 4.38 (2H, s, CH,Ph); 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. "C NMR (126 MHz, CDCl,): §
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 C . H, N.O,, 468.2605; found, 468.2601.
IR (ATR) v 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™.

3. 4. 2. tert-Butyl benzyl{2-[3-(benzylcarbamoyl)-
7-0x0-4,7-dihydropyrazolo[1,5-a]
pyrimidin-5-yl]ethyl}carbamate (5b)

Prepared from 4 (207 mg, 0.5 mmol) and benzyla-
mine (6b) (54 pL, 0.5 mmol). Yield: 137 mg (55%) of yel-
lowish resin. '"H NMR (500 MHz, CDCl,): § 1.30 (9H, br s,
t-Bu); 2.56 (2H, br s, CH,); 3.35 (2H, brs, CH,); 4.29 and
4.43 (4H, 2 br s, 3:1, 2 x CH,Ph); 5.57 (1H, br s, 6-H);
6.84-7.34 (10H, m, 2xPh); 8.10 (1H, br s, 2-H); 8.76 (1H,
br s, NH); pyrimidone NH exchanged. “C NMR (126
MHz, CDC13): $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 C, ,H, )N.O,, 502.2449;
found, 502.2444. IR (ATR) v 3278, 2975, 2114, 1618, 1535,
1494, 1451, 1413, 1364, 1244, 1207, 1156, 1115, 976, 884,
809, 774, 728, 696, 665, 630 cm™.

3. 4. 3. tert-Butyl benzyl(2-{7-oxo0-3-[(pyridin-
2-ylmethyl)carbamoyl]-4,7-dihydro-
pyrazolo[1,5-a]pyrimidin-5-yl}ethyl)
carbamate (5¢)

Prepared from 4 (207 mg, 0.5 mmol) and 2-pico-
lylamine (6c) (51 pL, 0.5 mmol). Yield: 190 mg (72%) of
yellowish resin. '"H NMR (500 MHz, DMSO-d): § 1.27
and 1.32 (9H, 2 br s, 2:1, t-Bu); 2.67-2.77 (2H, br s, CH,);
3.42-3.50 (2H, br s, CHz); 4.33 and 4.37 (2H, 2 br s, 1:2,
Cﬂzph); 4.60 (2H, d, J = 5.7 Hz, CHZPy); 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, ] = 7.7, 1.8 Hz, 1H of Py);
8.09 (1H, br s, 2-H); 8.47 (1H, br d, ] = 4.2 Hz, 1H of Py);
9.16 (1H, br t, ] = 6.0 Hz, NHCO); pyrimidone NH ex-
changed. "C NMR (126 MHz, DMSO-d,): § 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"] caled for C_H,N.O, 503.2397; found,
503.2394. IR (ATR) v 3679, 3607, 2926, 1730, 1624, 1537,
1497, 1393, 1368 cm .

3. 4. 4. tert-Butyl benzyl(2-{3-[(2-methoxyethyl)
carbamoyl]-7-o0xo0-4,7-dihydropyrazolo-
[1,5-a]pyrimidin-5-yl}ethyl)carbamate (5d)

Prepared from 4 (207 mg, 0.5 mmol) and 2-methox-
yethylamine (6d) (63 pL, 0.5 mmol). Yield: 143 mg (61%) of
yellowish resin. "H NMR (500 MHz, CDCL,): § 1.45 (9H, s,
t-Bu); 2.72-2.83 (2H, br s, CH,); 3.40 (3H, br s, OMe); 3.51-
3.59 (4H, m, ZXCHZ); 3.59-3.64 (2H, m, CHZ); 4.44 (2H, brs,
CﬂzPh); 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. *C NMR
(126 MHz, CDC13): $ 284, 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*] caled for C,H, N.O,, 470.2398; found,
470.2393. IR (ATR) v 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™.

3. 4. 5. tert-Butyl benzyl[2-(3-{[3-(dimethylamino)
propyl]carbamoyl}-7-oxo0-4,7-dihydro-
pyrazolo[1,5-a]pyrimidin-5-yl)ethyl]
carbamate (5¢)

Prepared from 4 (207 mg, 0.5 mmol) and 3-dimeth-
ylaminopropylamine (6e) (63 uL, 0.5 mmol). Yield: 200
mg (81%) of yellowish resin. 'H NMR (500 MHz, CDCl,):
4 1.40 (9H, s, t-Bu); 1.96-2.05 (2H, m, CHZ); 2.71 (6H, br
s, NMe ); 2.67-2.81 (2H, m, CH,); 3.03-3.12 (2H, m,
CH,); 3.43-3.51 and 3.55-3.63 (4H, 2m, 3:1, 2 x CH,);
4.37 (2H, br s, CHZPh); 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. *C NMR (126 MHz, CDCl,): §
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/2):
[MH?*] calcd for C,,H, N.O,, 497.2857; found, 497.2863.
IR (ATR) v 3285, 2937, 1995, 1690, 1619, 1537, 1493,
1450, 1411, 1364, 1243, 1158, 1112, 1020, 886, 806, 776,

735, 698, 665, 631 cm™.

3. 4. 6. tert-Butyl benzyl{2-[7-0x0-3-(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 uL, 0.5 mmol). Yield: 128 mg (61%) of yellowish
resin. 'H NMR (500 MHz, CDCL,): § 1.46 (9H, s, t-Bu);
1.68 (4H, br's, 2 x CH,); 1.74 (2H, br s, CH,); 2.76 (2H, br
s, CH,); 3.53 (2H, br s, CH,); 3.73 (4H, br s, 2 x CH,); 4.41
(2H, br s, Cﬂzph); 5.69 (1H, s, 6-H); 7.13-7.34 (5H, m,
Ph); 7.96 (1H, br s, 2-H); pyrimidone NH exchanged. *C
NMR (126 MHz, CDCIS): 8 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'] caled for C, H, N.O,,
480.2605; found, 480.2599. IR (ATR) v 2931, 2849, 1687,
1617, 1578, 1578, 1495, 1438, 1410, 1364, 1258, 1159,
1122, 1002, 970, 875, 851, 814, 764, 731, 698, 672, 629
cmL

3. 4. 7. tert-Butyl benzyl{2-[3-(morpholine-4-
carbonyl)-7-ox0-4,7-dihydropyrazolo
[1,5-a]pyrimidin-5-yl]ethyl}carbamate (5g)

Prepared from 4 (207 mg, 0.5 mmol) and morpho-
line (6g) (44 uL, 0.5 mmol). Yield: 184 mg (76%) of yellow-
ish resin. 'H NMR (500 MHz, CDCL,): 6 1.46 (9H, s, t-Bu);
2.76 (2H, br s, CH,); 3.50-3.59 (2H, m, CH,); 3.79 (4H, br
s,2x CH,); 3.81 (4H, brs, 2 x CH,); 4.44 (2H, br s, CH Ph);
5.71 (1H, s, 6-H); 7.16-7.35 (5H, m, Ph); 7.97 (1H, br s,
2-H); pyrimidone NH exchanged. “C NMR (126 MHz,
CDCl,): 6 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*]
caled for C, H, N, O,, 482.2398; found, 482.2393. IR (ATR)
v 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™.

3. 4. 8. tert-Butyl benzyl{2-[3-(4-methylpiperazine
-1-carbonyl)-7-o0xo0-4,7-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 uL, 0.5 mmol). Yield: 215 mg (87%)
of yellowish resin. '"H NMR (500 MHz, CDCL): § 1.45
(9H, s, t-Bu); 2.40 (3H, br s, NCH,); 2.59 (4H, brt, /] = 5.1
Hz, 2 x CHZ); 2.70 and 2.76 (2H, 2br s, 1:1, CHZ); 3.54
(2H, br s, CH,); 3.85 (4H, br's, 2 x CH,); 4.42 (2H, br s,

CH_Ph); 5.70 (1H, s, 6-H); 7.16-7.31 (5H, m, Ph); 7.96
(1H, br s, 2-H); pyrimidone NH exchanged. “C NMR
(126 MHz, CDCL,): 6 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 C, H, N O, 495.2714;
found, 495.2707. IR (ATR) v 2977, 2958, 1685, 1621, 1583,
1531, 1495, 1414, 1364, 1243, 1155, 976, 879, 807, 767,
731, 698, 606 cm ™.

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.* All assays were per-
formed in 50 mM sodium acetate buffer pH 5.5 containing
1 uM EDTA and 2.5 mM DTT. The hydrolysis of the syn-
thetic substrate Z-Phe-Arg-AMC (5 pM 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 uM. 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 IC_ values were
calculated from these titration curves.

4. Conclusions

Eight novel 5-(N-Boc-N-benzyl-2-aminoethyl)-7-
0x0-4,7-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 IC, |
value of 25 + 5 uM. Cathepsin B was most strongly inhib-
ited by compounds 5c and 5d with the respective IC,  val-
ues of 45 = 15 uM and 150 + 50 pM and to a lesser extent
by compound 5a as well. Inhibitory activities of com-
pounds 5a, 5¢, 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

Izhajajo¢ 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 uM) je bil N-butilkarboksamid 5a, medtem ko smo najmocnejSo inhibicijo katepsina B izmerili z N-(2-pikolil)
karboksamidom 5¢ (IC50 ~ 45 pM).
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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).* All of the above
makes camphor a very desirable starting compound for
the preparation of a wide variety of products® ranging
from natural products'? to chiral auxiliaries,> ligands in
asymmetric synthesis,®'° organocatalysts,'' and NMR shift
reagents."

Within our continuing study on camphor-based di-
amines as potential organocatalyst scaffolds,’*""* 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-B-nitrostyrenes.' 10-Io-
docamphor'” has seen surprisingly limited application as
the starting compound,'®** although, it can easily be pre-
pared in sufficient quantities from (1S)-(+)-10-camphor-
sulfonic acid.'® 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).”
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2. Results and Discussion

Following the literature procedure, (15)-(+)-10-cam-
phorsulfonic acid (1) was transformed into 10-iodocam-
phor (2).!° The following reaction of 2 with potassium
phthalimide gave the corresponding 10-phthalimidocam-
phor (3) in 72% yield. Finally, condensation of 3 with
NH,OH 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 I 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

P
0 5

HO5S o
1
Ref 16 [R]
NH,OHsHCI
KPhth, DMSO pyridine
100°C, 16 h EtOH A6 h
0]
|
2 3(72%) 4 (92%

Scheme 1. Attempted synthesis of monoprotected diamine 5.

Zn/HCI fo) Raney-Ni
\ MeOH, r.t. MeOH, r.t.
N
N N A
(o] H éN
HO
o]
7 4 6
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/HCI 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/HCI 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) A,
is significantly longer than 1.265(2) A 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(sp®)-N(3) single bond and
C(sp2) = N(2) double bond in the literature’ are 1.469(14)
and 1.279(8) A, respectively. Usually C(sp®)-C(sp®) bond dis-
tances are longer in comparison to C(sp*)-C(sp?). In accor-
dance to this, C9-C10 and C9-C15 are longer in 6 than in 7.

o]
N NH»
-
© 5
-H,0
H T
\N isomerisation ¥ reduction NHH
N N
o) H o)
7 - - 6
Scheme 3. Rationalization of the formation of products 6 and 7.
6 (20 mol%)

/

/

L
/\

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.” Amine 6 failed to catalyze the reaction (Scheme 4).

The structures of novel compounds 3, 4, 6, and 7
were determined by spectroscopic methods (‘H-NMR,
BC-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 P2 2 2 and 7
in tetragonal P42 2, 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,

Figure 2. Ortep® 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.

\ isomerisation

B ————

=

7

8

Table 2. Bond lengths in 6 and 7 (A).

bond 6 7

01-Cl 1.230(2) 1.222(1)
N1-Cl 1.347(3) 1.356(2)
N1-C8 1.466(3) 1.460(2)
N1-Cl11 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-Cl15 1.546(3) 1.522(2)
C10-Cl11 1.521(3) 1.519(1)
C10-C12 1.551(3) 1.550(2)
C10-Cl16 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-Cl16 1.551(3) 1.554(2)
Cl16-C17 1.538(3) 1.531(2)
Cl16-C18 1.526(3) 1.528(2)

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

reduction

Figure 3. Ortep® 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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Figure 4. Mercury” drawing of compounds 6 (on left) and 7 (on
right) with labelling of chiral carbon centers of the phthalimide part
of the molecule.

Ll ¥

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

there are no m---m or 7m---0 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 Na,SO,. 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 'H and 126 MHz for **C nucleus,
using DMSO-d, and CDCI, 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 6. Mercury” 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 (A, °).

