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Abstract

Heterogeneity of meroterpenoids arising from their dual biosynthetic origins is constantly provoking synthetic chemists
to utilize their ingenuity and revise their retrosynthetic logic. By studying recent publications on meroterpenoid synthe-
sis, tremendous advances in the field of synthetic organic chemistry can be witnessed. This feature article covers some of
the most intriguing total syntheses and synthetic studies towards the meroterpenoid class of natural products from the

last five years.

Keywords: Meroterpenoids, total synthesis, natural products, tactics, strategies

1. Introduction

Meroterpenoids represent a family of natural prod-
ucts that originate from the combination of the Greek
word meros, meaning part, and terpenoids, which are
natural isoprene-derived compounds. Their structural
diversity stems from their hybrid terpenoid and polyket-
ide biosynthetic roots. Numerous new meroterpenoids
are isolated each year from natural sources, which re-
quires the employment and advancement of modern syn-
thetic organic chemistry to effectively obtain sufficient
quantities of newly isolated meroterpenoids for more de-
tailed studies. The purpose of this review is to highlight
the most efficient modern chemical tools and strategies
that have been developed to access different classes of
meroterpenoids since 2015. Supplemental and comple-
mentary to this work is a vast array of literature covering
various aspects of meroterpenoid chemistry. For exam-
ple, isolation and structure elucidation of fungal mero-
terpenoids has been reviewed by Geris.! The work of
Abe? describes their biosynthetic origins and work of
Kijjoa® focuses on their biological properties. A more
specific review on biosynthesis as well as chemical syn-
thesis of fungal meroterpenoids breviones has been pub-
lished by Macias.* Additionally, a conceptionally similar
survey on meroterpenoids from Streptomyces bacteria

has been disclosed earlier this year jointly by Moore and
George.® In contrast, other reviews focus exclusively on
synthetic efforts toward specific classes of meroterpe-
noids. Reviews by Omura® and Gordaliza’ cover a-py-
rone and quinone/hydroquinone containing meroterpe-
noids, respectively. Due to the fascination of chemists
with certain meroterpenoids like hyperforin (from poly-
prenylated acylphloroglucinol - PPAP - class), several
total syntheses have been published and thoroughly re-
viewed by Richard.® Therefore, the aforementioned top-
ics will be omitted from this feature article.

1. 1. George’s Total Syntheses of Hyperjapones
(2016)

Meroterpenoids hyperjapones A-E (1-5), isolated
form Hypericum japonicum, were prepared in three steps
by George’s group in 2016 (Schemes 1 and 2).° Through
subsequent derivatizations they were also able to access to
hyperjaponols A (6) and C (7) as well as two other mero-
terpenoids that have yet to be isolated from natural sourc-
es. The synthesis commenced from phloroglucinol (8),
which was acylated under classical Friedel-Crafts condi-
tions with isobutyryl chloride to furnish ketone 9. This
material was dearomatized through trimethylation with
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Scheme 1. George’s biomimetic total syntheses of (+)-hyperjapone A (1), (+)-hyperjaponols A (6) and C (7). mCPBA = meta-chloroperoxybenzoic

acid. TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

Me Me
HO O
iPr iPr
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OH O b Me OH O
9 o hyperjapone B (2) 60%, 2.5: 1 hyperjapone D (4)
H
caryophyllene (14),
Ag,0, TEMPO
Me Me
HO (0]
Me
Me Et
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15 hyperjapone C (3) 61%, 2.5:1 hyperjapone E (5)

Scheme 2: George’s biomimetic total syntheses of hyperjapones B (2), C (3), D (4) and E (5). TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

methyl iodide to 10; subsequent oxidation with TEMPO
and Ag,0 lead to in situ formation of reactive quinone me-
thide 11, which reacted with a-humulene (12) in the same
pot to arrive at racemic hyperjapone A (1). This natural
compound was divergently taken forward: diastereoselec-
tive epoxidation of the trisubstituted olefin with mCPBA
followed by treatment of the isolable epoxide 13 with ei-

ther tetracyanoethylene n-Lewis acid or p-toluenesulfonic
Bronsted acid gave racemic hyperjaponols A (6) and C (7),
respectively.

In addition to humulene (12), caryophyllene (14)
was also a competent substrate for the hetero-Diels—Alder
key step, ultimately providing a 2.5:1 mixture of hyper-
japones B (2) and D (4) (Scheme 2). Notably, the same ra-
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Scheme 3: Reisman’s enantioselective total synthesis of (+)-psiguadial B (16). 2,2’-bipy = 2,2’-bipyridine. Cp = cyclopentadienyl. DDQ = 2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone. HG = Hoveyda-Grubbs. py = pyridine. TC = thiophene-2-carboxylate.

tio of hyperjapones C (3) and E (5) was obtained when 15, 1. 2. Riesman’s Total Synthesis of

derived from S-2-methybutyric acid chloride, was reacted (+)-Psiguadial B (2016)

with caryophyllene (14) in the presence of TEMPO and

Ag,0. The authors attributed the observed product ratios Plant extracts used in traditional medicine contain a
to a 3:1 thermodynamic distribution of Ba and PP caryo- myriad of biologically active compounds with Psidium gua-
phyllene conformers present in solution. java following suit accordingly. Among other compounds,
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Scheme 4: Cramer’s biomimetic total synthesis of pisguadial B (16). DMEDA = N,N-dimethylethylenediamine

the meroterpenoid psiguadial B (16) was also produced,
which was prepared for the first time in its enantiopure
form by Reisman’s group in 2016 (Scheme 3).° To begin
the synthesis, the authors recognized a-diazo-2,2-di-
methylcylopentanone (17) as a starting point. It served as a
suitable material for the first key step of a photochemical
Wolft rearrangement followed by asymmetric ketene trap-
ping. Stereochemical outcome of this transformation with
8-aminoquinoline nucleophile was governed by a chiral
(+)-cinchonine (18) catalyst. Thereafter, a second key step
- palladium catalyzed C(sp*)-H alkenylation of intermedi-
ate 19 — was executed with 3-iodocyclohex-2-en-1-one de-
rived vinyl iodide 20 as a partner, which provided the
cis-decorated cyclobutene 21. The amide directing group
was then transformed to the cis-aldehyde (not shown) un-
der reductive conditions with Cp,Zr(H)Cl, which was
isomerized to the thermodynamically more stable trans-al-
dehyde 22 under basic conditions. The addition of methyl-
ene triphenylphosphorane to 22 effectively installed the
pendant vinyl group, and subsequent ketal deprotection
yielded enone 23. The quaternary stereocenter in 24 was
formed with high levels of diastereoselectivity using conju-
gate addition. A combination of trimethyl aluminum, cata-
lytic amounts of copper thiophene carboxylate and chiral
phosphoramidite ligand 25 were invaluable for its success.
Conjugated enone 26 was constructed via an intermolecu-
lar aldol condensation with aromatic aldehyde 27, and di-
rect 1,2-addition of vinyl lithium gave rise to tertiary allylic
alcohol 28. The latter underwent a subsequent ring closing
metathesis catalyzed by Hoveyda-Grubbs second-genera-
tion catalyst. Reduction of the two olefins in 29 and conse-
quential installation of an additional stereocenter was ac-
complished by hydrogenation using Crabtree’s catalyst.
Tertiary alcohol and aryl bromide moieties in intermediate
30 participated in an intramolecular, copper-catalyzed

O-arylation reaction. Benzylic oxidation of 31 and subse-
quent reaction with ethoxy ethanol gave 32, which reacted
with higher-order cuprate Ph,Cu(CN)Li, in the presence of
boron trifluoride etherate to yield 33. Ultimately, pyridini-
um hydrochloride mediated demethylation to the penulti-
mate material, which then underwent Rieche formylation,
completed the total synthesis of (+)-psiguadial B (16).

1. 3. Cramer’s Total Synthesis of Psiguadial B
(2017)

In the year following Reisman’s landmark psiguadial
B total synthesis, a second total synthesis was disclosed by
Cramer’s group in which they accomplished a biomimetic,
one-pot synthesis (Scheme 4).!! In a remarkable reaction
cascade, they merged commercially available caryophyl-
lene (14), benzaldehyde and bisformylphloroglucinol (34)
fragments to obtain gram quantities of the desired prod-
uct. Their approach differs from that of Reisman’s in the
early introduction of two formyl moieties on the arene
portion of the cycloaddition partner. Careful reaction op-
timization revealed that N,N’-dimethylaminoethane (DM-
EDA) in polar yet weakly nucleophilic HFIP sufficiently
promoted the anticipated ionic pathway. A clever ozonoly-
sis workup allowed for a simple recrystallization as the
only purification needed in the sequence. Ozone selective-
ly oxidized exocyclic double bonds of side products origi-
nating from undesired hetero-Diels—Alder reactivity be-
tween ortho-quinone methide 35 and the trisubstituted
olefin in 14. Additionally, calculations provided an insight
into the intriguing mechanism of the aforementioned ion-
ic cascade: it is proposed that initially formed mixture of
ortho-quinone methides 35 undergoes Michael addition
with caryophyllene (14). Proton transfer of tertiary carbo-
cation 36 into intermediate 37 enabled a cationic cycliza-
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tion to give 38. The final six-membered ring of the natural
product was forged by an intramolecular phenol trapping.

1. 4. Maimone’s Total Synthesis of
Berkeleyone A (2016)

Isolated from extremophilic fungi of the infamous
Berkeley Pit lake, berkeleyone A (39) is a meroterpenoid
with a highly decorated bicyclo[3.3.1]nonane core. Besides
its appealing structure, interest in this compound stems
from its caspase-1 inhibitory activity as well as its potential
to serve as a lead compound for further structure-function
studies. To date, two groups have undertaken and com-
pleted this formidable synthetic challenge, both in 13 steps
and racemic fashion.

The first synthesis of berkeleyone A (39) was com-
pleted by Maimone’s group (Scheme 5).!? Farnesyl bro-
mide (40) was selected as a commercially available starting
material, and was used for C-alkylation of propionitrile
anion. The terminal alkene in alkylated propionitrile (not
shown) was then epoxidized via a two-step, one-pot bro-
mohydrin formation and subsequent oxirane closing.
Treatment of epoxide 41 with titanocene dichloride and
zinc triggered a radical polyene cyclization with the nitrile
terminating group. The former transformed to an imine
which was hydrolyzed during following workup. Second-
ary alcohol from epoxide opening was silylated with TB-

SCI and imidazole. A higher oxidation state variation of
the Robinson annulation reaction was performed on the
lithium enolate of 42 with diketene to forge the final requi-
site six-membered ring, notably with high levels of diaste-
reoselectivity. This key step is a testimony to the practical-
ity of the aforementioned methodology that was devel-
oped by the same group for the total synthesis of hyperfor-
in.!* The 1,3-diketone motif in 43 was then chemoselec-
tively O-methylated using TMS-diazomethane, and subse-
quent oxidative ring expansion was induced with PIDA
under basic conditions to furnish the core (44) of berke-
leyone A. Olefination under classical Wittig conditions
was followed by chlorination with LiTMP and TsCl. A
challenging bridgehead deprotonation with LiTMP ena-
bled acylation with methyl chloroformate. The installed
chlorine in 45 was leveraged for Suzuki coupling to intro-
duce the methyl group with silyl deprotection yielding 46.
Krapcho-type demethylation in the presence of a methyl
ester gave the penultimate precursor 47 to berkeleyone A,
which was immediately oxidized with mCPBA to furnish
the desired natural product.

1. 5. Newhouse’s Total Synthesis of
Berkeleyone A (2017)

The Newhouse group took a similar polyene cycliza-
tion approach for construction of berkeleyone A (39)

(1) Cp,TiCly, Zn
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NBS H,0, 42% over
MeOH K,COs3, 2 steps
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40 o
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(2) PIDA, KOH,
MeOH
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M
® Me CO.Me

berkeleyone A (39)

Scheme 5: Maimone’s total synthesis of berkeleyone A (39). Cp = cyclopentadienyl. DMSO = dimethylsulfoxide. LDA = lithium diisopropylamide.
mCPBA = meta-chloroperoxybenzoic acid. NBS = N-bromosuccinimide. PIDA = phenyliodine(III) diacetate. Sphos = 2-dicyclohexylphosphi-
no-236’-dimethoxybiphenyl. TBS = tert-butyldimethylsilyl. TMP = tetramethylpiperidide. TMS = trimethylsilyl. Ts = tosyl.
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Scheme 6: Newhouse’s total synthesis of berkeleyone A (39). Ac = acetyl. DMP = 3,5-dimethylpyrazole. mCPBA = meta-chloroperoxybenzoic acid.

TBS = tert-butyldimethylsilyl. Tf = triflyl.

(Scheme 6).!* Their synthetic sequence also commenced
with farnesyl bromide (40), which was used to alkylate
methyl 3-oxopentanoate dianion. Chemoselective epoxi-
dation using mCPBA in the presence of two other trisub-
stituted alkenes and B-ketoester moiety yielded terminal
epoxide 48. Using this compound, they showcased the first
example of epoxide initiated, -ketoester terminated, po-
lar polyene cyclization with HFeCl, acting as a Brensted
acid. The cyclized product 49 was treated with 3-bro-
mo-2-methylpropene in the presence of cesium carbonate.
Acetic acid solution of O-allylated 50 was heated to 120 °C.
[3,3]-Claisen rearrangement of intermediate 51 with
transposed exocyclic double bond provided the key C-al-
lylated intermediate 52 for the manganese-mediated SET
oxidation and subsequent radical cyclization onto the pen-
dant 1,1-disubstituted double bond. The mixture of alkene
isomers 53 (unified structure shown) reacted with methyl-
ene triphenylphosphorane in a Wittig olefination reaction.
Allylic oxidation of the newly formed endocyclic methyl-
ene groups was achieved using Corey’s procedure with

chromium trioxide 3,5-dimethylpyrazole complex
(CrO;-DMP). The resulting enone 54 was reduced in a
1,4-fashion using Sml, and in situ formed triflic acid,
which is a complementary approach to more traditional
methodologies. The authors demonstrated the feasibility
of allylic oxidation of vinyl triflates, as 55 was successfully
oxidized to 56. The 1,3-diketone moiety in 47 was revealed
following Dess—Martin periodinane (DMP) oxidation and
hydrolysis of the vinyl triflate. Oxidation of 47 with mCP-
BA completed the total synthesis of berkeleyone A (39).

1. 6. Newhouse’s and Maimone’s Syntheses of
Terretonin L and Andrastin D (2017)

Having individually completed the total syntheses of
berkeleyone A (39), the Newhouse and Maimone groups
collaborated to further explore the chemistry of natural
products containing the berkeleyone framework. Their
goal was to access members of the andrastin and terre-
tonin classes of meroterpenoids (Scheme 7).!° They envi-
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sioned that carbocation 57 would serve as a key intermedi-
ate and would give rise to the andrastin and terretonin
skeletons. Experimentally, it was shown that the carboca-
tion 57 had to be generated from 58 via oxidation of the
corresponding tertiary radical 59. Simple protonation of
exocyclic double bond with various Brensted acids was
not feasible for achieving the same goal. Starting from the
antepenultimate intermediate 46 (used in Maimone’s syn-
thesis of berkeleyone A) PCC oxidation gave compound
58. This key intermediate required oxidation to arrive at
the aforementioned carbocationic species. Inspiration for
this transformation came from an alkene hydroalkoxyla-
tion methodology developed by Shigehisa. It allows for a
variety of unactivated mono-, di- and trisubstituted
alkenes to be hydroalkoxylated with primary, secondary,
tertiary, or benzylic alcohols in a Markovnikov fashion.'®
Gratifyingly, treatment with catalytic cobalt(II) salen-type
complex 59 and phenylsilane in the presence of

N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate
(60) formed the desired intermediate 57 in situ, which re-
arranged to 61. Subsequent Krapcho-type demethylation
gave racemic andrastin D (62).

While 63 could be observed in reaction mixtures
during the optimization of transformation from 58 to 61,
further screening was required to favor its formation. This
observation is consistent with computational results indi-
cating the exocyclic alkene to be less thermodynamically
favored in comparison with the endocyclic isomer. Stem-
ming from Carreira’s work with radical hydrochlorination,
employment of tosyl chloride proved to be crucial in alter-
ing the selectivity towards 63.17 After the in situ formation
of the same radical 59 and a homoallyl-type rearrange-
ment, hydrogen atom abstraction from the more sterically
accessible methyl group gave rise to 63. Subsequent Krap-
cho-type demethylation and magnesium monoperoxyph-
thalate (MMPP) oxidation yielded the penultimate pre-

Me
(1) Lict, ©
DMSO
(@] (2) MMPP Me OMe
-
48% over
2 steps Me Cgﬂz?\ﬁe
63
TsClI T 43%
OMe 60, cat
0 [Co] 59,
PCC PhSiH,
——— Me —_—
91%
Me CO;Me
LiCl,
DMSO Oy
——
T7% Me OMe 90%
(%)-andrastin D (62) 57
' Y
Me Me
Me . Me
—N <) €]
~ N_ _Me BF,
» <
tBu 0
=
Bu Me
[Co] 59 60

-

>y

Scheme 7: Newhouse’s and Maimone’s racemic total syntheses of terretonin L (65) and andrastin D (62). DMSO = dimethyl sulfoxide. MMPP =
magnesium monoperoxyphthalate. PCC = pyridinium chlorochromate(VT).
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Scheme 8: Magauer’s synthesis of coupling partner 71. DMAD = dimethyl acetylenedicarboxylate. DMB = 3,4-dimethoyxbenzyl. MOM = methox-
ymethyl.
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Scheme 9: Magauer’s asymmetric total synthesis of (+)-stachyflin (83). Bn = benzyl. cat = catechol. Ms = mesyl. PIDA = phenyliodine(III) diacetate.
Sphos = 2-dicyclohexylphosphino-2’6’-dimethoxybiphenyl. TBAI = tetrabutylammonium iodide.
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cursor 64. Treatment with catalytic amounts of sodium
methoxide induced a retro-Claisen/esterification cascade
and completed the synthesis of racemic terretonin L (65).

1. 7. Magauer’s Total Synthesis of
(+)-Stachyflin (2017)

Six natural and 15 unnatural tetracyclic meroterpe-
noids were prepared in a single study by Thomas Magauer’s
group in late 2017.!% All these natural products were de-
rived from simple precursors such as dimedone, cyclohex-
anone or cyclohexa-1,3-dione in an asymmetric, modular
fashion. Their synthetic approach enabled access to a li-
brary of compounds of which thorough biological screen-
ing was performed and ultimately demonstrated the poten-
tial for improving the potency of natural products. Dime-

iPry\
@] N 2
g P
== 2
Me” ™
Me Me Me Me,AlCI 61%  Me
84
OH
6 Me
2, Me HI

87%

Me Me

cyclosmenospongine (91)

Pr

OMe

Me Me

done bis-silyl enol ether 66 was reacted with DMAD in an
Alder-Rickert reaction. Expulsion of isobutene and con-
comitant silyl deprotection delivered resorcinol derivative
67 (Scheme 8). Methylation with dimethyl sulfate control-
lably formed 68, which was followed by AlMe;-mediated
imide formation with 3,4-dimethoxybenzyl amine
(3,4-DMBNH,). Treatment of imide 69 with a mixture of
hydroiodic and periodic acid resulted in electrophilic iodi-
nation of the phenol moiety. Finally, aryl iodide 70 was re-
gioselectively reduced, and the remaining free phenol was
MOM protected to yield the first coupling fragment 71.
The second coupling fragment was prepared in the
following manner (Scheme 9). First, 2,2-dimethylcy-
clohexa-1,3-dione (72) underwent enantioselective CBS
reduction. The secondary hydroxyl group in 73 was ben-
zylated, and the ketone 74 was transformed into vinyl

nBulLi, EtSH
98%

1) OMOM
MOMO” : :Li
(2) CS,, Mel, NaHMDS

(3) AIBN, nBusSnH

(4) HCI, MeOH
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27% over 5 steps
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Scheme 10: Magauer’s asymmetric total syntheses of aureol (88), cyclosmenospongine (91) and mamanuthaquinone (88). AIBN = azobisisobuty-

ronitrile. HMDS = hexamethyldisilazane. MOM = metoxymethyl.
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Scheme 11: Magauer’s asymmetric total synthesis of strongylin A (92) and smenoqualone (93)

triflate 75. Stille coupling was utilized to prepare diene
76, which was later employed in a remarkable auxiliary
controlled exo-selective Diels—Alder reaction to give 77.
Evans valine-derived auxiliary was removed with in situ
formed lithium ethanethiolate and the resulting thioester
78 was reduced with lithium aluminum hydride to the
primary alcohol 79. Next, the iodide 80, obtained via a
mesylation and substitution, underwent lithium halogen
exchange. Transmetallation with ZnCl, gave Negishi
coupling partner, which in the presence of PdSPhos un-
derwent unification with aryl iodide 71 to give 81. De-
protection of the MOM group under acidic conditions
enabled BF;-Et,O-mediated cyclization, and hydrogenol-
ysis of benzyl group gave 82. Two deprotection steps ef-
fectively revealed the free lactam and phenol motifs and
completed the asymmetric total synthesis of (+)-stachyf-
lin (83).

Three additional natural products were analogously
made from diene 84 in which the benzyloxy group was ab-
sent (Scheme 10). A similar Diels—Alder reaction gave cy-
cloadduct 85 and removal of the chiral auxiliary yielded
the thioester 86; this was converted into the corresponding
aldehyde 87 via Fukuyama reduction. The 1,2-addition of
two different aryllithiums was followed by Barton-Mc-
Combie radical deoxygenation and MOM deprotection.
BF;-Et,0-mediated cyclization under kinetic control gave
aureol (88) and hydroquinone oxidation gave mamanuth-
aquine (89), respectively. The cis-fused decalin core of au-
reol (88) could be isomerized into the thermodynamically
more favored trans-decalin core of 90 using hydroiodic
acid. The same group also showed that trans-decalin 90
could be transformed into cyclosmenospongine (91) in
five steps.!’

Intermediates 80 and 87 proved to be extremely
versatile since C-C bond forming reactions, either
through Negishi coupling or 1,2-addition of aryllithi-
ums, provided precursors for similar cyclization reac-
tions. These ultimately gave rise to stronglyin A (92),
smenoqualone (93) and 15 other unnatural tetracyclic
meroterpenoids with either cis- or trans-decalin systems
(Scheme 11).

1. 8. Poulsen’s Syntheses of Stronglyophorines
(2018)

In a related pair of publications, Poulsen’s group dis-
closed divergent syntheses of seven natural products from
the strongylophorine family of meroterpenoids (Scheme
12).2921 The carbon skeleton of this class of bioactive com-
pounds was accessed through a unique iron(IIT) mediated
rearrangement/cyclization cascade and C(sp®)-H 8-lac-
tonization. Development of a novel, catalytic, oxidative
quinone heterofunctionalization method was necessary
for the completion of the total synthesis of the STR-26
(94). Isocupressic acid (95) served as a gateway to strongy-
lophorines; this starting material was isolated from the
bark and needles of the Ponderosa pine tree.

The initial idea of direct phenol C-alkylation with an
95-derived electrophile was abandoned as it would requre
laborious preparation of suitable organometallic species
and thus an alternative solution was sought. Simple benzyl
ester formation and Mitsunobu etherification with
p-methoxyphenol set the stage for a formal [1,3]-rear-
rangement (96 to 97) and cyclization (97 to 98). Both
transformations were efficiently promoted by the same
Lewis acid (FeCl;). Ortho-selective phenol C-alkylation
was therefore achieved through the intermediacy of
O-alkylated product 96. Debenzylation of 98 with palladi-
um on carbon gave STR-1 (99) and further demethylation
with pyridinium chloride at elevated temperatures gave
STR-3 (100). Alternatively, amide formation with HATU
in the presence of 1-hydroxy-7-azabenzotriazole (HOAt)
furnished 101, which was then exposed to in situ formed
AcOl], generated from lead tetraacetate (LTA) and elemen-
tal iodine under UV light. This protocol was able to selec-
tively oxidize the y-methyl substituent in the presence of
an electron-rich arene, even with competing benzylic oxi-
dation. Lactonization via amide hydrolysis and dehy-
droiodination of 102 yielded unsaturated intermediate
103. The styrene moiety was diastereoselectively hydro-
genated with palladium on carbon and in situ formed
TMSI successfully demethylated STR-9 (104) to give STR-
2 (105). STR-8 (106) was prepared from STR-2 (105) by
oxidative opening of the chromane system with NalO, and
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Scheme 12: Poulsen’s semisyntheses of stronglyphorines. ADDP = 1,1’-(azodicarbonyl)dipiperidine. Bn = benzyl. HATU = 1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate. HOAt = 1-hydroxy-7-azabenzotriazole. LTA = lead tetraacetate.

TMS = trimethylsilyl.

molecular oxygen with further hydrogenation of the
1,4-benzoquinone motif. Transiently formed 1,4-benzo-
quinone 107 could be exposed to oxidative heterofunc-
tionalization conditions using Co(OAc), to give SRT-26
(94) alongside its constitutional isomer 108 in a 1.3:1 ratio.

The former is in equilibrium with two diastereomeric he-
miketals 109. Catalytic oxidative heterofunctionalization
methodology deserves a special mention as it enables con-
trolled functionalization of 1,4-benzoquinone and its de-
rivatives with oxygen, nitrogen and sulfur nucleophiles.
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Scheme 13: Burns’ asymmetric total synthesis of azamerone (110). DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. DMF = N,N-dimethylformamide.
PIFA = phenyliodine(III) bis(trifluoroacetate). Sphos = 2-dicyclohexylphosphino-236’-dimethoxybiphenyl. TBS = tert-butyldimethylsilyl. Tf = tri-

flyl. TFA = trifluoroacetate.

1. 9. Burns’ Total Synthesis of Azamerone
(2019)

Azamerone (110) presents as a fascinating chlorinat-
ed natural product containing a phthalazinone core from
the napyradiomycin subset of meroterpenoids. Its biogen-
esis can be traced back to an a-diazoketone motif-contain-
ing intermediate (not shown) (Scheme 13).22 The first
enantioselective chemical synthesis of azamerone (110)

was published in early 2019 by Burns” group, whose work
contributes to the development of enantioselective chloro-
etherification methods of nonstabilized olefins. Key fea-
tures of the synthetic route include a two-step mimic of
halopolyene cyclizations and Suzuki coupling with a qui-
none diazide.

Azamerone (110) was traced back to prenylated hy-
droxyquinone 111, which was prepared in four steps from
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catechol. Developed for this purpose, titanium mediated
enantioselective intramolecular chloroetherification of 111
gave benzochloropyran 112, which was later hydrolyzed
with aqueous perchloric acid and chlorinated with a mix-
ture of oxalyl chloride and DME The decomposition of the
corresponding tosyl hydrazone from 113 gave diazo com-
pound 114, which was used directly without purification in
the subsequent Suzuki coupling reaction. The other cou-
pling partner, boronic hemiester 115, was prepared from
geranyl acetate (116). Mercury trifluroacetate-mediated
polyene cyclization, acetate deprotection and chiral resolu-
tion via ester formation with (S)-a-methoxyphenylacetic
acid gave enantioenriched intermediate 117. Triflation,
DBU-promoted elimination and hydroboration were need-
ed to complete the synthesis of 115. Suzuki coupling (yield-
ing 118) was followed by palladium-catalyzed dechlorina-
tion, silyl protection of the tertiary alcohol and PIFA oxida-

OH
__AcCLAICL
— %
HO OH

8 138

Me Me

rhodomyrtusial A (147, 4%)

Me
Me —/ e Me Me
z .0

Me Me
rhodomyrtusial C (148, 4%)

NaOMe,

rhotomentodione A (146, 19%)

tion. Bis-boron complex 119 was then employed to catalyze
the inverse electron demand Diels-Alder reaction between
tetrazine 120 and 121. Following [4+2]-retrocycloadition
and nitrogen expulsion, dihydropyridazine 122 underwent
spontaneous aromatization and benzylic alcohol oxidation
to give silyl protected azamerone 123. Acidic deprotection
of the remaining silyl protecting group with aqueous hydro-
chloric acid furnished the desired natural product 110.

1. 10. Kirschning’s Studies Towards
5,6,11-Tricyclic Meroterpenoids (2019)
Meroterpenoids xenovulene A (124), sterhirsutin A
(125), and sterhirsutin B (126) share a similar 5,6,11-tricy-
clic core despite being isolated from different fungi
(Scheme 14). Work done by Kirschning’s group marks an-
other milestone in the exploration of hetero-Diels-Alder

3M HCI
76%

Me Me Me Me

139 syncarpic acid (140)

20 mol% prollne
87%

rhotomentodione B (143, 5%)
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Scheme 15: Liu’s and Porco’s biomimetic total syntheses of meroterpenoids from Rhodomyrtus tomentosa. Ac = acetyl.
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chemistry between ortho-quinone methides and a-humu-
lene (12).2* Using this approach, they were able to access
the aforementioned core starting from commercially avail-
able chiral pool material D-ribose (127). The protected
acetonide form was treated with vinyl magnesium bro-
mide to yield 128, which subjection with NalO, oxidative-
ly cleaved the diol to the resulting aldehyde which sponta-
neously formed lactol 129. Standard Wittig olefination in-
stalled the second vinyl handle in 130, which was needed
for ring-closing metathesis. Introduction of the first-gen-
eration Grubbs catalyst effectively forged a five-membered
ring containing an allylic alcohol moiety (not shown) via
RCM, which was successively oxidized with MnO, to pro-
vide enone 131. Photochemical 1,4-addition of methanol
and silyl protection yielded ketone 132. The reactive exo-
cyclic methylene group in 133 was appended using Es-

COOH
Me OH Me
(1) LIHMDS
Me Me 2
OH Me s
3,5-dimethylorsellinic acid (150) 151
LIHMDS
mtwmos | |
Me OMs '
= :
0 | :
Me e '
152 '
(2) TMSCHN,
26% over COOMe

157 (11%)

OMs

158 (10%)

chenmoser methenylation. The key chemoselective hete-
ro-Diels—Alder reaction with a-humulene (12) gave a 2:1
mixture of products 134 and 135 after silyl deprotection.
Enones 136 and 137 were formed via acid catalyzed rear-
rangements of the corresponding acetonides. The authors
speculate that this transformation occurs through tran-
sient double bond isomerization and expulsion of acetone.

1. 11. Liu’s and Porco’s Total Syntheses
of Rhodomyrtus Tomentosa
Meroterpenoids (2019)

Collaboratorative efforts from Liu and Porco groups
resulted in isolation of seven meroterpenoids from the
leaves and stems of Rhodomyrtus tomentosa, evaluation of
their AchE inhibitory activities, as well as their prepara-

COOMe

Me (2) TMSCHN,

27% over
2 steps

5
EtAICI,,
Et,AICI

HCOOH
82%

> 159 (9%)

Scheme 16: Porco’s biomimetic synthesis of meroterpenoids 155, 156, 157 and 158. HMDS = hexamethyldisilazane. TMS = trimethylsilyl.
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tion in six steps from commercially available starting ma-
terials. Their synthesis began with Friedel-Crafts acylation
of phloroglucinol 8 (Scheme 15). Orcinol derivative 138
was dearomatized by exhaustive methylation with Mel /
NaOMe. Acid catalyzed deacylation of 139 provided syn-
carpic acid 140, which was then used in a proline catalyzed
intermolecular aldol condensation with isovaleraldehyde.
Afterwards, singlet oxygen [4+2]-cycloaddition with 141
gave a separable mixture of syn- (not shown) and anti-hy-

(o]

droxy-endoperoxide (142) in 52% and 20% yields respec-
tively. It was found that anti-hydroxy-endoperoxide could
be thermally equilibrated into a 1.5:1 mixture of syn- and
anti-hydroxy-endoperoxides. Reactivity of both diastere-
oisomers with caryophyllene (14) was tested in the pres-
ence of molecular sieves. While the syn-diastereoisomer
gave only a mixture of rhotomentodione B (143) and to-
mentodiones Q (144) and R (145) in the thermolysis reac-
tion, the anti-diastereoisomer also provided rhotomento-

P450gy3
MERQ3 variant
0 Enzymatic (1) TMSCI,
i hydroxylation imidazole, DMAP
e - e
60-70 % (2) KHMDS, O,
< H P(OMe),
Me Me
sclareolide (168)
(0] 6] R
(1) 55%, 10:1 dr
2) 87%, 12:1
(2R3, A CHO
0 0 R (2) NalQy,
KoCO4
] [[—
: AN 54% over
i = ﬁ 4 steps
Me Me OH
arisugacin F (160) cat. phos. acid /
R = 4-MeQCgH,4 176 then
53% over 2 steps Mn(dpm)s,
TBHP, PhSiH5 BF ¢ Et,0
R / o0r o & 0s_O_ _R
(1) 84%, 10:1 dr Y
(2) 90%, 20:1 dr CHO SN
Me Me
X Me OH
piperidinium - o
HO ;= acetate; Ac,0, AcO =
md 53%, 10:1 dr Me Me
then Mn(dpm)s,
phenylpyropene C (164) 174 TBHP, PhSiH,, pyripyropene E (161)
R=Ph 40%, 8:1dr R =3-py
58% over 3 steps (1) NaOCI, NaHPOy, "
2-methyl-2-butene
(2) Ac,0, DMAP, py,
% 63% over 2 steps o o} R
Phosphoric acid (3) cat. DMF, (COCI), 0 0 R
derivative: y |
cocl =
O O Me M
e
= OH
Oo._.0 6 (1) BF3# Et,O then
P AcO™ X 2 (2) CeCly, NaBH,, ACO” %
72 - H A > H
O OH Me Me 66% over 2 steps Me Me
176 175

phenylpyropene F (165)
=Ph

Scheme 17: Renata’s chemoenzymatic total synthesis of arisugacin F (160), pyripyropene E (161) and phenylpyropenes C (164) and F (165). Ac =
acetyl. DMAP = 4-dimethylaminopyridine. HMDS = hexamethyldisilazane. TBHP = tert-butyl hydroperoxide. TMS = trimethylsilyl.
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(1) Acryloyl chloride
DMAP, PhNMe;

(2) 5 mol% Grubbs II Fe(acac)
3
(3) NaHCO,4, DMSO PhSiH;
78% over 3 steps 95%

sclareol (169) 177
Lil, 2,6-lutidine,
77% over 2 steps
) _OH /
=N P450gya
. \ MERO3 variant
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DCC, DMAP hydroxylation
(2) CHI3, hv, 62%

77% over 2 steps

HO OMe Me
Me 210V (1) Mn(dpm)a,
(+)RVC/(—)Ni PhSiH3, TBHP
—_—
HO
OMe
(2) BBr3, 68%
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10:1 dr
83% -
R =3-py
Me
Me |
Me
I 182,Nil,, O (1) TMSBr
Mn, dtbpy (2) Et;AICI
T e
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chevalone A (167)
Me
(1) 183, Nily, Mn, dtbpy Mo, ke e
(2) CAN, Na,S,0, MeO
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H 0 OMe
= H
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Scheme 18: Renata’s chemoenzymatic total synthesis of decaturin E (166), stypodiol (163), chevalone A (167) and taondiol (162). acac = acetylace-
tonate. CAN = cerium(IV) ammonium nitrate. DMAP = 4-dimethylaminopyridine. DMSO = dimethyl sulfoxide. RVC = reticulated vitreous carbon.
dtbpy = 4,4-di-tert-butyl-2,2’-dipyridine. TBHP = tert-butyl hydroperoxide. TMS = trimethylsilyl. Ts = tosyl.

Petrov¢ic et al.:  Recent Chemical Methodology Advances in the

263



264

Acta Chim. Slov. 2021, 68, 247-267

dione A (146) as well as both rhodomyrtusials A (147) and
C (148). The authors propose that both hydroxy-endoper-
oxides form the same reactive enetrione species (149) in
situ, albeit, different mechanisms of formation could be
operational. The chemistry of enetrione (149) was further
explored as it displayed interesting modes of reactivity. In-
itial computational study indicated that asynchronous
concerted hetero-Diels-Alder might be operational in-
stead of the initially proposed stepwise Michael addition
pathway. The latter mode resembles reactivity observed by
the Cramer’s group during their synthesis of psiguadial B
(16) (Scheme 4).

1. 12. Porco’s Total Syntheses of DMOA-
derived Meroterpenoids (2019)

As an addition to Maimone’s and Newhouse’s work
on polyene cyclization derived meroterpenoids, the
group of Porco devised their own syntheses of meroter-
penoids using a biomimetic approach.?* Their strategy
features polyene cyclization with a dearomatized moiety
acting as a terminating group. Development of selective
alkylation procedure for 3,5-dimethylorsellinic acid
(DMOA, 150) was crucial for the preparation of suitable
precursors for the aforementioned cyclization step
(Scheme 16). The trianion of 150, formed in the presence

(1) KHMDS then
Davies' oxaziridine
(2) TBSCI, imidazole _

(3) Ph3P=CH,
66% over 3 steps

of excess LIHMDS, was selectively alkylated with differ-
ent electrophiles (such as 151 and 152) at the C5 position
(instead of the C3 position). Methylation employing tri-
methylsilyl diazomethane gave rise to precursors 153 and
154, which would, upon treatment with Et,AICl and
EtAICl,, furnish a mixture of tri- and tetracyclic meroter-
penoids (155, 156, 157, 158 and 159). They also demon-
strated that formic acid would transform kinetic O-alky-
lated cyclization product 158 into thermodynamically
more favored C-alkylated product 159 as suggested by
relative energy levels of cyclized meroterpenoids based
on computational studies.

1. 13. Renata’s Total Syntheses of a-Pyrone
and Diterpene Meroterpenoids (2020)

In early 2020, Renata’s group accessed eight natural
products from a-pyrone and diterpene meroterpenoids
subsets in a concise, high-yielding and modular fash-
ion.?> While some of them [arisugacin F (160)2, pyripy-
ropene E (161)%, taondiol (162)?%%, and stypodiol
(163)°°] have been subjects of multiple synthetic studies,
others [phenylpyropenes C (164) and F (165), decaturin
E (166) and chevalone A (167)] were synthesized for the
first time. Instead of using more conventional Wieland-
Mischer ketone, sclareolide (168) and sclareol (169) were

Me

Me
" (1) [Co] 192, PhSiH,
9 (2) Re,05, P(OPh),
then TBAF . Me
69% over 3 steps
Me
OH

(-)-kobusone (190) 191 10-hydroxyhumulene (193)
Me
c>;5\— OH ¢l H
TMSCI, (CH,0), Mo «rC! Me 1.,
Ho\Qﬂo then K,CO4 \(\J\/O \/o \@o hv
89% 74%
5:1 dr e
194 196 197
BF 3¢ Et,0 ,l 59%
by e} o-- B\Fz
s | o
— N\ /N_
/CO\ Me Me
tBu o} (3] Bu o
o—/ o—/
Bu 1Bu
[Co] 192 201 200 199

Scheme 19: Sarlah’s syntheses of 10-hydroxyhumulene and two tropolone-derived ortho-quinone methide precursors. DMSO = dimethyl sulfoxide.
TBAF = tetrabutylammonium fluoride. TBS = tert-butyldimethylsilyl. TMS = trimethylsilyl.
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selected as commercially available, chiral pool starting
materials. Traditional polar disconnections were re-
placed by a combination of radical chemistry and bioca-
talysis. 168 was successfully utilized for chemo-, regio-
and diastereoselective C-H oxidation to install a hydrox-
yl group at the C3 position of the sclareolide drimane
scaffold (Scheme 17). Silyl protection of the newly formed
hydroxy group in 170 with trimethylsilyl chloride was
followed by diastereoselective —oxygenation. Reduction
of the lactone 171 with lithium aluminum hydride gave a
mixture of a lactol and a triol 172 (unified structure
shown). Convergent oxidative cleavage with NalO, and
concomitant silyl deprotection under the same reaction
conditions resulted in the formation of p-hydroxyalde-
hyde 173. This common precursor was transformed via
enal 174 into an acyl chloride 175 through sequential
Pinnick oxidation, acetate protection and nucleophilic
substitution with oxalyl chloride/DME Intermediates
173 and 174 underwent formal [3+3] cycloadditions
with 4-hydroxy-2H-pyran-2-one derivatives and promo-
tors like piperidinium acetate or phosphoric acid deriva-
tive 176. Chemo- and diastereoselective HAT reductions
under Shenvi’s conditions in the presence of labile pyrone
moiety yielded natural products arisugacin F (160), phe-
nylpyropene C (164) and pyripyropene E (161). Crude
unsaturated acyl chloride 175 underwent Friedel-Crafts
acylation in the presence of BF;-Et,O and after Luche re-
duction and concomitant cyclization yielded phenylpy-
ropene F (165).

The remaining four diterpene meroterpenoids were
constructed from butenolide 177, which itself was forged
from sclareol (169) via peracryloylation, ring-closing me-
tathesis with Grubbs second-generation catalyst and NaH-
CO; mediated elimination (Scheme 18). Exocyclic double
bond participated in a high-yielding and diastereoselective
intramolecular Giese HAT coupling and thus formed lac-
tone 178 was treated with Lil and 2,6-1utidine to arrive at
carboxylic acid 179. The acid was the optimal substrate in
the synthetic sequence for the modified enzymatic hy-
droxylation conditions on a gram scale. The formation of a
Barton ester from hydroxylated carboxylic acid 180 was
followed by decarboxylation and the resulting primary
radical was trapped with iodoform to give primary iodide
181. On the one hand, primary iodide 181 was used in
Weix nickel-catalyzed sp*-sp? cross electrophile coupling
reactions with aryl iodides 182 and 183. Subsequent ma-
nipulations provided taondiol (162) directly and cheva-
lone A (167) via intermediate 184. Alternatively, primary
iodide 181 was taken forward and treated with KOtBu to
promote elimination; the conjugated diene 185 then react-
ed in either a CAN-mediated or electrochemical SET-
based formal [3+2] coupling reactions. The former condi-
tions gave decaturin E (166) directly. Synthesis of stypodi-
ol (163) was completed with diastereoselective HAT re-
duction of 186 to give 187 and subsequent BBr; demethyl-
ation.

1. 14. Sarlah’s Total Synthesis of (-)-Epolone B
and (+)-Dehydroxypycnidione

The Sarlah group’s interest in hetero-Diels-Alder re-
actions and meroterpenoids culminated in biomimetic
and modular total syntheses of two naturally occurring
tropolones; (-)-epolone B (188) and (+)-dehydroxypyc-
nidione (189) (Scheme 20).3! Both compounds share a
common 11-membered core but differ in the number of
attached tropolone moieties. It was envisioned that these
two compounds could be prepared through the union of a
tropolone-derived ortho-quinone methide and a-humu-
lene (12) (or its 10-hydroxy derivative 193). The latter was
prepared in an enantioselective fashion in five steps, start-
ing from commercially available chiral pool (-)-kobusone
(190) (Scheme 19). Diastereoselective a-hydroxylation at
the sterically more accessible position, followed by silyl
protection and Wittig olefination provided an exocyclic
olefin 191. Shenvi’s HAT conditions (cobalt catalyst 192
and phenylsilane) for catalytic olefin isomerization in-
duced a retrocycloisomerization reaction, which opened
up the four-memebered ring in 191.%? Finally, stereospe-
cific rhenium-catalyzed epoxide deoxygenation developed
by Takai’s group furnished 10-hydroxyhumulene (193).%3

Next, synthesis of tropolone-derived ortho-quinone
methide precursors was pursued. It commenced with
O-alkylation of 1,3-cyclopentadione (194). This transfor-
mation was achieved with paraformaldehyde and a mix-
ture of allylic alcohols (195) in the presence of TMSCL
Vinyl chloride 196 was converted into tricycle 197 via
photochemical [2+2] cycloaddition under UV irradiation
with 5:1 diastereoselectivity. Out of all tested oxidation
conditions only a one pot a-iodination/Kornblum oxida-
tion protocol** allowed for a selective oxidation of the
a-position in the presence of a labile tertiary chloride moi-
ety. While treatment of hydroxyenone 198 with boron tri-
fluoride etherate yielded the expected de Mayo product
199, fragmentation of methylated derivative 200 with
Lewis acids proved to be more challenging. Ulimately, this
challenge was solved with the discovery of a novel photo-
chemical fragmentation, uniquely suited for this purpose,
which resulted in formation of methylated tropolone 201.

With all cycloaddition partners in hand, reactivity
of both tropolone-derived ortho-quinone methide pre-
cursors 199 and 201 was tested in hetero-Diels-Alder re-
actions with humulenes. Ortho-quinone methide 202,
derived from the methyl protected precursor 201, was
found to efficiently react with -humulene (12) as a cou-
pling partner, giving rise to monocycloadduct 203. Due to
the established superior biological activities of biscy-
cloadducts, a second cycloaddition was attempted. Resub-
jecting monocycloadduct 203 to the same reaction condi-
tions gave penultimate biscycloadduct 204. Final depro-
tection with sodium hydroxide completed the first total
synthesis of (+)-dehydroxypicnidione (189). Subsequent-
ly, the ability of 10-hydroxyhumulene (193) to react as a
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Scheme 20: Sarlah’s biomimetic total syntheses of (+)-dehydroxypicnidione 189 and (-)-epolone B (188)

dienophile was explored. Ortho-quinone methide precur-
sor 201 again proved to be superior. Under optimized
conditions, a 1.4:1 mixture of diastereomeric adducts was
formed. Quantitative NaOH deprotection of both diaster-
oisomers revealed (+)-isoepolone B (205) and (-)-epolone
B (188) as major and minor diastereoisomer respectively.
Notably, the second cycloaddition with both deprotected
diastereoisomers was attempted, but gave exclusive dias-
tereoselectivity to unnatural bistropolones; this selectivity
was further supported with computational modeling. Ul-
timately, the culmination of these synthetic studies have
suggested alternative biosynthetic routes for these com-
pounds in addition to the stereochemical revision of sev-
eral members.

2. Conclusion

Having reviewed some of the most elegant meroter-
penoid syntheses from the past five years a few general ob-
servations are apparent. Polyene cyclizations and (formal)
cycloadditions are still prevalent chemical tools for the

construction of meroterpenoid cores. The development of
suitable reaction conditions and introduction of novel pol-
yene cyclization terminating groups were crucial for the
successful completion of several showcased syntheses. Re-
activity of various ortho-quinone methides with naturally
occurring dienophiles like a-humulene and caryophyllene
was thoroughly studied. One can observe a slow and subtle
paradigm shift from more traditional polar disconnec-
tions to complementary radical-based disconnections.
Certain admirable coupling name reactions (e.g. Suzuki
coupling) were pushed to their limits as new types of cou-
pling partners were explored. Progress was made on rather
obscure asymmetric ketene trapping reactions as well as
on highly sought-after C-H functionalization reactions.
On a similar note, challenging undirected C-H oxidations
were achieved with chemoenzymatic methods, which are
finding their place among chemical methods by demon-
strating high complementarity. To conclude, structural di-
versity and complexity of meroterpenoids will undoubta-
bly keep inspiring chemists to develop new chemical tools
for future total syntheses.

Petrov¢ic et al.: Recent Chemical Methodology Advances in the ...



Acta Chim. Slov. 2021, 68, 247-267

3. References

1. R. Geris, T. J. Simpson, Nat. Prod. Rep. 2009, 26, 1063-1094.
DOI:10.1039/b820413f
2.Y. Matsuda, I. Abe, Nat. Prod. Rep. 2016, 33, 26-53.
DOI:10.1039/C5NP00090D
3. A. El-Demerdash, D. Kumla, A. Kijjoa, Mar. Drugs 2020, 18,
317. DOI:10.3390/md18060317
4.F A. Macias, C. Carrera, J. C. G. Galindo, Chem. Rev. 2014,
114,2717-2732. DOI:10.1021/cr300048m
5. L. Murray, S. McKinnie, B. Moore, J. George, Nat. Prod. Rep.
2020, 37, 1334-1366. DOI:10.1039/DONP00018C
6. T. Sunazuka, S. Omura, Chem. Rev. 2005, 105, 4559-4580.
DOI:10.1021/cr040628i
7. M. Gordaliza, Mar. Drugs 2012, 10, 358-402.
DOI:10.3390/md10020358
8.7. A. Richard, European J. Org. Chem. 2014, 2014, 273-299.
DOI:10.1002/ejoc.201300815
9.H. C.Lam, J. T. J. Spence, J. H. George, Angew. Chem. Int. Ed.
2016, 55, 10368-10371. DOI:10.1002/anie.201606091
10. L. M. Chapman, J. C. Beck, L. Wu, S. E. Reisman, J. Am. Chem.
Soc. 2016, 138, 9803-9806. DOI:10.1021/jacs.6b07229
11. C. G. Newton, D. N. Tran, M. D. Wodrich, N. Cramer, Angew.
Chem. Int. Ed. 2017, 56, 13776-13780.
DOI:10.1002/anie.201708333
12. C. P. Ting, G. Xu, X. Zeng, T. J. Maimone, J. Am. Chem. Soc.
2016, 138, 14868-14871. DOI:10.1021/jacs.6b10397
13. C. P. Ting, T. ]. Maimone, . Am. Chem. Soc. 2015, 137,10516—
10519. DOI:10.1021/jacs.5b06939
14. M. Elkin, S. M. Szewczyk, A. C. Scruse, T. R. Newhouse, J.
Am. Chem. Soc. 2017, 139, 1790-1793.
DOI:10.1021/jacs.6b12914
15. G. Xu, M. Elkin, D. J. Tantillo, T. R. Newhouse, T. ]. Maimone,
Angew. Chem. Int. Ed. 2017, 56, 12498-12502.
DOI:10.1002/anie.201705654
16. H. Shigehisa, T. Aoki, S. Yamaguchi, N. Shimizu, K. Hiroya, J.
Am. Chem. Soc. 2013, 135, 10306-10309.
DOI:10.1021/ja405219f
17. B. Gaspar, E. M. Carreira, Angew. Chem. Int. Ed. 2008, 47,
5758-5760. DOI:10.1002/anie.200801760
18. R. Wildermuth, K. Speck, E. L. Haut, P. Mayer, B. Karge, M.
Bronstrup, T. Magauer, Nat. Commun. 2017, 8, 1-9.

Povzetek

19. K. Speck, R. Wildermuth, T. Magauer, Angew. Chem. Int. Ed.
2016, 55, 14131-14135. DOI:10.1002/anie.201608040

20. W. Yu, P. Hjerrild, K. M. Jacobsen, H. N. Tobiesen, L. Clem-
mensen, T. B. Poulsen, Angew. Chem. Int. Ed. 2018, 57, 9805-
9809. DOI:10.1002/anie.201805580

21. W. Yu, P. Hjerrild, J. Overgaard, T. B. Poulsen, Angew. Chem.
Int. Ed. 2016, 55, 8294-8298. DOI1:10.1002/anie.201602476

22.7. M. Winter, A. L. Jansma, T. M. Handel, B. S. Moore, Angew.
Chem. Int. Ed. 2009, 48, 767-770.
DOI:10.1002/anie.200805140

23.P. . Li, G. Dréger, A. Kirschning, Org. Lett. 2019, 21, 998-
1001. DOI:10.1021/acs.orglett.8b04003

24. Z. Powers, A. Scharf, A. Cheng, FE Yang, M. Himmelbauer,
T. Mitsuhashi, L. Barra, Y. Taniguchi, T. Kikuchi, M. Fujita,
I. Abe, J. A. Porco, Angew. Chem. Int. Ed. 2019, 58, 16141-
16146. DOI:10.1002/anie.201910710

25.]. Li, E Li, E. King-Smith, H. Renata, Nat. Chem. 2020, 12,
173-179. DOI:10.1038/s41557-019-0407-6

26. M. Handa, T. Sunazuka, A. Sugawara, Y. Harigaya, K. Otugro,
S. Omura, J. Antibiot. (Tokyo). 2003, 56, 730-733.
DOI:10.7164/antibiotics.56.730

27. A. B. Smith, T. Kinsho, T. Sunazuka, S. Omura, Tetrahedron
Lett. 1996, 37, 6461-6464.
DOI:10.1016/0040-4039(96)01439-6

28.D. H. Dethe, S. Mahapatra, S. K. Sau, Org. Lett. 2018, 20,
2766-2769. DOI:10.1021/acs.orglett.8b00997

29. A. S. Kumanireng, T. Kato, Y. Kitahara, Chem. Lett. 1973, 2,
1045-1047. DOI:10.1246/cl.1973.1045

30. A. Abad, C. Agull6, M. Arnd, A. C. Cunat, B. Meseguer, R. .
Zaragoza, J. Org. Chem. 1998, 63, 5100-5106.
DOI:10.1021/jo980311g

31. C. Y. Bemis, C. N. Ungarean, A. S. Shved, C. S. Jamieson, T.
Hwang, K. S. Lee, K. N. Houk, D. Sarlah, J. Am. Chem. Soc.
2021, 143, 6006-6017. DOI:10.1021/jacs.1c02150

32.S. W. M. Crossley, E. Barabé, R. A. Shenvi, . Am. Chem. Soc.
2014, 136, 16788-16791. DOI:10.1021/ja5105602

33. T. Nakagiri, M. Murai, K. Takai, Org. Lett. 2015, 17, 3346—
3349. DOI:10.1021/acs.orglett.5b01583

34. Y. F Liang, X. Li, X. Wang, M. Zou, C. Tang, Y. Liang, S. Song,
N. Jiao, J. Am. Chem. Soc. 2016, 138, 12271-12277.
DOI:10.1021/jacs.6b07269

.....

in jih spodbuja, da konstanto izpopolnjujejo svojo retrosintezno logiko. Literaturni pregled nedavnih totalnih sintez
meroterpenoidov razkriva izjemen napredek v razvoju kemijske metodologije. Namen tega preglednega ¢lanka je prikaz
najbolj inovativnih sintez in sinteznih $tudij na podrocju kemije meroterpenoidov v zadnjih petih letih.
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Abstract

Despite being around for more than 40 years, DNA sequencing is regarded as young technology in clinical medicine.
As sequencing is becoming cheaper, faster and more accurate, it is rapidly being incorporated into clinical laboratories.
In 2003, the completion of the first human genome opened the door to personalized medicine. Ever since it has been
expected for genomics to widely impact clinical care and public health. However, many years can pass for genomic dis-
coveries to reflect back and benefit the patients. DNA sequencing represents a less biased approach to diagnostics. It is
not only a diagnostic tool, but can also influence clinical management and therapy. As new technologies rapidly emerge it
is important for researchers and health professionals to have basic knowledge about the capabilities and drawbacks of the
existing sequencing methods, and their use in clinical setting and research. This review provides an overview of nucleic
acid sequencing technologies from historical perspective and later focuses on clinical utilization of sequencing. Some of
the most promising areas are presented with selected examples from Slovenian researchers.

Keywords: Clinical sequencing; DNA; nucleic acid; genomics; next generation sequencing; precision medicine

1. Introduction

More than forty years ago, two papers described the
first method for determining the sequence of nucleotide
bases in DNA!? and ever since, the development of new
sequencing methods has been exponential. In 2003, the
Human Genome Project (HGP) was finalized, presenting
the complete version of the Human Genome.?> Once the
reference human genome was established, scientists tried
to explain disease mechanisms or susceptibility for certain
diseases through population resequencing and determina-
tion of disease-causing genomic variants. Recently, DNA
sequencing has been moving into the clinical setting to be

implemented in diagnostics and clinical management.
Due to the rapid development of novel technologies, se-
quencing of nucleic acids will contribute to the discovery
of the genomic, transcriptomic and epigenomic basis of
unsolved diseases, improved diagnostics, and personalized
therapies.

Advances in sequencing technologies have contrib-
uted to a significant reduction of the sequencing costs in
the last 15 years (Figure 1). In 2004, the National Human
Genome Research Institute started an initiative to reduce
the whole genome sequence cost to US$1000* accelerating
the development of cheaper and faster sequencing meth-
ods. A deviation of sequencing cost from ‘Moore’s law’ oc-
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curred around year 2008 which coincides with the transi-
tion from Sanger’s sequencing of nucleic acids to the next
generation sequencing technologies (NGS) resulting in a
rapid fall of sequencing cost. Human genome sequencing
for $1000 was achieved a few years ago® and with novel
technologies we are quickly approaching a $100 human
genome. With today’s enormous sequencing outputs and
lower cost per base the biggest challenge remains mean-
ingful interpretation and informative reporting of se-
quencing results.

This review provides an overview of nucleic acid se-
quencing technologies and examples of clinical utilization
of sequencing, also from Slovenian researchers.

$100.000.000
$10.000.000 A
Sanger sequencing Moore's Law
e
$1.000.000 5
NGS
$100.000 4
$10.000 %
Third generation sequencing
$1.000 +
$100 R ama S
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Figure 1: Sequencing cost for the human genome. The departure of
sequencing cost curve from Moore’s law coincides with the emer-
gence of next generation sequencing (NGS). Moore’s law originates
in the computer hardware industry that involves doubling of ‘com-
puting power’ every two years. It is considered that technologies
that follow the law are regarded as successful.® It thus represents a
useful relationship to compare technology advances. Data shown in
the figure was obtained from the National Human Genome Re-
search Institute.®

2. Short Review of the Sequencing

Technologies

In 1977, researchers developed two methods which
enabled sequencing of nucleic acids of several hundred

base pairs (bp), the Sanger’s “dideoxy method” and the
Maxam-Gilbert’s method'?, causing revolution in biology.

2. 1. First-Generation DNA Sequencing

The Sanger sequencing is known today as the
first-generation DNA sequencing and was based on the
use of polymerase chain reaction. DNA polymerase is an
enzyme that can elongate an existing DNA molecule by
adding deoxynucleotides (ANTPs; a nucleobase, deoxyri-
bose, and phosphate groups) to the DNA 3’-end via a
phosphodiester bond between the 3’ carbon atom hydroxy
group of the DNA incorporated deoxynucleotide and the

5’ carbon atom phosphate group of a joining ANTP. What
made the sequencing possible is the addition of labelled
dideoxynucleotides (ddNTP); dNTPs lacking the deoxyri-
bose 3’ carbon atom hydroxy group needed to form the
phosphodiester bond. After the incorporation of a ddNTP,
DNA polymerase could no longer add new nucleotides as
the phosphodiester bonds can no longer be formed. This
results in the production of DNA fragments that vary in
length; however, all fragments end with a labelled ddNTP.
Initially, sequencing was performed using radioactively la-
belled ddNTPs. About a decade later Sanger sequencing
was automated and commercialized using fluorescent-la-
belled ddNTPs’ and capillary electrophoresis, providing a
single base pair resolution.® Using automated Sanger se-
quencing, researchers were able to read up to 75,000 bp
per day.’ This method presented the foundation for the
HGP, the biggest collaborative biological project that was
officially completed in 2003 (it took 13 years and cost al-
most US$3 billion to obtain the complete version of the
human genome).>%10 The next step was to identify genom-
ic differences/variants among people to explain disease
mechanisms and/or disease susceptibility. Such projects
required genomes of many individuals to be sequenced,
however, Sanger sequencing was far too time-consuming
and expensive.

2. 2. Next (or Second) Generation Sequencing
(NGS)

The “hunt” began for alternative DNA sequencing
methods, ultimately resulting in the emergence of NGS
technologies. NGS is based on massive parallel sequencing,
meaning that billions of short DNA fragments are se-
quenced simultaneously producing short sequence
“reads”!! Reads are computationally aligned to the refer-
ence sequence to assemble the consensus DNA sequence
(Figure 2). NGS technologies significantly increased se-
quencing throughput, decreased labour, and sequencing
cost.12 In 2004, the company 454 Life Sciences released the
first commercially available NGS platform!3, which is no
longer used today. 454 Life Sciences technology was based
on pyrosequencing; using detection of light to determine
the DNA sequence. The basic principle of pyrosequencing
consists of using enzymes to build the complementary
DNA strand and detect the base order of DNA strands mo-
bilized to beads located on a titer plate. Each addition of
dNTPs to the growing DNA strand, catalysed by DNA pol-
ymerase, results in the release of a pyrophosphate. Pyroph-
osphate is then catalysed to adenosine triphosphate by sul-
fate adenylyltransferase. Enzyme luciferase later utilizes the
adenosine triphosphate to generate light by converting lu-
ciferin to oxyluciferin. Only one of the four dNTPs is added
at a time, and unused dNTPs are degraded by the enzyme
apyrase before the addition of new dNTP. Intensity of the
light is detected by sensors, indicating if and how many
dNTP were added to the complementary DNA strand.!*
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Figure 2: Schematic representation of NGS workflow. Steps common to different NGS platforms are DNA fragmentation (that is required or not
depending on the library type), library preparation, massive parallel sequencing, bioinformatics analysis, and variant annotation and interpreta-
tion.?” Sequencing generates billions of “reads” that are computationally aligned to the reference genome to assemble linear consensus sequence. The
number of reads in which a particular base/variant appears is known as a read depth and determines the confidence with which a particular base/
variant is called.'? A particular single nucleotide variant should appear in more than 10 reads (meaning read depth to be at least 10 x) to be regarded

as a genuine genomic variant.'?

[lumina, Ion Torrent, and Beijing Genomics Institute
(BGI) are currently the main NGS companies on the mar-
ket.!> Today, over 90% of all sequencing in the laboratories
around the world is performed on Illuminas platforms.'®
Mumina devices works on the principle of “sequencing by
synthesis”. Sequencing takes place on the surface of the glass
slide flow cell. The single-stranded DNA sequences of the
DNA library to be sequenced bind by hybridization to oli-
gonucleotides located at the surface of the flow cell. DNA
polymerase completes the missing strand, resulting in a
double-stranded DNA sequence, and then the source strand
is removed. Only the newly formed DNA strand remains
bound to the flow cell. Next, DNA strands are subjected to
clonal amplification, denaturation and clustering. Antisense
DNA sequences are removed from the surface of the flow
cell. The next step is sequencing, which takes place simulta-
neously on all bound sequences. With each sequencing cy-
cle, a single complementary dNTP is added to the bound
sequence. A blocker is located at the 3’ of deoxyribose, thus
allowing addition of only one dNTP per cycle. Various
modes of use are available, with four channel chemistry, two
channel chemistry and less often used but still available, one
channel chemistry. For four channel chemistry based devic-
es, each of the ANTPs in the mixture is labelled with a spe-
cific fluorescent dye (dATP with red, dGTP with blue, dTTP
with green, and dCTP with yellow). After each multiplica-

tion cycle, the device determines the inserted dNTP using
lasers and four filters to be able to distinguish all four possi-
ble bases. The number of multiplication cycles determines
the length of the reading. Within an individual cluster, all
sequences are identical; thus, in each multiplication cycle
the whole cluster glows with the same colour. As for two
channel chemistry, only two different fluorescent dyes are
needed to label ANTPs; after laser excitation, the device de-
tects dTTP as a green signal, dCTP as a red signal, dATP as
a combination of the signal of both dyes, and dGTP is not
marked and the device detects them as the absence of a sig-
nal. One channel chemistry, as the name suggests, uses a
single dye to detect all four bases. Compared to glass slide
flow cells, one channel chemistry uses CMOS (complemen-
tary metal-oxide semiconductor) chips. After each sequenc-
ing cycle, newly incorporated bases are detected using two
chemistry steps and combination of two images. In the first
chemistry steps, dATPs and dT'TPs are labelled with the dye
and the first image is taken. Next, during the second chem-
istry steps, added reagent removes the label from dATP
(dATPs have a cleavable linker allowing the removal of the
dye) and adds the dye to dCTPs (dCTPs have a linker group
that allows dye binding). The second image is taken and the
combination of both signals then determines, which of the
four bases was incorporated at each sequencing cycle.!” Ad-
ditionally, Illumina offers also patterned flow cells. Their
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surface area is organized in billions of envenly spaced nano-
wells with fixed locations, and in each nanowell a disticnt
cluster is generated. Therefore it offers more efficient use of
the flow cell surface area, increased data output, reduced
costs, and faster run times. Due to the structured organiza-
tion patterned flowcells provide significant advantages over
non-patterned cluster generation. It is more tolerant to a
broader range of library densities, due to nanowell position-
ing there is no need to map cluster sites, thus saving se-
quencing running time. With higher cluster density also
data per flow cell are better usable, affecting the reduction of
the cost per gigabase (Gb).!8

[lumina offers numerous sequencing platforms for
different applications such as MiSeq FGx system that is the
first validated benchtop sequencer designed specifically
for forensic science or MiSeqDx and NextSeq550Dx which
are both Food and Drug Administration-approved plat-
form for in vitro diagnostic testing.!” NGS has substantial-
ly increased sequencing output; the production-scale se-
quencing platform from Illumina NovaSeq 6000 System
can read up to 6 tera-bases in 2 days and is ideal for ul-
tra-deep sequencing of the entire genome.!

Compared to previously mentioned technologies, Ion
Torrent detection of sequencing by synthesis is not based
on optics and uses unlabelled dNTPs. As each new dNTP is
being incorporated into a growing DNA stand, a pyrophos-
phate and a hydrogen ion are being released. Detection is
therefore based on the change in pH by an ion-sensitive
field-effect transistor sensor inside a CMOS layer.?°

BGI sequencing platforms enable nanoball sequenc-
ing, a mechanism that bypasses the requirement for PCR
amplification during the library preparation. DNA to be
sequenced is first fragmented until a desired length is
achieved. Next, fragments are end repaired and specific
adaptor sequences and split oligo sequences are added.
This enables the single stranded DNA fragments to then be
circularized—forming a single stranded circular DNA
shape—and replicated many times using a modified roll-
ing circle amplification using Phi 29 polymerase, until a
long single-stranded DNA is formed. DNA then forms
into a nanoball of a few hundred nanometres in diameter.
DNA nanoballs are adhered onto the patterned array flow
cell. Similar to Illumina sequencing, one dNTP is incorpo-
rated per cycle and the sequence order is determined by
laser excitation. BGI released the DNBSEQ-T7 machine
that can produce 1-6 tera-bases of high-quality data per
day for a wide range of applications. Interestingly, BGI also
offers whole genome sequencing for only $600, including
sample processing, sequencing, and data analysis.?! The
high sequencing output and the rapid decrease of the se-
quencing cost made it possible for such platforms to be
adopted by many clinical laboratories.?>?* Exponential
genomic data generation has accelerated translational re-
search and development of new genomic tests.?* However,
NGS has also a few pitfalls. The read length is important
for the accuracy of the generated sequence; technologies

that utilize longer reads generally produce longer and
high-quality assemblies.” However, most of the NGS uti-
lizes short reads (35-600 bp) due to the nature of sequenc-
ing chemistry.>'> Many genomic regions contain repetitive
sequences’ much longer than sequencing reads which may
lead to misassembles and sequencing gaps.!%* Moreover,
short-read technologies less accurately detect larger struc-
tural variations that are frequently clinically relevant.2
Another disadvantage is that most of the NGS platforms
use PCR in the amplification step (to increase signal
strength), which tends to be less accurate in genomic areas
that are high in guanine-cytosine content, which can result

in errors during DNA “photocopying”’

2. 3. Third Generation Sequencing

The main characteristic of third generation sequenc-
ing is utilization of long (10,0002 million bp) sequencing
reads.!® Long read lengths provide better resolution of re-
petitive genomic regions and structural variants?® and allow
the assembly of complex genomes.'> Further, third genera-
tion technologies do not require library amplification to
increase signal strength and enable real-time sequencing.®*’
In 2011, Pacific Biosciences released technology named Sin-
gle-Molecule Real-Time (SMRT) sequencing®® and in 2014,
Nanopore sequencing (Oxford Nanopore Technologies) was
introduced.’! Compared to Illumina, SMRT technology
uses a differently labelled dNTPs; as there is no blocker
bound to the deoxyribose and the label is located on the
phosphate group, dNTPs can be added sequentially without
the additional step of terminating blocker removal, hence
measuring it in real-time. Nanopore sequencing is based on
the tiny changes in current. During sequencing, DNA
strands pass though protein nanopores of about 1.8 nano-
metres in diameter, which are embedded in a polymer
membrane. As DNA strands enter the pore, current changes
according to the DNA bases that are located inside the pore
(about 6 DNA bases at a time). Nanopore sequencing plat-
forms are distinguished by great portability (MinION is in
the size of a USB key*?), ultralong reads, and simple library
preparation. Such devices can be used in virtually any envi-
ronment; for example, to identify infectious disease out-
breaks, as already demonstrated in several studies.>>3* Most
recently, Nanopore sequencing has been used for the accu-
rate and comprehensive detection of SARS-Cov-2 during
COVID-19 pandemic.>>>7 Third generation sequencing
allows direct determination of epigenetic modifications®®
and base modifications in RNA sequencing.** The use of
methylation profiling by Nanopore sequencing has already
been reported by Euskrichen et al.* where the power of this
technology for rapid tumour classification has been illus-
trated. However, one drawback of Nanopore sequencing is
the higher error rate compared to short-read technologies.*!
Despite many intriguing possibilities of long-read technol-
ogies, lower output and accuracy limit their entry into the
clinical environment for the time being.!> Some shortcom-
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ings of both second and third generation technologies can
be compensated for by using them in combination - known
as hybrid sequencing.**** Recent Nanopore sequencing
platforms already offer an improved sequencing through-
put; PromethION 48 can run up to 48 flow cells at once,
producing up to 7,6 tera-bp output yield.** Third generation
technologies represent a new revolution in genomics as
they enable identification of yet undetermined or poorly
determined genomic regions.*>¢ For example, ultra-long-
read nanopore sequencing enabled the complete resolution
of human X-chromosome.*” and SMRT enabled to resolve
2.25-kb-long stretches of short tandem repeats, implicated
in Pragile X syndrome.*® As the output and accuracy of
third generation technologies further increase, they will
likely play an important role in the clinical setting for the
identification of important structural variants that are poor-
ly determined by short-read technologies.

3. Genomic Sequencing in
the Clinical Setting

The precision medicine is based on treating the pa-
tient as an individual, evolving current clinical practice to
more individualized health care.® It seeks application of
genomics as a major strategy in tailoring care to maximise
health and minimalize harm to patients. As the genome is
the best source of information about what makes an indi-
vidual unique (e.g. more/less susceptible to neurodegener-
ative diseases) the inclusion of genomic sequencing in the
clinical practice accelerates the advancement of precision
medicine.

3. 1. Sequencing Approaches

Sequencing presents a less biased approach to diag-
nostics and has a great potential for ending the diagnostics
odyssey for patients with rare diseases.”® Clinicians choose
between whole-genome sequencing (WGS), whole-exome
sequencing (WES), transcriptome sequencing, and tar-
get-panel sequencing. The most comprehensive, but also
the most expensive, is WGS as it interrogates the entire ge-
nome. On average, it detects 3 million genomic vari-
ants'*! most of which belong to non-coding regions of
the genome making interpretation difficult.>® An extensive
bioinformatics analysis is thus required to narrow all
genomic variants to only a few that might be related to the
patient’s phenotype. WGS poses problems of data interpre-
tation and storing due to a large amounts of information.>?
Its use has been studied in neonatal intensive care units in
critically ill new-borns>*>* and oncology patients,>® but is
still mainly used in the scientific research. WES focuses on
more manageable portion of the genome, known as exome
that codes for proteins (only 1-2% of the genome). Vari-
ants from the exome are thus easier to interpret. It is also
cheaper, faster and in most cases enough informative for

the clinical practice. One disadvantage, however, is lower
accuracy in certain areas of genes that are relevant for
some medical conditions; which can ultimately result in
false-negative results.!>> Another disadvantage of the
WES is also the limited detection of clinically relevant
copy number variations (CNVs) and structural variations.
Currently there are no accepted standard protocols or
quality control measures for CNVs identification in NGS
data, and in many cases microarrays are used over WES.>”
WES achieves the diagnostic rate in the range of 25-35%,
compared to WGS, which is in the range of 40-60%.!%8
Due to its better diagnostic yield, WGS is expected to be-
come clinically more important as genomic variant inter-
pretation improves and sequencing cost further decreas-
es.>® Today, most of the clinical sequencing utilizes target
gene panels, which interrogate selected regions of the ge-
nome associated with a disease. Targeted sequencing is
highly reliable in the identification of variants for dis-
ease-related genes, is cost effective, and sequencing results
are easier to interpret compared to WES and WGS.!> There
are numerous predesigned targeted gene sequencing pan-
els available from Illumina, for example, AmpliSeq or
TrueSeq.!® Based on numerous studies, small NGS panels
focusing on a limited number of actionable genes are ex-
pected to become a standard diagnostic tool in oncolo-
gy.>>~%1 A comparison of different sequencing methods can
be found in Table 1.

An illustrative example of how the genomic sequenc-
ing contributed to the development of minimally-invasive
iagnostics (that stems from oncology) is use of liquid biop-
sy, in which circulating-free DNA (cfDNA) from non-sol-
id biological tissues, primarily blood, is analysed.®? Circu-
lating tumor DNA (ctDNA) represents only a small
fraction (<0.5%) of cfDNAS3 and is to some extent repre-
sentative of the primary tumor DNA. Liquid biopsy is par-
ticularly suitable for tumors that are anatomically inacces-
sible to perform biopsy, in cases of metastatic and advanced
stage cancers, and in minimize the number of recurrent
biopsies (as a part of patient’s follow up after diagnosis had
already been made).” CfDNA sequencing was shown to be
useful also to monitor response to targeted therapy and to
detect new resistance mutations, for example in epidermal
growth factor receptor (EGFR) gene.®* Due to its short half
life ctDNA is appropriate for the assessment of tumor dy-
namics especially in more advanced disease stages.®? Liq-
uid biopsy has also promising use in the population
screening and early cancer diagnostics; high sensitivity
and specificity were reported in early lung cancer diagnos-
tics®® and some mutations were detected 2 years before
disease onset.%® Besides, it also allows studying epigenetic
modifications®”*8 and methylation pattern (methylome)
which can aid to disease classification. Mutations com-
bined with epigenomic, proteomic, and even demographic
data, would present unique tumor molecular profile from
individual patient and present an important step forward
in personalized medicine.
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Table 1: Comparison of next and third generation sequencing platforms.

Sequencing  Platform Data Runtime Read Accuracy Output Applications
technology type length range
Mumina NextSeq Paired 12-30h 2x150bp  >99.9% 120 Gb Targeted sequencing (amplicon-
550 end based, gene panel).
Transcriptome sequencing (total
RNA-Seq, mRNA-Seq, gene expression
profiling).
Arrays.
Oxford NovaSeq Paired 13-44h 2x250bp  >99.9% 80- Whole-genome sequencing,
Nanopore 6000 end (maximum 6000 Gb read length) exome sequencing, whole
Technologies transcriptome sequencing, methylation
sequencing.
MinION Long 72h Longest ~ 87-98% Up to Whole-genome sequencing, targeted s
reads >4 Mbp 50 Gb per equencing, RNA sequencing,
Flow cell epigenetics.
PacBio Sequel II High 30h 10-25kb >99%  15-30 Gb Whole genome sequencing, RNA
fidelity per Flow cell  sequencing, targeted sequencing,
reads population seq, epigenetics.
BGI MGISEQ-T7 Paired 24h 150bp  Q30>80% 1.5-6Tb Whole-genome sequencing, deep
end exome sequencing, transcriptome

sequencing, targeted panel sequencing.

Q30 designates probability of an incorrect base call 1 in 1000 times.

Nevertheless, the cfDNA sequencing is becoming an
important tool also as non-invasive prenatal diagnostics. It
has been proven as effective and safe screening method for
trisomies 21, 18, and 13, and sex chromosome aneuploi-
dies compared with traditional prenatal screening. The
tests also proved to be fast and financially sustainable.®’

3. 2. Integration of Genomic Sequencing in
the Clinical Practice

For a successful implementation in the clinical prac-
tice, sequencing must provide reliable results to the clini-
cian. NGS requires end-to-end validation from DNA ex-
traction to bioinfomatic analysis to minimize the
occurrence of false-positive and false-negative results.”
Complete implementation also requires integration of
genomic data into the electronic health records (EHRs),
which can be quite challenging for smaller healthcare in-
stitutions.”t Successful implementation of personalized
medicine will increasingly rely on EHRs to store vast
amounts of genomic data and to appropriately integrate
relevant genomic information into clinical care.”! One of
the barriers for integrating sequencing results in EHRs is
that they are frequently entered as a summary rather than
raw data which limits data accession and reanalysis.”? Al-
though genomic data is static, its interpretation is not. As
new knowledge arises, interpretation can yield additional
diagnoses, and data reanalysis was found to be a cost-ef-
fective approach.”® Routine reanalyses were shown to im-
prove diagnostic rates’7® due to establishment of new

disease-gene associations, improved bioinformatics tools,
and data sharing.”” The integration of artificial intelligence
(AI) is also promising, however, translating technical suc-
cess in AI-driven analytics into meaningful clinical impact
remains a challenge.”® The proliferation of genomic se-
quencing also requires medical professionals who will be
adept at understanding and returning genomic results to
the patient. Thus, education for the next generation of
health care providers is of great importance.” Another
factor regarding implementation is the coverage of se-
quencing costs by health insurance companies, which un-
fortunately lags behind the advances in the sequencing
technology.®’ The clinician must sometimes provide notes
on how the genomic testing will affect the course of the
disease or its management.81 Increasing cost coverage by
the health insurance companies will be catalysed by a fur-
ther drop in sequencing cost and accumulating evidence
in studies of clinical usefulness.®! Several studies®-%*
demonstrated high diagnostic yield and cost-effectiveness
of genomic sequencing which was maximized by its early
application in the diagnostic pathway.31:82

3. 3. National Genomes Sequencing

To elucidate genetic background of a certain popula-
tion, more and more countries are opting for studies of
national genomes. The genomic data can be of great sup-
port to a healthcare system. If we are acquainted with com-
mon alleles in the healthy population, it is easier to identi-
fy disease related variants. National genome projects are
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one of the fundamental elements in establishing effective
identification and rapid diagnosis of rare diseases as they
allow distinguishing between potentially causative genetic
variants and rare, benign genetic variants that are unique
for the original population. These rare genetic variants are
the main source of false-positive results of genetic testing
that can directly affect the clinical diagnosis and the course
of treatment. Some projects are focused on rare diseases or
cancer, whilst others have pursued population-based pro-
jects. In the UK, for example, the goal of 100,000 genomes
was reached and served to establish the infrastructure
needed for the integration of sequencing in the clinical set-
ting.®> The Chinese Academy of Sciences (CAS) launched
the country’s Precision Medicine Initiative with the goal of
sequencing 1000 million human genomes by 2030.

In Europe, the 1+ Million European Genomes Pro-
ject began in 2018, in which Slovenia also participates.3®
Slovenian Genome Project began at the end of 2019. This
presents a pilot project which will outline the key direc-
tions of the future genomic projects, develop bioinfomatic
tools for data exchange, prepare the legal and ethical base,
educate healthcare professionals and general public, and
carry out a pilot genome sequencing project of Slovenian
patients with rare diseases and healthy Slovenian popula-
tion. In Slovenia, NGS methodology is already well estab-
lished as its advances have been used in fields such as clin-
ical neurology (dementia,’” multiple sclerosis®®)
paediatrics (metabolism of new-borns,¥ hearing loss®),
clinical oncology,’! clinical microbiology (microbiota as-
sociated with preterm birth,”> and age and gender %),
pharmacogenomics® and forensic medicine.*®

The use of genomic screening in preventive health is
interesting, although it brings some concerns about its
widespread implementation in routine clinical prac-
tice.”®%” Current estimates predict that 3-5% of people
present a medically actionable variant.”® This assumption
is based on the DiscovEHR project, which involved over
50,000 adult participants aimed at connecting high-per-
formance sequencing to an integrated health system.
Among ~ 4.2 million rare single nucleotide variants, in-
cluding insertions and deletions, adverse variants in 76
clinically relevant genes were found in about 3.5% of indi-
viduals. This study set a basis of individual tailored medi-
cine that is based on therapeutic discoveries guided by
genomics.”® In the cases of “medically actionable genes,
genomic screening of asymptomatic population could
have a significant public health impact.®® Finding new
population specific actionable genes that may save lives
and/or majorly impact the quality of lives remains among
the goals of the national genome sequencing projects.

3. 4. Sequencing During the COVID-19
Pandemics

Sequencing technologies can be used to detect and
identify pathogens, determine their resistance to antibiot-

ics, construct phylogenetic trees, or epidemiologically
track disease outbreaks.!?” Genome sequencing can typify
microbial strains with greater accuracy compared to clas-
sical microbiological methods.!” As of April 2021, COV-
ID-19 pandemic affected over 136 million people world-
wide and resulted in death of almost 3 million people.!?
On January 5, 2020, next-generation meta-transcriptomic
sequencing allowed researchers to obtain the first and
complete viral genome of SARS-CoV-2 from a patient in
Wuhan, China.!® Soon, several hundred genomes became
publicly available (htps://www.gisaid.org/), allowing rapid
development of diagnostic tests!®* vaccines and antivi-
rals!%, and disease tracking.106 Few concepts of sequenc-
ing have been used for SARS-CoV-2.17 Most studies have
used the Illumina platform, however the Oxford Nanopore
Technologies has been utilized for aforementioned shot-
gun metatranscriptomics'® which enables de novo ge-
nome assembly without prior knowledge of the se-
quence.!®”” Another method is amplicon-based sequencing,
limited to specific parts of the viral genome. Such libraries
can be sequenced on benchtop platforms with a
mid-throughput (Illumina NexSeq, MiSeq, Ion torrent).!%”
RNA sequencing using Oxford Nanopore Technologies
and DNA nanoball sequencing was applied in a recent
study®® to reveal finished representation of SARS-CoV-2
transcriptome and epitranscriptome.

Comparative genomics revealed, that SARS-CoV-2
was a member of Betacoronavirus and fell into a subgenus
Sarbevirus that also includes Sars-Cov'! and allowed the
“hunt” for its zoonotic origins.!® Sequencing is vital in as-
pects of finding novel viral hosts to block interspecies
transmition. Bat coronavirus, RaTG13, sampled in Yun-
nan province, is at the nucleotide level approximately 96%
similar to SARS-CoV-2; however, there were major differ-
ences in key genomic features important for infectivity of
the virus.!911! Moreover, due to the ecological separation
of humans and bats, it is probable that some other species
acted as an intermediate host.!®* Recent research reports
that viruses in Malayan pangolins are closely related to
SARS-CoV-2!'2 and these animals are of great interest be-
cause of involvement in illegal animal trafficking.!*® Pan-
golin-CoV was shown to be 91.02% identical to SARS-
Cov-2 at the which makes him the second closest relative
behind RaTG13.113 It seems that betacoronaviruses exist
in the number of mammalian species and it is thus imper-
ative to perform a wider sampling of animals from wet
markets and those who live close to human populations to
block potential interspecies transmission.!%> Furthermore,
NGS allows tracking of the viral strains. RNA viruses con-
tinusly accumulate mutations.!'* New mutations in SARS-
CoV-2 genome will continusly arise over time and space
and result in branching of the original “reference genome”.
NGS allows us to observe evolutionary pattern of SARS-
CoV-2, which is crucial for efficient disease prevention
and control, for example, to reveal new routs of infection.
Tracking mutations and variable regions of the viral is thus
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imperative for development of effective therapy in the eyes
of viral diversity and consequent drug resistance.''* As of
April 2021, more than 1 million coronavirus-related ge-
nome sequences have been uploaded to EpiFluTM (GI-
SAID) world-wide and the number is rapidly increasing.
NGS is used to trace interpersonal transmission of the vi-
rus.''® High resolution genomic epidemiology is thereby
becoming an effective tool for public health surveillance
and disease control.'’” Knowing SARS-COV2 genome
also helps to achieve a more effective disease strategy, to
investigate cases with unclear sources of infection within a
short turnaround time.!1% 118

Furthermore, NGS technology was applied to inves-
tigate mechanisms of SARS-CoV-2 infection.!!® For exam-
ple, RNA sequencing has been used to determine suscepti-
ble organs with higher expression of angiotensin-converting
enzyme 2 (ACE2) receptor, which serves as a receptor for
SARS-CoV-2.1"? NGS and single-cell RNA sequencing
were used to determine expression of ACE2 receptor in
numerous organs and cells after infection with SARS-
CoV-2116, which will most definitely benefit diagnostic
and therapeutic target identification.

4. Future Outlook

Researches tend to sequence as many human ge-
nomes as possible, known as population-scale resequenc-
ing, capturing not just genomic but also epigenomic data.
Genomics and epigenomics are frequently studied sepa-
rately 120 but to fully reach the potential of precision med-
icine it will be necessary to study them together. Only inte-
grated data from various big “omics” will enable us to fully
understand disease mechanisms and substantially increase
the sensitivity of genomic sequencing. One of the obsta-
cles, however, is the storage and processing of large
amounts of data, which is why the parallel development of
bioinformatic analysis is required. The question which ob-
tained information is of importance requires the existence
of large genomic databases. Integrated analysis of medical
“big-data” will benefit from artificial intelligence technolo-
gies, such as machine learning and its subset, deep learn-
ing.120 Novel long-read technologies will enable routine
resequencing, allowing better determination of repetitive
regions and structural variants. Epidemiologists will fol-
low the outbreak of an infectious disease through microbi-
al sequencing from various samples, such as wastewaters.
Therefore, it will be possible to detect a disease outbreak at
an early stage and possibly even prevent it. Small, portable
devices will be useful in such situations. Oxford Nanopore
has recently started developing device called SmidgION,
which is even smaller than MinION.44 It will be used with
smartphones and other portable devices. The portability,
high output, and simplicity of such machines have infinite
on-site applications: in ecology, forensics, population
screening, epidemiology, to name a few.

However, although the technology shows immense
breakthrough, education of staft has to become the central
concern of all countries employing next generation tech-
nologies. Well trained medical geneticists and consultants
with narrow specializations on next generation sequenc-
ing will be the ones enabling meaningful interpretation of
the results, thus providing use of the result in clinical set-
ting.
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Povzetek

Doloc¢anje nukleotidnega zaporedja — sekvenciranje je Ze ve¢ kot 40 let stara tehnologija, a kot orodje v klini¢ni me-
dici velja za relativno mlado. Z napredkom in razvojem tehnologije sekvenciranje postaja ob¢utno cenejse, hitreje in
natancnej$e; prav zato ga je mogoce vkljucevati v klini¢ne laboratorije za rutinsko uporabo. Leta 2003 je bilo prvi¢
doloceno zaporedje ¢loveskega genoma, s tem pa postavljeni temelji za uporabo genomike v klini¢ni praksi ter razvoj
personalizirane medicine. Poznavanje nukleotidnega zaporedja predstavlja nepristranski pristop k diagnostiki ter ima
lahko pomembno vlogo tudi pri spremljanju bolezni in zdravljenju, a prehod iz raziskovalne uporabe v klini¢no prakso
lahko traja tudi veliko let. V zadnjem desetletju je bil porast novih tehnologij sekvenciranja skokovit, kar pa pomeni, da
se mora strokovni kader relativno hitro izobrazevati na podro¢ju osnovnega znanja o zmoznostih in pomanjkljivostih
obstoje¢ih metod ter njihovi uporabi v klini¢nih okoljih in raziskavah. V preglednem ¢lanku predstavljamo pregled teh-
nologij sekvenciranja z zgodovinskega vidika in mu dodamo klini¢no uporabo sekvenciranja. Nekatera najbolj obetavna
podrocja so predstavljena z izbranimi primeri slovenskih raziskovalcev.
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Abstract

In this work, the effect of the presence and the diffusion of the Copper from the tool electrode onto the EDMed stainless
steel (SS) surface have been investigated by electrochemical impedance spectroscopy (EIS), X-ray diffraction (XRD),
Quantometer analysis, and Optical microscopic observations. The Taguchi method was used to study the effects of Pulse-
on time (t,,), Pulse-off time (t.g), discharge current (I), and overall machining time (7) on chemical composition, mi-
crostructures, micro-cracks, and electrochemical corrosion of EDMed stainless steel workpieces. The results show that
the variation of machining parameters changes the chemical composition of the workpieces. By increasing the discharge
current and decreasing the Pulse-on time, the copper and the carbon diffuse onto the surface of the workpiece. Conse-
quently, the chemical composition of the workpiece surface changes, leading to an increment of the corrosion resistance.
The XRD analysis shows the formation of Fe,C, Cr;C, and CuNi. In addition, at higher values of discharge current and
ton/tog ratio, the micro-cracks propagate on the surface of the workpiece.

Keyword: Electrical discharge machining; Stainless steel; Electrochemical impedance spectroscopy; Electrochemical

corrosion; Copper diffusion

1. Introduction

Electrical discharge machining (EDM) is one of the
most effective processes that can produce high-quality ma-
terials precisely with a wide range of strength, hardness,
and shape.">2 In the EDM process by applying an electrical
potential between the workpiece and the tool electrode im-
mersed in a dielectric solution a discharge current is cre-
ated. Then the discharge current overcomes the dielectric
solution resistance and is discharged in the form of sparks
on the workpiece surfaces. However, each of these sparks
can act as a source of heat. So, the local temperature can
increase to more than 10000 °C at the micro-second time
intervals.>* Hence, the temperature gradient developed on
the surface of the workpiece leads to melting and chang-
ing material constituents,” as well as diffusion of very small
particles to the surface of the tool electrode®, and Hence
changing the mechanical,”® structural® and electrochemi-
cal!® properties of the workpiece. These alterations are re-
lated to machining parameters such as electrical discharge

current (I), the type of modulation of applying voltage (V),
the time in which modulated voltage has been pulse-on
time (%,,) and pulse-off time (¢,¢), machining time (), and
the type of tool electrode and work-piece.!"'> Whereas
changes in the chemical composition of surface influences
its corrosion behavior,'? it is worthwhile to study the cor-
rosion resistance of the workpiece made by EDM. Open
circuit potential, potentiodynamic polarization, and elec-
trochemical impedance spectrometry are the most com-
mon methods to study electrochemical corrosion.!*!®
Due to the formation of protective layer on the workpiece
surface during the corrosion tests, the electrochemical im-
pedance spectrometry method is used.