D-H--A D-H H-A D--A D-H--A
N2-H2--Oli  091(2)  225(2) 3.127(2)  161(2)
C8-H--Olii 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)
$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 H,O (20 mL)
and extracted with EtOAc (3 x 40 mL). The combined or-
ganic phase was washed with H O (20 mL) and NaCl (aq.
sat., 20 mL), dried over anhydrous Na SO, 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. [a] ;** = -2.4 (c = 0.25, CH,CL.). EI-HRMS: m/z =
298.1437 (MH"); C, H, NO, requires: m/z = 298.1438
(MH"); v_ 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™. '"H-NMR (500 MHz, CDCL): §
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, ] = 18.3 Hz, 1H); 1.84-1.99
(m, 2H); 2.01 (t, ] = 4.5 Hz, 1H); 2.43 (ddd, ] = 2.5; 4.9;
18.4 Hz, 1H); 3.77 (d, ] = 14.9 Hz, 1H); 4.07 (d, ] = 14.9
Hz, 1H); 7.72 (dd, ] = 3.0; 5.5 Hz, 2H of Ar); 7.85 (dd, ] =
3.1; 5.4 Hz, 2H of Ar). "C-NMR (126 MHz, CDCL): &
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) NH,OH-HCI (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 H,O (25 mL) and finely powdered NaOH till
the pH ~ 10-12. The resulting mixture was extracted with
Et,O (5 x 40 mL). The combined organic phase was washed
with H,O (5 mL) and NaCl (aq. sat., 5 mL), dried over an-
hydrous Na_SO,, 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. [a] ** = -50.6 (c =
0.33, CH,CL,). EI-HRMS: m/z = 313.1547 (MH"); C, H-
L, N.O, requires: m/z = 313.1547 (MH*); v__ 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™. '"H-NMR
(500 MHz, CDCL): & 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, ] = 17.8 Hz, 1H); 2.59 (dt, ] =
3.8;17.9 Hz, 1H); 3.88 (d, ] = 14.7 Hz, 1H); 4.10 (d, ] = 14.8
Hz, 1H); 7.63 (brs, 1H); 7.72 (dd, ] = 3.0; 5.5 Hz, 2H of Ar);
7.85 (dd, ] = 3.1; 5.4 Hz, 2H of Ar). "C-NMR (126 MHz,

CDCl,): 6 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 H,) 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:Et O = 1:3 to elute the nonpolar impurities; 2.
Et,N:Et,0 = 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. [a] ** = -163.0
(c = 0.40, CH,CL). EI-HRMS: m/z = 283.1801 (MH");
C,H,.N,O requires: m/z = 283.1805 (MH"); v_ 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™. "H-NMR (500 MHz, CDCl,): 6 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, ] = 8.9; 13.5 Hz, 1H); 3.18 (d, ] = 14.3 Hz, 1H);
3.25 (dd, ] = 4.6; 8.9 Hz, 1H); 4.44 (d, ] = 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). "C-NMR (126 MHz, CDCL,): ¢ 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,9a8)-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 HCI (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 H,O (10 mL), finely pow-
dered NaOH was added till the pH ~ 10-12 followed by
extraction with Et O (3 x 30 mL). The combined organic
phase was washed with H,O (10 mL) and NaCl (aq. sat., 10
mL), dried over anhydrous Na,SO,, filtered, and volatile
components evaporated in vacuo. The residue was purified
by column chromatography (1. n-hexane:Et,O = 1:3 to
elute the nonpolar impurities; 2. Et,N:Et,O = 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. [a] * = +102.5 (c = 0.33, CH,CL ). EI-HRMS:
m/z=281.1646 (MH"); CH, N Orequires: m/z=281.1648
(MH"); v, 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™'. 'H-NMR (500 MHz, CDCL): §
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). *C-NMR (126 MHz,
CDCL): § 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 CuKa
radiation (1.54184 A) at room temperature. The diffrac-
tion data were processed using CrysAlis PRO software.”
Structure of both compounds was solved by direct meth-
ods, using SIR97.>" A full-matrix least-squares refinement
on F? 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 software® was used for structure
refinement and interpretation. Drawings of the structures
were produced using ORTEP-3? and Mercury®. 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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Povzetek

10-Ftalimidokafra oksim smo pripravili iz enostavno dostopne 10-jodokafre v dveh korakih. Pri redukciji oksima ni
prislo do tvorbe primarnega amina ampak sta nastala dva nova policikli¢na izoindolidinska heterocikla. Njuni strukturo
smo nedvoumno potrdili z rentgensko strukturo in NMR tehnikami.
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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."* Cyclization of ethyl 3-cyanoisonico-
tinate with hydrazine proceeds at room temperature to
give 4-aminopyrido[3,4-d]pyridazine-1(2H)-one,>* while
pyridine-3,4-dicarbonitriles give the corresponding pyr-
ido[3,4-d]pyridazine-1,4-diones.” Other methods include
cycloamination of 4-carbofunctional-5-vinylpyridazi-
nes,*’ condensation of 4,5-dicarbofunctional pyridazines
with amines,*® condensation of 4-(iminomethyl)pyri-
dazines with enolates," intramolecular cyclization of pyri-
dinecarbohydrazides,'" intramolecular cyclization of

4-vinylpyridazine-5-carbonitriles,'>* by ring enlargement
of furo[3,4-c]pyridine-1,3-diones,>*>'*'> 1H-pyrrolo[3,4-c]
pyridine-1,3(2H) -diones with hydrazine,"*'*" by reaction
of 5H-pyrano|3,4-d]pyridazines with amines,® intramolec-
ular [4+2]cycloaddition of 1,2,4,5-tetrazines," ring con-
traction of 2H-1,2,4-triazepines." For a review see.”

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,® meridi-
anines,” and dipodazines.?? 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.”® 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.”
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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)*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,

N R
N\ R | s
| NoH4xH-0 (@) =
Me0,C~ MeOH s
4a-c,f CO;Me °N O
6a-c,f
MeOH NH.OAc
MeoN MEZN
€2 MeO,C /
Me DMFDMA  // s )
=0 5 CO,Me
R 0
1a-g R 2a-g 3a-g
NH20HXHC|
MeOH
) o
? NI R
N: R | e
| NoH4xH,0 (@) =
MeO,C~ MeOH il
CO,Me "N7o
5a,b,d,e,g H
Tarb!d!elg
Compounds R
1,2,3,4,5,6,7
a Et
b Ph
- [
Table 1.
l\lﬁe Compound Reaction time [h] Yield [%]
N 6a 8 57
d U 6b 24 20
6c 12 74
Me 6f 15 44
l¢l 7a 7 23
e 7b 12 a0
A\ /2 7d 4 75
Te 4 89
S 79 24 95
f \ V
N

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-

dol[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,>® 2-substi-
tuted pyridine-3,4-dicarboxylates and their N-oxides,"’
and triazafulvalene derivatives.?

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.? 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.’® 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.”” We also
reported a simple, metal-free synthesis of electron rich
2,4,6-trisubstituted pyridine derivatives® 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.”** 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 la-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.*>" 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 'H and 75.5 MHz for *C
and on a Bruker Avance III UltraShield 500 plus at 500
MHz for 'H and 126 MHz for C, using acetone-d,, aceto-
nitrile-d,, CDCI,, and DMSO-d_with Me Si 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 um).

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.?**f#

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)

N
|‘--.
O =
HN.
NNO
H

The product was preparea rrom 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 Et,O. Yield: 57% (55 mg), yellow sol-
id; mp = higher than 350 °C. 'H NMR (500 MHz,
DMSO-d ): 6 1.30 (3H, t, ] = 7.5 Hz, CH,); 2.97 (2H, q, ] =
7.6 Hz, CH,); 7.74 (1H, s, 8-CH); 9.25 (1H, s, 5-CH). "°C
NMR (125 MHz, DMSO-d,): § 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; C;H, N,O, calculated: m/z

977107 3
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= 192.0768 (MH"); IR (ATR): v 3426, 3302, 3250, 2960,
1664, 1612, 1575, 1476, 1364, 1207, 1077, 899 cm™.

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

H 0]

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 Et,O. Yield: 74% (170 mg), yellow
solid; mp = 335-339 °C. '"H NMR (500 MHz, DMSO-d,): §
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). “C NMR (125 MHz,
DMSO-d,): §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; C,H N.O, calculated: m/z = 240.0768
(MH"); IR (ATR): v 3289, 3178, 3034, 2978, 2920, 2798,
1898, 1648, 1559, 1454, 1112, 852 cm™. 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 (6¢)

N
| =
0. =
HN‘N (@]
H

The product was prepared from dimethyl 6-cyclo-
pentenylpyridine-3,4-dicarboxylate (4¢,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.'H NMR
(500 MHz, DMSO-d,): 6 2.03 (2H, p, ] = 7.5 Hz, 4-CH,);
2.54-2.60 (2H, m, 3-CH.); 2.76-2.82 (2H, m, 5-CH.); 6.87
(1H, s, 2-CH); 7.81 (1H, s, 8-CH); 9.23 (1H, s, CH). °C
NMR (125 MHz, DMSO-d,): § 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; C ,H ,N.O, cal-
culated: m/z = 230.0924 (MH"). IR (ATR): v 3163, 3016,
2947,2892,2839, 1649, 1598, 1553, 1434, 1368, 1325, 1291,
1232, 1101, 1036, 823 cm™.

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

] N
0] e
HN..

N (@]

H

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 Et,O. Yield: 44% (35 mg), yel-
low solid; mp = the product decomposes at 250 °C. 'H
NMR (500 MHz, DMSO-d,): § 7.97 (1H, d, ] = 3.2 Hz,
CH); 8.09 (1H, d, ] = 3.2 Hz, CH); 8.54 (1H, d, ] = 1.0 Hz,
8-CH);9.29 (1H,d,J=1.0 Hz, 5-CH). "CNMR (125 MHz,
DMSO-d,): §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; C, H.N,O_,S calculated: m/z = 245.0139 (MH); IR
(ATR): v 3420, 3260, 1741,1721, 1661, 1654, 1602, 1569,
1465, 1438, 1298, 1242, 1134, 1085, 958 cm™'. 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)

Q
N'I'
| sy
@) ==
HN\N (@]
H

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 Et,O. Yield: 23% (31 mg), yellow sol-
id; mp = 270-276 °C. '"H NMR (500 MHz, DMSO-d,): §
1.26 (3H,t,J=7.4 Hz, CH,); 2.89 (2H, q, ] = 7.4 Hz, CH.);
7.89 (1H, s, 8-CH); 8.61 (1H, s, 5-CH). *C NMR (125
MHz, DMSO-d,): § 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; C;H, N,O, calculated: m/z = 208.0717 (MH"). IR
(ATR): v 3203, 3047, 2974, 2810, 1626, 1549, 1454, 1432,
1366, 1317, 1268, 1043, 814 cm™.

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

N "0
H
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 Et,O. Yield: 90% (190 mg), yellow
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solid; mp = 275-285 °C. 'H NMR (500 MHz, DMSO-d,): §
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). “C NMR (125 MHz,
DMSO-d6): §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; C H N.O, calculated: m/z = 256.0717
(MH"). IR (ATR): v 3338, 3066, 2861, 1807, 1657, 155,
1466, 1448, 1269, 1096, 813 cm™'. 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 EtO.
Yield: 75% (115 mg), yellow solid; mp = 222-238 °C. 'H
NMR (500 MHz, DMSO-d,): 6 3.58 (3H, s, CH,); 6.12 (1H,
dd, J, = 3.7 Hz, ], = 2.6 Hz, 3-CH); 6.40 (1H, dd, J, = 3.7
Hz, ], = 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). "C NMR (125
MHz, DMSO-d,): § 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; C H N,O, calculated: m/z =
259.0826 (MH"); IR (ATR): v 3424, 3301, 3078, 2953, 2929,
1664, 1651, 1558, 1485, 1471, 1308, 1255, 1103, 1072, 822
cm™. 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 H is(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 EtO.
Yield: 89% (269 mg), yellow solid; mp = decomposes at
292 °C. 'H NMR (500 MHz, DMSO-d.): § 3.72 (3H, s,
CH,); 6.84 (1H, deg. dd, ] = 1.2, 4-CH); 6.91 (1H, deg. dd,
J=2.6Hz,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). *C NMR (125 MHz,
DMSO-d,): 4 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; C_H N,O, calculated: m/z = 259.0826
(MH"); IR (ATR): v 3416, 3295, 3199, 2992, 1653, 1614,
1571, 1535, 1487, 1442, 1366, 1250, 1171, 1091, 831 cm™.

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)
o N7
NI As. N

HN\N 0
H

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 Et,O. Yield: 95% (125
mg), yellow solid; mp = higher than 350 °C. '"H NMR (500
MHz, DMSO-d,): & 8.56 (1H, s, CH); 8.72 (s, 1H, CH);
8.78 (1H, d, ] = 2.5 Hz, CH); 8.87-8.91 (1H, m, CH); 9.87
(1H, d, ] = 1.5 Hz, CH). *C NMR (125 MHz, DMSO-d.): §
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;
C, H,N.O, calculated: m/z = 258.0622 (MH"); IR (ATR): v

3447,3033,2981, 1667, 1635, 1563, 1498, 1404, 1273, 1242,
1119, 827 cm™. 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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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.! 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 characteristics*>® 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.* 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.> 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.®”

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.® 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.’

Owing to increasing number of sequenced cyano-
bacterial genomes, which has already exceeded the num-
ber of 150," 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,'"'? re-
search has increasingly focused on the internal transcribed
spacer of ribosomal RNA genes (16S-23S rRNA-ITS)."
With its variable length and number,'* rRNA ITS region is
becoming a popular tool in identification and classifica-
tion of cyanobacteria.”” 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,'®): the first type contains both tRNA"™ and tRNA*®
coding sequences (as found in Anabaena sp., Nostoc sp. or
Synechococcus sp. PCC 6301), the second type contains
only tRNA™ (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,'” whereas sequencing has been shown to be
successful in analysis of subgeneric relationships of Micro-
cystis,"*'* Trichodesmium,™ Synechococcus,">*' Prochloro-
coccus,? Aphanizomenon and Anabaena® as well as various
picocyanobacteria.?

Surprisingly, no in-depth taxonomic classification
has been performed for the genus Symechocystis.** 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, 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 pmol/m?s +/- 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 SAG91.79
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 ul of sterile dH,O
and heated for 10 min at 95°C. The lysed cells were used
directly for PCR. Reactions were carried out in 20 pl mix-
tures containing 1 pl of boiled cell suspension, 1 x
Tag-buffer with (NH,),SO,, 2.5 mM MgCl,, 100 uM of
each ANTP, 0.5 uM of each primer (Table 2) and 0.5 U of
Tag-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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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 GTCGTT AC 18
ULR ITS CCT CTG TGT GCC TAG GTATC 18
CY23R ITS CTC ATT CTT CAACAGGCAC This study
CYA106F 16S CGG ACG GGT GAG TAA CGG TGA 2
CYA781Ra 16S GACTACTGG GGT ATCTAATCCCATT 2
CYA781Rb 16S GAC TAC AGG GGT ATCTAATCCCTTT 2

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 CSIE 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 pM) of both, in combination with 0.5 uM forward
primer CYA106F2

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

CYAT781Ra
CYA106F CYAT81RD  CSIF ULR  CY23R
16S % 238
1 1489 16311705 1954 4837
L
tRNAle
ITS

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.

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 DH5a 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

we utilized RDP Aligner.*® 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 tRNA™ and tRNAAR, as well as with tRNAs-
can-SE v.1.21 program via the Lowe Lab Webserver Inter-
face.®

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 * 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 168, ITS
or concatenated 16S and ITS sequences using sequences
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Figure 2: Microphotographs of Synechocystis strains at 1000x 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 um. * 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 1000x
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) pm) to
the typical morphology® 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 um long
and 0.4 to 6 um wide, according to CyanoDB (http://www.
cyanodb.cz/Synechococcus). We thus decided to interpret

250

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 um represent this group. Although the typical di-
ameter for Synechocystis aquatilis is expected to be 4.5 to 7
um,* these cells are larger than typical® for Synechocystis
members. According to their size, these three strains are
similar to Geminocystis genus members (3-10 pm). 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.* In the literature, there are also reports that growth
in laboratory conditions can alter cell phenotype as com-
pared to natural growth conditions.”® 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.*® Furthermore, amplifi-
cation of DNA from a minor population in non-axenic
cultures can occur, especially when broad-specificity
primers are used.” 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." 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 I'TS 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 Symechocystis 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,'* 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,” 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 ‘clon€’ 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 (Komarek,
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,
IkISCC30 (ID: KM438201.1) collected in Greece and PCC
10605 (ID: CP003947.1), for which the complete genome*
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
tailed 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)* 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 conserved* 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
ordered® 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. PCC6909 (CCAP 1480/4,1D: 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,* 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,*
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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 Symechocystis 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 sequence®® 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* 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 165 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. pevalekii SAG 91.79 88 (88|90 (889089
S. salina CCALA 192 88 (86|89|87[96]89 |91
Synechocystis sp. CCAP 1480/4 888789879690 |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
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* 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-

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. 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

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 in**), 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.*** Further analyses of addi-
tional phenotypic and genotypic characteristics would
provide unambiguous conclusions about the observed
variability.
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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.

3. 4. tRNA coding Sequences Within ITS
Regions

ITS regions in all the strains that we analysed con-
tained tRNA" sequences. Only sequences of S. aquatilis, S.
bourrellyi*, S. fuscopigmentosa, S. limnetica* and S. pevale-
kii additionally contained the tRNAA" 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 genome*
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 tRNA*?
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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.® 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.* 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.*® More recently, Gke-
lis et al. presented evidence that a Limnothrix strain was
previously misidentified as a Planktothrix strain.*
DNA-analyses should therefore be used as an important
identification factor for culture collections, similarly to
what has recently been done*” 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 Komarek et al. in
2014.** 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.* 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,” 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 6714* and PCC 7509.% 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 Korelusova et al.** 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.* 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.*®
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 genome®
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 Komarek et al.** is thus additionally
substantiated.
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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 biphenyls'
involves the Suzuki cross-coupling reaction, a protocol of
which has been disclosed elsewhere. > The carbon-carbon
bond construction method***¢ in organic synthesis has al-
lowed chemists to assemble complex molecular frameworks
to prepare numerous natural products,” drug precursors,’®
biological compounds,’ organic products' and herbicides."
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.'>'>!

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.”” Another advantage of NIR and Raman spec-
troscopy in reaction monitoring is that they can provide
information on the appearance of reaction intermediates.
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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)'¢ 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
investigated' 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)

H,0

| i ol
NGa CH5OH
* P o NO,
Pd(OAC),
K,CO5

Scheme 1. Synthesis of 2-nitrobiphenyl.

HO._ _OH

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 reaction®>'”8
but only few reports'®? 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
yield' under some conditions.

2. Experimental Section
2. 1. Chemicals

1-Iodo-2-nitrobenzene (297%), phenylboronic acid
(299%), methanol (=99.9%), dichloromethane (>99.9%)
and potassium carbonate (299%) were purchased from
Sigma-Aldrich (Missouri, USA). Palladium(II) acetate
(=298%) 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
Arl compared with ArCl in oxidative addition (ArI>>Ar-

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

No. T C Samples 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).?"** The procedure for the synthesis of 2-nitro-
biphenyl has been published elsewhere.! 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 N, 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-
manRxnl analyzer (Kaiser Optical Systems, Inc., USA).
Measurements were made with an immersion BallProbe®*
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™ 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 (D, ) with dimensions i x 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 x 0.2 mm I.D.) coated
with Chrompack, CP-Sil 8 CB low bleed/ MS (0.25 um 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 ("H NMR: 400.13 MHz, *C NMR: 100.61 MHz)
spectrometer. Deuterated chloroform (CDCI,) 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,! 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 °C were tested. Since reaction temperature
and substrate concentration (1-iodo-2-nitrobenzene) are
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Table 2. Experimental set-up employed in the optimization proce-
dure.

Exp. T C Time Yield by
no. [°C] [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

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 °C 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.

Absorbance

1
1000 1500

1 1l
2000 2500

Wavelength (em-)

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

By using principal component analysis (PCA), the data
were pre-processed by mean-centering and first derivative
method using 4" order polynomial fit.* 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™. %267 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™) 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™) in the Raman spectra treated with PCA
where the data matrix (120 x 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-
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Figure 4. Samples and scores plot of the data in 1200-1320 cm™ region. The red line shows the 4" degree polynomial fit.

Table 3. The time of sample withdrawn and the yield measured by
GC-MS.

Time Yield by
[min] GC-MS [%]
0 0
5 59.5
10 79.8
15 87.9
30 98.3
45 99.6
60 99.7

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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Opisujemo ucinkovito, vsestransko in neporusno »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 pospesili reakcijo, smo dodali paladijev(II) acetat kot katalizator in
kalijev karbonat, ki promovira reakcijo transmetalacije. To reakcijo smo spremljali z bliznjo infrardeco 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 Zelenega produkta smo izvajali tudi
»off-line« analizo s plinsko kromatografijo-masno spektrometrijo in z jedrsko magnetno resonan¢no spektroskopijo.
Rezultati pokazejo, da z Ramansko spektroskopijo lahko zaznamo tvorbo produkta v realnem ¢asu, medtem ko z bliznjo

infrardeco spektroskopijo to ni mozno.
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Abstract

Three new complexes derived from 2-(4-(pyridin-2-yl)piperazin-1-yl)acetic acid (HL), [M(L),(H,0),] where M =
Cu" (1), Zn" (2) and Cd" (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 IC_ value being 6.5 +

0.31 uM.

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

1. Introduction

Monoamine oxidases (MAQOs, 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.'”* MAOs oc-
cur in two forms designated as MAO-A and MAO-B,
which have different substrate preference and inhibitor
specificity.*®

An increase of the dopamine levels as well as a
neuroprotective effect can be observed following the in-
hibition of MAO-B.¢ Therefore, MAO-B inhibitors can
be used to treat the neurodegenerative disorders such as
Aizheimer’s disease (AD) and Parkinson’s disease
(PD).””* Kinds of heterocyclic scaffolds such as chal-
cone,'’ coumarin," pyrazoline'? and oxadiazole'" 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.™

As mentioned above, most reported MAQO-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.'>!¢
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),(H,0),] where M = Cu" (1),
Zn" (2) and Cd" (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™ on a Nicolet 750 Magna IR spectrometer using KBr
pellets. The enzyme inhibitory activity was measured on a
Bio-Tek Synergy™ HT Microplate reader.
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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.””® 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),(H,0),] (1) Yield: 0.0372 g, (43% on the basis
of HL). IR (KBr, cm™): 3365; 2970; 1596; 1467; 1384; 845;
681. Anal. Calcd. for C H, N O Cu: C, 48.97; H, 5.97; N,
15.56. Found: C, 49.09; H, 5.95; N, 15.56%.

[Zn(L),(H,0),] (2) Yield: 0.0442 g, (51% on the basis
of HL). IR (KBr, cm™): 3338; 2943; 1595; 1454; 1395; 831;
664. Anal. Calcd. for C_H. N O Zn: C, 48.76; H, 5.95; N,

2277327 76 76

15.51; Found: C, 48.91; H, 5.92; N, 15.56.%.

[Cd(L),(H,0),] (3) Yield: 0.0433 g, (46% on the basis
of HL). IR (KBr, cm™): 3359; 2995; 1594; 1458; 1394; 836;
671. Anal. Calcd. for C,H,NO Cd: C, 44.87; H, 5.48; N,

3276 6

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-Ka radiation (A = 0.71073 A). The
structures were solved by direct methods and refined
against F* by full-matrix least-squares methods using the
SHELXTL-97.%% 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.?' The content of MAO-B was
detected by MU30905 ELISA Kit (details in supplementary

N N
O—N/_\NH KOH/BrCH,COOH @N/_\NVCOOK HCI /] h{ N/_\NVCOOH
= —/ CH,;CH,OH — / — _/
Scheme 1 Synthesis of 2-(4-(pyridin-2-yl)piperazin-1-yl)acetic acid
Table 1. Crystallographic data for complex 1-3.
1 2 3
Empirical formula C,,H,,CuN O, C,,H,NOZn C,,H,,CdN O,
M, 540.09 541.93 588.95
Crystal system triclinic monoclinic monoclinic
Space group P-1 P2 /c P2/c
a(h) 6.1916(6) 15.0279(13) 15.0305(14)
b(A) 8.1504(8) 7.1943(6) 7.2772(6)
c(A) 12.7804(13) 11.7348(9) 11.8887(10)
a () 95.079(3) 90 90
B 103.019(3) 101.273(3) 101.986(3)
y ©) 106.241(3) 90 90
V(A% 595.33(10) 1244.23(18) 1272.04(19)
Z 1 2 2
p. (g cm™) 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
#(Mo-Ka)/ mm™ 0.968 1.036 0.907
GOF 1.108 1.110 1.090

R wR (I>20(I)) 0.0663, 0.1684

0.0660, 0.2290 0.0370, 0.1085

*R, =3||E| - [E|I/Z|E,|.* wR, = [Ew(F, - E2/Sw(E »)]"

Ren et al.: Synthesis, Crystal Structures, Molecular Docking ...



Acta Chim. Slov. 2017, 64, 825-831

materials).”> The MAO-B inhibitory properties of complex
1-3 were carried out as it was reported previously.”

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 pdbaqt file.

The AutoDock Vina docking procedure was used to
generate the docking output files.?* In all docking, a grid box
size of 60 x 60 x 60 pointing in x, y and z directions was
built, the maps were centered on N5 atom of FAD600.2% A
grid spacing of 0.375 A and a distances-dependent function

02a
Figure 1 (c)

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™ to 3300 cm™
indicating the O-H stretching of the water and methanol
molecules. The asymmetric stretching mode v_ (COO") was
located around 1595 cm™ (1596 cm™ in 1, 1595 cm™ in 2
and 1594 cm™ in 3), while the strong symmetric stretching
mode v(COO") for complexes 1-3 was clearly visible
around 1391 cm™ (1384 cm™ in 1, 1395 cm™ in 2 and 1394
cm™ in 3). The separation value Av [v _(COO") - v (COO")]
of the carboxylic based complexes could be used to dis-
criminate the coordination mode of the carboxyl group. Av
<200 cm™ indicated the bidentate mode, whereas Av > 200
cm™ indicated the monodentate mode.””* Therefore, the
Ay values [v (COO") - v(COO)] for complexes 1-3 is
around 204 cm™', which means that the coordination mode
of the carboxyl group in these complexes is monodentate.

1a
Figure 1 (b)

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 P2 /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),(H,0),]. 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
(02 and O2a) and two N-atom donors (N1 and N1a) from
two L ligands, while the axial positions are occupied by

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

O-atom donors (O3 and O3a) from two coordinated water
molecules. In addition, the sum of the equatorial angles
N1-Cul-02, 02-Cul-Nla, Nla-Cul-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 A) is longer
than the equatorial Cu-O average distance (2.048 A) and
Cu-N average distance (1.922 A), 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 (A) and angles (°) for 1-3

1
Cul-02 1.922(4) Cul-03 2.866(4)
Cul-N1 2.048(3)

02-Cul-03  98.30(13) 02-Cul-N1 84.33(12)
02-Cul-O3a  81.70(13) 02-Cul-Nla  95.67(12)
03-Cul-N1 93.97(11) 03-Cul-Nla  86.03(11)

2
Zn1-02 2.006(4) Znl1-03 2.107(4)
Znl1-N1 2.362(4)

02-Zn1-03  94.02(14) 02-Zn1-N1 78.76(13)
02-Zn1-O3a  85.98(14) 02-Znl-Nla  101.25(13)
03-Zn1-N1 87.95(15) 03-Znl-Nla  92.05(15)

3
Cd1-01 2.213(2) Cd1-O1W  2.3055(19)
Cd1-N3 2.456(3)

O1-Cd1-O1W  94.92(7) 01-Cd1-N3 74.32(8)

01-Cd1-O1Wa  85.08(7) O1-Cd1-N3a  105.68(8)

O1W-Cd1-N3  87.69(8) OIW-Cd1-N3a  92.31(8)

Symmetry codea: (a) 1 -x,1-y,-zfor1;1-x,2-y,2-zfor2and
1-x,-y,1-zfor3.