In this study, the EDM method was carried out on
stainless steel with a copper electrode. The stainless steel
was used as workpiece due to its excellent mechanical
properties,'® high corrosion resistance in the corrosive
medium,!” and the fact that it is the most applicable alloy!®
for use in different industries e.g. medicine,® military,'®
aerospace?’ and so on. A few studies have evaluated the

Karimi et al.: Study of Electrical Discharge Machining Parameters on ...

279



280

Acta Chim. Slov. 2021, 68, 279-288

corrosion behavior of the workpieces made by EDM show-
ing the tool electrodes significantly affect the amount of
workpiece corrosion.%10:1521-24

Yan et al. using weight loss test have shown that Al-
Zn-Mg alloy machined by a copper electrode has high
corrosion resistance.?! Tsai et al. have developed a sin-
tered electrode tool made in Cu-Cr (80-20%) composite
to improve the uniform corrosion resistance of the AISI
1045 EDM surfaces.?? Sidoham et al. have determined the
corrosion resistance of stainless steel using potentiometric
test, which is machined by a graphite electrode in various
EDM currents.?* They have indicated that by increasing
the discharge current, the amount of the diffused carbon
into the surface of the stainless steel, and as result the cor-
rosion rate increases. Saravanan et al. used open circuit
potential (OCP) and linear polarization measurements to
show that the corrosion has occurred in EDMed Al alloys
by the brass electrode due to the localized transfer of cop-
per from of brass on the workpiece surface.?*

In this study, we investigate the presence and diffu-
sion of Cu on the stainless steel workpiece by changing the
EDM parameters such as I, t,,, t,q and 7. Afterwards, the
electrochemical corrosion rate of the workpiece is meas-
ured by the electrochemical impedance spectrometry
(EIS) method. The Taguchi experimental design method is
used in order to reduce the cost and time of the study. To
keep the maintenance cost low and raising the efficiency
of the industrial tools, we worked on the EDMed stainless
steel using copper electrode and reporting the optimal val-
ues of the machining parameters.

2. Material and Methods
2. 1. Material

e Stainless steel belt with a 5 mm thickness and copper
rod with a 10 mm diameter, purchased from Tehran
bazaar, Iran.

2. 2. Equipments and Software

e Electric Discharge Machining, Model A6040L, Chmer
Company, Taiwan.

e Quantometer, Model Foundry Master,
Instruments Gmbh, Germany.

e X-ray Diffractometer (XRD) System, Model D8
Advance, Bruker Company, Germany.
Optical Microscope, Model Olympus BX51M, Japan.
Autolab Instrument, Model PGSTAT 30, Eco-Chemie

Utrecht Company, Netherlands.

e Minitab Software, Version 16.4.2, Minitab Company,
USA.

e Highscore Plus Software, Version 3.0.5, PANalytical
B.V. Almelo Company, Netherlands.

e FRA Software, Version 4.9, Eco Chemie B.V Company,
Netherlands.

Oxford

2. 3. Material Preparation

The selected workpiece material was stainless steel
(SS) with the dimensions 30 x 20 x 5 mm? and the elec-
trode tool used in this work was made of a copper rod with
a 10 mm diameter. The chemical composition of stainless
steel and copper performed by foundry master instru-
ment is reported in Table 1 and Table 2 respectively. The
EDM machining operations was carried out with Chmer
A6040L on workpieces. The paraffin oil was used as die-
lectric fluid. The raw and EDMed workpiece and electrode
tool are shown in Figure 1. Experiments were conducted
by control parameters variations such as I, t,,, .5 7, and
each one at five levels as shown in the Table 3. The design
of experiments was performed by using L25 mixed levels
of orthogonal arrays according to Taguchi method as listed
in Table 4.

b)

Figure 1. The image of (a) raw workpiece (b) EDMed workpiece (c)
tool electrode.

Table 1. Chemical composition of raw workpiece (wt. %).

Fe C Si Mn P S Cr Mo
70.2 0.0548 0.235 1.15 0.0325 0.005 19 0.22

Ni Al Co Cu Nb Ti v W
8.36 0.001 0.122 0.432 0.0185 0.0078 0.0616  0.02

Table 2. Chemical composition of tool electrode (wt. %).

Cu Zn Pb Sn P Mn Fe Ni
99.7 0.1 0.005 0.005 0.003  0.0054 0.05  0.005
Si Al Cr Mg S As Co Ag
0.0183 0.0095  0.001 0.002 0.0113 0.0041  0.023 0.0082
Table 3. EDM design factors.

Design factor Level

1 2 3 4 5
I1(A) 5 10 15 20 25
ton (us) 50 75 100 125 150
toge (1) 5 10 15 20 25
T (min) 1 2 4 8 16

Karimi et al.: Study of Electrical Discharge Machining Parameters on ...



Acta Chim. Slov. 2021, 68, 279-288

Table 4. The results of experimental design by using L25 orthogonal

arrays.

Input parameters

S.N. I1(A) ton (us) tog (us) 1(min)
1 5 50 5 1
2 5 75 10 2
3 5 100 15 4
4 5 125 20 8
5 5 150 25 16
6 10 50 10 4
7 10 75 15 8
8 10 100 20 16
9 10 125 25 1
10 10 150 5 2
11 15 50 15 16
12 15 75 20 1
13 15 100 25 2
14 15 125 5 4
15 15 150 10 8
16 20 50 20 2
17 20 75 25 4
18 20 100 5 8
19 20 125 10 6
20 20 150 15 1
21 25 50 25 8
22 25 75 5 16
23 25 100 10 1
24 25 125 15 2
25 25 150 20 4

S. N. The number of EDMed workpieces.

2. 4. Methods

2. 4. 1. Quantometer Analysis

Table 5. Chemical composition (wt. %) of workpiece after EDM.

The EDM process induces changes in the chemical
composition of the surface of the workpieces. Therefore,
the chemical elements of these workpieces are performed
by foundry master instrument (the quantometer analysis)
and the results are presented in Table 5.

2. 4. 2. Optical Microscopy

The micrograph observation is performed by an
Olympus BX51M optical microscope (OM) in a fixed
magnification of 1000.

2. 4. 3. XRD Analysis

The phases on the workpiece’s surface have been
studied via XRD analysis. Analyses were performed by
X-ray diffraction (XRD) (Bruker D8 advance) at a wave-
length of 0.15406 nm using the copper kal radiation.
Diffraction patterns were recorded at 45 kV and 48 mA
in 1°/s detectors movement speed, intensity was measured
in 20 = 0.02°. Spectra were collected at 26 values between
20°-80°. X’Pert High Score Plus, V3.0.5 software were
used to analyze the obtained data.

2. 4. 4. Electrochemical Corrosion Test

The electrochemical behavior of EDMed workpieces
was studied with the electrochemical impedance spectros-
copy (EIS) using AUTOLAB model PGSTAT 30 equipped
with a frequency response analyzer (FRA) software. The
three electrode cell was used for the electrochemical
measurements. We used workpiece with an exposed area
of 0.65 cm? as the working electrode. A saturated calomel

S.N. Fe C Si Mn P S Cr Mo Ni Al Co Cu Nb Ti \% w

1 69.8 1.06 0.207 1.11 0.0204 0.005 18.3 0.198 8.51 0.001 0.130 0.489 0.0114 0.0063 0.0558 0.02

2 69.8 1.10 0.199 1.12 0.0067 0.005 18.2 0.206 8.60 0.001 0.118 0.474 0.0129 0.0064 0.0611 0.0278
3 69.7 1.23 0.195 1.10 0.0072 0.005 18.0 0.204 8.71 0.001 0.117 0.457 0.0134 0.0059 0.0612 0.0230
4 69.4 1.23 0.226 1.14 0.003 0.0050 18.4 0.191 8.47 0.0015 0.115 0.432 0.0088 0.0087 0.0611 0.124
5 69.1 1.49 0.191 1.16 0.003 0.005 18.2 0.185 8.74 0.001 0.123 0.448 0.0093 0.0074 0.0649 0.144
6 69.5 0.808 0.217 1.14 0.003 0.005 18.7 0.191 8.49 0.0013 0.12 0.561 0.0082 0.0079 0.0609 0.128
7 69.1 1.41 0.210 1.13 0.003 0.005 18.3 0.183 8.59 0.001 0.112 0.638 0.0075 0.0071 0.0596 0.120
9 69.5 0.983 0.184 1.16 0.0041 0.005 15.5 0.190 8.64 0.001 0.121 0.492 0.0099 0.0059 0.0646 0.0389
10 69.6 0.909 0.169 1.15 0.003 0.005 18.4 0.189 8.82 0.001 0.119 0.453 0.0107 0.0053 0.0651 0.0395
12 69.5 1.04 0.178 1.14 0.0035 0.005 18.2 0.190 8.61 0.001 0.126 0.72 0.0109 0.005 0.0645 0.0245
13 69.1 1.45 0.183 1.16 0.003 0.005 18.3 0.182 8.62 0.001 0.123 0.614 0.0087 0.006 0.0634 0.118
14 69.8 0.638 0.213 1.16 0.003 0.005 18.6 0.187 8.55 0.001 0.0988 0.486 0.0082 0.0072 0.0624 0.0933
15 69.4 1.28 0.190 1.119 0.003 0.005 18.1 0.183 8.58 0.001 0.124 0.528 0.0086 0.0073 0.0662 0.168
16 69.6 0.562 0.236 1.14 0.003 0.005 18.8 0.196 8.45 0.001 0.105 0.629 0.0098 0.0091 0.0611 0.125
17 69.2 1.44 0.225 1.11 0.003 0.005 18 0.196 8.61 0.0015 0.126 0.771 0.0125 0.0089 0.0601 0.143
18 67.2 2.6 0.212 1.10 0.003 0.005 17.1 0.190 8.52 0.0019 0.12 0.62 0.012 0.0088 0.0584 0.171
20 69.3 1.37 0.175 1.15 0.003 0.005 18.1 0.186 8.81 0.001 0.101 0.594 0.0112 0.0054 0.0646 0.0582
23 68.9 1.68 0.195 1.12 0.003 0.005 18.1 0.183 8.65 0.001 0.0997 0.757 0.0083 0.007 0.0597 0.111
24 67.7 2.6 0.165 1.11 0.003 0.005 17.3 0.192 8.87 0.001 0.117 0.833 0.0109 0.0059 0.0676 0.0913
25 67.1 2.6 0.201 1.11 0.003 0.005 17 0.179 8.72 0.0018 0.122 0.763 0.0094 0.008 0.0572 0.178
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electrode (SCE) and platinum tip electrode were used as
the reference and the counter, respectively. Every sample
(S.N) from Table 4 was subject to measure three replica-
tion using fresh 3.5 wt. % NaCl solutions without aera-
tion, at room temperature. The impedance studies were
performed at a frequency range from 0.01 Hz to 1 MHz
sine wave with 5 mV perturbation amplitude. All of the
measurements were done in potentiostatic mode at room
temperature. The EIS data are calculated by Nyquist plots.
The boukamp equivalent circuit utility as a part of FRA
program are the most reliable simulated electrical circuit
based on the impedance data.

3. Results and Discussion

3. 1. Microstructural Changes

Thermal energy generated by EDM leads to chenges
in workpiece surface. The EDMed workpiece surface phas-
es, identified by X-ray diffraction (see Figure 2), revealed
several different phases such as copper (Cu,) with cubic
crystal structure, carbon (C,4) with cubic crystal structure,
and carbides (FeC with hexagonal crystal structure, Cr;C,
with orthorhombic crystal structure). Lattice parameters
of these phases are calculated using X’Pert High Score Plus
software and the results were reported in Table 6, and as
an example the diffractograms of workpiece-16 is depicted
in Figure 3.
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Figure 2. X-ray spectrum of the surface workpiece-24.
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Figure 3. X-ray spectrum of the surface workpiece-16.

During the spark ignition in the EDM process, the
copper is melted away from the tool electrode. Therefore,
the copper particles diffuse into the workpiece surface and
as a result of their combination with the Nickel particles,
Cu,Ni, crystals were formed. It should be mentioned that
copper and Nickel have the same lattice parameters. The
lattice parameters of these phases were calculated using
the X’Pert High Score Plus software and the results are re-
ported in Table 7.

Table 6. Lattice parameters of workpiece surface phases, work-
piece-24.

Chemical formula Lattice parameters

Fe, Cubic
a=b=c¢=0.362nm
o :ﬁ =y= 90°

Fe, Cubic
a=b=c¢=0.362nm
a :ﬁ =y= 90°

Cuy Cubic
a=b=c¢=0.362nm
a :ﬁ =y= 90°

Fe,C Hexagonal
a=b=c=0.275nm
a=p=90,y=120°

Cr;C, Orthorhombic
a=b=c=0.701 nm

a:ﬁ:y:QO‘)

Cis Cubic
a=b=c¢=0429 nm
o :’3 =y= 90°

Table 7. Lattice parameters of workpiece surface phases, work-
piece-16.

Chemical formula Lattice parameters

Fe, Cubic
a=b=c¢=0.362 nm
a:ﬁ =y= 90°

Fe, Cubic
a=b=c¢=0.362nm
a:ﬁ =y= 90°

Fe Cubic
a=b=c=0.2853 nm
a:ﬁ =y= 90°

Cubic
a=b=c=0.35934 nm
a:ﬁ =y= 90°

Cuyg g Nig 19

As evident from Figures 2 and 3, the sources of car-
bon and copper particles penetrating on the workpiece
surface are from the dielectric solution and copper elec-
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trode, respectively. The diffused carbon particles are com-
bined with the workpiece material to form a carbide zone.
Our results are in line with Chundru,?® Torres,2° Sidhom,??
and Cusanelli findings.?” The mechanism of copper diffu-
sion in the machining process is discussed below.

3. 2. Effect of Copper Diffusion on EDMed
Surface

The schematic of the mechanism of copper diffusion
in the machining process is shown in Figures 4.

Tool
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= % L
‘Workpiece |*> | |—»
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Figure 4. Schematic of the copper diffusion mechanism during
EDM.
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During step A, the tool electrode is coming close to
the workpiece surface. Then, in step B, the discharge cur-
rent is set between the tool electrode and workpiece by
deionizing the dielectric fluid and the creation of the plas-
ma channel. When the discharge current is increased, the
thermal energy produced by sparks can warm up the elec-
trodes. Therefore, it causes the debris melted materials to
be sputtered into the dielectric liquid. Some of these par-
ticles do not exit the dielectric solution and, consequent-
ly, they fell on the workpiece (or tool electrode) surface
(step C). Finally, as the tool electrode is getting closer to
the workpiece its surface connects to the workpiece (step
D). In this case, passing electric current produces heat due
to joule effect. As a result, the tool electrode materials dif-
fuse onto the surface of the substrate. During the next step
the tool electrode is removed from the workpiece surface,
and as a result of the distance the spark width and its im-
pact are reduced. Flushing of dielectric liquid leads to a
decrease in the temperature, such that there is no spark in
step A. Ultimately, the whole process would be repeated
again. It is evident that step D can be introduced as the

main stage in which the Cu diffuses onto the workpiece.
It should be noted that the copper diffusion also occurs
in other stages of the EDM process; but the amount is not
comparable with step D. The linear movement of the veloc-
ity of the tool electrode axle?® will be constant during the
whole steps from A to A. Therefore, the amount of copper
diffusion can be described as a function of pulse-on time.

3. 3. Effect of Discharge Current on Copper
Diffusion

The results of the quantometer analysis show the
different amounts of copper and carbon on the workpiece
surface (Table 5). To investigate the overall effects of the
copper and carbon amounts with different discharge cur-
rents, their mean values were calculated are reported in
Table 8.

Table 8. The mean values of copper and carbon of Stainless Steel.

Discharge Current Mean copper Mean carbon

(A) (wt. %) (wt. %)
5 0.46 1.22
10 0.54 1.03
15 0.59 1.10
20 0.66 1.49
25 0.78 2.29

The effect of current on the mean values of the dif-
fusion of Cu was already shown in Figure 5. The diffusion
of Cu on stainless steel surface was increased by raising the
current values. This can be attributed to the lower melting
point of Cu rather than the stainless steel and the fact that
EDM develops a high-temperature zone on the surface®.
For this reason the incremental diffusion is slow.

0.9

y =0.0155x + 0.3732
0.8 R2=09774 s

0.7

HH

0.6 e
HH

Cu (wt)%

0.5

HH

04

0.3

0 5 10 15 20 25 30
I(A)

Figure 5. Effect of I on diffusion mean of copper in workpiece.
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The change in the weight percent of other elements
as well as for Cu can occur in the machining process. Table
8 shows that by increasing discharge current the weight
percent (wt. %) of carbon increased from 0.0548% (with-
out EDM) to 2.29% (I = 25 A). This is related to the dif-
fusion of the carbon from the dielectric solution into the
workpiece surface when the flashing occurs. This result
is in agreement with the Elaiyarasan,?® Torres,?® Kumar®!
and John*2. The-results from quantometer analysis agreed
to ones obtained by XRD analysis.

3. 4. Effect of Pulse-on time and Pulse-off
time on Copper Diffusion

The diffusion of Cu on the surface of workpiece in
high (125, 150 us) and low (50, 70, 100 ps) values of t,, vs.
discharge current were sketched in Figure 6. The findings
show that the amount of diffusion of copper on the surface
of the workpiece was high when t,, was low. However, this
phenomenon was amplified by increasing the discharge
current.

1

—=— low ton

0.9 —=— high ton

0.8

0.7

Cu (wt)%

0.6

0.5

0.4

0 5 10 15 20 25 30
1(A)

Figure 6. Diagram of diffused copper wt. % vs. discharge current at
high and low t,,.

In the machining process, the greatest value of cop-
per on the workpiece surface was observed at ¢, = 15 and
20 ps. Figure 7 illustrates the copper values vs. f.g.

The results obtained from the optical microscopy
show that the microscopic images of machined workpiece
at the high discharge current, high ¢, and low ¢,ghave long
and branched cracks on the surface. The presence of crack
and micro-crack on the surface maybe attributed to the
retention of the dielectric fluid during the cooling of the
surface*3. Ultimately, Stress Corrosion Cracking (SCC)
in aggressive environments occurs in this case. Figure 8-a,
shows the microscopic images of the workpiece-24 with
high values of discharge current and ¢,,.

0.7

0.65

0.6

Cu (wt)%

0.5

0.45

0 5 10 15 20 25 30
torr (ps)

Figure 7. Diagram of diffused copper wt. % vs. tg.

Figure 8. Optical micrograph of stainless steel EDMed through
copper electrode at high discharge current and (a) high ¢,,, (b) low
ton by magnification of 1000.
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As shown in workpiece-16, there is a suitable ratio
of t,,/t.g (Figure 8-b). The highest amount of Cu diffusion
and the surface without any cracks or micro-cracks are ob-
served under the condition of higher amounts of discharge
current, lower ¢, higher ¢ with much shorter 1. The val-
ue of diffused Cu is high (0.629 %) as reported in Table 5.
These conditions prevent the workpiece from formation of
any cracks, micro-cracks or branching.

3. 5. Electrochemical Corrosion

The electrochemical impedance spectroscopy di-
agram (Nyquist plot) for workpiece-16 is presented in
Figure 9.

160

—o— workpiece-16

140

0 50 100 150 200
Z Q)

Figure 9. Nyquist plot of EIS results for workpiece 16.

To investigate the effect of copper on the corrosion
resistance of Stainless Steel the mean values of the diffused
copper (obtained by quantometer analysis) and the mean
values of the corrosion resistance (Rcr) as well as electrical
double layer capacitance (Cgpy) (obtained by EIS analysis)
in various currents are presented in Table 9.

Table 9. The mean values of the diffused copper, Rcr and Cgp; in
various discharge currents.

Discharge Mean copper Mean Rcy  Mean Cgpy,
Current (A) (wt. %) Q) (uF)
5 0.46 385 7.6
10 0.536 453 12
15 0.587 495 14
20 0.66 590 21
25 0.78 456 18

The resulting effects of various discharge currents on
the mean values of the diffused Cu and corrosion resist-
ance (Table 9) of stainless steel are showed in Figure 10. It

shows that by increasing the discharge current (I = 20 A)
the corrosion resistance also rises (Rep = 590 Q). In this
situation, the XRD analysis shows that the stable phase of
Cuyg g Nij ;¢ is formed and also optical microscopy show no
cracks or micro-cracks (Figure 8-b). However, when the
discharge current is too high (I = 25 A), the R¢y signif-
icantly is reduced (Rcr = 456 Q) and the cracks are de-
veloped on the workpiece (Figure 8-a). These observations
are consistent with the finding of Sidoham et al?.

700 09
RCT
—a—Cu 0.8
600 T
A &
= 0.7 E:i
a e
£ 500 I \z
< T T 0.6 Q
1 1
400 T
0.5
300 04
0 5 10 15 20 25 30
1(A)

Figurel0. Effect of the discharge current on the mean value of Rcy
and Cu (wt. %).

As Figure 10 shows, the Cu diffusion on the surface
grows with the rising discharge current, and subsequently
the corrosion rate is decreased. Many researchers®>~* have
reported that Cu diffusion plays an important role in cor-
rosion resistance. Copper maybe stable either as metallic
copper, soluble CuCl,~ complex, insoluble CuCl salt film
or as Cu?* ions on the workpiece surface in corrosive envi-
ronment by following mechanisms:

Tonization of Cu atom produces Cu?* ions according
to Eq. 1373,

Cu?* +2e" 5 Cu Eo=+0.337V (1)

The anodic reaction of Cu by the production of CuCl
salt and CuCl,~ complex occurs in chloride. The reaction is
Eq. 2 and Eq. 3374,

CuClte S Cu+Cl” Ey=+0.137V (2)

CuCl, +e S5 Cu+2Cl  E,=+0.208V (3)

The protective layer protects the stainless steel from
corrosion. The corrosion resistance effect is related to the
creation of an electrical double layer of metal/ electrolyte
in this case. Whereas the protection of the copper chlo-
ride layer is severely unstable, during the EDM process the
workpiece is corroded electrochemically by pitting corro-
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sion mechanism. In contrast, in high t,,, workpiece doesn’t
have sufficient time for cooling; this situation provides the
conditions for growing cracks on the surface (Figure 8-a).
At high values of both discharge current and ¢, work-
piece-24) the branched long cracks can be formed and the
corrosion resistance of workpiece dramatically falls (Rcr
=456 Q). The results of X-ray at very high discharge cur-
rent and high ¢, (Figure 2) indicate the presence of heter-
ogeneous phases such as iron-phase with cubic structure,
iron-carbide phase with hexagonal structure and chromi-
um carbide with orthorhombic structure on the workpiece
surface. Variation in workpiece lattice structure (cubic,
hexagonal and orthorhombic) and different thermody-
namic stability lead to the cracking of the workpiece and
increase in the corrosion rates. The order of decreasing
enthalpy formation of this workpiece is given in Table 10.

Table 10. Formation enthalpies of crystal observed in workpiec-
es-16 and 24.

S.N Component AHj KJ mol™! Reference

24 Fe 13.79 4
Fe,C 2.57 42
Cr;C, -111.95 43

16 Fe 13.79 4
CuNi 3.7 44

The EDMed workpiece with a high discharge cur-
rent and f,g and low ¢, and 7 (workpiece-16) cools slowly
enough to avoid cracks formation (Figure 8-b). XRD anal-
ysis (Figure 3) show that in this workpiece all the phases
grow up in the same cubic crystal lattice (Table 7), which
have the low formation enthalpy and subsequently are sta-
ble (Table 10). Under these conditions, the Rt increases
dramatically (Rcr = 590 Q).

From the workpiece-16 results, it can be found that
the corrosion rate is very low. In this workpiece, high
discharge current and large amount of heat is developed
on the surface. Also, it can be seen from Figure 8-b that
the metal is allowed to cool sufficiently and therefore the
cracks are not formed because the value of t,, is low. The
quantometer analysis results (Table 4) show that during
the machining process, the values of the diffused Cu and
C on the workpiece’s surface are 0.629 and 0.5072 respec-
tively. In workpiece-16 the diffused Cu is higher and the
diffused carbon is lower than the other workpieces. This
leads to a good corrosion resistance properties. Note that
the amount of Cgpy of workpiece-16 (Cgpp = 21 pF) is the
highest value among other workpieces as shown in Table 9.

4. Conclusions

The corrosion resistance of the stainless steel is an
important issue because of its application in many indus-

tries. The EDM technique is one of the methods for pro-
duction and manufacturing of industrial Stainless Steel.
In EDM technique a locally rising temperature causes a
change in the chemical composition and diffusion of the
tool electrode onto the surface of workpiece. The electro-
chemical properties of the stainless steel are also changed
due to the variation in EDM parameters. The results show
that by increasing discharge current and ¢, the copper of
tool electrode and carbon of dielectric liquid are diffused
constituting some phases such as Fe,C, Cr;C,, and CuNi
onto the surface of workpiece. Besides, at higher values of
both discharge current and ¢, /. ratio, the micro-cracks
propagate. By increasing discharge current with an op-
timal level of t,,/t,q ratio, the amount of diffusion of Cu
onto the surface rises and then the electrochemical corro-
sion is reduced. Workpiece under optimal conditions (I =
20A, t,, = 50s, t,g = 20 ps, T = 2 min), shows high corro-
sion resistance due to the formation of the copper-nickel
phase with no cracks or micro-cracks on its surface.
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Povzetek

V tem delu je bil preucen vpliv prisotnosti in difuzije bakra z elektrode orodja na povrsino iz EDMed nerjavecega jekla
(SS) z uporabo elektrokemi¢ne impedanéne spektroskopije (EIS), rentgenske difrakcije (XRD), kvantometrske analize
in opti¢ne mikroskopije. Metoda Taguchi je bila uporabljena za preucevanje ucinkov ¢asov pulzov (ton, toff), razelek-
tritvenega toka (I) in celotnega ¢asa obdelave (1) na kemi¢no sestavo, mikrostrukturo, mikrorazpoke in elektrokemijsko
korozijo obdelovancev iz EDMed nerjavecega jekla. Rezultati kaZejo, da spreminjanje obdelovalnih parametrov spremeni
kemi¢no sestavo obdelovancev. S povecanjem razelektritvenega toka in zmanj$anjem Casa pulza ton, baker in ogljik
difundirata na povr$ino obdelovanca. Posledi¢no se spremeni kemi¢na sestava povrine obdelovanca, kar vodi do po-
vecanja korozijske odpornosti. XRD analiza je pokazala tvorbo Fe,C, Cr;C, in CuNi. Poleg tega se pri visjih vrednostih
razelektritvenega toka in razmerja ton/toff mikro razpoke $irijo po povrsini obdelovanca.
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Abstract

The discovery of antibacterials is considered one of the greatest medical achievements of all time. In this work, a combi-
nation of three computational analyzes: 3D-QSAR, molecular docking and ADME evaluation were applied in thienopy-
rimidine derivatives intended toward gram-positive bacterium Staphylococcus aureus.

The validity of 3D-QSAR model was tested with a set of data which is divided into a training and a test set. The two
models constructed (CoMFA and CoMSIA) show good statistical reliability (q> = 0.758; r> = 0.96; r2pred = 0.783) and

(q* = 0.744; r2 = 0.97; r2pred = 0.625) respectively.

In addition, docking methods were applied to understand the structural features responsible for the affinity of the

ligands in the binding of S. aureus DNA gyrase.

Drug likeness and ADME analysis applied in this series of new proposed compounds, have shown that the five lead
molecules would have the potential to be effective drugs and could be used as a starting point for designing compounds

against Staphylococcus aureus.

Keywords: 3D-QSAR; docking; staphylococcus aureus; thienopyrimidine; ADMET.

1. Introduction

The Gram-positive Bacterium Staphylococcus aureus
is medically important pathogens in infection to deep-seat-
ed tissue infection and bacteremia,' due to the emergence
of bacteria resistant to current therapeutic agents, the ex-
ploration of new antibiotics of a diversity of infections.?

The enzymes DNA gyrase B is present in bacteria
and absent in humans thereby acting as a potential target
in treating the S, aureus related diseases.’

Gyrase consists of two heterodimeric subunits, GyrA
and GyrB. The inhibitors molecules induce cell death by
trapping the gyrase DNA complex, inducing oxidative
damage, and preventing DNA replication.*

Thienopyrimidines represent important chemical
class in drug discovery due to vast range of pharmacologi-
cal properties including antiallergic,” antiviral, *anti-in-

8-12 13-14

ﬂammatory, analgesic, antispasmodic, antibacteri-
al,'*"15  antifungal,'® antimicrobial,'’-2! antidiabetic,?
antioxidant,?* antitumor,?*-?° antipsychotic®® etc. This use-
ful activity of thienopyrimidine generates our interest in
developing a tool for screening novel thienopyrimidine
analogs are promise antibacterial agent.’!

The techniques of QSAR are the most prominent
computational means to support chemistry within drug
design projects where no three-dimensional structure of
the macromolecular target is available, The primary aim of
these techniques is to establish a correlation of biological
activities of a series of structurally and biologically charac-
terized compounds with the spatial fingerprints of numer-
ous field properties of each molecule, such as steric de-
mand, lipophilicity, and electrostatic interactions.>?

For this study, the modern drug discovery aspects
were applied such as 3D-QSAR (three-dimensional quan-
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titative structure-activity relationship), Molecular Dock-
ing, ADMET (absorption, distribution, metabolism, ex-
cretion, toxicity), etc,

The combination of 3D-QSAR and docking analysis
permit the direct visualization and interpretation of mo-
lecular modeling results within the active site of gyrase—
DNA and some derivatives were consequently generated,
and these compounds were evaluated for their drug like-
ness and (ADMET) properties.

We believe that the results of this work can offer in-
sight into the structural requirements of S, aureus inhibi-
tors, providing some reference to guide the design of novel
antimicrobial potency against staphylococcus aureus.

2. Materials and Methods

2. 1. Selection of Dataset

Analogues of thienopyrimidine derivatives report-
ed to have potent and selective inhibitory activity against
a gram positive (S, aureus), were taken from the litera-
ture.??

The structures of the compounds and correspond-
ing pIC50 values (pIC50 = —log IC50), where IC50 is the
concentration of compound agreed for 50 that inhibited
the visible growth of microorganism after overnight incu-
bation for the whole set of ligands are presented in Ta-
blel.
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For 3D-QSAR study, the 27inhibitors were random-
ly divided into a training set (20 molecules) and test set (7
molecules).

2. 2. Computational Approaches

SYBYL-X2.0 package** running on windows 7, 64
bits workstation was used to perform 3D-QSAR modeling
(CoMFA and CoMSIA).

The 2D structures of thienopyrimidine derivatives
built using the SKETCH option in SYBYL, by utilizing
molecular modeling software package SYBYL-X 2.0 with
standard geometric parameters, The Tripos force field was
employed to carry out energy minimization of each con-
formation of the molecule, The Gasteiger-Hiickel atomic
partial charges by the Powell method with a convergence
criterion of 0.01 Kcal/mol A were estimated during mini-
mization, then subsequently converted into 3D struc-
tures.®

2. 3. Molecular Alignment

Molecular alignment of compound is a capital step
in the construction of 3D-QSAR models.3¢

In the present study ligand-based alignment tech-
nique has been chosen in which a template molecule is
first isolated over which remaining molecules are alig-
ned, the compoundl was selected as a template and all

Cl

NH

2

0
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Continium

T = Test set molecule

Fig. 1: Structure of thienopyrimidine derivatives

other molecules were aligned based on the common
structure.

During the process, all the dataset structures are
aligned to the template common substructure using Distill
module in SYBYL-X2.0. The superimposed structures of
aligned data set are shown in Fig. 2.

2. 4. CoMFA and CoMSIA Analysis

The descriptor fields of both methods were calculat-
ed in a three-dimensional cubic with one angstrom grid

spacing, the frontier of the box extended extra 4 angstrom
units from the order of aligned structures in each direc-
tion.

For CoMFA method, incorporating steric and elec-
trostatic fields, the probe atom of a charged sp® hybridized
carbon atom was applied to compute electrostatic and ste-
ric fields; the cutoff value was 30 kcal-mol 1.3

In the case of CoMSIA analysis, five similarity index
descriptors consisting of steric (Str), electrostatic (Ele), hy-
drophobic (Hyd), H-bond donor (HBD), and H-bond ac-
ceptor (HBA) fields, A Gaussian function was also applied
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Fig. 2. 3D-QSAR structure superposition and alignment of training and test sets

in calculating the similarity indices, making it accounts for
all grid points.3

2. 5. Partial Least Square (PLS) Analysis

The PLS statistical method implemented in SYBYL-X
2.0, was used to derive a linear relationship for the
3D-QSAR, and cross-validation was performed using the
leave-one-out method.*

In PLS, the independent variables were the CoOMFA
and CoMSIA descriptors, and pIC50 values were used as
dependent variables, The ONC was the number of compo-
nents that led to the highest cross-validated correlated cor-
relation coefficient g* (or R%cv).

2. 6. Model Validation

The predictive power of CoMFA and CoMSIA mod-
els was further validated by using an external test set (in-
hibitors marked with “T” in Table 2).

To avoid excessive extrapolation upon external pre-
diction, Golbraikh and Tropsha’s Criteria followed in de-
veloping activity predictors, especially for continuous
QSAR, are as follows: (i) correlation coeflicient R between
the predicted and observed activities; (ii) coefficients of
determination predicted versus observed activities R3 and
The inhibitors in the test set were given exactly the same
pretreatment as the inhibitors in the corresponding train-
ing set. The correlation between the experimental and pre-
dicted activity for models was calculated as R%,red value ob-
served versus predicted activities R’} for regressions
through the origin; and (iii) slopes k and K of regression
lines through the origin.*

2. 7. Molecular Docking

In order to check the reliability of the established
3D-QSAR models, were subjected to docking with DNA
gyrase subunit b (PDB ID: 3G7B), 4 from the Protein Data
Bank (RCSB) (http://www.rcsb.org/pdb).

Water and co-crystal ligand molecules were elimi-
nated from the structures, molecular docking study was
performed using Surflex-dock implemented in
SYBYL-X2.0, The ligands and protein preparation steps for
the docking protocol were carried out in SYBYL-X 2.0,
then results were analyzed using Discovery Studio*! and
MOLCAD module implemented SYBYL-X 2.0.

The MOLCAD program (Molecular Computer Aid-
ed Design) was employed to visualize the binding mode
between the protein and ligand. MOLCAD calculates and
exhibits the surfaces of channels and cavities, as well as the
separating surface between protein subunits.*?

2. 8. Pharmacokinetic Profile

The chemical structure of the compound was sub-
mitted in the form of canonical simplified molecular in-
put line entry system (SMILE), to estimate several in
silico pharmacokinetic Oparameters using the Swiss
ADME tool #® the pharmacokinetic profile of the com-
pound was evaluated. Gastrointestinal absorption,
Blood-Brain Barrier penetration, Skin Permeation, syn-
thetic associability and drug-likeness prediction like
Lipinski,** and Veber rules,* interaction of molecules
with cytochromes P450 (CYP) and bioavailability score.
The toxicity of the hit Chemicals was predicted using
pkCSM online server.*6
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3. Results and Discussion

3. 1. 3D QSAR Studies

CoMFA and CoMSIA 3D-QSAR models were de-
rived using DNA gyrase inhibitors.

The predicted and experimental activity values and
their residual values for both the training and test sets of
CoMFA and CoMSIA models are given in Table 1.

The results of CoMFA and CoMSIA SYBYL, studies
are summarized in Table 2, The g% R2 F, and SEE values
were computed as defined in PLS analysis showed a g* val-
ue of 0,758 and R? of 0, 96 for CoMFA analysis, a
non-cross-validated PLS analysis results in a conventional
R?of 0,944, F = 128, and a standard error of estimation
(SEE) of 0,113 for CoOMFA analysis.

Table 1. Calculated datsa for the 3D-QSAR model

The steric and electrostatic contributions were 0.576
and 0.246 respectively. These results indicate that steric
field contributed highest to the binding affinity.

CoMSIA model was obtained by using the combina-
tion of steric, electrostatic, hydrophobic, H-bond donor
and H-bond acceptor fields, the statistical results obtained
from a combination of these five fields with the four com-
ponents are (¢° = 0,744, R %= 0,97, F = 527, SEE = 0,097).

The corresponding field contributions are 0,116 (ste-
ric), 0,201 (electrostatic), 0,253 (hydrophobic), 0,211
(HBD) and 0,169 (HBA), this is suggesting that the hydro-
phobicity of the molecule influences their inhibitory po-
tential.

The higher value of F, greater the probability that
the QSAR equation is significant.”’ The F values for the

Field contribution

model R v F SEE  ONC STR Ele  Hyd HBD HBA R
CoMFA 0,96 0,758 128 0,113 3 0,574 0,426 0,783
CoMSIA 0,97 0,744 527 0,101 4 0,166 0,201 0,253 0,211 0,169 0,625
Table 2. Experimental and calculated activity (pIC50) for staphylococcus aureus inhibitors of set training
and test set for the CoOMFA and CoMSIA models.
1C50 pred.

Compounds PIC50 exp. CoMFA resi(fue b CoMSIA residue

1 3,290 3,255 0,035 3,272 0,018

2 3,590 3,420 0,170 3,451 0,139

3 4.000 4,080 -0,080 4,131 -0,131

4 4.000 4,090 -0,090 4,033 -0,033

5 4,220 4,420 -0,200 4,240 -0,020

6 5.000 5,020 -0,020 5,018 -0,018

7 3,890 3,733 0,157 3,725 0,165

8 3,890 3,771 0,119 3,862 0,028

9 4.000 4,065 -0,065 4,012 -0,012

10 4.000 4,035 -0,035 4,005 -0,005

11 4.000 4,014 -0,014 4,029 -0,029

12 5.000 4,715 0,285 4,801 0,199

13 5.000 5,107 -0,107 5,125 -0,125

14 4,190 4,160 0,030 4,176 0,014

15 4,490 4,302 0,188 4,373 0,117

16 4,490 4,242 0,248 4,337 0,153

17 4,490 4,493 -0,003 4,530 -0,040

18 3,290 3,224 0,066 3,390 -0,100

19 3,590 3,515 0,075 3,584 0,006

20 3,590 3,459 0,131 3,608 -0,018

21T 3,590 3,532 0,058 3,755 -0,165

22T 4,190 3,964 0,226 4,079 0,111

23T 3,890 3,685 0,205 3,772 0,118

24T 4,220 4,331 -0,111 4,345 -0,125

25T 4,090 4,320 -0,230 4,320 -0,230

26T 5.000 4.884 -0,156 4,666 0,178

27T 3,890 3,517 0,373 3,751 0,139
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CoMFA and CoMSIA models were 128 and 527 respec-
tively. The F value stands for the degree of statistical con-

Predicted versus experimental final pIC50 values for
CoMFA and CoMSIA models and their residues (for the

fidence. training and test sets) are given in table 2.
a8 b 6
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Fig. 3. Graph of staphylococcus aureus inhibitors predicted activity of training and test set from a) CoMFA and b) CoMSIA analysis.
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Fig. 4. Histogram of residual values from A) COMFA analysis B) COMSIA analysis
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The correlation between the predicted and the ex-
perimental pIC50 of training and test sets is depicted in
Figure 4 for COMFA and CoMSIA analysis, illustrate the
predicted activities using the CoMFA model are in good
agreement with the experimental data, suggesting that the
CoMFA model should have a satisfactory predictive abili-
ty. Results show that prediction by the CoMSIA model is
reasonably accurate.

Finally, the predictability of the proposed models
was confirmed using external verification and the R?pred-
values were 0,783 and 0,625 for CoMFA and CoMSIA
models respectively, the results of these statistics indicated
good stability and strong predictive power for the CoMFA
and CoMSIA models.

Histogram of residual values obtained from CoMFA
and CoMSIA analysis is depicted in Figure4.They suggest
the absence of any outlier compound in the training set
whose residual activity is above one.

There is a slight statistical difference between CoM-
FA and CoMSIA models that indicate the five fields con-
tribute almost as much to the relationship.

3. 2. Model Validation Results

The Table 3 shows statistical parameters associated
with CoMFA and CoMSIA models. All the calculated pa-

rameters indicated that both models showed a good pre-
dictive power. It could be observed that all the Golbraikh-
Tropsha criteria criteria

Tpred 0,85 <K < 1,15.0,85 < K’ < 1.1, R%is close to 1,
R?is close to 1 and | RZ - R2| 0.3were fulfilled.

Table 3. Predictive power results for the external test set; Golbraikh
and Tropsha criteria

MODEL 2,4 K K R? R'? |R}-RY
CoMFA 0783 0976 1.021 0941 0965  0.02
CoMSIA  0.666 0990 1.007 0991 0992  0.001

3. 3. CoOMFA and CoMSIA Contour Maps

To visualize the information content of the derived
3D-QSAR model, CoOMFA and CoMSIA contour maps
were generated to rationalize the regions in 3D space
around the molecules where changes in the steric, electro-
static, steric, hydrophobic, H-bond donor, and H-bond
acceptor fields were predicted to increase or decrease the
activity.

A thorough analysis of the contours obtained deter-
mines the vital physicochemical properties responsible in

Fig. 5. COMFA and CoMSIA STDEV*COEFF contour maps: a) steric, b) electrostatic, ¢) Hydrophobic, d) hydrogen-bond acceptor and hydro-

gen-bond donor fields; based on the most active compound 13.
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determining the activity and explores the crucial impor-
tance of various substituents in their 3D orientation.

The visualization of the results of the CoMFA and
CoMSIA models have been performed using the St-
Dev*Coeftf mapping option contoured by contribution, the
default level of contour with contribution, 80% for favored
region and 20% for disfavored region was set during con-
tour analysis.

The CoMFA and CoMSIA steric and electrostatic
contour maps were shown in Fig, 5a, b using compound 13
the most active of the series as a reference structure ex-
plaining the key structural features required for inhibitory
activity.

The steric contour maps of the CoMFA and CoMSIA
models are shown in yellow and green colors, the green
contours represent regions of high steric tolerance (80%
contribution) while the yellow contours represent regions
of low steric bulk tolerance (20% contribution).

In the contour map of steric field (Figure 5 a), a large
green contour was observed near the naphthalene ring,
suggesting the bulky substituent was favored at this region.

Therefore, it is reasonable for the activity order of
those compounds, 17(pIC50 = 4.49) > 16(pIC50 = 4.46) >
14(pIC50 = 4.19) > 2(pIC50 = 2,59) > 1(pIC50 = 2,5), with
the corresponding R1 substituent pyrene, 9H-xanthene,
Phenyl, Methyl and H respectively. (The figure 9 shows the
location of the radicals R1 and R2).

It is clear that the N methyleneamino (the link be-
tween ring and thienopyrimidine) is surrounded by most
of the yellow areas; the phenomenon demonstrates that
bulky groups are unfavorable for increasing the activity.

The electrostatic field (Figure 5b) is indicated by Two
blue regions were found near the R, and R,position, which
can explain the fact that the activity of compounds 25 (R,
=NH, ) and15 (R, = H) are less potent than the compound
14 (R, = C,Hs,therefore, it is reasonable for the activity or-
der of those compounds,14 (R; = C,Hs) > 12(R; = CH3) >
11(R; = NH,), because that substitution of electropositive
groups at this position would increase the activity and em-
phasizes that the electronegative environment is undesir-
able at this position.

The red contour surrounding the oxygen atoms of
the methoxy group sheds light on the fact that the activi-
ties of compound13 (R2 = O-CH3) is higher than that of
the compound16 (R2 = H), and which can explain the fact
that the activity of compound30 which have three group
methoxy around the naphtalenering where any electro-
negative group at this region would increase the activity.

CoMSIA contribution maps denote those areas with-
in the specified region where the presence of a group with
a particular physicochemical property will be favored or
disfavored for good inhibitory activity.

CoMSIA calculates both steric and electrostatic
fields, as in CoMFA, but additionally uses hydrophobic,
HBD and HBA fields, favored and disfavored levels fixed at
80% and 20%, respectively.

The CoMSIA hydrophobic contour map is shown in
Fig 5¢, represented by yellow (80% contribution) and gray
(20% contribution) colored contours.

Yellow colored contours indicated the regions where
hydrophobic groups on ligands are favored and gray col-
ored contours represent those areas where hydrophobic
groups are unflavored (or favorable for hydrophilic groups
on ligands).

The calculated CoMSIA hydrophobic contours (Fig.
5c) display favorable hydrophobic substituents (yellow
polyhedral) in proximity of the naphtalenering, Unfavor-
able areas (white) are located around the thienopyrimidine
and the substituent R1, and in proximity of the R2: me-
thoxy group.

Presence of a big white contour near R1 substitu-
ents of thienopyrimidine ring shows the importance of
hydrophilic groups on the antibacterial activity in this
region.

As shown in Fig.5d, the magenta contours indicate
hydrogen bond-accepting groups increase the inhibitory
activity, whereas the red contours indicate hydrogen
bond-accepting groups decrease the activity, a magenta
contour located on the amino between thienopyrimidine
and naphtalene around the N atom in the ring pyrimidone
suggested that hydrogen bond-accepting groups were fa-
vored.

3. 4. Docking Analysis

Molecular docking is a computational approach that
finds best binding orientation between two biomolecules
the ligand and the protein.?’

The Protein-Ligand interaction plays a vital role in
structural based drug design.*®

In our present study, docking of tested compounds
with the primary drug pathway for S. aureus was per-

Fig. 6. Three-dimensional structure of the receptor proteins DNA
gyrase Bin complex with the compound 13.
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formed, subsequently, the active compound 13 and inac-
tive compoundlwere docked into the ligand-binding
pocket of DNA gyrase B protein (code PDB:3G7B), as de-
scribed in Fig.6.

Docking interactions with two compounds (13 and
1) are shown in the Figs. 7a—c, respectively.

For the low active compound, the Docking results
shows carbon-hydrogen bond with Gly85Asp81 and
Arg84 residues, pi-alkyl interaction with Ile86 residue.

While compound 13is stabilized by a number of hy-
drophobic contacts with the residues Ile 86, Pro87 and Ile
51 residues, as shown in Fig.7, the ligand 13displayedthree
hydrogen bond interactions, one of the hydrogen bonds
was observed between NH group vall130 and O-atom of
methoxy group at distance of 2,38A.

Another hydrogen bond was observed between of
Thr173 and one of the nitrogen atoms of the pyrimidinone
ring at a distance of 2, 5 A, the third bond was observed
between Asn54 and NH- group.

The key amino acid residues within the docking
complex model involved in the interaction between the
two compounds (most active, and low active) were Gly 85
and Arg48 corroborating the studies of Berk et al. ¥°

ARG
Al4a

Interactions

I:' van der Waals

- Conventional Hydrogen Bond
I:I Carbon Hydrogen Bond

The type and the position of interactions were sug-
gested by contour map analysis. This supports the validity
of our results.

To further visualize the binding mode, the molecular
computer aided design program (MOLCAD) was con-
ducted, MOLCAD could calculate and display the cavity
depth (CD), electrostatic potential (EP), lipophilic poten-
tial LP), and hydrogen bond site (HB) of the binding pock-
et, which can be used to find the sites that act attractively
on ligands by matching opposite colors.

In Figure 8(CD), the MOLCAD Multi-Channel cavity
depth potential surfaces structure of the binding site within
the compound13is displayed and the cavity depth color
ramp ranged from blue (low depth values = outside of the
pocket) to ORANG (high depth values = cavities deep in-
side the pocket), In Figure 8(CD), the R1 position naphtha-
lene of compound 13 is observed in a blue area, revealing
that this position was embedded deep inside the ATP pock-
et, It can be simply inferred that a bulky group at R1 posi-
tion maybe favorable, Since the thienopyrimidine site was
oriented to a light Yellow/Orange area, which illustrated a
minor group was anchored into a favorable region, this sug-
gests that minor groups may benefit the potency.

ILE
ILE A:102

- Amide-Pi Stacked

[ A
|:] Pi-alkyl

Fig. 7. Two-dimensional depiction of the docked conformations of Ligand 13 and ligand 1 with enzyme DNA gyrase protein

Quassaf et al.: Combined 3D-QSAR and Molecular ...

297



298

Acta Chim. Slov. 2021, 68, 289-303

Fig. 8. MOLCAD surfaces of the binding site of DNA gyrase protein with molecule 13

In Fig. 8 (EP), the MOLCAD electrostatic potential
surface of the binding region was demonstrated with the
color ramp for EP ranging from red (most positive) to bleu
(most negative), the position R1 group was found in a blue
area, which indicated that electron-donating properties at
this site were essential for the potency; the sulfo group was
in a yellow area, which suggested that electron-with draw-
ing properties would be favored; the -CH,CHj; radical was
anchored in a green area which suggested that an elec-
tron-donating substituent at this position would be essen-
tial for the potency.

These results were well compared with the corre-
sponding CoMFA and CoMSIA electrostatic contour
maps.

Figure 8 (HB) a displayed the MOLCAD hydrogen
bonding sites of the binding surfaces, ligands can be
docked to proteins by matching the patterns displayed on
the surface, the color ramp for HB ranges from red (hydro-
gen donors) to blue (hydrogen acceptors). The nitrogen of
thienopyrimidine ring and N methyleneamino of com-
pound 13 was found in the red surface, which suggested
that the surface of this site are hydrogen bond donors, and
a hydrogen bond acceptor substituent would be favorable;
and the naphthalene ring of compound 13 was found in
the blue surface, which indicated that the surface of this
region are hydrogen bond acceptors, and a hydrogen bond
donor substituent be favored.

The observations taken from this hydrogen bonding
sites satisfactorily matched to the corresponding CoMSIA
hydrogen bond donor contour maps.

Figure 8 (LP) showed the MOLCAD lipophilic po-
tential surface of the binding area, the color ramp for LP
ranges from brown (highest lipophilic area of the surface)
to blue (highest hydrophilic area). The R1 position was ori-
ented to a brown region, suggesting that a hydrophobic
substituent may be favored; the methylene amino was ori-
ented to a blue area, which indicated that a hydrophilic
group would be favorable. The observations taken from
Fig. 8 satisfactorily matched those of the CoMSIA hydro-
phobic contour map.

Combined 3D-QSAR and molecular docking analy-
sis is corroborated and these results will help to better in-
terpret the structure-activity relationship of these DNA
gyrase inhibitors and provide valuable information into
rational drug design.

3. 5. New Compounds Design and Activity
Prediction

Based on the established two sets of 3D-QSAR mod-
els and related analysis results, the compound 13 was used
as a template to modify its molecular structure, and five
new compounds were designed. The structures of the new
compounds are shown in Table 4.
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We substituted R1 and R2 parts with proper groups
according to the contour maps. The activities of these de-
signed structures towards Staphylococcus aureus antago-
nist were almost better compared to that of reported thien-
opyrimidine derivatives.

electron-donor,
hydrophobic and h-
bond acceptor group
favored region

N R1

N

OO

Fig. 9. Structure-activity relationship representation.

Electron-
donating with
smaller group
favored

3. 6. Drug-likeness, Bioavailability, Synthetic
Accessibility and Alerts for PAINS

Drug likeness may be defined as a complex balance
of various molecular properties and structural features,
which determine whether a particular molecule is drug or
nondrug. Probably, the most widely used filter is Lipinski’s
Rule-of-five, which proposes that molecules with poor
permeation and oral absorption have molecular weight >
500, logP > 5, more than 5 hydrogen-bond donor and

more than 10 acceptor groups.** All the molecules exhibit-
ed drug likeness characteristics according to Lipinski
rules. The other significant properties such as total polar
surface area (TPSA) and the number of rotatable bonds
and molar refractivity were also calculated. The results are
depicted in Table 5. TPSA of a compound is less than 140
A% and the number of rotatable bonds is less than 10, as the
number of rotatable bonds increases, the molecule be-
comes more flexible and more adaptable for efficient inter-
action with a particular binding pocket™. Interestingly the
compounds E, D and A have 6-7 rotatable bonds and flex-
ible.

So, Lipinski and Veber rules are validated, therefore,
theoretically, there would not have a problem with oral
bioavailability for all proposed compounds.

Drug oral bioavailability is the fractional extent of
the drug dosage that finally reaches the therapeutic site of
action and is quantitatively symbolized as % F, acceptable
probability score is 55%, which indicates that it passed the
rule of five. The compounds showed a score of 55%, indi-
cating good bioavailability.

For the discovery of oral administrative drugs, solu-
bility is one of the major descriptors. Highly water solubil-
ity was useful for deliver active ingredient in sufficient
quantity in small volume of such pharmaceutical dosage.
These values are the decimal logarithm of the molar solu-
bility in water (log S). From the results appear in the table
5, it can be said that the compounds tested has poorly wa-

Table 4. Structures of newly designed molecules and their predicted pIC50 based on CoMFA and CoMSIA 3D-QSARmodels.

Smile R1 R2 CoMFA CoMSIA
13 CCclnc2sc3c(c2c(=0)nl/N =

C\cleee2e(cl)ecc(c2)OC)CCCC3 CH,CH; OCH; 5.107 5.125
A CCCclnc2sc3c(c2¢(=O)nlIN =

Ccleec2ec(OC(C)C)eec2cl)CCCC3 -(CH,),CH; OCH(CH3;), 5.129 5.125
B CCOclccc2ec(C = Nn3¢(CC(C)C)ncdsc5c(cdc3 =

0O)CCCC5)ccc2cl CH,CH(CHj), OCH,CH; 5.181 5.135
C NC1=CC2=CC=C(\C=N\N3C(=0)C4 =

C(SC5 = C4CCCC5)N = C3C3CCCCC3)C=C2C=C1 CeH}y NH, 5.124 5.126
D CCCCC1 =NC2 = C(C3 = C(CCCC3)S2)C(=O)NIN =

CC1=CC=CC2=ClC=CC(=C2)N(C)C (CH,);CH; N(CHj), 5.218 5.154
E CCCCCclnc2sc3c(c2¢(=0)nl/N =

C/cleec2e(cl)ec(ec2)NC)CCCC3 (CH,),CH; CH;NH 5.137 5.128

Table 5. Prediction of molecular properties descriptors of the new compounds design
MW lo TPSA S.A F Pains

Comp. g/mol logP H-bond A H-bond D S mogl L n.rot REF (A2) score % alert
13 417.52 4.30 4 0 -6.06 4 124.52 84.72 3.92 55 0
A 459.60 4.80 4 0 -6.88 6 138.94 84.70 4.30 55 0
B 458.62 4.93 3 0 -7.30 3 138.94 71.83 4.15 55 0
C 456.60 4.18 3 1 -6.93 3 139.54 101.5 4.32 55 0
D 458.62 4.74 3 0 -6.80 6 141.85 78.73 4.46 55 0
E 458.62 4.78 3 1 -6.99 7 141.75 87.52 4.38 55 0
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ter solubility. Low water solubility translates to slow ab-
sorption and action.

Activity artifacts in assays present a major problem
for biological screening and medicinal chemistry. Such ar-
tifacts are often caused by compounds that form aggre-
gates or are reactive under assay conditions. Many pan as-
say interference compounds (PAINS) have been proposed
to cause false-positive assay readouts.”!

The PAINS violations of proposed compounds are
given in table 5. Almost all the compounds showed zero
PAINS alert and can be used as lead compounds.

One of the key aspects of CADD (Computer aided de-
sign and drafting) activities is help for the selection of most
promising molecule which was synthesized and subjected
for biological study is the synthetic accessibility (SA). For
given molecule, SA score is the summation of the fragments
and corrected by the terms describing size and complexity
such as macrocycles, chiral centers, or spiro functions. The
SA score ranges from 1 (very easy) to 10 (very difficult).>?
The obtained values were in the range of 3-5 revealed that
the compounds here have easy synthesis route.

3. 7. ADME Evaluation of the New Candidates

The pharmacokinetic studies were performed using
online SwissADME tool, the calculated absorption, distri-
bution and metabolism parameters are presented in Table
6and Table 7 respectively.

Transdermal delivery systems are attractive for both
topical and systemic therapeutics. However, the skin barri-

er, which protects the body from physical and chemical
attacks, also hinders the delivery of the required drug dose
through the skin to a target organ.>?

The results in the table show that the all the com-
pounds found (table 6) to be poorly permeable to skin as
all compounds have Kp negative values.

Moreover, other parameters used to measure the ad-
sorption and distribution of these drugs is through human
intestinal absorption (HIA) or gastrointestinal (GI) ad-
sorption data. These data show that all the compounds are
predicted to be well absorbed, except for the compound C,
whose absorption is weak. This result is also evident in the
BOILED-Egg model. (FIG10)

The Blood-brain partitioning and brain distribution
are critical properties for drugs targeting the central ner-
vous system. The Compounds tested are predicted as non-
brain penetrant thus, side effects at this level may be di-
minished.

Table 6. Predicted ADME properties for new inhibitors

. . GI BBB Log Kp
ompoun Absorption Permeable (Cm/S)
. High No 442
B High No -3.93
C High No -4.54
b High No -4.49
E High No -4.20
BBB
HIA
o [ PGP+
© PGP—

Fig. 10. BOILED-Egg model
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The BOILED-Egg model is of great support for the
users to apprehend the concepts of absorption and distri-
bution, and to figure out what type of chemical modifica-
tions must be made to the small molecule to obtain the
desired absorption and distribution, in an intuitive and it-
erative way.>*

Inside circle [yellow] depicts BBB- blood brain barri-
er, none of the compounds are in this region. The white
region that is outer to yellow depicts the human intestinal
absorption. Almost all compound lies in this white area.
Only molecule C is lying outside [grey area] which indi-
cates poor intestinal absorption.

The study on the potential of compounds to inhibit
the cytochrome P450 (CYP) enzymes is important in de-
termining their possible drug interactions and toxicity.>

Approximately over 50% of therapeutic molecules
are substrate of five major isoforms (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4). These enzymes are in-
volved in metabolism of drugs.>®

Moreover, the compound design presented was
found to be substrates of CYP1A2 and CYP2De6.

The compound D is predicted not to be inhibitors of
three of CYP isoenzymes. This fact is very useful, because
this compound is expected not to have CYP metabolism
interactions with other drugs, and this compound could
present a reduced Hepatic toxicity risk. All compounds are
found to be substrates of P-Gp (table7), lipophilic sub-
stances of low molecular weight tend to be substrates for
P-glycoprotein.’’

The predictive results presented by pkCSM were pre-
sented in Table 8. The predicted results indicate that all
compounds not inhibit the hERG channel and not have
skin sensitization.

Table 7. Metabolism prediction for new inhibitors

Ames mutagenicity was used for the evaluation of
the potential teratogenicity and genotoxicity in the early
stages of drug discovery, according to the results shown in
Table 8 The suggested compounds A.B and D showed no
toxicity to AMES.

Another toxicity test is the hepatotoxicity test. From
Table 8 it can be seen that the compounds A and B are not
hepatotoxic.

Also, from Table 8 it can be noted that the LD50 val-
ues are high (2.5 - 3.09), and this indicates that the com-
pounds are fatal only at very high doses.

The predicted ADME-Tox descriptors for the com-
pounds validated good pharmacokinetics properties bet-
ter than the studied series, suggesting that these com-
pounds could be used as hit for the development of the
new active agents.

4. Conclusion

In this study, CoMFA and CoMSIA 3D-QSAR mod-
els were developed for a series of thienopyrimidine deriv-
atives that has antimicrobial potency against Staphylococ-
cus aureus; the two models have good statistical results in
terms of g2 and R? values.

The good predictive ability of CoOMFA and CoMSIA
observed for the test set of compounds indicates that these
models could be successfully used for predicting the pIC50
values. Moreover, based on the contour’s maps of the
CoMFA/CoMSIA models, Steric, electrostatic and hydro-
phobic significant regions were identified to enhance bio-
activity as well as H-bond interactions. Docking study was
performed to analyze and identify the interactions of pos-

C d P-Gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
ompoun Substrata Inhibitor Iinhibitor Inhibitor Inhibitor Inhibitor
13 Yes Yes Yes Yes No Yes
A Yes No Yes Yes No Yes
B Yes No Yes Yes No Yes
C Yes No Yes Yes No Yes
D Yes No Yes Yes No No
E Yes No Yes Yes No Yes
Table 8. Toxicty prediction for new inhibitors
Compound Skin Hepatotoxicity AMES hERG Oral Rat Acute
Number Sensitisation toxicity I inhibitor Toxicity (LD50)
33 No Yes Yes No 2.112
A No No No No 2.568
B No No No No 2.950
C No Yes Yes No 2.285
D No Yes No No 3.049
E No Yes Yes No 2.289
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sible antimicrobial compounds (The best effective com-
pound being compound 13 and the weakest compound1)
in the active site of DNA gyrase. These results provided
crucial clues for designing novel Staphylococcus aureus an-
tagonists with high predicted potent activity. A set of 5 nov-
el derivatives were designed by utilizing the structure-ac-
tivity relationship taken from the present study. In silico
analyzes of absorption, distribution, metabolism and ex-
cretion were carried out on these new molecules to investi-
gate their activities in compliance with the standard. These
five novel lead molecules have better pharmacological
properties compared to the study series. The information
obtained from this study can further be used for the design
of potent inhibitors of S. aureus DNA gyrase enzyme.
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Odkritje snovi z antibakteriocidnim u¢inkom predstavlja enega najpomembnejsih medicinskih dosezkov vseh casov.
V tem delu smo uporabili kombinacijo treh metode molekulskega modeliranja, 3D-QSAR, molekulsko sidranje (ang.
molecular docking) in ADME ovrednotenje, pri na¢rtovanju derivatov tienopirimidina proti gram pozitivni bakteriji

Staphylococcus aureus.

Ustreznost 3D-QSAR modela smo preverili na mnozici podatkov, ki smo jo razdelili na podatke za uéenje in testi-
ranje. Dva konstruirana modela (CoMFA in CoMSIA) sta pokazala dobro ujemanje in napovedno mo¢ (q* = 0.758; > =
0.96; r2pred = 0.783 in q2 = 0.744; r* = 0.97; r2pred = 0.625). Poleg tega smo uporabili metodo molekulskega sidranja za
ugotavljanje strukturnih lastnosti, ki vplivajo na povecanje afinitete vezave s S. aureus DNA girazo. Na osnovi »drug-like«
koncepta ter ADME analize smo pokazali, da pet preucenih struktur kaZe ustrezen zdravilni potencial in bi jih lahko
uporabili kot izhodis¢e za na¢rtovanje novih zdravil proti bakteriji Staphylococcus aureus.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Quassaf et al.: Combined 3D-QSAR and Molecular ...

303


http://www.tripos.com
https://doi.org/10.1021/je60033a020
https://doi.org/10.1007/s10822-016-9909-0
https://doi.org/10.1021/ja00226a005
https://doi.org/10.1021/jm00050a010
https://doi.org/10.3390/ijms10051978
https://doi.org/10.1016/S1093-3263(01)00123-1
https://doi.org/10.1038/srep42717
https://doi.org/10.1016/S0169-409X(00)00129-0
https://doi.org/10.1021/jm020017n
https://doi.org/10.1021/acs.jmedchem.5b00104
https://doi.org/10.1021/jm4004285
https://doi.org/10.1166/jbns.2018.1505
https://doi.org/10.23893/1307-2080.APS.0551
https://doi.org/10.1021/jm901137j
https://doi.org/10.1021/acs.jnatprod.8b01022
https://doi.org/10.1038/nbt.1504
https://doi.org/10.1002/cmdc.201600182
https://doi.org/10.1081/DMR-120001387
https://doi.org/10.1517/17425255.2014.876006
https://doi.org/10.2174/1381612043384844

304

DOI: 10.17344/acsi.2020.6047

Acta Chim. Slov. 2021, 68, 304-312

creative
commons

Scientific paper

Exergy Analysis of a Turbo Expander:
Modeling and Simulation

Adel El-Husseiny,! Rania Farouq,>” Hassan A. Farag> and Yehia El Taweel’

! Chemical Engineer, Assistant General Manager of Process, Projects Division, Abu Qir Petroleum Co., Elmoltaka Bldg.
TutankhAmoun St. Crossing To El ShahiedTayar Mahmoud Shaker Smouha - Sidi Gaber, Alexandria, Egypt.

2 Petrochemical Department, Faculty of Engineering, Pharos University, Canal El Mahmoudeya St. Semouha,
Alexandria, Egypt.

3 Chemical Engineering Department, Faculty of Engineering, Alexandria University, P. O. Box 21544; Alexandria, Egypt.

* Corresponding author: E-mail: rania.farouq@pua.edu.eg
Tel: (+203) 01002706756

Received: 04-17-2020

Abstract

Natural gas is a mixture that is widely used in the industries. Knowledge of its thermodynamic properties is essential for

evaluating the process and equipment performance.

This paper quantifies the energy that can be extracted from natural gas using a turbo expander. Natural gases of
wide-ranging compositions collected from 6 different gas fields in Egypt were investigated based on energy and exergy
analysis. The study was conducted using MATLAB. Numerous simulation runs were made by taking various typical feed

compositions classified as lean and rich.

The effects of increasing the amount of C;, Cs in the feed stream on the efficiency of energy utilization are presented. A
validation analysis was performed. The results show similar trends and good agreements. It was concluded from the results
that when the concentration of methane in the gas mixture increase, the exergetic efficiency decreases. The results also show
that the values of thermodynamic properties depend on the relative amount of heavy components in the feed stream.

Keywords: Exergy efficiency, turbo-expander; peng Robinson; feed composition effect; natural gas

1. Introduction

Natural gas (NG) has become the primary source of
energy in many countries. When it is extracted from refinery
it has a high pressure of about 7 MPa where it is consumed at
the domestic and industrial sectors. In order to transport this
high pressure gas to a distribution system where it is being
consumed, its pressure should be reduced to a safe and us-
able level usually within 1.5-2 MPa. This is usually done in
natural gas pressure reduction stations. Throttling valves are
used to reduce the gas pressure where the physical exergy of
high pressure gas is wasted.! Energy recovery from natural
gas distribution network is a strategy for sustainable energy
in the urban area.® For energy recovery purposes, the pres-
sure drop can be exploited through dynamic or volumetric
expanders by obtaining mechanical energy and thus electric-
ity.”-8 There are several studies on recovering physical exergy
of high pressure natural gas during pressure reduction pro-

cess most of them focus on the pressure exergy recovering
devices such as turboexpander.®-!!

Researchers have developed case studies to estimate
the amount of exergy recovery and the economics of tur-
boexpander installations in NG pressure reduction sta-
tions. It was found that thermal efficiency of system in-
crease about 8% in the optimum state!>”!* some
researchers developed a mathematical model to predict
the performance of a twin-screw expander as power gen-
eration unit.!>~16 Kuczynski et al presented formula that
allows a quick and easy evaluation of the applicability of
an expander on the selected gas regulation station.!” Ol-
fati et al.!® presented the energy and exergy analyses of a
pressure reduction station. They investigated various op-
erating conditions for station inlet pressure and tempera-
ture and the modification on preheating natural gas was
considered. It was found that the energy consumption is
reduced to 33% and the exergy destruction is reduced to
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15%. Osiadacz et al. investigate the factors influencing
the efficiency of the gas expansion process application of
turboexpanders at selected natural gas pressure regulator
stations.’

The feed composition is an important factor that af-
fects NGL recovery. The feed generally originates from up-
stream plants, so there may be a continuous variation in
feed composition that causes plant instability. Feed com-
position has a seasonal variation, during cooler months
the feed is a leaner gas and in the warmer months the feed
is a richer gas.19-20

In this work, the effect of different feed characteris-
tics on exergy efficiency was investigated; the process was
simulated and analyzed to compare the differences in en-
ergy and thermodynamics properties (include exergy
analysis). Different feed compositions were investigated
and characterized under the basic classifications of lean
and rich feed. A numerical method and a computer pro-
gram were used to calculate the thermal properties of nat-
ural gas mixture such as enthalpy using Peng Robinson
state equation. MATLAB has been utilized to model tur-
bo-expander. The exergy analysis of a turbo-expander unit
and the impact of various feed compositions has been in-
vestigated and validated according to the first and second
laws of thermodynamics, and the performance of the TX is
evaluated according to a different composition.

real site data. Data for inlet pressure, temperature, flow
rate, and required outlet pressure are key inputs.

The model will then calculate the rate of power and
system efficiency. Numerical modeling of the exergy re-
covery is performed using MATLAB.

To study the different feed composition types; ap-
proximate composition and characteristics of the compo-
nents of six typical feed natural gas samples were selected
from six fields of six reservoirs shown in table 1 and the
operating conditions are shown in table 2.

To simplify the proposed turbo-expander model, the
following assumptions are made:

« There are no pressure losses in pipes and heat exchangers.

o The small difference between the intermediate pressure,
the discharge pressure of the low-stage compressor and the
suction pressure of the high-stage compressor is negligible.

« The NG is dry; no gas hydrates are formed.

« The gearbox and generator efficiencies are considered to
be constant.

Using the data in Tables 1 and 2, we made an algo-
rithm for thermodynamic calculation of a turbo-expander
in order to form correct input data for model calculations:

1. Gas pressure at turboexpander inlet: The main in-
put was the inlet temperature, which was used for the cal-
culation of the inlet pressure by using a Peng Robinson
equation. The equation of Peng Robinson is an empirical
equation of state that is derived from the Van der Waals

equation,??-2° which is as follows:
2. Mathematical Model Development . .
P _ *in 1
The NGL recovery for rich gas would require great 0T Vm=b Vi 42ebeVi-b? )
power than lean gas, however; the more rich feed gas is, Where
the more recovered condensate, the lower energy con- _ BTl b w Yoo
sumption per unit product consumed.!® Aspen HYSYS = 21970+ Ppe ¢ =T 21
V10 software and Peng-Robinson equation of state are se- ReTpe
lected for process simulation. A model of the proposed " 12.8535+Ppc
unit has been created to determine the performance using K = 037464 + 1.54226 + @ + 0.26922 * w?
Table 1. Typical feed selected to study
1 2 3 4 5 6
Composition PS PS AQP
AQP
(Mole %) E‘f;’r;ﬂ ‘?“02 AES E2 E6#1/1 B"Zr;P:;(“’ W-A/Q A/Q (Feec?Gas)
almiya (TAMMAM) AES- (Sep. Gas)

N, N, 0.95 0.905 0.617 0.059 0.1108 0.0864
CO, CO, 3914 0.426 0.518 1.771 0.8264 0.6117
H,S H,S 0 0 0 0 0 0

Cy C, 63.807 78.915 79.888 80.53 88.857 93.375
C, C, 13.129 8.97 9.151 8.825 4.9658 3.2473
Cs C; 8.656 5.483 4.898 4.135 2.3345 1.3393
iC

1 Cy 4.808 3.045 2.854 1.919 1.2878 0.7635
nC4

iC

:ICS Cs 1.924 1.308 1.318 1.026 0.3526 0.2715

5
Ce., Ce+ 2.812 0.948 0.756 1.735 1.2655 0.3051
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Table 2. Feed operating conditions

Well # 1 2 3 4 5 6
Company Borapetco PS PS Borapetco AQpP AQP
Well Name El Salmiya-2 AES E2 AES-E6#1/1 77-4X W-A/Q A/Q
(TAMMAM) (Sep. Gas) (Feed Gas)
Production Rate
(m3/hr) 17658 29429 23543 17658 58859 117717
Well Life in the Declining 13 20 15 17 25 30
Production Regime (Years) (2012-2025) (2009-2029) (2013-2033) (2012-2029)  (2006-2031) (2000-2030)
Feed Pretreatment for Corrosion Corrosion Corrosion Corrosion Corrosion Corrosion
Transportation & Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor
its Conditions Injection Injection Injection Injection Injection Injection
The Design of a
Turbo-Expander & its
Operating Modes
Max. F (m’/hr) 58859 88288 88288 58859 141261 141261
Design P (KPa g) 7900 6000 6000 7900 11500 11500
Max. Design T (°C) 80 80 80 80 58 58
Min Design T (°C) -35 -20 -20 -35 -70 -70
Operating Mode Isentropic Isentropic Isentropic Isentropic Isentropic Isentropic
Mechanical Efficiency 75 % 80 % 80 % 75 % 84 % 84%
Electrical Efficiency 70 % 75 % 75 % 70 % 80 % 80 %
The Target Substances of
Petrochemical Synthesis & g ¢ (g ) NG (fue)  NG(fue)  LPG(fue)  LPG(fuel)  LPG (fuel)

Engine Fuels Produced from
the HC’s.

2. Determination of the thermodynamic fluid prop-
erties: the correlations of Farazneh-Gord & Rahbari,?
were used. The correlations are based on measurable re-
al-time properties such as Temperature, Pressure, and spe-
cific gravity (molecular weight) of the natural gas for the
non-measurable thermodynamic properties such as En-
tropy, Enthalpy, and Internal energy. 3.

hy(T, PYY’) = A((T3Y’) P4 + Ay(T5Y) P3 +
+ Ay(T)Y) P2 + (2)
A(TYY) P+ A5(TSY)

Where

A (T°,Y); I=1,.., 5 are defined as:

A(TY) =B, (T)Y?2+B,(T)Y +B; (T

And B;(T); j=1, 2, 3 for each A; (T",'Y’) are defined as:
B(T’) = C\T?2-C, T’-C;

Where: T, P, and Y are functions of T, P, and gas
specific gravity respectively as follows:

T = Tin — 300 P = Pin —13 — Myt
: 50 ! 73598 ° ' 28.966°
Y; — 0.62541
‘Y- ? — 1
! 0.07894

3. Exergy analysis: Exergy analysis is based on the
first and second laws of thermodynamics and is employed

to calculate the maximum useful power accessible by an
assigned amount of input energy to a process. By neglect-
ing the effects of kinetic, potential and nuclear energies
(unchanged or insignificant), the total exergy can be divid-
ed into two parts, chemical, and physical exergy. Egs. (3)
- (5) express the exergy destruction, the total exergy, and
the physical exergy, respectively

E’ destroyed :TOS. (3)
E'= E'Ph 4 Echem (4)
E.phz(H._H'o)_To(S._S'o) (5)

4. Calculation of the turbo-expander efficiency: The
outlet enthalpy is used in conjunction with the isentropic
enthalpy and inlet enthalpy to determine isentropic expan-
sion efficiency. The working fluid enters the turbo-ex-
pander and expands to the discharge pressure with the tur-
bo-expander efficiency is defined as:

_ hij—-h,
nE - hi _ho,s‘e (6)

5. The electrical power obtained from the exergy re-
covery process can be expressed as:

WeGen = MmN (hi = hy) . Ngp-Nge (7)
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6. The exergetic efficiency of the recovery can be ob-
tained by comparing the reversible expansion work to the
actual work produced by the electric generator. Therefore,
by substituting in the following form:

W Gen - (hj -hg) NGB MGen
Waev M1 -Roge—To (S—Sos0)} (8)

Nie =

3. Results and Discussion

Because of the natural gas composition variation in
the selected samples is the one who plays the main role in
the study, and also methane content represents the huge
fraction of that composition.!® Therefore, the impact of the
methane concentration variation on the selected samples
of the thermodynamic properties was studied and validat-
ed using Aspen HYSYS V10. By entering the different feed
compositions and operating condition; the HYSYS pro-
gram calculates the thermodynamic properties of the dif-
ferent streams shown in table 3 & 4 from which expander
and exergetic efficiency can be predicted.

3. 1. Studying Gas Composition Variation
Effect on Enthalpy
In this case, the selected feed samples are arranged in

increasing order of hydrocarbon contents, from the C;
content to heavier hydrocarbon.

Table 3. Effect of Methane concentration (C1%) variation on all properties

Also, pentane content and its variations in the natu-
ral gas composition have been chosen as a basis to show its
effect as a heavy component on the previous mentioned
thermodynamic properties. In this case, the selected feed
samples are re-arranged in decreasing order of hydrocar-
bon contents, from C; content to lighter hydrocarbon.

The first four feed samples (1-4) are classified as rich
feed, while the remaining two feed samples (5&6) are tak-
en as lean feed.

The classification for rich feed is merely based on the
contents of C, and/or Cs. If the C, content is less than 8%
or the C; content less than 3% or the C, plus C; contents
less than 10%, the feed is considered a lean feed; otherwise,
it is taken as a rich feed.?*

3. 1. 1. Effect of Methane Concentration Variation
on Inlet, Outlet and Isentropic Outlet
Enthalpy

To sense their effects on each other, the inlet condi-
tions (pressure and temperature) for all gas samples were
kept the same as typical actual plant conditions at 6620
KPa and 21.9 °C respectively.

As shown from table 3; the difference in the feed en-
thalpy for the six feed types arises from the variation of the
feed compositions. The relationship between the variation
in methane concentration and the enthalpy of the gas mix-
ture is a close linear relationship in an inverse proportion

c L % Well # 1%t 2nd 3rd 4th 5th 6th
1(mol- %)y ik 63.807 78.915 79.888 80.53 88.8566 93.3752
Property
h;, (kj/kg) -37.144 -40.083 -40.269 -40.318 -41.669 -42.470
h,, (kj/kg) -82.018 -83.302 -83.503 -90.300 -96.931 -97.746
T put (°C) ~17.560 -17.770 ~17.880 -22.410 -26.280 -26.480
Boutes (kj/kg) -52.20 -55.64 -55.95 -55.86 -57.13 -57.80
Toutes (°C) 2.57 0.78 0.59 0.66 0.23 0.03
Sin (kJ/kg.k) -1.504 -1.539 -1.541 -1.542 -1.557 -1.565
Sout.e.s (kJ/kg.k) -1.388 -1.411 -1.413 -1.413 -1.426 -1.433
Table 4. Effect of Pentane concentration (Cs%) variation on all properties
Well # 15t znd 3rd 4th Sth 6th
0,
Cs(mol-%) s 1.924 1.318 1.308 1.026 0.3526 0.2715
Property
h;, (kj/kg) -37.144 -40.318 -40.082 -40.269 -41.669 -42.469
h,,, (kj/kg) -82.018 -83.503 -83.302 -90.300 -96.931 -97.746
Tout (°C) -17.560 -17.880 -17.770 -22.410 -26.280 -26.480
Byt es (kJ/kg) -52.20 -55.95 -55.64 -55.86 -57.13 -57.80
Toute,s (°C) 2.57 0.59 0.78 0.66 0.23 0.03
Sin (kj/kg.k) -1.504 -1.541 -1.539 -1.542 -1.557 -1.565
Sout,e.s (kj/kg.k) -1.433 -1.426 -1413 ~1.411 -1.413 -1.388
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which means that by increasing methane concentration;
the inlet and outlet enthalpy decreases while decreasing
pentane concentration decreases the enthalpy. It is ob-
served that the leaner feed generally give lower duty than
those of rich feed. This is due to the presence of high heavi-
er hydrocarbons (Cs*) components in the rich feed.

a) Effect of methane concentration variation on outlet
enthalpy:Using Constant Operating Conditions

Outlet Enthalpy
(KJ/Kg)

® hout

m hout (Valdn)

C1 (mol. %)

Fig. 1. Effect of methane concentration variation on outlet enthalpy
(kJ/kg), Constant outlet conditions

Figure (1) shows the relation between the variation in
methane concentration (mole %) and the outlet enthalpy
(kJ/kg) in case of unification of the outlet conditions (pres-
sure and temperature) at 2600 KPa g and 2.2 °C as follows:

The methane rejection (The ratio of the molar flow of
methane “residue” to the molar flow of methane “natu-
ral-gas feed”) is directly related to the feed-stream tem-
perature on which the product temperature depends on.
Rejection increases with decreasing temperature; however,
in Konukman et.al (2005),%” the methane rejection was
found to be not very sensitive to the feed-stream tempera-
ture and in turn to the product temperature, and because
outlet enthalpy depends on the temperature at a given
pressure. So it is concluded that increasing methane % will
not affect outlet enthalpy.

b) Using Variable Operating Conditions

To study the effect of changing the operating condi-
tions on the variation in the outlet enthalpy, the plant real

60 65 70 ¥ ] 80 85 %0 95 100

=
= .20 4 g
5 % =
2
-40
=—hout
60 4 —t=Tout
w=fy=hout (Valdn)
] 80 — =Z=Tout (Valdn)
=
g M
%-100
2
-120
CH4 (mol. %)

Fig. 2. Effect of methane concentration variation on outlet enthalpy
(kJ/kg) and outlet temperature (°C), Variable outlet conditions

data were used for that by taking the required turbine duty
to expand a certain gas sample from the utilized typical
feed samples in this work, which corresponds to approxi-
mately 4000 KPa pressure drops and taking this value as a
reference and set for all other samples.

Consequently, it has resulted in a change in outlet
conditions (pressure and temperature). Therefore, the
changes in the outlet enthalpy for all samples were ob-
tained and recorded in figure (2).

The relatively high linearity deviation is almost due
to some erratic points. Mainly these points of the rich sam-
ples, and for this reason, the enthalpy is raised.

3. 1. 2. Effect of Pentane Concentration Variation
on Inlet; Outlet; Isentropic Outlet
Enthalpy

Table 4 shows the relationship between the variation
in pentane concentration, and the inlet enthalpy of the gas
mixture is a non-linear direct proportional relationship. It
is observed that the leaner feed generally give lower duty
than those of rich feed. This is due to the presence of high
heavier hydrocarbons (Cs*) components in the rich feed.

3. 2. Effect of Feed Composition on Entropy

3. 2. 1. Effect of Methane Concentration Variation
on Inlet and Outlet Entropy

Table 3 shows the relationship between the variation
in methane concentration, and the inlet entropy of the gas
mixture is a closely linear relationship in an inverse pro-
portion. The results are consistent with the one observed
in the discussion of the relation between methane concen-
tration and the inlet enthalpy. As known, the value of en-
thalpy is proportional to the values of entropy.

3. 2. 2. Effect of Pentane Concentration Variation
on the Inlet and Outlet Entropy

From the illustrated table 4, the relationship between
the variation in pentane concentration, and the inlet en-
tropy of the gas mixture is nearly a non-linear direct pro-
portional relationship. As mentioned before, it can be con-
cluded that the leaner feed generally give lower entropy
content than those of rich feed. This is also like enthalpy
due to the presence of high heavier hydrocarbons (Cs*)
components in the rich feed.

3. 3. Effect of Feed Composition on Expander
Efficiency
3. 3. 1. Effect of Methane Concentration Variation
on Expander Efficiency
As shown in the figure (3); the relationship between
the variation in methane concentration and the expander
efficiency of the gas mixture is a close linear in an inverse

El-Husseiny et al.: Exergy Analysis of a Turbo Expander:
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Fig. 3. Effect of methane concentration variation on expander Effi-
ciency (%)

proportion. i.e., when the concentration of methane in
the gas mixture increases, the expander efficiency de-
creases.

Since at standard condition the heat capacity at con-
stant pressure (Cp) of methane is higher than other hydro-
carbons present in the natural gas mixture, Cp of the mix-
ture will be increased in a higher concentration of methane.
When Cp of the fluid increases, the required compression
work to reach a certain pressure will be decreased. Also, by
increasing the concentration of methane in the mixture
the molecular weight and the specific heat ratio (k=Cp/
Cv) of the fluid will be decreased.

3. 3. 2. Effect of Pentane Concentration Variation
on Expander Efficiency

From the illustrated figure (4); the relationship be-
tween the variation in pentane concentration and expand-
er efficiency of the gas mixture is a quasi-linear direct pro-
portional relationship.

It is observed also the leaner feed generally give
higher efficiency than those of rich feed. This is due to the
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Fig. 4. Effect of Pentane Concentration Variation on Expander Effi-
ciency (%)

presence of high heavier hydrocarbons (Cs*) components
in the rich feed.

3. 4. Effect of Feed Composition on Exergetic
Efficiency

3. 4. 1. Effect of Methane Concentration Variation
on Exergetic Efficiency

As shown in the figure (5); the relationship between
the variation in methane concentration and the exergetic
efficiency of the gas mixture is a close linear in an inverse
proportion. i.e., when the concentration of methane in
the gas mixture increases, the exergetic efficiency de-
creases.
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3. 4. 2. Effect of Pentane Concentration Variation
on Exergetic Efficiency

From the illustrated figure (6); the relationship be-
tween the variation in pentane concentration and the exer-
getic efficiency of the gas mixture is a quasi-linear direct
proportional relationship. It is observed also the leaner
feed generally give lower exergetic efficiency than those of
rich feed. This is due to the presence of high heavier hydro-
carbons (Cs*) components in the rich feed.

The linearity deviation is attributed to inaccurate
points. Mainly such points are of the rich samples, and for
this reason, the exergetic efficiency is raised.

3. Conclusions

Fifteen typical feed samples from ten gas reservoirs
were obtained from four petroleum companies located at
places that are spaced from each other between the East-
ern & Western deserts of Egypt. Just six feeds from six gas
reservoirs that have significant concentration differences
were chosen as a study-base.
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Fig. 6. Effect of Pentane Concentration Variation on Exergetic Effi-
ciency (%)

Math models were developed based on Peng-Robin-
son correlation to predict the performance data of a tur-
bo-expander handling N.G. The models were solved by
MATLAB software, validated and analyzed to get the most
asymptotic model of reality to be further developed.

The obtained data are near those obtained by other
researchers;?® which mean that the model was successful
in predicting the thermodynamic properties of different
gas composition such as inlet & outlet enthalpies, inlet &
outlet entropies, expander & exergetic efficiencies and is-
entropic outlet enthalpy. Validation was performed for
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verification of the results and shows good agreement with
the calculated properties.

Nomenclature
a :  Measure of the Strength of Attraction
between the Gas Molecules
b :  Volume Occupied by gas molecules, which
decreases the available open volume
H :  Enthalpy, kJ/kg
h; :  Inlet Enthalpy, kJ/kg
h, :  Outlet Enthalpy, kJ/kg
h,se :  Isentropic Outlet Enthalpy, kJ/kg
m-e :  Natural Gas Mass Flow Rate
P :  Pressure, KPa g
Pc : Critical Pressure, KPa g
PP :  Dimensionless Index in Novel Correlation
Ppc Pseudo Critical Pressure for the mixture,
KPa g
Pr :  Reduced Pressure, dimensionless
Pyp Saturated Vapor Pressure of the gas at a
temperature T = 0.7 Tc
Q : Inlet Volumetric Flowrate, m3/hr-
R : Universal Gas Constant, (Pa-m>3/mol - k)
S :  Inlet Entropy, kJ/kg - K
Sose @  Isentropic Outlet Entropy, kj/kg - K
T :  Temperature, K
Tc :  Critical Temperature, K
T :  Dimensionless Index in Novel Correlation
Tp. :  Pseudo Critical Temperature for the
mixture, K
Tr :  Reduced Temperature, dimensionless
V. :  Gas Volume, m?
V, :  Molar Volume, m?/mol
W Gen Electrical Power Obtained from the Exergy
Recovery Process
Wrev Reversible Expansion Work
Yi :  Dimensionless Index in Novel Correlation
Y :  Dimensionless Index in Novel Correlation
w acentric factor
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Naravni plin predstavlja splosno uporabno plinsko mesanico. Poznavanje njegovih termodinamskih lastnosti je zato
klju¢nega pomena za na¢rtovanje procesa in opreme. V tem delu smo dolo¢ali energijo, ki jo lahko pridobimo iz narav-
nega plina z uporabo ekspanzijske turbine. Na osnovi energijske in eksergijske analize smo s pomo¢jo ra¢unalniskega
programa MATLAB preuc¢ili naravne pline razli¢nih sestav iz Sestih plinskih polj v Egiptu. Izvedli smo numeri¢ne simu-
lacije siromasnih in bogatih plinskih mesanic in preu¢ili vpliv narad¢ajoce vsebnosti C1 in C5 na energijski izkoristek ter
rezultate validirali. Rezultati so pokazali podobne trende in dobro ujemanje. Ugotovili smo, da eksergijska uc¢inkovitost
pada z nara$¢anjem koncentracije metana v plinski mesanici. Rezultati so tudi pokazali, da so termodinamske lastnosti

plinske mesanice odvisne od relativnega deleza tezjih komponent.
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Abstract

Vancomycin, an antimicrobial, does not present quantitative method by infrared spectrometry in the literature for the
evaluation of a pharmaceutical product. This technique is considered a clean alternative because in the main, there is no
solvent involved and the generation of waste is reduced. So, the aim of this study was to develop and validate a new, ecolog-
ical, low cost and fast method by infrared spectrometry using KBr and band between 1450-1375 cm™!. It was linear in the
range of 1.0-2.0 mg/150 mg, with a correlation coefficient of 0.9994. Selective when the spectra of vancomycin reference
and sample were compared. Precise by repeatability (2.29%) and intermediate precision (3.12%). Accurate with average
recovery of 99.37% and robust when strength and compression time of the pellets and KBr brand were varied. Considering
all the methods found in literature, there is not one using infrared spectrometry for quantitative purpose, so the method
developed and validated could be considered an innovation and clean alternative. This is due to the fact that it is fast, easy
to handle, low cost, and non-toxic as well as generating minimal waste. The method can be applied in the routine analysis
of vancomycin dosage form and is an important option for the current and sustainable pharmaceutical analysis.

Keywords: Vancomycin; infrared spectrometric method; green analytical chemistry; sustainable alternative; pharma-

ceutical analysis.