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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Table 3. Geometrical parameters for hydrogen bonds for 1

Hydrogen bonds D-H (A) H.-A (&) D--A (A) D-H--A(°)

03-H3D--O1!
C3-H3A--O1"

0.85 1.96
0.97 2.53

2.788(5) 164
3.476(6) 166

Symmetry codes: (i) -x, 1 - y, -z; (ii) 1 + x, ¥, z.

carboxyl bond (1.938 A) is similar to the Cu-O carbonyl
bond length (1.923 A), and Cu-N bond length (2.033 A) 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.”

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---O1! hydrogen bonding (sym-
metry code: (i) -x, 1 - y, -2).

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.-O1"
(symmetry code: (ii) 1 + x, y, 2)

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, IC, = 7.59 + 1.17 uM),*® complex 1 (IC_ = 6.52

Table 4. Inhibition of rat brain MAO-B for HL, complexes 1-3,
and IP

Test material IC_, (uM)
1 6.52 +0.31
2 >100
3 >100
HL 76.1 £2.51
Cu(NO,), 12.31 £ 1.06
Zn(NO,), >100
Cd(NO,), >100
IP* 7.59 +1.17

+ 0.31 uM) had good inhibitory activity on MAO-B, while
complexes 2 and 3 (IC_; > 100uM) showed no inhibitory
activity. Both Cu(NO,), 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),-1S3E complex are the hydropho-
bic contacts and hydrogen bonding interactions. The O1
atom in complex 1 serves as a hydrogen bond acceptor re-

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
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ceived one strong hydrogen bonding interaction from
Tyr393. The hydrogen-bonding distance of Tyr393 N-
H--02 is 2.8 A. 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
(IC,,= 6.5 £ 0.31 uM), whereas complex 2 and 3 exhibits
no MAO-B inhibiting activity (IC, > 100 uM). Now, we
are synthesizing specific compounds that inhibit the
MAO-B based on the complex 1 structure.

5. Supplementary Information

CCDCfiles 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)Z(HZO)Z], kjer je M =
Cu" (1), Zn" (2) in Cd" (3), ter jih okarakterizirali z IR spektroskopijo, elementno analizo in rentgensko kristalografijo. In
vitro smo dolo¢ili inhibitorno aktivnost pripravljenih treh kompleksov proti MAO-B ter izvedli simulacijo molekularne-
ga dockinga za razumevanje nacina vezave. Eksperimentalni podatki in racunalniske simulacije kazejo, da ima kompleks
1 najvejo inhibitorno aktivnost z IC_ vrednostjo 6.5 + 0.31 uM.

Ren et al.: Synthesis, Crystal Structures, Molecular Docking ...
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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.! The isothiocyanate functionality is frequent-
ly encountered in natural products, including sesquiter-
penes.? Additionally, synthetic isothiocyanates have prov-
en to have some biological activity, such as anti-prolifera-
tive* and enzyme inhibitory for the HIV virus.* Numerous
methods for the preparation of isothiocyanates have been
reported, starting from amines,’ dithiocarbamates,® organ-
ic halides,” olefins® and aldoximes.” Among the literature
methods, the most widely used procedure is the synthesis
by the decomposition of dithiocarbamates using heavy
metals,'* thiophosgene, iodine, ethylchlorocarbamate and
claycop." Although many synthetic methods for the
preparation of isothiocyanates have been reported to
date,””™ 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 chemistry® and coordination chemis-
try* 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. It has
also been proved that cyanamide is a natural product pres-
ent in higher plants even though its distribution is limit-
ed.’® 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.”” 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 (whichis 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,**
Tiemann rearrangement of amidoximes,” coupling reac-
tions involving Pd isocyanides, allyl carbonates and
trimethylsilyl azide,* and sodium bis(trimethylsilyl)amide
as deoxygenating or desulfurizing agents. Yet another
method for the preparation of cyanamides involves the re-
action of hypervalent iodine(V) species with N,N'-disub-
stituted glycylamide.*® 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 NaHCO, (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 Na,SO,, 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 1la)
(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 NaHCO, (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 NH, (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 NH, 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 NaHCO, (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 x 5 mL). The organic layer
was washed with water (2 x 5 mL) and dried over anhy-
drous Na_SO,, 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.

TPATB
N~ ~s+NHEt R—N=C=8
& % NaHco,

HO/EtOA;  NaBr+ Br-tNHE, + H,CO, + s}

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.%

Thus, the method provides an ecologically and eco-
nomically viable process for the preparation of isothiocya-
nates. The preparation of isothiocyanates was performed

Kuotsu et al.: A Novel One-pot Synthesis of Isothiocyanates ...

833



834 Acta Chim. Slov. 2017, 64, 832-841

Table 1. Preparation of Isothiocyanates from Dithiocarbamate Salt and TPATB?

Substrate Product® Yield (%)¢
H
N\"/S'.*NHEIE, NCS
©/ S 1 1a 80
H
/@,NTSTNHBS /©/NCS
2a 92
Me N = 2 Me
H
ONTS'.*NHEtg /@NGS
3a 81
MeO s 3 MeO
H
/@/N\"/S'_+NHEI3 /@,Nos
4a 92
Br s : Br
H
/@,NTS',"NHEE @NCS
5a 92
NG S S NC
H
/@NTS'_*NHEla /@/NC’S
S 6 Ga 20
FsC F3C
H
N\H,S'.*NHElg NCS
@f S 7 Ta 7
NO, NO,
H
NTS'.*NHEtg NCS
ﬁ 8 8a 20
Me Me Me' Me
H
oo Iou
9a 85
Me | S 9 Me |
H
oo o
10a 80
MeO E"'rS 10 MeO Br
H
* *NHEt; Me NCS
11 | 11a 92

Me’

o o=

- o NCS
o 4 12a 86
12 o

o’ o
=
w

H
NTS'.*NHEta NCS
s 13 O/ 13a 90
H NCS
"‘\/\/N\"/S_-+NHE13 ST
S 14 14a 85
H S".*NHEt ~ NCS
o el On=3"
5 15 15a 88

* Reactions were monitored by TLC; ® Confirmed by IR,! HNMR and "CNMR; ¢ Isolated yield.
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-

3 S
R, )J‘S"’NHEt Br-Br o,
N S — N "S=Br- ~ R-N=C=s
H H;O/Hexane
5 NaBr + Br*NHEt; + HsCO5 + S 1
HCO,4

Scheme 2. Mechanism of the formation of isothiocyanate from dithiocarbamate salt

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 NH, 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.* 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-

- TPATB
N™ “8~*NHEt

H H,O/EtOAC

Scheme 3. Mechanism for the formation of cyanamide

NaHCO,, Aq, NH,

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 (la). Oily; 'H NMR (400
MHz, CDCl,) § 7.21-7.37 (m, 5H, ArH)."*C NMR (100
MHz, CDC13) $ 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™'. Anal. Calcd for C HNS (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; '"H NMR
(400 MHz, CDCL)) 8 2.33 (s, 3H, CH,), 7.06-7.13 (m, 4H,
ArH). *C NMR (100 MHz, CDCL,) § 21.2, 125.4, 128.2,
130.1, 134.4, 137.4. IR (KBr) 2920, 2094, 1503, 929, 812,
790, 497 cm™. Anal. Calcd for CH NS (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; 'H
NMR (400 MHz, CDCL,) & 3.80 (s, 3H, CH,), 6.85 (d, 2H,
J = 8.8 Hz, ArH), 7.16 (d, 2H, ] = 8.8 Hz, ArH). *C NMR

|
R—N—C=N

NaBr + Br-*NHEt; + H,CO5™ + 54,
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Table 2. Preparation of cyanamides from dithiocarbamates and TPATB?

Substrate Product® Yield (%)¢
H H
NYS'."NHEtS ©/N—C:N
©/ 8 1 1b 72
H H_ =
S 2
= F 2b 70
H
H N—C=N
NYS'.*NHEtS @[
[ j S 3 Cl
ol 3b 70
H cl H C=N
cl NYS'_*NHEtS \@/ =
\©/ S B 4b 75
H oo
O,N NYS'.*NHEtS O.N N—C=N
U s 5 U 5b 71
H H
NYS'.*NHEta N—C=N
. o
” & 6b 77
H
H o=
/©/NYS-I+NHE% /©/N -
s 7
MeO MeQ 7b 70
H_ bacary
\ﬂ/ S"*NHEt, /@/N C=N
/©/ S 8 HO 8b 68
\n/ " "NHEt N—c=n
\r(©/ S 9 Y©/ 9b 65
o
H
T S *NHEt, N—C=N
)@: s 9 /©:| 10b 78
YS *NHEt; o ~_N—c=N
10 11b 60
H
H
O/NT,S-_*NHEQ N—C=N
S
" O/ 12b 62
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Substrate Product® Yield (%)¢
@\/H S *NHEt @L/H —
\[r : 3 N—C=N
S 12 13b o4
o)
H
< NS *NHEt;{ H
o \ﬂ/ N—C=N
S 13 14b 67
0
H
i H
D\H/N S *NHEt, .
O 2
\ s 14 2 15b 66

@ Reactions were monitored by TLC; ® Confirmed by IR,! HNMR and *CNMR; © isolated yieldw

(100 MHz, CDCI3) 6 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™. Anal. Calcd for CH NOS (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.'* 58 °C), '"H NMR (400 MHz, CDC13) 67.09
(d, 2H, J = 8.8 Hz, ArH), 7.47 (d, 2H, ] = 8.8 Hz, ArH). *C
NMR (100 MHz, CDCls) S 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™. 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.*'121 °C), '"H NMR (CDCl,, 400 MHz) &
7.31(d, J = 8.8 Hz, 2H), 7.66 (d, ] = 8.8 Hz, 2H); *C NMR
(CDCl,, 100 MHz) & 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™'. Anal. Calcd for CH,N.S (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.”* bp 205-207 °C); 'H NMR (CDCl,,
400 MHz) 6 7.32 (d, ] = 8.4 Hz, 2H, ArH), 7.61 (d, ] = 8.4
Hz, 2H, ArH); ®*C NMR (CDC13, 100 MHz) 6 122.4, 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™'. Anal. Calcd for CH,F,NS (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; 'H NMR
(400 MHz, CDCL) & 7.54 (s, 2H, ArH), 8.06 (s, 1H, ArH),

8.11-8.14 (m, 1H, ArH). “*C NMR (100 MHz, CDCL,) §
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™'. Anal. Calcd for CH N,O_S (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; 'H
NMR (400 MHz, CDCl,) 6 2.30 (s, 3H, CH,), 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). "C NMR (100 MHz, CDCl,) §
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™. Anal. Calcd for CHNS (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. 6265 °C; 'H NMR (400 MHz, CDC,) § 2.30 (s,
3H, CHs), 7.13 (m, 2H, ArH), 7.62 (s, 1H, ArH). *C NMR
(100 MHz, CDCL,) § 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™.

2-Bromo-1-isothiocyanato-4-methoxy-benzene (10a).
White solid; m.p. 77 °C; '"H NMR (400 MHz, CDCl,) 6
3.80 (s, 3H, CH,), 6.82 (m, 1H, ArH), 7.11 (m, 1H, ArH),
7.18 (d, 1H, J = 8.0 Hz, ArH); “*C NMR (100 MHz, CDCIL,)
§ 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™. Anal. Calcd for CH _BrNOS (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; 'H NMR (400 MHz, CDCl,) § 2.18
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(s, 3H, CH,), 2.22 (s, 3H, CH,), 6.99 (s, 1H, ArH), 7.30 (s,
1H, ArH); ®*C NMR (100 MHz, CDC13) 619.4,19.5,117.2,
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™. Anal. Calcd for C;H,INS: 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 CH,INS:288.94. Found: 288.97 (M*).

5-(Isothiocyanatomethyl)benzo[d][1,3]dioxole (12a).
Reddish oil. '"H NMR (400 MHz, CDCL,) 6 4.59 (s, 2H,
CH,),5.98 (s, 2H, CH.), 6.74-6.80 (m, 3H, ArH). *C NMR
(100 MHz, CDC13) 6 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™.

Isothiocyanato-cyclohexane (13a). '"H NMR (400 MHz,
CDCls) 6 1.28-1.96 (m, 10H, CHZ), 3.67 (m, 1H, CH). *C
NMR (100 MHz, CDC13) §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™. Anal. Calcd for C H, NS (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. '"H NMR
(400 MHz, CDCL,) § 0.92 (t, ] = 7.4 Hz, 3H, CH,), 1.37-
1.47 (m, 2H, CHZ), 1.61-1.69 (m, 2H, CHZ), 342 (t,]=6.6
Hz, 2H, CH,). "C NMR (100 MHz, CDCL) § 13.2, 19.7,
31.9, 44.7, 129.4. IR (KBr) 2925, 2088. 1597, 1401, 1218,
1116, 753 cm™.

1-Isothiocyanato-octadecane (15a). Gummy, 'H NMR
(CDCl,, 400 MHz) 6 0.879 (t, ] = 6.8 Hz, 3H, CH,), 1.25
(m, 28H, CH,), 1.71-1.72 (m, 4H, CH,), 3.50 (t, ] = 6.4 Hz,
2H, CH,); “*C NMR (CDCL, 100 MHz) § 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™ Anal. Calcd for
C,H,NS: 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
C,,H, NS:311.26. Found: 311.19 (M").

Phenyl cyanamide (1b). Gummy; 'H NMR (CDCI,, 400
MHz) § 7.02-7.07 (m, 3H, ArH), 7.28-7.33 (m, 2H, ArH),
7.64 (brs, 1H, NH). C NMR (100 MHz, CDCl,) § 112.2,
115.5,123.6,129.8,137.4. IR (KBr) 3175, 2919, 2227, 1600,
1501, 1249, 748, 689 cm™'. Anal. Calcd for CH,N, (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;
'H NMR (CDCI,, 400 MHz) 8 6.87 (brs, 1H, NH), 6.90-
7.45 (m, 4H, ArH). “C NMR (100 MHz, CDCL) § 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™. Anal. Calcd for
C H,FN, (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; '"H NMR (CDCl,, 400 MHz) § 6.56 (brs,1H, NH),
7.05 (m, 1H, ArH), 7.31 (m, 2H, ArH), 7.35 (m, 1H, ArH).
BC NMR (100 MHz, CDCls) 6 110.0, 116.2, 120.4, 124.5,
128.6,129.9, 134.3. IR (KBr) 3163, 2921, 2243, 1598, 1500,
1426, 1295, 1049 cm™. Anal. Calcd for C H,CIN, (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; '"H NMR (CDCI,, 400 MHz) & 6.92 (m, 1H, ArH),
7.03 (m, 2H, ArH), 7.26 (t, ] = 8.0 Hz, 1H, ArH). *C NMR
(100 MHz, CDClg) 6 111.1, 113.8, 115.9, 124.0, 130.9,
135.7,138.7. IR (KBr) 3154, 2910, 2237, 1602, 1513, 1423,
1256 cm™'. Anal. Calcd for C7H5C1N2 (152.58): C, 55.10;
H, 3.30; N, 18.36. Found: C, 55.10; H, 3.29; N, 18.29. MS
(ESID): 152 (M").

3-Nitrophenyl cyanamide (5b). Yellow solid; m.p. 133-
135 °C; '"H NMR (CDCI, + DMSO, 400 MHz) 6 7.38 (d, ]
= 8.4 Hz, 1H, ArH), 7.52 (t, ] = 8.4 Hz, 1H, ArH), 7.85 (m,
2H, ArH). "C NMR (100 MHz, CDCI, + DMSO) § 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™.
Anal. Calcd for CHNN,O, (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;
'H NMR (CDCIl,, 400 MHz) § 6.91 (d, ] = 8.0 Hz, 2H,
ArH), 7.28 (d, ] = 8.0 Hz, 2H, ArH). "C NMR (100 MHz,
CDCl,) 8 111.4, 116.9, 128.9, 129.9, 136.2. IR (KBr) 3166,
2954, 2234, 1600, 1494, 1251, 1091 cm™. Anal. Calcd for
C H.CIN, (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; 'H NMR (CDCl,, 400 MHz) & 3.78 (s, 3H, CH,),
6.87 (d, J = 8.8 Hz, 2H, ArH), 6.95 (d, ] = 8.8 Hz, 2H, ArH).
“C NMR (100 MHz, CDCL,) 6 55.8, 112.8, 115.2, 117.0,
130.6, 156.1. IR (KBr) 3180, 2926, 2218, 1456, 1295, 1238,
1105, 1037, 826 cm™". Anal. Calcd for C HN,O (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; '"H NMR (CDCI, + DMSO, 400 MHz) § 5.67 (brs,
1H, NH), 6.77 (d, ] = 8.8 Hz, 2H, ArH), 6.83 (d, ] = 8.8 Hz,
2H, ArH), 8.98 (brs, 1H, OH). *C NMR (100 MHz, CDCI,
+ DMSO) § 112.8, 115.6, 115.8, 129.5, 152.2. IR (KBr)
3213, 2992, 2230, 1613, 1519, 1444, 1258, 1224 cm™. Anal.
Calcd for CH N. O (134.14): C, 62.68; H, 4.51; N, 20.88.
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Found: C, 62.72; H, 4.55; N, 20.83.

4-Acetylphenyl cyanamide (9b). White solid; m.p. 153—
157 °C; 'H NMR (CDCI, + DMSO, 400 MHz) & 2.56 (s,
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3H, CH3), 7.08 (d, J=8.8 Hz, 2H, ArH), 7.91 (d, ] = 8.8 Hz,
2H, ArH). ¥C NMR (100 MHz, CDCl3 + DMSO) § 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™'. Anal. Calcd for C;HN,O (160.18): C, 67.49; H, 5.03;

N, 17.48. Found: C, 67.53; H, 5.08; N, 17.44. MS (ESI): 160
(MH).

2-Iodo-4-methylphenyl cyanamide (10b). White solid;
m.p. 144 °C; '"H NMR (CDCIS, 400 MHz) § 2.29 (s, 3H,
CH,), 6.17 (brs, 1H, NH), 7.17 (dd, ] = 8.2 Hz, 2H, ArH),
7.56 (s, 1H, ArH). "C NMR (100 MHz, CDCl,) 6§ 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™'. Anal. Calcd for C,H.N, (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; '"H NMR (CDCL,, 400
MHz) 6 0.94 (t, ] = 7.6 Hz, 3H, CH3), 1.40 (m, 2H, CHZ),
1.58 (m, 2H, CH,), 3.06 (m, 2H, CH)), 4.61 (brs, 1H). 1*C
NMR (100 MHz, CDCIS) 6 13.6,19.5,31.7,45.7,117.2. IR
(KBr) 3207, 2961, 2875, 2221, 1614, 1463, 1373, 1171 cm™.
Anal. Caled for C.H| N, (98.15): C, 61.19; H, 10.27; N,

100 "2

28.54. Found: C, 61.22; H, 10.23; N, 28.48.

Cyclohexyl cyanamide (12b). Gummy; '"H NMR (CDCIL,,
400 MHz) § 131 (m, 5H, CH), 1.61 (m, 1H, CH), 1.78
(m, 2H, CH,), 1.95 (m, 2H, CH,), 3.09 (m, 1H, CH,), 3.91
(brs, 1H, NH). *C NMR (100 MHz, CDCL,) § 24.3, 25.1,
32.6, 54.3, 115.9. IR (KBr) 3196, 2933, 2857, 2217, 1453,
1367, 1167 cm™. Anal. Calcd for CH N, (124.19): C,

127 72

67.70; H,9.74; N, 22.56. Found: C, 67.67; H, 9.70; N, 22.50.

Benzyl cyanamide (13b). Gummy; 'H NMR (CDCI,, 400
MHz) § 4.11 (d, ] = 5.2 Hz, 2H, CH, CH,), 4.66 (brs, 1H,
NH), 7.27-7.37 (m, 5H, ArH). "C NMR (100 MHz,
CDCla) 5499, 116.7, 127.9, 128.4, 128.9, 136.4. IR (KBr)
3207, 2925, 2220, 1455, 1359, 1155, 1014 cm™. Anal. Calcd
for CH N (132.17): C, 72.70; H, 6.10; N, 21.19. Found: C,
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72.66; H, 6.13; N, 21.11.

Benzo[1,3]dioxol-5-ylmethyl cyanamide (14b). White
solid; m.p. 82-84 °C; '"H NMR (CDC13, 400 MHz) 6 4.05
(d, J = 5.2 Hz, 2H, CHZ), 4.57 (brs, 1H, NH), 5.94 (s, 2H,
OCH,), 6.77 (m, 3H). “C NMR (100 MHz, CDCL)) § 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™. Anal. Calcd for CHN, O, (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;
'H NMR (CDCl,, 400 MHz) § 2.84 (t, 2H, CH,), 3.28 (q, ]
= 7.2 Hz, 2H, CH,), 3.83 (s, 3H, CH,), 3.84 (s, 3H, CH,),
4.37 (brs, 1H, NH), 6.76 (m, 3H, ArH). *C NMR (100
MHz, CDCl,) § 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™". Anal.
Calcd for C, H, N,0,(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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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 N'-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 (-SO,N-) 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,' and anti-tu-
mor,? anti-thyroid,* anti-carbonic anhydrase,* anti-inflam-
matory,” hypoglycemic,® diuretic,’” COX-inhibitors, and
anti-impotence drugs,® 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.” 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."® 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.'**

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.'* According to Bell and Robin,"” 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 N' atom of the sulfonamido group
(Scheme 1). Substitution with a heterocyclic structure has
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Scheme 1. Sketch map of PABA structure and SA structure with N atom numbering.

produced compounds more active than the parent mole-
cule SA (R = H). More widespread experimental studies
carried out by Bell,”” Kumler,”® Seydel,"” 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.*** Sulfonamides are weak acids com-
pared to carboxylic acid amides. Their acidic nature results
from the ability of the SO, 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 pK_ 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.** 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."® 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."

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 N'-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-

—~_)

SDZ STZ

Scheme 2. Sketch map of R group structure for all studied SAs.

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.” 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 others** 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 level®**" 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 (u), global
hardness (#), electrophilicity index (w), and maximal flow
of electrons (AN, ) were determined using the Koopman's
theorem eigenvalues.’*® 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.*

CH,
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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 CeO, 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 D . defin-
ing the torsion between the amino group (NH,) and phe-
nyl ring (ph), a value of 178° is an evidence of complete
planarity, and our calculated results indicated that all SAs
presented values for D, close to 180°. 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.”® The dihedral angle between the
SO, group and the phenyl ring, D | ., was also close to
180° in all SAs (Table 1, column 3). However, for the SAA,
SDZ, and SQX species, the C-S-N' bond angle (A ) dis-
played a value of nearby 105°, although it was found to be
100° 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

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 D N4-ph D ph.-S Acsm 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

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 N*-ph is 1.38 A, which is in the
order of the C-C bond length in the resonance structure of
phenyl ring (on average, 1.39 A). 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 N*-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 N*-ph bond length varied in the
following order: anionic (1.40 A) > neutral (1.38 A) > cat-
ionic (1.34 A). It is interesting that the ph-S and S-N' 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 established® that the sulfonamide activity is accom-
panied by a small distance between the N! atom and R
group corresponding to the large bond order for d, .. Ac-
cording to Table 2 (column 5), the SDZ molecule with a
shorter N'-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 2. Some selected bond lengths (A) for SA species in neutral
state at the B3LYP/6-311++G(dip) level of theory.

Species Ay on d,s dg Ay
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 N*
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 N' 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 SO, group
shows a large variation. In both the experimental and the-
oretical works carried out by Bell et al.'” and Soriano-Cor-
rea et al.,” 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 SO, 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 SO, 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 N* atom with respect to the N* atom. Consequently,
the N* 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 N 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 N*' atom, which provides that the deproton-
ation processes were take place most probability at the N!
atom position with respect to the N* atom.

Table 3. Some atomic and group charge distributions of SAs in neu-
tral and both radical cation (+) and radical anion (7) states.

Species N* N! ph SO,
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

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 m-electrons
onto the molecular backbone led to satisfactory conjuga-

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.*
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
n-electrons with the molecular system.

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

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 y, the molecular hardness 7,
the electrophilicity index w, and the maximal flow of elec-
trons that a system may accept AN, are defined as:*>*

oF - ;
#=(a}\-=‘-5(ﬁ; FEy) (1)
1,0k Lo ca
*’f:E((.’:N)).- ‘“‘E(‘E.r_ —Ly) (2)
P 3)
2n
ANy, = £ (4)
u

where E,, and E, 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 4, w, and AN, __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.

Table 5. Calculated values for electronic descriptors g, %, w, and
AN, for studied SAs.

Species y (eV) n (eV) w (eV) AN,
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 (NH,). 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:

| S
HilN- S_N\\\-H
l:|: + H20 —
o (5)
IIO\ ||_N/R
'H/N ﬁ \H
o + 2e +2ZH'

As it can be seen in Figure 1, the anodic peak current
and potential at which the oxidation reaction occurs (I |
and E_, 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

)
E
o
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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

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 E_, 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 E . According to this
figure, one can observe a good correlation between the IP
and Epa values (the correlation coefficient ¥ > 0.90). The
observed correlation indicates that a highly delocalized
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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 E_ value may accept a less
barrier energy than a relatively more localized system
(with higher E_ ). 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
= COCH,) has a large positive shift for E_.

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 (H_ ) 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, AH' . (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 AH’ £205(8) < 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.

300
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= 100+
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-100 .

SA SAA sDZ S0 STZ
SA derivatives

Figure 3. Gas-phase standard molar enthalpy of formation values for
SA derivatives at 298 K at the B3LYP/6-311++G(d,p) level of theory.

4. Conclusion

In the current work, the B3LYP/6-311++G(d,p) level
of theory was employed to investigate the influence of the
N'-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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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 uL MeSA, 2.0 mmol L 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 pug L. The recovery of the spiked target fungicides at 20, 50, and 100 pg L™ 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."'
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.
In addition, honey has potential therapeutic properties in
infections, wound healing, and cancer.! 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."” 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.* Pesticide residues
(e.g., organohalogens, organophosphates, organonitrogen,
pyrethroids, and carbamates) in honey samples have been
reported in the range of 0.05-4310 pg kg and were found
in many countries.” 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 ug kg™
for most pesticides.’

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.*¢ 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.*” 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 pg kg™ was detected in
the honey sample.® There are several toxic effects from
this fungicide exposure including teratogenicity, congen-
ital malformations, polyploidy, diarrhea, anemia, pulmo-
nary edemas, or necrotic lymphoadenopathy.>® 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),' and high performance liquid chro-
matography (HPLC)'"** 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.”* 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.'® 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.'s?' 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.'*' As men-
tioned above,'*?! 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™), (2) clear liquid solution at
room temperature, (3) low water solubility (700 mg L),
and (4) low cost.> As our previous work demonstrated,
MeSA was used in quite a large volume (250 pL) and ex-
traction was carried out in the presence of salt in the ex-
traction solution.”? 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 by dissolving an appropriate amount
in a small volume (~500 pL) 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),
CTAB (100 mmol L), 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.
Na,SO,) (Carlo Erba, Val de Reuil, France), sodium car-
bonate (Na,CO,) (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 MQ
cm from RiO,™ 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 x 150 mm, 5.0 um) connected to a
guard C8 column (4.0x10 mm, 5.0 um) (GL Science, To-
kyo, Japan) was used as the separation column for target
fungicides. Centrifuge NF200 model (Niive 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-
gram'>* 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 ug L™ prior to the preconcentration.