1. Introduction

Vancomycin is the first glycopeptide antibiotic dis-
covered. It has a molecular formula C¢H;5Cl,N¢O,, and
molecular mass 1449.27 g mol™!. Its mechanism of action
comprises the disruption of cell wall of Gram-positive bac-
teria, being the only antibiotic used nowadays for the
treatment of infections caused by the methicillin-resistant
Staphylococcus aureus (MRSA).!-* The main nucleus in
glycopeptide antibiotics is an heptapeptide, which has a
different substituent depending on the antibiotic.*~> Figure
1 shows the structure and the substituents of vancomycin.

Inhibition of the bacterial cell wall occurs when this
drug binds to the final residues of D-Ala-D-Ala of pepti-
doglycan by van der Waals forces and five hydrogen bonds,

presenting strong binding, preventing the bind of peptido-
glycan.>”7

In the context of the importance of vancomycin in
the drug scenario, the development of analytical methods
for its evaluation becomes extremely fundamental. Some
analytical methods for this drug both physico-chemi-
cal®!* and microbiological were found in literature.!>-!8
The spectrophotometry is a kind of very useful analytical
method, which provides precise results and can be applied
to quantify drugs. Only seven studies were found using
this technique in literature for vancomycin and all of them
in the UV region.!”-*> However, the spectrometry in the
infrared region is also an alternative, mainly because it can
also be applied in the quantitative analysis of drugs, and
has already been done to other drugs.2-* No study relat-
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Figure 1. Structure of vancomycin with its substituents highlighted
(CAS 1404-90-6).

ing this technique to vancomycin was found in literature,
so the aim of this work was to develop and validate a spec-
trometric method in the infrared region for the quantifica-
tion of vancomycin dosage form.

2. Experimental

2. 1. Materials and Reagentes

Vancomycin reference (declared content 96.30%)
and lyophilized powder for injection (sample) 500 mg (la-
beled content) were used in spectrometric analysis in the
infrared region (IR) and they were kindly donated by the
ABL Antibidticos do Brasil (Cosmépolis, Sao Paulo, Bra-
zil). Potassium bromide (KBr, Neon™, Suzano, Sao Paulo,
Brazil), previously maintained in an oven for 24 h before
the analysis was used as diluent for pellets preparation,
each pellet contained 150 mg. A pool containing vanco-
mycin reference or sample was prepared in the ratio of
1:10 and the pellets were obtained by weighing the appro-
priate amount from this pool.

2. 2. Equipment

An analytical balance DV215CD (Discovery,
Ohaus®, Sdo Paulo, Brasil) was used. An agate mortar and
pestle were used to prepare the pellets, which were trans-
ferred to a compression system. A spectrophotometer IR-
Prestige-21 (Shimadzu®, Japan) was also used and the
readings were performed using the software IR Solution®.

2. 3. Method Development

2.3.1. Pellets Preparation

Pellets of vancomycin reference and sample were
prepared using KBr as a diluent. An amount of 20 mg of
vancomycin reference and 180 mg of KBr were weighed
and homogenized using the mortar and pestle. From this
mixture an appropriate amount (16 mg) was taken and

added to 134 mg of KBr in order to obtain 1.60 mg/150 mg
tablets. The same procedure was done to the vancomycin
sample, considering the average weight from twenty vials
of vancomycin (504.92 mg). An amount of 20.19 mg van-
comycin sample and 179.81 mg of KBr were weighed and
homogenized. Then an amount of 16 mg was weighed and
added to 134 mg of KBr, obtaining a final concentration of
1.60 mg/150 mg. This powder was transferred to the com-
pression system for 7 min at 90 kN. After this period, pel-
lets were placed on the spectrophotometer and the read-
ings were performed at 1450-1375 cm™.

2.4. Method Validation

2. 4. 1. Validation Parameters

The validation procedure was performed according
to the International Conference on Harmonization? spec-
ifications for linearity, selectivity, limits of detection and
quantification, precision, robustness, and accuracy.

Linearity: An analytical curve was obtained in the
range of 1.00 mg/150 mg to 2.00 mg/150 mg. For this, 99
mg of the vancomycin sample and 891 mg of KBr was
weighed and transferred to the mortar and mixed. From
this pool, an appropriate amount was weighed in order to
obtain pellets of 1.00, 1.20, 1.40, 1.60, 1.80, and
2.00 mg/150 mg. The linearity assay was performed on
three different days and in triplicate. The data obtained
were evaluated by regression analysis. The equation of the
line was determined by linear regression analysis using the
method of the least squares. Analysis of Variance (ANO-
VA) was also performed using the absorbance values ob-
tained for each concentration.

Selectivity: Selectivity of the method was determined
by the absorbance obtained for the vancomycin reference
and sample, as well as the evaluation of the overlap of their
spectra.

Limits of detection and quantification: The limits of
detection (LOD) and quantification (LOQ) were obtained
from the three calibration curves, using the Equations 1
and 2, respectively:

sD
LOD=3x — (1)

sD
LOQ=10x — (2)

SD: standard deviation
a: average slope

Precision: Precision was evaluated by repeatability
and intermediate precision. Repeatability assay was per-
formed using six replicates of the same concentration
(1.60 mg/150 mg) on the same day, with the same analyst,
under the same conditions of analysis. Intermediate pre-
cision assay was performed by another analyst on a differ-
ent day, under the same conditions of analysis. The preci-
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sion was evaluated by RSD (%) values. The method was
considered precise when RSD (%) values were lower than
2.00%.

Robustness: The robustness assay of the method was
performed using 1.60 mg/150 mg tablets and small varia-
tions in three fundamental parameters: time of compres-
sion (normal: 7 min, variation: 5 and 9 min), strength of
compression (normal: 90 kN, variation: 88 and 92 kN) and
KBr brand (normal: Neon®, variation: Dindmica®). Each
condition was analyzed in triplicate, on the same day and
with the same analyst. The results were analyzed by F-test
and #-test compared to normal conditions. The method was
considered robust when f,).y1ateq Was smaller than £ cal-

Accuracy: The accuracy of the method was demon-
strated by the recovery test, in triplicate and at three lev-
els, 80, 100 and 120%, considering 1.60 mg/150 mg
(100%). A standard pool was prepared with the vancomy-
cin reference (30 mg + KBr: 270 mg). The sample pool
was also prepared under the same conditions (sample:
30.29 mg + KBr: 272.60 mg). From the reference pool an
amount of 10 mg was weighed and added to 140 mg of
KBr, obtaining a pellet of 1.00 mg/150 mg. The same was
done to the sample pool. The 3 levels, 80, 100 and 120%,
were prepared using the same amount of the sample pool
(10 mg) and a different amount of the reference pool, 28,
60 and 92 mg (equivalent to 2.80, 6.00 and 9.20 mg), re-
spectively. Average recoveries, expressed in terms of per-
centage recovered from the standard and RSD (%), were
determined. Method was considered accurate when re-
covery levels were 98 to 102% and RSD (%) values were
lower than 2.00%.%¢

2. 5. Content Analysis

The preparation of the pellets was carried out ac-
cording to section 2.3.1. Absorbance was measured at
1450-1375 cm™L. Pellet was submitted to the compression

system for 7 min under 90 kN. The values were compared
using the Equation 3.
B cr
Cs= As x ; (3)
Cs: concentration of sample pellet;
As: absorbance of sample pellet;

Cr: concentration of reference pellet;
Ar: absorbance of reference pellet.

Content measurement was considered adequate
when content was 90-115%.%°

2. 6. Comparison of Methods

The results of the vancomycin final product content
obtained using the proposed method were compared with
the results obtained by a microbiological method using
turbidimetry.>”

3. Results and Discussion
3. 1. Method Development and Validation

An appropriate amount of standard vancomycin was
weighed and added to KBr in order to obtain pellets of

Table 1. ANOVA results for linearity of the method

Parameters 1450-1375 cm™!
Linearity range (mg/150 mg) 1.0-2.0
Slope 0.38
Intercept 0.00
Correlation coeflicient (r) 0.99
Regression 371.33 (4.75)
Lack of fit (3.26)
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Figure 2. Overlapping spectra of vancomycin standard and sample.
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Table 2. Precision results of the method by spectrometry in the infrared region for vancomycin

Level Absorbance* RSD (%)
1 2 3 4 5 6
Repeatability 0.584 0.604 0.604 0.624 0.604 0.594 2.29
1450-1375cm™!  Intermediate 0.61° 0.62° 0.60% 0.61° 0.63° 0.62° 3.12
0.63¢ 0.63¢ 0.62°¢ 0.61°¢ 0.66¢ 0.65°¢

@ Absorbance obtained by analyst 1 on day 1 * Absorbance obtained by analyst 1 on day 2 © Absorbance obtained by analyst 2 on day 2 * Six rep-
licates

Table 3. Robustness of the method by spectrometry in the infrared region for vancomycin

Parameters
Normal condition Strength of compression (kN) Time of compression (min) KBr brand
90 (kN) 88* 92* 5* 9* Dinamica™
7 (min) tcritical =277 tcritical =277 tcritical =277 tcritical =277 tcritical =4.30
Neon™ tcritical =-2.46 tcritical =-1.27 tcritical =-5.04 tcritical =-0.75 tcritical =3.98

* Three replicates

1.00-2.00 mg/150 mg. The data was validated by ANOVA
(Table 1), which showed significant linear regression (F,.
culated 371.33>F iical 4.75, p = 0.05), and no significant lack
of fit (Feaicutated 1-23<Feritical 3-26, p = 0.05). In this way, the
method can be considered linear.

The linearity was proven by the regression analysis
using the least squares method, obtaining a correlation co-
efficient (r) of 0.99. It was also proven by the Analysis of
Variance (ANOVA), which showed significant linear re-
gression and no significant lack of fit.

The selectivity of the method was analyzed by com-
paring the spectra of vancomycin reference (black) and
sample (red) (Figure 2).

The selectivity assay of the method was performed
by the overlapping spectra of vancomycin reference and
sample, which identified the drug.

The LOD and LOQ obtained were, respectively, 0.01

of Featculated<Frabulated (3.74 < 5.05) and Lealculated <Ptabulated
(2.21 < 2.23), respectively. So, the method can be consid-
ered precise. The results for repeatability and intermediate
precision are shown in Table 2.

The robustness of the method was performed by
small variations in three parameters. The method can be
considered robust for these varied parameters when values
of test f.y1culated Were smaller than the £ ... The results are
shown in Table 3.

The robustness of the method is an important pa-
rameter to be evaluated, which assures the results ob-
tained. Variations performed in strength of compression,

Table 5. Content analysis for vancomycin reference and sample us-
ing spectrometry in the infrared region

Da Average content Final content RSD
and 0.03 mg/150 mg. The limits are low, which show the Y (g% ) (%) (%)
sensitivity of the method.

Precision was proven by repeatability (RSD 2.29%) 1 101.66
and by intermediate precision (RSD 3.12%). Both showed 10L.75 102.35 1.09
adequate results of RSD (%) and the intermediate preci- 3 103.63
sion was also analyzed by F-test and t-test, showing values * Three replicates
Table 4. Recovery results for vancomycin using the developed spectrometric method
Vancomycin Vancomycin Recovery recovery RSD
Standard added Standard recovered (%) (%) (%)
(mg/150 mg)* (mg/150 mg)*
R1 0.28 0.28 99.65
R2 0.60 0.60 99.48 99.37 0.32
R3 0.92 0.91 98.98

* Three replicates
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Table 6. Comparison of methods

Method Average content (%)* Final content (%) RSD (%) Statistical evaluation

p 4 101.66

ropose A 101.75 102.35 1.09
(physico-chemical) 103.63

108'20 0.32 (4.30)***
. ex .

Turbidimetric 103.81 103.32 497
(microbiological) 97.96

*Average of 3 determinations **37 ***¢-test

time of compression and KBr brand showed that the
method remains robust and the quality of the results are
reliable. This parameter is also useful in the development
of other conditions for other drugs and samples, serving
as a start for the conditions to be tested.

The accuracy of the developed method was deter-
mined by the standard recovery test. Recovery values are
shown in Table 4, as well as the RSD (%). The method
can be considered accurate, considering the average re-
covery in three days of analysis, in accordance to 98-
102% specified by AOAC?*® and RSD (%) values below
2%.

3. 2. Content Analysis

The content of vancomycin in the final product was
analyzed and is shown in Table 5.

Content analysis is not a parameter required for val-
idation but it is also important to perform because it as-
sures the content of the drug in the marketed sample. The
analysis showed that the content of vancomycin is within
the limits stipulated by Japanese Pharmacopoeia (90-
115%). >

3. 3. Comparison of Methods

The result of the comparison between the proposed
method (physico-chemical) and the turbidimetric method
(microbiological) was made by the vancomycin content
values in the final product and is shown in Table 6.

An antimicrobial must always be analyzed using 2
methods, 1 physico-chemical and 1 microbiological, as
many times physico-chemical methods are unable to as-
sess the real potency of the antimicrobial.

In this case, the proposed method was directly com-
pared with the microbiological method and was statistical-
ly equivalent, which allows its reliable use in the evaluation
of the vancomycin final product.

Spectrometric method in infrared region is an im-
portant technique that can be used to quantify drugs,
mainly because of its ecological characteristics and sim-
plicity to perform. It also protects the environment, due to
the less generation of waste, and the analyst, who does not
need to get in touch with solvents.

4. Conclusions

In the present work a spectrometric method in in-
frared region was developed for the evaluation of vanco-
mycin in lyophilized powder. This method is by itself
greener when compared to a chromatographic method
or a spectrophotometric method in the UV region, be-
cause there is no use of solvents, which generates less
waste, for example. It is sensitive and proven to be pre-
cise to quantify the drug, being a great alternative to the
routine quality control process of vancomycin in chemi-
cal and pharmaceutical laboratories. The method is also
linear in the range of 1.00 to 2.00 mg/150 mg, selective,
precise, robust, and accurate. It is worth remembering
that each drug has specific characteristics and specific
analysis rigidities. Many times, the method of analysis of
one drug is not necessarily useful for another, so this
work is important, which shows the ideal and eco-frined-
ly conditions for the analysis of vancomycin in final
product by spectrometry in infrared region. It generates
less waste, does not use solvents, is fast and very simple
to perform the test. Furthermore, it is advantageous be-
cause the sample can be analyzed in solid state, does not
require the use of diluents or solvents, does not expose
analysts to vapors that can be toxic and it can be used in
production line control.
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Povzetek

Za dolocanje protimikrobne uc¢inkovine vankomicina v farmacevtskih proizvodih v literaturi ni najti kvan-
titativne metode z infrarde¢o spektrometrijo. Ta tehnika se smatra za (istejso alternativo, saj v splo§nem ne
uporablja nobenih topil in je tudi koli¢ina odpadkov zmanjsana. Cilj te raziskave je bil razviti in validirati
novo ekologko, poceni in hitro metodo z infrardeco spectrometrijo z uporabo KBr in traka 14501375 cm™.
Metoda je bila linearna v obmoc¢ju 1,0-2,0 mg/150 mg s korelacijskim koeficientom 0,9994. Selektivna ob
primerjavi spektra referen¢nega vankomicina in vzorca. Natan¢na s ponovljivostjo 2,29% in vmesno po-
novljivostjo 3,12%. To¢na s povprecnim izkoristkom 99,37% ter robustna, ¢e smo spreminjali mo¢ in ¢as
kompresije peletov ter znamko KBr. Ob primerjavi z metodami v literaturi ni nobene, ki bi uporabljala in-
frardeco spektrometrijo za kvantitativne namene, zato predstavljeno validirano metodo lahko smatramo za
inovacijo in cistej$o alternativo. Razlog je, da je hitra, enostavna za uporabo, poceni, nestrupena ter proizvaja
minimalno odpadkov. Metodo se lahko uporabi za rutinsko analizo vankomicina v farmacevtskem prasku in
predstavlja pomembno moznost za sodobno in trajnostno farmacevtsko analitiko.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Nonionic low-osmolar contrast agents are thought about safe for intravenous or intra-arterial administration. Iopamidol
is one of the contrast agents used for diagnostic clinical computed tomography (CT) protocols last four decades years.

The molecular structure of Iopamidol was calculated by the B3LYP density functional model with the LANL2DZ basis
set by the Gaussian program. The natural bond orbital analysis in terms of the hybridization of atoms and the electron-
ic structure of the title molecule have been analyzed by using the data obtained from the quantum chemical results.
First-order hyperpolarizability (ptot), the dipole moment () and polarizability (a) and anisotropic polarizability (Aa)
of the molecule have been reported. HOMO and LUMO energies and parameters related to energies, and dipole mo-
ment, polarizability and hyperpolarizability show minor dependences on the solvent polarity. The hardness of Iopami-
dol decreases with increasing solvent polarity. The stability of the Iopamidol contrast agent with the hyper conjugative
interactions, charge delocalization has been analyzed using natural bond orbital analysis. In addition, thermodynamic

properties were obtained in the range of 200-1000 K.

Keywords: Quantum chemical calculations; DFT; B3LYP; lopamidol; gaussian program; electronic structure.

1. Introduction

Iodinated X-ray contrast agents (ICM) are often used
to enable the medical imaging of soft tissues like organs and
blood vessels.! The nonionic, water-soluble, low-osmolar
contrast agents such as Iopamidol with the 1-N,3-N-bis(1,3-
dihydroxypropan-2-yl)-5-[[(2S)-2-hydroxypropanoyl]ami-
noJ-2,4,6-triiodobenzene-1,3-dicarboxamide IUPAC name
is widely used for intravascular administration.>® It has
very wide diagnostic applications, including the central
nervous system, the cardiovascular apparatus, and the uri-
nary tract. lopamidol, a clinically approved X-Ray contrast
agent, exhibits high water solubility and low toxicity.*> For
this reason, it can be safely administered intravenously at
very high doses like 400 mg/ml.* This contrast agent was
eliminated through the kidneys with a half-life of 2 hours.?

The molecule of Iopamidol contains a high number
of mobile protons on amide and alcohol moiety exchang-

ing with water. This contributes to a reduction in the MR
signal density of the water proton. So, Iopamidol com-
monly used for CT, may be also considered as a contrast
agent for Magnetic resonance imaging (MRI) applica-
tions.*

The geometry, dipole moment, polarizability, hyper-
polarizability, and other molecular properties can be af-
fected by the polarity of the solvent due to variable interac-
tions with the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO)%” and so the polarity
of the solvent can influence the stability and reactivity of
the molecule.® They can be obtained by quantum chemical
calculation without laboratory measurements, thus saving
time and equipment, reducing safety and disposal con-
cerns. So, investigation of the theoretical properties of the
molecules has recently attracted the attention of scientists
and quantum chemical calculation has been widely used to
study reaction mechanisms.’
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Bellich et all discussed the structure of Iopamidol for
three different crystalline phases. In the anhydrous and
monohydrate crystal forms, they reported that Iopamidol
molecules are shown conformation of the long branches
emerging from the triiodobenzene ring, while the pentahy-
drate phase had anti-conformation. IR and Raman spectro-
scopic studies, conducted in conjunction with quantum
chemical calculations on three crystal forms, revealed that
distinctly different spectral properties can be attributed, in
particular, to different molecular structures.!?

The Density Functional Theory (DFT) calculations
eventually lead to a good understanding of molecular
properties and a detail of the molecular characteristics and
interactions.® Thermodynamic properties such as enthal-
py, entropy, and Gibbs free energy are important to under-
stand the stability of molecules at different temperatures
and pressures, which can be easily explained using DFT
with the Gaussian 03 program.!!1?

DFT has recently gained popularity as a cost-effec-
tive general procedure for studying the physical properties
of molecules. Unlike the Hartree-Fock theory, DFT gives a
good electron correlation through electron density func-
tions in the self-consistent Kohn-Sham procedure and
complex operations. Descriptions for systems requiring
electron correlation in the traditional ab initio approach is,
therefore, a cost-effective and reliable method.!>!413

Descriptors such as Chemical hardness, chemical
potential, polarizability, and softness known as global re-
activity descriptors based on density functional theory
have found great utility in field selectivity as well as in pre-
dicting the reactivity of atoms and molecules, therefore
this work presents the quantum chemical studies of the
effects of solvents on molecular properties of Iopamidol
such as the highest occupied molecular orbital energy
(Eqomo)» the lowest unoccupied molecular orbital energy
(ELumo)» energy gap (AE), electronegativity (x), electron
affinity (A), global hardness (), softness (S), ionization
potential (I), the fraction of electrons transferred and the
total energy (AN,,,,), nucleofugality (AE,) electrofugality
(AE,). These molecular properties of Iopamidol were com-
puted by the B3LYP density functional model with the
LANL2DZ basis set by the Gaussian program in the gas
phase and in solvents (chloroform, acetic acid, ethanol,
DME DMSO and water). This study was conducted to re-
port the media effect of lopamidol on dipole moment, po-
larizability, first-order hyperpolarizability and chemical
reactivity, the stability of Iopamidol in different solvent
systems and the development of new pharmaceutical and
(bio) chemical products derived from Iopamidol.

2. Theory and Computational Details

DFT (density functional theory) methods have be-
come very popular in recent years were used in this study.
The fundamental base of DFT is the use of electronic den-

sity instead of the wave function for calculating the energy
constitutes. All calculations were done by GAUSSIAN
09W software package,'® using the B3LYP functional® and
the LANL2DZ basis set.!” The B3LYP, a version of the DFT
method, uses Becke’s three-parameter functional (B3) and
includes a mixture of HF with DFT exchange terms associ-
ated with the gradient corrected correlation function of
Lee, Yang, and Parr(LYP)®. The geometry of the Iopamidol
contrast agent under investigation was determined by op-
timizing all the geometrical variables without any symme-
try constraints. In solvents with different dielectric con-
stants such as water, DMSO, DME, ethanol, acetic acid and
chloroform, the Solubility on Density Model applied in
Gaussian 09 was used for all calculations. The SMD model
is highly parameterized, uses the original polarizable con-
tinuity model (PCM), and the charge density of the dis-
solved molecule interacts with the dielectric environment
of the solvent via the surface tension at the solvent-solvent
boundary.

3. Results and Discussion

In the case of electronic response, the main effects
caused by the solvent medium!® (i) change of wave func-
tion due to change in structure perturbing environment,
(ii) change of geometric structure (iii) change of response
properties, and (iv) altering the dynamics of the excitation
processes.

Optimized structure, the highest occupied molecu-
lar orbital (HOMO), the lowest unoccupied molecular or-
bital (LUMO) and electron density of Iopamidol in the gas
phase calculated at the DFT/B3LYP level with the LAN-
L2DZ basis set was given in Figure 1. As seen from Figure
1, HOMO and LUMO are formed from mainly benzene
ring and iodine group attached to benzene ring.

A large Egomo — Erumo gap means high kinetic sta-
bility and low chemical reactivity due to energetically un-
favorable to add electrons to a high-lying LUMO. Mean-
while, a molecule with a small Eyopo — Erynmo gap is more
polarizable, is generally associated with a high chemical
reactivity-low kinetic stability and is termed as a soft mol-
ecule.!® The solvent medium changes the properties of sol-
vated molecules and sometimes significantly affects the
dynamics of the processes. Ten molecular orbital energy
near Eyoyo and Ejyyo to study the photo-physics and ki-
netic stability of Iopamidol compounds were shown in
Figure 2 in different phases such as gas, chloroform, acetic
acid, ethanol, DMFE, DMSO and water. Eyopo and five mo-
lecular orbital energy near HOMO of Iopamidol for —6.80,
-6.85,-6.95,-6.98, -7.10, -7.16 eV. E; ;)10 and five molec-
ular orbital energy near LUMO of Iopamidol for gas phase
are -2.19, -1.51, -1.46, -1.12, -0.95, -0.41 eV.

The highest occupied molecular orbital (HOMO)
which is the outermost orbital filled by electrons and the
lowest unoccupied molecular orbital (LUMO) represent-
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Figure 1. Optimized Structure, HOMO, LUMO and electron density of Iopamidol
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ing the first empty inner most orbital unfilled by electrons
called frontier orbitals are the main orbitals taking part in
a chemical reaction.?’

The HOMO-LUMO energy band gap is a very import-
ant parameter for the determination of molecular electrical
properties and an indication of molecular chemical stability.
The quantum molecular descriptors such as ionization po-
tential, electron affinity, chemical reactivity, kinetic stability,
polarizability, chemical hardness and softness, and electro-

ethanol DMF

negativity, electrofugality, nucleofugality can be calculated
by using the gap between Eyopo and Eyyyo

Enomo and Ejymo values and Eyomo and Eppmo
band gap values, computed with the B3LYP / LANL2DZ
level, and additionally, chemical potential, electron affini-
ty, electronegativity chemical hardness, softness and elec-
trophilicity, electrofugality, nucleofugality index parame-
ters, found using the computed HOMO and LUMO energy
values, were summarized in Table 1.
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Table 1. Parameters related with Eyono and Ejyyo-

EHOMO ELUMO AE n S X u Q AI\Imax AEn AEe
Gas -6.80 -2.19 4.62 2.31 0.22 4.50 -4.50 4.38 1.95 1.04 10.03
Chloroform -7.01 -2.26 4.75 2.37 0.21 4.64 -4.64 4.53 1.95 1.08 10.35
Acetic acid -7.02 -2.27 4.75 2.38 0.21 4.65 -4.65 4.54 1.95 1.08 10.37
Ethanol -7.06 -2.28 4.77 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.43
DMF -7.06 -2.28 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.43
DMSO -7.06 -2.28 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.44
Water -7.06 -2.29 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.44

The highest occupied molecular orbitals (HOMO)
and the lowest empty molecular orbitals (LUMO), called
boundary molecule orbitals (FMOs), are the main orbitals
involved in the chemical reaction. The energy gap formed
between HOMO and LUMO indicates the chemical stabili-
ty of the molecules and is a critical parameter for determin-
ing the molecular electrical transport properties as well as
the properties of the molecules. The highest HOMO value
of -6.80 eV was found in the gas phase followed by -7.01,
-7.02, -7.06, -7.06, -7.06, -7.06 in chloroform, acetic acid,
ethanol, DMF, DMSO and water phases indicate that the
molecule will be best electron donor in the gas phase. So, it
was observed that the negative value of the HOMO in-
creased with the increase of dielectric constants of the sol-
vents. They reported that the inclusion of solvents for Iopa-
midol causes the HOMO values to become more negative.?!

The lowest LUMO energy of -2.29 eV was found to
be in water indicating that the molecule will be the best
accept electron in water compare to the gas phase and oth-
er solvents. The energy gap is used in determining molec-
ular electrical transport properties. The largest HO-
MO-LUMO gap of 4.78 ¢V was found in water solvent
which implies higher kinetic stability and less chemical
reactivity?? followed by 4.78 eV and the other studied sol-
vents and found 4.62 eV in the gas phase.

The electronic chemical potential as seen in Equa-
tion 1 is defined as the energy changes of the system with
respect to the electron number N at a fixed external poten-
tial v(r), i.e., the potential created by the nuclei?®> 24 The
electronic chemical potential is associated with the feasi-
bility of a system to exchange electron density with the en-
vironment at the ground state.

4= G

When the finite difference approximation is used the
following simple expression is obtained:

(1)

~ (I+A4)
= 2 (2)

Where, I is the ionization potential and A is the elec-
tron affinity of an atom or molecule. The ionization poten-

tial and the electron affinity can be approached by the
frontier HOMO and LUMO energies as by Eyopo and as
by Erumo according to Koopmans theorem?® and Kohn-
Sham formalism?® within the DFT, as a result, the elec-
tronic chemical potential can be expressed as:

~ (Enomo+ELumo
= >

3)

Accordingly, the electronic chemical potential allows
the establishment of the flux direction of the Global Elec-
tron Density Transfer?” along in a polar reaction. Likewise,
in a polar reaction having two molecules, such as A and B,
with uA < uB, the electron density flux will occur from
molecule B, which has the higher, towards molecule A,
which has the lower. So, in such a reaction A will act as the
electron-acceptor, whereas, B will act as the electron-do-
nor, i.e., the nucleophile. The larger electronic chemical
potential difference means global Electron Density Trans-
fer presents a low polar character. Iopamidol molecule in
solvent acts as a more electron acceptor molecule than in
the gas phase. The chemical potential of the molecule was
found to be increased as the dielectric constants of the sol-
vents increased from the gas phase. The chemical poten-
tials of the Iopamidol in chloroform, acetic acid, ethanol,
DME, DMSO, water are —4.64, —4.65, -4.67, —-4.67, -4.67,
-4.67 eV, respectively.

Pearson proposed the hard and soft acids and bases
(HSAB) principle in an acid/base reaction.

In 1963, Pearson established a classification of Lewis
acids and bases into hard and soft.28-** Within the concep-
tual DFT, Parr defined, in 1983, a quantitative expression
for the chemical hardness, which can be expressed as the
changes of the electronic chemical potential of the system
with respect to the electron number N at a fixed external
potential v(r).!8

= (;—HN)U(T) = (%)v(r)

The resistance of a molecule to exchange electron
density with the environment is defined as the chemical
hardness and when the finite difference approximation is
applied, the following simple expression is obtained:

(4)
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n= —{FTA) (5)

With the substitution OfI by EHOMO and A by ELUMO
can be expressed as:

n= (ELULZEHOWJ) (6)

Also the chemical hardness, chemical potential of
the molecule was found to be increased, the chemical soft-
ness of the molecule was found to be decreased as the di-
electric constants of the solvents increased from gas phase
to water and was confirmed to decrease as the dielectric
constant of the solvents increased from ethanol to water.

According to Parr and co-workers, global molecular
electrophilicity (w,,,) and global molecular nucleophilici-
ty (emol) index were defined and they were calculated based
on molecular hardness and molecular electronegativity of
the studied compounds with the help of the following
equations, respectively.

P )

The electrophilicity index measures the property of a
molecule to accept electrons. Nucleophile molecule is
characterized by a lower value of 1, w; and conversely elec-
trophile molecule is characterized by a high value of p, w.
Organic molecules having a value of more than 1.5 is clas-
sified as strong electrophiles, the value between 0.8 and 1.5
eV is classified as moderate electrophiles, smaller than 0.8
eV is said as marginal electrophiles.’! Terrier classified
high reactivity of the species that he studied as super elec-
trophiles.?? So, the electrophilicity index of Iopamidol in
the gas phase and different solvents of more than 1.5 eV is
classified as super electrophilic. The electrophilicity index
of Iopamidol increases with the increase of the dielectric
constant of the solvent.

The maximum number of electrons that an electro-
phile can obtain is given by the following formula.*?

AN, = —% 8)

The maximum charge transfer that is completely de-
termined by the electronic chemical potential of the mole-
cule measures the stabilization in energy when the system
acquires an additional electronic charge (AN) from the
environment.**~3¢ The maximum charge transfer AN, to
the electrophile means the ability of the system to obtain
additional electronic charge from the medium defining
the charge capacity of the molecule.

The maximum amount of electronic charge (AN,,,)
can define the donor and acceptor electron charge of mol-
ecules. The AN,,,, <0 indicates the molecule acts as an

electron donor.*’ In gas and solvent phase, lopamidol are
electron acceptors and can have significant power of elec-
tron affinity. The AN, index of Iopamidol increases as
follow: gas < chloroform < acetic acid < ethanol =DMF
=DMSO < water at the B3LYP/ LANL2DZ basis set. Ac-
cording to these results, it can be easily predicted that Io-
pamidol has the biggest AN, in water for the studied
solvents.

Ayers and co-workers®®3? have proposed nucleophil-
ic and electrophilic capabilities of a leaving group as nucle-
ofugality (AE,) and electrofugality (AE,) and defined as
follows:

:

AE, = EA+w =110 9)
—1)2

AEe=1P+m:% (10)

Electrofugality values of Iopamidol in gas chloro-
form, acetic acid, ethanol, DMF, DMSO and water are
10.03, 10.35, 10.37, 10.43, 10.43, 10.44, 10.44, respectively.
As seen from the result electrophilic capabilities of a leav-
ing group for Iopamidol are the highest in the water phase.

The electronic transitions of Iopamidol were calcu-
lated by time-dependent DFT in the gas phase Theoretical
results were used for the interpretation of experimental
absorption bands. The experimental (Amax) and calculat-
ed (ADFT) wavelengths of maximum absorption are
241nm* and 242.11 nm which was marked as HO-
MO-15-LUMO, HOMO-11-LUMO+1, HOMO-10->LU-
MO+1, HOMO-7-LUMO+1, HOMO-6>LUMO+1, HO-
MO-6>LUMO+2, HOMO-5>LUMO+1, HOMO-2->
LUMO+2, HOMO-2-LUMO+4, HOMO-1-LUMO+5,
HOMO-LUMO+1, HOMO-1>LUMO+4 transitions
which contributions are -0.20018, 0.17061, 0.14008,
-0.12374, 0.19838, 0.25823, 0.21063, -0.11627, 0.18419,
-0.17126, -0.12012, 0.12035.

Electric dipole polarizability which is a measure of
the linear response of an infinitesimal electric field (F) and
represents second-order variation energy is an important
property used in determining the polarizability of a mole-
cule or compound.*!

o (11)
OF,0F)

Where, the a,,, a,,and a_, quantities are the princi-
pal values of polarizability tensor. Polarizability (a)
which is the measure of distortion of a molecule in an
electric field, the anisotropy of the polarizability <Aa>
and Kappa were calculated using the following equation,
respectively:

1 12
a=§(axx+ayy+azz) (12)
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a
— [('lxx_ayy)2+(‘1yy_'zzz)2+('Izz_axx)2+6('1%2""1:2:);‘“13212)] /2 (13)
2

Aa

2 2 2

a + +

XX yy ZZ (14)
6<a>?

In unsubstituted aromatic molecules, the m electrons
in a direction perpendicular to the plane do not contribute
to the polarizability in a direction perpendicular to the
plane, only sigma bonds in the vertical direction contrib-
ute to the polarization of the molecules. Since the anisot-
ropy j becomes zero for the spherical symmetric charge
distribution, it gives a measure of the spherical symmetry
deviations. The calculated polarizability <a>, the anisotro-
py of the polarizability <Aa> and Kappa for Iopamidol
molecules are listed in Table 2.

The variation of <o> is in the atomic units and <Aa>
in esu (x1072%) for Iopamidol molecule are given. The re-
sult shows that the lowest polarizability and anisotropic
polarizability values obtained were 296 au and 21.77 x
1072 esu in the gas phase. It was observed that polarizabil-
ity and anisotropic polarizability increases with an in-
crease in the polarity of the solvents while the kappa de-
creases as the polarity of the solvents increases.

Broe = (B2 + B2 +2)
nﬁx = ﬂxxx + Bxyy + .szz
ﬁy = ﬁyyy = Bxxy 7+ Byzz

Bz = ﬁzzz + Bxxz + }nyz

(15)

The, and refer to the components of hyperpolariz-
ability along x, y and z components of molecular dipole
moment.

It can be seen from Table 3, the calculated p values of
Iopamidol using B3LYP/ LANL2DZ level (the B of Iopa-
midol for gas, chloroform, acetic acid, ethanol, DMF,

DMSO, water) are 1.48 x 1073 esu., 2.55 x 10730 esu., 2.69
x 1073% esu., 1.87 x 10~ esu., 3.04 x 107 esu., 3.06 x 10~
esu., 2.94 x 1070 esu., respectively. The first polarizability
values obtained using B3LYP/LANL2DZ level for Iopami-
dol are the largest value in DMSO and the lowest value in
gas phase.

4. Thermodynamic Properties

The total contribution of the electronic, translational,
rotational and vibrational energies to the entropy (S) and
heat capacity (Cv), as well as the rotational constants and
zero-point vibrational energies (ZPVE) of Iopamidol in the
gas phase and different solvents were presented in Table 4.

It can be observed in Table 4 that the specific heat
capacity of Iopamidol was found to increase with an in-
crease in the polarity of the solvent except in acetic acid
solution. The highest entropy value of 240.311 cal/mol was
found in the gas phase followed by 235.989, 235.189,
234.749 cal/mol in chloroform, acetic acid, ethanol solu-
tion. It was observed that as the dielectric constant of the
solvents was increased from chloroform to water the en-
tropy was found to be slightly decreased, while, entropy
was found to increase slightly in DME, DMSO, water. The
zero-point vibrational energy (ZPVE) decreases except in
acetic acid solution with the increase of dielectric constant.

Based on vibrational analysis at BSLYP/LANL2DZ
level, the standard statistical thermodynamic functions:
heat capacity (C°P,m), entropy (S°m), and enthalpy chang-
es (Hm),

for the Iopamidol, are obtained from the theoretical
harmonic frequencies in gas and solvent phases and pre-
sented in Figure 3. It can be observed that these thermody-
namic functions are increasing with temperature ranging
from 200 to 1000 K because molecular vibrational intensi-
ties increase with temperature.*?

Table 5, demonstrates the correlation of heat capaci-
ty at constant pressure, entropy, enthalpy respectively, for

Table 2. Polarizability ((a)), anisotropic polarizability (Aa), Kappa (k) of the optimized Iopamidol molecule in the gas phase and different solvents.

Polarisibility Gas Chloroform Acetic acid Ethanol DMEF DMSO Water
<a> (au) 296 365 371 386 387 388 389
(<Aa> (esu) 1072 21.77 25.64 25.95 26.69 26.78 26.82 26.88
K 0.02646 0.02341 0.02315 0.02254 0.02247 0.02244 0.0224
Table 3. p x 107 (esu), px, By, Pz, in (a.u.) components and values calculated using DFT levels of theory for Iopamidol.
Gas Chloroform Acetic Acid Ethanol DMF DMSO Water
B 76.7636 173.4901 177.5463 184.9257 185.4881 185.5127 83.0876
X
By -87.2752 -224.2531 -240.4815 71.3396 -286.2781 -288.0864 273.9023
B 57.6274 83.6470 85.2293 88.1287 88.4319 88.5943 184.1473
z
1.48 2.55 2.69 1.87 3.04 3.06 2.94
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Table 4. Thermodynamic properties of the optimized Iopamidol molecule in the gas phase and different solvents.

Positions Vibrational Total Rotational Vibrational Total
Cv S
Gas 117.731 123.692 38.531 155.952 240.311
Chloroform 117.758 123.720 38.536 151.624 235.989
Acetic acid 117.751 123.713 38.536 150.823 235.189
Ethanol 117.760 123.722 38.536 150.384 234.749
DMEF 117.764 123.726 38.536 150.414 234.779
DMSO 117.766 123.728 38.536 150.426 234.791
Water 117.769 123.731 38.536 150.453 234.818
Rotational Constants (GHz) ZPVE (Kcal/Mol)

Gas 0.08199 0.06561 0.04052 249.87778

Chloroform 0.08118 0.06626 0.04031 249.85006

Acetic acid 0.08114 0.06629 0.04030 249.86599

Ethanol 0.08109 0.06635 0.04029 249.84713

DME 0.08109 0.06636 0.04029 249.84051

DMSO 0.08109 0.06636 0.04029 249.83742

Water 0.08108 0.06637 0.04029 249.83212

For Cv Electronic: 0.000, Translational: 2.981, Rotational: 2.981

For S Electronic: 0.000, Translational: 45.829

Table 5. Correlation of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule

Iopamidol

Gas C =-0.0002T2 + 0.3841T + 28.257 S =-0.0001T2 + 0.5054T + 106.3 H = 9E-05T2 + 0.0865T - 9.6639
R?=0.9996 R*=0.9997 R?=0.9998

Chloroform C =-0.0002T2 + 0.3846T + 28.184 S =-0.0001T2 + 0.5085T + 101.17 H = 9E-05T2 + 0.0866T - 9.7776
R*=0.9996 R*=0.9999 R?=0.9998

Acetic acid C=-0.0001T2 + 0.3412T + 41.995 S=-9E-05T2 + 0.44T + 122.2 H =0.0001T2 + 0.0712T - 4.8992
R*=0.996 R*=0.9977 R*=0.999

Ethanol C=-0.0002T2 + 0.362T + 31.162 S =-0.0001T2 + 0.4743T + 105.21 H =6E-05T2 + 0.1283T - 14.295
R*=0.9997 R?=0.9999 R*=0.999

DMF C =-0.0002T2 + 0.3847T + 28.152 S =-0.0001T2 + 0.5086T + 99.937 H =9E-05T2 + 0.0867T - 9.8173
R*=0.9996 R*=0.9999 R?=0.9998

DMSO C =-0.0002T2 + 0.4077T + 19.679 S =-0.0001T2 + 0.5129T + 98.095 H =8E-05T2 + 0.1063T - 14.192
R*=0.9988 R*=0.9999 R*=0.9997

Water C =-0.0002T2 + 0.3917T + 26.68 S=-0.0001 T2+ 0.5086 T + 99.973 H =9E-05T? + 0.0828T - 9.2518

R*=0.9997

R?>=0.9999

R*=0.9998

the methods of DFT/LANL2DZ level. The correlation
equations between heat capacities, entropies, enthalpy
changes and temperatures were fitted by quadratic formu-
las, and the corresponding fitting factors (R2) for these
thermodynamic properties are 0.9996, 0.9997, and 0.9998
respectively for gas-phase; 0.9996, 0.9999, 0.9998 respec-
tively for chloroform. All the thermodynamic data supply
helpful information for further study on the Iopamidol.
All thermodynamic calculations were done in the gas
phase in solution such as chloroform, acetic acid, ethanol,
DME DMSO, water.

The net atomic charges of the Iopamidol contrast
agent in various solvents using the Mulliken Population
Analysis (MPA) method were given in Table 6. MPA val-
ues in different solvents were evidence of charge transfer
and polarization.**. The significant influences of the sol-

vents on the atomic charges are observed from the calcula-
tion. As seen from Table 6, the atomic charges increase
with the increase of solvent polarity from acetone to water.

All carbon atoms making a bond with iodine atom in
the benzene ring have a negative charge and the negative
charge of the carbon atom bonded iodine atom increase
with the increase of polarity of the solvent. The charge of
C,9 atom of Iopamidol in gas, chloroform, acetic acid, eth-
anol, DME, DMSO, and water phases is —0.7531, -0.7667,
-0.7680, -0.7711, -0.7715, -0.7717, -0.7719 &. The rest of
the carbon atoms in the benzene ring have positive excess
charges accumulation and the positive charge of the car-
bon atom in the benzene ring increase with the increase of
polarity of the solvent. The charges of nitrogen atoms are
the negative and negative value of the charge decreases
with the increase of polarity of the solvent. The charge of
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Figure 3. Correlation graph of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule

N, atom of Iopamidol in gas, chloroform, acetic acid, eth-
anol, DMF, DMSO, and the water phase is -0.3366,
-0.3298, -0.3293, -0.3280, -0.3278, -0.3278, —-0.3277 é&.
The charge of Nj; atom is -0.3473, -0.3406, -0.3397,
-0.3376, -0.3373, -0.3372, -0.3371 &. All oxygen atoms
belonging to the hydroxyl group and carbonyl group for
Iopamidol have neagative charge, and the negative charge

of both oxygen atoms increases with the increase of polar-
ity of the solvent.

Selected second-order perturbation energies (E (2)
kcal/mol) with values greater than 5 kcal/mol

for Iopamidol in gas phase were presented in Table 7,
and Table 8 includes only energies for the other studied
solvents and gas phase. The energies for the interaction
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Table 6. Some Mulliken Atomic charges (e) of Iopamidol in various solvents.

Gas Chloroform Acetic acid Ethanol DMF DMSO Water
I 0.1672 0.1899 0.1919 0.1970 0.1976 0.1978 0.1982
I, 0.1792 0.1868 0.1878 0.1904 0.1907 0.1909 0.1911
I3 0.1704 0.1910 0.1927 0.1967 0.1972 0.1974 0.1977
Oy -0.5147 -0.5337 -0.5353 -0.5390 -0.5394 -0.5396 -0.5398
Os -0.4972 -0.5264 -0.5290 -0.5352 -0.5359 -0.5363 -0.5367
Og -0.4761 -0.5177 -0.5210 -0.5290 -0.5299 -0.5303 -0.5309
O, -0.5135 -0.5409 -0.5428 -0.5473 -0.5479 -0.5481 -0.5484
Oy -0.3082 -0.3494 -0.3529 -0.3616 -0.3626 -0.3630 -0.3636
Oy -0.2577 -0.3129 -0.3176 -0.3290 -0.3303 -0.3309 -0.3317
Oqg -0.5047 -0.5291 -0.5307 -0.5343 -0.5347 -0.5348 -0.5351
O -0.2612 -0.3174 -0.3220 -0.3330 -0.3343 -0.3349 -0.3357
N, -0.3366 -0.3298 -0.3293 -0.3280 -0.3278 -0.3278 -0.3277
Ni3 -0.3473 -0.3406 -0.3397 -0.3376 -0.3373 -0.3372 -0.3371
N4 -0.5198 -0.5101 -0.5092 -0.5068 -0.5065 -0.5064 -0.5062
C,; 0.5775 0.5957 0.5971 0.6001 0.6004 0.6005 0.6007
Cig 0.5511 0.5666 0.5679 0.5710 0.5714 0.5715 0.5718
Cyo -0.7531 -0.7667 -0.7680 -0.7711 -0.7715 -0.7717 -0.7719
Cyo 0.8067 0.8134 0.8139 0.8153 0.8155 0.8155 0.8156
Cy -0.7098 -0.7287 -0.7303 -0.7343 -0.7348 -0.7350 -0.7353
Cy, -0.7149 -0.7283 -0.7296 -0.7325 -0.7328 -0.7330 -0.7332

Table 7. Selected second-order perturbation energy (E (2) kcal/mol) with values greater than 10 kcal/mol (except for iodine interaction) for Iopami-

dol in gas phase.

Donor (i)  Type Occupancy ED(j) Acceptor Type  Occupancy ED(j kcfl( /fr)lol E(J:f(l) F:l’f)
C17-Cay m 167185  -0.74673  Ci-Cy  m* 0.39117 -0.00725  18.95 0.29 0.067
C17-Cay m 167185  -0.74673  Cy-Cy  m* 0.39095 -0.00959  22.39 0.29 0.073
Cis-Cuo m 167060  -029565  C-Cy  m* 0.39611 -0.00844  23.39 0.29 0.074
Ci5-Cuo m 167060  -029565  Cy-Cy  m* 0.39095 -0.00959  19.16 0.29 0.067
Cy0-Cay m 165835  -0.29446  C,-Cy  m* 0.39611 -0.00844  19.73 0.29 0.068
Cy0-Cay m 165835  -0.29446  Ci-C,y  m* 0.39117 -0.00725  23.60 0.29 0.074
I LP3 194231  -027742  C;gCyy T 0.39117 -0.00725 7.31 0.27 0.043
I, LP3 1.93293 -0.26730 Cy-Cy1 O * 0.39095 -0.00959 7.83 0.26 0.044
I; LP3 1.93545 -0.27219 C7-Cyy m 0.39611 -0.00844 7.81 0.26 0.044
Og LP2 1.86415 -0.29057 Ni3-Cos G* 0.06954 0.42301 16.06 0.71 0.097
Oy LP2 186415  -0.29057  C;,-C,;  o% 0.06831 0.35615 18.75 0.65 0.100
Oy LP2 1.86542 -0.25360 Ni3-Cyy G* 0.07259 0.42608 21.11 0.68 0.109
Oy LP2 1.86542 -0.25360 Ci3-Cyy G* 0.07486 0.35976 19.38 0.61 0.099
oM LP2 187731  -0.25037  N;4-Cp  o% 0.07966 0.41160 23.83 0.66 0.113
oM LP2 187731  -0.25037  C,eCs;  o% 0.08219 0.33581 19.06 0.59 0.095
N, LP1 1.65078 -0.27471 03-Cys o* 0.20853 0.18886 24.37 0.46 0.098
N LP1  1.65078  -0.27471 04-Cy;  T* 0.17216 0.23265 12.69 0.51 0.075
N3 LP1 1.66817 -0.26134 0y-Cyy G* 0.25871 0.09976 39.60 0.36 0.109
Ny LP1 1.66817 -0.26134 011-Cy9 TU* 0.21432 0.10625 33.67 0.38 0.103

LP3(I;) > n*(Cy5-Cyo), LP3(I,) > m*(Cyy-Cyy) and LP3(I3)
> m* (Cy7-C,,) 7.31, 7.83 and 7.81 kcal mol~!, respectively
demonstrate the intramolecular hyperconjugative interac-
tion between the iodine atoms and benzene ring in the
ground state for Iopamidol in gas phase.

The interaction energy from the I, electron pairs cor-
responds to conjugation with the antibonding molecular
orbitals of the neighboring C,,-C,; whereas, these interac-

tion energies correspond to conjugation with the antibo-
nding molecular orbitals of the neighboring LP3(I;) >
m*C,,-C9 with the stabilization energy 7.41, 7.42, 7.43
kcal/mol in chloroform, acetic acid, and ethanol, respec-
tively, and 7.44 kcal/mol in DMF, DMSO, water. The inter-
action LP3(I,) > m*(Cy,-C,,) in gas phase shifted to LP3(I,)
> 7*(C;4-C,;) in studied solvents and LP3(15) > *(C;,-Cy,)
was shifted to LP3(I3) > m*(C,-C,,) in studied solvents.
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Table 8. Interaction energies of Iopamidol in gas phase and in different solvents.

Donor Type  Acceptor Type Gas Chloroform  Acetic Acid Ethanol DMF DMSO  Water
E(2) kcal/mol

1,-Cyo o C1-Cyy o* 7.06 7.10 7.11 7.12 7.12 7.12 7.12

1,-Cyo o C15-Cyy o* 7.07 7.05 7.05 7.06 7.06 7.06 7.06

L-Cy, o C15-Cio o* 7.15 7.16 7.16 7.16 7.17 7.17 7.17

L-Cy, o Cy-Cyy o* 7.12 7.19 7.19 7.21 7.21 7.21 7.21

I;-Cypy o C1-Cio o* 7.11 7.17 7.39 7.19 7.19 7.19 7.19

I;-Cypy o Cy-Cyy o* 7.13 7.21 7.22 7.23 7.24 7.24 7.24

C1-Cio n Ci5-Cyy o 22.60 22.58 22.53 2253 2253 22.52

C1-Cio n Cy-Cyy o 19.17 19.17 19.17 19.17 1917  19.17

C1-Cyy n C15-Cio o 18.95

C-Cyy n Cy-Cyy ™ 2239

C15-Cio n C-Cyy ™ 2339

C15-Cio n Cy-Cyy o 19.16

C15-Cyy n C1-Cio o 19.64 19.64 19.63 19.63 1963  19.63

C15-Cyy n Cy-Cyy o 22.71 22.67 22.60 2259 2259  22.58

C15-Coa o Ny5-Cie o* 6.25 6.26 6.29 6.30 6.30 6.30

Cy-Cyy n C1-Cyy o 19.73

Cy-Cyy n C1-Cio ™ 23.60 23.53 23.53 2353 2353 2353

Cy-Cyy n C15-Cyy o 23.53 19.52 19.61 19.62 1962  19.63

Cy-Cy, T Ci5-Cpo m* 19.48

I LP3 C17-Cy9 m* 7.41 7.42 7.43 7.44 7.44 7.44

I, LP3 Ci15-Cyg m* 7.31

I, LP3  C;5-Cy o 7.90 7.90 7.90 7.90 7.90 7.90

I, LP3 Cy-Cy1 m* 7.83

I3 LP3 Ci7-Cypy m* 7.81

I3 LP3 Cy-Cy m* 7.65 7.66 7.69 7.69 7.69 7.69

Og Lp2 Os-Hy; o* 9.35 14.20 14.52 15.38 15.48 15.52 15.59

Og LpP2 Ni3-Cys o* 16.06 13.76 13.59 13.17 13.12 13.10 13.06

Og LpP2 Cy17-Cys o* 18.75 18.21 18.14 17.97 17.95 17.94 17.93

Oy Lp2 Ni3-Cyy o* 21.11 20.05 19.96 19.74 19.72 19.71 19.69

Oy LpP2 Ci3-Cyy o* 19.38 18.35 18.26 18.05 18.03 18.02 18.00

0y, LP2  N,-Cy ot 23.83 22.61 22.51 22.27 2224 2223 2221

O LpP2 Cy9-Csg o* 19.06 18.02 17.93 17.72 17.70 17.69 17.67

Ni, LP1 03-Cys o* 24.37 72.52 75.67 82.43 83.14 83.44 83.90

Np, LP1 04-Cy; m* 12.69

Ni; LP1 0y-Cyy o* 39.60 81.88 83.09 85.07 85.29 85.37 85.50

NP LP1  0,,-Cy o* 15.95 17.47 21.64 2215 2237 22.73

NP LP1  0,;-Cy ™ 33.67 16.10 14.84 12.02 1173 11.61 11.41

The stabilization energy for the interaction LP1(Og) >
0*(N},-Cy3) and LP2(Og) > 0*( O5-Hy) increases with the
increase of the dielectric constant of the solvent whereas
the stabilization energy for the interaction LP2(Og) >
0*(N,-Cy3) and LP2(Og) > ¢*( C,;-C,3) decreases with
the increase of the dielectric constant of the solvent.

5. Conclusions

The ground state molecular geometries, polarizabili-
ty, anisotropic polarizability, hyperpolarizability, and fron-
tier orbital energies of Iopamidol were theoretically inves-
tigated in gas, chloroform, acetic a4cid, ethanol, DMF,
DMSO, and water phase to understand the structure—
property relationship of the molecular structure of Iopa-
midol in terms of solvent effects.

From the obtained results by using the DFT calcula-
tions, it was obtained that the dipole moment, electro-
philicity index, polarizability and first-order hyperpolariz-
ability of Iopamidol was gradually increased with the
increase of dielectric constant of the solvent.

Likewise, the largest HOMO-LUMO gap was found in
water solvent and this means higher kinetic stability and less
chemical reactivity with increasing polarity of solvents.
Therefore, quantum chemical calculations aid the under-
standing of the structure- property relationship of molecules.

Solvent effects on thermodynamic properties of the
optimized geometry of the molecule were investigated and
reported. The variation of solvent influences the structural,
electronic, and molecular properties of the Iopamidol and
will be useful in the design and development of Iopamidol
as a contrast agent.
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The NBO analysis has provided a detailed in-sight
into the type of hybridization and the nature of bonding in
Iopamidol. he stabilization energy for the interaction
LP1(Og) > 0*(N;,-C,3) increases with the increase of the
dielectric constant of the solvent whereas the stabilization
energy for the interaction LP2(Og) - 0*(N,-C,3) decreas-
es with the increase of the dielectric constant of the sol-
vent. The negative charge of carbon atoms attached to the
iodine atom in the benzene ring increase with the increase
of polarity of the solvent. The rest of the carbon atoms in
the benzene ring have positive and positive charge density
with the increase of polarity of the solvent.
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Abstract

In this research, a number of new and known chromenopyrano|[2,3-b]pyridine derivatives have been prepared. Initial-
ly, according to the reported procedure, pyrano[2,3-cJchromene derivatives were synthesized by the reaction between
4-hydroxycoumarin, aromatic aldehydes and malononitrile using silica sodium carbonate (SSC) as the catalyst. Next, the
prepared pyrano[2,3-c]chromenes were reacted by dimethyl acetylenedicarboxylate (DMAD) or cyclohexanone in the
presence of sodium carbonate to produce chromenopyrano[2,3-b]pyridine derivatives. The presented protocol avoids
the use of expensive catalysts and gives useful potentially bioactive heterocycles in excellent to high yields.

Keywords: Chromenopyrano|2,3-b]pyridine; pyrano([2,3-c]chromene, dimethyl acetylenedicarboxylate, cyclohexanone

1. Introduction

Heterocycles as the most prevalent organic com-
pounds are present in various drugs, natural products,
vitamins and bioactive compounds.!> They have been
found to be useful as anti-HIV,* anti-tumor,> anti-inflam-
matory,’~® anti-malarial,!®!! anti-depressant, anti-micro-
bial, anti-bacterial and anti-fungal agents.!> Most heter-
ocycles are used in materials science such as fluorescent
sensors, dyes, data storage, plastics, illuminators and an-
alytical reagents.>!* Also, they are applied as important
intermediates for the synthesis of medicinal compounds.'*
Nitrogen-containing six-membered heterocycles, due to
their high biological activity are of interest to both medic-
inal chemists and biochemists.!>!® Among them, pyridine
and its derivatives play the most fundamental structural
role in many natural compounds and medicinally benefi-
cial molecules.!”!® Owing to the great variety of biologi-
cally active pyridines, it is not surprising that the pyridine
ring system has become a vital basic component in many
pharmaceutical agents. Some of the pyridine-derived
drugs are trademarks of Reyataz and Gleevec drugs that
are prescribed for HIV and chronic anemia, respective-
ly. Some natural alkaloid products based on pyridine are
nicotine and niacin derivatives.!” In particular, condensed
pyridines are known for their several biological activities.
For example, pyranopyridines have been proven to be the
most active anti-tumor heterocyclic systems with activity

against various filamentous tumors and specific activity
against lung and ovarian cancer cells and antimicrobial
action.?%2!  Moreover, pyrazolo-[3,4-b]pyridine deriva-
tives are an important class of fused pyridines with a broad
spectrum of biological activities that find widespread use
in the pharmaceutical industries.?? Another class of fused
pyridine derivatives is thiazolo[4,5-b]pyridin, which have
anti-inflammatory and antimicrobial activity against hu-
man and veterinary pathogens. Also, some of these com-
pounds have antifungal and anti-tumor activity.2>?*

Coumarin-thiazole scaffolds are used as fluores-
cence probes for staining and imaging of DNA and to
study the biological function of cell membranes.?>2
Other compounds fused to the coumarin ring, such as
pyranochromenes as the most imperative fused polycy-
clic heterocycles have gained attention for their extensive
occurrence in important pharmaceutical drugs.?” Many of
pyranochromene derivatives exhibit significant biological
activity, such as excellent antimicrobial potency, spasmo-
lytic, anticoagulant, diuretic, cytotoxic, antituberculosis,
anticancer, and antianaphylactic activities.?-3* Some of
these compounds have found the use for the treatment of
neurodegenerative diseases, including Parkinson’s disease,
Down’s syndrome, Alzheimer’s disease and AIDS associat-
ed dementia.®! Furthermore, pyranochromene derivatives
have been applied as the key intermediates for the prepa-
ration of thioxo-imidazolidinedione, dithioxodiazetidine
and Schiff’s bases.??
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Considering the above reports and in connection
with our program on the synthesis of polycyclic com-
pounds,>>*0 we present in this paper an efficient and
environmentally benign strategy for the synthesis of
pyranochromene fused with pyridine derivatives. For this
purpose, initially, pyrano[2,3-c]chromenes were prepared
via the reaction between 4-hydroxycumarin (1), aromat-
ic aldehydes 2 and malononitrile (3) using silica sodium
carbonate (SSC) (Scheme 1).2% Subsequently, the synthe-
sized pyrano[2,3-c]chromenes were reacted by dimethyl
acetylenedicarboxylate (DMAD, 5) or cyclohexanone (6)
to yield chromenopyrano(2,3-b]pyridine derivatives 7 and
8 (Scheme 2).

NH,
OH o . -CN
= CN o
m . AGHD + ¢ SSC (10 mol%) N
00 CN solvent-free
1 2 3 110°C 40 0

Scheme 1. SSC-catalyzed synthesis of pyranochromenes 4.

NH»
. _-CN
[®)
s Ar

o o 4

DMSO NaQC03
100 °C |(10 mol%)

Scheme 2. Synthesis of chromenopyrano[2,3-b]pyridine derivatives
7 and 8 in the presence of Na,COj; as the catalyst.

2. Results and Discussion

First, pyrano[2,3-c]chromenes 4 were prepared and
identified according to the mentioned method (Table 1). In
the following, in order to optimize the conditions, the reac-
tion between pyranochromene 4a and DMAD was selected
as a model system. The reaction was not completed in the
absence of a catalyst at room temperature. Next, the model
reaction was performed in the presence of 5 mol% of Na-
,COyj in various solvents such as acetone, CH,Cl,, EtOAc,
DMEF and DMSO. As can be seen in Table 2, the best result

was obtained by performing the reaction mixture in DMSO
(100 °C) to yield product 7a. Next, we evaluated the re-
quired amount of the catalyst for this transformation. When
10 mol% of Na,CO; was used, the reaction efficiently pro-
ceeded and was complete in shorter reaction time. By fur-
ther increasing the catalyst amount no appreciable improve-
ment in the product yield and reaction time was observed.
Various bases were screened for their efficiency in this reac-
tion. We obtained the best yield of 7a when the reaction was
performed by Na,CO;. Also, low temperatures led to the
reaction product in a very low yield. In short, according to
the obtained results, the best yield was achieved in DMSO at
100 °C in the presence of 10 mol% of Na,CO; (Table 2, En-
try 8). In view of the success of the above reaction and hav-
ing established the optimal conditions, we then investigated
the scope and general applicability of this methodology by
using different pyranochromenes and the results are given
in Table 3. The structures of the synthesized compounds 7
were deduced from their elemental analysis, IR, 'H and *C
NMR spectroscopy. Subsequently, by employing this meth-
od, a number of chromenopyrano|[2,3-b]pyridines 8 were
produced via the reaction between pyrano[2,3-c]chromenes
4 and cyclohexanone (6) under the optimized reaction con-
ditions. In the majority of cases, the reactions performed
cleanly and the desirable products 8 were formed in high

O Ar NH;
8

Scheme 3. Proposed mechanism for the synthesis of chrom-
enopyrano[2,3-b]pyridines 7 and 8 using sodium carbonate.
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Table 1. Synthesis of pyrano[2,3-c]Jchromenes 4 using SSC catalyst.

NH,
OH o CN
= CN  SSC (10 mol%
@fi+ArCHO+< —ISSCHOIMDIN) N A
o o CN solvent-free
110 °C 0~ 0
da-k
EntryAr Product Yield® (%) Mp [Ref.] (°C)
4a CgH; . o 83 260-262 [261-263]%
CLLO
(o) [*]
4b4-Cl-C,H, ”iz o 85 262-264 [262-264]%8
o)
CLLO
(o2 o] Cl
4c4-Br-CgH, NH, 80 245-247 [247-249]4
o 2 -CN
CLLO
o (o] Br
4d3-NO,-C¢H, NH; 85 264-265 [263-265]
o . -CN
o NO,
L0
NH.
4e4-NO,-C¢H, . e 90 259-261 [260-262]%8
CLL O
070 NO,
4f3-CH,-C¢H, HH, 90 255-257°
o . CN
o o
4g4-F-C¢H, Niz o 93 258-260 [260-262]4!
O
=
X Z L,
4h4-CH;-CH, NH; 87 250-252 [255-257]%8
o -CN
CLL T
(ogie] CH,
4i2-Cl-C4H, NH; 85 271-272 [269-271]%
o . CNCI
LD
o "o
4j4-OCH;-C¢H, Niz o 80 243-245 [246-248]28
¢}
LT
(¢ e] OCH,
4k2,4-Cl,-C4H, NH, 83 259-260 [259-260]28

4
2
o

o} Y. o
e}
o}

3 Isolated yield.
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Table 2. Synthetic results of 7a under different reaction conditions.

CO,CH;
NH; NZ - CO2CHs
o N various X |
conditions, 0 NH,
" "Ph
O 0]
o” "o

4a 7a
Entry Catalyst (mol %)  Solvent/Temp. (°C) Time (h) Yield? (%)
1 None None/25 24 5
2 Na,CO; (5) EtOAc/reflux 5 40
3 Na,CO; (5) DMSO0/100 5 50
4 Na,CO; (5) CH,Cl,/reflux 5 30
5 Na,CO; (5) Acetone/reflux 5 40
6 Na,CO; (5) DMF/100 5 30
7 Na,CO; (1) DMSO0/100 5 30
8 Na,CO; (10) DMSO0/100 4 80
9 Na,CO; (15) DMSO0/100 4 75
10 Piperidine (10) DMSO/100 5 35
11 NaOH (10) DMSO0/100 5 42
12 KOH (10) DMSO/100 5 45
13 Na,CO; (10) DMSO/50 4 37
14 Na,CO; (10) DMSO/70 4 50
2 Isolated yield.

Table 3. Synthesis of chromenopyrano[2,3-b]pyridine derivatives 7 and 8 in the presence of Na,COj; catalyst.

NHz DMAD
0 %CN  Na,cO, [ - Tad
(10 mol%)
T CAr DMSO
100 °C 8a
0”0
(e
Entry Ar Product Time (h) Yield? (%) Mp [Ref.] (°C)
7a  CgHs COLH, 4 80 decomp. >300°
P COCHs
7b 4-Cl-C¢H, 3 75 decomp. >300P
7c  4-Br-C¢H, 3 73 290-291b
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7d 3-NO,-C¢H, 3.5 80 decomp. >300°

8a  C¢H; 7 85 267-269 [>260]*
8b 4-NO,-C¢H, 6 82 270-272°

8c 3-CH;-C¢H, 7 75 269-271°

8d 4-F-C¢H, 8 70 decomp. >260 [>260]4
8e 4-CH;-C¢H, 6 90 265-268 [>260]*2
8f 3-NO,-C¢H, 5 90 decomp. >260 [>260]*?
8g 2-Cl-C¢H, 5.5 80 259-261 [>260]*
8h 4-OCH,-C4H, 8 95 263-265 [>260]*2
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Entry Ar Product Time (h) Yield® (%) Mp [Ref.] (°C)
8i 4-Cl-CH, 93 261-263 [248-250]42
8j 2,4-Cl,-CgH; 70 decomp. >300 [>300]*?

2 Isolated yield. ® Novel compound.

yields and the nature of the Ar group appeared to have no
notable effect on the reaction rate (Table 3).

We propose a mechanism for the Na,CO;-catalyzed
synthesis of chromenopyrano(2,3-b]pyridine derivatives
7 (Scheme 3). Firstly, intermediate 9 is produced by the
deprotonation of NH, of pyranochromene in the presence
of Na,CO;. Next, a Michael-type addition of NH™ to di-
methyl acetylenedicarboxylate creates adduct 10. The in-
tramolecular cyclization of 10 gives adduct 11 which rear-
ranges into the product 7. The synthesis of product 8 also
can be visualized as proceeding through a condensation of
intermediate 9 with cyclohexanone to produce 12. Subse-
quently, cyclization and then tautomerization of 12 gives
the desired product 8 (Scheme 3).

3. Experimental

All chemicals and reagents were purchased from Flu-
ka and Merck companies. The reaction progress was mon-
itored by using TLC on silica gel polygram SIL G/UV254
plates. Reported melting points were determined by an
electrothermal KSBIN apparatus. 'H NMR spectra were
recorded in DMSO-d; on a Bruker Avance Ultra Shield
400 MHz instrument spectrometer and '*C NMR spectra
were recorded at 100 MHz. A Vario-El CHN instrument
at the Isfahan Industrial University was used for the ele-
mental analyses. IR spectra were obtained with a JASCO
FT-IR/680 instrument spectrometer using KBr pellets.

Procedure for the Preparation of the SSC Catalyst

Silica sodium carbonate (SSC) was synthesized as
a low-cost, recyclable and green catalyst in two steps ac-
cording to the literature procedure.*® Initially, by adding
thionyl chloride gradually to the silica gel, the silica chlo-
ride was prepared. Then, silica chloride and sodium bicar-
bonate were refluxed in hexane solvent for 24 hours. The
solid product obtained, after washing and drying was used
as a silica sodium carbonate catalyst.

General Procedure for the Synthesis of Pyranochromenes 4

SSC (0.1 mmol, 0.2 g) was added to a mixture of ma-
lononitrile, aryl aldehyde, and 4-hydroxycoumarin at 110
°C under solvent-free conditions. The reaction progress
was monitored by TLC. After completion of the reaction,
boiling EtOAc (10 mL) was added, and the catalyst was
separated by filtration. To further purifiy the product, ob-
tained powder was recrystallized from EtOH.?

Preparation of Chromenopyrano[2,3-b]pyridines 7

A solution of DMAD (1 mmol), compound 4 (1
mmol) and Na,CO; (10 mol%) in DMSO (5 mL) was
stirred at 100 °C for the appropriate time. The progress of
the reaction was monitored by TLC (EtOAc/n-hexan). Af-
ter completion of the reaction, the catalyst was separated
by filtration and the solvent was evaporated under reduced
pressure. The obtained products were purified by column
chromatography.

Preparation of Chromenopyrano[2,3-b]pyridines 8

A mixture of compound 4 (1 mmol), cyclohexanone
(5) (2 mmol) and Na,CO; (10 mol%) in DMSO (5 mL) was
stirred and heated at 100 °C in a preheated oil bath for a
required time. After termination of the reaction as demon-
strated by TLC (EtOAc/n-hexan), the catalyst was separat-
ed by filtration. The solvent was removed and the crude
powder 8 was purified by crystallization from EtOAc.

Dimethyl 8-Amino-6-oxo-7-phenyl-6H,7H-chromeno
[3°,47:5,6]pyrano([2,3-b]pyridine-9,10-dicarboxylate
(7a). Yield: 80% (0.35 g), IR (KBr) (Va0 cm™) 3446, 2918,
1650, 1640, 1420, 1321. 'H NMR (400 MHz, DMSO-dy)
8 8.15 (s, 2H), 7.52-8.13 (m, 3H), 7.42-7.50 (m, 3H),
7.24-7.34 (m, 3H), 5.21 (s, 1H), 2.35 (s, 3H), 2.24 (s, 3H).
13CNMR (100 MHz, DMSO-dy) 6 160.16, 152.78, 151.24,
142.01, 132.81, 128.59, 124.63, 122.37, 117.23, 113.48,
100.22, 100.16, 77.35, 77.24, 77.04, 76.72, 53.22, 34.95,
30.98. Anal. Calcd for C,5;HsN,O, C, 65.50; H, 3.96; N,
6.11. Found C, 65.53; H, 3.90; N, 6.18.
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Dimethyl 8-Amino-7-(4-chlorophenyl)-6-oxo-6H,7H-
chromeno[3',4":5,6]pyrano(2,3-b]pyridine-9,10-dicar-
boxylate (7b). Yield: 75% (0.37 g), IR (KBr) (Va0 cm™)
3417, 2946, 1648, 1636, 1490, 1321, 777. '"H NMR (400
MHz, DMSO-dy) § 7.84 (s, 2H), 7.71 (s, 2H), 7.11-7.52
(m, 5H), 7.09 (s, 1H), 5.45 (s, 1H), 3.35 (s, 3H), 2.51-2.53
(m, 3H). *C NMR (100 MHz, DMSO-dj) § 169.90, 168.01,
165.61, 154.02, 153.91, 145.04, 142.75, 140.74, 138.25,
137.42,131.91,125.07,122.51,119.51,112.17,97.94, 79.88,
49.07, 31.15. Anal. Calcd for C,5H,,CIN,O, C, 60.92; H,
3.48; N, 5.68. Found C, 60.91; H, 3.51; N, 5.65.

Dimethyl 8-Amino-7-(4-bromophenyl)-6-oxo-6H,7H-
chromeno[3',4":5,6]pyrano[2,3-b]pyridine-9,10-dicar-
boxylate (7c). Yield: 73% (0.39 g), IR (KBr) (Va0 cm™)
3450, 2923, 1667, 1563, 1488, 1348, 764. 'H NMR (400
MHz, DMSO-d;) 6 7.941 (s, 2H), 7.588-7.918 (m, 3H),
7.314-7.438 (m, 2H), 7.147 (d, J = 8.1 Hz, 3H), 6.332 (s,
1H), 2.762 (s, 3H), 2.523 (s, 3H). *C NMR (100 MHz,
DMSO-d;) & 168.24, 166.04, 165.14, 161.19, 152.74,
150.21, 144.47, 140.36, 132.38, 131.31, 129.61, 124.42,
124.17, 118.99, 118.51, 116.42, 104.27, 97.91, 94.51, 52.12,
36.24. Anal. Calcd for C,5H,,BrN,0, C, 55.88; H, 3.19; N,
5.21. Found C, 55.90; H, 3.15; N, 5.27.

Dimethyl  8-Amino-7-(3-nitrophenyl)-6-oxo-6H,7H-
chromeno[3',4":5,6]pyrano[2,3-b]pyridine-9,10-dicar-
boxylate (7d). Yield: 80% (0.40 g), IR (KBr) (Va0 cm™)
3415, 2953, 1634, 1554, 1530, 1437, 1349.'"H NMR (400
MHz, DMSO-d,) § 8.033 (d, J = 7.8 Hz, 2H), 7.937 (s, 1H),
7.875(d,J=7.5Hz, 1H), 7.503-7.645 (m, 4H), 7.267-7.352
(m, 2H), 6.404 (s, 1H), 3.581 (s, 3H), 2.564 (s, 3H). 13C
NMR (100 MHz, DMSO-d,) 6 49.07, 50.46, 82.67, 102.51,
106.85, 110.73, 112.09, 126.68, 128.51, 129.39, 132.14,
138.14, 139.24, 144.53, 154.53, 157.15, 160.46, 161.82,
167.32, 167.86. Anal. Calcd for CpsH,,N;0 C, 59.65; H,
3.40; N, 8.35. Found C, 59.66; H, 3.43; N, 8.32.

8-Amino-7-phenyl-9,10,11,12-tetrahydro-7H-5,14-di-
oxa-13-azabenzo[a]naphthacen-6-one (8a). Yield: 85%
(0.34 g), IR (KBr) (Vg cm™) 3419, 2933, 1727, 1670,
1641, 1602, 1492, 1454, 1382, 1307, 1201, 1039, 754, 700,
543, 460. 'TH NMR (400 MHz, DMSO-d;) 6 8.05 (d, ] = 8.0
Hz, 1H), 8.01 (t, ] = 7.8 Hz, 1H), 7.77 (d, ] = 8.0 Hz, 1H),
7.55 (t, ] = 8.0 Hz, 1H), 7.52 (d, ] = 7.8 Hz, 1H), 7.31 (s,
2H), 7.26 (d, J = 8.0 Hz, 3H), 7.24 (d, ] = 8.0 Hz, 1H), 5.39
(s, 1H), 2.81-2.90 (m, 2H), 1.77-1.95 (m, 6H). *C NMR
(100 MHz, DMSO-dy) 6 160.1, 156.1, 153.9, 152.5, 149.9,
141.3,133.7,129.1, 128.8,127.9, 125.4, 122.9, 117.1, 114.5,
113.4, 106.1, 98.8, 40.6, 40.2, 39.3, 33.7, 21.3, 21.1. Anal.
Calcd for C,5H,,N,05 C, 75.74; H, 5.08; N, 7.07. Found C,
75.72; H, 5.10; N, 7.05.

8-Amino-7-(4-nitrophenyl)-9,10,11,12-tetrahy-
dro-7H-5,14-dioxa-13-azabenzo[a]naphthacen-6-one
(8b). Yield: 82% (0.36 g), IR (KBr) (V;nae cm™1) 3338, 3230,
2935, 2861, 1722, 1668, 1604, 1517, 1454, 1382, 1346,

1276, 1201, 1106, 1043, 906, 763, 543. '"H NMR (400 MHz,
DMSO-d,) § 8.16 (d, ] = 8.0 Hz, 2H), 8.04 (d, ] = 8.0 Hz,
1H), 7.79 (d, J = 8.0 Hz, 2H), 7.55 (s, 2H), 7.52(t, ] = 8.0
Hz, 3H), 5.54 (s, 1H), 2.78-2.93 (m, 2H), 1.77-1.88 (m,
6H). *C NMR (100 MHz, DMSO-d) 8 160.0, 156.2, 153.8,
149.7, 141.1, 137.9, 133.7, 129.6, 128.6, 126.2, 122.9, 117.1,
114.5, 106.1, 98.9, 40.6, 40.4, 40.2, 40.0, 33.7, 22.8, 21.5,
21.3. Anal. Calcd for C,sH gN;O5 C, 68.02; H, 4.34; N,
9.52. Found C, 68.06; H, 4.37; N, 9.50.

8-Amino-7-(3-metylphenyl)-9,10,11,12-tetrahydro-
7H-5,14-dioxa-13-azabenzo[a]naphthacen-6-one (8c).
Yield: 75% (0.31 g), IR (KBr) (vpa cm™!) 3334, 3232,
2937,1727,1668, 1641, 1604, 1490, 1454, 1382, 1307, 1274,
1201, 1043, 902, 763, 586. 'H NMR (400 MHz, DMSO-d,)
88.01 (d, ] = 8.0 Hz, 1H), 7.74 (t, ] = 8.0 Hz, 2H), 7.53 (t,
J=8.0 Hz, 2H), 7.47 (d, ] = 8 Hz, 1H), 7.35 (s, 2H), 7.17
(t, ] = 8.0 Hz, 1H), 7.03 (d, ] = 8.0 Hz, 1H), 5.34 (s, 1H),
2.83-2.98 (m, 2H), 2.52 (s, 3H), 1.77-1.90 (m, 6H). 13C
NMR (100 MHz, DMSO-d,) 6 159.9, 156.5, 153.6, 152.5,
149.4, 146.8, 141.0, 137.9, 133.7, 129.6, 128.7, 126.3, 125.4,
122.9,117.1,114.5,113.2,106.1, 98.9, 40.1, 39.3, 33.6, 22.8,
21.5, 21.2, 21.0. Anal. Calcd for C,4H,,N,0;5 C, 76.08; H,
5.40; N, 6.82. Found C, 76.05; H, 5.36; N, 6.78.

4. Conclusions

In summary, we have demonstrated that the reaction
between pyrano[2,3-c]Jchromenes and dimethyl acetylen-
edicarboxylate or cyclohexanone in the presence of sodi-
um carbonate provides a simple method for the prepara-
tion of chromenopyrano[2,3-b]pyridine derivatives. One
of the important benefits of this protocol is the use of
sodium carbonate as a commercially available and inex-
pensive catalyst. This study has helped to find an effective
production of biologically useful compounds belonging to
the family of pyranopyridines.
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Povzetek

V okviru te raziskave smo pripravili serijo novih in nekaj Ze znanih kromenopirano[2,3-b]piridinskih derivatov. Skladno
z Ze objavljenimi postopki smo najprej z reakcijo med 4-hidroksikumarinom, aromatskimi aldehidi in malononitrilom
ob prisotnosti silika natrijevega karbonata (SSC) kot katalizatorja pripravili pirano[2,3-c]kromenske derivate, ki smo jih
v naslednji stopnji reagirali z dimetil acetilendikarboksilatom (DMAD) ali cikloheksanonom v prisotnosti natrijevega
karbonata. Tako smo pripravili serijo kromenopirano[2,3-b]piridinskih derivatov. Za izvedbo nasega protokola ne po-
trebujemo dragih katalizatorjev in vendar lahko potencialno bioaktivne heterocikli¢ne spojine pripravimo z odli¢nimi
do visokimi izkoristki.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

In the present study, brick kiln slag (BKS) has been utilized for low concentration As(III) adsorption in batch mode. BKS
was modified with H,SO, (SA) and NaOH (SB) for enhancing As(III) uptake capacity. Maximum adsorption capacity
(13.7 mg/g) was observed for SA at 298 K, pH = 7.0, adsorbent dose = 0.3 g and time = 70 min which was 1.4 times higher
than that of SB. Adsorption data modelled into Freundlich isotherm and pseudo-second-order kinetics. Mass transfer
coefficients decreased with increase in As(III) concentration. Film diffusion significantly dominated the adsorption of
As(IIT) ions irrespective of the initial concentration. Dimensionless Sherwood number (Sh) interrelated As(III) concen-
tration (C,) as: Sh = 2.97(C,) %375, Sh = 4.12(C,)"%2%5, Sh = 4.83(C,)~%-*% for H,SO, modified, NaOH modified and native
slag respectively. Low temperature (298 K) favoured As(III) adsorption (based on AG® value). Therefore, the modified
slag can be used as an effective adsorbent for As(III) remediation from groundwater.

Keywords: As(III) adsorption; industrial slag; mass Transfer; film diffusion; sherwood number

1. Introduction

In the recent years, rapid industrialization has led to
an alarming increase in the contamination of heavy metals
in soil and water bodies due to accumulation of various
pollutants discharged from the industrial waste water. Im-
prudent use of such metalloids and heavy metals causes to
concentrate in aquatic flora and fauna via discharge in the
water bodies. Arsenic is a metalloid with atomic number
33. The earth’s crust comprises of about 0.00005% of arse-
nic. Rocks and other minerals contain about 0.5-2.5 mg/kg
and usually occur in combination with other metals or
non-metals, sulphur and phosphorites.!~> Mobilization of
arsenic takes place either in the form of natural phenome-
na such as weathering, volcanic eruptions, mining of gold,
combustion of fossil fuels, smelting processes, agricultural
pesticides or leaching of synthetic arsenic pollutants via
soil.* Long term exposure to arsenic in drinking water
causes lung, kidney and skin cancer, disordering of bone

marrow and cartilages, neurological disorders, cardiovas-
cular diseases, abdominal pain and gastrointestinal diseas-
es. Due to its high toxicity on human health, WHO and
USEPA have fixed a global maximum permissible limit of
10 ppb or 0.01 ppm for arsenic in drinking water.!
Adsorption is a time dependent separation process.
The transport of As(III) from the adsorbate (liquid phase)
to the adsorbent (solid phase) is typically carried out by
mass transfer operation due to the presence of concentra-
tion gradient between the adsorbate and the adsorbent.
The slowest of these steps is the rate-determining step and
is said to control the overall adsorption process. Moreover,
in a well agitated batch adsorber, liquid mixing is quite
rapid. Therefore, a uniform concentration is assumed be-
tween the adsorbate concentration and the solute particles
within the system. This step is also referred as the equilib-
rium step, because the equilibrium between the solute in
the bulk adsorbate and the solute on the film of the adsor-
bent is achieved instantaneously. Therefore, adsorption
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process mainly constitutes two types of mass transfer resis-
tances i.e. external and internal diffusion resistances. The
rate limiting step depends on various physical factors such
as size of the adsorbent particle, solute affinity for the par-
ticular adsorbent and the degree of mixing.>*

Difference in chemical potential acts as the driving
force for any mass transfer operation which is well defined
through their thermodynamic gradients. For any mass
transfer operation or any separation processes, theoretical
extent of a given separation depends on the position of
thermodynamic equilibrium, while the actual rate of sepa-
ration depends on the rate of mass transfer which is mani-
fested by additional parameters such as flow patterns and
diffusivities of the given species in a particular phase.® The
actual rate of mass transfer is quantified through the appli-
cation of various mass transfer coefficients. Such mass
transfer coeflicients are generally represented in terms of
dimensionless numbers such as Sherwood numbers,
Transport numbers etc.”

Various chemically modified adsorbents for As(III)
adsorption have been reported in literature. As(III) ad-
sorption using chemically modified activated carbon was
reported to show an adsorption capacity of around 8.7
mg/g.8 Chemical modification of water melon rind showed
a maximum arsenic removal percentage of around 94%.°
Arsenic removal using stainless steel slag was found to
show an adsorption capacity of 13.7 mg/g.!® Chemical
modification of pine wood biochar by Wang et al., 2015
was found to exhibit maximum arsenic capacity of 5.0
mg/g.!! Tron ore scrap exhibited an As(III) adsorption ca-
pacity of 0.74 mg/g.'> However, these studies dealt with
high initial concentration of As(III) ions which required a
large mass transfer driving force and was easily separable.

The objective of the present study is to determine the
applicability of brick kiln slag, as an industrial waste as an
adsorbent for low concentration As(III) ions from water.
Chemical modification of the slag has been done in order
to increase the the affinity for As(III) adsorption. Mass
transfer coefficients have been evaluated through the use
of various mass transfer models to determine the rate con-
trolling step for adsorption of As(III) using native and
chemically modified brick kiln slag. Since the study of
mass transfer analysis for adsorption of As(III) adsorption
is limited in the literature, this work is being reported for
the first time in literature wherein the rate-limiting steps
have been determined through various mass transfer
models and dimensionless numbers for batch adsorption
of As(III) ions.

2. Materials and Methods

All chemicals were of AR grade without further pu-
rification. Sulphuric acid (H,SO,), hydrogen peroxide
(H,0,), sodium arsenite (NaAsO,) and sodium hydroxide
(NaOH) were purchased from Merck. The glass wares

were cleaned with 1% potassium dichromate and HNO,
solution and rinsed several times with distilled water be-
fore use.

2. 1. Preparation of Adsorbents

The brick kiln slag (BKS) was collected from a local
brick kiln from Prayagraj District, India. Prior to chemical
modification, the brick kiln slag was washed several times
with double distilled water to remove the suspended im-
purities thereafter chemical activation was done using 10%
(v/v) hydrogen peroxide (H,0,) and subsequently dried in
a hot air oven at 100 °C for 24 h. The obtained kiln slag was
modified with 0.5 M solution of H,SO, and NaOH at room
temperature followed by stirring for another 6 h. The ob-
tained adsorbents were the sonicated for another 30 min at
30 °C to prevent agglomeration of flocs. The mixture was
then centrifuged and washed several times with distilled
water and ethanol till the pH of the supernatant was neu-
tral. The adsorbent samples were then dried in a hot air
oven at 120 °C overnight and stored in desiccators for fur-
ther use. The synthesised adsorbents were labelled as SN,
SA and SB respectively, for native, acid modified and alka-
li modified slag.

2. 2. Physical Properties of the Native and
Modified Brick Kiln Slag

Volume of the adsorbent particles was measured by
taking 100 g of adsorbent in a 250 mL measuring cylinder
which was compacted by tapping up to 20-25 times to en-
sure absence of any voids. Bulk density was determined by
dividing the mass of the adsorbent with the volume. Parti-
cle size of the adsorbents was determined by using stan-
dard test sieve. The adsorbent samples were placed on the
sieve covered with a lid and a pan at the bottom and shak-
en at 350 rpm for 30 min. The particles with specific size
were collected on the pan. Point of zero charge (pHpyc)
was determined by NaCl method. Briefly, 0.01 M NaCl was
prepared and its pH was adjusted between 1.0-13.0 using
1 M HCI and NaOH. 50 mL of NaCl at different pH was
taken and 0.2 g of the adsorbent was added to the flasks
and shaken for 24 h at 350 rpm. Final pH was measured
after 24 h and pHpyc was determined from the graph be-
tween pH change against initial pH (Figure 1). Porosity
was determined from the SEM analysis. Surface area per
unit volume was determined from the relation in Eq. (1):

6M
A= vapaa W

where V'is the adsorbate volume in L, M is the mass of the
adsorbent in g, d, is the particle diameter in m, ¢ is the par-
ticle porosity and p is the bulk density of the adsorbent in
g/cm?. The physical properties of the native and the chemi-
cally modified slag have been summarised in Table 1.
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Figure 1. Point of zero charge (pHpzc) of the synthesised adsor-
bents

Table 1. Physical properties of the native and chemically modified
brick kiln slag (BKS)

Native  H250s NaOH

Properties BKS modified modified
BKS BKS

Bulk density (g/cm?) 1.78 1.82 1.84

Particle size (um) 10.05 9.34 9.45

Porosity 0.231 0.265 0.248

Point of zero charge 912 321 3. 15

(pHpzc)

Surface area per unit

volume of the particle 12685.6 12795.5 12845.7

(m™)

2. 3. Batch Adsorption Experiment

In a batch adsorption experiment, influence of vari-
ous adsorption parameters (time, adsorbent dose and pH)
on the removal percentage of As(III) was studied. Stock
solution of 1000 mg/L As(III) was prepared by dissolving
0.1734 g NaAsO, in 100 mL of distilled water. Adsorption
experiments were carried out by dilution of the stock by
varying the initial adsorbate concentration from 1 to 5
mg/L at pH = 7.0. pH adjustment was done using 0.1 M
HCI and NaOH solution. 100 mL of known concentration
of As(III) solution was taken in a 250 mL Erlenmayer flask.
After pH adjustment, known amount of adsorbent was
added and was magnetically stirred (200 rpm) at room
temperature (25 * 2 °C) until the attainment of equilibri-
um. Presence of As(III) in solution was determined by
variamine oxidation method.!® Briefly, aliquot of arsenic
containing water was taken in 10 mL calibrated flasks. Fol-
lowing this, 1 mL each of 2% KIO; and 0.4 M HCI were
added and the mixture was shaken gently for 10 min. Then,
1 mL of 0.05% variamine blue and 2 mL of 2 M CH;COO-
Na were added. The resultant solution was left undisturbed

for 5 min and made up to the mark with distilled water.
Reagent blank was prepared simultaneously with distilled
water following the same procedure. The absorbance was
measured using UV spectrophotometer at 556 nm against
the corresponding reagent blank. The As(III) ions capacity
at equilibrium was determined from the Eq. (2):

g, = (Ci—Ce) XV (2)

e m

The removal percentage was calculated from the Eq.

(3):

% Removal = (C‘;—Ce) X 100 (3)

i

where g, is the adsorption capacity at equilibrium (mg/g),
C,; and C, are the initial and equilibrium adsorbate concen-
tration (mg/L), m is the adsorbate mass (g), V is the vol-
ume of the solution (L).

2. 4. Adsorbent Characterizations

The adsorbent samples were washed with acetone,
dried in hot air oven, pulverised and then subjected to gold
coating in a vacuum sputtering unit for 15 min to increase
the conductivity of the samples. SEM analysis of the adsor-
bent samples was done using Zeiss Evo MA-15 scanning
electron microscope. The adsorbent samples were dried in
an oven to remove any residual moisture and FTIR analy-
sis was performed using PerkinElmer Spectrum Version
10.03.06. X-Ray Diftraction analysis was carried out using
Rigaku Smart Lab 3KW X-Ray diffractometer at 20 = 5°-
70° with a step size of 0.02° using Cu-Ka radiation at 50 kV
voltage and 40 mA current.