2.5. MeSA-VASEME Procedure

Methyl salicylate (100 uL) and SDS (2 mmol L™)
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 pL) before subjecting it (20 puL) 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:

p= Ceu M
Co
/
ER (%)=t x ¥ 100 = PFx%xIOO @)

(1] (1] a

where C,, is defined as target compound concentration in
the collected phase, while C, is the initial analyte concen-
tration. The calculation of C,, was conducted from the
standard calibration curves obtained from the direct anal-
ysis (without preconcentration). V,, and V 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 SI 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
varjous microextraction methods to accelerate the emulsi-
fication of water-immiscible solvent in the aqueous sample
solution.”* 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.”® In this study, sur-
factants included SDS (at 2.00 mmol L!), CTAB (at 0.50
mmol L), Tergitol TMN-10 (at 2.71 mmol L), and Tri-
ton X-100 (0.12 mmol L), 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, 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 (pK,~5-6) were in the positive charge® 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." Thus, SDS was then se-
lected for further investigation.

a) 100
[_1CBZ
o] TEZ
80~ FuBZ
60
£33 M B
i N
w40 -
20 o
N % % R
T d T 1 T il T i T
Without surfactant SDS CTAB Tergitol TMN-10  TX-100
b) 100
—m— CZB
—e—TBZ
80 |—&— Ful

60 + /4\\

N\

204

ER (%)

n
U 1 L} L T T
0 1 2 3 4

SDS (mmoliL)

Figure 1: Effects of (a) surfactant and (b) SDS on the extraction recov-
ery of the target analytes

The influence of SDS concentration on the extrac-
tion recovery of target fungicides was evaluated in the
range of 0-4 mmol L™ (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.
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™ 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 logK,,, (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™),
(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

a) 100

—=—CZB |
—e—TBZ
80 —A— FuBZ

60 -

ER (%)

20 +

T T T T T T T T v T
0 100 200 300 400 500
Methyl salicylate (uL)

b) 100

804 —

60

20

T L
Na,S0, Na,Co,

Figure 2: Effects of (a) volume of methyl salicylate and (b) salt addi-
tion on the extraction recovery of the target analytes (250 pg L' each).
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range of 50-500 pL (Figure 2a). The highest extraction re-
covery was observed at the MeSA volume of 100 puL 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 uL 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.”” 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, CH,COONa, NaCl,
Na,SO,, and Na,CO, were studied at the equal molar con-
centration (~1.71 mmol L") 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 (pK,, ~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.'>'”*” 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,* 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 (R?), 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 pg L™! with R? greater than 0.995.
LODs were obtained between 0.01 and 0.05 pg L, while
LOQs were in the range of 0.1-0.2 ug L'. On the other
hand, the LODs obtained from the method without pre-
concentration were found to be 3 ug L' for the studied
analytes. The intra-day (n = 6) and inter-day (n = 6 x 3
days) precisions were also investigated by replicate injec-
tions of the certain concentration of 100 ug L™ 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 ug L™! with R?
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 ug L,
respectively. Precisions in terms of intra-day (n = 6) and
inter-day (n = 3 x 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 Cg.. is the detected concentration of analytes after
the addition of known amount of standard to real sample,
C... is the concentration of the target analytes found in real
sample, and C,y, 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 x 3 days) of the
proposed method were also studied in the spiked honey
sample (Brand#1 as a representative sample) at 100 ug L
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 precision® Inter-day precision®
4 (ugL™) (ugL™M) (ngL™) (n=6), %RSD (n =3 x 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

* Precisions were evaluated at the concentration of 100 ug/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

yt Linear equation R? Linear equation R? Linear equation R? Linear equation R?
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
ug L) 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:
Cdet ect Creul %100 ( 3)
add

RR(%)=

with RSD less than of 20%, at the concentrations spiked in
the range of 10-100 pg L.?® 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 SPME* and
MISPE® 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.” The
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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 L) Detected RR RSD  Detected RR RSD Detected RSD RR Detected RR RSD
(k8 (gL () (%) (gL (%) (%) (L) (%) ()  (igL) (%) (%)

CBZ 0 ND - - ND - - ND - - ND - -
20 2297 1148 3.7 17.47 873 4.8 21.15 105.8 5.7 17.99 90.0 1.8
50 52.81 1056 14 5755 1151 7.1 47.60 952 3.2 52.88 1058 9.2
100 111.62 111.6 10.8 115.05 1150 3.3 85.56 856 4.4 109.89 1099 9.1

TBZ 0 ND - - ND - - ND - - ND - -
20 16.77 838 39 17.77 889 4.1 19.10 955 8.1 16.55 827 24
50 46.82 936 6.9 5341 106.8 6.9 50.99 102.0 59 44.05 88.1 94
100 89.27 893 6.7 11522 1152 1.6 90.30 90.3 59 111.12  111.1 6.9

FuBZ 0 ND - - ND - - ND - - ND - -
20 19.90 99.5 8.0 16.34 81.7 43 20.97 1049 6.0 16.58 829 24
50 50.70 1014 0.6 5518 1104 6.8 47.27 945 59 40.76 81.5 10.0
100 103.05 103.0 5.7 116.81 1168 2.1 90.19 90.2 87 107.20 1072 8.5

ND: Not detected RR: Relative recovery
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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 pug L™, respectively), eval-
uated at 280 nm and 311 nm.

conventional DLLME uses toxic chlorinated solvent (e.g.
chloroform) and needs disperser solvent for emulsifica-
tion.*® It was difficult to withdraw the upper extract rich
phase and remove the aqueous lower phase in SALLME."!
It is clearly seen that the proposed MeSA-VASEME pro-
vides comparable results such as LODs and recovery. The

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.?

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 ug L™ in honey samples were also obtained. Less
consumption of solvents used for the preconcentration
step (< 500 pL), 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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Table 4: Comparison of the HPLC technique with different preconcentration methods for the determination of benzimidazole fungicides in various

sample matrices

Extraction/ . i Sample LOD Recovery
Analyte clean-up Extraction condition matrix (g L") (%) Ref.
BN, CBZ, SPME « Carboxen-polydimethylsiloxane 75 pm fiber Water  0.03-1.30 80.9-119.6 4
TBZ, FuBZ « Heated at 60 °C for 40 min and stirred at 600 rpm
« Desorbed by MeOH for 10 min
BN, CBZ, Micellar  Genapol X-080 or POLE (4%, v/v), 4% (w/v) Water 0.008-6.4 74-92 29
TBZ, FuBZ extraction NaCl, 20-min at 90 °C (Genapol  (Genapol
X-080), X-080),
0.004-5.9 72-91
(POLE)  (POLE)
CBZ, TBZ DLLME o Chloroform (extraction solvent) + tetrahydrofuran ~Water 0.5-1.0 84.0-94.0 30
(disperser solvent) + 10% (w/v) NaCl
BN, CBZ, TBZ, MISPE  Molecularly imprinted polymer-divinylbenzene Water  0.002- 90-106 6
FuBZ, FluBZ, « Eluted by MeOH/acetic acid (50/50, v/v) 0.012
FBZ, ABZ « Evaporated and re-dissolved in ACN
CBZ, FuBZ, SALLE o ACN (2 mL) + NaH,PO, (0.1 M) + NaCl (5.0 M) Water 0.14-0.38 60.4-99.1 11
TPM, TP « Dried extract phase and re-dissolved with
ACN (70%, v/v)
CBZ, TBZ, VA-DLLME « 250 uL methyl benzoate + 300 uL EtOH Water  0.01-0.05 77.4-110.9 12
FuBZ + NaOAc (1.0%, w/v)
CBZ, TBZ, MeSA-DLLME 250 pL methyl salicylate + NaOAc (1.0%, w/v) Water  0.03-0.05 74.1-118.4 22
FuBZ
CBZ, TBZ, MeSA-VASEME « 100 pL methyl salicylate + 0.2 mM SDS Honey 0.5 81.5-116.8 Proposed
FuBZ method

6. References

1. N. Al-Waili, K. Salom, A. Al-Ghamdi, and M. J. Ansari, Sci.
World J., 2012, 2012, 1-9. DOI:10.1100/2012/930849

2.D. R. Lopez, D. A. Ahumada, A. C. Diaz, and J. A. Guerrero,
Food Control, 2014, 37, 33-40.
DOI:10.1016/j.foodcont.2013.09.011

3.P. A. S. Tette, L. R. Guidi, and M. B. de A. Gloria, Talanta,
2016, 149, 124-141. DOI:10.1016./j.talanta.2015.11.045

4. A. L. Monzén, D. V. Moreno, M. E. T. Padrén, Z. S. Ferrera,
and . ]. S. Rodriguez, Anal. Bioanal. Chem., 2007, 387, 1957-
1963. DOI:10.1007/s00216-006-1083-0

5. O. Zamora, E. E. Paniagua, C. Cacho, L. E. Vera-Avila, and C.
Perez-Conde, Anal. Bioanal. Chem., 2009, 393, 1745-1753.
DOI:10.1007/s00216-009-2631-1

6. C. Cacho, E. Turiel, and C. Pérez-Conde, Talanta, 2009, 78,
1029-1035.
DOI:10.1016/j.talanta.2009.01.007

7.D. P. Zamora, M. M. Galera, A. G. Frenich, J. L. M. Vidal,
Analyst, 2000, 125,1167-1174. DOI:10.1039/A909886K

8. K. M. Kasiotis, C. Anagnostopoulos, P. Anastasiadou, and K.
Machera, Sci. Total Environ., 2014, 485-486, 633-642.
DOI:10.1016/j.scitotenv.2014.03.042

9. M. Danaher, H. D. Ruyck, S. R. H. Crooks, G. Dowling, and
M. O’Keeffe, J. Chromatogr. B, 2007, 845, 1-37.
DOI:10.1016/j.jchromb.2006.07.046

10.

11.

12.

13.

14.

15.

16

17.

18.

19.

R. Rodriguez, Y. Pico, G. Font, and J. Maiies, J. Chromatogr. A,
2001, 924, 387-396. DOI:10.1016/S0021-9673(01)00716-6
Y. Wen, J. Li, E. Yang, W. Zhang, W. Li, C. Liao, and L. Chen,
Talanta, 2013, 106, 119-126.
DOI:10.1016/j.talanta.2012.12.011

Y. Santaladchaiyakit, and S. Srijaranai, J. Sep. Sci., 2014, 37,
3354-3361. DOI:10.1002/jssc.201400699

X. Deng, X. Chen, K. Lin, G. Ding, and P. Yao, Food Anal.
Methods, 2013, 6, 1576-1582.
DOI:10.1007/s12161-013-9572-1

M. Asensio-Ramos, J. Hernéndez-Borges, T. M. Borges-Mi-
quel, and M. A. Rodriguez-Delgado, J. Chromatogr. A, 2011,
1218, 4808-4816. DOI:10.1016/j.chroma.2010.11.030

V. Andruch, M. Burdel, L. Kocurova, J. Sandrejova, and I. S.
Balogh, Trends Anal. Chem., 2013, 49, 1-19.
DOI:10.1016/j.trac.2013.02.006

. G.Leng, W. Chen, E. Huang, and Q. Cao, /. Sep. Sci., 2014, 37,

684-690. DOI:10.1002/jssc.201301033

Y. Zhang, and H. K. Lee, J. Chromatogr. A, 2013, 1274, 28-35.
DOI:10.1016/j.chroma.2012.12.017

J. Vichapong, Y. Santaladchaiyakit, R. Burakham, W. Kan-
chanamayoon, and S. Srijaranai, J. Food Compos. Anal., 2015,
37,30-37. DOI:10.1016/j.jfca.2014.08.006

D. Moreno-Gonzalez, J. F. Huertas-Perez, A. M. Garcia-Cam-
pana, and L. Gami-Gracia, Talanta, 2015, 139, 174-180.
DOI:10.1016/j.talanta.2015.02.057

Santaladchaiyakit et al.: Methyl Salicylate-Based Vortex-Assisted ...



Acta Chim. Slov. 2017, 64, 849-857

20. M. Asadi, A. M. H. Shabani, S. Dadfarnia, and B. Abbasi, J.
Chromatogr. A, 2015, 1425, 17-24.
DOI:10.1016/j.chroma.2015.11.005

21. X. Chem, X. You, E Liu, and X. Zhang, Anal. Methods, 2015,
7,9513-9519. DOI:10.1039/c5ay02565f

22.'Y. Santaladchaiyakit, N. Phiroonsoontorn, C. Sillapatiwat, K.
Kotchalee, and S. Srijaranai, J. Braz. Chem. Soc., 2015, 26,
2014-2021. DOI:10.5935/0103-5053.20150181

23. K. Seebunrueng, Y. Santaladchaiyakit, and S. Srijaranai, Anal.
Methods, 2013, 5, 6009-6016. DOI:10.1039/C3AY40096D

24. C. Wu, N. Liu, Q. Wu, C. Wang, and Z. Wang, Anal. Chim.
Acta, 2010, 679, 56-62. DOI:10.1016/j.aca.2010.09.009

25.Z.-H. Yang, P. Wang, W.-T. Zhao, Z.-Q. Zhou, and D.-H. Liu,
J. Chromatogr. A, 2013, 1300, 58-63.
DOI:10.1016/j.chroma.2013.02.054

Povzetek

26. Y. Santaladchaiyakit, and S. Srijaranai, Food Anal. Methods,
2014, 7, 1238-1246. DOI:10.1007/s12161-013-9738-x

27.D. Moreno-Gonziélez, J. F. Huertas-Pérez, A. M. Garcia-Cam-
pana, and L. Gamiz-Gracia, Talanta, 2015, 139, 174-180.
DOI:10.1016/j.talanta.2015.02.057

28. A. Ambrus, in: J. L. Tadeo (Ed.), Analysis of pesticides in food
and environmental samples, 2008, CRC Press, Taylor & Fran-
cis Group, New York, 125-152.