2. 5. Theoretical Mass Transfer Models

In any adsorption process, the transfer of adsorbate
from the bulk solution to the solid adsorbent takes place
either due to film diffusion or internal pore diffusion. The
rate limiting step is determined from the slowest of these
steps. Therefore, in order to determine the rate controlling
step, various theoretical mass transfer models and dimen-
sionless numbers have been studied in the present re-
search.

2. 5. 1. External Diffusion Model

Liquid film diffusion or external diffusion model
plays an important role in adsorption, when there is trans-
fer of molecules from the bulk adsorbate solution to the
solid phase adsorbent boundary. This model assumes the
fact that the adsorbate concentration at the solid adsor-
bent’s surface tends to zero or intraparticle diffusion resis-
tance is negligible and thus can be neglected at the initial
stages of adsorption. This model is derived based on FicK’s
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first law of diffusion expressing difference in solute con-
centrations in the bulk adsorbate and that at the adsor-
bent’s interface as a function of time.!* The change in the
solute concentration as a function of time can be written as
in Eq. (4):

= —kpA(C - Co) (4)

The above equation may be simplified as:

.,

where C is the bulk adsorbate concentration in mg/L at any
time ¢, C, is the initial adsorbate concentration in mg/L, kis
the external mass transfer coefficient in /s and A is the sur-
face area per unit volume (m!) calculated from Eq. (1). Ex-
ternal mass transfer coefficient k¢ can be determined from
the slope of the dimensionless cure of C/C, against time (£).

= kA (5)

2.5.2. Boyd Model

An exact mechanism of As(III) adsorption is easier
to predict by examining the differences between the intra-
particle and external diffusion model. The equation for
Boyd mass transfer model is represented in Eq. (6):

F =1— = exp(-Bt) (©6)

F(t) = fj—; )

where F(t) is the fraction of As(III) ions adsorbed at any
time ¢ and Bt is a mathematical function of F. The above
equation may be simplified as shown in Eq. (8):

Bt = [-0.4977 — In(1 — F)] (8)

For the adsorption process to be controlled by film
diffusion, the plot of [-0.4977-In(1-F)] against ¢ should not
pass through origin.

2. 5. 3. McKay et al. Model

This model is used to analyse the effect of mass trans-
fer resistance on the rate of adsorption. The mass transfer
coeflicient B; in m/s of As(III) at the adsorbate-adsorbent
interface can be determined by Eq. (9):

(- —=) =n (5 ) - (Z25) g, Ar 9)

Co 1+mK 1+mK

K=gqn,xk, (10)

where g,,,is the maximum adsorption capacity in mg/gand k;
is the Langmuir constant in L/mg. By is calculated from the
slope of the linear plot of In((C/C,) - 1/(1+ mk;)) vs time (£).

2. 5. 4. Dimensionless Numbers
2.5.4. 1. Sherwood Number

Sherwood Number (Sh) relates the rate of adsorp-
tion as a function of adsorbate concentration in terms of
external and internal mass transfer resistances. It is the ra-
tio of rate of solute transfer across the adsorbate (liquid)
surface to the rate of intraparticle mass transport. It is ex-
pressed in the form of Eq. (11):

5w = () (9)(2) n

where p is he particle density in g/cm?’ and g,,, is the maxi-
mum adsorption capacity in mg/g (calculated from Lang-
muir isotherm model). The conventional form of Sher-
wood Number is expressed in the form of Eq. (12):

krd
De

Sh= (12)

The process is film diffusion controlled if Sh < 1.0,
while Sh > 1.0 infers intraparticle diffusion as the rate-lim-
iting step.

2.5.4. 2. Transport Number
Transport Number (#n) is used to determine the
mode of diffusion. It is shown in Eq. (13):

e

where K, is the adsorbent-adsorbate interaction constant
and # is the transport number. A plot of log (g,/q,) vs. log t
yields a straight line from which K,, and n can be deter-
mined from the y-intercept and slope respectively. If n = 1,
non-Fickian mechanism is inferred while n = 0.5, rep-
resents Fickian (surface) mechanism.

3. Results and Discussion
3. 1. Adsorbent Characterizations

3. 1. 1. Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR spectra of the native and modified adsor-
bents before and after adsorption is shown in Figure 2. The
sharp peak around 3500 cm™ represents H-O-H stretching
was due to the presence of moisture in the samples. The ma-
jor peak corresponding to 1050 cm™ was attributed to
asymmetric stretching of Si-O-T bonds (T = Si or Al). The
peak intensity was found to be relatively less in SA adsor-
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Figure 2. FTIR spectra of the synthesised adsorbents (a) before and (b) after adsorption of As(III)

bent as compared to SN and SB. This may be due to the re-
action between silicon (II) oxide and sulphuric acid result-
ing in the formation of sulphur dioxide and water.!®
Another sharp peak was observed at 1490 cm™! in the FTIR
spectra of acid modified slag (SA) which indicated the pres-
ence of stretched vibrations of O-C-O bonds of CO52". The
peak corresponding to 870 cm™ which was present in all
adsorbent samples was attributed to the asymmetric
stretched vibrations of tetrahedral aluminium ions which
confirmed the presence of AlO, and SiO, in different con-
figurations.'® The absorption bands of slag consisting of clay
showed stretching and bending of Si-O as well as bending of
O-H groups from 1300-1450 cm™ in all the adsorbent sam-
ples. A peak around 750-780 cm™ may be attributed to the
presence of vibrational Si-O-Al bonds indicating the pres-
ence of feldspar in all the samples. The bands around 500-
550 cm™ were assigned to octahedral Si-O-Al and Si-O-Si
respectively. A small peak at 790 cm™! which was present in
all adsorbents was attributed to the presence of quartz.!”

3. 1. 2. X-Ray Diffraction Analysis (XRD)

Figure 3 shows the XRD diffraction patterns of the
native and modified slag. The presence of sharp peak
around 26 = 25° in the acid and alkali modified slag indi-
cated greater crystallinity as compared to the native slag.
The small peak around 20 = 20° was attributed to the pres-

- AL o ” Se 2=
A L L ﬁ (2 A

i
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WD =515 mm Mags 100KX MesslEVOMAIS M
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Figure 3. XRD of the native and chemically modified brick kiln slag

ence of feldspars in the adsorbent samples.'® However, the
intensity of these peaks in the modified adsorbents has
been reduced as compared to the native adsorbent. Reac-
tion between acid in SA and alkali in SB adsorbents and
sodium silicate in slag resulting in the formation of insolu-
ble precipitated silica may be attributed as one of the rea-
son for this decrease in peak intensity. Presence of cristob-
alite in all adsorbent samples is confirmed by the presence
of minute peaks occurring in 20 = 30-60°. Cristobalite is
found in many clays such as bentonite, diatomite and has
been reported to show adsorption characteristics.'

4T = 2000V
WO = 55.5 mm

Mags 1DOKX MeselEVOMATS Y

Figure 4. SEM micrographs of (a) H,SO, modified slag; (b) NaOH modified slag; (c) native slag
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3. 1. 3. Scanning Electron Microscopy (SEM)

The SEM micrographs of the native and modified
adsorbents have been shown in Figure 4. Relatively thick
and homogeneous morphology resulting from processing
of bricks at high temperature was seen in all the adsorbent
samples. The modified adsorbent samples represented rel-
atively high porosity as compared to the native. The acid
modified adsorbent sample was observed to have porous
surface morphology with minute cracks generation. These
cracks may have been created due to elevated oxidizing
property of H,SO, that breaks down the crystal lattice of
the calcined clay. However, in the case of alkali modified
slag, insoluble sodium silicate was formed when the adsor-
bent was treated with NaOH which was washed with water
thus resulting in equal and lesser porosity of the NaOH
modified adsorbent as compared to the native.?°

3. 2. Adsorption Study
3. 2. 1. Effect of Contact Time

In order to investigate the effect of time on the ad-
sorption, batch adsorption was performed using 100 mL of
1 mg/L of As(III) ions solution using 0.25 g of each adsor-
bent. It was observed that the relative removal percentage
of As(III) ions increased with contact time with saturation
occurring after 75 and 120 min respectively, for acid and
alkali modified and native slag (Figure 5(a)). Presence of
the concentration gradient between those of the adsorbed
and the unadsorbed As(III) ions and the availability of va-
cant sites provided the necessary driving force for increase
in adsorption capacity as a function of time.?! Greater
number of As(III) ions were adsorbed at the onset of ad-
sorption due to greater number of available active sites. It
was also observed that the SB adsorbent exhibited the lesser
adsorption capacity than the acid modified slag with the
same saturation time. This was probably due to oxidising
tendency and greater porosity of the SA adsorbent than
that of native. Saturation of the active sites may be ascribed
to the presence of repulsive forces between the adsorbed
As(III) ions and the bulk adsorbate concentration.

3. 2. 2. Effect of Adsorbent Dose

The effect of adsorbent dose on removal percentage
of As(III) ions has been shown in Figure 5(b). Adsorbent
dose was varied from 0.1 to 0.9 g/100 mL at pH = 7.0 in
order to study its effect on removal percentage of As(III).
Initially the removal percentage of As(III) ions was found
to increase with adsorbent dose with saturation reaching
at 0.3 and 0.6 g/100 mL respectively for acid and alkali
modified and native slag respectively. Decrease in removal
capacity of As(III) ions beyond the equilibrium may be
probably due to increase in mass transfer resistance which
decreased the relative uptake capacity of As(III) ions from
its aqueous solution.?? It can also be inferred from Figure
5(b) that the acid modified slag showed greater adsorption

capacity than the alkali modified slag with the same adsor-
bent dose due to the oxidising tendency of acid than that
of alkali. Another reason may be attributed to the presence
of surface charge resulting in increase of binding tendency
of As(III) ions on the surface of the acid modified adsor-
bent. Lower removal percentage for alkali modified slag
than that of acid modified with same adsorbent dose may
also be due to the reaction of alkali and silica in slag result-
ing in the formation of insoluble precipitates of silicates
which hindered the adsorption capacity of As(III) ions.?°

3. 2. 3. Effect of pH

The pH of the adsorbate was varied from 2.0 to 10.0 at
a fixed adsorbate concentration in order to study its effect
on the adsorption capacity of the synthesised adsorbents. It
was observed from Figure 5(c) that the adsorption capacity
was observed to be quite low at both acidic and alkaline pH.
The maximum adsorption took place at pH = 7.0 irrespec-
tive of the nature of the adsorbent. This was probably due to
speciation of As(III) ions. As(III) ions are predominantly
available as H;AsO; at pH < 8.0 and H,AsO5~, HAsO;2~ and
AsO3*~ at pH > 8.0. From Table 1, it can be observed that the
values of pHpyc are 8.2, 8.1 and 9.1 respectively, for H,SO,
modified slag, NaOH modified slag and native. Conse-
quently, As(III) ions can be adsorbed by the electrostatic
force of attraction between the neutral species from the pos-
itively charged surface of the adsorbent at a pH < pHpyc.
The maximum removal percentage at pH = 7.0 was proba-
bly due to the Van-der-wall’s forces of attraction between
H;As0O; (neutral) and the adsorbent’s surface. This may re-
sult in the binding of these neutral species to the positively
charged surface of the adsorbent. At alkaline pH, the domi-
nating negatively charged species are formed resulting in
electrostatic repulsion between the negatively charged sur-
face of the adsorbent and the negatively charged As(III) ions
thereby reducing the relative uptake capacity of As(III) ions
at alkaline pH.2?* Under optimised condition of pH (~7.0),
As(I1I) ions are capable of binding with the sulphate ions on

0
e~
w
T
o
T
-]
E
el
q
<

Acid modified slag

Alkali modified slag
Alkali modified slag

Scheme 1. Schematic representation of the proposed mechanism
for As(IIT) ions adsorption using acid and alkali modified industrial
slag at pH = 7.0 and temperature = 298 K
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Figure 5. Influence of (a) Contact time; (b) Adsorbent dose; (c) pH on the adsorption of As(III) using native and modified brick kiln slag at 298 K

the surface of the acid modified slag releasing a water mole-
cule as a by-product while arsenate ions can bind with the
hydrogen ions forming weak arsenious acid. In the case of
alkali modified slag, arsenic (III) oxides have the tendency
to bind with the sodium ions forming sodium arsenite.?
The probable mechanism has been illustrated in Scheme 1.

3. 3. Adsorption Kinetics

Kinetics of adsorption dictates the dependence of
adsorption capacity with time. Adsorption experiments
were performed using 0.3 g each of SA and SB and 0.6 g of
SN at pH = 7.0 and temperature = 298 K. Acid and alkali
modified slag exhibited a rapid uptake time for the first 75
min and then the rate of adsorption decreased and equilib-
rium was attained in 100 min. In the present study, three
kinetic models (pseudo first order kinetic, pseudo second
order kinetic and intraparticle diffusion models) have
been studied to describe the behaviour of experimental
adsorption capacity with time.

Pseudo first order kinetic model is represented in Eq.
(14):

In(qe — qc) = Inge — kot (14)

Pseudo second order kinetic model can be represent-
ed in Eq. (15):

(15)

t 1 L

qr K292 de

where g, and g, represents the equilibrium and instanta-
neous adsorption capacities in mg/g, k; and k;, are the first
and second order rate constants respectively. Intraparticle
diffusion model is represented in Eq. (16):

qc = Kigt'/*+C (16)
where Kj; is the intraparticle rate constant in mg/g.min'/?
and C is the y-intercept.

The kinetic plots for As(III) adsorption using native
and modified slag have been presented in Figure 6 and the
parameters are tabulated in Table 2. It can be seen from the
table that the R? values obtained from the pseudo first or-
der kinetic model were less than 0.9 irrespective of the na-
ture of the adsorbent. The obtained values of the first order
rate constants (k;) were 0.033, 0.028 and 0.035 min~! re-
spectively, for H,SO4 modified, NaOH modified and na-
tive. The theoretically obtained values of g, were 8.2, 3.2
and 1.2 mg/g, respectively, for H,SO, modified slag, NaOH
modified slag and native which were observed to be much
lower than the values obtained from the experiments (14.2
mg/g for H,SO, modified slag, 12.05 mg/g for NaOH mod-
ified slag and 7.32 mg/g for native slag). Thus, it can be in-
ferred that pseudo first order kinetic model did not give a
good correlation with the experimental values irrespective
of the type of modification.

The second order rate constant values (k,) obtained
from the pseudo second order kinetic plots were 6.6 x 107>,
3.1 x 10 and 2.6 x 10~* g(mg.min)~, respectively, for
H,SO, modified slag, NaOH modified slag and native. The
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Table 2. Estimated kinetic parameters for As(III) adsorption using native and chemically modified slag

Adsorbents Pseudo First order kinetics Pseudo Second order kinetics Intraparticle Diffusion model
q. (mg/g)  k;(min’!) R? qc (mg/g) k;(g(mg min)') R? Kjq (mg/g - min'?) C  R?
;:IC(I;I modified 8.21 0.033  0.832 10.64 6.61 x 107 0.985 0.033 0241 0.842
ggsah modified 3.24 0.028 0715 5.72 311 % 10 0.988 0.034 0.145 0.854
Native 112 0.036  0.851 2.25 241 %1073 0.974 0.024 0.041 0.889

values of the initial rate constant (h = k, - q,°) were 7.4 x
1073, 0.012 and 0.031 mg/g.min, respectively, for H,SO,
modified slag, NaOH modified slag and native and were
observed to be significantly higher than the rate k, values.
This showed that As(III) adsorption over the native and
modified slag was quite rapid at the onset of adsorp-
tion.?#2> Moreover, the R? values (> 0.95) obtained from
pseudo second order kinetic model showed its goodness of
fit with the adsorption data. From the intratparticle diffu-
sion plots (Figure 6(c)), it can be ascertained that the plots
does not passes through origin indicating that intraparti-
cle diffusion was not solely the rate controlling mechanism
and some degree of film diffusion was expected to occur
for As(III) adsorption. In order to have a clear picture of
the rate controlling mechanism, mass transfer models
have been studied.

The values of g, shown in the above table represent
the theoretical values of the equilibrium adsorption capac-
ity calculated from the respective kinetic model equations.

1] (a) Pseudo first order Kinetics
= Native
¢ H,S0, modified
. 4 NaOH modified

In(g,-g,) (mg/g)

(b) Pseudo second order kinetics
%09"a Native
»  NaOH modified ol "
004 4 H,S0, modified
300
L ]
5200 5
/
100 -
0 T T T T T

3. 4. Mass Transfer Models
3. 4. 1. External Diffusion Model

It was observed from Table 3 that the mass transfer
coefficients decreased with increase in the concentration
of As(III) ions. Driving force for adsorption is directly pro-
portional to the adsorbate concentration. As the number
of active sites on the adsorbent’s surface was fixed, the
mass transfer coeflicients decreased with increase in
As(III) concentration. Another reason for this behaviour
may be attributed from the adsorption equilibrium theory.
Since the external mass transfer coeflicient is inversely
proportional to the slope of operating lines at equilibrium,
the values of external mass transfer coefficient decreased
with increase in initial As(III) ions concentration in the
bulk solution. The external mass transfer is also said to be
the controlling variable when the model is linear. Increase
in contact time decreased the strength of boundary layer
resistance which significantly increased the mobility of

t (min)
0.5

T
10 20 30 40 50 60 70 80

15 30 45 60 75

q, (mg/g)

0.1+

Native
NaOH modified
4 H_SO, modified

[
t" (min'?)

Figure 6. Kinetic plots for As(III) adsorption using native and chemically modified brick kiln slag at 298 K and pH = 7.0

T
8 10
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Table 3. External Diffusion Model Mass Transfer Coefficients for As(III) adsorption

C, Native H,SO, modified NaOH modified
(mg/L) k¢ (m/s) R? k¢ (m/s) R? k¢ (m/s) R?
1 1.15x 10710 0.982 1.49 x 10710 0.972 1.30 x 10710 0.964
2 0.85x 10710 0.964 1.38 x 10710 0.982 1.21 x 10710 0.976
3 0.65 x 10710 0.971 1.25 x 10710 0.958 1.12 x 10710 0.963
4 0.51 x 10710 0.975 1.07 x 10710 0.964 1.02 x 10710 0.975
5 0.39 x 10710 0.961 0.95 x 10710 0.955 0.85 x 10710 0.985
As(1II) ions during the initial stages of adsorption. Thus 1.0 Boyd Plots

external mass transfer coeflicient cannot be neglected even
during the initial stages of adsorption.2®

3.4. 2. Boyd Model

A clear difference between the intraparticle and film
diffusion helps to understand the exact rate determining
step for As(III) adsorption using native and modified slag.
The linear plot of [-0.4977-In(1-F)] versus time is shown
in Figure 7. The plots does not passes through origin which
in an indicative of the film diffusion as the rate determin-
ing step in As(III) adsorption using native and modified
brick kiln slag. Moreover, the R? values obtained from in-
traparticle diffusion (R? = 0.85) was significantly lower
than those obtained from the Boyd plots (R? = 0.96). This
further confirmed the possibility of film diffusion at the
onset of adsorption and thereafter intraparticle diffusion.
The obtained B values from the linear plots shown in Fig-
ure 7 have been used to estimate the effective diffusivity
values (D;) in m/s. It is shown in Eq. (17):

B== (17)

where r is the radius of the adsorbent particle in m. The
estimated D; values were: 0.18 x 10719, 0.25 x 1071% and
0.27 x 10719 m/s respectively, for native, NaOH and H,SO,
modified slag. These values almost show a similar trend
irrespective of the nature of the adsorbent. However, the D;
value of H,SO, modified slag was slightly higher than
NaOH modified slag. This further confirmed the ease of
mobility of As(III) ions from the bulk solution to the
H,SO4 modified slag. These findings clearly show that the

0.75 4

0.50 4

[-0.4977-In(1-F}]

0.25 4

= Native
¢« NaOH modified
4 H,S0, modified

T - T v T - = -
15 30 45 60 75

t (min)
Figure 7. Boyd Mass plots for As(III) adsorption using native and
chemically modified brick kiln slag

adsorption of As(III) ions using native, H,SO, and NaOH
modified slag was controlled by film diffusion or surface
diffusion at the initial stages followed by intraparticle dif-
fusion.

3. 4. 3. McKay et al Model

The plots of the experimental adsorption data for
As(III) adsorption using native and modified slag at differ-
ent initial concentrations have been shown in Figure 8 and
the estimated mass transfer coeflicients (B;) from this
model have been summarised in Table 4. It can be clearly
observed that ; decreased with increase in initial As(III)
concentration irrespective of the type of adsorbent. The
values for B; showed that the velocity of the As(III) ions to
migrate from the bulk liquid phase to the solid adsorbent’s
surface.”” The obtained values of mass transfer coefficients
(Br) from this model were observed to be much higher

Table 4. Estimated values of mass transfer coefficients (p;) from McKay et al model

C, Native H,SO, modified NaOH modified
(mg/L) BL (m/s) R2 BL (m/s) R2 BL (m/s) R2
1 2.12x 1077 0.705 5.26 x 1077 0.605 421 %1077 0.634
2 2.05x 1077 0.635 4.15x 1077 0.648 3.15x 1077 0.607
3 1.25x 1077 0.715 3.02x 1077 0.705 2.02x 1077 0.615
4 0.82 x 1077 0.698 2.12x 1077 0.687 1.11 x 1077 0.708
5 0.65 x 1077 0.714 1.08 x 1077 0.713 0.93 x 1077 0.652

Gupta et al.: Application of Chemically Modified Industrial ...

349



350

Acta Chim. Slov. 2021, 68, 341-354

(a) H,SO, modified slag

-0.75 4

s P
] 8

In((C/C_»-(1/1+mk_))
s
8

-3.75

In((C/C,)-(1/1+mk ))

(b) NaOH modified slag
-0.75

-3.00 4

15 30 45_ 60 75 15 30 45 60 75
t (min) t (min)
H = 1mg/L
. (c) Native slag | | 3 mal
-0.75 4
'y
v
5 *
=,-1.50 4
-
[
£
T 2251
Ao
Q
S)
§ -3.00 4
v
3.75 4 *

15 30

Figure 8. McKay et al mass transfer plots for native and modified slag at different initial As(III) concentrations

than those calculated from the external diffusion model.
The linear regression values calculated from this model (R?
< 0.9) indicated that the ease of migration of As(III) ions
from the bulk solution was quite high and thus cannot be
inferred as the rate controlling mechanism.

3. 4. 4. Dimensionless Numbers

3.4. 4. 1. Sherwood Number

The influence of initial concentration of As(III) ions
on the Sherwood number is shown in Figure 9. The values
of the dimensionless number were less than 1.0 indicating
the rate of adsorption of As(III) ions on to the native and
modified adsorbents was controlled by film mass transfer
or surface diffusion. Based on the linearity of the plots,
Egs. (18)-(20) have been obtained for the adsorbent sam-
ples modified with H,SO,, NaOH and native respectively.
It was observed that Sherwood number decreased with the
increase in initial concentration of As(III) ions in the bulk
adsorbate phase. Thus, it can be inferred that the rate of
mass transfer for adsorption of As(III) ions increased with
decrease in the bulk adsorbate concentration.

Sh=297(C,) 0378 (18)
Sh = 4.12(C,)~ %215 (19)
Sh = 4.83(C,) %588 (20)

05
= Native
¢ H,S0, modified
04 4 NaOH modified
& 0.3
0.2 1

3
C, (mglL)

Figure 9. Influence of Sherwood number on initial As(III) concen-
tration using native and chemically modified brick kiln slag

3. 4. 4. 2. Transport Number

The variation of Transport number with respect to
initial As(IIT) ions concentration has been shown in Table 5.
It was observed that the values of Transport number (1) was
almost equal to 0.5 thus showing Fickian diffusion or sur-
face diffusion. This was probably due to interaction of
As(ITI) ions with the surface of the adsorbent through the
external film of adsorbate or boundary layer surrounding
the adsorbent particle.?8 Thus, in the present research, it can
be inferred that external mass transfer had a dominating
effect than intraparticle diffusion. This may be attributed to
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Table 5. Estimated Transport number at various initial concentra-
tion of As(III) ions

where krand n are Freundlich constants. The extent of fea-
sibility of the adsorption of As(III) ions can be determined
from the value of n. For a favourable process, (1/n) < 1.

C . . .
(mg‘}L) Native H,S80, modified NaOH modified Temkin isotherm is shown in Eq. (24):

n Ky n Ky n K de = BInC, + BlnA, (24)
1 0.524 0.758 0.547 0.775 0.522 0.755
2 0.498 0.697 0.559 0.749 0.517 0.849 _RT
3 0.517 0.847 0.568 0.687 0.567 0.825 B = s (25)
4 0589 0719 0497 0682 0529 0715 , , ' o
5 0510 0729 0518 0798 0579 0.709 where b is the Temkin constant (J/mol), Aris the equilibri-

the rate of adsorptive mass transfer taking place through the
stagnant film of the adsorbate which was caused by laminar
motion (as the fluid transport takes place without the aid of
any external agent) of the bulk liquid phase during the batch
adsorption experiments. It was also observed that the value
of transport number remained constant irrespective of the
bulk adsorbate concentration showing that the initial
As(IIT) concentration has no effect on transport number.

3. 5. Adsorption Isotherms

Adsorption isotherms are used to describe the metal
uptake capacity at fixed temperature. Adsorption of As(III)
ions was performed at 298 K and 7.0 pH at different adsor-
bent doses (0.2-1.0 g). In the present study, three iso-
therms (Langmuir, Freundlich and Temkin isotherms)
have been used to study the As(III) adsorption behaviour
with native and modified slag. The linearized model for
Langmuir isotherm is represented in Eq. (21):

Ce Ce 1
L ===
de 9m  kiam @1

where g,, is the maximum adsorption capacity (mg/g), k; is
the Langmuir constant (L/g). Separation factor (R;) is used
to determine the feasibility of the process and is given by
Eq. (22):

o 1
L kpCi+1l

(22)

The isotherm is considered to be favourable if 0 < R
< 1. The Freundlich isotherm is represented in Eq. (23):

logq, = (%) logC, + logh, (23)

um binding constant (L/g), R is universal gas constant
(8.314 J/mol.K), T is the absolute temperature (K).

The adsorption isotherm plots are shown in Figure
10 and the calculated parameters are shown in Table 6.
Based on the value of linear regression coefficient (R?), it
was observed that adsorption of As(III) ions on native and
modified brick kiln slag followed Freundlich isotherm in-
dicating multilayer adsorption and heterogeneous nature
of the adsorbent. The acid modified slag (SA) was ob-
served to show a maximum As(III) uptake capacity of
13.6 mg/g which was observed to be 1.4 times that of SB
and 2.1 times that of BKS. The n values from Freundlich
isotherm indicated a good adsorption affinity towards
As(III) ions. The obtained Ar values (from the Temkin
isotherm) was found to be maximum (8.86 L/g) for H,SO,
modified slag (SA) indicating its maximum adsorption
affinity towards As(III). The relative affinity for As(III) ad-
sorption follows the order of: SA > SB > Native. The by
values were almost same irrespective of the type of adsor-
bent which showed less variation in heat of adsorption.?’
HNO; modified activated carbon fibres showed a maxi-
mum uptake capacity of 8.65 mg/g where Langmuir iso-
therm was observed to show the best correlation coeffi-
cient.® Iron scrap slag was found to show adsorption
capacity of 13.7 mg/g.!? Thus, the adsorbent used in the
present study can be used to remove As(III) from ground-
water without any energy expense.

3. 6. Adsorption Thermodynamics

Adsorption thermodynamics expresses the removal
capacity as a function of its temperature. Thermodynamic
parameters were evaluated at pH = 7.0 using 0.3 g each of
SA and SB and 0.6 g of BKS at different temperatures (298
- 313 K). This is generally expressed in the form of change
in Gibb’s Free energy (AG°) which is shown in Eq. (26):

Table 6. Isotherm Parameters for As(III) ions adsorption using native and chemically modified slag

Langmuir Isotherm

Freundlich Isotherm Temkin Isotherm

Adsorbents
parameters parameters parameters
q,, (mg/g) ki (L/mg) R; R? ke(mg/g) (1/n) R? Ar(L/g) b(J/mol) R?
Acid modified BKS 13.57 3.58 0.252 0.875 8.57 0.18 0974 8.86 94.08 0.954
Alkali modified BKS 10.34 2.79 0.207 0.864 6.48 0.21  0.965 7.38 93.08 0.951
Native 6.48 2.08 0.184 0.887 3.27 0.11  0.979 5.89 92.19 0.937
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Figure 10. (a) Langmuir; (b) Freundlich; (c) Temkin isotherms at 298 K and 7.0 pH for As(III) adsorption using native and chemically modified

brick kiln slag

AG® = —RTInkK, (26)

For a favourable and spontaneous process, AG® < 0.
Distribution coefficient (K,) is represented in Eq. (27):

q
K. = (_T: (27)
Ik, ==+ (28)

Entropy (AS) and enthalpy (AH) was calculated from
the linear plot of InK_ versus (1/T). The evaluated thermo-
dynamic parameters are shown in Table 7. From the Table
7, it can be observed that the values of Gibb’s free energy
change (AG®) were negative in nature thus indicating the
feasibility of the adsorption of As(III) ions over the native
and modified slag. Gibb’s free energy change is said to be
an important thermodynamic parameter reflecting the
spontaneity of the adsorption process. A higher value of

AG°® is an indicative of more energetically favoured ad-
sorption. The adsorption is said to occur favourably and
spontaneously if the value of AG® is negative. Thus from
Table 7, it can be inferred that the adsorption of As(III)
ions over native and modified slag was favourable and
spontaneous at all temperatures. However, maximum neg-
ative values of AG® was observed at 298 K which is an in-
dicative of maximum As(III) adsorption capacity at this
temperature.

Negative values of enthalpy (AH) show the liberation
of energy during the adsorption of As(III) ions i.e. the pro-
cess is exothermic. Moreover, the calculated values of en-
thalpy change suggested that the adsorption of As(III) ions
on the native and modified slag correspond to physical
adsorption since the obtained values were below 40 kJ/
mol.2* Positive values of entropy showed the increase in
the disorderness of the adsorbate-adsorbent interface due
to adsorption of As(III) ions which was supposed to be less
ordered than that in the bulk solution and thus reflected

Table 7. Estimated Thermodynamic Parameters for As(III) ions adsorption

AG® (kJ/mol)
Adsorbents 298K 303 K 308 K 313K AH (kJ/mol)  AS (J/molK)
Acid modified BKS -6.52 -4.74 -1.85 -0.85 -20.17 41.28
Alkali modified BKS -6.15 -3.75 -1.43 -0.73 -17.58 35.76
Native -4.52 -2.15 -0.87 -0.64 -10.49 21.28
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the affinity of the adsorbent towards As(III) ions in the
bulk solution.?®

4. Conclusions

Acid modified brick kiln slag (SA) showed the maxi-
mum rate of adsorption followed by alkali modified (SB)
and native slag (SN). Mass transfer coefficients calculated
were in the order of 1071% m/s for all the adsorbents which
decreased with increasing concentration of As(III) ions in
the bulk solution indicating that the driving force for mass
transfer was inversely proportional to the As(III) concen-
tration. Maximum value of mass transfer coeflicients was
obtained for the slag modified with H,SO, thus showing
its fairly good adsorption capacity over a particular tem-
perature range.

Maximum adsorption occurred at pH = 7.0 due to
electrostatic attraction phenomena. Fruendlich adsorp-
tion described the adsorption process indicating multilay-
er formation. Sherwood number interrelated initial con-
centration of As(III) ions according to Power Law model
and were less than 1.0 for all the adsorbents showing that
the mass transfer was limited by film diffusion. Thermody-
namic evaluation showed that the adsorption was feasible
at all temperatures with maximum adsorption taking place
at 25 °C (298 K). Transport numbers obtained were inde-
pendent of initial concentration of As(III) ions and the
values were almost equal to 0.5 indicating Fickian mecha-
nism or surface diffusion. This mass transfer study can be
extensively used for the design of batch adsorbers to find
the effect of various mass transfer parameters on the ad-
sorption capacity and to determine the rate controlling
mechanism.
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Abstract

In this work, an Algerian montmorillonite (Mt) is exchanged by different cations from the transition metals family,
namely: Cu?*, Ni?*, Cr*, Co?*, Fe?* and Fe**, it is used as a heterogeneous catalyst for Biginelli reaction. The exchanged
cations are known for their catalytic properties in homogeneous catalysis. The main purpose is to study the effect of the
exchanged cations on the yield and the kinetics of the reaction. The characterization of montmorillonite was carried out
by XRD, which allows us to follow the evolution of the basal spacing dg; as a function of the exchanged cation and to
show that the exchange operation has not altered the montmorillonite structure. The cation exchange capacity (CEC) is
determined by the titration of the exchanged cation by atomic absorption. The product of the reaction is characterized
by NMR, IR and by the determination of the melting point. In addition, the importance of the introduction order of the
reagents into the reaction medium has been demonstrated on the yield and the kinetics. Finally, the obtained results
show that the exchanged montmorillonite is competitive with other costly heterogeneous and homogeneous catalysts.

Keywords: Montmorillonite; heterogeneous catalyst; Biginelli reaction; multi-component reactions (MCRs).

1. Introduction

Currently, the chemical industry and in particu-
lar the fields of organic and pharmaceutical chemistry
are confronted with certain constraints of environmental
interests. This requires the adoption of new procedures
which respect the environmental and ecological balance
while improving the cost and efficiency of the reactions.
In this sought-after environmental framework, heteroge-
neous catalysis greatly contributes to the development of
the chemical industry and offers many advantages com-
pared to homogeneous catalysis, because the solid catalyst
is easy to recover from the reaction medium and to regen-
erate and it can also be used in small amounts.'* Scientif-
ic research continues to progress in this area and mainly
aims to find new solid catalysts that better meet economic
and environmental requirements. In this field common-

ly known as green chemistry, montmorillonite which is a
material of natural origin, has gained interest for contact
and surface phenomena applications such as adsorption
for elimination of pollutants and heterogeneous catalysis;
this is justified by its abundance and low cost, its effective-
ness in developing important specific surfaces area, the
presence of electrical charges on its surface and its cation
exchange capacity.*~”

Montmorillonite is a natural 2/1 type aluminos-
ilicate, consisting of a superposition of sheets each con-
taining an octahedral AlO4 layer sandwiched between
two tetrahedral SiO, layers. The vertices of AlO¢ layer are
occupied by oxygen or by hydroxides and the center by
aluminum, while the vertices of SiO, layer are occupied by
oxygen and the center by silicon.® Each sheet has a nega-
tive charge due to the substitution of the central atoms of
these layers by atoms of lower charges; the negative charge
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thus generated is balanced by the so-called compensating
cation, occupying the interfoliar space.’

Generally, montmorillonites can be subjected to
different treatments which lead to many structural mod-
ifications having a direct effect on their properties and
thus on their applications in various fields. The cation
exchange property, representing the quantity of cations
which equilibrates the negative charge of the sheets, ex-
pressed in meq/100 g of clay, is very interesting as long
as the interfoliary cations (generally Na* and Ca?*) can
be replaced by cations from the transition metal series
having the ability to catalyze reactions in a homogeneous
medium.

Among the reactions of organic chemistry catalyzed
by cations, we have the multicomponent reaction of Big-
inelli!® where reagents ethyl acetoacetate, benzaldehyde
and urea react to give the dihydropyrimidinones (DH-
PMs). These latter are well known to have important ther-
apeutic and pharmaceutical properties; indeed they work
as tension regulators and calcium blockers,'!"!* moreover
they show anti-HIV,!* anti-malarial,'> anti-epileptics,®
antitumors,'7-2% anti-microbials,?! anti-inflammatories,??
anti-tubercular,?*-24 anti-bacterials,>~26 and analgesic ac-
tivities.?”

Given its importance, the Biginelli reaction has been
the subject of several researches and was carried out in
the presence of various catalysts such as Brensted acids in
homogeneous medium as HCL,?*-** H,SO, 337 para-tol-
uenesulfonic acid,* methanesulfonic acid,*® HBF,,*” boric
acid,?® phenylboronic acid,* formylphenylboronic acid,*’
carboxylic acid,! molybdophosphoric acid,*? trifluoro-
acetic acid,®® Lewis acids in homogeneous medium*+4 as
FeCl,, FeCl;, NiCl,, CoCl,, Ce(NO3);, and heterogeneous
catalysts as Fe,O3 nanoparticles,® Nafion-Ga, Al,O3, TiO,,
SiO, oxides.#*->0

The Biginelli reaction was also carried out in the
presence of montmorillonite of different origins, which has
undergone various modifications and treatments. In the
works of Singh, ZrO,-pillared clay was prepared and used
in the Biginelli reaction under thermal and microwave
heating.>! A commercial montmorillonite KSF (Aldrich
Chemical Co., USA) was used under microwave condi-
tions by Mitra.>? An acid treatment using HCI was applied
to a montmorillonite from India to prepare a mesoporous
catalyst®® applied for the synthesis of DHPMs. Montmo-
rillonite was also used as a composite catalyst material for
the Biginelli reaction using the montmorillonite-graphene
oxide® and bentonite/PS-SO;H composites.>

In the present work, an Algerian montmorillonite
is used as a heterogeneous catalyst for the preparation of
DHPMs by Biginelli reaction (Scheme 1). The main pur-
pose is specifically to study the effect of the exchangeable
cation on the yield and the kinetics of the reaction; a range
of transition metal cations known for their catalytic ac-
tivity in the homogeneous medium was selected, namely:
Cu?*, Ni?*, Cr’*, Co?*, Fe?* and Fe*'.

0 Ph
H,N NH, Ph H
' 2 i El\o)fl”
—_—
M solvent Me E 0
OFt
5 DHPMs

Mt: Montmorillonite
M: (Cu?t, Ni%t, Cr?*, Co**, Fe?* or Fe?*)

Scheme 1. Biginelli reaction catalysed by exchanged montmoril-
lonite.

2. Materials and Methods
2. 1. Chemicals and Apparatus

The Algerian Na-montmorillonite (naturally, the
exchangeable cation is Na*) comes from the deposit of
Hammam Boughrara in Maghnia, located in western Al-
geria (hence the name Maghnite). It is supplied by ENOF
Company (National company of useful substances and
non-ferrous materials). Its chemical composition is: 69.4%
$i0,, 1.1% MgO, 14.7% ALO3, 0.8% K,0, 0.3% CaO, 1.2%
Fe, 03, 0.5% Na,O, 0.2% TiO,, 0.05% As and 11% loss of
ignition.>®

X-ray diffraction (XRD) experiments were per-
formed with a D8 Advance Bruker AXS diffractometer
with CuKa radiation equipped with a curved graphite
monochromator. The data were collected in the 20 range
of 10-80° with a step size of 0.03° and a count time of 2
s per step. The cation exchange capacity CEC was deter-
mined by the titration of the exchanged cation in solution
by using atomic absorption on a Perkin-Elmer Analyst 400
device, before and after the exchange operation. Then, the
amount of exchanged cation was expressed relatively to
the mass of clay used in the exchange operation.

All reactions were monitored by analytical thin-layer
chromatography (TLC) and visualized by UV light (254-
264 nm). Melting points were determined with a Kofler
bench. Infrared (IR) spectra were recorded on a Shimadzu
Fourier transform infrared spectrometer. Nuclear Mag-
netic Resonance (NMR) spectroscopy was registered on
an Advance Bruker apparatus (600 MHz). Chemical shifts
are reported in parts per million (ppm, §) downfield from
tetramethylsilane. Proton coupling patterns are described
as singlet (s), doublet (d), triplet (t), quartet (q) and mul-
tiplet (m).

2. 2. Preparation of the Exchanged
Montmorillonite
For the exchange operation, 20 g of the natural

Na-montmorillonite is stirred in 1 L of cation chloride
solution (1 M) for 10 hours at 60 °C. This operation is
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repeated three times. The exchanged montmorillonite is
then washed several times with distilled water to remove
chlorides which are controlled by measuring the conduc-
tivity of the washing water and its pH. Finally the final
montmorillonite is oven-dried at 105 °C.

2. 3. Synthesis of 3,4-Dihydropyrimidin-2
(1H)-one (DHPM)

A mixture of benzaldehyde (6.5 mmol), ethyl aceto-
acetate (9.5 mmol), urea (6.25 mmol) and catalyst (20 % of
benzaldehyde amount) was refluxed in solvent under mag-
netic stirring for an appropriate time. The progress of the re-
action was monitored by TLC. The combined organic phases
were washed with methanol to remove the impurities. The
mixture was then filtered and the filtrate was collected.
Thereafter, the methanol was evaporated to obtain a white
solid. The crude products were purified by recrystallization
from ethanol to get the desired product as a white solid.

3. Results and Discussion

3. 1. Characterization of the Exchanged
Montmorillonite

3. 1. 1. XRD Characterization

Figure 1 shows the diffractograms of montmorillon-
ite exchanged with various cations and compared to the

Mt-Ni**

Mt-Fe*

au

Mt-Fe™

Mt-Cu®*
Mt-Cr*

. Mt-Co”
LL’NUHM‘MMWMMt Na,

T T T T T T T T T T T T T T T T 1
0 10 20 30 230 50 60 70 80

Figure 1. XRD diffractograms of montmorillonite exchanged with
different cations.

base montmorillonite exchanged with Na* characterized
by the peaks (20 = 6.22°, 26°, 35° and 50°).

Overall, we note that the cationic exchange did not
alter the structure, only the angle 20 shifts at the character-
istic value of each cation; this leads to a change of the basal
spacing dy; characterizing the interfoliar space, which can
be calculated from the following Bragg equation:

A

dygy =—— 1
ot 2.sin(0) M

Note that the value of dy, is a function of cation sol-
vation degree, i.e. the number of water layers surrounding
each cation. Table 1 shows the values of the distance d,;
and the angle 20 corresponding to each cation.

3. 1. 2. Cation Exchange Capacity

For the cation exchange capacity (CEC), the ob-
tained results are summarized in Table 2.

Table 2. Values of the cation exchange capacity.

Mt-M CEC (meq/100 g)
Mt-Cu?* 47.40
Mt-Co?* 111.60
Mt-Ni?* 50.60
Mt-Fe?* 112.60
Mt-Fe?* 108.10
Mt-Cr¥ 45.10

In Table 2, we note that the highest CEC values are
obtained for montmorillonite exchanged with iron(II)
(Fe?*), cobalt(Il) (Co?*) and iron(IIl) (Fe**); the CEC
increases in this order: Fe** > Co** > Fe** > Ni** > Cu?* >
Cr®*. Eberl®” explained this behavior by the fact that the
cation selectivity and cation fixation in clay depend on two
competing forces: the first one is the attraction force of the
cation for its hydration shell and the second is the attrac-
tion force of the cation for clay surfaces, thus the selectivity
varies as these forces are different for each cation and the
fixation occurs when the second force is greater than the
first one.

3. 2. Characteristics of 3,4-Dihydropyrimidin-
2(1H)-one (DHPM)
The analytical and spectroscopic data of the final

product DHPM are: m.p. 205-207 °C (lit>%: 206 °C). IR
(KBr) v: 3235, 3103, 2942, 1718, 1695, 1593, 1216 cm™L.

Tablel. Basal spacing dy, and 20 angle for each cation.

Mt-M Mt-Na*  Mt-Fe3*  Mt-Fe?* Mt-Co?* Mt-Cr3* Mt-Cu?* Mt-Ni%*
20 (°) 5.84 6.24 6.18 6.27 6.1 7.19 6.1
doo; (A) 15.12 14.15 14.28 14.08 14.48 12.28 14.48
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'H NMR (300 MHz, CDCl,) & 1.24 (t, 3H), 2.35 (s, 3H),
4.09 (q, 2H), 5.30 (s, 1H), 5.89 (s, 1H), 7.09-7.26 (m, 5H),
8.28 (s, 1H).

3. 3. Effect of the Exchanged Cation on
Biginelli Reaction

The Biginelli reaction was carried out in the presence
of the montmorillonite used as a heterogeneous catalyst
while being exchanged with different cations, a comparison
with the conventional homogeneous catalyst in the pres-
ence of HCI was also performed. The results are shown in
Table 3 in terms of the reaction time and yield; they clearly
show that the highest yield was obtained by the Mt-Fe*
(60%), followed by the Mt-Co** (57%), the Mt-Fe?* is in the
third position, then the other three exchanged montmoril-
lonites with chromium, nickel and copper give very similar
yields. These results are primarily related to the high cation
exchange capacity with Fe** and Co?" and to the electro-
negativity of the cations (Co?* and Fe** are more electro-
negative than Fe?*), which directly influences the acidity of
the metal cations. Note that the use of Mt-Na* leads to a
very low yield (13%) with a very long reaction time (32 h).

As can be seen, the use of montmorillonite ex-
changed with Fe3* and Co?* as a heterogeneous catalysts
produces higher yields (60% and 57%, respectively) than
the classical Biginelli method in homogeneous medium
(56%) (catalysis in the presence of HCI). This is a very in-
teresting result; it shows that the proposed heterogeneous
catalysts (Mt-Fe3* and Mt-Co?*) are as efficient if not bet-
ter than the homogeneous HCI catalyst considering their
other advantages as well (easy to recover from the reaction
medium and to regenerate, they can also be used in small
amounts, low cost and eco-friendly).

Table 3. Effect of the exchanged cation on Biginelli reaction.

Catalyst Time (h) Yield (%)
Mt-Na* (raw material) 32 13
Mt-Cu?* 7 20
Mt-Co?* 9 57
Mt-Ni?* 9 20
Mt-Fe?* 7 34
Mt-Fe3* 8 60
Mt-Cr3* 10 24
HCI 7 56
Without catalyst 11 16

3. 4. Parameters Influencing the Reaction

In order to establish the optimal conditions for the
reaction, we carried out a series of experiments by varying
the parameters influencing the reaction such as the cat-
alyst amount, the solvents and the introduction order of
the reagents.

3. 4. 1. Effect of the Catalyst Amount

To improve the yields, we changed in this part the
quantity of the catalyst, while limiting our study to the
two catalysts that gave the highest yields, namely Mt-Fe3*
and Mt-Co?*. The obtained results are summarized in Ta-
ble 4. It is clear that the increase in the catalyst amount
leads to an increase in yield; this can be explained by the
increase of the active sites on the catalyst surface, which
can fix more reagent molecules. The highest yield is ob-
tained with the highest catalyst amount (60% of catalyst).
We note that beyond 60% of the catalyst, we have obtained
a pasty mixture, difficult to stir and the reaction becomes
impossible.

Table 4. Effect of the catalyst amount on the yield of the reaction.

Catalyst Catalyst amount (%) Time (h) Yield (%)
Mt-Fe3* 20 8 60
Mt-Fe3* 40 7 68
Mt-Fe3* 50 7 76
Mt-Fe3* 60 7 86
Mt-Co?* 20 9 57
Mt-Co?* 40 8 62
Mt-Co?* 50 8 69
Mt-Co?* 60 8 73

3. 4. 2. Effect of the Solvent

Various solvents were used: ethanol, water, toluene
and glacial acetic acid with 50% of catalyst. The results are
summarized in the Table 5.

Table 5. Effect of the solvent on the yield of the reaction.

Mt-Fe3* Mt-Co?*
Solvent Time (h) Yield (%) Time (h) Yield (%)
Ethanol 7 76 8 69
Water 7 44 8 36
Toluene 5 62 7 65
Glacial acetic acid 5 82 6 77

The effect of the solvent is significant on both the ki-
netics and the yield of the reaction. In the presence of wa-
ter as the solvent qualified as “clean solvent”, we have un-
fortunately noticed a considerable drop in yield compared
to the other solvents (Table 5), whatever the catalyst used.
The glacial acetic acid is the best solvent in terms of yield
than all other tested solvents as shown in Table 5 (82% for
Mt-Fe** and 77% for Mt-Co?*), this can be explained by
the fact that the acid can play the dual role of solvent and
catalyst. We note that the reaction in the presence of acetic
acid without catalyst has given a yield of 40% for a reaction
time of 10 h.
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3. 4. 3. Effect of the Introduction Order of the
Reagents

In heterogeneous catalysis, it is well known that the
adsorption of the reactants on the surface of the catalyst is
an important and limiting step of the chemical reaction.
Thus the introduction order of the reagents into the reac-
tion medium becomes important. We therefore proceeded
in three different processes with Mt-Fe3* (50%) each con-
sisting of two steps: in the first step, one of the three re-
agents was stirred with Mt-Fe** in the presence of the sol-
vent for 2 hours to allow sufficient time for the adsorption
phenomenon, in the second step, the other two reagents
were added under refluxing conditions (Table 6). Note: As
the acetic acid has a double role of catalyst and solvent, we
use in this part ethanol as solvent in order to show only the
catalytic effect of montmorillonite.

The obtained results show the importance of the in-
troduction order of the reagents (Table 6): the yields and
the kinetics obtained with the 3'4 and the 2"d processes are
the best (81% in 5 h and 81% in 6 h, respectively) com-
pared to the 1% process (68% in 7 h) and to that where
all reagents are introduced at the same time (76% in 7 h)
(Table 4).

Table 6. Effect of introduction order of reagents.

The obtained results are linked to the adsorption
phenomenon of the molecules on the surface of the cat-
alyst, indeed when all reagents are introduced simulta-
neously (Table 4, entry 3), there can be a competition of
their adsorption on the catalyst, which can decrease their
reactivity towards each other. According to the results in
Table 6, we propose the following mechanism of the reac-
tion (Scheme 2).

Urea (1) is a molecule with a carbonyl group and
two nitrogen atoms related to this carbonyl. The 8+ char-
acter of the carbonyl carbon atom is also accentuated by
the presence of the two more electronegative nitrogen
atoms. Consequently, the oxygen atom has a very high
electron density which allows it to attack the electropos-
itive site (M) of montmorillonite; this step corresponds to
the adsorption of urea on montmorillonite. According to
Kappe,* the reaction of urea and benzaldehyde (2) affords
the intermediate acyl imine 4 which is catalyzed and sta-
bilized by Mt-M. The adsorption of ethyl acetoacetate (3)
on montmorillonite leads to ethyl acetoacetate enolate (5).
The addition of the latter 5 to the acyl imine provides 6.
Finally, cyclisation and dehydration of 6 give the corre-
sponding dihydropyrimidine (DHPM).
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First step Second step
Reagents Operating Reagents Operating Yield
condition condition (%)
Process 1 benzaldehyde + Mt-Fe3* stirring, 2 h ethyl acetoacetate + urea  reflux, 7h 68
Process 2 ethyl acetoacetate + Mt-Fe>*  stirring, 2 h benzaldehyde + urea reflux, 6 h 81
Process 3 urea + Mt-Fe3* stirring, 2 h benzaldehyde + reflux, 5 h 81
ethyl acetoacetate 0 O
/U\)J\OEl
3
] Mt-M
Mt-M
Mt-M
T Mt-M
e } o MM

Ph w
1 -H,0 p: .
0] Ph 0 Ph H
s
EtO | NH -Hzo EIO N
N” 0 o H,N
H
DHPMs 6

Scheme 2. Suggested mechanism of the reaction.
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Opverall, the obtained yields in ethanol as the solvent
are very attractive and show that the exchanged mont-
morillonite which is a low cost, natural, eco-friendly and
abundant material, competes favourably with other costly
heterogeneous catalysts such as polystyrene-poly(ethyle-
ne glycol) resin-supported sulfonic acid,® sulfonic ac-
id-functionalized polypropylene fibers,’! Nafion-Ga,%
ZnO nanoparticles on SBA-15% and even with some ho-
mogeneous catalysts such as Co phthalocyanines,** copper
complexes,® and Hf(OTY),% (Table 7).

Table 7. Comparison between Mt-Fe** and other catalysts reported
in the literature.

Catalyst Time Yield (%)
in ethanol
Mt-Fe3* (our study) 5h 81
PS-PEG-SO3H60 10h 80
PPF-SO3H61 8h 81
Nafion-Ga®? 1h 84
ZnO@SBA-15%3 150 min 96
Co phthalocyanines®* 16h 10
NHC copper complexes®® 24 h 39
Hf(OTY),5 9h 88

4. Conclusion

Montmorillonite is a natural heterogeneous catalyst,
abundant, inexpensive and conforms to the concept of the
green chemistry. In this work, the Biginelli reaction which
consists of the preparation of dihydropyrimidinone from
ethyl acetoacetate, benzaldehyde and urea, is carried out
in the presence of an Algerian montmorillonite exchanged
with different cations, as heterogeneous catalyst. Our
study focuses mainly on the effect of the cation exchanged.
Various cations were used (Cu?*, Ni2*, Cr3*, Co?*, Fe** and
Fe**) and the montmorillonite exchanged with the Fe**
and Co?" showed high and satisfactory catalytic proper-
ties as they give pure final products with high yields, thus
competing with the homogeneous acid catalysts which are
dangerous, toxic and corrosive. The effect of the introduc-
tion order of the reagents into the reaction medium on the
performance of the reaction is studied for the first time for
montmorillonite in this work and we have shown that this
order plays an important role and allows improving the
yield and the kinetics of the reaction.

5. References

1. Y. Nishina, J. Syn. Org. Chem. Jpn. 2013, 71, 1307-1308.
DOI:10.5059/yukigoseikyokaishi.71.1307

2.Y. Liu, G. Zhao, D. Wang, Y. Li, Natl. Sci. Rev. 2015, 2, 150-
166. DOI:10.1093/nsr/nwv014

3. H. Goksu, Y. Yildiz, B. Celik, M. Yazici, B. Kilbag, E Sen,
ChemistrySelect 2016, 1, 953-958.
DOI:10.1002/s1ct.201600207

4. N. Kaur, D. Kishore, Chem. Pharm. Res. 2012, 4, 991-1015.

5. C. Liu, P. Wu, Y. Zhu, L. Tran, Chemosphere 2016, 144, 1026
1032. DOI:10.1016/j.chemosphere.2015.09.063

6.S. Yang, Z. Huang, P. Wu, Y. Li, X. Dong, C. Li, N. Zhu, X.
Duan, Appl. Catal. B-Environ. 2020, 260, 118129.
DOI:10.1016/j.apcatb.2019.118129

7.S.Zhu, M. Xia, Y. Chu, M. A. Khan, W. Lei, E Wang, Structure.
Appl. Clay Sci. 2019, 169, 40-47.
DOI:10.1016/j.clay.2018.12.017

8. E. G. Ralph, Clay Mineralogy, 2nd Ed., McGraw-Hill, New
York, 1968.

9. E. Effenberger, M. Schweizer, W. S. Mohamed, J. Appl. Polym.
Sci. 2009, 112, 1572-1578. DOI:10.1002/app.29605

10. P. Biginelli, Gazz. Chim. Ital. 1893, 23, 360-416.

11. C. A. Sehon, G. Z. Wang, A. Q. Viet, K. B. Goodman, S. E.
Dowdell, P. A. Elkins, S. E Semus, L. J. Jolivette, S. Kirkpat-
rick, T. Yi, L. Wright, G. K. Smith, D. J. Behm, R. Bentley, C. P.
Doe, E. Hu, D. Lee, J. Med. Chem. 2008, 51, 6631-6634.
DOI:10.1021/jm8005096

12. R. V. Chikhale, R. P. Bhole, P. B. Khedekar, Eur. J. Med. Chem.
2009, 44, 3645-3653. DOI:10.1016/j.ejmech.2009.02.021

13. O. Alam, S. A. Khan, N. Siddiqui, W. Ahsan, S. P. Verma, S. J.
Gilani, Eur. J. Med. Chem. 2010, 45, 5113-5119.
DOI:10.1016/j.ejmech.2010.08.022

14. A. D. Patil, N. V. Kumar, W. C. Kokke, E Mark, M. E. Bean, A.
J. Freyer, S. Mai, A. Truneh, B. Carte, J. Org. Chem. 1995, 60,
1182-1188. DOI:10.1021/j000110a021

15. A. N. Chiang, J. C. Valderramos, R. Balachandran, R. J. Cho-
vatiya, B. P. Mead, C. Schneider, S. L. Bell, M. G. Klein, D.
M. Huryn, X. S. Chen, B. W. Day, D. A. Fidock, P. Wipf, J. L.
Brodsky, Bioorg. Med. Chem. 2009, 17, 1527-1530.
DOI:10.1016/j.bmc.2009.01.024

16. R. W. Lewis, J. Mabry, J. G. Polisar, K. P. Eagen, B. Ganem, G.
P. Hess, Biochemistry 2010, 49, 4841-4851.
DOI:10.1021/bi100119t

17. B. R. Kumar, G. Sankar, R. Nasir Baig, S. Chandrashekaran,
Eur. J. Med. Chem. 2009, 44, 4192-4198.
DOI:10.1016/j.ejmech.2009.05.014

18.D. A. Ibrahim, A. M. El-Metwally, Eur. J. Med. Chem. 2010,
45,1158-1166. DOI:10.1016/j.ejmech.2009.12.026

19.H. Y. Kaan, V. Ulaganathan, O. Rath, H. Prokopcova, D.
Dallinger, C. O. Kappe, E. Kozielski, J. Med. Chem. 2010, 53,
5676-5683. DOI:10.1021/jm100421n

20. O. C. Agbaje, O. O. Fadeyi, S. A. Fadeyi, Bioorg. Med. Chem.
Lett. 2011, 21, 989-992. DOI:10.1016/j.bmcl.2010.12.022

21. E. Rajanarendar, M. N. Reddy, K. R. Murthy, K. G. Reddy, S.
Raju, M. Srinivas, B. Praveen, M. S. Rao, Bioorg. Med. Chem.
Lett. 2010, 20, 6052-6055.

22.S. N. Mokale, S. S. Shinde, R. D. Elgire, Bioorg. Med. Chem.
Lett. 2010, 20, 4424-4446.

23. V. Virsodia, R. R. Pissurlenkar, D. Manvar, C. Dholakia, P.
Adlakha, A. Shah, E. C. Coutinho, Eur. J. Med. Chem. 2008,
43,2103-2115. DOI:10.1016/j.ejmech.2007.08.004

Belferdi et al.: Effect of the Exchanged Cation in an Algerian


https://doi.org/10.5059/yukigoseikyokaishi.71.1307
file:///C:/Delo/Acta/Acta%2001-21/teksti/1/6300-07-26-20/javascript:;
file:///C:/Delo/Acta/Acta%2001-21/teksti/1/6300-07-26-20/javascript:;
file:///C:/Delo/Acta/Acta%2001-21/teksti/1/6300-07-26-20/javascript:;
file:///C:/Delo/Acta/Acta%2001-21/teksti/1/6300-07-26-20/javascript:;
https://doi.org/10.1093/nsr/nwv014
https://doi.org/10.1002/slct.201600207
https://doi.org/10.1016/j.chemosphere.2015.09.063
https://doi.org/10.1016/j.apcatb.2019.118129
https://doi.org/10.1016/j.clay.2018.12.017
https://doi.org/10.1002/app.29605
https://doi.org/10.1021/jm8005096
https://doi.org/10.1016/j.ejmech.2009.02.021
https://doi.org/10.1016/j.ejmech.2010.08.022
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Mark+F.++Bean
https://doi.org/10.1021/jo00110a021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chovatiya%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chovatiya%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mead%20BP%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schneider%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bell%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Klein%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Day%20BW%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fidock%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wipf%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19195901
https://doi.org/10.1016/j.bmc.2009.01.024
https://doi.org/10.1021/bi100119t
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chandrashekaran%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19525040
https://doi.org/10.1016/j.ejmech.2009.05.014
https://doi.org/10.1016/j.ejmech.2009.12.026
https://doi.org/10.1021/jm100421n
https://doi.org/10.1016/j.bmcl.2010.12.022
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reddy%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=20813527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Raju%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20813527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Srinivas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20813527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Praveen%20B%5BAuthor%5D&cauthor=true&cauthor_uid=20813527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rao%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=20813527
https://doi.org/10.1016/j.ejmech.2007.08.004

Acta Chim. Slov. 2021, 68, 355-362

24

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

. A. Trivedi, V. R. Bhuva, B. H. Dholariya, D. K. Dodiya, V. B.
Kataria, V. H. Shah, Bioorg. Med. Chem. Lett. 2010, 20, 6100-
6102. DOI:10.1016/j.bmcl.2010.08.046

M. B. Deshmukh, S. M. Salunkhe, D. R. Patil, P. V. Anbhule,
Eur. J. Med. Chem. 2009, 44, 2651-2654.
DOI:10.1016/j.ejmech.2008.10.018

S. Chitra, D. Devanathan, K. Pandiarajan, Eur. J. Med. Chem.
2010, 45, 367-371. DOI:10.1016/j.ejmech.2009.09.018

Y. S. Sadanadam, M. M. Shetty, P. V. Diwan, Eur. J. Med. Chem.
1992, 27, 87-92. DOI:10.1016/0223-5234(92)90066-A

F. Aslanoglu, E. Akbas, M. S6nmez, B. Anil, Phosphorus Sulfur
Silicon Relat. Elem. 2007, 182, 1589-1597.
DOI:10.1080/10426500701263554

I. O. Lebedyeva, M. V. Povstyanoy, V. M. Povstyanoy, O. G.
Panasyuk, E. S. Guban, A. B. Ryabitskii, Monatsh. Chem.
2010, 141, 997-1000. DOI:10.1007/s00706-010-0354-9

L. E. Valverde, E D. Cedillo, A. C. Luis, Monatsh. Chem. 2010,
141, 75-78. DOI:10.1007/s00706-009-0223-6

. J. Svetlik, V. Kettmann, Tetrahedron Lett. 2011, 52,1062-1066.
DOI:10.1016/j.tetlet.2010.12.051

H. Cho, Y. Nishimura, Y. Yasui, Tetrahedron 2011, 67, 2661-
2669. DOI:10.1016/j.tet.2011.01.092

Z. Hassani, M. R. Islami, M. Kalantari, Bioorg. Med. Chem.
Lett. 2006, 16, 4479-4482. DOI:10.1016/j.bmcl.2006.06.038
K. A. Dilmaghan, B. Zeynizadeh, M. Yari, Phosphorus Sulfur
Silicon Relat. Elem. 2009, 184, 1722.
DOI:10.1080/10426500802293153

J. Tongshou, Z. Suling, L. Tongshuang, Synth. Commun. 2002,
32,1847-1851.

T. S. Jin, H. X. Wang, C. Y. Chun-Yong Xing, X. L. Li, Synth.
Commun. 2004, 34, 3009-3016.
DOI:10.1081/SCC-200026660

W. Y. Chen, S. D. Quin, J. R Jin, Catal. Commun. 2007, 8,
123-126. DOI:10.1016/j.catcom.2006.05.026

S. Tu, E Fang, C. Miao, H. Jiang, Y. Feng, Tetrahedron Lett.
2003, 44, 6153-6155. DOI:10.1016/S0040-4039(03)01466-7
A. Debache, B. Boumoud, M. Amimour, Tetrahedron Lett.
2006, 47, 5697-5699. DOI:10.1016/j.tetlet.2006.06.015

J. Martinez, S. Romero-Vega, R. Abeja-Cruz, Int J] Mol Sci.
2013, 14, 2903-2915. DOI:10.3390/ijms14022903

S. Noreen, S. Perveen, M. N. Khan, A. Nazeer, M. A. Khan, M.
A. Munawar, R. Babar, E. Suhail, M. Azad, A. M. Bernardino,
M. S. Dos Santos, Asian J. Chem. 2013, 25, 4770-4772.
DOI:10.14233/ajchem.2013.14094

M. M. Heravi, K. Bakhtiari, E Bamoharram, Catal. Commun.
2006, 7, 373-376. DOI:10.1016/j.catcom.2005.12.007

M. R. Mohammadizadeh, N. Firoozi, e-J. Chem. 2011, 8,
$266-S270. DOI:10.1155/2011/751282

J. Lu, Y. Bai, Synthesis 2002, 4, 466-447.
DOI:10.1055/s-2002-20956

M. Adib, K. Ghanbary, M. Mostofi, M. Ganjali, Molecules
2006, 11, 649-654. DOI:10.3390/11080649

M. Majd, K. Saidi, H. Khabazzadeh, Phosphorus Sulfur Silicon
Relat. Elem.2010,185,325. DOI:10.1080/10426500902796931
L. M. Ramos, A. Y. Ponce de Leon y Tobio, M. R. dos Santos,
H. C. B. de Oliveira, A. F. Gomes, F. C. Gozzo, A. L. de Olivei-

48

49.

50.

51

52.

53

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

ra, B. A. D. Neto, J. Org. Chem. 2012, 77, 10184-10193.
DOI:10.1021/j0301806n

.N. E. Masoud, S. J. Hoseini, E Mohammadi, Chin. J. Catal.

2011, 32, 1484-1489.

G. K. S. Prakash, H. Lau, C. Panja, I. Bychinskaya, S. K. Ga-
nesh, B. Zaro, T. Mathew, G. A. Olah, Catal. Lett. 2014, 144,
2012-2020. DOI:10.1007/s10562-014-1364-8

O. V. Fedorova, Y. A. Titova, A. Y. Vigorov, M. S. Toporova, O.
A. Alisienok, A. N. Murashkevich, V. P. Krasnov, G. L. Rusi-
nov, V. N. Charushin, Catal. Lett. 2016, 146, 493-498.
DOI:10.1007/s10562-015-1666-5

V. Singh, V. Sapehiyia, V. Srivastava, S. Kaur, Catal. Commun.
2006, 7, 571-578. DOI:10.1016/j.catcom.2005.12.021

A. K. Mitra, K. Banerjee, Synth. Lett. 2003, 10, 1509-1511.
DOI:10.1055/s-2003-40828

. A. Phukan, S. J. Borah, P. Bordoloi, K. SharmaBorah, Adv.

Powder Technol. 2017, 28(6), 1585-1592.
DOI:10.1016/j.apt.2017.03.030

D. P. Narayanan, A. Gopalakrishnan, Z. Yaakob, S. Sugunan,
B. N. Narayanan, Arab. J. Chem. 2017, 10, 1-17.

R.J. Kalbasi, A. R. Massah, B. Daneshvarnejad, Appl. Clay Sci.
2012, 55,1-9. DOI:10.1016/j.clay.2011.05.015

H. Khalaf, O. Bouras, V. Perrichon, Microporous Mater. 1997,
8, 141-150. DOI:10.1016/S0927-6513(96)00079-X

D. D. Eberl, Clays and Clay Minerals. 1980, 146, 493-498.

P. Salehi, M. Dabiri, M. A. Zolfigo, Tetrahedron Lett. 2003, 44,
2889-2891. DOI:10.1016/S0040-4039(03)00436-2

C. O. Kappe, J. Org. Chem. 1997, 62, 7201-7204.
DOI:10.1021/j0971010u

Z.]. Quan, Y. X. Da, Z. Zhang, X. C. Wang, Catal. Commun.
2009, 10, 1146-1148. DOI:10.1016/j.catcom.2008.12.017
X. L. Shi, H. Yang, M. Tao, W. Zhang, RSC Adv. 2013, 3,3939-
3945, DOI:10.1039/c3ra23187a

G. K. S. Prakash, H. Lau, C. Panja, I. Bychinskaya, S. K. Ga-
nesh, Catal. Lett. 2014, 144, 2012-2020.
DOI:10.1007/s10562-014-1364-8

D. Bhuyan, M. Saikia, Microporous Mesoporous Mater. 2018,
256, 39-48. DOI:10.1016/j.micromeso.2017.06.052

R. Medyouni, W. Elgabsi, O. Naouali, A. Romerosa, S. A. Al-
Ayed, L. Baklouti, N. Hamdi, Spectrochim. Acta Mol. Biomol.
Spectrosc. 2016, 167, 165-174.
DOI:10.1016/j.saa.2016.04.045

R. Pawlowski, E. Zaorska, S. Staszko, A. Szadkowska, Appl.
Organomet. Chem. 2018, 32, 4256-4266.
DOI:10.1002/a0c.4256

R. Kong, S. B. Han, J. Y. Wei, X. C. Peng, Z. B. Xie, S. S. Gong,
Q. Sun, Molecules 2019, 24, 364-377.
DOI:10.3390/molecules24020364

Povzetek:

Belferdi et al.: Effect of the Exchanged Cation in an Algerian

361


https://doi.org/10.1016/j.bmcl.2010.08.046
https://www.ncbi.nlm.nih.gov/pubmed/?term=Anbhule%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=19036478
https://doi.org/10.1016/j.ejmech.2008.10.018
https://doi.org/10.1016/j.ejmech.2009.09.018
https://doi.org/10.1016/0223-5234(92)90066-A
https://doi.org/10.1080/10426500701263554
https://doi.org/10.1007/s00706-010-0354-9
https://doi.org/10.1007/s00706-009-0223-6
https://doi.org/10.1016/j.tetlet.2010.12.051
https://doi.org/10.1016/j.tet.2011.01.092
https://doi.org/10.1016/j.bmcl.2006.06.038
https://doi.org/10.1080/10426500802293153
https://doi.org/10.1081/SCC-200026660
https://doi.org/10.1016/j.catcom.2006.05.026
https://doi.org/10.1016/S0040-4039(03)01466-7
https://www.sciencedirect.com/science/journal/00404039
https://doi.org/10.1016/j.tetlet.2006.06.015
https://doi.org/10.3390/ijms14022903
https://doi.org/10.14233/ajchem.2013.14094
https://doi.org/10.1016/j.catcom.2005.12.007
https://doi.org/10.1155/2011/751282
https://doi.org/10.1055/s-2002-20956
https://doi.org/10.3390/11080649
https://doi.org/10.1080/10426500902796931
https://doi.org/10.1021/jo301806n
https://www.researchgate.net/journal/1872-2067_Chinese_Journal_of_Catalysis
https://doi.org/10.1007/s10562-014-1364-8
https://doi.org/10.1007/s10562-015-1666-5
https://doi.org/10.1016/j.catcom.2005.12.021
https://doi.org/10.1055/s-2003-40828
https://doi.org/10.1016/j.apt.2017.03.030
https://doi.org/10.1016/j.clay.2011.05.015
https://doi.org/10.1016/S0927-6513(96)00079-X
https://doi.org/10.1016/S0040-4039(03)00436-2
https://doi.org/10.1021/jo971010u
https://doi.org/10.1016/j.catcom.2008.12.017
https://doi.org/10.1039/c3ra23187a
https://doi.org/10.1007/s10562-014-1364-8
https://doi.org/10.1016/j.micromeso.2017.06.052
https://doi.org/10.1016/j.saa.2016.04.045
https://doi.org/10.1002/aoc.4256
https://doi.org/10.3390/molecules24020364

362 Acta Chim. Slov. 2021, 68, 355-362

Povzetek

V tem prispevku opisujemo kako smo v alzirskem montmorillonitu (Mt) izvedli izmenjavo kationa z razli¢nimi drugimi
kationi iz druZine prehodnih kovin, t.j. Cu?*, Ni?*, Cr**, Co?*, Fe?* and Fe**; tako pripravljene heterogene katalizatorje
smo uporabili pri Biginellijevi reakciji. Kationi, izbrani za izmenjavo, so znani po svojih katalitskih lastnostih v primerih
homogene katalize. Glavni namen nasega dela je bil Studirati vpliv izmenjave kationa na izkoristek in kinetiko reakcije.
Karakterizacijo montmorillonita smo izvedli z rentgensko praskovno difrakcijo, ki omogoca spremljanje spreminjanja
razdalj dyg; v odvisnosti od izmenjanega kationa in hkrati tudi pokaze, ¢e je med izmenjavo prislo do spremembe struk-
ture montmorillonita. Kationsko izmenjevalno kapaciteto (CEC) smo dolo¢ili s titracijo izmenjanih kationov z atom-
sko absorpcijo. Produkt Biginellijeve reakcije smo karakterizirali z NMR, IR in z dolo¢itvijo talid¢a. Dodatno smo tudi
raziskali vpliv vrstnega reda dodajanja reaktantov na izkoristek in kinetiko. Tako smo pokazali, da se lahko izmenjani
montmorillonit ugodno kosa z ostalimi drazjimi hetero- in homogenimi katalizatorji.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY

Creative Commons Attribution 4.0 International License

Belferdi et al.: Effect of the Exchanged Cation in an Algerian



DOI: 10.17344/acsi.2020.6311

Acta Chim. Slov. 2021, 68, 363-373

creative
commons

Scientific paper

Methylene Blue Dye Removal from Aqueous
Media Using Activated Carbon Prepared by Lotus Leaves:
Kinetic, Equilibrium and Thermodynamic Study

Roya Salahshour,! Mehdi Shanbedi'! and Hossein Esmaeili**

! Department of Chemical Engineering, School of Chemical Engineering, Kherad Institute of Higher Education,
Bushehr, Iran

2 Department of Chemical Engineering, Bushehr Branch, Islamic Azad University, Bushehr, Iran

* Corresponding author: E-mail: esmaeili.hossein@gmail.com esmaeili.hossein@iaubushehr.ac.ir

Received: 08-01-2020

Abstract

In the present work, methylene blue was eliminated from aqueous solution using activated carbon prepared by lotus
leaves. To perform the experiments, batch method was applied. Also, several analyses such as SEM, FTIR, EDAX and
BET were done to determine the surface properties of the activated carbon. The results showed that the maximum
sorption efficiency of 97.59% was obtained in initial dye concentration of 10 mg/L, pH of 9, adsorbent dosage of 4 g/L,
temperature of 25 °C, contact time of 60 min and mixture speed of 400 rpm. Furthermore, the maximum adsorption
capacity was determined 80 mg/g, which was a significant value. The experimental data was analyzed using pseudo-first
order, pseudo-second order and intra-particle diffusion kinetic models, which the results showed that the pseudo-sec-
ond order kinetic model could better describe the kinetic behavior of the sorption process. Also, the constant rate of the
pseudo-second order kinetic model was obtained in the range of 0.0218-0.0345 g/mg.min. Moreover, the adsorption
equilibrium was well described using Freundlich isotherm model. Furthermore, the thermodynamic studies indicated
that the sorption process of methylene blue dye using the activated carbon was spontaneous and exothermic.

Keyword: Activated carbon; lotus leaves; methylene blue dye; removal; synthetic wastewater.

1. Introduction

Environmental pollution is currently a global prob-
lem.! Because of the population growth, the expansion of
industry and agriculture and shortage of fresh water in the
world, the need for treatment and recovery of wastewater
has become critical in recent years.>* Among the various
industries, the textile industry has expanded rapidly both
in the world and our country, and dyeing units in the tex-
tile industry are the main environmental pollutants due to
the consumption of thousands types of dye chemicals.
Textile effluents usually contain a wide range of different
chemical compounds. The biggest problem with these ef-
fluents is the presence of dyes and biodegradable chemi-
cals. The most obvious characteristic of textile industry
effluents is that it is colored and the two main stages of
dyeing and finishing in the textile industry produce a large
volume of effluent with high dye concentration.*

These dyes not only give unfavorable colors to water,
but in some cases are themselves harmful compounds and

can produce other toxic products by oxidation, hydrolysis,
or other chemical reactions that take place in water. Dyes
are one of the most dangerous groups of chemical com-
pounds found in industrial effluents that are of consider-
able importance due to the reduction of light permeability
and thus disrupting the process of photosynthesis in water
sources.>”’

These compounds also have an aesthetic negative ef-
fect on water quality for drinking and other uses* and at
the same time, they cause allergies, dermatitis, irritation,
cancer’ as well as genetic mutations in humans.!® Methy-
lene blue is the most common dye compound used for cot-
ton, wool and silk coloring. Inhalation of this compound
can cause respiratory disorders and direct exposure to it
can cause permanent damage to the eyes of humans and
animals, local burns, nausea and vomiting, increased
sweating, mental disorders and methemoglobinemia.®!!!2

Improper treatment and disposal of synthetic waste-
water from the textile, dyeing, printing, and related indus-
tries has caused many environmental problems around the
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world.!* Dye removal from wastewater is usually done by
physical, physicochemical, biological or chemical meth-
0ds.!*"16 The most efficient way to remove synthetic dyes
from industrial effluents is the adsorption process, because
the dye compounds in the effluent are easily transferred to
the solid phase.!” Besides, the adsorbent used can be regen-
erated and used in the adsorption process or stored after
use in a dry place without direct contact with the environ-
ment.'? Also, it has been proven that the adsorption process
is a safe treatment solution due to its minimal investment
cost, ease of design and operation, and insensitivity to toxic
compounds. But at the same time, the use of adsorbents can
be a limiting factor, because some adsorbents are expensive.
To reduce the cost of preparation, the use of inexpensive
materials (such as agricultural and industrial residues) for
the production of activated carbon is a good option.'”!8 In
addition to reducing costs, converting agricultural waste
into low-cost adsorbents and solving the problem of bio-
mass disposal has increased the value of agricultural waste
even more. Carbon from agricultural wastes has advantages
such as low ash content, reasonable hardness, high cross
section, and a porous structure.»!%

The aim of this study was to eliminate methylene
blue dye from synthetic effluent using activated carbon. To
this end, the impact of various parameters on the methy-
lene blue dye removal efficiency was investigated. The
structural properties of activated carbon prepared from
the lotus leaves were analyzed using BET, SEM, FTIR, and
EDAX analyses. Also, the kinetic, equilibrium, and ther-
modynamic behavior of the adsorption process were thor-
oughly investigated.

2. Materials and Methods

2. 1. Materials

In this study, sodium hydroxide and Hydrochloric
acid (Merck, Germany) were used to adjust the pH of the
solutions. Also, methylene blue dye (Merck, Germany)
was used to prepare stock solutions.

2. 2. Preparation of Methylene Blue Stock
Solution

To prepare the stock solution, one gram of methy-
lene blue was dissolved in 1000 mL of water to prepare a
solution of methylene blue dye at a concentration of 1000
ppm. To prepare solutions with lower concentrations, dis-
tillation of the initial stock solution was diluted twice us-
ing water.

2.3. Preparation of Activated Carbon from
Lotus Leaves

To prepare activated carbon, we first collected the lo-
tus leaves and washed it several times with water to remove

the dust. After washing, the leaves are placed in an oven
(dryer) at 105 °C for 2 hours to dry completely. The dried
lotus leaves are placed in a furnace at 700 °C for 2 hours to
produce carbon. The activated carbon is then pulverized
using a grinder and granulated by sieve No. 25 (ASTM 11)
and stored in plastic bottles at room temperature. They can
be used as adsorbents to recover and remove methylene
blue dye.

2. 4. Adsorption Tests

The methylene blue dye adsorption test was per-
formed discontinuously in 200 mL Erlenmeyer flasks con-
taining 100 mL of methylene blue dye solution. To adjust
the initial pH of the solutions, sodium hydroxide and hy-
drochloric acid solutions with a concentration of 0.1 M
were used. To investigate the effect of pH on the absorp-
tion of methylene blue dye, experiments were performed
in the pH range of 3-11. Other conditions including initial
concentration of 10 ppm, contact time of 40 min, tempera-
ture of 25 °C, adsorbent dose of 1.5 g/L and mixing speed
of 400 rpm were considered constant. To mix, the sample
was placed on a heater. Then the mixing temperature and
speed were adjusted and the samples were mixed for a con-
tact time of 40 min. At the end of this time, the sample was
filtered using a funnel equipped with Whatman 42 filter
paper, and the residual methylene blue dye in the solution
was measured by a UV-vis spectrophotometer. The remov-
al efficiency and adsorption capacity were then calculated.
To evaluate the effect of other parameters such as tempera-
ture (25-50 °C), adsorbent dose (0.5-1 g/L), contact time
(5-200 minutes) and dye concentration (10-100 mg/L),
one of the parameters was changed and the rest of the pa-
rameters were considered constant. Also, the optimized
values of the parameters in the previous step were used to
investigate the effect of another parameter.

The adsorption capacity and removal efficiency of
methylene blue dye were determined after determining the
secondary concentration and having the primary concen-
tration. Adsorption efficiency (R%) and adsorption capac-
ity (qe) of activated carbon adsorbent are obtained by the
following equations:

R(%) - ((Ci - Cg)/ci) X 100 (1)
g, = (%" Cefy)x v (2)

2. 5. Equilibrium Behavior

The adsorption isotherm is important for describing
the adsorption of molecular or ionic contaminants to the
active sites of the adsorbent surface.?*-2* In this study,
three isotherm models such as Langmuir, Freundlich and
Dubinin-Radishkevich models were used.
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The Langmuir isotherm is based on the assumption
that all adsorption sites are the same and the adsorption of
contaminants on the adsorbent surface is monolayer. The
linear form of the Langmuir isotherm is shown in Equa-
tion (3):24

c 1 C

a a

P 3)

e q'mu.:KL D max

Where, K| is the Langmuir isotherm constant. Also,
Qmax determines the maximum adsorption capacity of the
activated carbon.?’

To know the feasibility of the adsorption process, the
separation parameter R; is used, which is obtained from
the following relation:

4
T 14K.C,

(4)

Ry

If the value of Ry is greater than one, equal to one,
between zero and one, and less than one, it indicates that
the adsorption process is unfavorable, linear, favorable,
and irreversible.?

On the other, the Langmuir constant parameter (K;)
is related to the Gibbs free energy change of the adsorption
process (AG® (kJ/mol)), which is determined from the fol-
lowing equation:

AG® = —RTIn(K,) (5)

where R and T are the universal gas constant (8.314 J/mol
K) and temperature (K), respectively.?®

Also, the Freundlich isotherm is an experimental
model that expresses adsorption on heterogeneous surfac-
es. The linear form of the Freundlich isotherm is expressed
as follows: 2324

1
Ing, =In KF+(;)lnCB (6)

Here, Kg (mg/g (L/mg)”n) is indicator of constant
relative adsorption capacity of the bond energy, and n is
related to the adsorption capacity and heterogeneity of the
adsorbent surface sites. A value of = indicates the desir-
ability of adsorption. Values of n > 1 indicate that the ad-
sorption process is favorable.

Moreover, the Dubinin-Radishkevich isotherm is
generally used to express the adsorption mechanism
by distributing Gaussian energy on a heterogeneous

surface. This isotherm is determined by Equations 7 and
8:26

a, = 9o exp(—f,5; )

&= —RTIn(1+) )

£

Here, qp is the saturation capacity of the Dubi-
nin-Radishkevich model (mg/g), q. is the equilibrium of
the adsorbed pollutants on the adsorbent (mg/g), Pp is
Dubinin-Radishkevich isotherm model constant (mol?/
KJ?), and ¢p, is the Polanyi potential. E is the absorption
energy, which is calculated as follows:

1

If E< 8 KJ/mol and 8<E<16 KJ/mol, the adsorption
process is physical and chemical, respectively. Also, for E>
16 KJ/mol, the adsorption mechanism is intraparticle dif-
fusion.?6

2. 6. Kinetics of Adsorption

Kinetic models are used to investigate the control
rate of the adsorption process. To determine the adsorp-
tion kinetics of methylene blue dye using activated carbon,
three models namely pseudo-first order (PFO), pseu-
do-second order (PSO), and intraparticle diffusion were
used.

The linear and non-linear forms of the PFO kinetic
model is described by Equations 10 and 11: 232427

Ln(g, — q,) = Lng, — k,t (10)
q.= q,(1—e™*%) (11)

Here, q. and q; are the amount of adsorption capac-
ity of adsorbed pollutants per unit weight of adsorbent
at equilibrium time (mg/g), the adsorption capacity
of adsorbed pollutants at time t (mg/g), respectively.
Also, k; is the pseudo-first order kinetic rate constant
(min-1).23:24

The linear and non-linear forms of the PSO kinetic
model is also expressed as follows:?”

AT (12)
q; kz‘lg e
koqlt
g, =—20" (13)
1+ k,q,.t

Where, k, is the pseudo-second order kinetic con-
stant (mg mol™! min!).

Another kinetic model is the intraparticle diffusion
model. The adsorption process on a porous adsorbent is
generally described by four steps. These steps are described
as mass diffusion, film diffusion, intraparticle diffusion,
and finally adsorption of contaminants on the adsorbent
surface. The intraparticle diffusion model can be expressed
as follows:

q, = Kgt*? +1 (14)
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Here, Kg (mg g™! min~'?) is the intraparticle diffu-
sion rate constant. Also, I (mg/g) is a constant, which is
determined by the intercept of the plot of q; against t'/2.28

2.7. Adsorption Thermodynamics

Changes in the rate of adsorption with respect to
temperature are explained based on thermodynamic pa-
rameters such as change in enthalpy (AH®), change in en-
tropy (AS°) and Gibbs free energy change (AG®), which are
obtained by using equations 15 and 16:2%30

AG® = —RTInK, (15)
(1] 0

WK, = — (16)
R RT

The change in Gibbs free energy in the process de-
pends on the quantity of equilibrium constant K, which is
expressed as follow:

_ CAe-
K, = c. 17)

In Equation (14), K is the equilibrium constant and
Cye is the equilibrium concentration in the solid phase

(mg/L). The amount of changes in enthalpy (AH®) and en-
tropy (AS°) are obtained by plotting In K_ versus 1/T.

3. Results and Discussion

3. 1. Determining the Properties of Activated
Carbon

Various analyses including SEM, FTIR, EDAX, and
BET were used to determine the physical properties of ac-
tivated carbon adsorbent obtained from the lotus leaves.
Figure 1 shows the SEM analysis of the activated carbon
surface prepared from the lotus leaves, before and after the
adsorption of methylene blue dye. Figure 1(a) shows that
the activated carbon prepared from the lotus leaves before
absorbing the methylene blue dye has uneven structure
and a large number of adsorption channels. Then, Figure
1(b) shows the activated carbon prepared from the lotus
leaves after adsorption of methylene blue dye. The adsor-
bent surface is uniform and the adsorption channels have
disappeared.’!*2 This uniformity and disappearance of ad-
sorption channels in Figure 1(b) indicates the adsorption
of methylene blue dye on the activated carbon adsorbent.

To evaluate the functional groups on the surface of
activated carbon adsorbent, FTIR analysis was used, which
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Figure 1. SEM image for activated carbon (a), activated carbon after adsorption of methylene blue dye (b), and FTIR analysis for activated carbon

prepared from lotus leaves (c).
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is shown in Figure 1. FTIR analysis has identified groups
in different ranges. There are several peaks at 3847.08,
3739.92, 3429.81, 3064.81, 2929.39, 1614.74, 1395.49,
1318.25, 778.03, 664.03, and 516.29, which are attributed
to the functional groups of O-H, O-H, O-H, C-H, C-H,
C=C, C-O, C-0, C-H, O-H, and O-H, respectively.3>-3
Also, the EDAX analysis of activated carbon pre-
pared from the lotus leaves before and after the methylene
blue dye adsorption process is shown in Figure 2. Accord-
ing to Figure 3(b), before the adsorption process, activated
carbon contains elements such as carbon (72.45%), oxygen
(13.6%), silicon (1%) and sulfur (12.96%). After the meth-
ylene blue dye adsorption process, the amount of these el-
ements changed, which includes carbon (60.62%), oxygen
(32.61%), silicon (0.5%), and sulfur (6.27%). Changes in
the amounts of activated carbon constituents before and
after the methylene blue dye adsorption process can be
due to the adsorption of the dye by activated carbon.*”
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Figure 2. EDAX analysis (a) Activated carbon produced from lotus
leaves before the adsorption process and (b) Activated carbon after
the sorption of methylene blue dye

Properties such as specific surface area, average pore
volume, and pore diameter are determined using BET
analysis and the results are presented in Table 1. According
to the results, the specific surface area of activated carbon,
the average pore volume and the pore diameter obtained
from BET analysis were determined 64.415 g/m?, 0.056948
g/cm?® and 35.3633 °A, respectively. These values indicate
that the activated carbon prepared from the lotus leaves

Table 1. Surface properties of activated carbon prepared from the
lotus leaves using BET analysis.

Properties Values
Analyzed activated carbon mass 0.5588 g
Specific surface area 64.4152 g/m?
Average pore volume 0.056948 g/cm?®
Average pore diameter 35.3633 °A

has a good specific surface area and pore volume. Also, the
average pore diameter indicates that the activated carbon
has a mesoporous structure, because the pore diameter is
in the range of 20 to 500 °A.

3. 2. The Effect of Different Parameters on the
Adsorption Process

3. 2. 1. pH Effect

Solution pH is one of the most important and effec-
tive parameters in controlling the adsorption process. Also,
it gives the valuable information regarding the mechanism
of adsorption. The effect of pH on the adsorption efficiency
of methylene blue dye by using activated carbon prepared
from the lotus leaves is shown in Figure 3. The results show
that by increasing the initial pH, the methylene blue dye
adsorption efficiency is increased and the maximum yield
is obtained approximately at the initial pH of 9. This result
can be described according to the cationic properties of
methylene blue dye. At low initial pHs (pH < 5), the ad-
sorption efficiency of methylene blue dye using a prepared
adsorbent is low, indicating that acidic pHs are not suitable
for adsorption of methylene blue dye. This is because at
acidic pHs the adsorbent surface is positively charged and,
as a result, the methylene blue cationic dye is repelled by
the positively charged adsorbent surface. Also, by increas-
ing the initial pH, the percentage of methylene blue dye
adsorption using the adsorbent increases, because by in-

100
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adsorption (%)
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Figure 3. Effect of pH on methylene blue dye removal efficiency
(adsorbent dose of 1.5 g/L, contact time of 40 min, initial dye con-
centration of 10 ppm, temperature of 25 °C and mixing speed of 400
rpm).
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creasing pH, negative charges on the adsorbent surface in-
creases and an attractive force is created between the adsor-
bent surface and the cationic dye.*® Therefore, the optimal
pH for the sorption of methylene blue dye from aqueous
solution using activated carbon was obtained as 9.

3. 2. 2. Effect of Temperature and Contact Time

The effect of different contact times (5-200 min) at
25, 35, 45 and 55 °C on the removal efficiency of methy-
lene blue dye by activated carbon is shown in Figure 4. The
results show that during the initial contact time (5 min),
the adsorption of methylene blue dye was high at 25 °C,
which is equal to 43.63%. By increasing the temperature
up to 55 °C, the removal efficiency decreases and reaches
34.64%. Thus, by increasing the temperature, the adsorp-
tion efficiency decreased, which indicates that the adsorp-
tion process is exothermic. The decrease in removal effi-
ciency with increasing temperature is due to the weaken-
ing of the adsorption forces between the active sites of the
activated carbon adsorbent and the methylene blue dye. In
this case, methylene blue dye is released in the solution
phase. Thus, the removal efficiency decreases. However, by
increasing the contact time, the removal efficiency in-
creased and reached equilibrium after 60 min reaction
time. Methylene blue dye adsorption efficiency remained
uniform after 60 min. Because in this case, the adsorption
sites on the adsorbent surface are saturated and it is ob-
served that the removal efficiency has not changed much.
Therefore, the maximum methylene blue dye removal effi-
ciency was obtained at a contact time of 60 min and a tem-
perature of 25 °C. Under these conditions, the adsorption
efficiency of methylene blue dye was 93.67%.
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Figure 4. Effect of temperature and contact time on the removal
efficiency of methylene blue dye by activated carbon (conditions:
pH of 9, adsorbent dose of 1.5 g/L, initial dye concentration of 10
ppm, and mixing speed of 400 rpm).

3. 2. 3. Effect of Initial Concentration of
Methylene Blue Dye

The effect of methylene blue dye concentration on
removal efficiency and adsorption capacity at constant pH

of 9, adsorbent dose 1.5 g/L, contact time of 60 min, tem-
perature 25 °C, and mixing speed 400 rpm are shown in
Figure 5. The effect of methylene blue dye concentration in
the range of 10-100 ppm has been selected.

As shown in the figure, by increasing the concentra-
tion from 10 to 100 ppm, the removal efficiency decreases.
To check the initial concentration parameter, the amount
of concentrations is different and the amount of absorbent
dose is constant. In this case, by increasing dye concentra-
tion, the amount of methylene blue dye in the aqueous
solution increases relative to the adsorbent dose and there
are fewer adsorption sites for methylene blue dyes to be
placed on the adsorbent surface, and as a result, the re-
moval efficiency is decreased.

On the other hand, in Figure 5, by increasing the
concentration from 10 to 100 ppm, the adsorption capaci-
ty is increasing. As the concentration of methylene blue
dye in aqueous solution increases, the desired amount of
contaminant increases. As a result, the contact of methy-
lene blue dyes increases, which causes the methylene blue
dye to be adsorbed more on the activated carbon sites, thus
increasing the adsorption capacity.
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Figure 5. Effect of initial methylene blue dye concentration on re-
moval efficiency and adsorption capacity of methylene blue dye
(pH equal to 9, adsorbent dose 1.5 g/L, contact time 60 min, tem-
perature 25 °C and mixing speed 400 rpm).

3. 2. 4. Effect of Activated Carbon Adsorbent
Dose

The values of adsorption capacity and methylene
blue dye removal efficiency at different doses of activated
carbon are shown in Figure 6. By increasing the dose of
activated carbon adsorbent from 0.5 to 10 g/L, the removal
efficiency has increased from 82.84% to 98.032%, while
adsorption capacity (q.) presents an inverse trend. In-
creasing the removal efficiency is due to the increase in
surface area and the increase in adsorption sites available
for methylene blue dye.

The decrease of adsorption capacity (q.) from 16.568
to 0.98032 mg/g is observed with increasing the adsorbent
dose from 0.5 to 10 g/L, which is due to the competition
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between contaminants and adsorbents.*® By increasing the
adsorbent dose, the adsorbent surface becomes saturated
and reduces the adsorption capacity (q.).

When the dose of activated carbon adsorbent from
the lotus leaves was 4 g/L, the removal efficiency and ad-
sorption capacity (q.) were 97.59% and 2.439 mg/g, re-
spectively. At adsorbent dose of above 4 g/L, there was no
significant increase in methylene blue removal efficiency
and the diagram is almost constant and the adsorption
capacity (q.) is also reduced. Therefore, according to
the adsorption capacity (q.) and removal efficiency, the
adsorbent dose of 4 g/L was determined as the optimal
value.
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Figure 6. Effect of activated carbon adsorbent dose on removal effi-
ciency and adsorption capacity of methylene blue dye (pH equal to
9, initial concentration 10 ppm, contact time 60 min, temperature

25 °C and mixing speed 400 rpm).

3. 3. Equilibrium Study of Adsorption Process

Three isotherm models such as Langmuir, Freun-
dlich, and Dubinin Radushkevitch (D-R) were used to re-
move methylene blue dye using the activated carbon ad-
sorbent prepared from lotus leaves. Isotherm models were
investigated at different concentrations (10-100 ppm) of
methylene blue, and other conditions were kept constant,
including pH of 9, contact time of 60 min, temperature of
25 °C, adsorbent dose of 1.5 g/L, and mixing speed of 400
rpm.

The Langmuir, Freundlich, and Dubinin-Radush-
kevitch (D-R) isotherm models are plotted in Figure 7, and
their constant values are given in Table 2. According to the
Langmuir isotherm model, the R; value was in the range of
0.729-0.44, which indicates that the adsorption process of
methylene blue dye with activated carbon adsorbent is fa-
vorable. Also, the maximum adsorption capacity of the
activated carbon was obtained 80 mg/g. In addition, ac-
cording to the values of the coeflicient of determination
obtained for all three models, the Freundlich isotherm
model could better describe the equilibrium behavior of
the methylene blue dye adsorption process than other iso-
therm models. Also, the value of parameter n using the
Freundlich isotherm was equal to 1.514, which indicates
that the adsorption process is favorable because its value is
greater than one. Moreover, the value of parameter K¢ was
determined 9.55 mg/g(L/mg)"/". Furthermore, according
to the amount of energy E obtained using the D-R iso-
therm model (1.207 KJ/mol), the adsorption mechanism
of methylene blue dye with the adsorbent is physical. Be-
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Figure 7. Langmuir (a), Freundlich (b) and D-R (c) isotherms for the uptake of methylene blue dye using the activated carbon
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Table 2. Values and constants of adsorption isotherms.

Isothermal models Quantities  Methyl violet dye
Qmax(Mg/g) 80
K; (L/mg) 0.127
Langmuir AG® (kJ/mol) -5.112
R? 0.9837
R, 0.729 — 0.44
n 1.514
Freundlich K¢ (mg/g(L/mg) ') 9.5496
R? 0.9843
E (KJ/mol) 1.207
Dubinin Radushkevitch qp (mg/g) 34.622
(D-R) B x 10~(mol?/]?) 0.343
R? 0.816

sides, the maximum adsorption capacity using the D-R
isotherm was obtained 34.62 mg/g.***! In addition, the
Gibbs free energy (AG®) using the Langmuir model was
determined -5.112 KJ/mol, which indicates the sponta-
neity degree of the sorption process. Also, negative value
of AG® shows a favorable sorption process.?®

The maximum sorption capacity obtained in this
research for the sorption of methylene blue was com-
pared to previous studies and the results are presented in
Table 3. According to this table, the maximum sorption
capacity of the activated carbon used in this study was

time (min)

Table 3. Comparing the maximum sorption capacity of different
adsorbents in the removal of methylene blue from aqueous media

Maximum sorption  Ref.

Adsorbent capacity (mg/g)

Palm tree sawdust 54 4
Sour lemon sawdust 52.4 4
Eucalyptus sawdust 53.5 4
Kaolin/CuFe,0, nanocomposite 120.48 17
activated carbon prepared by 47.62 2
Ficus caricabast '

magnetic cellulose/graphene 70.03 5
oxide composite

Activated carbon 1.23 4
Activated carbon prepared by 80 Present
lotus leaves study

obtained 80 mg/g, which was comparable with other ad-

sorbents in removing methylene blue from aqueous me-
dia.

3. 4. Kinetic Study of Adsorption

Figure 8 illustrates pseudo-first order, pseudo-sec-
ond order, and intraparticle diffusion kinetic models. The
graphs drawn include the linear equation and the coeffi-
cient of determination (R%). The amounts of models were
calculated from the obtained linear equations and the re-
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Figure 8. The linear forms of PFO (a), PSO (b) and intraparticle diffusion (c) kinetic models at different temperatures and times.
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sults are reported in Table 4. The constant rate of pseu-
do-first order kinetics (k;), the constant rate of pseu-
do-second order kinetics (k;), the constant rate of intra-
particle diffusion kinetics (Ky;f), and the equilibrium ad-
sorption capacity (e theoretical) Were calculated for all tem-
peratures.*> 46

The calculated adsorption capacity values (qe theoreti-
) using the pseudo-first order kinetic model are very
different from the laboratory adsorption capacity values
(Qe.exp)- Whereas, the calculated adsorption capacity val-
ues (qe theoretical) are very close to the laboratory adsorp-
tion capacity values (qeexp) of the pseudo-second order
kinetic model. In addition, R? values of the pseudo-first
order kinetic models and intraparticle diffusion are lower
than the pseudo-second order kinetic model. Also, the
constant rate of pseudo-first order kinetics (k;) at all tem-
peratures are less than the constant rate of pseudo-first
order kinetics (k,). Moreover, a comparison between the
PFO and PSO kinetic models and the experimental data

Exp. (298K)
Exp. (308 K)
Exp. (318K)
Exp. (328K)
—— PFO model (298 K)
——PFO model (308 K)

PFO model (318 K)
——PFO model (328 K)
——PSO model (298 K)
——PSO model (308 K)
——PSO model (318K)
——PS0O model (328 K)

0 50 100 150 200 250
time (min)

q, (mg/g)
| K N ]

"]

(%]

Figure 9. Fitting non-linear forms of kinetic models to experimen-
tal data

Table 4. Values of kinetic models at different temperatures and times.

is shown in Figure 9. As shown, the PSO kinetic model is
well fitted with the experimental data compared to the
PFO model. Therefore, it can be concluded that the pseu-
do-second order kinetic model is more suitable for the
mechanism of adsorption of methylene blue dye with ac-
tivated carbon adsorbent prepared from lotus leaves.?
Besides, the intraparticle diffusion kinetic model de-
scribes that the sorption process of methylene blue is
nonlinear and shows that more than one mechanism con-
tributes to the dye sorption on the surface of activated
carbon. The initial linear part of the figure has a higher
slope and is attributed to the film diffusion in which
methylene blue dye is transported to the adsorbent sur-
face. This step is performed at a high rate. The second lin-
ear part has a lower slope, which demonstrates dye diffu-
sion into the activated carbon.*8

3. 5. Study of Thermodynamics of Adsorption
Process

Table 5 lists the values of AG°, AH® and AS° at differ-
ent temperatures. Figure 9 also shows LnKp, versus 1/T for
the sorption of methylene blue dye using activated carbon
at different temperatures.

AG® value at 25 °C was -5.673 KJ/mol, and enthalpy
change in the range of 25-55 °C was -19.671 K]/mol,
which indicates that the methylene blue dye removal pro-
cess was spontaneous and exothermic. Also, the AG® value
using the thermodynamic study was comparable to the
value obtained by the Langmuir model (-5.112 KJ/mol).
Moreover, the value of AS° in the temperature range of
25-55 °C was equal to —47.207 KJ/mol, which shows the
irregularity and randomness of the methylene blue dye ad-
sorption process and shows the physical nature of the
methylene blue dye removal process with activated carbon
adsorbent.

kinetic models Parameter Temperature Temperature Temperature Temperature
(55°C) (45 °C) (35°C) (25°C)
R? 0.9348 0.9116 0.9129 0.8784
k; (min~1) 0.0319 0.0311 0.0334 0.0322
pseudo-first order Qe theoretical (MG/g) 2.6564 2.3094 2.1593 1.7550
eexp (MP/E) 6.078 6.178 6.256 6.364
R? 0.9995 0.9996 0.9992 0.9995
k, (g/mg.min) 0.0218 0.0254 0.0242 0.0345
pseudo-second order Qe theoretical (Mg/) 6.3451 6.4061 6.4977 6.5402
Qecxp. (M/8) 6.078 6.178 6.256 6.364
R? 0.8863 0.8366 0.8514 0.9776
Ky, (mg/gmin!?) 0.0328 0.0263 0.0213 0.0184
. A A . I; 5.6348 5.8178 5.9667 6.1099
intraparticle diffusion R 0.9712 0.977 0.8596 0.9672
Kig» (mg/gmin!?) 0.7823 0.7844 0.6711 0.8195
1, 0.7711 0.9976 1.5196 1.2754
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Figure 10. LnKp, versus 1/T diagram for the sorption of methylene
blue dye with activated carbon at different temperatures

Table 5. Values of thermodynamic parameters of methylene blue
dye adsorption by activated carbon at different temperatures.

T t K AG® AH° AS°
emperature D (KJ/moL) (KJ/moL) (KJ/moL)
25°C 9.864 -5.673
35°C 7.194 -5.055
45°C 5.575 -4.545 -19.671 -47.207
55°C 4.802 _4.78

4. Conclusion

In this study, the adsorption process of methylene
blue dye using activated carbon prepared from the lotus
leaves was performed discontinuously. To prepare activat-
ed carbon adsorbent, lotus leaves were used and SEM,
FTIR, EDAX, and BET analyses were done before and after
removal of methylene blue dye with activated carbon ad-
sorbent. BET analysis showed that the specific surface area
of activated carbon adsorbent was high. The adsorption
results showed that the highest adsorption efficiency was
obtained at pH 9, 10 ppm dye concentration, 60 min, and
25 °C, in which the adsorption efficiency was 97.59%.
Among the pseudo-first order, pseudo-second order, and
intraparticle diffusion models, the pseudo-second order
kinetic model better described the mechanism of the ad-
sorption process. Also, three isotherm models including
Langmuir, Freundlich, and Dubinin Radushkevitch (D-R)
isotherms were investigated. Among these models, the
Freundlich isotherm with a higher R? value was able to
better express the equilibrium behavior of the adsorption
process. Moreover, the highest adsorption capacity of
methylene blue dye was obtained 80 mg/g. Furthermore,
the thermodynamic study showed that the adsorption
process of methylene blue dye by activated carbon is exo-
thermic and spontaneous.
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Preucili smo odstranjevanje barvila metilensko modro iz vodnih raztopin z uporabo aktivnega oglja pripravljenega iz lo-
tusovih listov. Eksperimenti so bili izvedeni $arzno. Povr$inske lastnosti aktivnega oglja smo analizirali s pomoc¢jo SEM,
FTIR, EDAX in BET. Maksimalno adsorpcijsko uc¢inkovitost 97.59 % smo dosegli pri koncentraciji barvila 10 mg/L,
pH vrednosti 9, koncentraciji adsorbenta 4 g/L, temperaturi 25 °C, kontaktnem ¢asu 60 min in mesanju pri 400 rpm.
Maksimalna adsorpcijska kapaciteta je znasala 80 mg/g. Eksperimentalne podatke smo analizirali s kineti¢nimi modeli
psevdo-prvega in psevdo-drugega reda ter modelom znotraj del¢ne difuzije. Rezultati so pokazali najbolj$e ujemanje s
kineti¢nim modelom psevdo-drugega reda s kineti¢no konstanto v obmocju 0.0218-0.0345 g/mg.min. Ravnotezje smo
dobro opisali z Freundlichovo adsorpcijsko izotermo. Proces adsorpcije barvila metilensko modro na aktivno oglje je

spontan in eksotermni proces.
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Abstract

A green and highly efficient approach for the synthesis of 3,4-dihydropyrimidine-2(1H)-one/thione derivatives is de-
scribed. In this approach, the three-component Biginelli reaction between (thio)urea, methyl acetoacetate and aldehydes
under solvent-free condition in the presence of chitosan-silica sulfate nano hybrid (CSSNH) as a green and heterogene-
ous nano catalyst affords the corresponding products in good to excellent yields and in short reaction times. CSSNH is
a cheap, eco-friendly, and non-toxic nano catalyst that could be easily prepared, handled, and reused for many reaction
runs without significant loss of its activity.

Keywords: Chitosan-silica sulfate nano hybrid; 3,4-Dihydropyrimidines; green chemistry; heterogeneous catalysis; mul-
ticomponent reaction

1. Introduction

In recent decades, the status of environmental issues
has dramatically directed the main goal of science and
technology towards environmentally benign processes.
Among different tasks to achieve this target, replacing the
harmful solvents/catalysts with the green solvents/cata-
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Figure 1. Structure and activity of some DHPMs.

lysts and even performing the reactions in the absence of
solvent are of high significance.!> Meanwhile, multi-com-
ponent reactions (MCRs) have gained tremendous atten-
tion in comparison with established stepwise synthesis
since MCRs exhibit various significant advantages which
are in accordance with the green chemistry guidelines and
protocols.>?> MCRs afford desirable benefits such as at-
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om-efficiency, minimizing the waste and pollution, low-
cost and green transformations, simple operation, and
high yields.>* MCRs prove to be an ideal strategy for easy
and quick access to numerous heterocyclic compounds
among which 3,4-dihydropyrimidine-2(1H)-ones (DH-
PMs) derivatives have gained noticeable attention due to
their unique and promising biological profiles.*> DHPMs
display a wide spectrum of biological activities such as an-
tidiabetic, anti-inflammatory, anticancer, antimalarial, an-
tiviral, antiproliferative, antileishmanial, antihypertensive,
calcium channel modulators and antibacterial in particu-
lar antitubercular.*® In addition, DHPMs have been wide-
ly used in polymer industries, fabric dyes, and adhesives.*
They are also found as natural alkaloids in marine crea-
tures.”® The structure and the activity of several bioactive
DHPMs are shown in Figure 1.46

The rapid and straightforward method to access
3,4-dihydropyrimidine-2(1H)-ones/thiones involves the
three-component cyclocondensation of aldehyde, p-ke-
toester, and (thio)urea under acidic condition namely
known as Biginelli reaction.*® Due to the problems associ-
ated with the classical Biginelli reaction such as harsh reac-
tion conditions, low yields, and long reaction times and
also regarding to the significance of DHPMs, hence the
numerous reaction conditions using various Lewis and
Bronsted acid catalysts have been developed so far.®> To
date, a plenty of homogeneous and heterogeneous cata-
lysts such as nano BF;-Si0O,,!° Bi(IlI) supported on sili-
ca-coated Fe;O, nanoparticles,!! TiCl;OTf-[bmim]CL 2
[TEAPS]H,PMo,,04,!* CuCl,/HCL " sulfated silica tung-
stic acid,'® ErCl;-6H,0,¢ SnCl,/nano SiO,,!” L-proline ni-
trate,'® D-xylonic acid,!® Fe(OTs);-6H,0,2° NiCl,-6H,0O/
HCL2! Co@imine-Na*-montmorillonite,?> dendrimer-at-
tached phosphotungstic acid nanoparticles immobilized
on nanosilica,?> Ce(LS);,%* bentonite/PS-SO;H,?> silica
sulfuric acid,?® HClO,-SiO,,%” and the exchanged cations
in an Algerian montmorillonite?® under conventional
heating, ultrasound and microwave irradiations as well as
solvent-free conditions have been reported to achieve DH-
PMs synthesis.” Although these protocols are accompa-
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nied with several advantages; however, they suffer from
several defects such as the use of metal-based, corrosive,
toxic, expensive, non-reusable, and moisture sensitive cat-
alysts, tedious work-up and purification processes, envi-
ronmental contaminations, the use of harmful organic
solvents, inadequate yields, and also long reaction times.
Hence, their exploitation causes both economic and envi-
ronmental concerns. In addition, the use of strongly acidic
conditions has no compatibility with acid-sensitive moi-
eties. Consequently, developing an alternative, mild and
green protocol for synthesis of DHPMs which overcomes
those limitations is still a challenging issue in organic
chemistry.

Undoubtedly, catalysts play a crucial role in count-
less chemical processes. Taking the numerous advantages
of heterogeneous catalysts from both environmental and
economic points of view, the use of heterogeneous cata-
lysts has attracted a massive attention in comparison with
homogeneous catalysts from both academic and industrial
aspects. Currently, the application of natural biopolymers
is growing tremendously in different research areas espe-
cially for preparation of green heterogeneous catalysts ow-
ing to their biodegradable, biocompatible, non-toxic, and
cheap materials. To this end, polysaccharides have found
increasing applications since these biomolecules exhibit
unique chelating power and ease of chemical modifica-
tions and also due to their abundancy in the nature?
Along this line, utilizing the natural biopolymer-based cat-
alysts for synthesis of DHPMs is an attractive strategy. In
this context, the use of acidic heterogeneous catalysts in-
cluding cellulose sulfuric acid*® and starch sulfuric acid®!
has been reported in refluxing water and EtOH, respec-
tively. Lal et al. reported the synthesis of DHPM deriva-
tives of curcumin using chitosan/AcOH/H,0.>* From
both economic and ecological perspectives, utilizing the
green nano heterogeneous catalysts under solvent-free
condition is in demand. To the best of our knowledge, only
one solvent-free synthesis of DHPMs using chitosan/
graphene oxide nanocomposite has been established.*?
Hence, developing an efficient solvent-free protocol for

(sio, }-ososH

SSA

Figure 2. The structure of chitosan (CS), silica sulfuric acid (SSA) and CSSNH.
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Scheme 1. Synthesis of DHPMs using CSSNH.

synthesis of DHPMs in the presence of biopolymer-based
nano heterogeneous catalysts is still quite appealing.

Chitosan is a biodegradable, non-toxic, and cheap
natural biopolymer which can easily undergo chemical
modifications through its amine and hydroxyl functional
groups.** Accordingly, chitosan has found considerable re-
search interest in numerous fields of science and indus-
try.3>-3 Recently, we have reported the synthesis, charac-
terization, and application of chitosan-silica sulfate
nanohybrid (CSSNH) as a new, green, highly proficient,
and cheap heterogeneous nano-catalyst (Figure 2). The
high efficacy and potency of CSSNH was confirmed by its
successful applications in many organic transforma-
tions.>*~#! Inspired by the unique biological profile of DH-
PMs and our interest in multi-component reactions*>~#¢ as
well as discovering another new application for CSSNH,
hereby we report a facile and efficient protocol for synthe-
sis of 3,4-dihydropyrimidine-2(1H)-one/thione deriva-
tives via three-component reaction (3CR) of commercial
and synthetic aldehydes, (thio)urea, and methyl acetoace-
tate in the presence of CSSNH as an eco-friendly and het-
erogeneous nano catalyst at 100 °C under the solvent-free
condition (Scheme 1).

2. Experimental

All chemicals were purchased from Merck or Sig-
ma-Aldrich. CSSNH was prepared according to the re-
ported procedure.”® Solvents were purified by standard
procedures, and stored over 3 A molecular sieves. Reac-
tions were followed by TLC using SILG/UV 254 silica-gel
plates. Column chromatography was performed on silica
gel 60 (0.063-0.200 mm, 70-230 mesh; ASTM). 'H and
13C NMR spectra were recorded on Bruker Avance-
DPX-300 spectrometer operating at 300 MHz or 75 MHz,
respectively. Chemical shifts are given in § (on ppm scale)
relative to tetramethylsilane (TMS) as an internal stan-
dard, coupling constants J are given in Hz. HRMS and IR
spectra were obtained using a Bruker micrOTOF-Q 134
apparatus and a Shimadzu FT-IR-8300 spectrophotome-
ter, respectively. Melting points were measured using Elec-
trothermal IA 9000 melting point apparatus in open capil-
lary tubes and are uncorrected.

CSSNH HN/
—_—
solvent-free, 100 °C X ZaN N R
H | 56
/
4a-4s

Preparation of 3,4-Dihydropyrimidine-2(1H)-(thio)ones
4a-s

In a round bottom flask (25 mL), a mixture of
thio(urea) (6 mmol), methyl acetoacetate (5 mmol), ap-
propriate aldehyde (5 mmol), and CSSNH (0.04 g) under
solvent free condition was heated at 100 °C in a paraffin
bath. When no further improvement was observed on the
reaction progress (TLC monitoring, Table 4), the reaction
mixture was diluted with EtOH (10 mL). Subsequently, the
crude mixture was filtered off to separate the catalyst. The
catalyst was then washed with EtOH (2 x 5 mL) to remove
any substrate from CSSNH. The pure DHPM derivatives
were obtained via recrystallization from the ethanolic
solution of the reaction mixture.

Recovery of CSSNH

After accomplishment of the reaction and separation
of CSSNH, the catalyst was washed with EtOH (2 x 5 mL).
CSSNH was then dried in a vacuum oven at 50 °C for 2 h
and kept in a closed vessel in the refrigerator.

Methyl 6-Methyl-2-oxo0-4-phenyl-1,2,3,4-tetrahydropy-
rimidine-5-carboxylate (4a) C,3H,4N,0;

Recrystallization from ethanol afforded 1.18 g (96%)
4a as a white solid. Mp 208-210 °C (Lit.26 210-212 °C); 'H
NMR (300 MHz, DMSO-d,): § 2.24 (s, 3H, CH,), 3.51 (s,
3H, OCHS,), 5.12 (s, 1H, PhCH), 7.21-7.33 (m, 5H, ArH),
7.76 (s, 1H, NH), 9.23 (s, 1H, NH); 3C NMR (75 MHz,
DMSO-dy): § 17.89, 50.87, 53.85, 99.03, 126.04, 127.22,
128.42, 144.67, 148.58, 152.14, 165.88; IR (KBr): v,,,,, 3350,
3180, 2950, 1700, 1640, 1470, 1250, 1172 cm™!; HRMS:
m/z (M + H)* calculated for C,3H,,N,0O5: 247.1083, found:
247.1097.

Methyl  6-Methyl-2-oxo-4-para-tolyl-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylate (4b) C,,H;4N,0;
Recrystallization from ethanol afforded 1.22 g (94%)
4b as a white solid. Mp 199-201 °C (Lit.** 198-200 °C); 'H
NMR (300 MHz, DMSO-d,): § 2.23-2.24 (Complex, 6H,
CHj;, PhCH3), 3.50 (s, 3H, OCHj3), 5.08 (s, 1H, PhCH),
7.10 (br s, 4H, ArH), 7.71 (s, 1H, NH), 9.19 (s, 1H, NH);
13C NMR (75 MHz, DMSO-dy): 8 17.84, 20.62, 50.74,
53.45,99.05, 126.02, 128.86, 136.41, 144.63, 148.45, 152.05,
165.79; IR (KBr): v, 3250, 3125, 2964, 1698, 1629, 1438,
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1257, 1172 cm™'; HRMS: m/z (M + H)* calculated for
C4H,N,05: 261.1239, found: 261.1252.

Methyl 4-(2-Chlorophenyl)-6-methyl-2-oxo0-1,2,3,4-tet-
rahydropyrimidine-5-carboxylate (4c) C,3H,3;CIN,O;

Recrystallization from ethanol afforded 1.23 g (88%)
4c¢ as a white solid. Mp 257-259 °C (Lit.*° 256-259 °C); 'H
NMR (300 MHz, DMSO-dg): § 2.28 (s, 3H, CHj3), 3.43 (s,
3H, OCHs), 5.43 (s, 1H, PhCH), 7.26-7.40 (m, 4H, ArH),
7.72 (s, 1H, NH), 9.32 (s, 1H, NH); 1*C NMR (75 MHz,
DMSO-dy): 6 17.86, 51.97, 59.58, 98.40, 128.16, 129.09,
129.23, 129.87, 132.14, 142.25, 149.83, 151.79, 165.55; IR
(KBr): vy 3240, 3163, 2975, 1696, 1620, 1468, 1225, 1145,
748 cm™; HRMS: m/z (M + H)* calculated for C;3H;5Cl-
N,0O5: 281.0693, found: 281.0715.

Methyl 4-(2,4-Dichlorophenyl)-6-methyl-2-thioxo-1,2,
3,4-tetrahydropyrimidine-5-carboxylate (4d) C;3H;,.
CL,N,0,8

Recrystallization from ethanol afforded 1.42 g (86%)
4d as a white solid. Mp 252-254 °C; 'H NMR (300 MHz,
DMSO-dy): § 2.49 (s, 3H, CH,), 3.35 (s, 3H, OCH,), 5.43
(s, 1H, PhCH), 6.99 (br s, 2H, ArH), 7.17 (s, 1H, ArH),
7.29 (s, 1H, NH), 9.00 (s, 1H, NH); 3*C NMR (75 MHz,
DMSO-dy): § 17.78, 50.77, 51.52, 97.36, 128.09, 128.86,
130.02, 132.46, 132.62, 140.90, 149.63, 151.25, 165.30; IR
(KBr): vy 3340, 3150, 2961, 1680, 1459, 1225, 1190, 1145,
752 cm™!; HRMS: m/z (M + H)* calculated for C;5H;,Cl-
,N,0,8: 329.9997, found: 330.0018.

Methyl 4-(4-Methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4e) C,;H;4N,0,
Recrystallization from ethanol afforded 1.28 g (93%)
4e as a white solid. Mp 186-188 °C (Lit.** 187-190 °C); 'H
NMR (300 MHz, DMSO-dj): § 2.21 (s, 3H, CHs,), 3.50 (s,
3H, OCH3;), 3.69 (s, 3H, OCHj3;), 5.05 (s, 1H, PhCH), 6.85
(br s, 2H, ArH), 7.11 (br s, 2H, ArH), 7.68 (s, 1H, NH),
9.17 (s, 1H, NH); 1*C NMR (75 MHz, DMSO-dy): § 17.86,
50.64, 53.13, 54.99, 99.33, 113.73, 127.26, 136.83, 148.39,
152.19, 158.48, 165.84; IR (KBr): vy, 3300, 3170, 2981,
1693, 1618, 1455, 1237, 1148 cm™!; HRMS: m/z (M + H)*
calculated for C,,H;(N,O,: 277.1188, found: 277.1213.

Methyl 4-(4-Methoxyphenyl)-6-methyl-2-thioxo-1,2,3,
4-tetrahydropyrimidine-5-carboxylate (4f) C,,H;(N,0;S

Recrystallization from ethanol afforded 1.33 g (91%)
4f as a yellow solid. Mp 178-180 °C (Lit.'® 181-183 °C); 'H
NMR (300 MHz, DMSO-d,): 8 2.27 (s, 3H, CHs), 3.53 (s,
3H, OCH,), 3.71 (s, 3H, OCH,), 5.09 (s, 1H, PhCH), 6.87
(d,2H,J=6.0 Hz, ArH), 7.10 (d, 2H, J = 6.0 Hz, ArH), 9.63
(s, 1H, NH), 10.33 (s, 1H, NH); 3C NMR (75 MHz,
DMSO-dq): 6 17.13, 51.15, 53.32, 55.16, 100.69, 114.03,
127.66, 135.51, 145.01, 158.79, 165.69, 174.12; IR (KBr):
Vimax 3310, 3175, 2943, 1682, 1439, 1225, 1190, 1153 cm™;
HRMS: m/z (M + H)* calculated for C,,H;(N,O;S:
293.0960, found: 293.0974.

Methyl 4-(3,5-Dimethoxyphenyl)-6-methyl-2-thioxo-1,
2,3,4-tetrahydropyrimidine-5-carboxylate (4g) C;sHs-
N,O,S

Recrystallization from ethanol afforded 1.43 g (89%)
4g as a yellow solid. Mp 195-197 °C; 'H NMR (300 MHz,
DMSO-dy): 8 2.30 (s, 3H, CHs), 3.57 (s, 3H, OCH,), 3.73
(s, 6H, 2 OCHs;), 5.14 (s, 1H, PhCH), 6.69-6.72 (m, 1H,
ArH), 6.86-6.92 (m, 1H, ArH), 9.63 (s, 1H, NH), 10.34 (s,
1H, NH); 1*C NMR (75 MHz, DMSO-dy): § 17.26, 51.15,
53.45,55.34,100.11,101.11,113.96, 136.21, 145.63, 159.08,
165.83, 173.99; IR (KBr): vy 3300, 3193, 2971, 1685,
1467, 1229, 1182, 1138 cm™'; HRMS: m/z (M + H)* calcu-
lated for C;5H;sN,0,S: 323.1066, found: 323.1085.

Methyl 4-(4-(5-(Methoxycarbonyl)-6-methyl-2-ox0-1,2,
3,4-tetrahydropyrimidin-4-yl)phenyl)-6-methyl-2-
oxo0-1,2,3,4-tetrahydropyrimidine-5-carboxylate  (4h)
C0H2,N4O6

Recrystallization from ethanol afforded 1.80 g (87%)
4h as a white solid. Mp >245 °C (dec.); 'H NMR (300
MHz, DMSO-d,): 8 2.51 (s, 6H, 2 CH,), 3.36 (s, 6H, 2
OCHy,), 5.65 (s, 2H, 2 PhCH), 7.18 (br s, 4H, ArH), 7.71 (s,
2H, 2 NH), 9.24 (s, 2H, 2 NH); 3C NMR (75 MHz,
DMSO-dq): § 18.01, 51.04, 54.08, 99.29, 127.70, 144.53,
148.50, 152.12, 165.92; IR (KBr): v, 3350, 3240, 3056,
1700, 1645, 1472, 1250, 1140 cm™}; HRMS: m/z (M + H)*
calculated for C,yH,,N,O: 415.1618, found: 415.1641.

Methyl 4-(4-Butoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tet-
rahydropyrimidine-5-carboxylate (4i) C,,H,,N,0,

Recrystallization from ethanol afforded 1.46 g (92%)
4i as a white solid. Mp 173-175 °C; 'H NMR (300 MHz,
DMSO-d,): § 0.88 (t, 3H, J = 6.0 Hz, CH,CH,), 1.39-1.41
(m, 2H, CH,CH3), 1.65 (br s, 2H, OCH,CH,), 2.22 (s, 3H,
CH,), 3.51 (s, 3H, OCH,), 3.91 (s, 2H, OCH,), 5.06 (s, 1H,
PhCH), 6.84 (d, 2H, ] = 3.0 Hz, ArH), 7.09 (d, 2H, ] = 6.0
Hz, ArH), 7.68 (s, 1H, NH), 9.18 (s, 1H, NH); *C NMR
(75 MHz, DMSO-dg): 6 13.93, 17.73, 19.89, 31.79, 50.71,
53.12, 66.35, 99.32, 113.64, 127.43, 136.88, 148.22, 152.00,
158.49, 165.78; IR (KBr): vy 3342, 3225, 3080, 1694,
1627, 1459, 1241, 1126 cm™'; HRMS: m/z (M + H)* calcu-
lated for C;,H,,N,0,: 319.1658, found: 319.1679.

Methyl 4-(4-(Isopentyloxy)phenyl)-6-methyl-2-ox0-1,2,
3,4-tetrahydropyrimidine-5-carboxylate (4j) C,sH,,N,0,

Recrystallization from ethanol afforded 1.49 g
(90%) 4j as a white solid. Mp 171-173 °C; 'H NMR (300
MHz, DMSO-dg): § 0.94 (d, 6H, ] = 6.0 Hz, CH(CHa),),
1.62-1.68 (m, 2H OCH,CH,), 1.78-1.87 (m, 1H, CH,CH),
2.32 (s, 3H, CH3), 3.62 (s, 3H, OCH3;), 3.62 (t,2H, J = 6.0
Hz, OCH,), 5.35 (s, 1H, PhCH), 6.22 (s, 1H, NH),
6.77-6.88 (m, 3H, ArH), 7.18-7.26 (m, 1H, ArH), 8.82 (s,
1H, NH); 1*C NMR (75 MHz, DMSO-d,): § 17.48, 23.79,
2491, 40.09, 50.60, 53.96, 66.41, 100.17, 113.41, 127.46,
136.51, 148.77,152.16, 158.29, 165.73; IR (KBr): v,,, 340,
3231, 3076, 1699, 1620, 1455, 1228, 1139 cm™!; HRMS:
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ml/z (M + H)* calculated for C.gH,,N,0O,: 333.1814,
found: 333.1823.

Methyl 6-Methyl-4-(4-((4-methylbenzyl)oxy)phenyl)-
2-0x0-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4k)
C21H2,N,04

Recrystallization from ethanol afforded 1.66 g (91%)
4k as a white solid. Mp 250-252 °C; 'H NMR (300 MHz,
DMSO-d,): § 2.25 (s, 3H, CH,), 2.30 (s, 3H, PhCH3), 3.53
(s, 3H, OCH3;), 5.01 (s, 2H, OCH,), 5.12 (s, 1H, PhCH),
6.80-6.90 (m, 4H, ArH), 7.18-7.31 (m, 4H, ArH), 7.76 (s,
1H, NH), 9.24 (s, 1H, NH); 3C NMR (75 MHz, DM-
SO-dg): § 17.29, 20.37, 50.67, 53.72, 70.29, 100.09, 115.26,
127.70, 128.70, 129.71, 134.81, 135.94, 136.78, 148.92,
152.50, 158.28, 165.49; IR (KBr): vy, 3337, 3250, 3041,
1693, 1617, 1469, 1240, 1125 cm™'; HRMS: m/z (M + H)*
calculated for C,;H,,N,0,: 367.1658, found: 367.1679.

Methyl 4-(3-(Benzyloxy)phenyl)-6-methyl-2-oxo-1,2,
3,4-tetrahydropyrimidine-5-carboxylate (41) C,,H,,N,O,

Recrystallization from ethanol afforded 1.56 g (89%)
41 as a white solid. Mp 196-198 °C; 'H NMR (300 MHz,
DMSO-d,): § 2.26 (s, 3H, CH,), 3.52 (s, 3H, OCHs,), 5.07
(s,2H, OCH,), 5.10 (s, 1H, PhCH), 6.95 (d, 2H, ] = 6.0 Hz,
ArH), 7.14 (d, 2H, ] = 9.0 Hz, ArH), 7.32-7.42 (m, 5H,
ArH), 7.73 (s, 1H, NH), 9.23 (s, 1H, NH); 1*C NMR (75
MHz, DMSO-dg): § 17.20, 50.41, 53.67, 69.87, 100.66,
111.47, 112.57, 118.49, 127.16, 127.70, 128.76, 129.57,
136.58, 147.13, 149.32, 152.56, 159.31, 165.25; IR (KBr):
Vmax 3300, 3227, 3065, 1700, 1626, 1453, 1250, 1129 cm™;
HRMS: m/z (M + H)* calculated for C,;H,)N,Oy:
353.1501, found: 353.1512.

Methyl 4-(2-Methoxy-4-phenethoxyphenyl)-6-methyl-
2-0x0-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(4m) C5,HyN,05

Recrystallization from ethanol afforded 1.68 g (85%)
4m as a white solid. Mp 193-195 °C; 'H NMR (300 MHz,
DMSO-d,): § 2.24 (s, 3H, CH,), 3.03 (t, 2H, J = 6.0 Hz,
PhCH,), 3.54 (s, 3H, OCH,), 3.74 (s, 3H, PhAOCHj), 4.07
(t, 2H, J = 6.0 Hz, OCH,), 5.26 (s, 1H, PhCH), 5.99 (s, 1H,
NH), 6.68-6.75 (m, 3H, ArH), 7.13-7.28 (m, 5H, ArH),
8.52 (s, 1H, NH); 1*C NMR (75 MHz, DMSO-dg): § 17.45,
34.98, 50.25, 53.30, 54.07, 69.96, 100.56, 101.25, 115.20,
126.56, 127.66, 128.51, 128.62, 135.47, 137.174, 148.96,
152.88, 157.07, 158.08, 164.93; IR (KBr): vy, 3350, 3215,
3027, 1698, 1635, 1477, 1241, 1117 cm™'; HRMS: m/z (M +
H)* calculated for C,,H,4N,Os: 397.1763, found: 397.1775.

Methyl 4-(4-(4-(1,3-Dioxoisoindolin-2-yl)butoxy)phe-
nyl)- 6-methyl-2-0x0-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (4n) C,;H,5N304

Recrystallization from ethanol afforded 2.17 g (94%)
4n as a white solid. Mp 134-136 °C; 'H NMR (300 MHz,
DMSO-dy): § 1.82 (br s, 4H, OCH,CH,CH,), 2.31 (s, 3H,
CH,), 3.64 (s, 3H, OCH,), 3.73-3.75 (m, 2H, NCH,),

3.93-3.95 (m, 2H, OCH,), 4.94 (s, 1H, PhCH), 6.34 (s, 1H,
NH), 6.71 (d, 2H, J = 9.0 Hz, ArH), 7.15 (d, 2H, ] = 9.0 Hz,
ArH), 7.70-7.83 (m, 4H, ArH), 8.70 (s, 1F{, NH); *C NMR
(75 MHz, DMSO-dg): 6 17.63, 29.41, 32.46, 37.77, 50.37,
52.95,67.00,100.05,113.32,123.13,127.30, 132.33, 133.92,
135.05, 148.76, 152.37, 158.44, 165.72, 168.15; IR (KBr):
Vimax 3346, 3229, 3050, 1700, 1642, 1466, 1240, 1124 cm™;
HRMS: m/z (M + H)* calculated for C,5H,5N;O4:
464.1822, found: 464.1850.

Methyl 4-(4-(4-(1,3-Dioxoisoindolin-2-yl)butoxy)phe-
nyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydropyrimidi-
ne-5-carboxylate (40) C,5H,5N;05S

Recrystallization from ethanol afforded 2.20 g (92%)
40 as a white solid. Mp 130-132 °C; 'H NMR (300 MHz,
DMSO-d;): § 1.89-1.96 (m, 2H, NCH,CH,), 2.22 (s, 3H,
CH3;), 2.40-2.44 (m, 2H, OCH,CH,), 3.50 (s, 3H, OCHj;),
3.91-3.94 (m, 2H, NCH,), 4.01-4.07 (m, 2H, OCH,), 5.06
(s, 1H, PhCH), 6.56 (d, 2H, J = 6.0 Hz, ArH), 6.83 (d, 2H, ]
=6.0 Hz, ArH), 7.10 (d, 2H, ] = 6.0 Hz, ArH), 7.33 (d, 2H,
J = 6.0 Hz, ArH), 7.69 (s, 1H, NH), 9.18 (s, 1H, NH); 13C
NMR (75 MHz, DMSO-d,): § 17.88, 30.23, 32.89, 37.93,
50.54, 53.21, 67.25, 100.34, 113.80, 123.36, 127.41, 132.62,
134.02, 135.12, 147.88, 158.54, 156.69, 168.24, 174.10; IR
(KBr): Vpax 3380, 3260, 3029, 1647, 1452, 1185, 1137 cm™};
HRMS: m/z (M + H)* calculated for C,5H,5N;0;S:
480.1593, found: 480.1620.

Methyl  4-(4-(4-(4-Allyl-2-methoxyphenoxy)butoxy)
phenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-
5-carboxylate (4p) C,,H3,N,04

Recrystallization from ethanol afforded 2.18 g (91%)
4p as a white solid. Mp 145-147 °C; 'H NMR (300 MHz,
DMSO-dy): § 1.91 (br s, 4H, OCH,CH,CH,), 2.27 (s, 3H,
CH,), 3.25 (d, 2H, ] = 6.0 Hz, PhCH,), 3.55 (s, 3H, OCH,),
3.76 (s, 3H, OCH3;), 3.92-4.01 (m, 4H, 2 OCH,), 4.97-5.04
(m, 2H, =CH,), 5.27 (s, 1H, PhCH), 5.82-5.95 (m, 1H,
=CH), 6.62 (d, 2H, J = 6.0 Hz, ArH), 6.73-6.76 (m, 3H,
ArH), 7.13-7.19 (m, 3H, NH, ArH), 8.11 (s, 1H, NH); 3C
NMR (75 MHz, DMSO-d): § 17.83, 30.01, 32.56, 39.91,
50.72, 53.28, 55.83, 67.09, 68.83, 100.08, 111.97, 112.58,
113.78, 115.57, 120.68, 127.25, 132.67, 136.89, 137.92,
148.00, 148.31, 149.64, 152.06, 158.50, 165.85; IR (KBr):
Vimax 3350, 3200, 3046, 1694, 1625, 1448, 1223, 1165 cm™};
HRMS: m/z (M + H)* calculated for C,;H;,N,O¢:
481.2339, found: 481.2365.

Methyl  4-(3-(4-(4-Allyl-2-methoxyphenoxy)butoxy)
phenyl)-6-methyl-2-o0x0-1,2,3,4-tetrahydropyrimi-
dine-5-carboxylate (4q) C,,H3,N,04

Recrystallization from ethanol afforded 2.09 g (87%)
4q as a white solid. Mp 141-143 °C; 'H NMR (300 MHz,
DMSO-d,): § 1.84 (br s, 4H, OCH,CH,CH,), 2.24 (s, 3H,
CH,), 3.29 (m, 2H, PhCH,), 3.53 (s, 3H, OCHs,), 3.72 (s,
3H, OCH3;), 3.96-3.99 (m, 4H, 2 OCH,), 5.00-5.11 (Com-
plex, 3H, PhCH, = CH,), 5.90-5.96 (m, 1H, =CH),
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6.67-6.87 (m, 6H, ArH), 7.22 (s, 1H, ArH), 7.74 (s, 1H,
NH), 9.22 (s, 1H, NH); 1*C NMR (75 MHz, DMSO-dy): §
17.78, 30.06, 32.51, 39.87, 50.73, 53.37, 55.82, 67.04, 68.79,
100.16, 111.75, 111.80, 112.44, 112.61, 115.59, 118.77,
120.67, 129.71, 132.62, 138.03, 146.91, 148.03, 148.35,
149.61, 152.05, 159.40, 165.72; IR (KBr): v, 3347, 3215,
3081, 1697, 1613, 1463, 1228, 1170 cm™'; HRMS: m/z (M +
H)* calculated for C,;H3,N,O4: 481.2339, found: 481.2370.

Methyl 4-(3-(4-(4-Chlorophenoxy)butoxy)phenyl)-
6-methyl-2-o0xo0-1,2,3,4-tetrahydropyrimidine-5-car-
boxylate (4r) C,3H,5CIN,O5

Recrystallization from ethanol afforded 1.97 g (89%)
4r as a white solid. Mp 162-164 °C; '"H NMR (300 MHz,
DMSO-d,): § 1.83 (br s, 4H, OCH,CH,CH,), 2.22 (s, 3H,
CH,), 3.51 (s, 3H, OCH,), 3.99 (m, 4H, 2 OCH,), 5.08 (s,
1H, PhCH), 6.75-6.81 (m, 3H, ArH), 6.93 (d, 2H, ] = 6.0
Hz, ArH), 7.20 (d, 1H, J = 5.4 Hz, ArH), 7.28 (d, 2H, ] = 6.0
Hz, ArH), 7.73 (s, 1H, NH), 9.21 (s, 1H, NH); 3*C NMR
(75 MHz, DMSO-d): § 17.85, 28.54, 29.64, 50.60, 53.20,
65.50, 66.86,100.13,111.65,112.43,116.10, 118.46, 125.52,
129.38, 129.72, 147.06, 148.36, 152.28, 157.98, 159.37,
165.72; IR (KBr): vp,. 3360, 3200, 3044, 1700, 1625, 1450,
1231, 1164, 758 cm™'; HRMS: m/z (M + H)* calculated for
C,3H,sCIN,Os: 445.1530, found: 445.1549.

Methyl  4-(3-(4-(4-Chloro-3-methylphenoxy)butoxy)
phenyl)-6-methyl-2-ox0-1,2,3,4-tetrahydropyrimidine-
5-carboxylate (4s) C,4,H,,CIN,O5

Recrystallization from ethanol afforded 1.99 g (87%)
4s as a white solid. Mp 170-172 °C; 'H NMR (300 MHz,
DMSO-dy): § 1.84 (br s, 4H, OCH,CH,CH,), 2.24 (s, 3H,

CH,), 2.27 (s, 3H, PhCH,), 3.52 (s, 3H, OCHj), 3.99 (m,
4H, 2 OCH,), 5.10 (s, 1H, PhCH), 6.77-6.82 (m, 4H, ArH),
6.94 (s, 1H, ArH), 7.20-7.28 (m, 2H, ArH), 7.75 (s, 1H,
NH), 9.23 (s, 1H, NH); *C NMR (75 MHz, DMSO-dy): §
17.88, 19.87, 28.48, 30.00, 50.74, 53.39, 65.51, 67.20,
100.00, 111.40, 112.57, 114.32, 114.47, 118.69, 129.23,
129.70, 130.68, 133.32, 147.06, 148.38, 152.30, 155.52,
159.19, 165.61; IR (KBr): v, 3400, 3250, 3083, 1697,
1618, 1472, 1230, 1169, 750 cm™!; HRMS: m/z (M + H)*
calculated for C,,H,,CIN,Os: 459.1687, found: 459.1708.

3. Results and Discussion

To perform the efficient synthesis of DHPMs, our ini-
tial effort was focused on finding the optimized reaction
conditions. Thus, the three-component reaction of urea,
methyl acetoacetate and benzaldehyde in the presence of
CSSNH was selected as the sample reaction to afford meth-
yl 6-methyl-2-oxo0-4-phenyl-1,2,3,4-tetrahydropyrimi-
dine-5-carboxylate (4a). Then, the effects of diverse param-
eters like type of solvent and temperature were studied on
the reaction progress (Table 1). Performing the reaction in
the absence of solvent is one of the significant aspects of
green chemistry. In this regard, the synthesis of DHPM 4a
was studied under solvent-free condition. As shown in Ta-
ble 1, when the reaction was carried out at room tempera-
ture, only 57% of 4a was obtained after prolonging the reac-
tion time up to 12 h (entry 1). Regarding to imperative role
of the temperature on the reaction progress, we examined
the solvent-free synthesis of 4a at different temperatures
(Table 1, entries 1-7). Remarkably, raising the reaction tem-

Table 1. The effect of solvents and temperature for synthesis of 4a.*

CHO
A T CSSNH HN
J + HzN s NHQ + —_—— e J\ -
~ solvent, A(°C) o7 a \K\:J
4a &

Entry Solvent Temperature (°C) Time (h) Yield ® (%)

1 solvent-free r.t. 12 57

2 solvent-free 70 7 83

3 solvent-free 80 4.5 86

4 solvent-free 90 3 91

5 solvent-free 100 2 96

6 solvent-free 110 2 96

7 solvent-free 120 2 94

8 MeCN reflux 8 50

9 DME 100 8 45
10 toluene reflux 10 36
11 H,0 reflux 5 82
12 PEG 400 100 5 84
13 EtOH reflux 5 87

2Reaction condition: benzaldehyde (5 mmol), methyl acetoacetate (5 mmol), urea (6 mmol), CSSNH

(0.04 g). ® Isolated yield.
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perature resulted in higher yields of 4a in shorter reaction
times. The best result was gained when the synthesis of 4a
was achieved at 100 °C (entry 5). Practically, further incre-
ment of the reaction temperature up to 120 °C afforded no
more considerable improvement in reaction efficacy (en-
tries 6, 7). To demonstrate the efficiency of CSSNH under
solvent-free condition, the synthesis of 4a was also achieved
using different solvents (Table 1, entries 8-13). Using
MeCN, DME, and toluene as the solvent affords low to
moderate yields of 4a (entries 8-10). As the results in Table
1 indicate, H,O, PEG 400, and EtOH led to the synthesis of
4a in 82-87% yields in longer reaction times (entries 11—
13). These results confirm the remarkable efficiency of
CSSNH for green and solvent-free synthesis of DHPMs.
The catalyst has undeniable role for progress of 3CR
synthesis of DHPMs. Accordingly, the effect of different
loaded amounts of CSSNH was evaluated on the progress
of the sample reaction (Table 2). As shown in Table 2, in
the absence of CSSNH, only 15% of 4a was produced even
after prolonging the reaction time up to 24 h (Table 2, en-
try 1). However, increasing the amount of CSSNH consid-
erably affects the reaction progress (entries 2 and 3). The
desired DHPM 4a was efficiently obtained when the reac-

tion was carried out using 0.04 g of the catalyst (entry 4).
No distinguishable improvement was observed when the
amount of CSSNH was enhanced from 0.04 g up to 0.06 g
(entries 5 and 6). Hence, 0.04 g of the catalyst was success-
fully used for synthesis of various DHPMs using CSSNH.

To realize the efficiency and limitations of the pres-
ent protocol, we compared our obtained data with some
previously reported results for synthesis of DHPM 4a (Ta-
ble 3). As the results in Table 3 demonstrate, the reactions
were performed in the presence or absence of solvent at
different temperatures. In most methods, the lower yields
of 4a were obtained except entry 7 which uses acidic cata-
lyst in refluxing EtOH. In general, the present method
proved to be a smart choice for synthesis of DHPM deriv-
atives. The activity of SSA, and chitosan alone was also
compared with that of CSSNH using optimized reaction
conditions (Table 3, entries 8-10). Practically neither pa-
rental SSA nor chitosan are as efficient as CSSNH for sol-
vent-free 3CR synthesis of DHPMs.

After optimizing the reaction conditions, we ex-
plored the versatility and generality of the present method
for synthesis of structurally diverse 3,4-dihydropyrimi-
dine-2(1H)-one/thione derivatives. Accordingly, 3CRs be-

Table 2. The effect of catalyst amount for synthesis of 4a.?

CHO
)OL CSSNH (X g) HN
+ . + —_—
izt i3 solvent-free, 100 °C o N N
4a
Entry CSSNH (X g) Time (h) Yield ® (%)

1 - 24 15
2 0.02 7 61
3 0.03 4 83
4 0.04 2 96
5 0.05 2 96
6 0.06 1.8 93

2 Reaction conditions: benzaldehyde (5 mmol), methyl acetoacetate (5 mmol), urea (6

mmol), CSSNH (X g). ® Isolated yield.

Table 3. Synthesis of 4a under various conditions.

Entry Rt Catalyst and conditions Time (min) Yield (%)
133 GO-Chitosan, solvent-free, 110 °C 10 86
247 [Btto][p-TSA], solvent-free, 90 °C 30 89
32 Dendrimer-PWA?, solvent-free, 80 °C 40 91
424 Dendrimer-PWA®, EtOH, 50 °C, ultrasound irradiation 10 90
548 Isopolyoxomolybdate, solvent-free, 110 °C 19 92
613 [TEAPS]H,PMo,,0,, solvent-free, 105 °C 15 91
7 26 SSA, EtOH, reflux 360 96
8- SSA, solvent-free, 100 °C 120 83
9- Chitosan, solvent-free, 100 °C 120 79

10 Thiswork  CSSNH, solvent-free, 100 °C 120 96

2 Isolated yield.
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Table 4. Synthesis of 4a-s using CSSNH.* Continued on next page

Entry Ref Product® Product Number Time (h) Yield © (%)
126 - 4a 2 96
HN OMe
O..,'\HJ\©
2% 4b 2 94
HN OMe
aach
H
34 ] 4c 2.5 88
HN Ol
0
H
cl
4 4d 2.5 86
HN
SGT}“‘NJD\
H
cl cl
54 4e 2 93
OMe
618 4f 2 91
OMe
7 4g 2 89
OMe
OMe
8 4h 2.5 87
9 4i 2 92
10 4 2 90
’ H /\/J\
o
11 4k 2.5 91
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Continued
Entry Ref Product ® Product Number Time (h) Yield € (%)
12 41 2.5 89
HN e
o N’J\ e OJ\\/H
Y
13 4m 2.5 85
HN™
o/lu R =
MeO/ g \/\\“/
14 4n 2.5 94
HN™
o A O,
° NJ\H . 1 Q
g Ny
o]
15 40 2.5 92
-
- Q o
J\T\j oY
g N \
o}
16 4p 25 91
H /
Ej\ PN P O\/‘\\
/L\/R/\
17 = “\{ 4q 2.5 87
/\ O ’Q/
OMe
18 o 4r 2.5 89
HNT S
,:ix_ J\/\ .0 PN Q
N Y o
U
19 4s 2.5 87

e

I o

a Reaction condition: benzaldehyde (5 mmol), methyl acetoacetate (5 mmol), urea (6 mmol), CSSNH (0.04 g), 100 °C.? All
products were characterized by different techniques. € Isolated yield. ¢ Two equivalents of urea and methyl acetoacetate were

used.

tween (thio)urea, methyl acetoacetate and different alde-
hydes were carried out in the presence of CSSNH under
the solvent-free condition at 100 °C to produce the desired
products 4a-s in good to excellent yields and also in short
reaction times (Table 4).

Obviously, CSSNH proved to be a suitable, green,
and heterogeneous nano catalyst that effectively catalyzes
the synthesis of dihydropyrimidine derivatives 4. As
shown in Table 4, current protocol also works well with
different functional groups present in the structure of al-

dehydes. In addition, the sterically hindered ortho-substi-
tuted aldehydes were successfully converted to the corre-
sponding dihydropyrimidine derivatives in short reaction
times and with satisfactory yields (Table 4, entries 3, 4, and
13). The reaction of terephthalaldehyde with 2 equivalents
of urea and methyl acetoacetate afforded the desired prod-
uct 4h in 87% yield (Table 4, entry 8). In addition to com-
mercially available aldehydes, several synthetic aldehydes
were also employed to synthesize functionalized DHPMs
as potential chemotherapeutic agents. These aldehydes

Behrouz et al.:
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were pre-synthesized via Sy2-type reaction of the appro-
priate hydroxybenzaldehydes with proper alkyl halides.
The biological activities of the synthesized compounds are
currently under investigation and will be reported in due
course.

The recyclability and reusability of the catalyst is an-
other important feature of a green and environmentally
friendly method for organic transformations. Thus, the re-
usability of CSSNH was investigated by its application in
five consecutive reactions of model substrates under opti-
mized conditions. To this end, after achieving the first run
of 4a synthesis, CSSNH was separated from the reaction
mixture using a sintered glass funnel, washed continuous-
ly with EtOH (2 x 5 mL), and dried in a vacuum oven at 50
°C for 2 h. The recycled and recovered catalyst was then
applied for the next run while no fresh CSSNH was added
to the reaction flask. The result of this study is presented in
Figure 3.

100 4 96% 96%
o 93% 919% 89%
80
70
g 60
- 50
<
%= 40 A
30 A
20 A
10 4
o 4
1 2 3 4 5
Run no.

Figure 3. The reusability of CSSNH for synthesis of 4a.

Practically, the ease of recovery and stability of
CSSNH enable its adequate reusability potential. Thus,

CSSNH eftectively catalyzes at least five sequential reac-
tion runs while no substantial decline of its catalytic was
observed. Moreover, the IR spectrum of reused catalyst
after five successive reaction runs is very similar to that
of the fresh CSSNH (Figure 4). Apparently, the function-
ality and nature of CSSNH remain intact which in turn
proves the stability of this sustainable and eco-friendly
catalyst.

Eventually after elucidating the optimized condition,
we were interested to investigate the applicability of this
green protocol on a large scale. Consequently, the 3CR of
model substrates was conducted on a 70 mmol scale under
the optimized conditions which furnished the correspond-
ing DHPM 4a in 90% yield.

A plausible mechanism for synthesis of DHPMs us-
ing CSSNH as catalyst is outlined in Scheme 2. Hence, the
treatment of CSSNH with aldehyde 1 affords the activat-
ed intermediate I which undergoes the nucleophilic addi-
tion of (thio)urea to form intermediate II, followed by
dehydration and formation of the acyl imine intermedi-
ate IT1.°° Simultaneously, activation of p-ketoester 3 using
CSSNH affords the enol tautomer 3’ as the nucleophilic
species to attack the acyl imine intermediate III which
results in the ureide intermediate IV. Subsequent intra-
molecular cyclization of intermediate I'V followed by de-
hydration of intermediate V in the presence of CSSNH
affords the corresponding DHPM 4. It is worth mention-
ing that, beside the presence of numerous active ammo-
nium residues in the structure of catalyst, there are plenty
of other distributed functional groups such as amine and
hydroxyl on the surface of CSSNH that can activate the
substrates and intermediates through the hydrogen
bonding interactions. This unique property makes
CSSNH as a good candidate for achieving various organic
reactions in the presence of a green and efficient hetero-
geneous nano catalyst.

70

60

50

40

-
R
30
20
e CSSNH 10
= CSSNH after 5 runs
0
3500 3000 2500 2000 1500 1000 500

1/em

Figure 4. FTIR spectra of fresh CSSNH and recycled CSSNH after five consecutive runs.

Behrouz et al.: Chitosan-silica Sulfate Nano Hybrid:

383



384 Acta Chim. Slov. 2021, 68, 374-386
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| CHO
i e
H \ —G =
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( )—NH, O\S,O_O »
o
®@ © CSSNH ® ©
o)
—NH, Oy~ -9 —NH, o\SfO_O
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x H I

CSSNH
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Scheme 2. A plausible mechanism for synthesis of DHPMs using CSSNH.

4. Conclusion

In summary, we have described a green and facile pro-
tocol based on Biginelli reaction for synthesis of 3,4-dihy-
dropyrimidine-2(1H)-one/thione derivatives. In this proto-
col, three-component reaction of commercial and synthetic
aldehydes with (thio)urea and methyl acetoacetate under
the solvent-free condition in the presence of CSSNH affords
the corresponding dihydropyrimidine derivatives in good to
excellent yields. The use of a green and heterogeneous nano
catalyst, simple operation, cheapness, feasibility on large
scale synthesis, elimination of organic solvents and avoid-
ance of strong acidic conditions as well as no need to use
toxic transition metals make this method attractive to devel-
op structurally divers DHPMs which are important building
blocks in medicinal chemistry and industry.
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Povzetek

V prispevku opisujemo zelen in visoko uéinkovit pristop k sintezi 3,4-dihidropirimidin-2(1H)-onskih oz. -tionskih de-
rivatov. Naga strategija vkljucuje trokomponentno Biginellijevo reakcijo med (tio)se¢nino, metil acetoacetatom in al-
dehidi pod pogoji brez prisotnosti topil ob dodatku hitosan-silikatno sulfatnega nano hibrida (CSSNH) kot zelenega,
heterogenega nano katalizatorja. Optimizirani pogoji omogocajo tvorbo ustreznih produktov v kratkih reakcijskih ¢asih
z dobrimi do odli¢nimi izkoristki. CSSNH je cenen, okolju prijazen in nestrupen nano katalizator, ki ga lahko enostavno
pripravimo in z njim rokujemo, mozna pa je tudi ponovna uporaba brez bistvene izgube aktivnosti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

A kinetic and mechanistical studies of the new pathway for competitive transformation of ethylene glycol by alumina and
silica gel have been described. Commercial alumina (Al com), synthetic alumina (Al syn), commercial silica gel (Si com)
and synthetic silica gel (Si syn) were used for the transformation of ethylene glycol to a mixture of diethylene glycol, 1,4-di-
oxane and 2-methyl-1,3-dioxolane via acetaldehyde by heating at 150 °C under autogenous pressure without solvent. The
results show that the yield of these three products strongly depends on the nature of the used catalyst and the reaction time.

Keywords: Dioxolanes; ethylene glycol; dimerization; acetalization; environmental effects; kinetic studies

1. Introduction

In recent years, the use of silica gel as a catalyst in en-
vironmentally friendly conditions became an interesting
topic for investigations in organic chemistry reactions. In
the same way, the use of pollutant and harmful organic sol-
vents has been replaced by solvent-free reactions which be-
came very advantageous alternatives.!”> However, protic
acids are well-known to suffer from a number of shortcom-
ings, including their corrosive and noxious nature.** The
recent move towards green chemistry has seen silica gel and
alumina gradually replacing mineral acids in the synthesis of
organic compounds. Indeed, these non-polluting heteroge-
neous catalysts possess numerous advantages such as ready
availability, efficient recycling, low cost and ease of separa-
tion from crude reaction mixtures by simple filtration.5
For example, the condensation of epoxystyrene with benzyl-
methylamine, the cyclization of enones, the vinylogous Mi-
chael double additions, the transformation of 1-amino-2-ke-
toesters and of 4-amino-3,4-dihydro-2H-1,4-thiazines have
all been carried out in the presence of silica gel>!! Alumina
also catalyses the oxidation of alcohols to ketones by trichlo-

roacetic acid, the dehydration of alcohols to alkenes, the syn-
thesis of isoxazolines and of 1,2-aminoalcohols.>"'7 Eth-
ylene glycol is frequently used in organic synthesis to protect
aldehydes and ketones, enabling other functional groups in
the molecule to undergo chemoselective transformations.
These acetalization and ketalization reactions are typically
carried out in ecologically harmful organic solvent, in the
presence of noxious protic acids at various temperatures,
and typically, at atmospheric pressure.!3-20

In this work, we have continued our investigation on
the use of silica gel in chemical reactions,'>14 so we have
been led to advance a new method of the synthesis of
2-methyl-1,3-dioxolane (5) by the conversion of ethylene
glycol on solid catalysts such as silica gel and alumina
while meeting the requirements of green chemistry.

2. Experimental

2. 1. General

NMR spectra were recorded on a Bruker AC spec-
trometer ('H at 300 MHz and '3C at 75 MHz) in CDCl,
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solution. The chemical shift (8) of the signals described is
expressed in ppm relative to TMS taken as the internal ref-
erence. The following abbreviations are used: s: singlet, d:
doublet, t: triplet, m: multiplet, 1: large. The coupling con-
stants (J) are expressed in Hz. The reagents were from Al-
drich. The silica gel was commercial type Merck 60 (70-230
mesh) and alumina was an Aldrich commercial product. In
all experiments, ethylene glycol (1) present in the crude re-
action product was removed by adding water to the crude
reaction mixture. After the treatment, the mixture of car-
bonyl compounds 4 and 2-methyl-1,3-dioxolane (5) was
recovered. The yields of products 5 were estimated from
the 'H and '*C NMR spectra of the crude reaction mixtures
using an internal reference in order to avoid their decom-
position during chromatographic purification, as reported
in the other work.2! Compounds 2, 3 and 5 were identified
by comparing their 'H and '*C NMR spectra with authen-
tic samples marketed by Aldrich. We used the following
abbreviations in the text: Si syn: synthetic silica gel, Si com:
commercially available silica gel, Al syn: synthetic alumina,
Al com: commercially available alumina.

2. 2. Synthesis of 2-Methyl-1,3-dioxolane (5)
Using Sulfuric Acid

Procedure at atmospheric pressure. Ethylene glycol
(1) (7.67 g, 124 mmol) and H,SO, (4% by mass) were
placed in a flask (50 mL) equipped with a reflux condenser
and then heated at 196 °C for 3 h. After cooling, 20 mL of
water was added to the crude mixture to remove residual
ethylene glycol. The aqueous solution was extracted with
diethyl ether (3 x 50 mL). The organic phases were com-
bined and then dried over MgSO,. After filtration and
evaporation of the ether in vacuo, the mixture of 2 and 3
was recovered. The yields of products 2 and 3 are displayed
in Table 1.

Procedure under pressure. Ethylene glycol (1) (7.67
g, 124 mmol) and H,SO, (4% by mass) were placed in an
autoclave (100 mL). The sealed reactor was heated at 150
°Cfor 3 h or for 24 h. After cooling, the residue was treated
in the same manner as described above. The yields of
products 2 and 3 are listed in Table 1.

2. 3. Synthesis of 1,3-Dioxolanes by Silica Gel

Procedure at atmospheric pressure. Ethylene glycol
(1) (7.67 g, 124 mmol) and 0.1 g of silica gel were placed in
a flask (50 mL) equipped with a reflux condenser and the
whole was heated at 196 °C for 120 h. After cooling and
separating the silica gel by filtration, the residue was treat-
ed in the same manner as described above. Diethylene gly-
col (2) was obtained in a yield of 1% (Table 1).

Procedure under pressure. Ethylene glycol (1) (7.67
g, 124 mmol) and 0.1 g of silica gel were placed in an auto-
clave (100 mL). The sealed reactor was heated to 150 °C for
various amounts of time. After cooling and separating the

silica gel by filtration, the residue was treated in the same
manner as described above. The yields of products 2 and 5
are listed in Table 1.

2. 4. Reaction Under Atmospheric Pressure

In a ground-glass flask equipped with a refrigerant
and a magnetic stirrer, ethylene glycol (1) (6.9 mL, 7.68 g,
0.124 mmol) was introduced to which 0.307 g (1.3% by
mass) of concentrated sulfuric acid was added. The mix-
ture was heated under reflux for 1 h and 3 h and under at-
mospheric pressure. After cooling to room temperature,
20 mL of water was added to the reaction crude to remove
ethylene glycol (1). The aqueous phase was extracted by
diethyl ether (3 x 20 mL) and then the organic phase was
dried over MgSO,. After filtration and evaporation of the
solvent under vacuum, the mixture of diethylene glycol (2)
and 1,4-dioxane (3) was recovered.

2. 5. Autogenous Pressure Reaction

Ethylene glycol (1) (6.9 mL, 7.68 g, 0.124 mmol) and
concentrated sulfuric acid (0.307 g, 1.3% by weight) were
placed in a sealed autoclave and the mixture was heated to
150 °C (oil bath temperature) under autogenous pressure
for varying times. After cooling the reactor to room tem-
perature, 20 mL of water was added to the filtrate to re-
move the remaining ethylene glycol (1) in the reaction
mixture. The aqueous phase was extracted by diethyl ether
(3 x 20 mL) and then the organic phase was dried over
MgSO,. After filtration and evaporation of the solvent un-
der vacuum, the mixture of diethylene glycol (2) and
1,4-dioxane (3) was recovered.

2. 6. Preparation of Synthetic Silica

Synthetic silica (Si syn) was obtained by precipitating
the silica from a sodium silicate solution of concentration
[Si] = 1.667 mol - L™! by adding, drop by drop and with
agitation, 2M HCl until a pH of 4 was reached. Si syn silica
was recovered after successive washing to remove sodium
chloride and drying at a temperature of 100 °C for a few
hours. Sodium silicate was obtained by alkaline fusion of
extra-silica sand, originating from the Safi region in Mo-
rocco, with sodium carbonate with a SiO,/Na,O ratio of 1.

2.7. Preparation of Synthetic Silica

The procedure followed is similar to the method de-
scribed by Noor Abdulateef Ghulam.??

2. 8. Reaction of Catalysts on Ethylene Glycol
(1)

Ethylene glycol (1) (7.68 g, 124 mmol) and the cata-
lyst (0.1 g, 1.3% by weight) were placed in a sealed auto-
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clave and heated to 150 °C (oil bath temperature) under
autogenous pressure for varying times. After cooling the
reactor to room temperature, the catalyst was separated by
filtration. 20 mL of water was added to the filtrate to re-
move the remaining ethylene glycol (1) in the reaction
mixture. The aqueous phase was extracted by diethyl ether
(3 x 20 mL) and then the organic phase was dried over
MgSO,. After filtration and evaporation of the solvent un-
der vacuum, a mixture of diethylene glycol (2), 1,4-diox-
ane (3) and 2-methyl-1,3-dioxolane (5) was recovered.

3. Results and Discussion

It is known that distillation of ethylene glycol (1) in
the presence of sulfuric acid in small proportions (4% by
mass) leads to three products.?*-?> 1,4-Dioxane (3) is the
majority product of this reaction while diethylene glycol
(2), acetaldehyde (4) and 2-methyl-1,3-dioxolane (5) are
obtained in low yields (Scheme 1).

From our part, we have shown in this work that the
heating of this same mixture at high temperatures for 2 h
and under different pressures and with three different ac-
ids, i.e. formic acid, acetic acid and sulfuric acid, allows the
formation of diethylene glycol (2) as the majority product
(Table 1, entries 1, 3 and 5). It is noted that the prolonga-

[OH
OH

1

Catalyst

Scheme 1.

- 0 ° )\
Ivent J/ \L Ej g P
no solven
HO OH o L
2 3

tion of the duration of the heating of this reaction mixture
from 2 h to 2 days considerably increased the yield of di-
mer 2 while keeping 1,4-dioxane (3) as a minor product of
this reaction, whereas acetaldehyde (4) and 2-meth-
yl-1,3-dioxolane (5) were not obtained (Table 1, entries 2,
4 and 6). However, the best results were obtained using
sulfuric acid as the catalyst.

These unexpected results then motivated us to gener-
alize this type of conversion by using imported and com-
mercial solid catalysts, such as commercial silica gel (Si
com) (Aldrich) and alocal catalyst such as inexpensive syn-
thetic Moroccan silica (Si syn) and easy to prepare from
sand originating from the sea side of Safi in Morocco, while
the alumina is commercial (Al com) (Aldrich) (Table 2),
also alumina (Al syn) was synthesised following the stan-
dard procedure published by Ghulam.?? It is interesting to
note that these three heterogeneous solid catalysts exhibit
Bronsted and Lewis acidic sites at their active surfaces.

The cation exchange capacities (CEC) then make it
possible to classify in decreasing order of reactivity with
respect to ethylene glycol (1): Si syn > Si com > Al com >
Al syn (Si syn: synthetic silica gel, Si com: commercially
available silica gel, Al syn: synthetic alumina, Al com:
commercially available alumina).

Thus, heating the ethylene glycol (1) in an autoclave
at a constant temperature of 150 °C (oil bath temperature)

CH5

5

Table 1. Conversion of ethylene glycol (1) in homogenous acid medium.

Entry Catalyst T (°C) Time (h) 1 (%) 2 (%) 3(%) 4(%)
1 H,SO, (4% wt.) 196 3 95 4 1 -
2 H,SO, (4% wt.) 150° 3 75 16 9 -
3 H,SO, (4% wt.) 150° 24 26 65 9 -
4 Silica gel 196 120 99 1 - -
5 Silica gel 150 3 100 - - -
6 Silica gel 150 7 81 - - 19
2 P atm: atmospheric pressure (110 kPa). Reactor: 50 mL flask.
b P auto: autogenic pressure (P at 150 °C = 153 kPa).
Entry Pressure T (°C) Catalyst Time Global Yield?* (%)
1 P atm 150 HCOOH 2h 5
2 P atg 150 HCOOH 2 days 12
3 P atm 150 CH;COOH 5h 9
4 P atg 150 CH,;COOH 2 days 28
5 P atm 150 H,S0, 5h 41
6 P atg 150 H,S0, 24h 93

2The conversion of the ethylene glycol (1) using each catalyst separately.
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for 24 h under autogenous pressure and in the presence of
these solid catalysts promotes the formation of the three
products; 2-methyl-1,3-dioxolane (5) is the major product
of this reaction while diethylene glycol (2) and 1,4-dioxane
(3) are obtained in low yields (Table 2). The difference in
the results reported in Tables 1 and 2 shows that the con-
version of ethylene glycol (1) proceeds in a different way
from the homogeneous to the heterogeneous medium. It is
interesting to note that sulfuric acid (4% wt.) promotes the
selective formation of dimer 2 while silica and alumina
catalysts (1.3% wt.) selectively transform ethylene glycol
(1) into 2-methyl-1,3-dioxolane (5) (Fig. 1).

80 2 (%)
i = =3 (%)
60 "5 (%)
) 50
o 40
5
= 30 =
20
10
0 —‘
Sicom Sisyn Alcom Alsyn Sulfuric
acid
Catalyst

Figure 1. Evaluation of the yield of products 2, 3 and 5 in the pres-
ence of H,SO, (4% wt.) and of catalysts based on silica gel and alu-
mina (1.3% wt.).

We can then conclude that the homogeneous medi-
um accelerates the dimerization of ethylene glycol (1) to
diol 2, which cyclising to 1,4-dioxane (3) while the hetero-
geneous medium promotes the dehydration of diol 1 to

acetaldehyde (4), which in turn will be trapped by a sec-
ond molecule of ethylene glycol (1) in excess to lead to
2-methyl-1,3-dioxolane (5) (Scheme 2).

From the results recorded above, we have found that
commercial catalysts such as Si com silica gel and Al com
alumina are not very active against ethylene glycol (1) (Ta-
ble 2, entries 1 and 3), while synthetic Si syn silica being
the catalyst promotes the formation of 2-methyl-1,3-diox-
olane (5) in 40% yield (Table 2, entry 2). In addition, Si syn
synthetic silica proved to be the best catalyst in this series
with an overall reaction efficiency of 51% (Fig. 2).

3. 1. Kinetic Study

In order to better understand the transformation of
ethylene glycol (1) in a heterogeneous environment, we
conducted a kinetic study by means of catalysts Al com, Si
com and Si syn, except Al syn due to the low efficiency at
150 °C under autogenous pressure and for variable times.
Analysis of the appearance of the curves shown in Figures

100 m Global Yield

80

60

Yield (%)

40

Sicom Sisyn Alcom Alsyn H2504
Catalyst

Figure 2. Evaluation of the overall yield in the presence of H,SO,
(4% wt.) and catalysts based on silica gel and alumina (1.3% wt.)

Table 2. Transformation of ethylene glycol (1) by silica gel and alumina catalysts®

Entry Catalyst CECP Global Yield® (%) 2 (%) 3 (%) 4 (%)
1 Si com 16 32 3 3 26
2 Sisyn 25 51 9 3 40
3 Al com 10 11 1 5 5
4 Al syn 21 7 1 3 3

@ Reaction conditions: temperature 150 °C, time 24 h ® Cationic exchange capacity (meq/100 g).
¢ The conversion of the ethylene glycol (1) using each catalyst separately.

CHs
)\ o] Acetalization
(0] o .- )k -~
L H TCHy HO
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Scheme 2.
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O
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Figure 3. Evaluation of products 2, 3 and 5 formed in the presence
of commercial alumina Al com.
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Figure 4. Evaluation of products 2, 3 and 5 formed in the presence
of synthetic alumina Al syn.

3-6 indicates that the conversion of ethylene glycol (1) to
diethylene glycol (2), 1,4-dioxane (3) and 2-methyl-1,3-di-
oxolane (5) depends closely on the nature of the used cat-
alyst and the duration of the reaction. The formation of
secondary products by the action of these three catalysts is
a perceptible result.

50
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Figure 5. Evaluation of products 2, 3 and 5 formed in the presence
of commercial silica Si com.
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Figure 6. Evaluation of products 2, 3 and 5 formed in the presence
of synthetic silica Si syn.

—o—Si com
—&—Si syn
Al syn
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Tr 2
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Figure 7. Evaluation of 2-methyl-1,3-dioxolane (5) according to the
nature of the catalyst and the reaction time.

Indeed, we have noticed that dimerization products
2 and 3 are obtained in low yields not exceeding 7% re-
gardless of the nature of the used catalyst and the reaction
time.

We have also noticed that compound 5 is the main
product of these reactions; it is obtained with a yield of
38% in the presence of alumina Al com after 48 h of the
reaction, 29% in the presence of silica gel Si com after 24 h
of the reaction and 40% when using synthetic silica Si syn
after 48 h of the reaction (Fig. 7). The decrease in the yields
of 5 is due to a decomposition.

We also found that the overall efficiency of the trans-
formation of ethylene glycol (1) into products 2, 3 and 5
reached a maximum of 34% in the presence of alumina Al
com after 72 h of the reaction, 22% in the presence of silica
gel Si com after 24 h of the reaction and 44% in the presence
of synthetic silica Si syn after 48 h of the reaction (Fig. 8).

It is interesting to note that the speed of the dimeriza-
tion reaction is less important than that of the acetaliza-
tion reaction (Figs. 3-6). Synthetic Moroccan silica Si syn
therefore represents the promising catalyst because it pro-
motes the yield of dimerization (11%) and acetalization
(40%) products after 48 h of reaction (Fig. 6). We can thus
conclude that Moroccan synthetic silica Si syn represents
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Figure 8. Evaluation of the overall efficiency according to the nature
of the catalyst used.

the promising catalyst because it favours the highest yield
for a relatively long reaction time.

3. 2. Spectroscopic Study

Indeed, we noted that in the case of ethylene glycol
(1) and 1,4-dioxane (3), the C1 and C2 carbon atoms have
the same atomic charges and the same for the oxygen at-
oms O1 and O2 (Table 3).

In the cases of diethylene glycol (2), acetaldehyde
(4) and 2-methyl-1,3-dioxolane (5) carbon atoms, C1, C2

and C3 do not have the same atomic charge values, iden-
tical for oxygen atoms O1 and O2 (Table 3). In addition,
the lengths of the C-C, C-O and C-H bonds are closely
related to the structure of the molecule under study (Ta-
ble 3).

Finally, the nature of the atoms and the structure of
the molecules have a significant effect on the dihedral an-
gles of compounds 1-5 (Table 3).

Similarly, during the heating of ethylene glycol (1),
two major intermediates were formed in situ, 1,4-oxirane
(3) and acetaldehyde (4), which evolved differently to lead
to products 2-5. The theoretical calculation of the NBO
loads of these intermediates shows that the reaction
evolves in the directions of formation of 2-methyl-1,3-di-
oxolane (5) from acetaldehyde (4), since the atomic car-
bon load of the C=0 group of acetaldehyde (4) (0.452) is
higher than that of the carbons (-0.080) of oxirane.

The addition of ethylene glycol (1) introduced in ex-
cess is then more favoured on the most electrophilic car-
bon of acetaldehyde (4) despite two oxirane carbons
(Scheme 3).

On the other hand, the comparative spectroscopic
study of 'H NMR (Table 3) and *C NMR reveals that the
differences in the chemical shifts of 'H and *C NMR spec-
tra of compounds 1-5 are closely dependent on their elec-
tronic effects.

Table 3. Some physical characteristics of ethylene glycol (1) and its derivatives 2-5

Products Atomic charge Dihedral angle Bond length 'H NMR
C1=0.025 01C1C202=179.86 C1-0O1 =1.462 CH,0OH
VAR C2=0.025 C2-02 =1.462 3.06 ppm
HO OH 01=0416 Cl-C2=1.512 CH,OH
1 02 =0.416 C1-H = 1.091 3.70 ppm
C2-H=1.091
0 C1=0.022 01C1C202=10.10 C1-01=1.420 CH,OH
J/ \L C2=0.022 C2-02 =1.420 3.66 ppm
HO OH 01=0414 Cl1-C2=1.542 CH,0O
2 02=-0414 C1,2-H =1.090 4.20 ppm
0 C1=0.022 01C1C202=10.10 C1-01=1.420 CH,0O
[ j C2=0.022 C2-02=1.420 3.67 ppm
01=-0.414 C1-C2=1.542
9 02 = -0.414 C1-H = 1.090
0]
Cl1=-0.676 C1-01=1.203 CH;
A C2=0.452 C2-H = 1.107 222 ppm
H, Tk Ol =-0.533
4
C1=0.023 01C1C202 =-17.95 C1-01=1.430 CH,O
CH, C2=0.024 C302C2C1 = 34.16 C2-02=1.422 3.83-4.30ppm
C3=0.450 C301C1C2 = -4.91 C1-C2=1.538 CH;
e 01 =-0.375 C3-O1 = 1.413 1.40 ppm
\ / 02 =-0.425 C3-02=1.423
5 Cl,2,3-H=

1.090;1.092;1.101
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3. 3. Plausible Mechanism

These interesting results then led us to propose an
ionic mechanism to explain the formation of the mixture
of three products 2, 3 and 5 from ethylene glycol (1)
(Scheme 3). The first step in the conversion of ethylene
glycol (1) to 2-methyl-1,3-dioxolane (5) is the reaction of
1,2-diol 1 with the Bronsted sites located on the active sur-
face of the three catalysts Al com, Si com and Si syn to lead
first, after the removal of water from the oxonium ion A. In
this case, there are three possibilities: the first one where
this oxonium ion A undergoes directly the nucleophilic
attack of ethylene glycol (1) in excess to lead to diethylene
glycol (2) via oxonium ion B. The dehydration of this di-
mer 2 initiated by heating in an acidic medium leads to
oxonium jon D. The intramolecular cyclisation of inter-
mediate D gives 1,4-dioxane (3) (Scheme 3, route a). The
second possibility is that oxonium ion A cyclises into pro-
tonated oxirane C which undergoes the nucleophilic addi-
tion of reagent 1 on methylenic carbon to lead to dieth-
ylene glycol (2) via oxonium ion B (Scheme 3, route b).
Finally, the third way shows that this oxonium ion A un-
dergoes a Wagner—-Meerwein rearrangement, transform-
ing it into a more stable secondary carbocation E. The ac-
etaldehyde (4) formed in situ will in turn be trapped by

diol 1 to lead to the oxonium ion F which is converted into
oxonium ions G and I. Dehydration of the latter I leads to
a tertiary carbocation which is cyclised by an intramolecu-
lar O-alkylation to 2-methyl-1,3-dioxolane (5) (Scheme 3,
route c).

We can then conclude that the spectral analysis con-
firms the experimental results well and that compound 5 is
the main product of the conversion of ethylene glycol (1)
and also the most thermodynamically stable product,
which confirms its proportions in the obtained mixture. It
should be noted that the other two products 2 and 3 are
less stable and therefore have low proportions in the same
mixture. In addition, we can note that in situ intermediates
such as oxirane and acetaldehyde (4) are indeed the kinet-
ic products in the conversion reaction of ethylene glycol
(1) (Table 3).

4, Conclusions

In this work, we presented a new way of synthesising
2-methyl-1,3-dioxolane (5) using solid catalysts that meet
the demands of environmental and green chemistry. From
the obtained results, we have showed that the yields of di-
ethylene glycol (2), 1,4-dioxane (3) and 2-methyl-1,3-di-
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oxolane (5) depends on the cation exchange capacity of
alumina, silica gel and especially synthetic Moroccan sili-
ca. The rate of the acetalization reaction of acetaldehyde
(4) formed in situ is more important than that of the di-
merization reaction of ethylene glycol (1). In addition,
synthetic silica is very effective in transforming ethylene
glycol (1) to 2-methyl-1,3-dioxolane (5).
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Opisujemo kineti¢ne in mehanisti¢ne Studije nove poti kompetitivne pretvorbe etilen glikola ob prisotnosti alumije-
vega ali silicijevega oksida. Za pretvorbo etilen glikola v zmes dietilen glikola, 1,4-dioksana in 2-metil-1,3-dioksolana,
z acetaldehidom kot vmesnim produktom, pri 150 °C in pod avtogenim tlakom brez prisotnega topila smo uporabili
komercialno dostopnen aluminijev oksid (Al com), sinteti¢ni aluminijev oksid (Al syn), komercialno dostopni silikagel
(Si com) in sinteti¢ni silikagel (Si syn). Rezultati kazejo, da so izkoristki vseh treh produktov mo¢no odvisni od narave

uporabljenega katalizatorja in reakcijskega casa.
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Abstract

The synthesis of hydrazides formed by quinazolin-4(3H)-ylidenehydrazine and dicarboxylic acids, as well as their further
modification are described in the present manuscript. It was shown that above-mentioned hydrazides may be obtained
via acylation of initial quinazolin-4(3H)-ylidenehydrazine by corresponding acylhalides, cyclic anhydrides and imida-
zolides of dicarboxylic acids monoesters. Obtained hydrazides were converted into [1,2,4]triazolo[1,5-c]quinazolines
that were used as initial compounds for chemical modification aimed to the introduction of amide fragment to the mol-
ecule. The IR, '"H NMR and chromato-mass spectral data of obtained compounds were studied and discussed. Obtained
substances were studied for anti-inflammatory activity using carrageenan-induced paw inflammation model. Amides
of ([1,2,4]triazolo[1,5-¢c]quinazoline-2-yl)alkyl carboxylic acids were detected as promising class of anti-inflammatory
agents for further purposeful synthesis and profound study of anti-inflammatory activity.

Keywords: [1,2,4]triazolo[1,5-c]quinazolines, quinazolines; anti-inflammatory activity

1. Introduction

The search for new biologically active compounds
and the further development of drugs based on them is
one of the most important tasks of medicinal and organic
chemistry. It should be noted that elaboration of the new
biologically active agents is a multistep process and choice
of the research strategy and objects of investigation are
quite important stages. Hydrazides formed by quina-
zolin-4(3H)-ylidenehydrazine are one of the promising
objects for studies aimed to the development of novel
pharmacologically active substances. Such high potential
of above-mentioned compounds caused by the possibility
of chemical modification aimed to the introduction of di-
verse pharmacophore fragments.!”” Moreover, cyclisation
of above-mentioned hydrazides yielded substituted tri-
azolo[c]quinazolines that show a wide range of biological

activity including anticonvulsant, antitumor, hypoglyce-
mic, antibacterial and other activities.® ! Despite the nu-
merous publications devoted to the chemistry and biology
of hydrazides formed by quinazolin-4(3H)-ylidenehydra-
zine, some features of their formation, reactivity, physico-
chemical and biological properties have been insufficiently
studied. One of the promising directions of studies is the
synthesis and further cyclization of hydrazides formed by
quinazolin-4(3H)-ylidenehydrazine and dicarboxylic ac-
ids or their monoesters. These transformations would al-
low to combine heterocyclic fragments with quinazoline
or [1,2,4]triazolo[1,5-c]quinazoline heterocyclic fragment,
what is reasonable in scope of elaboration of novel anti-in-
flammatory agents.

Therefore, the aim of the present study is to develop
procedures for the synthesis of hydrazides formed by
quinazolin-4(3H)-ylidenehydrazine and derivatives of di-
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carboxylic acids. Also the purpose was to study their cy-
clization, further modification of obtained tricyclic deriv-
atives, as well as to study physicochemical properties and
anti-inflammatory activity of obtained products.