29. R. Halko, P. Sanz, S. Ferrera, and J. J. S. Rodriguez, Chroma-
tographia , 2004, 60, 151-156.
DOI:10.1365/s10337-004-0364-z

30. Q. Wu, Y. Li, C. Wang, Z. Liu, X. Zang, X. Zhou, and Z. Wang,
Anal. Chim. Acta, 2009, 638, 139-145.
DOI:10.1016/j.aca.2009.02.017

Za hitro predkoncentracijo fungicidov (karbendazim, tiabendazol, fluberidazol) iz vzorcev medu smo uporabili emulzi-
fikacijsko ekstrakcijo s pomocjo surfaktanta in z uporabo vorteksa s topilom metil salicilatom (MeSA-VASEME), ki ji je
sledila analiza z visokozmogljivo tekoc¢insko kromatografijo. Metil salicilat (MeSA) smo uporabili kot ekstrakcijsko topi-
lo, medtem ko je surfaktant izboljsal ekstrakcijo ob disperziji z vorteks mesanjem. Optimalni MeSA-VASEME pogoji so
bili: 100 pL MeSA, 2,0 mmol L™ natrijevega dodecil sulfata in mesanje z vorteksom pri 1200 rpm za 90 s. Dobili smo
predkoncentracijske faktorje v obmodju 32-40. Meja zaznave v preiskovanih vzorcih medu je bila 0,5 pg L. Izkoristek
dodanih tar¢nih fungicidov pri 20, 50 in 100 pg L je bil 81,5-116,8 % z relativnim standardnim odklonom pod 11 %.
Predlagana metoda je preprosta, ob¢utljiva, 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.'?

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)’7 or from the reaction of alkylene carbonates
(AC) with the mentioned azacylic compounds.? General
reaction pathway is shown in Scheme 2.

0 i
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Scheme 1. Azacyclic compounds used to obtain oligoetherols
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Scheme 2. Reaction NH groups with oxiranes or alkylene car-
bonates

where R = -H, CH,

The non-catalytic reactions of IA, UA, BA and MEL
with glycidol (GL),® and later with AC’ 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

i
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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.

\ —CH
N—H 4 x MG CHCHOH
/ 0

\ :
N —{—CHicl_H ofH
CH,OH

oo O

N\
- N CHLHO +1cn,cHolgH
CH,O[CH,CHO|pH
Scheme 3. Obtaining of oligoetherols in two steps: reaction NH

groups in azacycles compounds with glycidol and then with alky-
lene carbonates

where R=-H, CH,, 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.” 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.!® 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-

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;*™ 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.!’ The progress of reaction between
semi-product and AC was monitored using barium hy-
droxide method described in the literature.'”” 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 oftf with 0.1 M HCI solution. Hydroxyl number of
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the obtained oligoetherols was determined with the use of
acetic anhydride.” 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, Hoppler viscome-
ter (typ BHZ, prod. Priifgeratewerk, Germany) and by the
detaching ring method, respectively.'*'>

2. 4. Foam Preparation

Into a 500 mL cup 10 g oligoeterol, then 2% water,
2.3% silicon L-6900 (pure, Houdry Hiills, 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,'® water uptake,”” dimensional
stability in temperature 150 °C'® heat conductance coefhi-
cient, heat capacity, and compressive strength'® 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

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)®~*

GL-reaction

Oligoetherol Reagents accompanied Reaction
molar ratio  exothermic effect  time [h]
temp. [°C]
IA:GL:EC? 1:6:6 150 1,5
IA:GL:PC’ 1:6:6 150 1,5
UA: GL:EC? 1:6:7 180 0.5
UA: GL:PC? 1:6: 7 180 0.5
BA:GL:EC’ 1:4:8 130 3.0
BA:GL:PC’ 1:4:7 130 3.0
MEL:GL:EC® 1:8:16 230 0.5
MEL:GL:PC® 1:8:12 220 0.5

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-
lar'®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.® Analysis of the products obtained from IA, UA, or
BA with GL and AC indicated that amount of AC in the

—OH + H2(|3—CH-R —= —O-CHGHOH + CO,

Scheme 4. Reaction of alkylene carbonate with hydroxyl group

R
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reaction mixture did not change upon reaction of azacycle in the latter system, MEL is hydroxylated also with AC.
with GL, while in the case of MEL, the AC was also con- Generally AC releases CO, during the condensation with
sumed at the level of up to 5% of the initial amount. Then, hydroxyl groups, according to the Scheme 4.

Table 2. Elemental analysis and hydroxyl number of oligoetherols obtained in MOPR and two-steps reactions®~

Method Elemental analysis [% mas] Hydroxyl
Reagents of synthesis number
Oligoetherol molar yn calculated found
ratio of oligo- [mgKOH/g]
etherol C H N C H N found calc.
MOPR 47.21 7.72 4.95
[A:GL:EC 1:6:6 two-step” 47.31 7.53 5.02 4751 794 5.04 592 603
MOPR 50.88 8.25 4.48
IA:GL:PC 1:6:6 two-step” 50.81 8.14 4.56 50.69 8.44 484 534 548
MOPR 48.13 7.12 6.25 571
UA: GL:EC 1:6:7 two-step® 48.26 7.39 6.09 48.51 703 621 595 610
UA: GL:PC 1:6: 7 MOPR 51.87 8.06 5.50 52.52 8.25 5.38 504 551
B 1:6: 8 two-step® 52.42 8.18 5.20 51.95 8.40 5.83 525 521
BA:GL:EC 1:4:8 MOPR 5 49.48 7.73 3.60 49.79 8.03 3.58 >60 578
two-step 558
BA:GL:PC 1:4:7 MOPR 5 53.49 8.43 3.37 53.41 8.46 3.51 535 540
two-step 527
MOPR 50.07 8.21 5.53 517
MEL:GL:EC 1:8:16 two-step® 49.79 8.30 5.90 49.60 8.43 5.44 544 552
MEL:GL:PC 1:8:12 MOPR 53.46 8.91 5.94 >3.87 881 6.23 525 476
two-step® 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
Oligoetherol Rema(g)f;ts Of?;liltl;iis Densitsy Viscosity Sace tensi?n
ratio of oligo-etherol [g/cmn’] (mPa xs] (N/m] > 10
IA:GLEEC 1:6:6 txz}t)iy 132 i;igg igjﬁ
IA:GL:PC 1:6:6 tvlz/g_)sl:iﬂ o oo 169
mase e JORC T mong
UA:GL:PC 1:6:7 (8) txz}:;g i;i ﬁgg i%
BA:GL:EC 1:4:8 tle\r/([)?sltji)g i;g 32@ igg
BA:GL:PC 1:4:7 tle\r/([)?sltji)g ii; §2§ igg
MEL:GL:EC 1:8:16 tvﬁﬁ:} iiﬁ 3%1424650 igé
MEL:GLPC 1:8:12 tvﬁi}éﬁ iig 2?2;‘8 iii
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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
CO, volatiles.

100

—
0% T

0 T T T T T
a) 4000 3000 2000 1500 1000 500
100
%T

0
b) 4000 3000 2000 1500 1000 650

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

The density, viscosity, surface tension and hydroxyl
number of oligoetherols obtained from azacycles, GL, and
AC with MOPR method and two-steps method®™ 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™. The
ring C=N valence band was observed within 1660-1470
cm™! region, while C-OH vibrations were found in the
1350-1450 cm™ region. The product of the reaction be-
tween MEL and GL and EC had a characteristic band at
2870 cm™ attributed to the methylene and methine groups.
The band at 813 cm™ was related to the 1,3,5-triazine ring,
while ether bonds led to the appearance of the band at
1055 cm™. The spectra of the products obtained from PC
instead of EC are similar; the additional low-intensity
band at 1372 cm™ 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

Amount of co-substrate

Oligoetherol ofl\s/lex:ltl}(l)iis [8/100g oligoetherol] Foaming Process
8 Y pMDI TEA silicone Cream Rise Tack free
of oligo-etherol . . .
time[ s ] time [s] time [s]

MEL:GL:EC MOPR 160 2.2 2.3 20 30 immediately
1:8:16 two-step® 160 3.9 3.2 22 13 35
MEL:GL:PC MOPR 152 39 2.3 24 24 immediately
1:8:12 two-step® 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
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Table 5. Some properties of polyurethane foams

Dimensional stability [%]

Foam Method of in temperature 150 °C Heat
obtained synthesis Density Absorb. of water Length Width Hight ductan
from of oligo- [kg/m?] [wt %] after change [%] change [%] change [%] con ;ic 'a ce
oligoetherol etherol 5min 3h 24h 20h 40h 20h 40h 20h d4oh  Cocihcent
MEL:GL:EC MOPR 63.0 1.0 13 1.8 -0.44 -0.59 -0.69 -0.74 -0.46 -0.48 0.0322 +0.0005
1:8:16 two-step® 67.2 4.4 6.5 8.5 0.01 0.01 0.01  0.02 0.01  0.02 0,0667
MEL:GL:PC MOPR 42.1 1.2 1.6 1.9 -0.39 -041 -0.61 -0.68 -0.80 -0.81 0,0344 +0.0006
1:8:12 two-step® 45.6 3.9 6.0 9.0 0.01  0.02 0.01 0.02 0.01  0.02 0.0483

Table 6. Thermal stability and compressive strength of polyurethane foams

Method of synthesis Mass loss in % wt. after Compressive strength [MPa]
Oligoeterol of oligo- exposure in month before exposure after exposure
etherol in temperature [°C] in temperature [°C]
150 175 200 150 175 200
MOPR 12.0 25.7 37.9 0.106 0.260 0.108 0.030
MEL:GLEC two-step® 15.0 23.9 36.8 0.134 0.208 0.245 0.229
MOPR 11.8 30.0 45.6 0.152 0.404 0.316 0.034
MEL:GL:PC two-step® 13.5 23.4 35.1 0.146 0.246 0.205 0.166

Compression strength measured at 10% deformation

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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Opisujemo enolon¢no multikomponentno sintezo oligoeterolov, ki vsebujejo azacikli¢ne sisteme. Pripravili smo jih z
reakcijami izocianurne, barbiturne ali se¢ne kisline oz. melamina z glicidolom in alkil karbonati. Izolirane produkte
smo karakterizirali s pomocjo fizikalnih metod in pripravljene spojine primerjali s spojinami, ki smo jih pridobili z
dvostopenjskim protokolom. Oligoeterole z 1,3,5-triazinskim obro¢em, 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.'
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.® The postpone-
ment in treatment causes severe side effects including
rhinnorrhoea, rheumatoid arthritis, and atherosclerosis.”
With their anti-pyretic and analgesic activities, they repre-
sent a choice treatment in various inflammatory diseases
such as arthritis and rheumatisms.*'°5-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."-"?

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.”*'* Due to
their pharmaceutical importance,”-? attention was paid
to develop a new synthetic route for pyrroles and their
fused forms.?-?* Pyrrolylacetic acid derivatives such as

tolmetin (Rumatol®) and zomepirac (Zomax®) were
proved to be NSAIDs® with strong anti-inflammatory ac-
tivity.?** Other pyrrole and fused pyrrole compounds
have been recently reported as potent COX-1 and COX-
2 inhibitors:**?4-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.**-* 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,” 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,** 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.
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Figure 1: Pyrroles and Indoles derivatives as NSAIDs*”*their mechanism of action at the molecular level such as cyclooxygenase (COX

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.
"H-NMR and C-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.* 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 11

A mixture of 2-chloroketone (0.01 mol) and malo-
nonitrile (1 g, 0.016 mol) in CHCI, (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/H,O].
Yield 64%, m.p. 142-145 °C, FT-IR (KBr) v___2345, 1690
cm™, EIMS m/z (%) 162 [M*] (7.5), 106 (100). Anal. Calcd
for C9H N.O: C, 66.65; H, 6.21; N, 17.27. Found: C, 66.98;

107 2

H, 6.54; N, 17.03.

2-(1-Oxo0-2,3-dihydro-1H-inden-2-yl)malononitrile (II)

It was obtained as a reddish brown solid [EtOH/
H,0]. Yield 65%, m.p. 142-147 °C, FT-IR (KBr) v___ 2360,
1705 cm™, EIMS m/z (%) 196 [M*] (4), 144 (100). Anal.
Calcd for C_H N O: C, 73.46; H, 4.11; N, 14.28. Found: C,

127787 2

73.78; H, 4.43; N, 14.60.