2. Experimental Section

Melting points were determined in open capillary
tubes in a «Stuart SMP30» apparatus and are uncorrected.
The elemental analyses (C, H, N) were performed using
the <ELEMENTAR vario EL cube» analyzer. IR spectra
(4000-600 cm™!) were recorded on a Bruker ALPHA FT-
IR spectrometer using a module ATR eco ZnSe. 'H NMR
spectra (400 MHz) were recorded on a Varian-Mercury
400 (Varian Inc., Palo Alto, CA, USA) spectrometer with
TMS as internal standard in DMSO-dg solution. LC-MS
were recorded using chromatography/mass spectrometric
system which consists of high performance liquid chro-
matograph «Agilent 1100 Series» (Agilent, Palo Alto, CA,
USA) equipped with diode-matrix and mass-selective de-
tector «Agilent LC/MSD SL» (atmospheric pressure chem-
ical ionization — APCI). The purity of all obtained com-
pounds was checked by 'H NMR and LC-MS.

Compound 1a was synthesized according to the re-
ported procedures.'® Other starting materials and sol-
vents were obtained from commercially available sources
and were used without additional purification.

2.1. General Method for the Synthesis of
2-(4(3H)-Quinazolinylidene)hydrazides
of Dicarboxylic Acids and Their

Monoesters (2a-f)

Method A. 1.11 g (11 mmol) of triethylamine was
added to the suspension of 1.6 g (10 mmol) of 4-hydraz-
inoquinazoline (1a) in 10 mL of dioxane. The formed mix-
ture was cooled to 0-5 °C and 11 mmol of ethyl
2-chloro-2-oxoacetate or ethyl 3-chloro-3-oxopropanoate
was added under stirring. The formed mixture was stirred
for 1.5 h at 0-5 °C, then poured in saturated solution of
sodium acetate. The formed mixture was filtered off and
dried. For additional purification compounds 2a and 2b
may be crystallized from methanol.

Method B. 1.78 g (11 mmol) of N,N’-carbonyldiimid-
azole (CDI) was added to the solution of corresponding
monoethyl ester of dicarboxylic acid in 20 mL of anhydrous
dioxane. The formed mixture was heated at 80 °C for 1 h
(until the carbon dioxide was completely released). Then 1.6
g (10 mmol) of 4-hydrazinoquinazoline (1a) was added and
stirred for 1.5-3 h. The formed mixture was cooled and
poured into water and acidified to pH 5-6. The formed mix-
ture was filtered off and dried. For additional purification
compounds 2a and 2b may be crystallized from methanol.

Compounds 2a and 2b that were synthesized by meth-
ods A and B have identical physicochemical properties.

Method C. 11 mmol of corresponding anhydride of
dicarboxylic acid under stirring was added to the suspen-
sion of 1.6 g (10 mmol) of 4-hydrazinoquinazoline (1a) in 10
mL of dioxane. Formed mixture was stirred at ambient tem-
perature for 24 h or at 80 °C for 1-1.5 h. Then, reaction mix-
ture was cooled, and the formed mixture was filtered off,
washed by ethanol and dried. For additional purification
obtained compounds may be crystallized from methanol.

Ethyl 2-ox0-2-(2-(quinazolin-4(3H)-ylidene)hydrazin-
eyl)acetate (2a). Yield: 1.83 g (70%) (method A), 2.25 g
(86%) (method B). Mp 199-202 °C; IR 3007 (vyg), 1741
(Veo), 1689 (veo), 1616 (Sxy), 1546, 1444, 1110 (Veoo),
760, 688 cm ™. 'H NMR (400 MHz, DMSO-dg) 8 1.36 (t, ]
= 7.1 Hz, 3H, -CH3), 4.28 (q, ] = 7.1 Hz, 2H, -CH,-), 7.17
(d,]=7.8 Hz, 1H, H-8), 7.26 (t, J = 7.9 Hz, 1H, H-6), 7.42
(t, J=79 Hz, 1H, H-7), 791 (s, 1H, H-2), 8.02 (d,] = 7.8
Hz, 1H, H-5), 11.11 (br. s, 1H, -NH-), 11.79 (br. s, 1H,
-NH). LC-MS m/z = 261 [M+1]; Anal. Calcd. for
C,H,N,O5: C, 55.38; H, 4.65; N, 21.53; Found: C, 55.46;
H,4.71; N, 21.58.

Ethyl 3-oxo0-3-(2-(quinazolin-4(3H)-ylidene)hydrazin-
eyl)propanoate (2b). Yield: 1.93 g (70%) (method A), 2.42
g (88.3%) (method B). Mp 165-167 °C; IR 3250 (vyp),
3198 (Vap)s 2986 (Vo) 1723 (Veo), 1656 (veo), 1519
(Sxi)> 1435, 1309, 1158 (veoe), 1023, 987, 759, 640 cm’.
'H NMR (400 MHz, DMSO-d,) § 1.24 (t, ] = 7.1 Hz, 3H,
-CH,CHS), 3.46 (s, 2H, -CH,-), 4.16 (g, J = 7.1 Hz, 2H,
-CH,CHS,),7.17 (d,] = 7.8 Hz, 1H, H-8), 7.26 (t, ] = 7.9 Hz,
1H, H-6), 7.42 (t, ] = 7.9 Hz, 1H, H-7), 7.91 (s, 1H, H-2),
8.02 (d,J=7.8 Hz, 1H, H-5), 10.66 (br. s, 1H, -NH-), 11.10
(br. s, 1H, -NH-). LC-MS m/z = 275 [M+1]; Anal. Calcd.
for C;3H4N,Os5: C, 56.93; H, 5.15; N, 20.43; Found: C,
57.02; H, 5.19; N, 20.48.

4-0x0-4-(2-(quinazolin-4(3H)-ylidene)hydrazineyl)bu-
tanoic acid (2¢). Yield: 2.43 g (93%) (method C). Mp
177-179 °C; IR 3270 (Vog), 3258 (Vag), 1703 (veo), 1602
(Veo)s 1555 (Sxpy), 1527, 1442, 1212, 929 (Scyy), 740, 687
cm’'. '"H NMR (400 MHz, DMSO-dg) 8 2.91 (m, 2H,
-CH,CH,.), 3.58 (m, 2H, -CH,CH, ), 7.10 (d, J= 7.7 Hz, 1H,
H-8), 7.59 and 7.20 (2xt, J = 7.6 Hz, 1H, H-6), 7.52 and 7.36
(2xt, ] = 7.6 Hz, 1H, H-7), 8.25 and 7.74 (2xs, 1H, H-2), 8.04
and 7.88 (2xd, ] = 7.5 Hz, 1H, H-5), 10.01 and 9.52 (2xs, 1H,
-NH-), 11.37 and 10.88 (2xs, 1H, -NH-). LC-MS m/z = 261
[M+1]; Anal. Caled. for C;,H;,N,O5: C, 55.38; H, 4.65; N,
21.53; O, 18.44; Found: C, 55.46; H, 4.69; N, 21.66.

5-0x0-5-(2-(quinazolin-4(3H)-ylidene)hydrazineyl)
pentanoic acid (2d). Yield: 2.73 g (99%) (method C). Mp
133-135 °C; IR 3356 (Vop), 3204 (vag), 2935 (Veyga), 1705
(Veo)s 1635 (veo), 1566 (Sxp), 1537, 1369, 1257, 792, 763,
684 cm™\. 'H NMR (400 MHz, DMSO-d;) & 1.87 (m, 2H,
-CH,CH,CH,-), 2.30 (m, 2H, -CH,CH,CH,), 2.68 (m, 2H,
-CH,CH,CH,.), 7.08 (d, ] = 7.7 Hz, 1H, H-8), 7.50 and
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7.19 (2xt, ] = 7.8 Hz, 1H, H-6), 7.52 and 7.36 (2xt, J = 7.7
Hz, 1H, H-7),7.73 (s, 1H, H-2), 8.11 and 7.87 (2xd, ] = 7.6
Hz, 1H, H-5), 9.93 and 9.48 (2xs, 1H, -NH-), 11.80 and
11.35 (2xs, 1H, -NH-). LC-MS m/z = 275 [M+1]; Anal.
Calcd. for C;3H4,N,O5: C, 56.93; H, 5.15; N, 20.43; Found:
C, 56.99; H, 5.21; N, 20.50.

3-Methyl-5-0x0-5-(2-(quinazolin-4(3H)-ylidene)hydra-
zineyl)pentanoic acid (2e). Yield: 2.86 g (99%) (method
C). Mp 170-173 °C; IR 3724 (von), 3256 (vnu), 2928
(Ver)» 1720 (veo), 1600 (veo), 1530 (Sxpy), 1371, 871, 760,
688 cm™!. 'H NMR (400 MHz, DMSO-d,) 6 1.03-1.01 (m,
3H, -CH,CH(CH;)CH,-), CH;), 2.66-2.07 (m, 5H,
-CH,CH(CH,)CH,-), 7.09 (d, ] = 7.5 Hz, 1H, H-8), 7.19 (t,
J = 6.6 Hz, 1H, H-6), 7.45-7.25 (m, 1H, H-7), 7.73 (s, 1H,
H-2),7.87 (d,J=7.5Hz, 1H, H-5), 9.93 and 9.50 (2xs, 1H,
-NH-),11.80 and 11.35 (2xs, 1H, -NH-). LC-MS m/z = 289
[M+1]; Anal. Calcd. for C;,H;(N,O;: C, 58.32; H, 5.59; N,
19.43; Found: C, 58.37; H, 5.63; N, 19.49.

2-(1-(2-Ox0-2-(2-(quinazolin-4(3H)-ylidene)hydrazin-
eyl)ethyl)cyclopentyl)acetic acid (2f). Yield: 2.63 g (80%)
(method C). Mp 189-191 °C; IR 3694 (von), 3256 (Vnn)
2988 (Vern)s 1703 (Veo), 1692 (Veo), 1580 (Sxpy), 1524, 1329,
938 (Soy), 796, 668 cm™!. 'H NMR (400 MHz, DMSO-d,) &
1.88-1.38 (m, 8H, -CH,(cyclopenthyl)CH,-), 2.90 and 2.45
(2xm, 4H, -CH,(cyclopenthyl)CH,-), 7.10 (d, ] = 7.0 Hz,
1H, H-8), 7.24-7.14 (m, 1H, H-6), 7.45-7.29 (m, 1H, H-7),
7.75 (s, 1H, H-2), 7.85 (d, ] = 7.4 Hz, 1H, H-5), 10.01 and
9.59 (2xs, 1H, -NH-), 11.90 and 11.40 (2xs, 1H, -NH-).
LC-MS m/z = 329 [M+1]; Anal. Calcd. for C;;H,,N,O;:
62.18; H, 6.14; N, 17.06; Found: C, 62.23; H, 6.19; N, 17.12.

2. 2. General Method for the Synthesis of
([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)
carboxylic Acids and Their Esters (3a-b)

Method A. The solution of 5 mmol of corresponding
quinazoline-containing hydrazide of dicarboxylic acid
(2¢-f) or ester (2a, 2b) in 20 mL of acetic acid was refluxed
for 3-4 h with removing of formed water. After completing
of reaction, the solvent was evaporated under vacuum. 30
mL of methanol was added to the residue and mixture was
shaken. The formed precipitate was filtered, washed by 10
mL of ether and dried. For additional purification, com-
pounds 3a-f may be crystallized from ethanol (3a, 3b) or
dioxane (3¢-f).

Method B. 5.5 mmol of sodium acetate was added to
the suspension of 0.8 g (5 mmol) of 4-hydrazinoquinazo-
line (1a) in 10 mL of glacial acetic acid. The formed mix-
ture was cooled to 0-5 °C and 5.5 mmol of ethyl
2-chloro-2-oxoacetate or ethyl 3-chloro-3-oxopropanoate
was added dropwise under stirring. The formed mixture
was stirred for 1.5 h and then refluxed for 3 h. The formed
precipitate of sodium chloride was filtered off, the solvent
was evaporated under vacuum, 10 mL of methanol was

added and formed mixture was shaken. The formed pre-
cipitate was filtered, washed by 10 mL of ether and dried.
For additional purification compounds 3a-f may be crys-
tallized from ethanol.

Method C. 5.5 mmol of corresponding dicarboxylic
acid anhydride was added to the solution of 0.8 g (5 mmol)
4-hydrazinoquinazoline (1a) in 20 mL of glacial acetic
acid. The formed mixture was refluxed for 3-4 h with water
removal. After completing of the reaction, the solvent was
evaporated under vacuum, 10 mL of methanol was added
and formed mixture was shaken. The formed precipitate
was filtered off, washed by diethyl ether and dried. Com-
pounds 3a-f may be additionally purified by crystalliza-
tion from dioxane.

Compounds 3a, 3b that were synthesized by meth-
ods A and B have identical physicochemical properties.

Ethyl [1,2,4]triazolo[1,5-c]quinazoline-2-carboxylate
(3a). Yield: 1.03 g (85%) (method A), 0.87 g (72%) (meth-
od B). Mp 172-175 °C; IR 2920 (Ver), 2851 (vep)s 1730
(Veo), 1625, 1517, 1458, 1363, 1201 (veoc), 1019, 862, 780,
708, 654 cm™. 'H NMR (400 MHz, DMSO-d,) 6 1.44 (t, ]
= 7.2 Hz, 3H, CH,), 446 (q, ] = 7.1 Hz, 2H, CH,), 7.83 (t, ]
=7.7Hz,1H, H-9),7.92 (t, ] = 7.7 Hz, 1H, H-8), 8.05 (d, J
=7.7 Hz, 1H, H-7), 8.54 (d, ] = 7.7 Hz, 1H, H-10), 9.52 (s,
1H, H-5). LC-MS m/z = 243 [M+1]; Anal. Calcd. for
Ci,HoN4O,: C, 59.50; H, 4.16; N, 23.13; Found: C, 59.58;
H, 4.21; N, 23.19.

Ethyl 2-([1,2,4]triazolo[1,5-c]quinazolin-2-yl)acetate
(3b). Yield: 1.02 g (79%) (method A), 0.73 g (57%) (meth-
od B). Mp 125-127 °C; IR 2944 (V) 1722 (veo), 1621,
1524, 1370, 1219 (veoc), 1026, 897, 774, 710, 668 cm™. 'H
NMR (400 MHz, DMSO-dy) § 1.28 (t, J = 7.1 Hz, 3H,
-CH3), 3.96 (s, 2H, -CH,-), 4.17 (q, ] = 7.1 Hz, 2H,
-CH,CHS,), 7.77 (t, ] = 7.5 Hz, 1H, H-9), 7.87 (t, ] = 7.6 Hz,
1H, H-8), 8.02 (d, J=8.2 Hz, 1H, H-7), 8.44 (d, ] = 7.8 Hz,
1H, H-10), 9.40 (s, 1H, H-5). LC-MS m/z = 257 [M+1];
Anal. Calcd. for C;3H,N,O,: C, 60.93; H, 4.72; N, 21.86;
Found: C, 61.02; H, 4.80; N, 21.94.

3-([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)propanoic
acid (3¢). Yield: 1.20 g (99%) (method C). Mp 200-203 °C;
IR 2900 (Ver), 1723 (veo), 1625, 1502, 1362, 1338, 1259,
907 (Son), 782, 710, 668 cm’’. 'H NMR (400 MHz,
DMSO-dq) 8 2.82 (t, ] = 7.3 Hz, 2H, -CH,CH,COOH),
3.18 (t, J = 7.2 Hz, 2H, -CH,CH,COOH), 7.71 (t, ] = 7.6
Hz, 1H, H-9), 7.82 (t,J= 7.6 Hz, 1H, H-8),7.98 (d, J = 7.7
Hz, 1H, H-7), 8.42 (d, J = 7.7 Hz, 1H, H-10), 9.26 (s, 1H,
H-5), 11.90 (br. s, 1H, -COOH). LC-MS m/z = 243 [M+1];
Anal. Calcd. for C;,H;(N,O,: C, 59.50; H, 4.16; N, 23.13;
Found: C, 59.56; H, 4.20; N, 23.21.

4-([1,2,4] Triazolo[1,5-c]quinazolin-2-yl)butanoic acid
(3d). Yield: 1.16 g (91%) (method C). Mp 184-186 °C; IR
2928 (Vo) 1714 (veo), 1625, 1521, 1404, 1366, 1329,
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1241, 1181, 909 (8py), 792, 756, 711, 669 cm™. 'H NMR
(400MHz, DMSO-d)$2.10(m,2H,-CH,CH,CH,COOH),
2.41 (t, ] = 7.2 Hz, 2H, -CH,-(CH,),COOH), 3.00 (t, ] =
7.2 Hz, 2H, -(CH,),CH,COOH), 7.73 (t, ] = 7.7 Hz, 1H,
H-9),7.82 (t,J= 7.7 Hz, 1H, H-8), 8.00 (d, J = 7.7 Hz, 1H,
H-7), 8.44 (d, ] = 7.7 Hz, 1H, H-10), 9.27 (s, 1H, H-5),
11.82 (br. s, 1H, -COOH). LC-MS m/z = 257 [M+1]; Anal.
Calcd. for C;3H,N,O,: C, 60.93; H, 4.72; N, 21.86; Found:
C, 60.99; H, 4.78; N, 21.94.

4-([1,2,4] Triazolo[1,5-c]quinazolin-2-yl)-3-methylbu-
tanoic acid (3e). Yield: 0.70 g (52%) (method C). Mp
168-170 °C; IR 2958 (Veyga), 1714 (veo), 1628, 1528, 1470,
1370, 1316, 1258, 911 (8oy), 771, 704, 653 cm™.. 'H NMR
(400 MHz, DMSO-dg) & 1.05 (d, J = 62 Hz, 3H,
-CH,CH(CH;)CH,-), 2.17 (dd, J? =155 Hz, ? = 8.1 Hz,
1H, -CH,CH(CH,)CH,-), 2.41 (dd, J = 15.5 Hz, J> = 5.0
Hz, 1H, -CH,CH(CH,)CH,-), 2.66-252 (m, 1H,
-CH,CH(CH;)CH,-), 2.83 (dd, J? = 14.0 Hz, J? = 7.5 Hz,
1H, -CH,CH(CH;)CH,-), 2.96 (dd, J = 14.0 Hz, ] = 6.0
Hz, 1H, -CH,CH(CH,)CH,-), 7.76 (t, ] = 7.5 Hz, 1H, H-9),
7.86 (t, ] = 7.6 Hz, 1H, H-8), 8.01 (d, ] = 8.1 Hz, 1H, H-7),
8.44 (d, ] = 7.9 Hz, 1H, H-10), 9.37 (s, 1H, H-5), 11.83 (s,
1H, -COOH). LC-MS m/z = 271 [M+1]; Anal. Calcd. for
C14H,4,N,O,: C, 62.21; H, 5.22; N, 20.73; Found: C, 62.29;
H, 5.31; N, 20.81.

2-(1-([1,2,4] Triazolo[1,5-c]quinazolin-2-ylmethyl)cy-
clopentyl)acetic acid (3f). Yield: 0.79 g (51%) (method
C). Mp 147-149 °C; IR 2952 (vVep), 2310, 1706 (veo),
1620, 1553, 1515, 1486, 1353, 1313, 1237, 931 (8py), 899,
774, 728, 698 cm™l. 'H NMR (400 MHz, DMSO-d;) §
1.86-1.42 (m, 8H, -CH,(cyclopenthyl)CH,-), 2.47-2.31 (m,
2H, -CHj(cyclopenthyl)CH,-), 3.17-3.05 (m, 2H,
-CH,(cyclopenthyl)CH,-), 7.76 (t, ] = 7.1 Hz, 1H, H-9),
7.86 (t, J = 7.0 Hz, 1H, H-8), 8.02 (d, ] = 8.0 Hz, 1H, H-7),
8.45 (d, J = 7.7 Hz, 1H, H-10), 9.39 (s, 1H, H-5), 11.75 (s,
1H, -COOH). LC-MS m/z = 311 [M+1]; Anal. Calcd. for
CisH14,N,O,: C, 65.79; H, 5.85; N, 18.05; Found: C, 65.84;
H, 5.91; N, 18.11.

2.3 General Method for the Synthesis of Amides of
([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)alkylcarboxilic
Acids (4a-j)

Method A. 5.5 of mmol of para-methoxybenzyl-
amine and 1-2 mL of DMF was added to the 5 mmol of
corresponding ester (3a, 3b). The formed mixture was
treated at 140-150 °C for 3-4 h. The 5 mL of methanol and
5 mL of water were added to the mixture after completing
of the reaction. The formed precipitate was filtered off and
dried. Obtained compounds may be additionally purified
by crystallization from ethanol.

Method B. 0.89 g (5.5 mmol) of N,N’-carbonyldiim-
idazole (CDI) was added to the solution of 5 mmol of cor-
responding carboxylic acid (3a-f) in 20 mL of anhydrous
dioxane. The formed mixture was heated at 80 °C for 1 h

(until the carbon dioxide was completely released). Then 5
mmol of corresponding amine was added and stirred (or
refluxed) for 1.5-3 h. The formed mixture was cooled and
poured into water and acidified by hydrochloric acid to pH
5-6. The formed mixture was filtered off and dried.

N-(4-Methoxybenzyl)-[1,2,4]triazolo[1,5-c]quinazo-
line-2-carboxamide (4a). Yield: 0.97 g (58%). Mp 183-185
°C; IR 3857 (vap)> 3753(Vam), 2928 (Vern), 2510, 1656
(veo)s 1553 (Onp), 1516, 1465, 1319, 1236, 741, 689 cm™L
IH NMR (400 MHz, DMSO-d,) 8 3.74 (s, 3H, -OCHs,),
447 (d,J=5.7 Hz, 2H, -NHCH,-), 6.81 (d, ] = 7.6 Hz, 2H,
H-3,5 Bn), 7.29 (d, ] = 7.9 Hz, 2H, H-2,6 Bn), 7.81 (t, ] =
7.6 Hz, 1H, H-9), 7.92 (t, ] = 7.8 Hz, 1H, H-8), 8.07 (d, ] =
7.9 Hz, 1H, H-7), 8.49 (d, ] = 8.0 Hz, 1H, H-10), 9.06 (t, ] =
5.4 Hz, 1H, -NHCH,-), 9.56 (s, 1H, H-5). LC-MS m/z =
334 [M+1]; Anal. Calcd. for C;gH;sN;O,: C, 64.86; H,
4.54; N, 21.01; Found: C, 64.93; H, 4.60; N, 21.09.

2-([1,2,4] Triazolo[1,5-c]quinazolin-2-yl)-N-(4-me-
thoxybenzyl)acetamide (4b). Yield: 1.20 g (69%). Mp
172-175 °C; IR 3697 (vyy), 2920 (Veyga), 2851 (vey), 1669
(veo)s 1547 (Snp), 1458, 1363, 1201, 1019, 862, 780, 708,
654 cm™!. 'H NMR (400 MHz, DMSO-d,) 8 3.77 (s, 3H,
-OCH,), 4.45 (d, J=5.7 Hz, 2H, -NHCH,-),6.87 (d,] = 7.6
Hz, 2H, H-3,5 Bn), 7.22 (d, ] = 7.9 Hz, 2H, H-2,6 Bn), 7.63
(t, ] = 7.6 Hz, 1H, H-9), 7.78 (t, ] = 7.8 Hz, 1H, H-8), 8.00
(d,J=7.9Hz,1H, H-7), 8.43 (d, J=8.1 Hz, 1H, H-10), 9.08
(t, J = 5.4 Hz, 1H, -NHCH,-), 9.38 (s, 1H, H-5). LC-MS
m/z = 348 [M+1]; Anal. Calcd. for C;oH;N;0,: C, 65.69;
H, 4.93; N, 20.16; Found: C, 65.74; H, 4.98; N, 20.21.

3-([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)-N-(4-fluoro-
phenyl)propanamide (4c). Yield: 1.07 g (64%). Mp 206-208
°C; IR 3297 (vyp), 1665 (Veo), 1530 (Sypy), 1493, 1371, 1214,
901, 834, 767, 710 cm™'. 'H NMR (400 MHz, DMSO-d,) &
2.90 (t, J = 7.6 Hz, 2H, -CH,CH,-), 3.54-3.07 (t, ] = 7.6 Hz,
2H,-CH,CH,-), 6.95 (t, ] = 8.6 Hz, 2H, H-3,5 Ph), 7.60 (dd,
P =8.5Hz, P =49Hz,2H,H-2,6 Ph), 7.74 (t,J= 7.5 Hz, 1H,
H-9), 7.84 (t, ] = 7.7 Hz, 1H, H-8), 7.99 (d, ] = 8.1 Hz, 1H,
H-7), 8.40 (d, J = 8.3 Hz, 1H, H-10), 9.95 (s, 1H, -NH-). LC-
MS m/z = 336 [M+1]; Anal. Calcd. for C,gH,,FN;O: C,
64.47; H, 4.21; N, 20.88; Found: C, 64.54; H, 4.26; N, 20.93.

3-([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)-N-(4-bro-
mophenyl)propanamide (4d). Yield: 0.93 g (47%). Mp
210-212 °C; IR 3840 (Vyp), 3727 (Vap), 3286 (vVap), 1662
(vco)» 1529 (Snp)> 1488, 1394, 1245, 900, 767, 711, 660
cm™l. 'H NMR (400 MHz, DMSO-dg) § 2.91 (t, ] = 7.6 Hz,
2H, -CH,CH,-), 3.24 (t, ] = 7.6 Hz, 2H, -CH,CH,-), 7.32
(d, ] = 8.7 Hz, 2H, H-2,6 Ph), 7.56 (d, ] = 8.6 Hz, 2H, H-3,5
Ph), 7.74 (t, ] = 7.6 Hz, 1H, H-9), 7.84 (t, ] = 7.7 Hz, 1H,
H-8),8.00 (d, J=8.2 Hz, 1H, H-7), 8.41 (d, ] = 8.0 Hz, 1H,
H-10), 9.36 (s, 1H, H-5), 10.03 (s, 1H, -NH-). LC-MS m/z
=396 [M+1]; Anal. Calcd. for C,sH,,BrN;O: C, 54.56; H,
3.56; N, 17.67; Found: C, 54.63; H, 3.62; N, 17.73.
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Ethyl 4-(3-([1,2,4]triazolo[1,5-c]quinazolin-2-yl)propa-
namido)benzoate (4e). Yield: 1.18 g (61%). Mp 214-216
°C; IR 3857 (vnu)s 3725 (vau)s 2901 (Vema), 1711 (veg)s
1667 (vco)s 1599 (Onm)> 1493, 1408, 1311, 1274, 899, 854,
766, 694 cm™. 'H NMR (400 MHz, DMSO-dg) 6 1.35 (t, ]
=7.1Hz,3H,-CH,CH,),2.96 (t,]=7.6 Hz,2H, -CH,CH,-),
3.25 (dd, 2 = 8.6 Hz, P’ = 6.7 Hz, 2H, -CH,CH,-), 4.26 (q,
J =7.1 Hz, 2H, -CH,CH,3), 7.69 (d, ] = 8.4 Hz, 2H, H-2,6
Ph), 7.73 (t, ] = 7.6 Hz, 1H, H-9), 7.88-7.80 (m, 3H, H-8,
H-3,5Ph),7.99(d, J=8.2 Hz, 1H, H-7), 8.40 (d, = 7.5 Hz,
1H, H-10), 9.36 (s, 1H, H-5), 10.21 (s, 1H, -NH-). LC-MS
m/z = 390 [M+1]; Anal. Calcd. for C,;H,oN;O5: C, 64.77;
H, 4.92; N, 17.98; Found: C, 64.74; H, 4.99; N, 18.03.

4-([1,2,4] Triazolo[1,5-c]quinazolin-2-yl)-N-(4-fluoro-
phenyl)butanamide (4f). Yield: 0.78 g (45%). Mp 173-175
°C; IR 3295 (vap), 1658 (Veo), 1528 (Sxpy), 1504, 1432,
1404, 1336, 1207, 904, 835, 722, 697 cm™.. 'H NMR (400
MHz, DMSO-dq) § 2.18 (p, ] = 7.3 Hz, 2H, -CH,CH,CH,-),
241 (t, ] = 7.4 Hz, 2H, -(CH,),CH,-), 2.97 (t, ] = 7.7 Hz,
2H, -CH,(CH,),-), 6.93 (t, ] = 8.7 Hz, 2H, H-3,5 Ph), 7.56
(dd, ? =8.8 Hz, = 5.0 Hz, 2H, H-2,6 Ph), 7.75 (t, ] = 7.4
Hz, 1H, H-9), 7.85 (t, ] = 7.7 Hz, 1H, H-7), 8.01 (d, J = 8.2
Hz, 1H, H-8), 8.43 (d, J = 7.8 Hz, 1H, H-10), 9.36 (s, 1H,
H-5), 9.70 (s, 1H, -NH-). LC-MS m/z = 350 [M+1]; Anal.
Calcd. for C,oH;(FNs0: C, 65.32; H, 4.62; N, 20.05; Found:
C, 65.39; H, 4.69; N, 20.13.

4-([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)-N-(4-chloro-
phenyl)butanamide (4g). Yield: 0.96 g (52%). Mp
199-201 °C; IR 3904 (vyg), 3725 (Vig)s 3249 (g, 1656
(Veo)s 1520 (Sxp), 1491, 1396, 1333, 1251, 903, 817, 771,
721, 702, 668 cm’l. 'H NMR (400 MHz, DMSO-d,) &
2.25-2.07 (m, 2H, -CH,CH,CH,-), 2.43 (t, ] = 7.2 Hz, 2H,
-(CH,),CH,-), 2.98 (t, ] = 7.3 Hz, 2H, -CH,(CH,),-), 7.17
(d, J = 8.8 Hz, 2H, H-2,6 Ph), 7.57 (d, ] = 8.8 Hz, 2H,
H-3,5Ph),7.74 (t,J=7.5Hz, 1H, H-9), 7.84 (t, ] = 8.4 Hz,
1H, H-8),8.00 (d, J=7.7 Hz, 1H, H-7), 8.41 (d, ] = 9.1 Hz,
1H, H-10), 9.35 (s, 1H, H-5), 9.80 (s, 1H, -NH-). LC-MS
m/z = 366 [M+1]; Anal. Calcd. for C;oH;cCIN;O: C,
62.38; H, 4.41; N, 19.14; Found: C, 62.46; H, 4.47; N,
19.19.

4-([1,2,4] Triazolo[1,5-c]quinazolin-2-yl)-N-(4-bro-
mophenyl)butanamide (4h). Yield: 1.41 g (69%). Mp
200-202 °C; IR 3250 (vyp), 1651 (Veo), 1522 (Sygy), 1489,
1334, 1283, 1244, 904, 814, 773, 703, 659 cm™.. 'H NMR
(400 MHz, DMSO-dg) 6 2.18 (p, ] = 7.4 Hz, 2H,
-CH,CH,CH,-), 2.42 (t, ] = 7.3 Hz, 2H, -(CH,),CH,-),
2.97 (t, ] = 7.5 Hz, 2H, -CH,(CH,),-), 7.31 (d, ] = 8.8 Hz,
2H, H-2,6 Ph), 7.52 (d, J = 8.7 Hz, 2H, H-3,5 Ph), 7.75 (t, ]
=7.5Hz, 1H, H-9), 7.85 (t, ] = 8.3 Hz, 1H, H-8), 8.00 (d, ]
=8.2Hz, 1H,H-7),8.42 (d, J=7.9 Hz, 1H, H-10), 9.36 (s,
1H, H-5), 9.79 (s, 1H, -NH-). LC-MS m/z = 411 [M+1];
Anal. Calcd. for C;oH;(BrN;O: C, 55.62; H, 3.93; N, 17.07;
Found: C, 55.68; H, 4.01; N, 17.12.

Ethyl 4-(4-([1,2,4]triazolo[1,5-c]quinazolin-2-yl)butan-
amido)benzoate (4i). Yield: 0.77 g (38%). Mp 92-94 °C;
IR 3340 (vyp), 1692 (Veo), 1625 (Veo), 1524 (Sxyy), 1367,
1308, 1275, 1017, 960, 901, 854, 767, 697 cm™. 'TH NMR
(400 MHz, DMSO-dy) 8 1.35 (t, ] = 7.1 Hz, 3H, -CH,CH),
2.19 (p, ] = 7.3 Hz, 2H, -CH,CH,CH,-), 2.45 (t, ] = 6.9 Hz,
2H, -(CH,),CH,-), 2.99 (t, ] = 7.3 Hz, 2H, -CH,(CH,),-),
4.26 (q,J =7.0 Hz, 2H, -CH,CHj3), 7.66 (d, ] = 8.3 Hz, 2H,
H-3,5 Ph), 7.74 (t, ] = 7.5 Hz, 1H, H-9), 7.90-7.79 (m, 3H,
H-8, H-2,6 Ph), 8.00 (d, J = 8.3 Hz, 1H, H-7), 8.42 (d, ] =
7.9 Hz, 1H, H-10), 9.35 (s, 1H, H-5), 10.01 (s, 1H, -NH-).
LC-MS m/z = 404 [M+1]; Anal. Calcd. for C,,H,;N;05: C,
65.50; H, 5.25; N, 17.36; Found: C, 65.57; H, 5.31; N, 17.41.

4-([1,2,4]Triazolo[1,5-c]quinazolin-2-yl)-N-(4-chloro-
phenyl)-3-methylbutanamide (4j). Yield: 0.59 g (31%).
Mp 196-198 °C; IR 3348 (Vyp), 1657 (Veo)s 1527 (Sxp)s
1491, 1465, 1338, 1283, 1250, 903, 821, 773, 703, 658 cm™.
'H NMR (400 MHz, DMSO-d;) 6 1.05 (d, J = 6.6 Hz, 3H,
-CH,CH(CH,)CH,-), 2.26 (dd, J? = 142 Hz, J’ = 8.2 Hz,
1H, -CH,CH(CH;)CH,-), 2.44 (dd, 1H, ? = 14.2 Hz, ]’ =
8.2 Hz, -CH,CH(CH;)CH,-), 2.65 (dq, J? = 13.8 Hz, J* =
6.6 Hz, 1H, -CH,CH(CH;)CH,-), 2.84 (dd, J? = 142 Hz, J°
= 7.8 Hz, 1H, -CH,CH(CH;)CH,-), 2.98 (dd, J? = 14.2 Hz,
J® = 6.2 Hz, 1H, -CH,CH(CH,)CH,-), 7.16 (d, J = 8.7 Hz,
2H, H-3,5 Ph), 7.58 (d, ] = 8.7 Hz, 2H, H-2,6 Ph), 7.74 (t, ]
= 7.6 Hz, 1H, H-9), 7.85 (t, ] = 7.7 Hz, 1H, H-8), 8.00 (d, J
=8.1 Hz, 1H, H-7), 8.43 (d, ] = 7.9 Hz, 1H, H-10), 9.35 (s,
1H, H-5), 9.84 (s, 1H, -NH-). LC-MS m/z = 380 [M+1];
Anal. Calcd. for Cy,H;4CIN;5O: C, 63.24; H, 4.78; N, 18.44;
Found: C, 63.31; H, 4.83; N, 18.48.

2. 2. Anti-inflammatory Activity

Evaluation of anti-inflammatory activity of the syn-
thesized compounds was conducted on 144 Wistar white
rats (weight 150-160 g), obtained from the nursery «Insti-
tute of Pharmacology and Toxicology of Ukraine» (Kyiv).
All experimental procedures and treatment were carried
out according to the European Convention and «Regula-
tions on the use of animals in biomedical research».??
Screening of the synthesized compounds with estimated
anti-inflammatory activity began with the study of their
effect on exudative phase of acute aseptic inflammation
(«carrageenan test).?? Phlogogen (1% aqueous solution of
\-carrageenan) was subplantally injected in a dose of 0.1
mL in the rats’ back right paw. The left one was used as a
control. Intragastric administration of the studied com-
pounds was conducted using atraumatic probe as water
solution or finely dispersed suspension stabilized by
Tween-80 in a dose of 10 mg/kg 1 h before the injection of
phlogogen. The reference drug diclofenac sodium was ad-
ministered intragastrically in a recommended dose of 8
mg/kg for pre-clinical studies. Measurement of paws vol-
ume was conducted before the experiment and in 4 h
(«carrageenan» test) after injection of phlogogen using the
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described methods. The activity of these substances was
determined by their ability to reduce the swelling com-
pared with control group and was expressed in percentage.
It showed how the substance inhibited phlogogen swelling
in relation to control swelling where the value was taken as
100%. The activity of the studied compounds was calculat-
ed as following:

Vpe — Vhe

AA% = 100% — | ———
% & (Vpc—th

- 100%) (1)

where AA - antiexudative activity, %; V. - the volume of
paw edema in the experiment; V} . — the volume of healthy
paw in the experiment; V,,. - the volume of paw edema in
control; Vy,. - the volume of healthy paw in control.

Statistical data processing was performed using a li-
cense program «STATISTICA® forWindows 10.0» (Stat-
SoftInc., Nee AXXR712D833214FANS5) and «SPSS 16.0»,
«Microsoft Office Excel 360». The results are presented as
mean + standard error of the mean. Arithmetic mean and
standard error of the mean were calculated for each of the
studied parameters. During verification of statistical hy-
pothesis, null hypothesis was declined if statistical criteri-
on was p < 0.05.24

3. Results and Discussion

Previously heterocyclization of corresponding
(3H-quinazoline-4-ylidene)hydrazides was described as
the most efficient and convenient method for 2-R-[1,2,4]
triazolo[1,5-c]quinazolines synthesis.'”® The preparation

of the above-mentioned hydrazides is based on the acyla-
tion of 4-hydrazinoquinazoline by anhydrides, acyl ha-
lides, N-acyl imidazolides and other highly reactive deriv-
atives of carboxylic acids.!”* Namely, above-mentioned
approaches were used for the synthesis of target com-
pounds. It was found that initial compound 1a may be eas-
ily acylated in dioxane medium by ethyl 2-chloro-2-oxoac-
etate or ethyl 3-chloro-3-oxopropanoate (Method B) as
well as by imidazolides of monoethyl esters of oxalic or
malonic acids. Above-mentioned rection yielded corre-
sponding hydrazides (2a, 2b, Scheme 1). It should be not-
ed that acylation by acyl halides required the presence of
an organic base (triethylamine) and cooling of reaction
medium to 0-5 °C. At the same time the reaction between
1a and corresponding imidazolides may be conducted un-
der heating (80 °C). Hydrazides 2¢-f, that contain prolon-
gated alkyl moiety, were synthesized by interaction be-
tween initial compound la and cyclic anhydrides. Reaction
was conducted in dioxane medium at ambient tempera-
ture or under heating (Method C, Scheme 1). The signifi-
cant differences in yield values depending on the synthetic
protocols used were not observed.

The following cyclization of hydrazides 2a-f yielded
corresponding 2-([1,2,4]triazolo[1,5-c]quinazoline-2-yl)
carboxylic acids and their esters (3a-f, Scheme 1). Besides,
for compounds 3a-f one-pot synthesis method was elabo-
rated. Thus compounds 3a and 3b were obtained via inter-
action of 4-hydrazinoquinazoline (1a) with above-men-
tioned acylhalides in acetic acid medium and the presence
of sodium acetate at 0-5 °C followed by refluxing of reac-
tion mixture for 3 h (Scheme 1). Compounds 3d-f were
synthesized by reaction of compound 1a with cyclic anhy-

NH
N 5t BeeR
| n m

(@]
i, i, i NH

2a-f

3a n=0, X=0, m=0, R=Et; 3b n=1; X=0, m=0, R=Et;
3¢ n=1, X=-CH,-, m=0, R=H; 3d n=1, X=-CH,-. m=1, R=H;
3e n=1, X=-CH(Me)-, m=1, R=H; 3f n=1, X=-cyclopenthylene, m=1, R=H.

MCOOR

/N
‘ i, vii N 4a n=0; X=0, m=0, R,;=4-MeOBn;
v, Vi T B 4b n=1; X=0, m=0, Ry=4-MeOBn;
= 4c n=1, X=-CHy-, m=0, Ry=4-FCgH,;
N 4d n=1, X=-CH,-, m=0, Ry=4-BrCgH,;
4e n=1, X =-CHy-, m=0, Ry=4-EtOOCCgH,;
3a-f

2a, n=0, X=0, m=0, R=Et;

2b n=1, X=0, m=0, R=Et;

2¢ n=1, X=-CH,-, m=0, R=H;

2d n=1, X=-CH,-, m=1, R=H;

2e n=1, X=-CH(Me)-, m=1, R=H;

2f n=1, X=-cyclopenthylene, m=1, R=H.

nx P
7*@ M{

NHR;

4a-j 4f n=1, X = -CHy-, m=1, Ry=4-FCgHy;
4g n=1, X = CHz-, m=1, Ry=4-CICzH,;
4h n=1 X=-CHp-, m=1, R,=4-BrCqH,;
4i n=1, X=-CH,-, m=1, R,=4-EtO0CC¢H,;
4j n=1, X =-CH(Me)-, m=1, R4=4-CICgH,.

i: CIC(0)(CH,),COOEt, dioxane, N(Et); 0-5° C, 1.5 h; ii: 1) HCOO(CH,)nCOQEt, CDI, dioxane, 80°C, 1.5-3 h; iii: anhydrides, dioxane, reflux, 80°C, 1-1.5h or rt,
24 h; iv: AcOH, reflux, 3-4 h; v: 1) CIC(O)(CH,)nCOOEt, AcOH, AcONa, 0-5°C, 1.5 h; 2) reflux, 3 h: vi: anhydrides, AcOH, reflux, 3-4 h; vii: 4-MeOBnNH, 1-2 drop,

DMF, 130-140°C, 3-4 h; viii: 1) dioxane, CDI. 80°C; 2) ArNH, reflux, 1.5 h.

Scheme 1.
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drides in acetic acid. It should be noted that [1,2,4]tri-
azolo[4,3-c]quinazolines played a role of intermediate
products of condensation process. Above-mentioned in-
termediates underwent acid catalyzed Dimroth-type rear-
rangement that yielded isomeric [1,5-c]-series.! ™

Considering the presence of carboxylic or ester
group in the structure of compounds 3 it was decided to
conduct the chemical modification of above-mentioned
fragment to obtain agents with higher anti-inflammatory
activity. The synthesis of amides 4 was conducted by
known methods, namely via aminolysis of esters 3a, 3b or
imidazolides of acids 3c-f. Compounds 4a and 4b were
obtained by fusing of initial esters 3a and 3b with 4-me-
thoxybenzylamine at 130-140 °C. At the same time ami-
nolysis of imidazolides of acids 3c¢-f occurred easily in an-
hydrous dioxane (Scheme 1).

Obtained compounds 2a-f, 3a-f, 4a-j are white, pale
yellow crystalline powders that are not soluble in water, sol-
uble in saturated aqueous solution of sodium (potassium)
hydrocarbonates (3a-f), alcohols, dioxane and DME

Elemental analysis, 'H NMR and LS-MS data proved
purity and structure of synthesized substances. The LC-MS
using positive-ion atmospheric pressure chemical ioniza-
tion (APCI) showed the appropriate molecular ions [M+1],
which corresponded to the expected molecular weights of
2,3and 4.

In 'H NMR spectra of hydrazides 2a-f the signals of
endocyclic NH-protons and protons of hydrazide moiety
were observed as broad or doubled singlets at the
11.80-10.88 ppm and 11.11-9.48 ppm, correspondingly.
The signals of protons in heterocyclic fragments were reg-
istered as a singlet at the 7.91-7.73 ppm (proton at the sec-
ond position), doublets at the 8.02-7.73 ppm and 7.52-7.36
ppm (protons at the position 5 and positions 7, corre-
spondingly), triplets at the 7.26-7.19 ppm and 7.17-7.08
ppm (protons at the position 6 and position 8, correspond-
ingly). It should be mentioned that in some cases
above-mentioned signals were broadened due to the hy-
drazide-hydrazonol tautomerism.

'"H NMR spectra of compounds 3a-f and 4a-j were
characterized by the paramagnetic shift (relative to the 'H
NMR spectra of compounds 2a-f) of the signals of the pro-
tons in heterocyclic moiety. Above-mentioned phenome-
non may be explained by formation of electron-deficient
heterocyclic system. The signal of proton at the position 5
of triazoloquinazoline system was characteristic for 'H
NMR spectra of compounds 3a-f and was registered as a
singlet at the 9.56-9.26 ppm.! The other protons of tricy-
clic fragment formed ABCD system which consisted of
sequentially located doublets and triplets with correspond-
ing splitting constants.

The signal of carboxylic group protons was not ob-
served in 'H NMR spectra of compounds 2¢-f due to the
deuterium exchanging processes. At the same time the sig-
nal of above-mentioned group protons was registered in
low field as singlets at the 11.90-11.75 ppm in 'H NMR

spectra of compounds 3¢-f. In 'H NMR spectra of com-
pounds 4a-j the chemical shifts of the signals of amide
group proton depended on its chemical surrounding and
were registered as triplets at the 9.08-9.06 ppm (com-
pounds 4a, 4b) or singlets at the 10.21-9.70 ppm (4c-j).
Besides, the signals of aromatic protons of benzylamide or
anilide fragments were characteristic for 'H NMR spectra
of compounds 4.° In 'H NMR spectra of compounds 2, 3
and 4 the signals of aliphatic moieties protons were ob-
served with corresponding chemical shifts and multiplici-
ty.> It should be noted that additional splitting of signals
caused by diastereotopic methylene group protons of
3-methylbutyl fragment was observed in 'H NMR spectra
of compounds 3e and 4;j.

The characteristic bands of stretching vibrations of
NH group at the 3256-3007 cm™, CO group at the
1741-1703 cm’!, CONH group (“amide I” band) at the
1689-1600 cm™!, “amide II” band at the 1616-1519 cm™
were present in IR spectra of compounds 2. IR spectra of
compounds 3 were characterized by the absence of absorp-
tion bands caused by the stretching vibrations of amide
group at the 3256-3007 cm™ and the presence of intensive
bands of CO group stretching vibrations at the 1730-1706
cm™l. IR spectra of compounds 4 were characterized by
wide bands of NH group stretching vibrations at the
1669-1651 cm™}, stretching vibrations bands of NH group
at the 3857-3249 cm!, vibrations bands of CO group («am-
ide I») at the 1669-1651 cm™! and combined stretching-de-
formation vibrations of NH and CN group («amide II»
band) at the 1599-1520 cm™.. IR spectra of halogen-con-
taining compounds were additionally characterized by ab-
sorption bands caused by stretching vibrations of C-halo-
gen bond: ve g at the 1110-1102 ecm™ (4, 4f), v¢ g, at the
660-650 cm™! (4d, 4h), v at the 750-700 cm™! (4g, 4j). It
should be noted that in IR spectra of compounds 2, 3 and
4 low intensity bands vc_¢ bond at the 1486-1424 cm™,
Y(=c.m) at the 850-666 cm™, vcy, and Scpp-group at the
2988-2928 and 1491-1404 cm™! were observed.

Screening of obtained compounds for anti-exudative
activity was conducted in continuation of our studies
aimed to the purposeful search of anti-inflammatory
agents among compounds that contain heterocyclic frag-
ment and carboxylic group. The studies were carried out
using carrageenan-induced inflammation model.?* Ac-
cording to the obtained results (Table 1) in most of the cas-
es obtained compounds were characterized by moderate
anti-inflammatory activity. It should be noted that phar-
macological effects of some compounds were comparable
with activity of reference compound - sodium diclofenac.
Thus, compounds 4a, 2b, 4e, 4g, 4h, 2e and 4j revealed
anti-inflammatory activity on the level of 40.28-54.86%.

The conducted SAR-analysis showed that anti-exu-
dative activity of hydrazides 2 depends on the length of
alkyl moiety between heterocyclic fragment and carboxyl-
ic group. Compounds with propyl (2b), 3-methylpentyl
(2e) and (cyclopentyl)ethyl (2f) fragments were the most

Krasovska et al.: Quinazoline-containing Hydrazydes ...

401



402

Acta Chim. Slov. 2021, 68, 395-403

Table 1. Anti-inflammatory activity of the synthesized compounds (M + m, n = 6)*

Ne Compd. The healthy paw Edema paw volume
volume, mL* on 4" h of exp., mL* AA, %
Control 1.410 £ 0.021 2.370 £ 0.042 -

Diclofenac sodium 1.553 + 0.041 1.843 £ 0.046 69.79

1. 2a 1.390 £ 0.037 2.186 £0.133 17.01
2. 3a 1.336 £ 0.039 2.330 £ 0.066 -3.47
3. 4a 1.64 =+ 0.031 2.073 £0.027 54.86
4. 2b 1.723 £ 0.046 2.273 £0.059 42.71
5. 3b 1.460 £ 0.080 2.073 £0.099 36.11
6. 4b 1.623 £ 0.044 2.226 £0.075 37.15
7. 2c 1.370 = 0.060 2.100 £ 0.058 23.96
8. 3c 1.280 = 0.047 2.126 £0.108 11.81
9. 4c 1.370 £ 0.026 2.110£0.114 22.92
10. 4d 1.640 £ 0.024 2.140 £ 0.075 47.92
11. 4e 1.460 + 0.046 2.156 £0.076 27.43
12. 2d 1.306 £ 0.053 2.076 £ 0.097 19.79

13. 3d 1.400 £+ 0.066 2.333 £0.095 2.78
14. 4f 1.870 £ 0.030 2.556 £ 0.075 28.47
15. 4g 1.573 £ 0.048 2.110 £0.074 44.10
16. 4h 1.403 £ 0.020 1.956 £ 0.053 42.36
17. 4i 1.740 £ 0.037 2.430 £ 0.055 28.13
18. 2e 1.463 £ 0.081 1.943 £0.110 50.00
19. 3e 1.386 £ 0.045 2.206 £ 0.098 14.58
20. 4j 1.563 £+ 0.066 2.136 £0.058 40.28
21. 2f 1.386 + 0.049 1.983 £0.122 37.85
22. 3f 1.370 £ 0.05 2.096 £ 0.072 24.31

*Note: significant changes in control (p < 0.05); n is the number of animals in the group

active among the compounds 2. Compounds 3 were less
active comparing to hydrazides 2. Thus, cyclization of
compounds 2 resulted in significant decrease of anti-in-
flammatory activity. At the same time amides 4 revealed
high pharmacological effect. It was shown that level of an-
ti-inflammatory activity depend on the nature of amide
fragment. Amides that contain 4-chloro(bromo)phenyl
moieties (4d, 4g, 4h, 4j) showed higher activity comparing
to compounds 4e and 4i with “pharmacophore” 4-ethyl-
carboxyphenyl fragment. The presence of 4-methoxyben-
zylamide moiety (compounds 4a and 4b) also had positive
effect on the level of anti-inflammatory activity.

The conducted studies showed that amides of ([1,2,4]
triazolo[1,5-c]quinazoline-2-yl)alkyl carboxylic acids are
promising group of anti-inflammatory agents. The further
study of their chemical modification and profound study
of their pharmacological effects are reasonable in scope of
purposeful search of novel effective anti-inflammatory
drugs.

4. Conclusion

It was found that acylation of quinazo-
lin-4(3H)-ylidenehydrazine by cyclic anhydrides of dicar-
boxylic acids, acylhalides or imidazolides of dicarboxylic
acids monoesters is an efficient approach for the synthesis

of corresponding hydrazides. The cyclization of obtained
hydrazides yielded products that combine [1,2,4]tri-
azolo[1,5-c]quinazoline fragment and carboxylic or ester
groups in their structures. Above-mentioned compounds
were used for the synthesis of corresponding amides.
Screening of the synthesized compounds for anti-exuda-
tive activity revealed the potential of ([1,2,4]triazolo[1,5-c]
quinazoline-2-yl)alkyl carboxylic acids amides as promis-
ing anti-inflammatory agents.
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V prispevku opisujemo sintezo hidrazidov iz kinazolin-4(3H)-ilidenhidrazinov in dikarboksilnih kislin ter njihove na-
daljnje transformacije. Pokazali smo, da tovrstne hidrazide lahko pripravimo s pomod¢jo aciliranja izhodnega kinazo-
lin-4(3H)-ilidenhidrazina z ustreznimi acilhalidi, cikli¢nimi anhidridi in imidazoli monoestrov dikarboksilnih kislin.
Pripravljene hidrazide smo pretvorili v [1,2,4]triazolo[1,5-c]kinazoline, ki smo jih uporabili kot izhodne spojine za na-
daljnje kemijske modifikacije s ciljem uvedbe amidnega fragmenta v kon¢ne molekule. IR in 'H NMR spektroskopija
ter sklopljena kromatografsko-masna spektrometrija so omogo¢ile $tudij strukture produktov. Za pripravljene spojine
smo dolo¢ili tudi protivnetno u¢inkovitost s pomocjo modela vnetja podganje tacke s karaginanom. Zaklju¢imo lahko,
da so ([1,2,4]triazolo[1,5-c]kinazolin-2-il)alkil karboksilne kisline obetavna skupina molekul s protivnetnim delovanje,
primerne za nadaljnje poglobljene $tudije sintez in protivnetnih aktivnosti.
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Abstract

Synthesis of macrocylic enones starting from alkyl ether and triazole as a linker was achieved using click reaction and
intramolecular aldol condensation. The newly synthesized macrocyclic enone was successfully utilized as a dipolarophile
in 1,3-dipolar cycloaddition. The dipoles generated from hydrazine hydrochloride, hydroxylamine and guanidine hy-
drochloride were reacted with macrocyclic enone to give a new class of spiro aminopyrimidines, phenyl pyrazoles and
isoxazoles grafted macrocycles in good yield. The structures of newly synthesized compounds were confirmed with IR,
NMR and mass spectroscopy and evaluated for their anti cancer activity.

Keywords: Triazoles; click reaction; internal aldol condensation; macrocyclic enones; anticancer activity

1. Introduction

Carbohydrates are most important class of bio-mol-
ecules, their structural components have an important role
in biological processes and organic synthesis.! In the
chemical, pharmaceutical, food, cosmetic and detergent
industries they act as readily available intermediates
stocks for large scale applications? and also they have an
important role in cell physiology in the form of glycocon-
jugates (glycolipids, glycoproteins and polysaccharides)
and in many biological processes such as intercellular rec-
ognisation, bacterial and viral infection, cancer metasta-
sis, apoptosis and neuronal proliferation, etc.> The intro-
duction of a carbohydrate moiety into a system often im-
parts interesting properties such as hydrophilicity, lowered
noxious and escalated bioactivities;* organic chemists
have linked carbohydrates to various biologically potent
compounds to escalate their biological applications, such
as steroids, amino acids and other therapeutic agents.’
One of the methods used to link a carbohydrate moiety
with a potential compound is via a triazole ring using the
well known click-chemistry reaction.® The strategy of
linking a carbohydrate moiety with another species via a
triazole ring is gaining importance in organic synthesis,
natural products chemistry and bio chemistry.” The stabil-
ity, polar nature and possible hydrogen bonding ability of

a triazole ring combined with the biocompatibility and
presence of stereogenic centers, the stereogenic centers of
a carbohydrate moiety make glucal- based triazoles very
interesting for organic synthetic chemists.

Macrocyclic compounds with large cavities are
found to have potential application in chemistry, biology
and nanotechnology,®® With potent biological activities,
heteroatoms-containing macro cyclic compounds are
present in natural products.'? Heterocyclic compounds are
known to interact with various proteins and heterocyclic
units are constituent parts of magnificent molecular li-
gands;'? such compounds can also act as magic eye for
chiral molecules and can be used for selective metal ion
and anion remembrance.'>!'* The Cu(I)-catalyzed alkynes
—azide cycloaddition is the most useful modality for the
fashioning of diversification of 1,2,3-triazole grafted mac-
rocycles.!® In recent years 1,2,3-triazoles have large at-
traction in supramolecular chemistry because of their dual
nature to act as both hydrogen bond donors and acceptors
16,17 due to their firmness and lyomerous properties, these
triazoles can be of more conspicuous use as a non-peptide
inhibitors.'® Furthermore, they exhibit large variety of
medical activities.!® Triazole glycosides are also present
in the structures of various antiviral drugs such as Ribavi-
rin and B-D-ribofuranosyl-1,2,4-triazole-3-carboxam-
ide.?0 Isoxazole derivatives are pertinent class of bioactive
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molecules, which express glaring activities such as protein
tyrosinephosphatase 1 inhibitors,>' antiviral,?> antihel-
mintic,”? antiinflammatory,”* anticonvulsant,?® insecti-
cidal,?® antitubercular,”’ immunomodulatory,?® and hypoli-
permic.2’ Moreover pyrazoles and their derivatives could
be considered as possible antimicrobial agents,>? activities
of the other derivatives include antidepressant,’! antiar-
thritic®? and cerebroprotectors.’? Some aryl pyrazoles were
reported to act as non nucleoside human immunodeficien-
cy virus (HIV-1) reverse transcriptase inhibitors,>* COX-2
inhibitors,3>-37 activators of the nitric oxide receptors and
soluble guanylate cyclase activity.3® On the other hand, the
pyrimidines have special place and have contributed ex-
ceptionally to biological and medicinal fields,? with activ-
ities such as antitubercular,*® and calcium channel block-
ers,*! and also many pyrimidines* have displayed diverse
pharmaceutical activities depending upon the geometry
and type of substituents attached to the ring.¥ 3-Azi-
do-3-deoxythymidine (AZT),* a pyrimidine derivative,
has been found to be an eloquent antiviral agent against
HIV type 1 in vitro, and has been found to decrease mortal-
ity and opportunistic infections in patients with AIDS.

Following the successful introduction, inspired by
the biological profile of triazoles, macrolides, isoxazoles,
pyrazoles and pyramidines, and in the continuation of our
work on biologically active heterocycles*>2 we have de-
veloped a series of novel triazole linked furanose pyranose
macrocycles, their heterocyclic counterparts and evaluat-
ed their anticancer activity.

2. Results and Discussion

The key intermediate 8 required for the synthesis of
compounds 9, 10 and 11 was prepared according to the
procedure outlined in the Scheme 1. 1-(2-(4-Bromobu-
toxy)phenyl)ethanone (2), prepared from 2-hydroxyace-
tophenone by treating with 1,4-dibromopropane in DMF
in the presence of K,CO;, followed by sodium azide, gave
its corresponding azide, is converted into triazole 7 (82%)
by using 1,3-dipolar cycloaddition with propargyl ether 4
carried out at ambient temperature in the presence of
CuSO, and sodium ascorbate in a mixture of 1:1 CH,Cl,—

H,0. Acid hydrolysis of 5 in 60% AcOH furnished the
diol 6, which on oxidative cleavage with NalO,4 gave the
aldehyde 7, which is subjected to internal aldol condensa-
tion to give macrocycle> 8 (Scheme 1). Compound 8 was
then reacted with hydroxylamine, hydrazine hydrochlo-
ride and guanidine hydrochloride at reflux temperature to
gave macrocyclic derivatives 9, 10 and 11.

The key intermediate 20 required for the synthesis of
compounds 21, 22 and 23 was prepared according to the
procedure outlined in the scheme 2. 1-(2-(4-Bromobu-
toxy)phenyl)ethanone (2), prepared from 2-hydroxyace-
tophenone by treating with 1,4-dibromopropane in DMF in
the presence of K,CO;, followed by sodium azide to give
its corresponding azide, is converted into triazole 7 (82%)
by using 1,3-dipolar cycloaddition with propargyl ether 16,
carried out at ambient temperature in the presence of
CuSO, and sodium ascorbate in a mixture of 1:1 CH,Cl,—
H,0, oxidation of compound 18 with IBX gave aldehyde,
which is subjected to internal aldol condensation to give
macrocycle®® 20 (Scheme 2). Compound 20 was then re-
acted with hydroxylamine, hydrazine hydrochloride and
guanidine hydrochloride at reflux temperature to gave
macrocyclic derivatives 21, 22 and 23. The structures of
synthesized compounds were determined by IR, NMR, MS
spectra and evaluated for their anticancer activity.

3. In vitro Cytotoxicity

Anticancer activity of the compounds 9, 10, 11, 21,
22 and 23 was determined on the basis of measurement of
in vitro growth inhibition of tumor cell lines in 96 well
plates by cell-mediated reduction of tetrazolium salt to the
formation of water insoluble crystals using doxorubicin as
a standard. The cytotoxicity was assessed against a panel
of four different human tumor cell lines: A549 derived
from human alveolar adenocarcinoma epithelial cells
(ATCC No.CCL-185), HeLa derived from human cervical
cancer cells (ATCC No. CCL-2), MDA-MB-231 derived
from human breast adenocarcinoma cells (ATCC No.
HTB22), MCF-7 (Michigan cancer Foundation cell line)
and HEK 293 (normal human embryonic kidney cell line)
using the MTT assays.>* The ICs, values were calculated

Table 1. In vitro anticancer activity of selected compounds

IC5 values in pM
Compound A549 Hela MDAMB231 MCE-7 HEK 293
9 6.22 5.42 6.39 1.82 >100
10 7.02 3.92 4.01 10.07 >100
11 >100 3.76 421 >100 >100
21 12.09 2.98 3.97 >100 >100
22 >100 3.56 3.75 15.99 >100
23 6.01 5.05 6.05 1.90 >100
Doxorubicin 0.459 0.509 0.91 1.07 >100
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from the plotted absorbance data for the dose-response
curves. ICs, values (in uM) are indicated as mean +SD of
three independent experiments. From the data reported in
Table 1, most of the prepared compounds possessed sig-
nificant cytotoxicity effect on all the tested cell lines and
potencies of some of the compounds were comparable to
the standard doxorubicin, the most widely used drug for
the treatment of tumors. Among the tested compounds 9
and 23 showed the most potent activity against MCF-7
cell line with IC spvalue of 1.82 and 1.90 uM, whereas 10,
11, 21 and 22 showed promising activity against MDA-
MB-231 and HeLa cell lines.

0 —\1 b
OH Br

Sheme 1

4. Experimental

Commercial grade reagents were used as supplied,
solvents (except those of analytical reagent grade) were
dried and purified according to the literature when neces-
sary. Reaction progress and purity of the compounds were
checked by thin-layer chromatography (TLC) on pre-coat-
ed silica gel F254 plates from Merck and compounds were
visualized either by exposure to UV light or by dipping in
1% aqueous potassium permanganate solution. Silica gel
chromatographic columns (60—120 mesh) were used for
the separations. By using Perkin—Elmer 141 polarimeter

1;0

0]
(0]
/
5 N N

N 9
N )
N

Reagents and conditions: (a) 1,4-dibromobutane, K2CO3, DMF; (b) NaN3; (c) sodium ascorbate, CuSO4-5H20, H20, CH2CI2; (d) 60% ACOH;
(e) NalO4, CH2CI2; (f) KOH; (g) NH20H-HCI, NaOAc, AcOH; (h) guanidine hydrochloride; (i) PANHNH2, NaOAc, AcOH.
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Reagents and conditions: (a) Et;Si, BF;, DMF; (b) NaOMe; (c) TBDMSC], Et;N, imidazole; (d) propargyl bromide, n-Buy,NHSO,; (e) TBAE, THF;
(f) sodium ascorbate, CuSO,5H,0, H,0, CH,Cl,; (g) IBX, CH,Cl,; (h) KOH; (i) PANHNH,, NaOAc, AcOH; (j) guanidine hydrochloride; (k)

NH,OH-HCl, NaOAc, AcOH.

optical rotations were measured on a 2 mL cell with a path
length of 1 dm with CHCl; or CDCl; as the solvent. By
using Fisher—Johns apparatus all melting points were
measured and are uncorrected. IR spectra were recorded
as KBr disks on a Perkin—Elmer FT IR spectrometer. The
'H NMR and '3C NMR spectra were recorded on a Varian
Gemini spectrometer (300 MHz for 'H and 75 MHz for
13C). Chemical shifts are reported as & ppm against TMS
as the internal reference and coupling constants (J) are re-
ported in Hz units. Mass spectra were recorded on a VG
micro mass 7070H spectrometer. Elemental analysis (C,
H, N) were determined by a Perkin—Elmer 240 CHN ele-
mental analyzer and were within +0.4% of theoretical val-
ues.

1-(2-(4-Bromobutoxy)phenyl)ethanone (2)
2-Hydroxyacetophenone (1.2 g, 8.8 mmol), a cata-
lytic amount of potassium carbonate and 1,4-dibromobu-
tane (1.9 g, 8.8 mmol) were stirred in DMF at 0 °C to
room temperature for 8 h, the reaction mixture was

quenched with NH,Cl, thereafter the reaction mixture was
concentrated under reduced pressure, the product was ex-
tracted with ethyl acetate, washed with brine and dried
over sodium sulphate and purified by column chromatog-
raphy (60—120 mesh, 12% ethyl acetate in hexane) to give
compound 2 (2 g, 7.3 mmol, 84%). Mp 189 °C. 'H NMR
(300 MHz, CDCl,): 6 7.37-7.42 (m, 2H, Ar-H), 7.10-7.12
(m, 2H, Ar-H), 4.09 (m, 2H, CH,), 3.50 (m, 2H, CH,),
2.56 (s, 3H, CH3), 1.90-1.62 (m, 4H, CH,); '*C NMR (75
MHz, CDCl3): 8 196.0, 162.1, 134.0, 122.5, 120.2, 117.9,
68.4,30.5, 29.5, 29.1; MS: m/z (M™+H) 271. Anal. Calcd
for C;,H,sBrO,: C, 53.15; H, 5.58; Found: C, 52.98; H,
5.45.

1-(2-(4-(5-(((3aR,5R,6R,6aR)-5-((S)-2,2-Dimethyl-1,3-
dioxolan-4-yl)-2,2-dimethyltetrahydrofuro|2,3-d][1,3]
dioxol-6-yloxy)methyl)-1H-1,2,3-triazol-1-yl)butoxy)
phenyl)ethanone (5)

The compound 2 (1.90 g, 6.9 mmol) and sodium
azide (0.500 g, 7.6 mmol) was stirred in methanol at reflux
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temperature for 6 h, the reaction mixture was concentrated
under reduced pressure, the product extracted with ethyl
acetate and evaporated to give 3 (1.50 g) in quantitative
yield as a yellow coloured liquid, which was used for the
next reaction.

To the solution containing alkyne 4 (1.45 g, 4.8
mmol), azide 3 (1.50 g, 6.4 mmol) in dichloromethane (10
mL) and water (10 mL) were added CuSO,4-5H,0 (0.110
g) and sodium ascorbate (0.114 g); the resulting suspen-
sion was stirred at room temperature for about 6 h, the
mixture was diluted with 5 mL dichloromethane and 5 mL
water. The organic phase was separated, washed with
brine, dried over sodium sulphate and concentrated under
reduced pressure; the crude product thus obtained was pu-
rified by column chromatography on silica gel (60-120
mesh, hexane/EtOAc 65:35) to afford 5 (3.290 g, 6.1
mmol, 76%) as a white powder. Mp 249 °C. 'H NMR (300
MHz, CDCl;): 68.04 (s, 1H, Ar-H), 7.32-7.10 (m, 4H,
ArH), 5.56 (d, J = 3.7 Hz, 1H, CH), 4.63 (m, 1H, C,H),
4.59 (s, 2H, CH,), 4.41 (dd, J; = 3.1 Hz, J, = 7.3 Hz, 1H,
CsH), 4.19-4.13 (m, 4H, CH,), 4.09-3.96 (m, 3H, C4H,
2xCg¢H), 3.75 (dd, J; = 8.8 Hz, J,=4.1 Hz, 1H, C5H), 2.52
(s, 3H, CHj), 1.78-1.75 (m, 4H, 2xCH,), 1.51 (s, 3H,
CHj3), 1.40 (s, 3H, CHs3), 1.36 (s, 6H, 2xCHj3); 3C NMR
(75 MHz, CDCly): & 196.0, 162.0, 142.4, 135.8, 129.4,
120.4, 117.9, 110.2, 106.2, 82.6, 79.4, 73.9, 68.6, 67.8,
65.1, 41.6, 27.5, 26.4, 25.4; MS: m/z (M*+H) 532. Anal.
Calcd for C,7H37N504: C, 61.00; H, 7.02; N, 7.90; Found:
C, 60.69; H, 6.95; N, 7.66.

1-(2-(4-(5-(((3aR,5R,6R,6aR)-5-((:5)-1,2-Dihydroxyeth-
y1)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-
yloxy)methyl)-1H-1,2,3-triazol-1-yl)butoxy)phenyl)
ethanone (6)

A mixture of 5 (3 g, 5.6 mmol) in 60% aq. AcOH (25
mL) was stirred at room temperature for 12 h. Reaction
mixture was neutralized with anhydrous NaHCO; (15 g)
and extracted with EtOAc (3x40 mL). The combined or-
ganic layers were dried (Na,SO,), evaporated and the res-
idue was purified by column chromatography (60—120
mesh silica gel, 40% ethyl acetate in petroleum ether) to
afford 6 (2.6 g, 5.2 mmol, 92%) as a pale yellow solid. Mp
256 °C. "HNMR (300 MHz, CDCl5): § 8.09 (s, 1H, Ar-H),
7.36-7.20 (m, 4H, ArH), 5.46 (d, J = 3.7 Hz, 1H, C,H),
4.43 (m, 1H, C,H), 4.39 (s, 2H, CH,), 4.31 (d,J=3.1 Hz,
1H, CsH), 4.18-4.12 (m, 4H, CH,), 4.06-3.99 (m, 3H,
C4H, 2xCgH), 3.65 (dd, J; = 8.8 Hz, J, = 4.1 Hz, 1H,
C;H), 2.44 (brs, 1H, OH), 1.78-1.75 (m, 4H, 2xCH,),
1.52 (brs, 1H, OH), 1.41 (s, 3H, CH3), 1.30 (s, 3H, CH3),
1.26 (s, 3H, CH;); 3C NMR (75 MHz, CDCIl;): § 196.5,
161.5,142.4,133.6,127.9,120.2, 117.9,108.2, 98.6, 81.9,
79.6, 70.6, 47.4, 26.4, 25.1, 20.9; MS: m/z (M™+Na) 514.
Anal. Calcd for C,4H33N504: C, 58.64; H, 6.77; N, 8.55;
Found: C, 58.39; H, 6.55; N, 8.36.

(5aS8,9aR,Z)-8,9a,18,19,20,21-Hexahydro-4 H-benzo|j]

pyrano[2,3-0][1,2,3]triazolo[5,1-c][1,9,4]dioxaazacy-
clohexadecin-12(5aH)-one (8)

To the solution of diol 6 (2.4 g, 4.88 mmol) in CH,
Cl, (5 mL), NalO,4 (0.530 g, 2.48 mmol) was added at 0 °C
and stirred at room temperature for about 6 h. The reaction
mixture was filtered and washed with CH,Cl, (2x10 mL),
dried over Na,SO, and evaporated to give keto aldehyde 7
(2 g) in quantitative yield as a yellow liquid, which was
used for the next reaction.

The reaction mixture of keto aldehyde and KOH in
methanol was stirred at reflux temperature for about 6 h,
the methanol was then removed from the reaction mixture,
the product was extracted with ethyl acetate and washed
with brine, dried over sodium sulphate, evaporated and the
residue was purified by column chromatography (60-120
mesh silica gel, 40% ethyl acetate in petroleum ether) to
afford 8 (1.6 g, 3.62 mmol, 92%) as a pale yellow solid.
Mp 226 °C. 'H NMR (300 MHz, CDCl,): § 8.12 (s, 1H,
Ar-H), 8.10-7.56 (m, 4H, Ar-H), 7.12 (d, /= 6.2 Hz, 1H,
=CH), 6.52 (d, /= 6.6 Hz, 1H, =CH), 5.58 (d, J=3.7 Hz,
1H, C,H), 4.04-3.98 (m, 1H, C4;H), 4.63 (m, 1H, C,H),
4.60 (s, 2H, CH,), 4.41 (d, J = 3.1 Hz, 1H, CsH), 3.96—
3.92 (m, 4H, CH,), 3.62 (dd, J; = 8.8 Hz, J,=4.1 Hz, 1H,
C;3H), 1.75-1.72 (m, 4H, 2xCH,), 1.24 (s, 6H, 2xCHj);
13C NMR (75 MHz, CDCl5): 8 187.5, 158.2, 146.0, 142.5,
136.7, 131.5, 128.9, 125.6, 120.9, 119.6, 114.6, 119.6,
103.4, 83.6, 73.0, 70.6, 66.9, 50.9, 26.4, 24.0; MS: m/z
(M*+H) 442. Anal. Calcd for C»3H,7N;0¢: C, 62.57; H,
6.16; N, 9.52; Found: C, 62.39; H, 5.95; N, 9.26.

(33*R,3%5,3°R,3%*R)-32,32-Dimethyl-24,25,3%2, 35,36 36a_
hexahdro-6'H-4,11-dioxa-2(3,5)-isoxazola-6(5,1)-tri-
azola-3(5,6)-furo|[2,3-d][1,3]-dioxola-1(1,2)benzenacy-
cloundecaphane (9)

A mixture of compound 8 (0.050 g, 0.113 mmol), hy-
droxylamine hydrochloride (0.020 g, 0.28 mmol) and sodi-
um acetate (0.010 g, 0.12 mmol) in anhydrous glacial ace-
tic acid (20 mL) was refluxed for 8 h. The reaction mixture
was concentrated in vacuo and then poured into ice cold
water, the solid thus separated was filtered off, washed
with water and crystallized from ethanol to afford pure 10
(0.035 g, 0.07 mmol, 67%) as a brown solid. Mp 276 °C.
"H NMR (300 MHz, CDCls): & 8.04 (s, 1H, Ar-H), 7.62—
7.49 (m, 4H, Ar-H), 5.42 (d, J= 3.7 Hz, 1H, C|H), 4.69 (s,
2H, CH,), 4.60 (m, 1H, C,H), 4.41 (dd, J; = 3.1 Hz, J, =
7.3 Hz, 1H, C4H), 3.93-3.88 (m, 4H, CH,), 3.60 (dd, J; =
8.9 Hz, J, = 4.1 Hz, 1H, C;3H), 3.59-3.55 (m, 1H, CH),
3.04 (m, 2H, CH,), 1.93-1.78 (m, 4H, 2xCH,), 1.26 (s, 6H,
2xCH3); BC NMR (75 MHz, CDCly): & 156.4, 142.5,
131.9, 128.9, 121.4, 117.8, 114.6, 111.6, 107.1, 83.6, 82.6,
81.6, 72.9, 66.5, 63.2, 50.6, 36.9, 26.9, 23.9. MS: m/z
(M*+H) 457. Anal. Caled for Cy3H,sN4Og: C, 60.52; H,
6.18; N, 12.27; Found: C, 59.99; H, 5.97; N, 12.01.

(24R,3°R,35R,35R,35°R)-32,32-Dimethyl-24,25,
33 3536 362_heahydro-6'H-4,11-dioxa-2(4,6)-pyrimi-
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dana-6(5,1)-triazola-3(5,6)-furo[2,3-d][1,3]-dioxo-
la-1(1,2)-benzenecycloundecaphane-23-amine (10)

To the solution of 8 (0.050 g, 0.113 mmol) and
guanidine hydrochloride (0.029 g, 0.3 mmol) in ethanol
(20 mL) was added aq. NaOH solution (5 mL). The reac-
tion mixture was refluxed for about 6 h. Then it was
poured in cold 10% HCI (50 mL) solution and the precip-
itate obtained was collected by filtration, washed with
water until free from acid and recrystallized from tolu-
ene-ethanol (3:2) to give pure 10 as a brown solid (0.019
g, 0.04 mmol, 63%). Mp 266 °C. 'H NMR (300 MHz,
CDCly): 6 8.02 (s, 1H, Ar-H), 7.12 (s, 2H, NH,), 6.94—
7.10 (m, 4H, Ar-H), 5.49 (d,J=3.7 Hz, 1H, CH), 4.66 (s,
2H, CH,), 4.53 (m, 1H, C,H), 4.41 (m, 1H, C,H), 3.90-
3.83 (m, 4H, 2xCH,), 3.62 (dd, J; = 3.1 Hz, J, = 7.3 Hz,
1H, C3H), 3.04 (m, 2H, CH,), 2.54 (m, 1H, CH), 1.78-
1.90 (m, 4H, 2xCHy,), 1.20 (s, 6H, 2xCH3); '3C NMR (75
MHz, CDCly): § 164.5, 163.2, 154.5, 142.6, 128.9, 126.8,
120.4, 112.4, 105.9, 83.0, 77.6, 72.4, 65.8, 50.6, 43.6,
32.0, 27.0, 24.0; MS: m/z (M*+Na) 505. Anal. Calcd for
Co4H30NgOs: C, 59.74; H, 6.27; N, 17.42; Found: C,
59.59; H, 6.07; N, 17.01.

(3%2R,35R,3%R)-32,32-Dimethyl-21-phenyl-24,25,
332 35 36 36a_hexahydro-2'H,6'7-4,11-dioxa-6(5,1)-tri-
azola-2(3,5)-pyrazola-3(5,6)-furo-[2,3-d][1,3]-dioxo-
la-1(1,2))-benzenecycloundecaphane (11)

The mixture of compound 8 (0.050 g, 0.113 mmol),
phenylhydrazine (0.025 g, 0.23 mmol) and anhydrous so-
dium acetate (0.012 g, 0.14 mmol) in glacial acetic acid
(20 mL) was refluxed for about 7 h. The reaction mixture
was concentrated in vacuo and cooled at room tempera-
ture, the solid thus separated was filtered off, then washed
thoroughly with water, the unmilled product thus obtained
was purified by column chromatography on silica gel with
hexane—ethyl acetate as eluent to afford pure compound
11 (0.044 g, 0.08 mmol, 73%). Mp 276 °C. 'H NMR (300
MHz, CDCl;): & 8.09 (s, 1H, ArH), 7.25-7.10 (m, 5H,
ArH), 6.95-7.14 (m, 4H, ArH), 5.40 (d, J = 3.7 Hz, 1H,
C,H), 5.25 (d, /= 1.8 Hz, 1H, CHN), 4.54 (s, 2H, CH,),
4.50 (m, 1H, C,H), 4.38 (m, 1H, C4H), 3.90-3.85 (m, 4H,
CH,), 3.59 (dd, J; = 3.1 Hz, J, = 7.3 Hz, 1H, C3H), 3.01
(m, 2H, CH,), 1.89-1.78 (m, 4H, 2xCH,), 1.24 (s, 6H,
2xCHj3); BC NMR (75 MHz, CDCly): § 157.1, 151.5,
142.4, 131.5, 129.5, 128.6, 120.4, 116.9, 114.5, 112.0,
105.9, 85.0, 83.5, 82.3, 72.4, 66.5, 50.4, 48.1, 32.6, 27.1,
23.8; MS: m/z (M™+H) 532. Anal. Calcd for Cy9H33N5Os:
C, 65.52; H, 6.26; N,13.17; Found: C, 65.29; H, 5.97; N,
12.91.

((2R,35)-3-Acetoxy-3,6-dihydro-2 H-pyran-2-yl)methyl
Acetate (13)

Tri-O-acetyl-D-glucal (12) (3.0 g, 11.0 mmol) was
dissolved in anhydrous dichloromethane (5 mL), the solu-
tion was cooled to 0 °C, triethylsilane (1.53 g, 13.2 mmol)
was added and the mixture was stirred for five minutes.

Boron trifluoride diethyl etherate (690 puL of a 40 w%
solution in diethyl ether, 11.02 mmol) was added drop
wise and the reaction mixture was stirred for 90 min. The
mixture was poured into a saturated solution of NaHCOs;.
The organic layer was washed with water, dried over Na-
»S0, and concentrated under reduced pressure. Column
chromatography on silica gel (PE/EtOAc, 3:1) yielded the
title compound 13 (2.24 g, 10 mmol, 95%) as a colourless
syrup. [a]P5: +115.5 (¢ = 1.00, CHCI3). 'H NMR (300
MHz, CDCly): & 5.87-5.84 (m, 2H, =CH), 4.95 (m, 1H,
OCH), 4.03-3.99 (m, 1H, CH), 4.12-4.09 (m, 4H, OCH,),
2.20 (s, 6H, COCH;); '*C NMR (75 MHz, CDCly): &
170.2, 127.2, 125.8, 73.6, 65.1, 64.0, 62.5, 21.1; MS: m/z
(M*™+H) 215. Anal. Calcd for C,,H,405: C, 56.07; H, 6.59;
Found: C, 55.82; H, 6.35.

(2R,35)-2-((tert-Butyldimethylsilyloxy)methyl)-3,6-di-
hydro-2H-pyran-3-ol (15)

At room temperature diacetate 13 (2.10 g, 9.8 mmol)
was treated with a catalytic amount of sodium methoxide
in methanol (100 mL). The free hydroxyl unsaturated gly-
coside was obtained after evaporation of the solvent in
quantitative yield and used without further purification.
This diol was treated with 2.50 equiv. of TBDMSCI (3.14
g, 20 mmol), 2.6 equiv. of NEt; (3.2 mL, 23 mmol), and
0.05 equiv. of imidazole (30 mg, 0.44 mmol) in CH,Cl,
(30 mL) at room temperature for 24 h (until TLC analysis
showed no more starting material). After addition of 25
mL of water and extraction with 3x30 mL of CH,Cl,, the
organic layer was dried under reduced pressure. After
evaporation of the solvent the residue was purified by col-
umn chromatography using petroleum ether/ethyl acetate
as the eluent yielding the title compound 15 (1.94 g, 7.6
mmol, 85%) as a colourless syrup. 'H NMR (300 MHz,
CDCl;): 6 6.0-5.82 (m, 2H, =CH), 5.42 (d, /= 6.5 Hz, 1H,
CH,), 4.50 (brs, 1H, OH), 4.20-4.12 (m, 1H, CH), 3.91-
3.80 (m, 4H, CH,), 0.98 (s, 9H, #-Bu), 0.24 (s, 6H, CHj3);
13C NMR (75 MHz, CDCl5): § 127.5, 125.6, 84.6, 81.5,
73.6,62.7,25.6, 18.1; MS: m/z (M™+Na) 267. Anal. Calcd
for C;,H,405Si: C, 58.97; H, 9.90; Found: C, 58.62; H,
9.75.

tert-Butyldimethyl(((2R,3:5)-3-(prop-2-ynyloxy)-3,6-di-
hydro-2H-pyran-2yl)methoxy)silane (16)

In toluene (1.6 mL) the solution of alcohol 14 (0.400
g, 1.63 mmol, 1.0 equiv.) was added, 35% aqueous solu-
tion of NaOH (1.6 mL), propargyl bromide (80% solution
in toluene, 363 pL, 2.4 mmol, 1.5 equiv.), and n-BuyN-
HSO, (280 mg, 0.8 mmol, 0.5 equiv.) was added. After 6
h of vigorous stirring at room temperature, Et,NH (1.6
mL) was added. The reaction mixture was stirred for 1 h,
poured into ice water, cautiously neutralized by addition
of a 3M solution of hydrochloric acid, and extracted with
EtOAc. The combined organic extracts were washed with
brine, dried over MgSOQ,, filtered and concentrated under
reduced pressure. The crude material was purified by flash
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chromatography on silica gel (hexane/EtOAc 85:15) to af-
ford propargyl ether as a colorless oil (0.345 g, 1.21 mmol,
75%). '"H NMR (300 MHz, CDCls): § 6.03-5.80 (m, 2H,
=CH), 4.69 (t, J=3.9 Hz, 1H, CH), 3.68 (dd, J; = 8.9 Hz,
J,=4.1 Hz, 1H, OCH), 3.99-3.89 (m, 6H, CH,), 3.20 (s,
1H, CH), 0.96 (s, 9H, ¢-Bu), 0.23 (s, 6H, CH;); '*C NMR
(75 MHz, CDCly): 8 127.2, 124.9, 78.0, 76.2, 74.2, 64.2,
63.2, 58.5, 25.3, 18.5; MS: m/z (M*+H) 283. Anal. Calcd
for C;5H,405Si1: C, 63.78; H, 9.28; Found: C, 63.62; H,
8.95.

((2R,35)-3-(Prop-2-ynyloxy)-3,6-dihydro-2 H-pyran-2-
y)methanol (17)

In THF the stirred solution of 16 (0.325 g, 1.152
mmol), catalytic amount of TBAF was added and stirred
the reaction mixture at room temperature for about 15
min, the product was extracted with ethyl acetate (20 mL).
The combined organic extracts were washed with brine,
dried over MgSQOy,, filtered, and concentrated in vacuo.
The crude material was purified by flash chromatography
on silica gel (60-120 mesh, hexane/EtOAc 70:30) to af-
ford alcohol 17 as a yellow oil (0.285 g, 1.69 mol, 85%).
"H NMR (300 MHz, CDCls): 6 5.95-5.75 (m, 2H, =CH),
4.65 (d, J = 3.9 Hz, 1H, CH), 4.52 (brs, 1H, OH), 4.09—
4.11 (m, 4H, OCH,), 3.64 (dd, J; = 4.1 Hz, J, = 8.9 Hz,
1H, OCH), 3.76 (d, J = 6.8 Hz, 2H, OCH,), 3.28 (s, 1H,
CH); *C NMR (75 MHz, CDCls): § 127.2, 125.6, 78.3,
76.1, 74.1, 64.2, 61.4, 58.0; MS: m/z (M™+H) 169. Anal.
Calcd for CoH;,05: C, 64.27; H, 7.10; Found: C, 64.02; H,
6.95.

1-(2-(4-(5-(((2R,35)-2-(Hydroxymethyl)-3,6-dihydro-
2H-pyran-3-yloxy)methyl)-1H-1,2,3-triazol-1-yl)bu-
toxy)phenyl)ethanone (18)

To a solution containing alkyne 17 (0.250 g, 1.48
mmol), azide 3 (0.280 g, 1.20 mmol) in dichloromethane
(10 mL) and water (10 mL) were added CuSO45H,0
(0.110 g) and sodium ascorbate (0.114 g). The resulting
suspension was stirred at room temperature for 6 h. After
this time, the mixture was diluted with 5 mL dichloro-
methane and 5 mL water. The organic phase was separat-
ed, dried with sodium sulphate and concentrated at re-
duced pressure; the crude product thus obtained was puri-
fied by column chromatography on silica gel (60-120
mesh, hexane/EtOAc 60:40) to afford 18 (0.442 g, 1.10
mol, 77%) as a white powder. Mp 249-251 °C. 'H NMR
(300 MHz, CDCly): & 8.10 (s, 1H, Ar-H), 7.31-7.10 (m,
4H, ArH), 5.80-5.76 (m, 2H, =CH), 5.09 (brs, 1H, OH),
4.68 (s, 2H, CH,), 4.36-4.30 (m, 6H, CH,), 3.86 (m, 1H,
CH), 3.58 (m, 2H, CH,), 3.28 (q, 1H, CH), 2.46 (s, 3H,
CH;), 1.76-1.75 (m, 4H, CH,); *C NMR (75 MHz,
CDCl;): 6 195.0, 165.2, 142.8, 134.8, 128.7, 127.8, 125.8,
120.2, 117.9, 78.6, 69.6, 64.8, 62.6,47.9, 27.6, 26.8, 25.4;
MS: m/z (M*+H) 402. Anal. Calcd for C5;H,;N;O5: C,
62.83; H, 6.78; N, 10.47; Found: C, 62.55; H, 6.57; N,
10.10.

1-(2-(4-(5-(((2R,35)-2-(Hydroxymethyl)-3,6-dihydro-
2H-pyran-3-yloxy)methyl)-1H-1,2,3-triazol-1-yl)bu-
toxy)phenyl)ethanone (20)

In CH,Cl, (5 mL), IBX (0.100 g, 0.35 mmol) to a
solution of keto alcohol 18 (0.400 g, 0.99 mmol) was add-
ed at 0 °C and stirred at room temperature for about 6 h.
The reaction mixture was filtered and washed with CH,Cl,
(2x10 mL). It was dried (Na,SO,) and evaporated to give
keto aldehyde 19 (0.325 g) in quantitative yield as a yellow
liquid, which was used as such for the next reaction.

The stirred reaction mixture of keto aldehyde 19 and
NaOH (0.500 g, 12.5 mmol) in methanol (5 mL) was heat-
ed at reflux temperature for about 6 h, thereafter methanol
was removed from the reaction mixture, the product was
extracted with ethyl acetate and washed with brine, dried
over sodium sulphate, volatile components were evaporat-
ed and the residue purified by column chromatography
(60—120 mesh silica gel, 40% ethyl acetate in petroleum
ether) to afford 20 (0.219 g, 0.57 mmol, 70.58%) as a pale
yellow solid. Mp 269-271 °C. 'H NMR (300 MHz,
CDCl5): 5 8.09 (s, 1H, ArH), 7.36-7.18 (m, 4H, ArH),
7.12 (d, J = 3.2 Hz, 1H, =CH), 6.59 (d, J = 3.9 Hz, 1H,
=CH), 5.87-5.84 (m, 2H, =CH), 4.68 (s, 2H, CH,), 3.99—
3.95 (m, 4H, CH,), 3.87 (m, 2H, CH), 3.70 (m, 2H, CH,),
1.70-1.62 (m, 4H, CH,); '*C NMR (75 MHz, CDCl,): §
167.2, 157.6, 142.6, 140.6, 135.7, 131.6, 128.9, 126.4,
120.8, 115.2,71.9, 67.6, 50.9, 24.1; MS: m/z (M*+H) 382.
Anal. Calcd for C,1Hy3N304: C, 66.13; H, 6.08; N, 11.02;
Found: C, 65.89; H, 5.85; N,10.86.

(32R,33S)-Phenyl-24,25,35,3%-tetrahydro-2'H,32H,6!
H-4,11-dioxa-6(5,1)-triazola-2(3,5)-pyrazola-3(2,
3)-pyrane-1(1,2)-benzenacycloundechaphane (21)

A mixture of compound 20 (0.200 g, 0.52 mmol),
phenylhydrazine (0.100 g, 0.92 mmol) and anhydrous so-
dium acetate (0.100 g, 1.21 mmol) in glacial acetic acid
(20 mL) was refluxed for 7 h. Then the reaction mixture
was concentrated in vacuo and cooled at room tempera-
ture, the solid thus separated was filtered, washed thor-
oughly with water, the unprocessed product thus obtained
was purified by column chromatography on silica gel with
hexane—ethyl acetate as eluent to afford pure compound
21 (0.165 g, 0.33 mmol, 64%). Mp 219-221 °C. 'H NMR
(300 MHz, CDCls): & 8.16 (s, 1H, ArH), 7.67-7.49 (m,
4H, ArH), 7.28-7.24 (m, 5H, ArH), 5.80-5.72 (m, 2H,
=CH), 4.69 (s, 2H, CH,), 3.99-3.94 (m, 6H, CH,), 3.84—
3.80 (m, 2H, CH), 2.89 (m, 1H, CH), 1.84-1.78 (m, 6H,
CH,); 3C NMR (75 MHz, CDCls): 8 157.8, 151.6, 142.6,
131.7, 129.9, 128.7, 126.1, 120.2, 117.6, 116.8, 115.6,
85.4, 74.1, 72.6, 66.1, 64.7, 51.2, 47.6, 32.6, 23.9; MS:
m/z (M™+Na) 494. Anal. Calcd for C,;H,N;sO5: C, 68.77;
H, 6.20; N, 14.85; Found: C, 68.59; H, 5.97; N, 14.51.

(32R-335)-24,25,33,36_Tetrahydro-32H,6' H-4,11-dioxa-
2(4,6)-pyrimidina-6(5,1)-triazola-3(2,3)-pyrana-1
(1,2)-benzenacycloundecaphane-2-amine (22)
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To aq. NaOH (0.020 g, 0.5 mmol) solution (5 mL)
the solution of 20 (0.050 g, 0.13 mmol) and guanidine hy-
drochloride (0.030 g, 0.31 mmol) in ethanol (20 mL) was
added. The reaction mixture was refluxed, TLC (EtOAc :
petroleum ether, 2:1) showed that the reaction was com-
pleted after 6 h. Then it was poured in cold 10% HCI (50
mL) solution and the obtained precipitate was collected by
filtration, washed with water until free from acid and re-
crystallized from toluene-ethanol (3:2) to give pure 22 as
a brown solid (0.039 g, 0.08 mmol, 68%). Mp 279-281
°C. 'TH NMR (300 MHz, CDCls): § 7.09 (brs, 2H, NH,),
8.02 (s, 1H, ArH), 7.10-6.88 (m, 4H, ArH), 5.82-5.74 (m,
2H, =CH), 4.69 (s, 2H, CH,), 4.09-3.94 (m, 6H, CH,),
3.74-3.70 (m, 2H, CH), 2.74 (m, 1H, CH), 1.78-1.74 (m,
4H, CH,), 1.54 (m, 2H, CH,); 3C NMR (75 MHz, CDCl,):
5 164.9, 165.0, 154.9, 142.6, 128.4, 126.7, 120.4, 112.6,
81.6, 72.6, 66.7, 65.4, 50.9, 43.9, 31.6, 23.9; MS: m/z
(M*+Na) 445. Anal. Calcd for C,,H,4N¢O5: C, 62.54; H,
6.20; N, 19.89; Found: C, 62.29; H, 6.01; N, 19.61.

(325,3385)-24,25,33,36_Tetrahydro-32H,6' H-4,11-di-
oxa-2(3,5)-isoxozola-6(5,1)-triazola-3(2,3)-pyrana-1
(1,2)-benzacyclodecaphane (23)

Mixture of compound 20 (0.050 g, 0.13 mmol), hy-
droxylamine hydrochloride (0.050 g, 0.71 mmol) and sodi-
um acetate (0.010 g, 0.12 mmol) in anhydrous glacial ace-
tic acid (20 mL) was refluxed for about 8 h. The reaction
mixture was concentrated in vacuo and then poured into
ice cold water, the solid thus separated was filtered off and
washed with water and crystallized from ethanol to afford
pure 23 (0.031 g, 0.08 mmol, 61%) as a brown solid. Mp
279-282 °C. 'H NMR (300 MHz, CDCl,): 6 8.14 (s, 1H,
ArH), 7.67-6.98 (m, 4H, ArH), 5.64-5.55 (m, 2H, =CH),
4.68 (s, 2H, CH,), 4.09-3.96 (m, 6H, CH,), 3.5 (m, 1H,
CH), 3.87-3.85 (m, 2H, CH), 3.04 (m, 2H, CH,), 1.79-
1.66 (m, 4H, CH,); *C NMR (75 MHz, CDCl;): § 157.8,
156.4, 1429, 131.7, 129.6, 128.4, 125.4, 120.6, 117.6,
114.6, 82.6, 72.6, 65.4, 64.2, 63.2, 50.8, 35.9, 23.9; MS:
m/z (M*+H) 397. Anal. Calcd for Cy;H,uN,O4: C, 63.62;
H, 6.10; N, 14.13; Found: C, 63.39; H, 5.87; N, 13.91.

5. Conclusions

A series of novel furanose and pyranose macrocyclic
enone heterocycles was prepared and evaluated for their
anticancer activity. Among the tested compounds 9 and 23
showed the most potent activity against MCF-7 cell line
with ICs, value of 1.82 and 1.90 uM, whereas 10, 11, 21
and 22 showed promising activity against MDA-MB-231
and HeLa cell lines.
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Povzetek

Iz alkil etrov in triazolov kot distan¢nikov smo s kombinacijo klik reakcije in intramolekularne aldolne kondenzacije
uspesno izvedli sintezo makrocikli¢nih enonov. Nove makrocikli¢ne enone smo uspes$no uporabili tudi kot dipolarofile
v 1,3-dipolarnih cikloadicijah. Dipole smo pripravili iz hidrazin hidroklorida, hidroksilamina in gvanidin hidroklorida
ter jih reagirali z makrocikli¢nimi enoni; te reakcije so z dobrimi izkoristki vodile do nastanka novih spiro makrociklov
substituiranih z aminopirimidini, fenil pirazoli in izoksazoli. Strukture novih produktov smo potrdili z IR, NMR in ma-
sno spektrometrijo ter dolo¢ili njihovo aktivnost proti rakastim celicam.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

The objectives of this study were to: (i) determine the effects of tryptophan on the polymorphic phase transformation of
CaCO;, (ii) investigate the thermal degradation characteristics of CaCOj in terms of kinetics and thermodynamics using
the Coats—Redfern method, and (iii) assess the influence of the experimental conditions on the vaterite composition of
CaCOj; using response surface methodology based on central composite design. First, the CaCOj crystals were prepared
and analyzed using XRD, FTIR, SEM, BET, AFM, and zeta potential analysis. Based on the characterization results,
the shape of the CaCOj crystals changed from smooth cubic calcite crystals to porous irregular spherical-like vaterite
crystals with increasing tryptophan concentration. Meanwhile, the kinetic results showed that the thermal degradation
of CaCO; followed the shrinkage geometrical spherical mechanism, R; and the average activation energy was 224.6 kJ/
mol. According to the results of the experimental design, the tryptophan concentration was the most influential variable
affecting the relative fraction of vaterite in the produced crystals. It can be concluded that tryptophan is important for
better understanding and controlling the polymorph, size, and morphology of CaCOjs crystals.

Keywords: Calcium carbonate; polymorphism; central composite design; kinetics; thermodynamics

1. Introduction

Calcium carbonate (CaCQOs) is one of the most abun-
dant natural minerals, comprising approximately 5% of
the Earth’s crust. It has a wide range of potential applica-
tions in industry and biomineralization."> CaCOj; takes
various forms, including two hydrated crystal forms of
ikaite (CaCOj; - 6H,0) and monohydrate (CaCO; - H,0),
an amorphous form, and three anhydrous crystalline poly-
morphs (calcite, aragonite, and vaterite).>> The most
abundant form of calcite in nature is as a stable thermody-
namic phase in rhombohedral crystalline structure with
cubic shaped.® Aragonite is metastable under ambient
pressure and temperature and has a needle-like crystal
shape with orthorhombic structure.” Vaterite is the ther-
modynamically least stable form of calcium carbonate and
it has a spherical-like crystal shape with hexagonal struc-
ture.® All three of these forms of CaCOj; can be prepared
by carbonation process under appropriate conditions and
the order of abundance from high to low is calcite, arago-

nite, and vaterite in nature.” The vaterite polymorph is the
least abundant in nature but it of particular interest for use
in biomedical applications owing to its high specific sur-
face area, good water solubility and dispersion, and lower
density compared to the other two crystal polymorphs.°
The properties of CaCOj; are of particular impor-
tance in industrial applications, particularly the crystal
structure, whiteness, chemical purity, specific surface area,
particle size distribution, and morphology. Therefore, it is
important to understand and have control of the different
CaCO; polymorphs formed during crystallization, which
has recently attracted growing research interest.!! To the
best of our knowledge, various physicochemical factors
have been found to be responsible for the polymorphic
phase transformation process of CaCO3, such as tempera-
ture,!? solvent type,!* pH,!* and initial supersaturation.'®
In addition, different additives, such as barium, strontium,
and magnesium ions,'%1” graphene oxide,'8 biocompatible
polymeric additives such as bovine serum albumin and
polydopamine,'® selenic acid, arsenic acid, and silicic
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acid,’ and various types of amino acids,?! have been
shown to greatly affect the morphology and polymorphic
composition of CaCO; and the performance of the result-
ing product. CaCOj; polymorphism has been investigated
previously but more work is needed to fully understand
the factors that control the structure and morphology of
CaCOj; during its polymorphic transformation. Thus, in
this study, we systematically investigated the effects trypto-
phan on the polymorphic phase transformation of CaCOj;.
The structure, morphology, particle size, surface area, and
surface charge of the polymorphs were analyzed in order
to gain further understanding of the polymorphic trans-
formation process for CaCOj3. Tryptophan was selected for
this study because of the limited number of studies using
tryptophan as an additive to investigate the

CaCO; polymorphism and the influence of this ad-
ditive on CaCOj structural and morphological properties
has not yet fully studied yet. We employed the Coats—Red-
fern method to estimate the activation energy of CaCOj;
crystals and to ascertain the thermal decomposition mech-
anism of CaCO;. Moreover, experimental design was used
to determine the effects of the process variables of tem-
perature, stirring rate, and tryptophan concentration on
the transformation of CaCOj; polymorphs. The novelty of
this work lies in the use of a suitable experimental design
to investigate the variables that affect the polymorphic
transformation of CaCO; and any possible interactions
between the variables to determine the optimum condi-
tions for maximizing the vaterite content. This in-depth
investigation of the effects of the interactions between the
process variables on CaCOj; crystallization will provide
very useful information for industry and researchers.

2. Experimental

2. 1. Materials

Analytical-grade calcium chloride dihydrate (CaCl,
2H,0), sodium carbonate (Na,CO;), and tryptophan
(C;1H,N,0,) were purchased from Merck. All solutions
were prepared using distilled water.

2. 2. Experimental Method

CaCOj; was prepared by the reaction between CaCl,
2H,0 and Na,COs3 in a glass crystallizer with an active vol-
ume of 1.0 L. At the beginning of the experiment, 0.2 M cal-
cium chloride solution (0.4 L) was placed into the crystalliz-
er. After thermal equilibrium was reached, a 0.2 M sodium
carbonate solution (0.4 L) was fed into the crystallizer at a
rate of 4 mL/min using a peristaltic pump. The suspension
in the crystallizer was stirred at a rate of 500 rpm. During the
polymorphic transformation process, the pH of the solution
was continuously monitored via a pH probe inserted into
the crystallizer and maintained at pH 8.5 by the addition of
dilute sodium hydroxide or hydrochloric acid solution by an

automatic pH control system. The suspension temperature
was maintained at a 30 + 0.1 °C. At 30 and 100 min, 20-mL
aliquots of the suspension were removed and used for crys-
tal structure and morphology analysis.

The effect of tryptophan and its concentrations on
the polymorphic transformation of CaCOj; was investigat-
ed in this study. The specific amount of the tryptophan
(corresponding to 50 ppm and 100 ppm) was added into
the crystallizer at the beginning of the experiment. The
product obtained was collected, filtered by using 0.45 um
membrane filters, washed with distilled water, and finally
dried at room temperature. The prepared samples were
treated prior to further analysis.

2. 3. Analysis

The precipitated CaCO; were analyzed for structure,
functional group, crystal size, morphology, surface charge
and thermal characteristics. Firstly, X-ray diffraction (XRD,
Bruker D2 Phaser Table-top Diffractometer) was used to
determine the phase structures of the CaCO; polymorphs
and scanned in the range of 10 to 70° with a scan rate of 3°/
min. The calcite and vaterite polymorphs in the CaCOj;
were quantitatively determined using the Rietveld refine-
ment method. Meanwhile, the polymorphic transformation
was monitored by Fourier transform infrared spectroscopy
(FTIR; Shimadzu IR Affinity-1) equipped with Attenuated
Total Reflectance (ATR) accessories. The spectra were re-
corded with scanning range from 600 to 2000 cm™! at room
temperature in transmission mode with a resolution of 4
cm™L. The crystal morphologies of the CaCO; were investi-
gated by scanning electron microscopy (SEM/EDX; Zeiss
EVO LS w10) and the particle size distributions were mea-
sured with a Malvern Mastersizer 2000 instrument. Zeta
potential measurements were conducted using a Malvern
Zeta Sizer Nano Series Nano-ZS. The thermal behavior of
the CaCO; precipitated in pure and tryptophan media was
determined using a Setaram LABSYS Evo thermogravimet-
ric analyzer in a nitrogen atmosphere between 50 °C and
950 °C with a heating rate of 10 °C/min. Using the obtained
data, the thermal decomposition kinetics for the CaCOj;
crystals precipitated in pure media were investigated and
the kinetic parameters were calculated.

2. 4. Coats-Redfern Method

The Coats-Redfern?? model-fitting method is widely
used for estimating the pre-exponential factor and activa-
tion energy to predict the order of a reaction. The basic
equation for the Coats—Redfern method is as follows:

lnﬁ(i‘)]—m[ AR [l—ﬂﬂ—”—tﬂ (1)
T2 BE, E, RT

where f3 is the heating rate, R is the ideal gas constant
(8.314 J/mol K), and g(«) is a kinetic function of different
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Table 1. Reaction mechanisms and symbols with their f(a) and g(a).

Mechanisms Symbol f(a) g(a)
Reaction order

First-order F, (1-a) -In(1-a)
Second-order F, (1-a)? (1-) -1
One and half order Fis (1-a)3? 2[(1-a0)12-1]
Diffusion phenomena

Parabolic Law D, 0.5a o?
Valensi equation D, [-In(1-a)]! a+(1-a)In(1-a)
Phase interfacial reaction

Shrinkage geometrical column R, 2(1-a)12 1-(1-a) Y2
Shrinkage geometrical spherical R, 3(1-a)%? 1-(1-a)'3
Exponential nucleation

Power law, n = 1/2 P, 2al2 al2
Power law, n = 1/3 P, 3023 al3
Nucleation and growth

Avrami-Erofeev two dimensional A, 2(1- a)[-In(1-a) ]2 [-In(1-a)]2
Avrami-Erofeev three dimensional A, 3(1- a)[-In(1-a)]*3 [-In(1-a)]3

reaction mechanisms that is obtained from integration of
(). The activation energy (E,) can be determined by plot-
ting a graph of 1/T versus In [g(a)/T?] and determining the
slope of the straight line of best fit. The intercept of the line
gives the pre-exponential factor (A) and g(a) varies de-
pending on the developed model and reaction mechanism.
Most solid-state degradation reactions fall into one of five
main categories, as detailed in Table 1.4

2. 5. Thermodynamic Analysis

The thermodynamic parameters of the CaCOj; crys-
tals, including change in enthalpy (AH), change in Gibbs
free energy (AG), and change in entropy (AS), were calcu-
lated based on kinetic data from the following equations®

AH =E,-RT )
5 - K Tm'
AG = E, t RT,,, ln[j;—/;") (3)
. AH-TAG
A§=—— ()

peak

Where T, is the peak temperature of DTG curve,
Kg is the Boltzmann constant, and 4 is the Planck constant.

3. Results and Discussion

3. 1. XRD Analysis

The XRD patterns of the samples at 30 and 100 min
during the polymorphic transformation process from cal-
cite to vaterite in the presence of 50 ppm and 100 ppm
tryptophan are shown in Figure 1. The XRD results indi-
cate that the CaCOj crystals precipitated in pure media

were only in calcite form (JCPDS: 05-0586) and no inter-
mediate phase was produced in pure media. The main
peaks observed at 20 of 23.1°, 29.4°, 35.9°, and 39.3° are
diffraction peaks corresponding to the calcite crystals lat-
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(114)

Eﬂl}
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Figure 1. XRD results for CaCOj; crystals precipitated in pure me-
dia and media supplemented with 50 and 100 ppm tryptophan.
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tice planes of (012), (104), (110), and (113), respectively.
When 50 ppm tryptophan was added to media, the result-
ing crystals included both calcite and vaterite forms to-
gether. The solid sample taken at 30 min showed the ap-
pearance of new peaks at 20 = 21.0°, 24.9°,27.1°, 32.7°, and
50.1°, which were assigned to the (002), (110), (112), (114),
and (118) lattice faces of vaterite, respectively (JCPDS: 33-
0268). Rietveld refinement quantitative analysis deter-
mined the calcite and vaterite contents to be 74.84% and
25.16%, respectively, for the 30-min sample obtained from
media supplemented with 50 ppm tryptophan. As the
transformation process progressed further, more of the
vaterite form (41.20%) was found in the crystal sample.
The intensity of the characteristic diffraction peaks of
vaterite was obviously increased and more of the vaterite
polymorph was obtained with time.

When the tryptophan concentration was 100 ppm,
both calcite and vaterite diffraction peaks were observed in
the solid sample obtained at 30 min during the polymor-
phic transformation process and the mass fractions of cal-
cite and vaterite were calculated to be 61.26% and 38.74%,
respectively. The results of Rietveld refinement quantitative
analysis showed that the vaterite content increased with the
increasing tryptophan concentration. In the sample ob-
tained at 100 min, the characteristic diffraction peaks of
calcite had completely disappeared, showing that all the
calcite crystals were completely transformed into the vater-
ite form. The XRD results indicated that tryptophan influ-
enced the crystal structure of calcium carbonate.

3. 2. FTIR Analysis

The FTIR spectra for CaCO; crystals precipitated with
and without tryptophan at 30 and 100 min during the poly-
morphic phase transformation are presented in Figure 2.

The calcite and vaterite absorption peaks are at dif-
ferent positions in the FTIR spectra. The absorption peak
at 712 cm™! is the characteristic peak of calcite, while the
absorption peaks at 1085 cm™ and 746 cm™! correspond
to vaterite.?® The FTIR spectrum for the CaCOj; crystals
precipitated in pure media displayed the characteristic
band of the calcite polymorph at 713 cm™'. At t = 30 min,
the two main characteristic peaks of vaterite were identi-
fied for the CaCOj crystals precipitated in the presence of
50 ppm tryptophan. Meanwhile, the intensity of the ab-
sorption peak at 713 cm™! became obviously weaker. As
the transformation progressed further, the intensity of the
characteristic FTIR peaks of vaterite, especially that at 746
cm’, obviously increased while the intensity of the ab-
sorption peak at 713 cm™! decreased. These FTIR results
show the change of the crystal polymorphs from calcite
only to a mixture of vaterite and calcite with a higher pro-
portion of vaterite than calcite. With the higher trypto-
phan concentration, the intensity of the vaterite peak be-
came stronger, while the corresponding peak of calcite
became weaker. For the solid sample obtained at 100 min,

100 ppm
Tryptophan media
t=100 min

1085
746 —‘%

100 ppm
Tryptophan media
=30 min

713

746

50 ppm
Tryptophan media
=100 min

Transmittance (%)

50 ppm
Tryptophan media
=30 min

1085
746 % 746
713 713

Pure media

713

2000 1500 1600 1400 1200 1000 800 600

Wavenumber (cm™)

Figure 2. FTIR results for CaCOj crystals precipitated in pure me-
dia and media supplemented with 50 and 100 ppm tryptophan.

the absorption peak at 713 cm™! had completely disap-
peared in the FTIR spectrum and the sample mainly con-
sisting of the vaterite polymorph and water, which was
consistent with the XRD results.

3. 3. SEM Analysis

The SEM image in Figure 3a shows that the surface
of the CaCO; crystals precipitated in pure media was
smooth and non-porous and the crystals were composed
of regular cubic-shaped particles with nearly uniform size,
which was in agreement with the results of previous stud-
ies.2”28 Energy dispersive X-ray (EDX) spectroscopy was
applied to determine the elemental composition of the
CaCOj crystals. The EDX analysis showed a surface com-
position of Ca 40.12 wt%, C 11.97 wt%, and O 47.91 wt%
for the crystals precipitated in pure media. The elemental
content in CaCOj; was thus consistent with the theoretical
values. The average particle size and BET surface area of
the CaCO; were 32 um and 0.70 m?/g, respectively. Based
on the previous studies,?3? CaCOj; crystals precipitated
without additive were generally characterized by small
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EHT = 15.00 kV
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wD= 80mm Mag= 200KX

(b)
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Figure 3. a) SEM and b) EDX results of CaCOj; crystals precipitated in pure media.

surface areas, below 1 m?/g, which was consistent with our
result.

The SEM images of the CaCO; crystals precipitated
in the presence 50 and 100 ppm tryptophan at different
time points are presented in Figure 4.

At t = 30 min, in addition to cubic-shaped calcite
crystals with an irregular surface, some small spheri-
cal-shaped plate-like vaterite crystals were observed for
the 50 ppm additive media. That is, calcite and vaterite

EHT = 15.00 kV
Wwo= 85mm

Signal A= SE1 —
Mag= 3.00KX

crystals were seen together, which was consistent with the
XRD and FTIR results. With the increase of the transfor-
mation time to 100 min, the amount of cubic-shaped crys-
tals decreased, surface deformations occurred on the cal-
cite crystals, and some of the calcite was transformed to
vaterite form. A similar outcome was also observed for
crystals precipitated with 100 ppm tryptophan at 30 min.
In addition to cubic calcite crystals, the sample also con-
sisted of elliptical, intertwined, and compact agglomerates.

EHT = 15.00 kV
WD= 8.5mm

Signal A= SE1 —
Mag= 3.00KX

o~

| .
EHT = 1500 &V
WD= 85mm

Signal A= SE1
Mag= 300KX

Signai A= SE1
Mag= S00KX

EHT = 15.00 kV
Wh= 85mm

Figure 4. SEM images for CaCOj crystals precipitated with 50 ppm tryptophan at t = 30 min (a) and at t = 100 min (b) and with 100 ppm tryptophan

at t = 30 min (c) and at t = 100 min (d).
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These agglomerates took a spherical form owing to the ef-
fects of the hydrodynamic conditions of the media. At t =
30 min, both calcite and vaterite crystals were obtained. As
the transformation process progressed, the cubic-shaped
crystals disappeared completely and transformed into
spherical-like vaterite crystals with an irregular crystal
surface. With the completion of the transformation pro-
cess, the obtained crystals had a spherical and ellipsoidal
form, indicating that the calcite polymorph was complete-
ly converted into vaterite, which was also confirmed by the
XRD and FTIR results. Meanwhile, the particle size and
BET surface area of the samples precipitated in media sup-
plemented with tryptophan were changed compared to the
pure media due to the surface adsorption of the additive.
The average particle sizes and BET surface areas of the
samples precipitated in the presence of 50 and 100 ppm
tryptophan were 26 pm and 3.8 m%/g and 19 um and 6.4
m?/g, respectively. A higher additive concentration led to a
decrease in the particle size and an increase in the specific
surface area of the CaCOj3. Thus, more porous and rougher
crystals with smaller sizes were produced in the presence
of tryptophan.

To gain more insight into the effects of tryptophan on
the topography of CaCO3;, AFM analysis was performed
and 3D micrographs for the crystals precipitated with and

0.00

0.00

Figure 5. 3D micrographs for the crystals precipitated without (a)
and with 100 ppm tryptophan (b).

without tryptophan are shown in Figure 5. The surface to-
pography of the CaCOj crystals precipitated in pure media
was flat and smooth with a maximum thickness of 31.17
nm. Compared to the crystals obtained in pure media,
some ridges, defects, and irregularity occurred on the sur-
face of CaCOj crystals precipitated in 100 ppm tryptophan
media and the thickness increased to 117.45 nm. These
changes led to increased surface roughness, confirming the
results obtained from the SEM images.

3. 4. Zeta Potential Analysis

The zeta potential of the CaCOj; crystals precipitated
with and without tryptophan in the media was investigat-
ed to determine the surface charge and stability of a sus-
pension of particles. The CaCOj crystals prepared in pure
media had a zeta potential of -8.1 + 2.1 mV. Similar to
pure media, the zeta potential of CaCOj crystals precipi-
tated in additive media had a negative value. The zeta po-
tential values at 50 ppm were -15.7 £ 1.0 mV, -17.4 + 1.8
mV for t = 30 and 100 mins, respectively. As the trypto-
phan concentration increased, the zeta potential value of
the CaCOj; crystals showed a clear increase. The zeta po-
tential values reached -19.2 + 1.3 mV and -25.7 £ 2.2 mV
at 100 ppm for t = 30 and 100 mins, respectively, which
obviously illustrated that the electrical surface charge of
the CaCOj; crystals was more negative at a higher trypto-
phan concentration. This change in the zeta potential sug-
gests that some tryptophan was adsorbed on the surface of
CaCOj crystals. In addition, the variations in zeta poten-
tials in the additive media were associated with the chang-
ing agglomeration tendency of the crystals, which is sup-
ported with the results of SEM analysis.

3. 5. Filtration Analysis

Filtration is an important parameter for controlling
the precipitation of CaCOj since it affects both the proper-
ties of the crystalline products and process efficiency which
is important from an economic point of view. In order to
determine how tryptophan influences the filtration charac-
teristics of CaCOj, the average specific cake resistance and
the average cake porosity of the crystals were analyzed
based on Darcy’s Law under 700 mbar constant pressure.
The average specific cake resistance and the average cake
porosity of the crystals precipitated in pure media were 1.03
x 10'2 m/kg and 0.548, respectively. The filtration charac-
teristics of the CaCQOj are significantly changed by the addi-
tion of tryptophan to the media. Average specific cake resis-
tances of 9.65 x 10! m/kg and 4.24 x 10'! m/kg were
obtained at the end of the polymorphic transformation pro-
cess with tryptophan at 50 and 100 ppm, respectively. A
higher concentration of tryptophan led to a lower specific
cake resistance. Meanwhile, the average cake porosity in-
creased from 0.658 to 0.712 as the tryptophan concentra-
tion increased from 50 to 100 ppm. This can be explained
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by the changes to the particle size, morphology, and poly-
morphic form, which have the greatest effect on these filtra-
tion characteristics. Fairly large differences in the sizes and
shapes of the CaCO; crystals that were formed in the pres-
ence of tryptophan could be seen in the SEM images; these
changes had a direct impact on the filtration properties.
Therefore, appropriately increasing the tryptophan concen-
tration could be advantageous for increasing the filtration
rate and improving the filtration characteristics.

3. 6. Thermogravimetric Analysis

The thermogravimetric (TG) and differential ther-
mogravimetric (DTG) curves for the crystals precipitated
in pure media and with 100 ppm tryptophan are presented
in Figure 6. Considering the thermal degradation charac-
teristics of CaCOj crystals precipitated in pure media, a
single DTG peak was observed, which showed that degra-
dation occurred at a single stage, corresponding to the
transformation of calcium carbonate to calcium oxide.>*3*
Thermal degradation occurred between 630 °C and 830 °C
and the residual mass was 55.6 wt%, agreeing with the the-
oretical value. The weight loss from the CaCOj crystals
precipitated in tryptophan media was 45.2 wt%. The high-
er weight loss suggests that tryptophan had been adsorbed
onto and interacted with the surface of the CaCOj; crystals.
The addition of tryptophan had a slight effect on the tem-
perature of the decomposition peak during the thermal
decomposition of CaCO;. While the maximum peak tem-
perature was 809 °C for pure media, the value observed for
the additive media was determined to be 821°C. Thus,
adding tryptophan to the crystallization media shifted the
decomposition peak to higher temperature.

3. 7. Kinetic and Thermodynamic Analysis

In this study, the Coats—Redfern method was used to
predict kinetic parameters such as activation energy and
pre-exponential factor. The minimum energy required to
initiate a reaction, known as the activation energy, can be
determined by kinetic analysis. As shown in Table 2, the ac-
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Figure 6. a) TG and b) DTG curves of CaCOj crystals precipitated
in pure media and with 100 ppm tryptophan.

tivation energies were between 56.6 and 442.6 kJ/mol, which
was consistent with the results of previous studies.*>*® The
pre-exponential factors were in the range of 3.08 x 10! to
6.11 x 10% min~!, in good agreement with the literature.3
Linear adjustment using the different reaction mech-
anisms as shown in Table 1 was applied to estimate the re-
action mechanism for the thermal degradation of CaCOs.

Table 2. Kinetic calculation results for thermal decomposition of CaCO; using the Coats—Redfern method.

Symbol E, (kJ/mol) A (min™) R? AH (kJ/mol) AG (kJ/mol) AS (J/mol - K)
F, 242.8 1.86 x 101! 0.9891 233.8 286.4 -48.6
F, 281.0 3.09 x 1013 0.9813 272.0 278.6 -6.09
F, s 257.8 153 x 1012 0.9908 248.8 282.4 311
D, 423.1 9.98 x 101° 0.9772 414.1 285.8 118.5
D, 442.6 6.11 x 1020 0.9842 433.6 289.0 133.6
R, 218.9 4.87 x 10° 0.9865 209.9 295.3 -78.9
R; 224.6 6.88 x 10° 0.9954 215.6 297.9 -76.0
P, 93.3 4.27 x 10° 0.9698 84.3 233.0 -137.4
P; 56.6 3.08 x 10! 0.9630 47.6 302.9 -235.8
A, 110.1 2.93 x 10% 0.9892 101.2 294.7 -178.8
Aj 69.8 1.98 x 10? 0.9850 60.8 299.4 -220.4
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It was found from Table 2 that the thermal degradation of
CaCOj; predicted by the geometric spherical shrinkage
mechanism (the R; type model) fitted the experimental
data best, which was consistent with previous research.>>3
The regression coeflicients ranged between 0.9630 and
0.9954 depending on the applied kinetic model. The R;
type model presented the highest accuracy (R? = 0.9954)
of the 11 models studied.

The thermodynamic parameters of enthalpy (AH),
entropy (AS), and Gibbs free energy (AG) for the thermal
decomposition of CaCO; were calculated using different
reaction mechanism models. According to the thermody-
namic results presented in Table 2, the enthalpy change for
the thermal decomposition of CaCO; was between 47.6 and
433.6 kJ/mol depending on the model used. Diffusion mod-
els D1 and D2 gave higher AH values that the other models
tested, including the reaction, interfacial, exponential, nu-
cleation, and growth models. The positive values of AH ob-
tained for the crystals confirmed that the main decomposi-
tion process was endothermic in nature. The entropy
changes for the crystals were in the range of —235.8 to 133.6
J/mol K. All of the tested models showed negative AS values
except for D1 and D2. The negative AS values show that the
disorder of the products obtained through bond dissocia-
tion was lower than that of the initial reactants. These nega-
tive values suggest that the disintegration product from the
activated state has a more well-organized structure than

3. 8. Experiment Design Results

Response surface methodology (RSM) is a multivar-
iate statistical technique that is used to optimize process
variables and their responses by exploring the relationship
between independent process variables and their observed
responses. Box-Behnken design, central composite design
(CCD), and three-level factorial design are examples of ex-
perimental design techniques, with CCD being the most
effective and popular method. In this study, Design Expert
software version 10 (Stat-Ease, Minneapolis, USA) was
used for the experimental design using CCD.>” We con-
ducted 17 experiments with three center points using
three variables of temperature (A), stirring rate (B), and
tryptophan concentration (C), and the vaterite content
was chosen as the response. Meanwhile, CCD with three
factors and five levels was also applied to determine the
correlation between the combined effects of individual
variables. Tables 3 and 4 show the range and levels, respec-
tively, of the investigated variables and their responses for
all 17 optimized test experimental runs.

Thus, based on these results, the model equation for
the vaterite content as a function of the process variables
is:

Table 3. Experimental variables and their levels in central compos-
ite design matrix.

before the thermal disintegration and that the reactions in Parameters Factors Y Le:;els 1 42
the activated state proceed more gently than anticipated.
The Gibbs free energy change was calculated to be between Temperature (°C) A 2025 30 3 40
233.0 and 302.9 kJ/mol. A positive value of AG indicates Stirring rate (rpm) 400 450 500 550 600
that a reaction is unfavorable and thus energy needs to be Tryptophap
. . concentration (ppm)  C 0 25 50 75 100
supplied for the reaction to occur.
Table 4. Central composite design matrix and results.
Run Actual level of factors Coded level of factors Response
Temperature Stirring rate Concentration A B C Vaterite
(°C) (rpm) (ppm) composition (%)
1 25 450 25 -1 -1 -1 19.2
2 35 450 25 +1 -1 -1 27.2
3 25 550 25 -1 +1 -1 25.4
4 35 550 25 +1 +1 -1 31.6
5 25 450 75 -1 -1 +1 60.6
6 35 450 75 +1 -1 +1 70.3
7 25 550 75 -1 +1 +1 64.4
8 35 550 75 +1 +1 +1 75.9
9 20 500 50 -2 0 0 34.7
10 40 500 50 +2 0 0 44.4
11 30 400 50 0 -2 0 40.6
12 30 600 50 0 +2 0 51.8
13 30 500 0 0 0 -2 0
14 30 500 100 0 0 +2 100
15 30 500 50 0 0 0 41.8
16 30 500 50 0 0 0 42.4
17 30 500 50 0 0 0 41.0
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Y=4259+3.424+2.65B+22.99C +0.87AC -
-0.15BC-0.444% +1.22B% + 2.17C2 ®)

The lowest vaterite composition (19.2%) was ob-
tained at 25 °C, 450 rpm, and 50 ppm tryptophan concen-
tration (apart from the sample obtained in pure media at
30 °C and 500 rpm).

The model and factor significances with respect to
vaterite content were examined by variance analysis
(ANOVA) of the F test and p-values. The results are shown
in Table 5. The obtained values of F and p suggest that the
experimental values are significant and thus acceptable.
The ANOVA results showed a large F of 63.59 and a small
p-value << 0.0001, which verified that the model fit was
statistically significant. The obtained correlation coefhi-
cient (R?) of 0.9879 showed that there was good correla-
tion between the measured and predicted responses and
confirmed that the model was suitable for the experimen-
tal data. The CCD analysis shows that the three indepen-
dent process variables played an important role in deter-
mining the amounts of the CaCOj; polymorphs formed
since its p-value was <0.05 and had positive coefficients.
Increasing the temperature, stirring rate, and tryptophan
concentration increased the amount of vaterite formed
and they were thus significant and favorable factors. How-
ever, the strength and significance of the effect varied for
each parameter. The p-value of <0.0001 for tryptophan
concentration shows that it is the most important variable
to control. However, the interaction of tryptophan concen-
tration with other parameters had a less significant effect.
Thus, this establishes tryptophan concentration as the
most influential parameter during the polymorphic trans-
formation of CaCOs.

The effects of the independent variables and their in-
teractions are presented in the three-dimensional (3D) re-
sponse surface plots and contour plots in Figure 7.

According to the results, the 3D surface plots are flat
with the slope being related to linear terms of the variables.

As shown in Figure 7, when more than one factor is
changed at a time, different effects on the response are ob-
served. The highest vaterite content was obtained with the
highest additive concentration, temperature, and stirring
rate. In comparison with temperature and stirring rate,
tryptophan concentration had the most significant effect
on the amount of vaterite produced.

4. Conclusions

In this work, the precipitation of CaCO; was investi-
gated in the presence of different concentrations of trypto-
phan. XRD results showed that using 50 ppm tryptophan
as an additive increased the vaterite content by 50.0% com-
pared to pure media. In parallel with the XRD results,
FTIR analysis demonstrated that the polymorphic trans-
formation from calcite to vaterite was completely achieved
in the presence of 100 ppm tryptophan. SEM images illus-
trated that tryptophan contributed to the formation of
spherical vaterite crystals with a small crystal size. BET
analysis showed that the addition of 100 ppm tryptophan
increased the BET specific surface area from 0.7 to 6.4
m?/g. Zeta potential analysis suggested that the trypto-
phan tended to adsorb on the crystal surface. Filtration
analysis showed that a higher tryptophan concentration
led to a higher average cake porosity and a lower specific
cake resistance. In this study, the thermal degradation ki-
netics of CaCO; were also explored using the Coats—Red-
fern method. The thermal decomposition kinetics predict-
ed by the R; type model showed the best agreement with
the experimental data out of the 11 tested models with
high accuracy (R? = 0.9954). Additionally, this study also
provided a thermodynamic analysis of CaCO; crystals.
Based on the R; type model, the AH, AG, and AS were cal-
culated to be 215.6 kJ/mol, 297.9 kJ/mol, and —76.0 J/mol
K, respectively. CCD with RSM was applied successfully to
determine how temperature, stirring rate, and tryptophan

Table 5. ANOVA results of the quadratic model for vaterite content.

Sum of Mean p-value
Source Squares df Square F-Value Prob > F
Model 8904.63 9 989.40 63.59 <0.0001
A-Temperature 187.69 1 187.69 12.06 0.0104
B-Stirring rate 112.36 1 112.36 7.22 0.0312
C- Tryptophan concentration 8454.80 1 8454.80 543.43 <0.0001
AB 0.000 1 0.000 0.000 1.0000
AC 6.13 1 6.13 0.39 0.5503
BC 0.18 1 0.18 0.012 0.9174
A? 3.73 1 3.73 0.24 0.6391
B? 28.99 1 28.99 1.86 0.2145
Cc? 91.49 1 91.49 5.88 0.0458
Residual 108.91 7 15.56
Lack of Fit 107.92 5 21.58 43.75 0.0225
R? 0.9879
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Figure 7. 3D-surface and contour plots showing the effects of (a) temperature and stirring rate; (b) temperature and tryptophan concentration; and
(c) stirring rate and tryptophan concentration on the vaterite composition.
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concentration influenced the CaCOj; polymorphic phase
transformation in terms of the amount of vaterite pro-
duced. The experimental design results showed that among
the investigated factors, additive concentration had the
greatest effect on the vaterite content. The detailed infor-
mation about the characterization, kinetics, thermody-
namics, and optimization of CaCOj crystallization ob-
tained in this work will provide a reference for the
polymorphic transformation of calcium carbonate for sci-
entific and industrial purposes.
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Povzetek

Cilji predstavljene studije so bili sledeci: (i) dolo¢itev vpliva triptofana na transformacijo polimorfnih faz CaCO;, (ii)
preucitev kinetike in termodinamike toplotne razgradnje CaCOj; s pomocjo Coats-Redfern-ove metode in (iii) dolocitev
vpliva eksperimentalnih pogojev na delez vaterita pri CaCO; z metodologijo odzivnih povrsin in centralnega kompo-
zitnega oblikovanja. Pripravljene kristale CaCO; smo analizirali z XRD, FTIR, SEM, BET, AFM in zeta potencialom.
Rezultati karakterizacije so pokazali, da se oblika CaCOj kristalov spreminja od gladkih kockastih kristalov kalcita do
nepravilnih, poroznih kristalov vaterita, z vi§anjem koncentracije triptofana. Kineti¢na $tudija termi¢ne razgradnje je
pokazala, da krcenje sledi volumskemu del¢nemu mehanizmu, R3, s povpre¢no aktivacijsko energijo 224.6 kJ/mol. Na
osnovi rezultatov iz nacrtovanje eksperimentov lahko zaklju¢imo, da je koncentracija triptofana najpomembnejsi dejav-
nik, ki vpliva na delez vaterita v pripravljenih kristalih. Triptofan torej omogoca boljse razumevanje in nadzor tvorbe
polimorfov, velikosti in morfologije CaCO; kristalov.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Local anesthetics are one of the most widely used drug classes in clinical practice. Like many other biological molecules,
their properties are altered depending on their protonation status, which is dependent on the pH of the environment. We
studied the transport energetics of seven local anesthetics from the extracellular fluid across the biological membrane
to the axoplasm in order to understand the effect of pH value on their efficacy and other pharmaco-dynamic properties.
In this we applied three different methods of solvent reaction field in conjunction with quantum chemical calculations
to reproduce experimental values of n-octanol/water partition coefficients for both neutral and protonated forms. Only
the SMD method of Cramer and Truhlar was able to reproduce experimental partition coefficient values. The results are
discussed in terms of the function of local anesthetics under physiological conditions and in the case of local acidosis.

commons

Keywords: Local Anesthetics; solvent Reaction Field Methods; distribution Coefficient, protonation states

1. Introduction

Local anesthetics are a class of compounds originally
developed from cocaine to expand its use as a numbing
agent, while diminishing its unwanted side effects (e.g. dis-
turbances in heart rhythm and heart attacks, neurological
effects). They are currently the only drug class able to pro-
vide safe and effective local anesthesia and are widely used in
medical and dental practice for pain control during surgical
procedures and postoperative treatment.!? They work by in-
hibiting voltage-dependent sodium channels and therefore
blocking the transduction of the action potential along the
neuronal axon.> While procedures done under local anes-
thesia are safer than general anesthesia, there remain possi-
ble complications, including the cardiotoxicity and neuro-
toxicity of certain local anesthetics.* The success rate of the

procedure is also substantially dependent on the skill level of
the medical provider.> Broadening the therapeutic window,
reducing the toxicity and fine-tuning the pharmacodynamic
properties of local anesthetics are a few of the key goals that
can be achieved by furthering research into the physiochem-
ical characteristics of local anesthetics.

Most local anesthetics are weak bases with an acid
dissociation constant (pK,) of 7 to 10, which means that at
physiological pH, both the protonated and neutral forms
are present.® In order to efficiently inhibit the channel, it is
necessary for local anesthetics to first cross the biological
membrane in their neutral form, diffuse to the receptor
site and reprotonate before binding to the channel.” Mem-
brane partitioning of local anesthetics has been deter-
mined by several methods, e.g. spectrophotometrically
determining the n-octanol/water partition coefficient® or
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by thermodynamic optometric studies of the interaction
of a dipalmitoylphosphatidylcholine (DMPC) bilayer
membrane with local anaesthetics.® Both found extensive
partitioning of the neutral form of the local anaesthetic
into the membrane. In recent years, computer modelling
of local anaesthetic membrane transfer has been the meth-
od of choice, utilizing quantum chemistry calculations.
Martin et al. examined the partitioning behaviour of the
local anaesthetic benzocaine and found out that benzo-
caine favourably partitions into the lipid bilayer and is
likely to accumulate just inside the lipid headgroups.® This
has been reproduced by similar experiments for lidocaine,
tetracaine and articaine, embedded in the DMPC lipid bi-
layer, with similar results.!-1? These experiments confirm
the idea that only the neutral form of local anaesthetics
crosses the membrane in significant amounts. Membrane
partitioning seems to be directly related to the poten-
cy(6,8) and duration of action!*!'* of local anaesthetics,
however the mechanisms behind this observations are not
clear. It should be emphasized that experimental tech-
niques involving local anesthetic equilibrium properties
and transport across the neuron membrane are extremely
demanding and provide only a fraction of the necessary
data. In this respect, n-octanol is a good approximation of
a neuronal membrane and the n-octanol/water partition
coefficient is an established property of a drug acting on
the central nervous system needed to pass the hematoen-
cephalic (blood-brain) barrier.!®

The aim of this article is to calculate the n-octanol/
water partition coefficients for a few representative local an-
esthetics in their neutral and protonated forms and critical-
ly compare them with the experimental values. We calculat-
ed the free energy of transfer using the experimentally de-
termined partition coefficients provided by Strichartz et al.®
We compared experimental values to the calculated values
by using quantum chemical calculations and various sol-
vent reaction field methods. The results are discussed in
terms of their transport from the extracellular fluid to the
axoplasm and in the opposite direction. The former deter-
mines onset of action and the latter defines the duration of
action. The role of Schwann cells is also discussed.

2. Experimental

2. 1. Quantum Chemical Calculations

We performed quantum chemical calculations of lo-
cal anesthetics along with various solvent reaction field
methods. The structures of all local anesthetics and their
protonated analogs were built using the Molden v5.8 soft-
ware package.'® Calculations were performed using the
Gaussian 16 software package.!” The initial geometries of
structures were optimized at the M06-2X/6-31+G(d,p) lev-
el, which is a good compromise between computational
cost and reliability of results. For comparison, we performed
the same calculations using the M06-2X/cc-PVDZ basis set

for lidocaine. The effects of solvation were considered by
applying various solvent reaction field methods including
an integral equation formalism variant (IEFPCM),'8 con-
ductor-like polarizable continuum model (CPCM)!® and
universal solvation model, based on density (SMD) (20).
Please note that the parameters of the SMD solvation mod-
els were obtained by fitting to reproduce solvation free en-
ergies for a large number of organic solutes in various sol-
vents including n-octanol.?’ In the present study two sol-
vents were considered: water with a dielectric constant of
78.30 and n-octanol with a dielectric constant of 9.86. The
latter is an established model for a biological membrane.?-2
In this respect, the solvation free energy of a substance in
n-octanol versus the hydration free energy represents a
standard measure of the ability of a drug to cross the mem-
brane and is a standard procedure in the drug discovery
process. All structures were optimized by including the sol-
vent reaction field.?®> By inclusion of the solvent reaction
field, the Born—Oppenheimer surface obtains meaning of a
free energy surface. For all minimized structures, a vibra-
tional analysis was performed in the harmonic approxima-
tion. The calculated frequencies allowed for thermodynam-
ic corrections of free energies at 298.15 K.

2. 2. Distribution Coeflicient of Local
Anesthetics Between n-Octanol and Water

Because local anesthetics are weak bases with pKa
values between 7 and 10, their protonation states are pH
dependent. Since protonated species have much more fa-
vorable solvation energy in water than in n-octanol, it is
anticipated that at acidic pH values, local anesthetics pre-
fer to stay in the aqueous phase, while at neutral and basic
pH values they show a higher tendency to stay in the n-oc-
tanol phase. Stricharz et al.® performed measurements of
local anesthetic partition between n-octanol and water
buffer at extremely acidic pH and extremely basic pH, pro-
viding partition coeflicient data for protonated local anes-
thetics [LA*] and neutral local anesthetics [LA°]. For pH
values between the two extreme cases, the distribution co-
efficients Q is pH and pK, dependent.

The distribution coefficient [Q] is an equilibrium
constant and a measure of free energy. It is defined as the
ratio of concentrations of local anesthetics in water and in
n-octanol, both protonated [LA*] and neutral [LA‘]:

[La®] +[LAT],

S [LA® |y +[LA* ],y W
where [LA?], stands for concentration of the neutral form
of local anesthetic in n-octanol, [LA’],, for its concentra-
tion in the aqueous solution, [LA*], the concentration of
the protonated form of local anesthetic in n-octanol, and
[LA*],, the concentration in the aqueous solution.

If we expand the nominator and denominator on the
right side of the equation by a factor of 1/[LA’],,, we obtain:
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_ [1a%] /LA +[Lat], /[LA%)
h 1H+[LAY]y /[LA )

)

The partition coefficient of neutral species [P°] is the
ratio of neutral local anesthetic in n-octanol and water;
[LA%],/[LAY],. Similarly, the partition coeflicient of pro-
tonated species [P*] is the ratio of protonated local anes-
thetic in n-octanol and water; [LA*],/[LA*],. When we
introduce these variables, we get the compact form of the
equation:

_ PO+PH[Lat]y/[LAw
Q= i, 3)

By considering the relation In(x) = In(10)log(x) and
introducing a new variable log § = pH - pK,, it is possible
to write an equation for the local anesthetic distribution
coefficient as a function of pH and pK,.

i pO+p* 10PKa-PH  pOypp+
T 1+10PKa-pH 148

(4)

Since the distribution coefficient is an equilibrium
constant, we can calculate the corresponding difference in
free energy of transfer from an aqueous solution with a cer-
tain pH value to the membrane, which is also the difference
between the two energies of solvation. The equation reads:

POy pt1oPKa-pPH

AG = —kBTlTLQ = —kBTIn W = (5)
S PO+gpPt
= —kgTln— —

3. Results

Experimental pK, values, n-octanol/water partition
coeficients and calculated free energy differences for the
studied local anesthetics are collected in Table 1. Please
note that all experimental values are from the article by
Stricharz et al.®

Neutral local anesthetics generally prefer the mem-
brane environment, whereas their protonated counter-
parts generally prefer water. Neutral etidocaine is 4900
times more likely to be in n-octanol than in water, while
this number is only 304 for lidocaine. For protonated
species, the situation is basically reversed as they prefer
an aqueous environment. Protonated lidocaine is 16.7
times more likely to be in water than in #n-octanol, while
protonated etidocaine is 2.1 times more likely to be in
water than in n-octanol. An exception is protonated bu-
pivacaine, which still prefers the membrane environ-
ment. Ester linked local anesthetics share the same attri-
butes with amide-linked ones. Neutral procaine and neu-
tral 2-chloroprocaine are, respectively, 81 and 720 times
more likely to be found in the membrane than in the
aqueous environment. Protonated procaine is 500 times
more likely to be in water than in n-octanol, while pro-
tonated 2-chloroprocaine is 38 times more likely to be in
water than in n-octanol.

Calculated free energies for the transfer of neutral
and protonated local anesthetics from water to n-octanol,
calculated with three solvent reaction field methods (IEF-
PCM, CPCM and SMD) are collected in Table 2. Free en-
ergies for the transfer from water to n-octanol, calculated
from the experimental results of Strichartz, are added for
comparison.

The range of difference between experimental results
and the results from the IEFPCM method is between 4.31
and 6.46 kcal mol™! for the neutral form and between 2.05
and 5.19 kcal mol™! for the protonated form. The range of
difference for the CPCM method is between 3.16 and 6.61
kcal mol™! for the neutral form and between 1.05 and 4.71
kcal mol! for protonated form. The range of difference for
the SMD method is between 0.16 and 2.96 kcal mol™ for
the neutral form and between 0.03 and 5.15 kcal mol™! for
the protonated form.

The same comparison between the three solvation
field methods was done in a different basis set (M06-2X/
cc-PVDZ) for lidocaine, with similar results. They are
summarized in Table 3.

Table 1. Experimental pK, (acid dissociation constant) values, n-octanol/water partition coefficients and calculated free energy differences for
studied local anesthetics. pK,® values refer to the experimentally calculated acid dissociation constants and were determined by the spectropho-
tometrical method. All experiments were performed at 25 °C. P is the n-octanol/water partition coefficient for the neutral form of local anesthetic,
P* is the protonated form. AG,,° refers to free energy for transfer of unprotonated local anesthetics from water to n-octanol, while AG,,," is the

corresponding value for protonated species.

+
Local anesthetic Type pK, &P P° P* (kcilG rr“;!c))l’ 1 (kcle r:vlool’l)
Procaine ester 9.06 81 0.002 -2.60 3.68
2-chloroprocaine ester 9.30 720 0.026 -3.90 2.16
Lidocaine amide 8.19 304 0.06 -3.38 1.66
Bupivacaine amide 8.21 2565 1.5 -4.65 -0.24
Etidocaine amide 8.11 4900 0.48 -5.03 0.43
Mepivacaine amide 7.92 90 0.09 -2.66 1.43
Ropivacaine amide 8.16 775 0.46 -3.94 0.46
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Table 2. Calculated free energies for the transfer of neutral and protonated local anesthetics from water to n-octanol. Three solvent reaction
field methods were used. AG,,,” and AG,,," refer to the calculated free energies for the transfer of neutral and protonated local anesthetics from
water to n-octanol. Experimental free energy values for the transfer of local anesthetics in their neutral and protonated form from water to n-oc-
tanol (AG,,,’(exp) and AG,,,"(exp), respectively) are calculated from the experimental n-octanol/water partition coefficients.(6) All values are given
in kcal mol!.

Solvent Reaction Field Method
M06-2X/6-31+G(d,p)  M06-2X/6-31+G(d,p)  M06-2X/6-31+G(d,p)

IEFPCM CPCM SMD

Local Anesthetic AG,," AG,," AG,,° AG,,* AG," AG,," AG, (exp)  AG,,*(exp)
Procaine 1.71 5.73 1.18 4.73 -1.78 1.08 -2.60 3.68
2-chloroprocaine 1.47 6.50 1.25 4.92 -0.94 -0.09 -3.90 2.16
Lidocaine 1.37 5.94 1.34 5.28 -4.14 1.69 -3.38 1.66
Bupivacaine 1.81 4.95 1.96 4.47 -3.68 -2.05 -4.65 -0.24
Etidocaine 1.21 5.62 0.79 4.93 -5.19 1.38 -5.03 0.43
Mepivacaine 1.09 6.11 0.50 4.94 -3.62 -3.72 -2.66 1.43
Ropivacaine 2.18 5.32 1.21 4.95 -3.61 -1.36 -3.94 0.46

Table 3. Calculated free energies for the transfer of neutral and protonated lidocaine from water to n-octanol. AG,,,” and AG,,," refer to the
calculated free energies for the transfer of neutral and protonated local anesthetics from water to n-octanol. Experimental free energy values for the
transfer of local anesthetics in their neutral and protonated form from water to n-octanol (AG,,,(exp) and AG,,,"(exp), respectively) are calculated
from experimental n-octanol water partition coefficients.

Solvent Reaction Field Method

MO06-2X/cc-PVDZ MO06-2X/cc-PVDZ MO06-2X/cc-PVDZ

IEFPCM CPCM SMD
AG,,"  AG,' AG,,"  AG,' AG,,"  AG,' AG,(exp)  AGy,*(exp)
Lidocaine 1.16 16.31 0.80 4.62 -4.57 233 -3.38 1.66

The basis set cc-PVDZ, in conjunction with all ap-
plied solvation models, provided very similar results for
lidocaine to those obtained with Pople’s basis set
6-31+G(d,p).

4, Discussion

Our comparison of the free energies of solvation,
calculated using three different solvation methods imple-
mented in Gaussian 16, and free energies calculated from
the experimental results of Strichartz et al., show that the
best solvation model for predicting partition coefficients is
the SMD method of Cramer and Truhlar.

Experimental data (Table 1) clearly demonstrate that
all local anesthetics in their neutral form strongly prefer
n-octanol over water. Therefore, at physiological condi-
tions, the membrane does not represent a barrier to the
transfer of local anesthetics from the extracellular liquid to
the axoplasm since their population in the membrane is
increased rather than decreased.

Local anesthetics are less effective when applied to
inflamed tissue.?*-26 Under inflammatory conditions, the
pH of the extracellular fluid is lowered by 0.5 to 1 pH unit
giving rise to a shifted equilibrium for local anesthetics be-
tween the extracellular fluid and axoplasm.?” Concomi-
tantly, intracellular pH does not change significantly, but

stays at a pH value of around 7.1.2%% This results in the
storage capacity of the membrane and Schwann cells con-
stituting the myelin sheath and hydrophobic parts of other
cells in the vicinity being significantly decreased. Prelimi-
nary calculations reveal that the storage capacity is de-
creased by a factor of about 3.5 relative to the physiological
value. This is a plausible explanation for why local anes-
thetics are significantly less effective when applied to in-
flamed tissue. This conception is also supported by the
clinical practice of co-administering sodium bicarbonate,
which elevates the extracellular pH and allows for an in-
crease in storage capacity of the surrounding tissue.30-32
The body reacts to inflammation by vasodilation, increas-
ing blood flow through the affected area, thus removing
more local anesthetic molecules from the target tissue,
which could provide an additional explanation for the di-
minished efficacy and duration of action in inflamed tis-
sues.®

We performed the calculations with three solvent re-
action field methods, namely IEFPCM, CPCM and SMD.
The applied DFT method M06-2X was designed to repro-
duce thermochemical data including stabilities and barrier
heights for chemical reactions. In conjunction with the
flexible basis set 6-31+G(d,p), the applied quantum level
of theory should faithfully reproduce the charge distribu-
tion as a necessary input for the solvation model. We also
repeated the measurements for lidocaine for a different
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basis set (M06-2X/cc-PVDZ). The results differ only
slightly from the results obtained with the Pople’s basis set
and are within the error margin of the method used, as
shown in Table 3. All three methods correctly assume that
the neutral form has a lower free energy of transfer from
water to n-octanol compared to the protonated counter-
part, as shown in Table 2. The IEFPCM method and CPCM
method both predict that all the differences in free energy
are positive, which conflicts with the experimental results.
The SMD method aligns better with the experimental re-
sults but overstates the partitioning of protonated local
anesthetics in n-octanol, e.g. the differences in free energy
are negative in three cases, whereas, according to the ex-
perimental results, they are positive. The SMD method
was validated by a critical comparison between the exper-
imental and calculated values of partition coefficients for
both neutral and protonated local anesthetics (vide infra).

Our results indicate that only the SMD solvation
model reasonably reproduces experimental free energies
of transfer from aqueous solution to n-octanol. For most
local anesthetics, SMD deviates less than 2 kcal mol! from
the experimental values. In contrast, both IEFPCM and
CPCM failed significantly since they did not even qualita-
tively reproduce the experimental values i.e. preference for
water versus n-octanol. It should be noted that the calcula-
tion of partition coeflicients requires very accurate solva-
tion models where two solvation free energies are sub-
tracted from each other. Only the SMD model was proper-
ly parametrized for this demanding task since solvation
parameters were adjusted to reproduce solvation free ener-
gy in several solvents including n-octanol. When deter-
mining the properties of other small organic compounds,
the SMD model has proven to be the most precise solva-
tion method as well.>43¢ In this respect, we recommend
application of the SMD solvation model during the pro-
cess of designing novel local anesthetics. The COSMO-RS
solvation model, which also proved to yield comparably
reliable n-octanol/water partition coefficients, is unfortu-
nately not implemented in Gaussian 16.% It should be em-
phasized that among the applied solvent reaction field
methods only SMD was parametrized to reproduce solva-
tion free energy in n-octanol. The critical elements of
parametrization are always nonbonding interactions with
the solvent that include reversible work for cavity creation,
a dispersion component of the solvation energy and an in-
teraction between the charge distribution and dielectric
continuum. PCM and CPCM did not reproduce the solva-
tion energy in n-octanol and this is the main contribution
to the discrepancy in the partition coefficient.

An alternative method for calculating the solvation
free energy would be the treatment of several solvent mol-
ecules on the atomic level, inclusion of thermal averaging
and application of one of the methods for free energy cal-
culations, such as thermodynamic integration or pertur-
bation. A critical component of such simulation are non-
bonding solvent-solute interactions, especially atomic

charges and the dispersion component of van der Waals
parameters. We did not proceed in this direction since
such calculations are much more demanding in terms of
complexity and CPU time.

The ultimate approach for modeling local anesthet-
ics distribution between various parts of the neuron such
as the extracellular fluid, membrane, axoplasm and myelin
sheath and voltage-gated sodium channel is molecular
simulation with atomic resolution. Contributions by Ly-
ubartsev and coworkers represent a valuable starting point
in the this regard.’®!! It should be noted that Lyubartsev
and coworkers!'®12 did not explicitly calculate the parti-
tion coeflicients but rather the potential of mean force for
transferring local anesthetics from the aqueous phase to a
membrane composed of dimyristoylphosphatidylcholine
(DMPC). Therefore, it is not possible to calculate the n-oc-
tanol-water partition coefficient from the calculated po-
tential of mean force and compare it with the experimental
value. They did, however, demonstrate the relevance of the
boundary separating the aqueous phase and the bilayer,
which is the preferred position for local anesthetics. Van
der Spoel et al. developed a calculation protocol for deter-
mining n-octanol/water partition coeflicients for a series
of potential toxins by using molecular dynamics simula-
tion.* It remains a challenge for the future to apply this
approach to the studied local anesthetics. The structure of
the voltage-gated sodium channel has been solved by
cryo-electron microscopy with a resolution of 3.80 A.(37)
It remains a major challenge to model the binding of local
anesthetics to the sodium channel binding site along with
the associated conformational changes and decreased per-
meability to sodium ions. We are aware that correlation
times for such conformational changes are long, which
would require a very long simulation time.

In conclusion, our study represents a small step for-
ward towards understanding the function of local anes-
thetics on a molecular level. We showed that the rate limit-
ing step in the transport of local anesthetics from the point
of bolus administration to the axoplasm is the macroscopic
diffusion to and from the membrane, not the membrane
crossing itself. Future challenges will include development
of more sophisticated mathematical models of the process
as well as clarification of the relevance of Schwann cells and
other cells as lipid reservoirs and how they influence local
anesthetic pharmacokinetics. The final goal is understand-
ing the relationship between the structure of local anesthet-
ics and their pharmacodynamic properties in order to de-
sign novel local anesthetics with the desired properties.

5. Conclusions

We demonstrated that local anesthetics flow from
the compartment with a higher pH value to the compart-
ment with a lower pH value since protonated local anes-
thetics have a more favorable solvation energy than their
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neutral counterparts. This is consistent with clinical expe-
rience, i.e. in tissue acidosis, local anesthetics are less effec-
tive. Experimental data show that all local anesthetics in
their neutral form strongly prefer n-octanol over water,
whereas the protonated form mostly prefers the aqueous
environment. In quantum chemical calculations, only the
SMD solvent reaction field method was able to predict the
same behavior and it seems to be the best model for pre-
diction of the n-octanol/water partition coeflicient.

Acknowledgments

This work was supported by the Slovenian Research
Agency (grant numbers P1-0012 and P3-0043). We would
like to thank Tanja Gavrani¢ of the National Institute of
Chemistry, Ljubljana, Slovenia for her assistance with
graphical work. We would also like to thank Ms. Charlotte
Taft for proofreading the manuscript.

6. References

—

. Miller R, Eriksson L, Fleisher L, Wiener-Kronish J, Cohen N,
Young W. Miller’s anesthesia: Chapter 36 Local Anesthetics.
In: Miller’s Anesthesia. 8th Editio. ELSEVIER Churchill Liv-
ingston, 2014.

2. Becker DE, Reed KL. Local Anesthetics: Review of Pharmaco-
logical Considerations. Anesth Prog. 2012, 59(2), pp. 90-102.
DOI:10.2344/0003-3006-59.2.90

3. Kaplan MR, Meyer-Franke A, Lambert S, et al. Induction
of sodium channel clustering by oligodendrocytes. Nature.
1997, 386(6626), pp. 724-728. DOI:10.1038/386724a0

4. Markova L, Umek N, Horvat S, et al. Neurotoxicity of bupiv-
acaine and liposome bupivacaine after sciatic nerve block in
healthy and streptozotocin-induced diabetic mice. BMC Vet
Res. 2020, 16, pp. 247.

DOI:10.1186/s12917-020-02459-4

5. Helander EM, Kaye AJ, Eng MR, et al. Regional Nerve
Blocks-Best Practice Strategies for Reduction in Complica-
tions and Comprehensive Review. Curr Pain Headache Rep.
2019, 23(6), pp. 43. DOI:10.1007/s11916-019-0782-0

6. Strichartz GR, Sanchez V, Arthur GR, Chafetz R, Martin D.
Fundamental properties of local anesthetics. II. Measured oc-
tanol:buffer partition coefficients and pKa values of clinically
used drugs. Anesth Analg. 1990, 71(2), pp. 158-170.
DOI:10.1213/00000539-199008000-00008

7. Wang G-K, Strichartz GR: State-dependent inhibition of so-
dium channels by local anesthetics: A 40-year evolution. Bio-
chemistry (Mosc). 2012, 6, pp. 120-127.
DOI:10.1134/S1990747812010151

8. Hata T, Sakamoto T, Matsuki H, Kaneshina S. Partition co-

efficients of charged and uncharged local anesthetics into di-

palmitoylphosphatidylcholine bilayer membrane: Estimation

from pH dependence on the depression of phase transition
temperatures. Colloids Surf B Biointerfaces. 2001, 22(1), pp.

77-84. DOI:10.1016/S0927-7765(01)00160-6

9. Martin L], Chao R, Corry B. Molecular dynamics simulation
of the partitioning of benzocaine and phenytoin into a lipid
bilayer. Biophys Chem. 2014, 185, pp. 98-107.
DOI:10.1016/j.bpc.2013.12.003

10. Saeedi M, Lyubartsev AP, Jalili S. Anesthetics mechanism on
a DMPC lipid membrane model: Insights from molecular dy-
namics simulations. Biophys Chem. 2017, 226, pp. 1-13.
DOI:10.1016/j.bpc.2017.03.006

11. Hogberg CJ, Maliniak A, Lyubartsev AP. Dynamical and
structural properties of charged and uncharged lidocaine in
a lipid bilayer. Biophys Chem. 2007, 125(2-3), pp. 416-424.
DOI:10.1016/j.bpc.2006.10.005

12. Jalili S, Saeedi M. Study of procaine and tetracaine in the lipid
bilayer using molecular dynamics simulation. Eur Biophys ]J.
2017, 46(3), pp. 265-282.

DOI:10.1007/500249-016-1164-8

13. Thut PD, Turner MD, Cordes CT, Wynn RL. A rabbit tooth-
pulp assay to quantify efficacy and duration of antinocicep-
tion by local anesthetics infiltrated into maxillary tissues. J
Pharmacol Toxicol Methods. 1995, 33(4), pp. 231-236.
DOI:10.1016/1056-8719(95)00023-B

14. Langerman L, Golomb E, Grant GJ, Benita S. Duration of spi-
nal anaesthesia is determined by the partition coeflicient of
local anaesthetic. Br ] Anaesth. 1994, 72(4), pp. 456-459.
DOI:10.1093/bja/72.4.456

15. Leo A, Hansch C, Elkins D. Partition coefficients and their
uses. Chem Rev. 1971, 71(6), pp. 525-616.
DOI:10.1021/cr60274a001

16. Schaftenaar G, Noordik JH. Molden: a pre- and post-pro-
cessing program for molecular and electronic struc-
tures. ] Comput Aided Mol Des. 2000, 14(2), pp. 123-134.
DOI:10.1023/A:1008193805436

17. Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H.
B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gom-
perts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. E. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, E. Lipparini, E
Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranas-
inghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Ragha-
vachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M.
Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W.
Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Fores-
man, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

18. Miertus S, Scrocco E, Tomasi J. Electrostatic interaction of
a solute with a continuum. A direct utilizaion of AB initio
molecular potentials for the prevision of solvent effects. Chem
Phys. 1981, 55(1), pp. 117-129.
DOI:10.1016/0301-0104(81)85090-2

19. Cossi M, Rega N, Scalmani G, Barone V. Energies, structures,
and electronic properties of molecules in solution with the

Kavcic et al.: Local Anesthetics Transfer Across the Membrane:

431


https://doi.org/10.2344/0003-3006-59.2.90
https://doi.org/10.1038/386724a0
https://doi.org/10.1186/s12917-020-02459-4
https://doi.org/10.1007/s11916-019-0782-0
https://doi.org/10.1213/00000539-199008000-00008
https://doi.org/10.1134/S1990747812010151
https://doi.org/10.1016/S0927-7765(01)00160-6
https://doi.org/10.1016/j.bpc.2013.12.003
https://doi.org/10.1016/j.bpc.2017.03.006
https://doi.org/10.1016/j.bpc.2006.10.005
https://doi.org/10.1007/s00249-016-1164-8
https://doi.org/10.1016/1056-8719(95)00023-B
https://doi.org/10.1093/bja/72.4.456
https://doi.org/10.1021/cr60274a001
https://doi.org/10.1023/A:1008193805436
https://doi.org/10.1016/0301-0104(81)85090-2

432

Acta Chim. Slov. 2021, 68, 426-432

20.
21.

22.

23.

24.
25.

26.
27.

28.

C-PCM solvation model. ] Comput Chem. 2003, 24(6), pp.
669-681. DOI:10.1002/jcc.10189

Marenich A V, Cramer CJ, Truhlar DG. Universal solvation
model based on solute electron density and on a continuum
model of the solvent defined by the bulk dielectric constant
and atomic surface tensions. J Phys Chem B. 2009, 113(18),
pp. 6378-6396. DOI:10.1021/jp810292n

Pignatello R, Musumeci T, Basile L, Carbone C, Puglisi G.
Biomembrane models and drug-biomembrane interaction
studies: Involvement in drug design and development. ]
Pharm Bioallied Sci. 2011, 3(1), pp. 4-14.
DOI:10.4103/0975-7406.76461

Ritter J, Flower R, Henderson G, Rang H. Rang & Dale’s Phar-
macology, 8th Edition. 8th Editio. Churchill Livingstone; 2015.
Schutz CN, Warshel A. What are the dielectric “constants”
of proteins and how to validate electrostatic models? Proteins
Struct Funct Genet. 2001, 44(4), pp. 400-417.
DOI:10.1002/prot.1106

Boronat Lopez A, Pefarrocha Diago M. Failure of locore-
gional anesthesia in dental practice. Review of the literature.
Med Oral Patol Oral Cir Bucal. 2006, 11(6), pp. E510-E513.
Potocnik I, Bajrovi¢ E. Failure of inferior alveolar nerve block
in endodontics. Endod Dent Traumatol. 1999, 15(6), pp. 247~
251. DOI:10.1111/j.1600-9657.1999.tb00782.x

Ueno T, Tsuchiya H, Mizogami M, Takakura K. Local anes-
thetic failure associated with inflammation: verification of the
acidosis mechanism and the hypothetic participation of in-
flammatory peroxynitrite. J Inflamm Res. 2008, I, pp. 41-48.
DOI:10.2147/]JIR.S3982

Punnia-Moorthy A. Evaluation of pH changes in inflamma-
tion of the subcutaneous air pouch lining in the rat, induced
by carrageenan, dextran and Staphylococcus aureus. J Oral
Pathol. 1987, 16(1), pp. 36-44.
DOI:10.1111/j.1600-0714.1987.tb00674.x

Caldwell PC. Studies on the internal pH of large muscle and
nerve fibres. J Physiol. 1958, 142(1), pp. 22-62.
DOI:10.1113/jphysiol.1958.sp005998

Povzetek

29.

30.

31

32.

33.

34.

35.

36.

37.

Madshus IH. Regulation of intracellular pH in eukaryotic
cells. Biochem J. 1988, 250(1), pp. 1-8.
DOI:10.1042/bj2500001

Gupta S, Kumar A, Sharma AK, Purohit J, Narula JS. Sodium
bicarbonate: an adjunct to painless palatal anesthesia. Oral
Maxillofac Surg. 2018, 22(4), pp. 451-455.
DOI:10.1007/s10006-018-0730-x

.Guo J, Yin K, Roges R, Enciso R. Efficacy of sodium bicarbo-

nate buffered versus non-buffered lidocaine with epinephrine
in inferior alveolar nerve block: A meta-analysis. ] Dent An-
esth pain Med. 2018, 18(3), pp. 129-142.
DOI:10.17245/jdapm.2018.18.3.129

Bailard NS, Ortiz J, Flores RA. Additives to local anesthetics
for peripheral nerve blocks: Evidence, limitations, and rec-
ommendations. Am ] Heal Pharm. 2014, 71(5), pp. 373-385.
DOI:10.2146/ajhp130336

Huang AL, Vita JA. Effects of systemic inflammation on en-
dothelium-dependent vasodilation. Trends Cardiovasc Med.
2006, 16(1), pp. 15-20.

DOI:10.1016/j.tcm.2005.10.002

Umek N. Cyclization step of noradrenaline and adrenaline
autoxidation: a quantum chemical study. RSC Adv. 2020, 10,
pp. 16650-16658. DOI:10.1039/DORA02713H

Van Der Spoel D, Manzetti S, Zhang H, Klamt A. Predic-
tion of Partition Coefficients of Environmental Toxins Using
Computational Chemistry Methods. ACS Omega. 2019, 4(9),
pp. 13772-13781. DOI:10.1021/acsomega.9b01277
Bernales VS, Marenich A V., Contreras R, Cramer CJ, Truhlar
DG. Quantum mechanical continuum solvation models for
ionic liquids. J Phys Chem B. 2012, 116(30), pp. 9122-9129.
DOI:10.1021/jp304365v

Shen H, Zhou Q, Pan X, Li Z, Wu J, Yan N. Structure of a
eukaryotic voltage-gated sodium channel at near-atomic res-
olution. Science. 2017, 355, pp. 924.
DOI:10.2210/pdb5x0m/pdb

Lokalni anestetiki so eden najpogosteje uporabljenih razredov zdravil v klini¢ni praksi. Tako kot pri mnogih drugih bi-
ologkih molekulah, se tudi njihove lastnosti spreminjajo glede na njihov protonacijski status, ki je odvisen od pH okolja.
Proucevali smo transportno energetiko sedmih lokalnih anestetikov iz zunajceli¢ne tekoc¢ine preko bioloske membrane
do aksoplazme, da bi razumeli vpliv vrednosti pH na njihovo udinkovitost in druge farmako-dinami¢ne lastnosti. Pri
tem smo uporabili tri razli¢ne metode reakcijskega polja topila v povezavi s kvantno-kemijskimi izra¢uni za reprodukcijo
eksperimentalnih vrednosti koeficientov porazdelitve n-oktanol / voda za nevtralne in protonirane oblike. Samo SMD
metoda Cramerja in Truhlarja je lahko reproducirala eksperimentalne vrednosti porazdelitvenih koeficientov. Rezultati
so obravnavani v smislu funkcije lokalnih anestetikov v fizioloskih pogojih in v primeru lokalne acidoze.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Kavcic et al.: Local Anesthetics Transfer Across the Membrane:


https://doi.org/10.1002/jcc.10189
https://doi.org/10.1021/jp810292n
https://doi.org/10.4103/0975-7406.76461
https://doi.org/10.1002/prot.1106
https://doi.org/10.1111/j.1600-9657.1999.tb00782.x
https://doi.org/10.2147/JIR.S3982
https://doi.org/10.1111/j.1600-0714.1987.tb00674.x
https://doi.org/10.1113/jphysiol.1958.sp005998
https://doi.org/10.1042/bj2500001
https://doi.org/10.1007/s10006-018-0730-x
https://doi.org/10.17245/jdapm.2018.18.3.129
https://doi.org/10.2146/ajhp130336
https://doi.org/10.1016/j.tcm.2005.10.002
https://doi.org/10.1039/D0RA02713H
https://doi.org/10.1021/acsomega.9b01277
https://doi.org/10.1021/jp304365v
https://doi.org/10.2210/pdb5x0m/pdb

DOI: 10.17344/acsi.2020.6538

Acta Chim. Slov. 2021, 68, 433-440

creative
commons

Scientific paper

Isolation of Keratin from Waste Wool
Using Hydrothermal Processes

Aleksandra Verdnik,! Maja Colnik,! Zeljko Knez!? and Mojca Skerget*

! University of Maribor, Faculty of Chemistry and Chemical Engineering, Smetanova 17, 2000 Maribor, Slovenia

2 University of Maribor, Faculty of Medicine, Taborska ulica 8, 2000 Maribor, Slovenia

* Corresponding author: E-mail: mojca.skerget@um.si

Received: 11-26-2020

Abstract

The subcritical water (SubCW) extractions of waste wool to produce keratin were performed at temperatures of 150 °C
to 250 °C and at different reaction times between 5 min to 75 min. The resulting proteins in the obtained products were
confirmed with Fourier-transform infrared spectroscopy (FTIR). The molecular weight of the protein extracts was de-
termined by using two different methods: with a polyacrylamide gel electrophoresis in the presence of sodium dodecyl
sulphate (SDS-PAGE) and by using a gel permeation chromatography. The results show, that by using SubCW, keratin
can be isolated from waste wool in very high yields, much higher than by other chemical methods. Maximal yield was
achieved at 180 °C and 60 min and it was 90.3%. The molecular weight distributions of extracted proteins, which were
generated from waste wool were between 14 kDa and 4 kDa, what is comparable to the results obtained by other chemical

methods.

Keywords: Waste wool; keratin; isolation; SubCW; gel permeation chromatography; SDS-PAGE electrophoresis.

1. Introduction

The growing concerns regarding the environmental
pollution and the increasing demand for safe and sustain-
able materials are encouraging the search for green pro-
cessing methods that would allow exploitation of natural
resources and development of bio-based products.
By-products of the textile and meat industries, such as
wool, horns, hooves and feathers contain a large propor-
tion of keratin.!? Keratin is a protein that has, due to its
biodegradability and biocompatibility, recently become
increasingly important.> Wool is often used in textile in-
dustry due to its excellent mechanical properties. More
than 2.5 million tons of wool is produced every year all
over the world, where Australia, China, New Zeeland, Iran
and Argentina represent five of the biggest producers of
wool.* The problem is that during the shearing and weav-
ing processes as well as by processing in abattoirs also a
considerable amount of wool waste is generated. Wool
contains up to 95% of pure keratin, which is an important
secondary product.’ In addition to proteins, wool contains
small proportion of lipids, mineral salts, nucleic acid resi-
dues and carbohydrates.? Keratin has an extremely high
potential to be used for the development of new products

in the pharmaceutical, medical, cosmetic and biotechnol-
ogy industries. Keratin from wool can be used for several
forms of gels, microfibres, films, sponges, bulk materials,
in wound healing, drug delivery, tissue engineering and
medical devices.1467

For the extraction of keratin from natural by-prod-
ucts different methods were used: reduction, oxidation,
microwave radiation, sulfitolysis, alkaline extraction, ionic
liquids and use of enzymes.®? The disadvantage of these
methods is that organic solvents and harmful chemicals
are used, that could disrupt the structure of keratin and
consequently have a negative influence on keratin proper-
ties. Organic solvents are expensive, toxic and non-renew-
able and pollute our environment.>%10

Recently, subcritical water (SubCW) has been in-
creasingly used as a green medium for the extraction of
value-added compounds from various materials, as it has
many beneficial properties compared to other organic sol-
vents.!! SubCW is known as hot water under pressure with
the critical point at 374 °C and 221 bar.!%!3 Under these
conditions, the ionic product, diffusivity and thermal con-
ductivity of water increase.!"14-1¢ The advantages of the
methods where SubCW is used as a medium are that they
are performed rapidly and selectively without a catalyst,!”
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give high yields and high purity of products and water is
easily removed from the decomposition products.'®1°

SubCW was used for hydrolysis of biomass waste
(fish waste, chicken waste, hair and feathers), to produce
amino acids.? Isolation of keratin from waste wool with
SubCW has not yet been published. Until now, superheat-
ed water’ and steam explosion?! have been used for the
isolation of keratin from wool and the yields of keratin
were quite low (up to 30%).>2!

The aim of this study was the development of Sub-
CW isolation process of protein keratin from waste wool
and to evaluate the performance of the process regarding
the yield and molecular weight of the produced protein.
The protein extracts were characterized with SDS-PAGE
electrophoresis, gel permeation chromatography and FTIR
analysis and new data about the molecular weight distri-
bution of the keratin, isolated from wool with SubCW are
presented.

2. Experimental
2. 1. Materials

The waste wool of white traditional Slovenian sheep
was kindly donated by local sheep farm. Trizma® base, so-
dium dodecyl sulfate, ammonium persulfate, glycine,
methanol, 2-propanol, bovine serum albumin, trypsin, hy-
drochloric acid, dextran blue and Sephadex G-100 were
supplied by Sigma-Aldrich. Coomassie brilliant blue
G-250, sodium chloride, potassium chloride, disodium
phosphate, potassium phosphate, monobasic, methylene
blue and potassium chloride were supplied by Merck. Ace-
tic acid was supplied by J.T.Baker. Lonza™ ProSieve™ pro-
tein marker was supplied by Fisher Scientific. 3X blue
stained deposition buffer for SDS-PAGE electrophoresis
and dithiothreitol were supplied by BioLabs Inc.

2. 2. Isolation of Keratin from Waste Wool
with SubCW

The high pressure and high temperature batch reac-
tor (series 4740 Stainless Steel, Parr Instruments, Moline,
IL, USA) was filled with 2 g of raw wool and 40 mL of
distilled water. The ratio of solvent to wool was 20 mL/g.
The filled reactor was purged three times with an inert ni-
trogen gas (N,) and the pressure in the reactor was set to
20 bar. The reactor was wrapped with a heating wire and

Table 1. SubCW reaction conditions

Temperature Reaction time
150 °C 5 min, 15 min, 30 min, 60 min
180 °C 5 min, 15 min, 30 min, 60 min, 75 min
200 °C 5 min, 15 min, 30 min, 60 min
250 °C 5 min, 15 min, 30 min, 60 min

glass wool in order to prevent heat losses. The reactions
were carried out at different temperatures and different re-
action times, as shown in Table 1. After the extraction, the
reactor was rapidly cooled down.

The post reaction mixture was filtered by vacuum
permeation and the products were collected in the forms
of aqueous solution and solid residue.

A portion of the aqueous solution (2 mL) was evap-
orated using a rotary evaporator to determine the yield of
extracted keratin. The yield of keratin was calculated by
the equation 1, where the initial mass of wool (1,,,),
mass of extracted products (pr,ducts) and a percent of ker-
atin (95%) in wool (w) were considered. The yields of ker-
atin were calculated on assumption, that wool contains
95% of keratin.

- Mproducts | 100 (1)

Nkeratin TER——
The remaining aqueous solution was stored in the
freezer for further analysis.

2. 3. Fourier Transformed Infrared
Spectroscopy (FTIR)

The presence of functional groups characteristic of
the extracted keratin (amide A, amide I, amide II, amide
III) was confirmed using the technique of attenuated total
reflection of infrared spectroscopy by Fourier transform
(ATR-FTIR) in the wavelength range of 4000 cm™' and
400 cm™!. The data were analyzed with the high-perfor-
mance IR solution software.’

2. 4. Gel Permeation Chromatography

The molecular weight of extracted proteins was de-
termined with gel permeation chromatography. For the
preparation of stationary phase, 5% Sephadex G-100 gel
was dissolved into deionized water and incubated at 95 °C
for 5 h. Cooled Sephadex-G 100 was transferred into the
glass separation column. 0.1 M phosphate buffered saline
(PBS) at pH = 7.2 as the mobile phase were used.

The molecular weight determination of extracted
proteins was done by comparing the ratio of V./V for the
sample protein and the V./V, of protein standards of
known molecular weight, where V, is the elution volume
of standard protein and V, is the void volume.?>?} The V,
of a glass separation column is based on the volume of ef-
fluent required for the elution of 0.2% blue dextran (large
molecule). The calibration curve was prepared based on
the standard proteins with already known molecular
weights in the rage from 66000-360 Da. (Table 2).

The calibration curve of standards (equation 2) rep-
resents the dependence of the logarithm of the molecular
weight (log M) on the ratio between the elution volume
and the void volume of the column:
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log(M) = z—u ‘k+n )

where M is a molecular weight of keratin, V, elution vol-
ume, V; void volume of column (27 mL), k inclination of
the curve and n section on the y axis.2>??

Table 2. Molecular weights of standards

Standard protein Molecular weight (Da)
bovine serum albumin (BSA) 66 000
trypsin 23 800
methylene blue 360

Based on the equation 2 and elution volume of indi-
vidual samples of isolated keratin the molecular weight of
keratin was calculated.

In order to determine the elution volume of stand-
ards and samples, 1.4 mL of standards or sample solutions
were loaded at the top of the column, the valve at the bot-
tom was opened and the fractions of 1.5 mL were taken.
The mobile phase (PBS buffer) was added at the top of the
column throughout the experiment. The absorbance of the
obtained fractions was measured by UV-Vis spectropho-
tometer at a wavelength of 280 nm.2? The fraction with the
highest absorbance represented the elution volume of an
individual sample or standard.

2. 5. SDS-PAGE Electrophoresis

The molecular weight of the extracted keratin was
determined by the SDS-PAGE gel electrophoresis. For the
protein separation acrylamide/bisacrylamide (Acryl/Bis)
separation gel with 1.5 M Tris-HCl buffer at pH 8.8 and 6%
Acryl/Bis stacking gel with 0.5 M Tris HCl buffer at pH 6.8
were prepared. 20 pL of extracted keratin sample was add-
ed to 20 pL of loading buffer (mixture of SDS Blue Loading
Buffer and dithiothreitol (DTT)). All prepared samples
were incubated at 95 °C for 3-5 min and then centrifugated
at 10,000 rpm for 2 min. Afterwards, 10 uL of sample and
protein marker (mixture of highly purified proteins with
molecular weights from 4.6 to 300 kDa) were pipetted
from the bottom of the vial and transferred into the bot-
tom of the gel wells. The electrophoresis was run at 150 V
for 90 min with tris-glycine-SDS running buffer (pH 8.3).

After electrophoresis, the gels well were washed with
deionized water and colored with Coomassie blue, metha-
nol and acetic acid water mixture. Then, the gels were dis-
colored with methanol, acetic acid water mixture. After
that all gels were dried on the filter paper with a vacuum
pump.

The gels were analysed by using Image] free software,
which was based on the calibration curve of the protein
marker, where the distances (d, in pixels) from the bound-
ary between the entry and separation gel to the protein

marker were measured. The calibration curve observes the
dependence of log M on the distance (d).?

3. Results and Discussion

3. 1. Influence of Temperature and Reaction
Time on Keratin Yield

The yield of keratin in the reaction mixture is affect-
ed by temperature and reaction time as it is shown in Table
3. At the low temperature of 150 °C and at short reaction
times from 5-30 min the yield of keratin was the lowest
and it was only between 1% and 26%. As can be seen from
Figure 1 at these conditions also the highest amount of
wool residue was found. Rajabinejad et al.” reported about
similar yield of keratin (31%) obtained from wool with su-
perheated water in a microwave at 170 °C and 30 min. In
the present work however, by increasing the temperature
to 180 °C, a much higher content of keratin in the liquid
product was gained. The maximum yield of keratin
(90.3%) was achieved at the temperature of 180 °C and re-
action time of 60 min. Generally, the results show, that
with increasing the temperature and prolonging the reac-
tion time, the yield of keratin first increases and reaches a
maximum and then it started to decrease. Namely, the
high temperatures probably caused further decomposition
of keratin to oligomers and free amino acids.’

Table 3. Yield of extracted keratin from waste wool with SubCW.

T=150°C T=180°C T=200°C T=250°C

t (mm) Hieratin (%) Mkeratin (%) Nkeratin (%) Mkeratin (%)
5 1.7 23.8 73.0 73.3
15 5.4 57.9 81.1 75.3
30 16.1 71.4 87.6 80.5
60 25.6 90.3 86.0 63.2
75 / 73.6 / /

Figure 1. Reaction products at 150 °C, 180 °C, 200 °C and 250 °C at
the reaction time (60 min); a) wool residues after filtration, b) liquid
reaction product.
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Furthermore, the differences in concentration of
keratin in aqueous solutions obtained at different operat-
ing parameters are also visible by the color of the liquid
product (Figure 1). The color of the aqueous solutions
changed from a very pale yellow colored solutions ob-
tained at the lowest and the highest temperatures (150 °C,
250 °C) to an intense yellow colored solution obtained at
middle temperatures (180 °C and 200 °C) where the yield
of keratin was near or at the maximum.

3. 2. FTIR Analysis of Isolated Keratin

In order to characterize the extracted keratin ob-
tained from waste wool in SubCW at 180 °C and 60 min,
FT-IR spectra were recorded. The infrared absorption
spectra show characteristic absorption bands attributed to
the peptide bonds.?

In Figure 2, the major peaks represent peptide bonds
characteristic for amides: amide A, amide I, amide II,
amide IIT). Amide A peak at 3230 cm™! represents specific
absorption bands for N-H bond while peak at 1635 cm™!
(Amide I) is related to the C=O stretching vibration.
Amide IT (between 1480 cm™! and 1580 cm™!) shows elon-
gation of C-N bond and bending of N-H functional
groups, while amide I1I at wavelength 1242 cm™! is a com-
bination of N-H, C-N and C=0 groups. Peaks that appear
in the range between 2800 cm™! and 3000 cm! are attrib-

uted to the methylene stretching vibrations of the CH,
CH, and CH; functional groups.?*

3. 2. Molecular Weight of Isolated Keratin

The determination of the molecular weight of kera-
tin with SDS-PAGE electrophoresis was done based on the
calibration curve of protein standards (Figure 3) and by
the elution of standards with known molecular weight
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Figure 3. Standard curve of molecular weight markers using SDS-
PAGE electrophoresis for molecular weight estimation of keratin
samples, which are obtained by hydrothermal degradation of waste
wool at 180 °C.
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Figure 2. FTIR spectrum of keratin isolated from waste wool with SubCW at temperature of 180 °C and a reaction time of 60 min.
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(Figure 4) in Sephadex G-100 gel under the same condi-
tions as the sample of extracted keratin (Figure 5).

The molecular weight distributions of the extracted
proteins are shown in Table 4 and Figure 6. Figure 6 shows
the SDS-PAGE electropherograms of wool proteins isolat-
ed by SubCW at different temperatures and reaction times.
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Figure 4. Gel permeation chromatography through Sephadex
G-100 of standard proteins with known molecular weight: (1) BSA;
(2) trypsin; (3) methylene blue.
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Figure 6. SDS-PAGE electrophoresis gels of isolated keratin.
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Figure 5. Gel permeation chromatography through Sephadex
G-100 of isolated keratin at temperature of 180 °C and time 60 min.

Generally, the molecular weights of extracted pro-
teins were quite low in all cases. A major protein fractions
were in the range of 14 kDa and 4 kDa.

Molecular weight distribution of isolated keratin at
temperature of 150 °C and at time 5 min has not been de-
termined, while the yield of keratin was only 1.7%.