2-Amino-1-(aryl)-4,5,6,7-tetrahydro-1H-indole-3-carboni-
trile la-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 HCI (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.
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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) v__ 3380-3250, 2315 cm™. 'H-NMR (DMSO-d,,
300 MHz) & = 1.63-1.88 (m, 4H, 2 x CH,), 2.5-2.78 (m,
4H, 2 x CH,), 5.78 (br.s, 2H, NH,, D,O exchangeable),
7.2-7.8 (m, 4H, Ar-H). "C NMR (DMSO-d,): § 34.1(CH,,
C-4), 349 (CH,, C-7), 35.1 (CH,, C-5), 36.2 (CH,, C-6),
116.1 (N-*C=C, C-4a), 116.9 (N-C=C*, C-7a), 119.8
(C'N), 124.1 (C-2),125.6 (C-3), 130.9 (CH aromatic, C-2'),
132.2 (CH aromatic, C-3'), 132.8 (CH aromatic, C-5'),
133.4 (CH aromatic, C-6"), 134.1(C-Cl, C-4"), 145.2 (C-N,
C-1') ppm; EIMS m/z (%) 271 [M*] (25), 273 [M*+2, 7Cl]
(8.5), 149 (100). Anal. Calcd for C, ,H CIN,; 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/H,O].
Yield for method A) 80%, B) 52%, m.p. 195-197 °C. FT-IR
(KBr) V... 3380-3280, 2285 cmt. TH-NMR (DMSO—ds,
300 MHz) & = 1.53-1.78 (m, 4H, 2 x CH,), 2.12 (s, 3H,
CH,),2.5-2.78 (m, 4H, 2 x CH,), 6.18 (br.s, 2H, NH,, D,O
exchangeable), 7.2-7.6 (m, 4H, Ar-H) ppm. EIMS m/z (%)
251 [M*'] (31), 149 (100). Anal. Calcd for C_ H N.: C,

16~ 7177 3"

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/H,O]. Yield
for method A) 80%, B) 54%, m.p. 168-172 °C. FT-IR (KBr)
v_ 3390-3270, 2260 cm™. 'H-NMR (DMSO-d,, 300
MHz) 6= 1.53-1.78 (m, 4H, 2 x CHZ), 1.98 (s, 3H, CH3),
2.4-2.78 (m, 4H, 2 x CH,), 5.58 (brs, 2H, NH,, D,0 ex-
changeable), 7.2-7.8 (m, 4H, Ar-H) ppm. EIMS m/z (%)
251 [M*] (61), 92 (100). Anal. Calcd for C, HN.: C, 76.46;

177 73"

H, 6.82; N, 16.72. Found: C, 76.43; H, 6.91; N, 16.97.

2-Amino-1-(1,5-dimethyl-3-ox0-2-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/
H,0]. Yield for method A) 76%, B) 55%, m.p. 234-238 °C.
FT-IR (KBr) v_  3350-3270, 2270, 1680 cm™. 'H-NMR
(DMSO-d,, 300 MHz) § = 1.43-1.68 (m, 4H, 2 x CH),

2.2-2.45 (m, 4H, 2 x CHZ), 2.33 (s, 3H, CH3), 3.12 (s, 3H,
N-CH,), 5.28 (br.s, 2H, NH,, D,O exchangeable), 7.2-7.6
(m, 5H, Ar-H) ppm. EIMS m/z (%) 347 [M*] (38), 173
(100). Anal. Calcd for C_ H. N.O: C, 69.14; H, 6.09; N,

2007210 5

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) v, 3370-3290, 2345 cm™. 'H-NMR (DMSO-d,,
300 MHz) 8 = 1.7-1.75 (m,4H, 2 x CH,), 2.6-2.8 (m,4H, 2
x CH,), 5.28 (br.s, 2H, NH,, D,O exchangeable), 7.6-8.4
(m, 4H, Ar-H) ppm. EIMS m/z (%) 238 [M*] (100). Anal.
Calcd for CH,N,:C, 70.57; H, 5.92; N, 23.51. Found:

14~ 74"

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 IT (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/
H,0]. Yield 60%, m.p. 218-220 °C. FT-IR (KBr) v___3410-
3240, 2335 cm™.'H-NMR (DMSO-ds, 300 MHz) 6 =3.4 (s,
2H, CH,), 6.18 (br.s, 2H, NH_, D,O exchangeable), 6.8-7.4
(m, 9H, Ar-H) ppm. EIMS m/z (%) 271 [M*] (100). Anal.
Calcd for C H N; C, 79.68; H, 4.83; N, 15.49. Found: C,

1373

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/H,O]. Yield
80%, m.p. 200-205 °C. FT-IR (KBr) v___3425-3220, 2340
cm™.'H-NMR (DMSO-d,, 300 MHz) § = 3.3 (s, 2H, CH,),
3.7 (s, 3H, OCH,), 6.23 (br.s, 2H, NH,, D,O exchangeable),
6.8-7.51 (m, 8H, Ar-H) ppm. EIMS m/z (%) 301 [M*]
(7.6), 211 (100). Anal. Calcd for C,H,.N,O: C, 75.73; H,
5.02; N, 13.94; O, 5.31. Found: C, 75.61; H, 5.39; N, 14.31;
0O, 541.

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.
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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/
H,0]. Yield 70%, m.p. 184-188°C. FT-IR (KBr) v__3300,
2300, 1730 cm™'. '"H-NMR (DMSO—dG, 300 MHz) 6 = 1.63-
1.88 (m, 4H, 2 x CHz)’ 2.5-2.78 (7H, (4H) 2 x CH2, 3H,
CH,)), 7.2-7.8 (m, 4H, Ar-H), 10.15 (s, 1H, NH, D,O ex-
changeable) ppm. EIMS m/z (%) 313 [M*] (19.7), 315
[M*+2, ¥’Cl] (6), 149 (100). Anal. Calcd for C _H, CIN,O:
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/
H,0]. Yield 80%, m.p. 200-205 °C. FT-IR (KBr) v_ 3280,
2223,1703 cm™.'H-NMR (DMSO-d,, 300 MHz) § = 1.53-
1.78 (m, 4H, 2 x CH,), 2.12 (s, 3H, CHa), 2.2-2.58 (m, 7H,
(4H) 2 x CH,, 3H, CH,), 7.2-7.6 (m, 4H, Ar-H), 9.85 (s,
1H, NH, D,0O exchangeable) ppm. EIMS m/z (%) 293 [M"]
(19.7) 92 (100). Anal. Calcd for C H N.O; C, 73.69; H,

197 3

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/H,O].
Yield 70%, m.p. 186-190 °C. FT-IR (KBr) V.. 3330, 2210,
1690 cm™. 'TH-NMR (DMSO-dG, 300 MHz) § = 1.53-1.78
(m, 4H,2 x CH,), 1.98 (s, 3H, CH,), 2.2-2.68 (m, 7H, (4H)
2 x CH,, 3H, CH3), 7.2-7.8 (m, 4H, Ar-H), 9.5 (s, 1H, NH,
D,0O exchangeable) ppm. EIMS m/z (%) 293 [M"'] (17.7),
91 (100). Anal. Calcd for C H )N.O: 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/
H,0]. m.p. 215-218 °C. FT-IR (KBr) v__3330, 2230, 1720,
1703 cm™. "H-NMR (DMSO-d,, 300 MHz) § = 1.43-1.68
(m, 4H, 2 x CH,), 2.2-2.45 (m, 7H, (4H) 2 x CH,), 2.33-
2.4 (m, 6H,2 x CH,), 3.12 (s, 3H, N-CH,), 7.2-7.6 (m, 5H,
Ar-H). 10.3 (s, 1H, NH, D,O exchangeable) ppm. EIMS
m/z (%) 389 [M*'] (24.1), 159 (100). Anal. Calcd for
C _H N.O; C, 67.85 H, 5.95; N, 17.98. Found: C, 67.78;

2277237572

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/H,O]. Yield
62%, m.p. 168-170 °C. FT-IR (KBr) v_.. 3300, 2300, 1730
cm™.'H-NMR (DMSO—dG, 300 MHz) 6 = 1.7-1.75 (m, 4H, 2
x CH), 2.4-2.6 (m, 7H, (4H) 2 x CH,, 3H, CH.), 7.6-8.4 (m,
4H, Ar-H), 9.9 (s, 1H, NH, D,O exchangeable) ppm. EIMS
m/z (%) 280 [M*] (100). Anal. Calcd for C_ H N O; C, 68.55;

167716 4

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/H,0]. Yield
64%, m.p. 215-219 °C. FT-IR (KBr) v__ 3450 (NH), 2365
(CN), 1710 (C=0) cm™. '"H-NMR (DMSO-d,, 300 MHz) §
=2.3 (s, 3H, CH,), 3.58 (s, 2H, CH,), 7.1-7.67 (m, 9H, Ar-H),
10.47 (brs, 1H, NH, D,O exchangeable) ppm. EIMS m/z
(%) 313 [M*] (8), 146 (100). Anal. Calcd for C_ H N.O: C,

2007157 3

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) v__ 3230, 1690, 1560 cm".
'H-NMR (DMSO—ds, 300 MHz) 6 = 1.33-1.58 (m, 4H, 2 x
CH,), 2.2-2.48 (m, 4H, 2 x CH,), 3.52 (s, 3H, O-CH,),
6.9-7.5 (m, 4H, Ar-H), 9.3 (s, 1H, CZ—H), 12.40 (s, 1H, NH,
D,O exchangeable) ppm. EIMS m/z (%) 295 [M*] (18.7),
279 (100). Anal. Caled for C_H N.O_: C,69.14; H, 5.80; N,

1777177 73 72"

14.23. Found: C, 69.19; H, 5.98; N, 14.53.

9-0-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) v 3230, 1690,
1560 cm™. 'H-NMR (DMSO-dé, 300 MHz) § = 1.53-1.78
(m, 4H, 2 x CH,), 2.12 (s, 3H, CH,), 2.2-2.58 (m, 4H, 2 x
CH,),7.2-7.6 (m, 4H, Ar-H), 9.3 (s, 1H, C -H), 12.18 (s, 1H,
NH, D,O exchangeable) ppm. EIMS m/z (%) 279 [M*] (17),
118 (100). Anal. Calcd for C_H _N.O: C, 73.10; H, 6.13; N,

1777177 73

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) V.. 3430, 3330, 1720, 1690,
1560 cm™L. '"H-NMR (DMSO-dG, 300 MHz) 6 = 1.53-1.78
(m, 4H, 2 x CH,), 1.98 (s, 3H, CH,), 2.2-2.68 (m, 4H, 2 x
CH,), 7.2-7.8 (m, 4H, Ar-H), 9.4 (s, 1H, C-H), 12.15 (s,
1H, NH, D,O exchangeable) ppm. EIMS m/z (%) 279 [M*]
(19.3), 188 (100). Anal. Calcd for C_H, N.O: C,73.69; H,

17773

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-y1)-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) V.. 3430, 3330,
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1720, 1690, 1560 cm™'.'H-NMR (DMSO—ds, 300 MHz) 6 =
1.43-1.68 (m, 4H, 2 x CH,), 2.2-2.45 (m, 4H, 2 x CH),
2.33 (s, 3H, CH,), 3.12 (s, 3H, N-CH,), 7.2-7.6 (m, 5H, Ar-
H),9.1 (s, 1H, C-H), 12.3 (s, 1H, NH, D,O exchangeable)
ppm. EIMS m/z (%) 375 [M*] (24.6), 187 (100). Anal.
Calcd for C, H, N.O,: 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) v 3310, 1682, 1587
cm™. 1H—NMR(DMSO—d6, 300 MHz) 6 = 1.7-1.75 (m, 4H,
2 X CHz)’ 2.4-2.6 (m, 4H, 2 x CHz)’ 7.6-8.4 (m, 4H, Ar-
H), 9.3 (s, 1H, C,-H), 12.21 (s, 1H, NH, D,O exchangeable)
ppm. EIMS m/z (%) 266 [M*'] (16.4), 132 (100). Anal.
Caled for C_H N C, 67.65; H, 5.30; N, 21.04. Found: C,

1577147 47

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) v___3330, 1705, 1590
cm™l. 'TH-NMR (DMSO—dé, 300 MHz) § = 3.51 (s, 2H,
CH,), 7.3-7.8 (m, 10H, Ar-H + pym H), 12.21 (s, 1H, NH,
D,O exchangeable) ppm. EIMS m/z (%) 299 [M'] (18),
221(100). C,;H,,N,O (299.33). Anal. Calcd for C ;H ,N,O:
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.*® 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) x 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 A 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 a-amino ketones is key to the
preparation of 0-amino- cyanopyrroles.*~* Research in-
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dicated that a-amino ketones used for the preparation of
o-amino-cyanopyrroles were usually obtained in situ*->!
via the reaction of a-hydroxy ketones with amines in
acid medium,” or via the reaction of a-halo ketones
with either amines and/or a-amino acids.”® As previously
mentioned, a-hydroxy ketones and a-halo ketones,
malononitriles or suitable substituted alkylidenemaloni-
trile and primary amines constituted essential compo-
nents for the synthesis of 0-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 a-hy-
droxycyclohexanone (in place of the a-chloro analogue)
with certain amines and malononitrile successfully afford-
ed some o-aminocyanotetrahydrobenzo[b]pyrroles but in
poor yields (20-30%).**** These results also indicated
that some side reactions happened (Fig. 2a).

o RNH, | LN
— |
[ Ion CH(CN), NN
R= Ph-CH-CH;, R
p-CIC H,

Figure 2a. Typical synthesis of tetrahydrobenzo[b]pyrroles

Attempts made to develop such compounds using
the regular reactants (a-chlorocyclohexanone and/or
2-chloroindenone, with certain aromatic amines and
malononitrile) were unfruitful.®® We also found that
a-chlorocyclohexanone under the reaction conditions
EtOH/NaOH (polar basic medium) might undergo what
is called Favorskii rearrangement,® rearrangement of an
a-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).6263

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.***63-d]pyrimidines were reported to act as potent anti-
cancer agents, in this work, a series of novel 2-substituted-

NAr
H,NA Cl . .
zaiad Formation of Anil
Basic medium
0 0 CN
a H,NAr/NaCO, NHAr  CHy(CN), mNH
- 2
EtOH/Heat NaOEt N
Ar
CO,Et
EtOH .
Favorskii rearrangement
Reflux Ar= aryl or heteroaryl ring
Polar medium
ITTTT T ST T T s s s T T E e E e m T |
y 9 !
t i CO,Et !
; NaOEt :
[ S I ety oy e T I
- EtOH
' OH i S : EtOH !
¥ O i 1 1
110;
L) OH 0 OH

H‘ Cl
' -————
-H,0

[Condensation with Basic amine|

Figure 2b. Favoriskii rearrangement (polar basic medium rearrangement),”” and anil formation®**
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Scheme 1: Synthesis of tetrahydroindoles 1a-g and 2a
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Scheme 2: Synthesis of acetylated pyrroles 3a-g, 4a,b and pyrrolopyrimidines 5a-g, 6a

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-on