Table 4 shows, that molecular weight of extracted
proteins decreased with increasing the temperature and

30min  60min 75 min

5min 15 min

15 min 30 min 60 min
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Table 4. Molecular weight of keratin.

Temperature Reaction time Molecular weight of Molecular weight of
(°C) (min) keratin (kDa) keratin (kDa)
(gel permeation (SDS-PAGE)
chromatography)
150 15 9.2 5-14.0
150 30 8.3 4.6-14.0
150 60 8.2 4.6-13.9
180 5 7.5 4.6-12.5
180 15 7.4 4.6-12.0
180 30 7.3 4.6-11.5
180 60 7.2 4.6-11.3
180 75 6.6 4.6-10.4
200 5 6.5 4.6-10.8
200 15 59 4.6-8.8
200 30 52 4.6-6.5
200 60 4.7 4.6-6.3
250 5 4.6 4.6-5.0
250 15 4.2 /
250 30 4.1 /
250 60 3.7 /

reaction time due to further degradation of long chain
proteins to smaller molecules.

As can be seen from Figure 6, the clear major frac-
tion band between 14-8 kDa appeared after the hydrolysis
of waste wool at 150 °C for reaction time of 30 and 60 min.
Similar strong bands can be observed for products ob-
tained at 180 °C that indicate molecular weight between 13
kDa and 7 kDa for all reaction times, while molecular
weights at a higher temperature of 200 °C are much lower,
only between 10.8 kDa and 5 kDa. In the case of 250 °C the
major protein fraction in the range from 5 to 4.6 kDa re-
sults only for 5 min of reaction time, while at longer reac-
tion times no bands were observed in the studied gels,
which is a consequence of their degradation to very low
molecular weight oligopeptides.® Low molecular weights
of keratin indicated that structure of keratin was signifi-
cantly affected with the high temperature of the SubCW
treatment (cleavage of peptide bonds).

Based on the results it can be concluded that the op-
timal temperatures for isolation of keratin molecules of
high molecular weights by using SubCW would be 150 °C
or 180 °C, because at these two temperatures molecular
weights of keratin obtained were the highest and were in
the range of 14 kDa to 4.6 kDa.

3. 4. Comparison of Molecular Weights
of Keratin Extracted from Wool by
Different Methods

The molecular weight of keratin is influenced by the
source from which the keratin is extracted due to structur-
al differences, different content of sulphur and covalent
intermolecular disulfide bonds, and by the method of ker-
atin isolation. %24

In Table 5 the molecular weights and yields of wool
keratin obtained by different chemical methods reported
in the literature are compared with the results obtained in
the present work.

Table 5. Keratin molecular weights determined by SDS-PAGE elec-
trophoresis and its yields isolated in different ways.

. Molecular weight Yield
Extraction method of keratin (kDa) of keratin (%)
Oxidation* > 40 6
Alkaline hydrolysis?* <10 25
Superheated water’ 14-3 31
Sulfitolysis?* 60-40 and 15-3.5 41
Tonic liquid®* 60-3.5 51
Reduction?* 55-40 and 10-3.5 53
H,0,8 36-6 54
SubCW 14-4.0 90.3

Shavandi and co-workers?* studied five different ex-
traction methods of keratin from wool of merino ships.
They used alkaline hydrolyses, reduction, oxidation, sulfi-
tolysis and ionic liquid. For the reduction a solution of
urea, sodium dodecyl sulphate and 2-mercaptoethanol
was used, which gave the highest yield of keratin (53%). By
using the ionic liquid, the yield of keratin was 51%. For
sulfitolysis a solution of urea and sodium bisulfide was
used and the yield of obtained keratin was 41%. Alkaline
hydrolysis was done in the presence of 2% solution of sodi-
um hydroxide, where only 25% of keratin was isolated. The
oxidation reaction, where the 2% solution of acetic acid
was used, the lowest yield of keratin (6%) was achieved.
Keratin obtained by these various methods had different
molecular weight and different physical-chemical proper-
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ties.?* In addition, keratin from wool and feathers was also
extracted with different concentrations of hydrogen per-
oxide (H,0,), where the highest yield of keratin from wool
was obtained with 1M H,0, at pH = 11 and it was 72.6%.8
All chemical methods for keratin isolation presented
in Table 5, except the oxidation method, gave keratin with
molecular weights in a similar range as SubCW, which is
between 14 kDa and 4 kDa, however all the methods gave
much lower yields as SubCW method, where the highest
yield was 90.3%. This is an important advantage over other
extraction methods, which use additional organic solvents
and harmful chemicals, which pollute and cause negative
effects on our environment. The use of SubCW for isola-
tion of keratin from wool is a much greener alternative.

4. Conclusion

Keratin isolation from waste wool was performed in a
high pressure and high temperature batch reactor with Sub-
CW at temperatures of 150 °C-250 °C and at different reac-
tion time from 5 min to 75 min. At the lowest temperature
of isolation (150 °C) the yields of keratin were very low (be-
tween 1% and 26%). The highest yield of keratin was
achieved at 180 °C and at a reaction time of 60 min and it
was 90.3%. At a temperature of 250 °C, the yield of keratin
was lower than at a temperature 200 °C. The presence of
keratin in reaction product was confirmed by FTIR spec-
troscopy. Molecular weights of extracted keratin were deter-
mined by gel permeation chromatography and SDS-PAGE
electrophoresis. It was found that the molecular weight dis-
tribution of protein extracts was between 14 kDa and 4 kDa.
The molecular weight of protein decreased with increasing
temperature, due to degradation of long chain keratin to ol-
igomers and amino acids. The optimum operating condi-
tions for keratin isolation from waste wool with SubCW are
temperature 180 °C and reaction time of 60 min where the
yield of isolation was high and the molecular weight distri-
bution of proteins was between 11.3 and 4.6 kDa.

The results of this study indicate that extraction of
keratin from waste wool with SubCW-represents an im-
portant alternative to the conventional extraction process-
es and provide an important basis for further development
of keratin based bioactive materials.
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Povzetek

Pri temperaturah med 150 in 250 °C in reakcijskih ¢asih med 5-75 min smo izvedli subkritiéno vodno ekstrakcijo
(SubCW) odpadne volne s ciljem pridobivanja keratina. Dobljene proteine prisotne v nastalih produktih smo potrdili z
infrardeco spektroskopijo s Fourierovo Transformacijo (FTIR). Molekulsko maso ekstrahiranih proteinov smo dolo¢ili z
dvema tehnikama: poliakrilamidno elektroforezo z natrijevim dodecil sulfatom (SDS-PAGE) ter izklju¢itveno kromato-
grafijo. Rezultati so pokazali, da lahko s SubCW iz odpadne volne pridobimo keratin z zelo visokim izkoristkom, precej
visjim kot z ostalimi kemijskimi metodami. Maksimalni izkoristek smo dosegli pri 180 °C in 60 minutah in je znasal
90.3 %. Porazdelitev velikosti proteinov ekstrahiranih iz odpadne volne je bila med 14 kDa in 4 kDa, kar je primerljivo z
rezultati ostalih kemijskih metod.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Two oxidovanadium(V) complexes, [VOL'L] (1) and [VOL?L] (2) (L = ethyl maltolate), derived from the aroylhydra-
zones 4-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohydrazide (H,L!) and N’-(3,5-dibromo-2-hydroxyben-
zylidene)-4-methoxybenzohydrazide (H,L?), respectively, have been synthesized and characterized by elemental anal-
ysis, infrared and electronic spectroscopy. Structures of the complexes were further confirmed by single crystal X-ray
determination. The V atoms in the complexes are coordinated by the ONO donor atoms of the aroylhydrazone ligand,
OO donor atoms of the ethyl maltolate ligand, and one oxido O atom, forming octahedral coordination. The complexes
function as effective olefin epoxidation catalysts with hydrogen peroxide as terminal oxidant and sodium hydrogen

carbonate as a co-catalyst.

Keywords: Aroylhydrazone; vanadium complex; catalytic activity; crystal structure

1. Introduction

Schiff base complexes have gained remarkable atten-
tion due to their interesting applications in the develop-
ment of new materials like catalysts, and biological appli-
cations like DNA cleavage, antibacterial, antiviral and
antifungal agents.! Metal complexes of hydrazone type
Schiff bases were used as catalysts for the organic synthe-
sis, such as olefin polymerization and epoxidation reac-
tions.2 Among the various metal ions, the complexes of
vanadium have received considerable interest in their bio-
chemical significance and industrial catalytic processes.?
For instance, the use of vanadium complexes in asymmet-
ric synthesis, in C-C bond formation as well as in C-C,
C-0 and C-H bond cleavages, catalytic oxidation of vari-
ous olefins, oxidative halogenation and selective epoxida-
tion of unsaturated hydrocarbons and allyl alcohols.*
Aroylhydrazones bearing typical -CO-NH-N=CH-
group are interesting ligands in the preparation of various
metal complexes which have considerable biological and
catalytic properties.® To date, a number of vanadium com-
plexes have been obtained. However, the vanadium com-
plexes with hydrazones are rarely reported with catalytic

oxidation of olefins. Recently, our research group has re-
ported some vanadium complexes and their catalytic ep-
oxidation property.® As a continuation of such work, we
report in this paper two new vanadium(V) complexes
[VOL'L] (1) and [VOL2L] (2) (L = ethyl maltolate), de-
rived from the aroylhydrazones 4-bromo-N’-(2-hy-
droxy-5-methylbenzylidene)benzohydrazide (H,L!) and
N’-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxyben-
zohydrazide (H,L?).

2. Experimental

2. 1. Materials and Methods

5-Methylsalicylaldehyde,  3,5-dibromosalicylalde-
hyde, 4-bromobenzohydrazide and 4-methoxybenzohy-
drazide were purchased from Sigma-Aldrich. VO(acac),
and the solvents with analytical reagent grade were pur-
chased from Xiya Chemicals Co. Ltd. Microanalyses for C,
H, N were carried out using a Perkin Elmer 2400 CHNS/O
elemental analyzer. 'H NMR spectra were recorded on a
Bruker AVANCE 500 MHz spectrometer. FT-IR spectra
were recorded on a FT-IR 8400-Shimadzu as KBr discs in
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the range of 400-4000 cm™!. UV-Vis spectra were recorded
on a Lambda 35 spectrometer. X-ray diffraction data were
collected using a Bruker Smart 1000CCD diffractometer.

2. 2. Synthesis of 4-bromo-N’-(2-hydroxy-
5-methylbenzylidene)benzohydrazide
(H,LY)

An ethanolic solution (20 mL) containing 2-hy-
droxy-5-methylbenzaldehyde (1.0 mmol, 0.14 g) was add-
ed dropwise to an ethanolic solution of 4-bromobenzohy-
drazide (1.0 mmol, 0.22 g) with constant stirring. The
mixture was refluxed for 30 min, after which the solvent
was removed by rotary evaporator. The white precipitate
was re-crystallized from ethanol and obtained by filtra-
tion. Yield: 0.25 g, 76%. For C;sH,3;BrN,0,: anal. calcd., %:
C, 54.07; H, 3.93; N, 8.41. Found, %: C, 54.26; H, 4.02; N,
8.32. FT-IR (KBr), cm™!: v(OH) 3427, v(NH) 3241, v(CH)
2820-3100, v(C=0) 1645, v(C=N) 1612, v(C-0O) 1157.
UV-Vis data in ethanol (A, nm (¢, M~lecm™1)]: 231 (19,270),
285 (18,125), 303 (17,430), 345 (12,653). 'H NMR (500
MHz, DMSO-d®, ppm): 6 = 12.03 (s, 1H; OH), 11.12(s, 1H;
NH), 8.62 (s, 1H; CH=N), 7.87 (d, 2H; ArH), 7.73 (d, 2H;
ArH), 7.45 (s, 1H, ArH), 7.12 (d, 1H; ArH), 6.95 (d, 1H,
ArH), 2.32 (s, 3H, CHj3).

2. 3. Synthesis of N’-(3,5-dibromo-
2-hydroxybenzylidene)-4-
methoxybenzohydrazide (H,L?)

An ethanolic solution (20 mL) containing 3,5-dibro-
mo-2-hydroxybenzaldehyde (1.0 mmol, 0.28 g) was added
dropwise to an ethanolic solution of 4-methoxybenzohy-
drazide (1.0 mmol, 0.17 g) with constant stirring. The mix-
ture was refluxed for 30 min, after which the solvent was
removed by rotary evaporator. The white precipitate was
re-crystallized from ethanol and obtained by filtration.
Yield: 0.31 g, 72%. For C,5H;,Br,N,03: anal. calcd., %: C,
42.09; H, 2.83; N, 6.54. Found, %: C, 41.85; H, 2.92; N, 6.46.
FT-IR (KBr), cm™!: v(OH) 3447, v(NH) 3221, v(CH) 2820-
3100, v(C=0) 1653, v(C=N) 1612, v(C-0) 1153. UV-Vis
data in ethanol (A, nm (¢, M~lcm™)]: 221 (21,250), 272
(17,610), 310 (15,455), 332 (16,820). '"H NMR (500 MHz,
DMSO-d®, ppm): § = 12.02 (s, 1H; OH), 11.13 (s, 1H; NH),
8.67 (s, 1H; CH=N), 7.88 (d, 2H; ArH), 7.79 (s, 1H; ArH),
7.71 (s, 1H, ArH), 7.13 (d, 2H; ArH), 3.80 (s, 1H, CHy).

2. 4. Synthesis of the complexes [VOL'L] (1)

and [VOL2L] (2)

The aroylhydrazones H,L! (0.10 mmol, 33 mg) or
H,L? (0.10 mmol, 43 mg) was dissolved in ethanol (15
mL). To each solution an ethanolic solution (10 mL) of
VO(acac), (0.10 mmol, 26 mg) and ethyl maltol (0.10
mmol, 14 mg) was added with stirring. Mixtures were
stirred at room temperature for 30 min to give deep brown

solution. Brown block-shaped single crystals suitable for
X-ray analysis were obtained after slow evaporation of the
solvent over a few days. The crystals were isolated by filtra-
tion.

Complex 1: Yield: 0.18 g, 33%. For C,,H;sBrN,O4V:
anal. calcd., %: C, 49.18; H, 3.38; N, 5.21. Found, %: C,
49.35; H, 3.31; N, 5.12. FT-IR (KBr), cm™: v(C=N) 1611,
v(C-0) 1176, v(V=0) 971. UV-Vis data in ethanol (\, nm
(e, M~lem™)]: 271 (18,223), 325 (10,370), 410 (2,738).
Complex 2: Yield: 0.26 g, 41%. For C,,H,,Br,N,0,V: anal.
caled,, %: C, 41.80; H, 2.71; N, 4.43. Found, %: C, 41.61; H,
2.83; N, 4.51. FT-IR (KBr), cm™: v(C=N) 1608, v(C-O)
1173, v(V=0) 972. UV-Vis data in ethanol (A, nm (g,
M-lem™1)]: 265 (19,560), 332 (12,451), 413 (3,890).

2. 5. X-Ray Structure Determination

Crystal structures of complexes were measured on a
Bruker SMART 1000CCD diffractometer using Mo-Ka
radiation (\ = 0.71073 A) and a graphite monochromator
at 25 °C. Unit cell and reflection data were obtained by
standard methods and are summarized in Table 1.7 The
structures were solved, refined, and prepared for publica-
tion using the SHEXTL package (structure solution refine-
ments and molecular graphics),® and using full-matrix
least-squares techniques by using F? with anisotropic dis-
placement factors for all non-hydrogen atoms. The amino
H atoms were located from difference Fourier maps and

Table 1. Crystal data and structure refinement for the complexes

Parameters 1 2

Molecular formula Cy,H sBrN,0O,V  C,,H,,Br,N,0,V

Formula weight 537.23 632.13
Crystal system Triclinic Triclinic
Space group P-1 P-1
a(A) 7.4116(9) 9.7299(8)
b(A) 11.8466(11) 11.1554(10)
c(A) 13.2718(12) 11.4937(11)
a (°) 107.525(1) 69.303(1)
G) 93.496(1) 88.575(1)

v () 90.253(1) 88.952(1)
V (A% 1108.8(2) 1166.6(2)
Z 2 2
Deyc(g/cm?) 1.609 1.800

g (mm1) 2.290 3.897
F(000) 540 624
Reflections collected 5921 10918
Independent reflection 75 (0 0134) 4312 (0.0405)
(Rint)

Reflections observed

(>20() 3102 3227
Data/restraints/parameters ~ 4075/0/291 4312/0/309
Goodness-of-fit on F? 1.025 1.049
Final R indices (I>20())  0.0537,0.1333  0.0399, 0.0829
R indices (all data) 0.0740, 0.1465 0.0644, 0.0926

Max/min Dp (e A-3) 1.034, -1.007 0.530,-0.449

Zou et al.: Synthesis, X-Ray Crystal Structures and Catalytic ...



Acta Chim. Slov. 2021, 68, 441-446

refined isotropically, with N-H distances restrained to
0.90(1) A. Positions of the remaining hydrogen atoms
were calculated from the structure of the molecular skele-
ton and their displacement parameters were refined iso-
tropically on a group-wise basis.

3. Results and Discussion

3. 1. Synthesis and Spectral Characterization

The two complexes were readily prepared from the
reaction of the corresponding aroylhydrazone ligands and
VO(acac),. The single crystals of the complexes are stable
at ambient condition.

The v(C=N) absorptions are observed at 1611 cm~
for 1 and 1608 cm™! for 2.° The intense bands indicative of
the C=0 vibrations and the sharp bands indicative of the
N-H vibrations are absent in the complexes, indicating the
enolization of the aroylhydrazone ligands. The weak peaks
in the low wave numbers in the region 450-700 cm™' may
be attributed to V-O and V-N bonds in the complexes.
The complexes exhibit typical bands at 971-972 cm™},
which are assigned to the V = O vibrations.°

The UV-Vis spectra of the complexes were recorded
in 10> mol L™! in ethanol, in the range 200-500 nm. The
weak bands centered at 325-332 nm for the complexes are
attributed to intramolecular charge transfer transitions
from the p,, orbital on the nitrogen and oxygen to the emp-
ty d orbitals of the metal.!® The intense bands observed at
265-270 nm are assigned to intraligand n—m* transition.
The bands centered at about 410 nm are attributed to the
ligand-to-metal charge transfer transitions (LMCT).!!

1

3. 2. Structure Description of the Complexes

The molecular structures of complexes 1 and 2 are
shown in Figs. 1 and 2, respectively. Selected bond lengths

[::w?:\l\
u.?1\¢\'\”gz1)

Clidlgy A
’ "CQO]
‘,/*( 2

N
C(23)

Fig. 1. An ORTEP diagram of complex 1 with atom labeling scheme
and 30% probability thermal ellipsoids for all non-hydrogen atoms.

and angles are reported in Table 2. The V atoms in both
complexes are six-coordinated in octahedral geometry,
with the phenolate oxygen (O(1)), the enolate oxygen
(O(2)) and the imine nitrogen (N(1)) of the aroylhydra-
zone ligands, and the hydroxylate oxygen (O(5)) of the
ethyl maltolate ligand in the equatorial plane, and with the
oxido group (O(3)) and the carbonyl oxygen (O(4)) in the
axial positions. The V atoms deviated from the least-
squares planes defining by the four equatorial donor at-

Fig. 2. An ORTEP diagram of complex 2 with atom labeling scheme
and 30% probability thermal ellipsoids for all non-hydrogen atoms.

Fig. 3. Hydrogen bonds linked structures of complex 1, viewed
along the a axis. Hydrogen bonds are shown as dashed lines.
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Fig. 4. Hydrogen bonds linked structures of complex 2, viewed
along the a axis. Hydrogen bonds are shown as dashed lines.

oms by 0.295(2) A for 1 and 0.290(2) A for 2. The bond
lengths related to the V atoms are comparable to the sim-
ilar vanadium complexes.®®!? The benzene rings
C(1)-C(6) and C(9)-C(14) form dihedral angles of
2.1(3)° for 1 and 2.7(3)° for 2. There exists weak
Br(1)--O(7)i (i: -1 + x, y, 1 + z) contact with distance of
2.96(5) A representing 87.8 % of the sum of van der Waals
radia in complex 2.

In the crystal structure of complex 1, the vanadium
complex molecules are linked through C—H---O hydrogen
bonds (Table 3) to form layers along the ab plane (Fig. 3).
In the crystal structure of complex 2, the vanadium com-
plex molecules are linked through C-H--O and C-H---Br
hydrogen bonds (Table 3) to form three-dimensional net-
work (Fig. 4).

Table 3. Hydrogen bonding interactions (A, °)

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

1 2

Bond lengths (A)

V(1)-0(1) 1.841(3) 1.847(2)
V(1)-0(3) 1.580(3) 1.583(3)
V(1)-0(5) 1.871(3) 1.863(2)
V(1)-0(2) 1.941(3) 1.921(2)
V(1)-0(4) 2.261(3) 2.259(3)
V(1)-N(1) 2.097(3) 2.090(3)
Bond angles (°)

0(3)-V(1)-0(1) 100.96(19) 99.93(13)
0(1)-V(1)-0(5) 98.68(13) 100.77(11)
0(1)-V(1)-0(2) 155.11(14) 154.62(11)
0(3)-V(1)-N(1) 101.16(14) 99.60(13)
0(5)-V(1)-N(1) 160.03(12) 160.64(12)
0(3)-V(1)-0(4) 173.29(17) 175.04(13)
0(5)-V(1)-0(4) 77.53(10) 77.60(10)
N(1)-V(1)-O(4) 82.89(11) 84.41(11)
0(3)-V(1)-0(5) 97.98(14) 98.05(12)
0(3)-V(1)-0(2) 95.33(17) 97.23(12)
0(5)-V(1)-0(2) 97.53(12) 95.16(10)
O(1)-V(1)-N(1) 83.29(13) 83.99(11)
0(2)-V(1)-N(1) 75.14(12) 74.78(11)
0(1)-V(1)-0(4) 84.75(14) 83.34(11)
0(2)-V(1)-0(4) 80.45(12) 80.93(11)

3. 3. Catalytic Property

The catalytic experiment was carried out according
to the literature method.®® A mixture of CH;OH/CH,Cl,
(V:V =7:3, 1.2 mL) was used for the reactions at 25 °C. The
molar ratios for the catalyst:substrate:NaHCO;:H,0, are
1:298:117:1170. The conversion was measured after 74.5
min. Both vanadium complexes have good property in the
olefin oxidation processes with epoxides as the products.
The results are summarized in Table 4. Interestingly, both
complexes have similar catalytic properties with high ep-
oxide yields and good selectivity toward the aliphatic and
aromatic substrates. However, when H,0, was used as sin-
gle oxidant the catalytic efficiency is not good. When
NaHCO; was added as a co-catalyst to the above reactions,

D-H--A d(D-H) d(H---A) d(D---A) Angle(D-H---A)
1

C(6)-H(6)--O(3)i 0.93 2.50(3) 3.367(5) 154(6)
C(7)-H(7)--O(3)iii 0.93 2.53(3) 3.143(5) 124(6)
C(14)-H(14)--O(6)" 0.93 2.57(3) 3.399(5) 148(6)
C(21)-H(21)--O(4)" 0.93 2.42(3) 3.246(5) 148(6)

2

C(6)-H(6)--O(3)" 0.93 2.56(3) 3.237(4) 130(5)
C(11)-H(11)---Br(2)"i 0.93 2.80(3) 3.563(4) 140(5)
C(19)-H(19).-O(7)"ii 0.93 2.47(3) 3.340(4) 156(5)

Symmetry codes: ii) 1 + x, y, z;iii) 1 - x, 1 -y, 1 =z, (iv) -, -y, 1 -z, (V) 1 = x, -y, 1 -z (vi) -, 1 =, 1 - z;

(vil) 1 +x, -1+, z; (viii) x, y, 1 + 2.
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Table 4. The catalytic oxidation results

Substrate Product Conversion
(%) (TON)*
1 > 99 (351)
0
2 > 99 (367)
0
@/\ 1 98 (343)
2 > 99 (327)
o 1 93 (310)
/\/\
A 2 96 (307)
1 95 (282)
P A('
0 2 97 (291)

2 TON = (mmol of product)/mmol of catalyst.

the efficiency of the catalytic property can increase obvi-
ously. This might be attributed to the equilibrium process
between H,0, and hydrogen carbonate to produce per-
oxymonocarbonate, HCO, ", which is a more reactive nuc-
leophile than H,0, and facilitated the epoxidation reac-
tions. The two vanadium complexes have better catalytic
properties than the cobalt(Il) complex derived from
2-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohy-
drazide,'® and similar catalytic properties with the oxido-
vanadium(V) and dioxidomolybdenum(VI) complexes of
hydrazones and Schiff bases.*

4. Conclusion

Two new similar oxidovanadium(V) complexes with
aroylhydrazone ligands have been prepared and structur-
ally characterized using X-ray structure analysis. The com-
plexes have octahedral geometry with positions around
the central atom being occupied with donor atoms of the
aroylhydrazone ligand, the ethyl maltolate ligand and one
oxido group. The complexes show effective catalytic prop-
erty in the oxidation of various olefins to their correspond-
ing epoxides.
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ktronsko spektroskopijo. Strukturi kompleksov smo nadalje potrdili z monokristalno rentgensko difrakcijo. Vanadijev
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katalizatorja za epoksidacijo olefinov z vodikovim peroksidom kot oksidantom in natrijevim hidrogenkarbonatom kot
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Abstract

The corrosion behaviour of AISI 347 in 0.1 M sulfuric acid at temperatures 50 and 75 °C and pressures up to 300 bar in
a CO, atmosphere was studied by surface analysis and electrochemical methods. Corrosion reactions in which CO, is
present accelerate the formation of a protective FeCOj; layer, but the success of such a passivation depends on the satu-
ration concentration and the corresponding temperature. Significantly better results compared to untreated steels were
obtained at lower temperatures by increasing the pressure. To explain the differences in corrosion rates between samples,
the activation energy for the layer dissolution was also discussed. It can be assumed that the compressibility of the CO,
at different pressures has an influence on the formation of the protective iron carbonate layer and its properties and thus

to on the corrosion behaviour.

Keywords: Stainless steel, EIS, CO, corrosion, high pressure

1. Introduction

The steel AISI 347 is generally used in extreme con-
ditions, e.g. aggressive media, at high temperatures and/or
high pressures, mostly in pipeline systems, in the gas in-
dustry, especially for industrial gas cylinders, etc. It be-
longs to the group of steels with the low carbon content,
which can be additionally protected with inhibitors or
coatings.! The niobium content improves the mechanical
properties of the steel by increasing hardness and the cor-
rosion properties by reducing pitting.” It has a great affini-
ty to carbon, which precipitates as a carbide. Niobium car-
bides are more stable than those of chromium, they remove
carbon from the solid solution and stabilize the steel.® Ni-
obium also refine the grain size, promotes the formation of
chromium oxides and accelerates the formation of an iron
oxide enriched passive layer in the outer layer and chromi-
um, manganese and iron oxides in the inner layer at high
temperature.* Carbon dioxide is useful as a supercritical
fluid in several chemical processes as it changes its proper-
ties such as density, diffusivity, viscosity, compressibility,
and surface tension by changing temperature and/or pres-
sure. When it is used in a corrosive environment, it chang-
es its parameters such as pH, partial pressure, temperature,
concentration, compressibility etc. and influences the for-
mation of a protective passive layer on the surface of the
metal and thus its protective properties. To reduce the cor-

rosion rate, some authors suggest different coatings,
pre-passivation®® or the use of efficient inhibitors®-!! for
steel in CO, and also aggressive environments. Not many
CO, corrosion studies have been carried out on low car-
bon steels,!? but the fact is that steel exposed to the CO,
environment triggers a spontaneous passivation process as
it causes the formation of the FeCOj layer that protects the
metal surface and reduces the corrosion rate.
Dugstad!3-1¢ explains how the term CO, corrosion
covers a wide range of electrochemical mechanisms and
complex processes. The interaction between protective Fe-
CO; layer formation, corrosion rate and iron ion concen-
tration in water was described in detail. CO, corrosion
reactions are divided into anodic and cathodic processes.
It was also found that ferritic-perlitic microstructures can
be covered with a porous carbide phase which was related
to high carbon content on the steels. In principle, corro-
sion reactions in CO, create a chemical environment that
accelerates the formation of iron carbonate, which is often
oxidized in air.!” Such a layer is formed by the precipita-
tion of iron carbonate when its saturation concentration is
exceeded.!®1? The concentrations of iron and carbonate
ions must locally exceed the solubility limit. The precipita-
tion rate is low at low temperatures, so that in this case a
very small amount of layer is formed and a higher temper-
ature is required for process efficiency. If the rate of iron
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and carbon precipitation is equal to or higher than the cor-
rosion rate, a dense protective layer is formed, but if the
corrosion process is faster, the layer becomes porous and
unprotective.’ Therefore, special attention has been paid
to the study of iron carbonate solubility under different
conditions. W. Sun and S. Negi¢?! developed a uniform
equation for iron carbonate solubility that is valid for a
wide range of parameters and is based on literature data. In
the case of CO, corrosion, however, many effects must be
taken into account.?? As expected, the temperature in-
creases the corrosion rate, especially at low pH values,
when no precipitation of iron carbonate can occur. On the
other hand, the solubility of iron carbonate increases with
rising temperature, and when it finally exceeds the solubil-
ity limit of iron carbonate, its protective scale formation
reduces the rate of corrosion. In addition to temperature
and many other effects, the effect of the CO; prial pressure was
also investigated. > Y- Sun and S. Negi¢** studied an increase in
Pco; from 3 to 20 bar and concluded, that Pcq, generally
leads to an increase in the corrosion rate due to an in-
creased concentration of H,COj3, which further accelerates
the cathodic reaction and thus the corrosion rate. Howev-
er, when the conditions for the formation of iron carbonate
are favourable, a higher P, value increases the carbonate
ion concentration, which further leads to higher supersat-
uration and scale precipitation.?” Y. Zhang et al.?® studied
CO, corrosion behaviour between low partial pressure (1
MPa) and supercritical conditions (9.5 MPa) at various
temperatures (from 50 to 130 °C) and immersion times. It
was concluded that the change in partial pressure does not
alter the corrosion mechanism, but only affects the corro-
sion rate, so that the rate is higher under supercritical con-
ditions. X. Li et al.”” investigated the nature of corrosion
scales in extremely aggressive environments at high tem-
perature and CO, high pressure and found that the corro-
sion resistance performance of corrosion scales decreases
with increasing temperature and CO, pressure, finding the
decreasing pitting and repassivation potential with in-
creasing density and diffusivity of the acceptor in the
scales. Z. M. Wang et al.? succeeded in the in situ observa-
tion of the CO, corrosion process under high pressure
from active dissolution, the formation of a defective corro-
sion layer up to local layer dissolution and pitting .

In general, corrosion protection methods include the
use of corrosion resistant materials, coatings, corrosion in-
hibitors, electrochemical protection, rust preventing oils
or greases and surface treatments.?’ The most natural and
spontaneous phenomenon in the surface treatment of
metals is passivation process, which can also be accelerat-
ed with a suitable approach. In our previous study we
worked on improving the surface passivation at 25 °C by
forming a stable protective layer of iron carbonate by ex-
posing the system only to elevated pressures of up to 300
bar®® in acidic environment. In the following we were in-
terested in the corrosion behaviour of steel in sulphuric
acid at elevated pressures of up to 300 bar and simultane-

ously elevated temperatures of 50 and 75 °C, since AISI
347 is commonly used for industrial gas cylinders operat-
ing under high pressure. We also investigated the temper-
ature dependence and the values of the activation energies
required for the dissolution process of protective layer.

2. Experimental

2. 1. Material and Sample Preparation

Stainless steel AISI 347 made in Zelezarna Ravne,
Slovenia, has been investigated, with following chemical
composition in wt%: Fe 69.882%, C 0.05%, Si 0.53%, Mn
1.32%, P 0.024%, S 0.024%, Cr 17.95%, Ni 9.66% in Nb
0.56%.

Samples were mechanically polished with 400-1200
grit abrasive paper, polished with diamond pastes to a mir-
ror - like quality, and degreased in acetone, p.a. (Fluka).

The high pressure experiments were performed in a
thermostated autoclave with 65 mL volume, which is de-
signed for a maximum temperature of 200 °C and pressure
to 400 bar. The temperature was kept constant with the
outdoor thermostat Lauda RC6 CP and measured with the
Greisinger thermometer GMH 3230 with an accuracy of +
0.1 °C. For the evacuation of the autoclave the vacuum
pump with a provided underpressure of 3.45 Pa was used.
CO, was dosed into the autoclave with the pump PM101.
The pressure was measured with the sensor Wika (PI) with
an accuracy of 0.01 MPa.

Samples were immersed in 40 mL of 0.1 M H,SO,
prepared from 96% acid, p.a. (Carlo Erba), previously bub-
bled for 10 min with CO, of 99.995% purity (Messer
Slovenija). The autoclave was evacuated and charged with
CO, to the desired pressure. The solution was stirred with
a magnetic stirrer at a frequency of 800 min! for 1 hour.

After pressure relief, the samples, which were already
covered with the resulting layer, were analysed with the
Sirion 400 NC (SEM - Scanning Electron Microscopy)
and EDS (Energy Dispersive X-ray Spectroscopy) INCA
350 analyser.

2. 2. Electrochemical Tests

The electrochemical measurements were performed
in a standard three-electrode cell with sample as working
electrode, a platinum counter electrode and reference SCE
(standard calomel electrode, with the potential + 2,44 V
vs. standard hydrogen electrode). The cell was filled with
300 mL 0.1 M sulfuric acid. The data were collected with
Electrochemical Interface Solartron1287 and Frequency
Response Analyzer Solartron 1250.

The samples were stabilised at OCP (open circuit po-
tential) until the system reached stability and then the im-
pedance curves were recorded in the frequency range be-
tween 60 kHz and 1 mHz. The amplitude of the excitation
voltage was 10 mV. Measurements were made three times
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for each sample and the mean value was considered with
the standard deviation max. 3%.

Potentiodynamic curves from 0.6 V to 1.0 Vg were
recorded at a sampling rate of 1 mVs~!. All data were ac-
quired and processed with the ZPlot, ZView, CorrWare
and CorrView instruments developed by Scribner Associ-
ates, Inc.’!

3. Results and Discussion
3. 1. Surface Analysis

It is generally known that during CO, corrosion of
steel the system first leads to the formation of H,COj; and
further to the formation of FeCOj (siderite):2¢3% 33

€O, + H,0 — H,CO, (1)
2H,CO,+ 2¢ — H, + 2HCO," )
HCO, — H'+CO} 3)
Fe — Fe®' +2¢ (4)
Fe + CO;" — FeCO, (5)

Layer growth is caused by precipitation after exceed-
ing the saturation concentration under suitable condi-
tions. Our samples, which were exposed to CO, in a closed
autoclave system under different pressure and temperature
values, were covered with a layer whose morphology was
further investigated with SEM and EDS.

3. 1. 1. Temperature: 50 °C

White spots (white rectangles in Figure 1a and EDS
in Figure 2a) were detected as precipitants with a high ox-
ygen content (43%) in a 3:1 ratio with iron (16%), which
clearly indicates the formation of FeCOj, while at the
same time a high chromium content was detected. Dark

iy
»
AccV SpotMagn Det WD Exp ——o | 20m

100kvV 40 2000x SE 49 8 UCEM MARIBOR

a)

0 1 2 3
ull Scale 3263 cts Cursor: 0.000

b) b Spectrum 6

ull Scale 2154 cts Cursor: 0.000

Figure 2. EDS results for AISI 347 from Figure 1a): a) white precip-
itants and b) dark area.

precipitants (red rectangle in Figure 1a and EDS in Figure
2b) indicate a high content of niobium (91%). The sample
treated at 300 bar (white rectangle in Figure 1b) shows
large particles with a high content of oxygen (43%), iron
(16%) and some chromium (13%). Some large pits (red
rectangle in Figure 1b) are also visible in the dark area
(pitting corrosion). It was found,** that the FeCOj; layer

20 pm
UCEM MARIBOR

Det WD Fxp

10.0 KV 3 00x SE 42 8

Figurel. SEM images for AISI 347 at 50 °C and pressure a) 100 bar, b) 300 bar.
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on the steel surface grows even in pits of locally corroded
samples.

3. 1. 2.Temperature: 75 °C

AcclV SpotMagn Det WD Exp J——— 20um
10.0kV 4.0 2000 E 50 8 UCEM MARIBOR

AccY SpotMagn Det WD Exp 10 um

100kV 40 5000x TID51 8 UCEM MARIBOR

3. 2. Electrochemical Impedance Spectroscopy
(EIS)

The passivity imposed on the system by the potential
difference has values between Flade potential and trans-

b——— 20um
UCEM MARIBOR

500 nm

—
UCEM MARIBOR

Figure 4. SEM images for AISI 347 at 75 °C and 100 bar at different magnifications (white borders from Figure 3).

At 75 °C (Figures 3, 4) and 100 bar some large struc-
tures of particles on the steel surface are visible. With EDS
we detected high content of oxygen, iron and also chromi-
um, in %: O 35.40, Fe 20.23 and Cr 41.82. Apparently, iron
and chromium oxides precipitated and niobium acceler-
ates their formation in the passive layer. A formation
shown in Figure 3b (75 °C at 300 bar) was identified as a
carbide. The EDS analysis shows a high content of carbon,
in %: C 29.18, O 12.85, Si 1.19, S 6.65, Cr 10.50, Fe 32.38,
Ni 6.82 and Nb 0.43. In corrosion systems the carbides are
always the worst option, as their formation leads to accel-
erated pitting corrosion. The formation of porous carbide
layer in CO, environments have been also reported by oth-
er authors.!6:35:36

passivity potential. The effect of this process can be de-
duced from the resistance values, which decrease at the
Flade potential and remain low and almost constant, and
then increase sharply in the area of transpassivity. With
EIS the passive layer can be examined at any potential val-
ue. Impedance curves, which are measured during the cor-
rosion process, lead to the construction of equivalent cir-
cuits, which illustrate and evaluate chemical processes on
the examined material 2%-37-38

The RC equivalent circuit has been designed on the
basis of the measured impedance curves shown in Fig. 5,
where R, represents the solution resistance, R and R, the
carbonate (pore) resistance and the charge transfer resist-
ance, respectively. Q, and Qg are respectively Q of the car-
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Figure 5. Equivalent circuit used for modelling the EIS results.

bonate (pore) and Q of double layer. Q is a frequency de-
pendent element calculated from the CPE (constant phase
element), which allows a better agreement between exper-
imental and theoretical data.

The impedance of the CPE is defined:2%%

Zepg = [QUw)*]™! (6)

where Z is the electrode impedance, the frequency inde-
pendent constant Q is a combination of properties related
to the surface and the electroactive species, a is related to a
slope of log Z vs. log fin the Bode plot, and is attributed to
the surface heterogeneity, w is the angular frequency.*
The parameter Q (s*Q'cm™2) can be converted to
the capacitance C (s Q~lcm™) at a < 1 to quantitatively de-

a)
-30000
0.01 Lz
00111z
-20000 —
‘=
(]
g—f ® | bar
N — e 100 bar
) 4 200 bar
300 bar
*  untreated
— fit
’ | [
0 10000 20000
Z'(Q cm?)

Figure 6. Impedance spectra for AISI 347 at 50 °C: a) Nyquist plot, b) and ¢) Bode plot

30000

termine the system parameters, in particular the thickness,
which is inversely proportional to the capacitance. When a
= 1, Q simply represents capacitance C.%°

Nyquist diagrams (Figures 6 and 7) show curves for
samples treated at 1, 100 and 200 bar, which are typical for
passive systems with high impedance values, and show
two time constants, while the curves at 300 bar and un-
treated samples show classic semi-circular shapes. For the
data collected for untreated steel and for sample at 50 °C
and 300 bar, only one time constant is visible in the imped-
ance diagram. The high frequency part of the diagram can
refer to the FeCO; layer or even to the mixture of FeCO,
and F;C carbide layers, which was also detected by other
authors.!63641 They all have proved that FeC; can act as a
substrate for iron carbonate precipitation.

The low frequency part corresponds to the charge
transfer process. From Figures 6 and 7 it can be seen that
the highest charge transfer resistance shows steel treated at
100 bar, lower, but still similar are the values for samples
treated at 1 and 200 bar, while the R value for the 300 bar
sample decreases significantly, but is still slightly higher
than for untreated steel.

Data from equivalent circuits are collected in Table

The comparison between the working temperatures
is clear and to be expected: temperature accelerates corro-
sion, which is expressed in lower impedance values and
lower R, values, Figure 8.

b) 10 3
E = 1bar
10 = = 100 har
E 200 bar
o 300 bar

= untreated

2
3
|

|Z] (€2 ecm

1w’ 1w’ w' w o w ow o w ow 1w
freq (Hz)
2200 —
c) ]
130 ® 1bar
160 ® 100 bar
4 4 200 bar
-140 — 300 bar
] * untreated

Phase angle (degree)
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Figure 7. Impedance spectra for AISI 347 at 75 °C: a) Nyquist plot, b) and ¢) Bode E ] i
plot o] i
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Table 1. Parameter values from EIS measurements for AISI 347 at 50 and 75 °C. 20 ]
P Rpo Q107 @ Ra Qur10°° @ ) I_(r‘ 10° 10t 10" ' 1t 1t 100 10
(bar) (Qcm?)  (s*Q "lem™2) (kQcm?) (s*Q “lcm™?) freq (Hz)
50°C 1 34 8.40 0.71 120 440 0.67
100 39 3.78 0.77 170 360 0.68
200 38 4.00 0.78 130 370 0.76
300 6.20 9.20 0.80
untreated 2.80 9.99 0.77
75°C 1 60 93 0.80 68 750 0.65
100 56.27 3.7 0.76 110 650 0.63
200 45 1.3 0.98 95 700 0.63
300 38 0.46 0.98 1.6 67 0.95
untreated 0.83 22.6 0.65
1.2
180000 — o
160000 — B 50°C os
= 75:C ’
140000 — -
| 0.6 —— 1 bar
120000 — —— 100 bar
o 7 m 04 v e 200 bar
£ 100000 — S 300 bar
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Figure 8. Calculated charge transfer resistance for AISI
347 at 50 and 75 °C depending on the pressure treatment.

Figure 9. Polarization curves for AISI 347 at 50 °C.
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Table 2. Parameter values from potentiodynamic curves for AISI 347.

P icorr'lo_5 icrit'lo_3 Epas Eirans Epas = Etrans Teorr

(bar) (A cm™?) (A cm™) (V/SCE) (V/SCE) (V/SCE) (mmy!)
50 °C 1 1.680 2.80 -0.130 0.794 0.924 0.196
100 0.821 3.53 -0.164 0.831 0.996 0.096
200 1.174 3.36 -0.154 0.812 0.966 0.137
300 9.372 2.89 -0.144 0.768 0.912 1.090
untreated 13.05 5.10 -0.048 0.759 0.804 1.525
75°C 1 5.624 4.67 -0.171 0.739 0.910 0.657
100 2.744 1.87 -0.175 0.748 0.924 0.320
200 4.600 4.56 -0172 0.741 0.913 0.537
300 15.24 1.33 -0164 0.738 0.902 1.780
untreated 22.08 9.86 -0.013 0.731 0.744 2.581

3. 3. Potentiodynamic Polarization

From polarization curves presented in Figure 9 (ex-
ample at 50 °C), the parameters listed in Table 2 were read
out.

On the basis of Tafel extrapolation *? from corrosion
currents, i, corrosion rates in mm per year were calcu-
lated, which are listed in Table 2 and also shown in Figure
10 including values for the corrosion rates at 25 °C.>° The
Ejq values are the highest (shifted towards more positive
values) for a sample treated at 100 bar, these samples also
show the lowest i, the largest passive range (Eyqs = Etrans)
and the lowest corrosion rates.

From Figure 10, we can determine the best results for
measured system at 50 °C and 100 bar.

As explained in the Introduction section, the growth
of the FeCOj layer occurs only after the saturation concen-
tration is exceeded, and this requires a higher temperature,

2.8 —
- [] 25°C
24 — ] 50°C
7 B 75°C

2 —

1.6

(mm a')

1.2

corr

Iz

0.8

0.4

0

200

300 untreated

P (bar)

Figure 10. Corrosion rate for AISI 347 at 25, 50 and 75 °C in de-
pendence of pressure.

1 100

> 60 °C.2% This means that obviously at this combination
25 °C and 100 bar, is still a low temperature, which implies
that the corrosion rate is higher than the rate of FeCOj;3
precipitation. At 50 °C and 100 bar, the circumstances of
precipitation are so favourable that the corrosion rate is
lower. At 75 °C and 100 bar, the temperature is so high that
it accelerates the corrosion rate regardless of the FeCOj;
precipitation rate.

3. 4. Activation Energy Calculation

The temperature dependence of the corrosion cur-
rent density at different pressure values was further deter-
mined. Data at 25 °C (published in earlier work®?), 50 and
75 °C were considered. The values of the activation energy
were calculated using the Arrhenius equation:*> 44

Ini, =InAd - Ef‘ , (7)
RT

corr

28 —
26.90

24 —
. 22.79
20 —
16 —

12 —

E, (kJmol)

1 1000 200 300 untreated

P (bar)
Figure 11. Activation energy values for AISI 347 in dependence of
pressure treatment.
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where A is pre-exponential factor, E, is activation energy
and R is a gas constant. Activation energy values are given
in Figure 11.

The activation energy represents the minimum ener-
gy that the reactants must have to form a product. In our
case, the passive layer has already been formed, so that the
activation energy can be related to the process of dissolv-
ing the layer. From the data obtained it can be concluded
that the highest corrosion rate would be that of untreated
steel, since the process of dissolution of the passive layer
requires a minimum energy of 13.87 kJ/mol, unlike steel
treated at 100 bar, which has the highest value of activation
energy of 26.9 kJ/mol and would therefore corrode at the
lowest rate.

4, Discussion

SEM images and in especially EDS analyses show
that at 100 bar and 50 °C treated steel (which indicates the
best corrosion results) the content of oxygen incorporated
in the passive layer to build up protective compounds in-
creases by up to 30 wt % determined on a dark, more or
less uniformly corroded surface, without precipitates.

At 50 °C, the oxygen content increases considerably:
from 2 to 9 wt.% and the carbon content increases from 1.1
to 2.3 wt.%. The oxygen content in precipitated white par-
ticles increases up to 43 wt.% (in relation to Fe - 15.8 wt.%,
which clearly indicates the formation of FeCOj;, and the
chromium content also increases up to 20 wt.%, (Figure
la). By increasing the operating temperature to 75 °C of
the sample treated at 100 bar, the oxygen content decreases
to 35 wt.% but at the same time increases the carbon con-
tent. For the sample treated at 300 bar, which indicates the
highest corrosion rate between the treated samples, the
EDS data are as follows: the oxygen content on the dark
surface decreased from 24.7% at 50 °C to 1.7% at 75 °C.
White precipitates, which are clearly visible in Figures 2b)
and 3b), contain 41.4 wt.% oxygen at 50 °C, which decreas-
es to 8 wt.% at 75 °C, while the carbon content increases
from 0.46 wt.% to 9.5 wt.% as the temperature rises. A sig-
nificant pressure increase obviously leads to an accelerated
precipitation of carbon or carbon compounds.

It is obvious that the corrosion behaviour at increas-
ing pressure and temperature depends on the FeCOj; pre-
cipitation mechanism. Choi et al. ** found that the concen-
trations of CO,, H,CO3; and HCOj™ in the water - CO,
system for transport pipelines increase with increasing
pressure but decrease with increasing temperature. The
solubility of CO, in water reaches its almost lowest value at
55 °C (compared to 55 and 75 °C) and 100 bar. It was also
found that the reduced grain size of FeCO; forms a denser
and therefore more efficient protective layer. These results
are also in good agreement with our findings. The compar-
ison between images a) and b) in Fig. 1 shows the small
grain sizes that have grown at 100 bar compared to the

large gain size at 300 bar, indicating slower layer growth at
300 bar, which leads to a porous layer and thus to a higher
corrosion rate. Pfennig et al.*? also confirmed that the cor-
rosion rates at 100 bar are lower compared to the ambient
pressure, assuming that this could be due to an open capil-
lary system within the corrosion layer that is not present in
the high pressure system and thus prevents rapid mutual
diffusion of the ionic species. We can assume that at 1 and
200 bar the mechanism of protective layer growth is the
same as at 100 bar, as also indicated by Zhang et al.?6 (stud-
ied at 10 and 95 bar). One would expect the corrosion rate
to decrease steadily with pressure, but at 300 bar it changes
significantly. At high pressures, the amount of CO, dis-
solved in water and some other CO2 properties should be
considered, for example the compressibility factor.

The compressibility factor for CO,, calculated with a
modified Redlich-Kwong equation according to Spycher et
at.%6 and Lemmon at al.*’ showed the lowest value exactly
between 100 and 200 bar at about 50 °C compared to about
70 °C. At 300 and up to 600 bar it increases linearly. At 100
bar, the value of the compressibility factor is about 0.38
compared to 300 bar, which indicates a value of 0.6, mean-
ing that at 300 bar the CO, molecules collide more often
and hardly move at all. This can explain the slower diffu-
sion and thus the formation of a porous layer with large
particles which consequently leads to a high corrosion
rate.

5. Conclusions

In this study the corrosion behaviour of AISI 347 in
0.1 M sulphuric acid at temperatures of 50 and 75 °C and
pressures 1, 100, 200 and 300 bar in CO, atmosphere was
investigated. An increased pressure significantly reduced
the corrosion rate compared to untreated steel. The deci-
sive points of our contribution are:

A surface analysis was used to detect both the FeCO;
layers and the precipitated grains, whose size varies ac-
cording to the CO, pressure level.

The corrosion rate determined by electrochemical
methods decreases from 1 to 200 bar, is lowest at 100 bar,
but increases significantly at 300 bar.

We attribute this sudden change to a compressibility
factor of the CO,, which allows us to explain the move-
ment and collision of the molecules with each other, lead-
ing to their slower diffusion and consequently to the for-
mation of a porous layer with large grains, which is
noticeable as an increase in the corrosion rate.

The best conditions for the lowest corrosion rate
were found at 50 °C and 100 bar. This combination shows
the following results:

A small grain size precipitates, causing them to ad-
here closely together, resulting in a denser and ticker pro-
tective layer of FeCO3, which is therefore more resistant to
further dissolution.
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Charge transfer resistance showed the highest value,
which confirmed the lowest corrosion rate.

The activation energy for dissolution of the protec-
tive layer showed the highest value, confirming the best
passivation.

All conclusions are in good agreement with the value
of the compressibility factor of CO, at 100 bar, which al-
lows us to explain the movements of its molecules on
which the formation and the properties of the protective
layer depend.
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Povzetek

S povrsinsko analizo in elektrokemijskimi metodami smo proucevali korozijske lastnosti jekla AISI 347 v 0,1 M raztopini
zveplove kisline. Jeklo smo izpostavili CO, atmosferi pri 50 in 75 °C in tlakih vse do 300 barov. Prisotnost CO, pospesuje
nastanek za$¢itne plasti iz FeCO;, vendar je uspe$nost taksnega pasiviranja odvisna od njegove nasi¢enosti in ustrezne
temperature. Ne samo podobni, celo boljsi rezultati so bili doseZeni pri niZjih temperaturah s povisanjem tlaka. Razlike
v korozijski hitrosti med vzorci smo potrdili tudi z dolo¢itvijo vrednosti aktivacijskih energij, ki jih sistem potrebuje za
nadaljnje raztapljanje za$¢itne plasti. Predpostavimo lahko, da stisljivost CO, pri razli¢nih tlakih vpliva na poroznost
za$¢itne plasti Zelezovega karbonata in posledi¢no njenih korozijskih lastnosti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License

Slemnik: Impact of High Temperature and Pressure to Steel ...




458

DOI: 10.17344/acsi.2020.6609

Acta Chim. Slov. 2021, 68, 458-465

creative
commons

Scientific paper
Synthesis and Cytotoxicity of Thieno[2,3-b]Pyridine
Derivatives Toward Sensitive and Multidrug-Resistant
Leukemia Cells

Salah A. Al-Trawneh,* Amer H. Tarawneh,?> Anastassiya V. Gadetskaya,’
Ean-Jeong Seo,* Mohammad R. Al-Ta’ani,! Samir A. Al-Taweel!
and Mustafa M. El-Abadelah®

! Chemistry Department, Faculty of Science, Mu’tah University, Karak 61710, Jordan

2 Chemistry and Chemical Technology Department, Faculty of Science, Tafila Technical University, Tafila 61610, Jordan

3 School of Chemistry and Chemical Technology, Al-Farabi Kazakh National University, Almaty 050040, Kazakhstan

4 Department of Pharmaceutical Biology, Institute of Pharmaceutical and Biomedical Sciences, Johannes Gutenberg
University, Staudinger Weg 5, 55128 Mainz, Germany

5> Chemistry Department, Faculty of Science, The University of Jordan, Amman 11942, Jordan

* Corresponding author: E-mail: laratr@mutah.edu.jo
Phone: +96232372380/4561

Received: 12-17-2020

Abstract

A new series of substituted ethyl 7-cyclopropyl-2-(2-aryloxo)-3-nitro-4-oxo-4,7-dihydrothieno(2,3-b]pyridine-5-car-
boxylates 3a—e were prepared by utilizing ethyl 2-chloro-7-cyclopropyl-3-nitro-4-oxo-4,7-dihydrothieno(2,3-b]pyri-
dine-5-carboxylate (1) and replacing of the 2-chlorine with anions obtained from phenol (2a), salicylaldehyde derivatives
2b-d or thiophenol (2e), leading to the respective ethyl 7-cyclopropyl-2-(2-aryloxo)-3-nitro-4-oxo-4,7-dihydroth-
ieno(2,3-b]pyridine-5-carboxylates 3a—e. The new compounds were evaluated for their in vitro cytotoxicity towards
sensitive CCRF-CEM and multidrug-resistant CEM/ADRS5000 leukemia cells. The screening revealed that compounds
3a, 3b, and 3e inhibited the growth of both cell lines. Compound 3b, with a phenol moiety, exhibited the highest growth
inhibitory activity against CEM/ADR5000 and CCRF-CEM cells with ICs, values 4.486 + 0.286 and 2.580 + 0.550 pM,
respectively. Collectively, the presented results demonstrate that the synthesized thieno[2,3-b]pyridines warrant further

exploration for potential use as anti-cancer agents.

Keywords: Thieno[2,3-b]pyridine, Multidrug resistance, Cytotoxicity.

1. Introduction

Thieno[2,3-b]pyridines were mentioned for the first
time in 1913.! The chemistry of thieno[2,3-b]pyridines has
been well documented during the past decades.! Various
biological activities of this heterocyclic compounds class
were described,? such as antimicrobial,>-® anti-inflamma-
tory,’~? antioxidant,’ antituberculosis,* and antimalarial
activities.!® Moreover, the incorporation of the N-cyclop-
ropyl group with 4-oxothieno[2,3-b]pyridines showed a
higher potency against Escherichia coli ATCC10536 than
the N-ethyl and N-fert-butyl analogs.!! It is important to

mention that compounds containing thieno[2,3-b]-pyri-
dines moieties attracted considerable interest regarding
their potency as anti-cancer agents.!?14

Despite severe undesired side effects, chemotherape-
utics are considered effective treatments of primary and
metastatic tumors (Figure 1).!°

One serious problem of cancer chemotherapy is the
development of resistance towards multiple structurally
and functionally unrelated anti-cancer drugs.'®~!® This
phenomenon defined as multidrug resistance (MDR),
where chemotherapy fails even at high drug, which leads
to toxic side effects.!” MDR is frequently caused by the
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epirubicin

Figure 1. Representative samples of chemotherapy in market.

overexpression of membrane efflux pumps of the ATP-
binding cassette (ABC) transporter family. The best chara-
cterized ABC-transporter in this context is P-glycoprotein
(Pgp), which causes increased transport of chemotherape-
utic agents out of the cells.?%?!

Thieno[2,3-b]pyridines have been reported to exhi-
bit chemopreventive effects suppressing carcinogenesis of

vineristine

imatinib

numerous tumor types including breast, prostate, non-
-small cell lung, melanoma, leukemia, ovarian, liver, and
colon cancer.?>?* As a part of our continuing search for
novel Dbiological agents,>*?” newly synthesized
4,7-dihydrothieno[2,3-b]pyridine derivatives were evalua-
ted for their growth inhibitory activity towards multidrug-
-resistant CEM/ADR5000 cells in comparison to their pa-
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(1) SOCIy benzene / reflux

(1) (EtO,C)HC=CHN(Me), benzene, NEt;
(1) cyclopropylamine, dichloromethane

(IV) NaH / THF
(V) fuming HNO3 / conc H,SOy4

Scheme 1. Preparation of ethyl 3-nitro-4-oxothieno[2,3-b]pyridine-5-carboxylate 1.
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rental sensitive cell line, CCRF-CEM. This is the first
report on the cytotoxicity of 4,7-dihydrothieno[2,3-b]
pyridine against sensitive and multidrug resistance leuke-
mia cells. Moreover, the structure-activity relationship of
the synthesized set was also studied.

2. Results and Discussion

2. 1. Chemistry

The synthesis of a selected set of 4,7-dihydrothie-
no[2,3-b]pyridine derivatives 3a—e has been accomplished
in two-step reactions as illustrated in Schemes 1 and 2. The
first step involves the formation of ethyl 3-nitro-4-oxothi-
eno(2,3-b]pyridine-5-carboxylate 1. The latter synthon

was prepared by starting with 2,5-dichlorothiophene-
3-carboxvylic acid (4). The following successive steps were
performed according to a reported procedure.!!

Freshly prepared oxyanions from phenol (2a), sali-
cylaldehyde (2b), 5-methylsalicylaldehyde (2¢), and
5-chlorosalicylaldehyde (2d) took part in subsequent nu-
cleophilic aromatic substitution (SyAr) reactions of chloro
substituent in compound 1 as shown in Scheme 2. Where-
as, compound 3e was prepared according to the same pro-
cedure by sulfur anion obtained from benzenethiol (2e)
and then reacted with compound 1 in the same manner as
phenol derivatives (see Scheme 2).

The new compounds 1 and 3a-e were characterized
by IR, MS, and NMR spectral data. These data, given in the

COLEl . fOE
O,N 5
\ . Ve
/\ ]
cl N YA N7
S ¥ "
1 2a-e 3 2

(i) ethoxide , DMSO / 75-80 °C

compound a b c d e
R H CHO CHO CHO H
X H H 4" -Me 4" -cl H
Y (o] o] o] o] S

Scheme 2. Synthesis of ethyl 2-(aryloxo)-7-cyclopropyl-3-nitro-4-oxo-4,7-dihydrothieno[2,3-b] pyridine-5-carboxylic acids 3a-e.

Table 1. NMR spectroscopic data (500 MHz, CDCl;) for compound 3a.

Ethyl 7-cyclopropyl-3-nitro-4-oxo-2-phenoxy-4,7-dihydrothieno[2,3-b] pyridine-5-carboxylate (3a)

position S type 8y (Jin Hz) HMBC
1 — _ —
2 130.39, C - -
3 141.39, C - -
3a 121.43,C — —
4 167.76, C - -
5 116.00, C - -
6 145.73, CH 8.36, s 3,4,1°, CO,Et
7a 150.81, C - -
r 36.56, CH 347, m -
2 7.85, CH, 1.22, m 1’
3 7.85, CH, 1.28, m 1’
1” 157.16, C - -
2,67 118.42, CH 7.25,d 17,27,67,4”
3757 130.38, CH 7.45,t 17,37,5”
47 126.28, CH 7.30,t 27,67
-OCH,CH; 14.37, CH, 1.39,t CH,
-OCH;CH, 61.34, CH, 4.36, q CO,Et
C-COOEt 164.81, C - —
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experimental section, were in compliance with the assig-
ned structures. HMBC correlations allowed the complete
assignments: the protons at position H-5” showed a com-
mon strong correlation in all compounds 3a-e with the
carbons at positions C-17, C-3” and a weak one with the
carbons at positions C-4” and C-67, while in compound 3¢
an additional correlation of the protons at 8y 7.54 (d, ] =
8.0Hz, 1H, H-5”) with the carbons of the methyl group at
O¢ 20.69 (C-CHj3) was observed. The presence of the al-
dehyde group at position C-2” enabled to differentiate the
correlation in compounds 3b-d for the protons at position
H-3” which showed a correlation with the carbons at posi-
tions C-17, C-5” and with the aldehyde carbon itself at §¢
186.22-188.9 (C-CHO). In addition, in compound 3¢ the
correlation between the signal at 87 7.84 (s, 1H, H-3") and
the signal at 8¢ 20.69 (C-CHs;) for the methyl group was
detected. The correlation of proton at position H-4” with
the carbons at positions C-2” and C-6” was presented in all
compounds, except for compounds 3c-d due to substi-
tuted position C-4” to methyl and chloro, respectively. The
NMR data of the compound 3a, as a representative of the
title compounds 3a-e, are shown in Table 1.

Thus, the mass spectra display the correct molecular
ion peaks, for which the measured high-resolution mass
spectra (HRMS) data were in good agreement with the
calculated values. DEPT and 2D (COSY, HMQC, HMBC)
experiments showed correlations that helped in the 'H and
13C signal assignments to the different carbons, and they
are attached and/or neighboring hydrogens. H-6 proton
resonating at 8.36 as a sharp singlet made a long-range
correlation with C-3, C-4, C-1’ and CO,Et. In addition,
protons 2, 3’ show correlation with C-1> On the other
hand, the phenol ring correlated with aldehyde functiona-
lity (Table 1).

2. 2. Biological Evaluation. Cytotoxic
Activities Against Lymphoblastic
Leukemia Cells

As the first step, all compounds were tested at a fixed
concentration of 10 uM (Figure 2) in CCRF-CEM and
CEM/ADRS5000 cells. Compounds 3a, 3e, and 3b signifi-
cantly inhibited cell viability (reduction to less than 10%
growth).

From the structure-activity relationship (SAR) po-
int of view, incorporating salicylaldehyde moiety to thie-
no([2,3-b]pyridine (3b) exhibited good activity against
CCRF-CEM and CEM/ADR5000 cells with IC5, values of
4.76 and 5.11 pM, respectively. However, incorporating
the phenol moiety (3a) increased activity against CCRF-
-CEM and CEM/ADR5000 (Table 2). Changing the
hydrogen on the para position of 3b with a halogen in 3d
or with methyl in 3¢ led to reduced biological activity
against both cell lines. While replacement of the phenol
moiety with thiophenol in 3e retrieved biological activity
against CCRF-CEM and CEM/ADRS5000 cells with ICs,

m CEM/ADR5000

m CCRF-CEM

80
40
20
0 _i e i ..
3b 3c 3d

3a 3e doxo 2mM

Cell Viability [% of control]
@
S

compounds (10 uM)

Figure 2. Growth percentage (%) of drug-sensitive lymphoblastic
leukemia CCRF-CEM cells and multidrug-resistant P-glycopro-
tein-overexpressing subline CEM/ADR5000 cells treated with com-
pounds 3a-e at a concentration of 10 pM. Doxorubicin (doxo) was
used as control. Results of three independent experiments with
every six parallel measurements are shown.

values of 4.00 and 4.59 uM for 3e, respectively (Table 2).
This is a remarkable result since CEM/ADR cells are
more than 1000-fold resistant to the established anti-can-
cer drug doxorubicin.?® Hence, these compounds inhibi-
ted multidrug-resistant cells with similar efficacy as
sensitive cells, possibly qualifying them as candidates for
further development as treatment of unresponsive can-
cers.

Table 2. Cytotoxicity of active compounds towards sensitive human
lymphoblastic ' CCRF-CEM and multidrug-resistant CEM/
ADRS5000 leukemia cells as determined by the resazurin assay.

IG5 [uM]*
Com- CCRF- CEM/ Degree of
pounds CEM ADR5000 resistance®
3a 2.580 = 0.550 4.486 +0.286 1.74
3b 4.763 +0.160 5.109 £ 0.294 1.07
3e 4.009 + 0.154 4.591 +0.017 1.15

2The lymphoblastic leukemia cells were treated with different con-
centrations of each compound. Mean values and standard deviation
of three independent experiments with every six parallel measure-
ments are shown. ® The degrees for resistance were calculated by
division of the ICs, values of the compounds for CEM/ADR5000 by
the corresponding ICs, values for CCRF-CEM cells.

3. Experimental

3. 1. Chemicals and Equipment
2,5-Dichlorothiophene, cyclopropylamine, 3-acetyl-
-2,5-dichlorothiophene, phenol, 2-hydroxybenzaldehyde,
2-hydroxy-5-methylbenzaldehyde, 5-chloro-2-hydroxy-
benzaldehyde, and thiophenol were purchased from Al-
drich. Sodium hydride, sodium hydroxide, magnesium
sulfate, triethylamine, dimethylformamide, dimethyl sul-
foxide, thionyl chloride (SOCl,), and ethyl 3-(N,N-di-
methylamino)acrylate were purchased from Acros. Benze-
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ne and tetrahydrofuran were dried over sodium metal and
distilled, then collected under the nitrogen atmosphere.
Thin-layer chromatography plates (Macherey-Nagel
GmbH & Co.KG Xtra-SIL G/UV254, 20 x 20 cm, 0.20 mm
silica gel 60). Silica gel 60, 0.06-0.2 mm (70-230 mesh
ASTM) for column chromatography. Ultraviolet Fluo-
rescence Analysis Cabinet was used to visualize the color-
less spots. Melting points (uncorrected) were determined
on the Electrothermal IA6304 Melting Point apparatus in
open capillary tubes. 'H and 1*C NMR spectra were recor-
ded on a 500 MHz (Bruker 500 MHz Avance III) and 400
MHz (Bruker Avance III 400 MHz) spectrometers with
TMS as the internal standard. High-resolution mass
spectra (HRMS) were measured (in positive or negative
ion mode) using the electrospray ion trap (ESI) technique
by collision-induced dissociation on a Bruker APEX-IV (7
Tesla) instrument. IR spectra were recorded on a Nicolet
Impact 400 FT-IR spectrophotometer.

3. 2. Synthesis of Ethyl 2-Chloro-7-
cyclopropyl-3-nitro-4-oxo-4,7-
dihydrothieno[2,3-b]pyridine-5-
carboxylate (1)

A mixture of 2,5-dichlorothiophene-3-carboxylic
acid 4 (5 g, 25.4 mmol), and thionyl chloride (SOCl,) (12.0
g, 101 mmol) were dissolved in dry benzene (60 mL), then
refluxed for 4-5 h under anhydrous conditions. The sol-
vent and excess thionyl chloride were distilled under redu-
ced pressure, dry benzene (20 mL) was then added to re-
move the trace of thionyl chloride, and re-distilled. The
resulting 2,5-dichloro-3-thionobenzoyl chloride 5 was
used for the next step without further purification. To a
stirred and cooled (5-10 °C) solution of ethyl 3-(N,N-di-
methylamino)acrylate (4.3 g, 30 mmol) and triethylamine
(5.1 g, 51 mmol) in dry benzene (50 mL) was added
dropwise a solution of 5 in dry benzene (20 mL).

The resulting mixture was refluxed at 85 °C for 2 h,
then cooled to room temperature, and washed with water
(3 x 2 mL). The organic layer was separated, dried over
MgSO, and the solvent was then evaporated to dryness to
obtain the desired product 6. A stirred solution of 6 in di-
chloromethane (50 mL) was treated dropwise with cyclop-
ropyl amine (2.85 g, 50 mmol) at 2-4 °C. The resulting
mixture was then stirred at 25 °C for 24 h. The solvent was
evaporated and the residue was soaked with hexane to ob-
tain a yellow precipitate product 7. Sodium hydride (0.8 g,
17.5 mmol, 55%) in dry THF (60 mL) was added to the
pure 7. The reaction mixture was stirred at room tempera-
ture for 30 min. Then, the temperature was increased to 60
°C for 3 h. The solvent was evaporated, and the residual
white precipitate 8 was washed with water and dried. The
product crystallized from the CHCls/ethanol mixture
(1:2).11

Finally, the nitration of 8 was achieved by dissolving
8 in concentrated sulfuric acid (6 mL). The latter solution

was slowly and dropwise added for 30 min to -5 °C stirred
solution of fuming nitric acid (2 mL) and concentrated
sulfuric acid (5 mL). The mixture was allowed to warm to
5 °C and poured into the ice bath (50 mL). The solid pro-
duct 1 was filtered and crystallized from DMF/ethanol
(1:9) [mp 180-182 °C dec., total yield 30%]. 'H NMR (500
MHz, CDCl;) § 1.26 (m, 2H) and 1.29 (m, 2H) (H,-2’ +
H,-3), and 1.36 (t, ] = 7.1 Hz, 3H, CH,CH,O-), 3.49
(m,1H, H-1"), 4.35 (q, ] = 7.1 Hz, 2H, -OCH,CH,), 8.36 (s,
1H, H-6).!

3. 3. General Procedure for Synthesis of Ethyl
2-(Aryloxo/arylthio)-7-cyclopropyl-3-
nitro-4-oxo-4,7-dihydrothieno[2,3-b]
pyridine-5-carboxylates 3a-e
To a stirred solution of 1 (0.2 g, 0.6 mmol) in di-

methyl sulfoxide (2 mL) the appropriate sodium salt of

phenol (2a), salicylaldehydes 2b-d or thiophenol (2e)

(0.9 mmol) [prepared from the reaction of compounds

2a-e (0.9 mmol) with sodium ethoxide (0.06 g, 0.9

mmol) in ethanol] was slowly added. The resulting mix-

ture was then heated at 70-80 °C for 12 h. The reaction

mixture was cooled and poured onto ice-water (20 mL),

then extracted with chloroform (20 mL), the organic

layer washed with water (2 x 20 mL) and brine (2 x 20

mL), dried over anhydrous sodium sulfate Na,SO, and

the solvent was evaporated to yield a yellow, solid

substance. This crude product was purified by column
chromatography using silica gel and eluting with chloro-
form/ethyl acetate (1:1, v/v) to give solid products (Sche-

me 2).

Ethyl  7-Cyclopropyl-3-nitro-4-oxo-2-phenoxy-4,7-
dihydrothieno[2,3-b]pyridine-5-carboxylate (3a). This
compound was prepared from 1 (0.2 g, 0.6 mmol) and
phenol (2a) (0.10 g, 0.9 mmol) by following the general
procedure and reaction conditions as described above. Re-
action time 12 h; yield 0.20 g (87%), mp 260-262 °C.
HRMS (ESI) m/z [M+Na] caled for C;oH;4N,O¢SNa:
423.06213; found: 423.06182. IR 3900, 3089, 2952, 1728,
1688, 1615, 1559, 1486, 1453, 1395, 1344, 1320, 1229,
1199, 1146, 1070, 1044, 922, 875, 836, 800, 761, 694, 597,
554 cm~!. 'H NMR (500 MHz, CDCl;) § 1.22 (m, 2H)
and 1.28 (m, 2H) (H,-2’ + H,-3"), and 1.39 (t, ] = 7.0 Hz,
3H, CH,CH,0-), 3.47 (m, 1H, H-1"), 4.36 (q, ] = 7.0 Hz,
2H, -OCH,CHs, ), 7.25 (d, ] = 7.6 Hz, 2H, H-2” + H-6),
7.30 (t, ] = 6.8 Hz, 1H, H-4"), 7.45 (t, ] = 8.0 Hz, 2H,
H-3” + H-5"), 8.36 (s, 1H, H-6). 1*C NMR (125 MHz,
CDCLy) § 7.85 (C-2’ + C3’), 14.37 (-OCH,CHS,), 36.56
(C-1), 61.34 (-OCH,CHj), 116.00 (C-5), 118.42 (C-2” +
C-67), 121.43 (C-3a), 126.28 (C-47), 130.38 (C-3” +
C-57), 130.39 (C-2), 141.39 (C-3), 145.73 (C-6), 150.81
(C-7a), 157.16 (C-17), 164.81 (C-COOEL), 167.76 (C-4).

Al-Trawneh et al.: Synthesis and Cytotoxicity of Thieno[2,3-b]Pyridine ...



Acta Chim. Slov. 2021, 68, 458-465

Ethyl 7-Cyclopropyl-2-(2-formylphenoxy)-3-nitro-4-
0x0-4,7-dihydrothieno[2,3-b]pyridine-5-carboxylate
(3b). This compound was prepared from 1 (0.2 g, 0.6
mmol) and salicylaldehyde (2b) (0.12 g, 0.9 mmol) by
following the general procedure and reaction conditions
as described above. Reaction time 12 h; yield 0.22 g
(85%), mp 200-202 °C. HRMS (ESI) m/z [M+Na] calcd
for CyoH,6N,O,SNa: 451.05704; found: 451.05789. IR 3853,
3745, 2983, 2354, 1687, 1620, 1542, 1448, 1389, 1335, 1229,
1030, 835, 780, 536 cm™!. 'H NMR (500 MHz, DMSO-d;) &
1.05 (m, 2H) and 1.19 (m, 2H) (H,-2" + H,-3’), and 1.23 (4,
J =7.1 Hz, 3H, CH;CH,0-), 3.64 (m,1H,H-1"), 4.18 (q, ] =
7.1 Hz, 2H, -OCH,CH3;), 7.39 (d, ] = 8.3 Hz, 1H, H-67),
7.46 (t,J=7.5Hz, 1H,H-4"),7.76 (t, ] = 7.4 Hz, 1H, H-57),
7.90 (d, J = 7.1 Hz, 1H, H-3”), 8.32 (s, 1H, H-6), 10.26 (s,
1H, CHO). 1*C NMR (125 MHz, DMSO-d,) § 7.68 (C-2" +
C3), 14.65 (-OCH,CH3), 37.16 (C-1"), 60.83 (-OCH,CH,),
116.06 (C-5), 118.66 (C-67), 119.91 (C-3a), 126.48 (C-27),
126.90 (C-47), 130.46 (C-37), 131.44 (C-2), 137.06 (C-57),
143.72 (C-3), 146.15 (C-6), 149.33 (C-7a), 158.24 (C-17),
164.39 (C-COOE), 167.56 (C-4), 188.9 (C-CHO).

Ethyl 7-Cyclopropyl-2-(2-formyl-4-methylphenoxy)-3-
nitro-4-oxo-4,7-dihydrothieno[2,3-b]pyridine-5-car-
boxylate (3¢c). This compound was prepared from 1 (0.2 g,
0.6 mmol) and 2-hydroxy-5-methylbenzaldehyde (2¢)
(0.14 g, 0.9 mmol) by following the general procedure and
reaction conditions as described above. Reaction time 12
h; yield 0.16 g (62%), mp 203-205 °C. HRMS (ESI) m/z
[M+Na] caled for C,;H;sN,O,SNa: 465.07269; found:
465.07196. IR 1625, 1566, 1532, 1497, 1449, 1394, 1343,
1240, 1192, 1144, 1070, 796 cm™'. 'H NMR (500 MHz,
CDCL,) § 1.30 (m, 2H) and 1.40 (m, 2H) (H,-2’ + H,-3),
and 1.45 (t,J=7.0 Hz, 3H, CH;CH,0-), 2.50 (s, 3H, C(4”)-
CH;), 3.57 (m, 1H, H-1’), 442 (q, J = 7.0 Hz, 2H,
-OCH,CH,), 7.38 (d, ] = 8.4 Hz, 1H, H-67), 7.54 (d, ] = 8.0
Hz, 1H, H-57), 7.84 (s, 1H, H-3”), 8.43 (s, 1H, H-6), 10.48
(s, 1H, CHO). *C NMR (125 MHz, CDCl;) § 7.83 (C-2’ +
C3), 14.34 (-OCH,CH,), 20.69 (C-CH,), 36.70 (C-1),
61.30 (-OCH,CHj;), 116.04 (C-5), 118.24 (C-6”), 121.21
(C-3a), 126.25 (C-27), 129.60 (C-37), 131.46 (C-2), 136.65
(C-47), 136.84 (C-57), 141.99 (C-3), 145.88 (C-6), 149.58
(C-7a), 156.63 (C-17), 164.49 (C-COOEL), 167.63 (C-4),
187.66 (C-CHO).

Ethyl 2-(4-Chloro-2-formylphenoxy)-7-cyclopropyl-3-
nitro-4-oxo-4,7-dihydrothieno[2,3-b]  pyridine-5-car-
boxylate (3d). This compound was prepared from 1 (0.2 g,
0.6 mmol) and 2-hydroxy-5-chlorobenzaldehyde (2d) (0.16
g, 0.9 mmol) by following the general procedure and reacti-
on conditions as described above. Reaction time 12 h; yield
0.18 g (67%), mp 202-205 °C. HRMS (ESI) m/z [M+Na]
caled for C,,H,;5;CIN,0,SNa: 485.01807; found: 485.01986;
[M+H] caled for C,yH;cCIN,O,S: 463.03613; found:
463.03778. IR 1683, 1623, 1555, 1526, 1487, 1448, 1394,
1323, 1245, 1160, 1136, 1067, 1030, 934, 866, 832, 797, 721,

630 cm~!. 'H NMR (500 MHz, CDCl,) & 1.18 (m, 4H) (H,-
2+ H,-3"),and 1.29 (t, ] = 7.0 Hz, 3H, CH,CH,0-), 3.45 (m,
1H, H-1°), 4.25 (q, ] = 6.8 Hz, 2H, -OCH,CH,), 7.20 (d, ] =
8.4 Hz, 1H, H-6"), 7.53 (dd, J;, = 2.4 Hz, J, = 8.8 Hz, 1H,
H-57),7.83 (d,] = 2.4 Hz, 1H, H-3"), 8.28 (s, 1H, H-6), 10.31
(s, 1H, CHO). 3C NMR (100 MHz, CDCl;) & 7.92 (C-2’ +
C3), 14.35 (-OCH,CH,), 36.79 (C-1), 61.41 (-OCH,CHS,),
116.12 (C-5), 119.21 (C-67), 121.04 (C-3a), 127.16 (C-2”),
128.99 (C-3”), 132.11 (C-47), 132.59 (C-2), 135.89 (C-5”),
142.61 (C-3), 146.12 (C-6), 147.76 (C-7a), 157.06 (C-17),
164.37 (C-COOEY), 167.67 (C-4), 186.22 (C-CHO).

Ethyl 7-Cyclopropyl-3-nitro-4-oxo-2-(phenylthio)-4,7-
dihydrothieno[2,3-b]pyridine-5-carboxylate (3e). This
compound was prepared from 1 (0.2 g, 0.6 mmol) and thi-
ophenol (2e) (0.07 g, 0.65 mmol) by following the general
procedure and reaction conditions as described above. Re-
action time 12 h; yield 0.12 g (50%), mp 208-209 °C.
HRMS (ESI) m/z [M+Na] caled for C,gH;4N,0O5S,Na:
439.03928; found: 439.03896. IR 3900, 3089, 2952, 1728,
1688, 1615, 1559, 1486, 1453, 1395, 1344, 1320, 1229, 1199,
1146, 1070, 1044, 922, 875, 836, 800, 761, 694, 597, 554
cm™l, 'H NMR (500 MHz, CDCl;) § 1.15-1.22 (m, 4H,
H,-2’ + H,-3"), and 1.33 (t, J = 7.0 Hz, 3H, CH,CH,0-),
3.41 (m,1H, H-1’), 4.29 (q, / = 7.0 Hz, 2H, -OCH,CH3),
7.36 (m, 3H, H-2” + H-6” + H-47), 7.49 (m, 2H, H-3” +
H-57), 8.26 (s, IH, H-6). 13C NMR (125 MHz, CDCl,) §
7.78 (C-2’ + C3’), 14.35 (-OCH,CHy3), 36.05 (C-1°), 61.34
(-OCH,CHS,), 116.00 (C-5), 129.31 (C-47), 129.64 (C-2” +
C-67), 121.43 (C-3a), 132.45 (C-3” + C-57), 130.39 (C-2),
141.39 (C-3), 145.42 (C-6), 150.81 (C-7a), 157.16 (C-17),
164.81 (C-COOEY), 167.76 (C-4).

3. 4 Resazurin Reduction Assay

The cytotoxic effects of compounds on drug-sensiti-
ve leukemia CCRF-CEM and multidrug-resistant
P-glycoprotein-overexpressing CEM/ADR5000 cells were
evaluated by the resazurin assay as previously descri-
bed.?*-33 All compounds were first tested at a single con-
centration of 10 uM (Figure 2) against CCRF-CEM and
CEM/ADRS5000 cells. Compounds 3a, 3e, and 3b, which
significantly inhibited cell viability (reduction to less than
10% growth) were further tested in a concentration range
from 0.001 to 10 uM to determine the 50% inhibitory con-
centrations (for ICsy) in both, CCRF-CEM and CEM/
ADRS5000 cell lines. The fluorescence was measured using
an Infinite M2000 Pro™ plate reader (Tecan, Crailsheim,
Germany) at an excitation wavelength of 544 nm and an
emission wavelength of 590 nm. All experiments were per-
formed three times with every six parallel measurements.
The viability was evaluated based on a comparison with
untreated cells. The ICs, values represent the concentrati-
ons of the compounds required to inhibit 50% of cell via-
bility and were determined from a calibration curve by li-
near regression using Microsoft Excel.
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4. Conclusion

A series of novel thieno[2,3-b]pyridine derivatives
have been synthesized and screened for their in vitro cyto-
toxicity towards sensitive CCRF-CEM and multidrug re-
sistance CEM/ADR5000 leukemia cells. Compounds 3a,
3b, and 3e inhibited the growth of both cell lines incorpo-
rating phenol without substitution at para position, which
can be considered as lead structures for further drug deve-
lopment.
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Supplementary data to this article includes 'H, *C,
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Povzetek

Iz klju¢nega intermediata etil 7-ciklopropil-2-kloro-3-nitro-4-okso-4,7-dihidrotieno(2,3-b]piridin-5-kar-
boksilata (1) smo s substitucijo 2-klorovega substituenta z anioni, pripravljenimi iz fenola (2a), salicilal-
dehidnih derivatov 2b-d in tiofenola (2e), sintetizirali serijo novih substituiranih 7-ciklopropil-2-(2-ari-
lokso)-3-nitro-4-okso-4,7-dihidrotieno[2,3-b]piridin-5-karboksilatov 3a-e. Za nove spojine smo dolo¢ili in
vitro citotoksi¢no delovanje proti obcutljivim CCRF-CEM levkemi¢nim celicam in proti CEM/ADR5000
levkemi¢nim celicam, odpornim na ve¢ razli¢nih u¢inkovin. Testiranje je pokazalo, da so spojine 3a, 3b in
3e inhibirale obe celi¢ni liniji. Spojina 3b, ki vsebuje fenolni fragment, pa je pokazala najvecjo inhibitorno
aktivnost rasti pri celicah CEM/ADR5000 in CCRF-CEM z ICs, vrednostmi 4.486 + 0.286 uM (za prvo ce-
liéno linijo) in 2.580 + 0.550 pM (za drugo celi¢no linijo). Skupno gledano rezultati kazejo, da pripravljeni
tieno[2,3-b]piridini izkazujejo potencialno uporabnosti kot protirakave u¢inkovine in da si zato zasluzijo, da
so predmet nadaljnjih raziskav.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

A mixed ligand Cd(II) complex [Cd(IsoPht)(TEA)H,0]-3H,0 was synthesized for the first time by using isophthalic
acid (H,IsoPht) and tetradentate triethanolamine (TEA) and characterized by X-ray single-crystal diffraction, FT-IR,
and thermogravimetric analysis (TGA). This novel complex crystallizes in the triclinic system with P-I space group and
distorted monocapped trigonal prismatic geometry. The Cd(II) has seven coordinates with bidentate IsoPht, a TEA in
the tetradentate mode, and an aqua ligand. The fluorescence properties of the Cd(II) complex and TEA ligand were in-
vestigated at room temperature. The present Cd(II) complex was also tested for its antimicrobial activity by in vitro agar
diffusion method against some Gram-positive and Gram-negative bacteria and a fungus.

Keywords: Isophthalic acid; triethanolamine; Cd(II) complex; X-ray single crystal; antimicrobial activity

1. Introduction

Triethanolamine (TEA) is a potential ligand that can
interact with metal ions to form supramolecular complex-
es with different structures, and many coordination com-
pounds containing TEA ligands have been reported for the
last two decades.!~® TEA is also used as a pH regulator in
cosmetology, as a corrosion inhibitor in metal-cutting flu-
ids, as a curing agent for epoxy and rubber polymers, in
adhesives, antistatic agents, or as a pharmaceutical inter-
mediate.””” TEA generally acts as the tri- or tetradentate
ligand, but some metal complexes with mono- or bidentate
TEA coordination modes are also known.!%!! Metal com-
plexes containing TEA ligand can be (neutral or cationic)
mono-, bi- and polynuclear structures.'?!> Some mononu-
clear mixed ligand complexes were reported for Ni(II)
with TEA and orotic acid,'* Cu(II) with TEA and malonic
acid,’® Zn(II) and Cd(II) with TEA and p-nitrobenzoic
acid,!® Zn(II) with TEA and aqua ligand,'” Cu(II) with
TEA, aqua and 1H-imidazole ligands,'® aqua ligand."
Based on the collaborative use of TEA and phthalic acid,
mononuclear complexes for Ni(II),2° Zn(II),?! Cd(II),?
and coordination polymer for Cd(II)?* were also reported.
Although TEA has no specific physiological effects except

for its low antibacterial activity, as an auxiliary ligand TEA
may increase the physiological effect of bioactive substanc-
es in mixed ligand metal complexes.®*?* There are prelim-
inary pharmacological studies demonstrating that the
transition metal complexes of TEA protect animals from
ethanol and carbon monoxide poisoning and have im-
mune-modulating and antiproliferative properties.?>2
Also, the mixed ligand zinc complex containing TEA has
been reported to have anti-angiogenic and anti-atherogen-
ic effects.”®

Coordination compounds may combine a metal ion,
a biocompatible ligand, and some auxiliary ligands in the
same molecule to form mixed-ligand coordination types
to achieve the desired properties.?>3° Apart from the TEA
ligand, isophthalic acid (H,IsoPht) has been selected as a
good candidate for this purpose. Dicarboxylic acids have
important advantages in design of coordination com-
pounds compared with other organic ligands. Isophthalic
acid has two carboxyl groups that can lose one or two pro-
tons to form various coordination modes, act as a hydro-
gen bond acceptor and donor. So it is a versatile and vari-
able ligand that can bind metal ions in different
directions.3!-38 The synthesis of coordination compounds
containing O and/or N-donor ligands are very significant
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and intriguing in the field of pharmacology due to the dis-
covery of their antimicrobial properties. The biological ac-
tivity of coordination compounds with O-donor ligand
isophthalato (IsoPht) has been studied.>**? Antimicrobial
activities of Zn-IsoPht complexes were displayed in vitro
against some Gram-positive, some Gram-negative bacte-
ria and fungus by Radovanovi¢ and co-workers, who
showed that the most potent inhibitory effect of [Zn(dipya)
(IsoPht)],, (dipya = 2,2’-dipyridylamine) against all the
tested microorganisms.®® Devereux and co-workers
demonstrated high antibacterial activity of Mn-phen-
pht/IsoPht complexes against Candida albicans.*°

Cadmium coordination compounds containing O
and/or N-donor ligands can show promising fluorescence
properties.**=# In this study, a novel mixed ligand Cd(II)
complex with TEA and IsoPht was synthesized and the
structure of the complex was identified by using X-ray sin-
gle-crystal diffraction and FT-IR. Thermal properties of
the complex were also examined in detail. The fluores-
cence and antimicrobial properties of the complex were
investigated, too.

2. Experimental

2. 1. Materials and Instrumentations

Triethanolamine (TEA), Isophthalic acid (H,IsoPht),
and Cd(NO3), " 4H,0 were purchased from Sigma Aldrich
Ltd. IR spectra were obtained with an FT/IR-100 type A
Spectrophotometer. Thermal degradation of the complex
was performed using a TA Instruments SII-EXTAR-6000
TG/DTA. Experiments were conducted from 30 to 900 °C,
with a heating rate of 10 °C min™!, under nitrogen atmo-
sphere using platinum crucibles. Fluorescence spectra of
the complex were taken on Agilent Cary Eclipse Fluores-
cence Spectrophotometer.

2. 2. Synthesis of [Cd(IsoPht)(TEA)
H,0]-3H,0

5 mmol of Cd(NOj3), " 4H,0 (1540 mg) was dissolved
in 30 mL of water. Then, 10 mmol (1.33 mL) TEA was add-
ed and reaction solution was stirred for 10 min at 70 °C.
After that, 5 mmol (830 mg) of H,IsoPht was added to the
solution and stirred for more 3 hours. 4 weeks later, color-
less crystals were obtained by slow evaporation of the clear
solution that appeared after filtration at room temperature.

2. 3. X-Ray Crystallography

The reflection intensities of the Cd(II) complex were
collected at 296 K using Agilent SuperNova single-crystal
diffractometer with Mo-Ka radiation (A = 0.71073 A). The
structure was solved using the program SHELXT® by di-
rect methods, and all non-hydrogen atoms were refined
with anisotropic displacement parameters by full-matrix

least-squares methods based on F? using SHELXL.>! The
molecular graphics were prepared using OLEX? pro-
gram.>? Detailed information about the crystal data and
structure determination are summarized in Table 1. Se-
lected experimental and calculated interatomic distances
and bond angles are given in Table 2.

2. 4. Computational Protocol

Quantum chemical calculation of the complex was
performed using Gaussian 09 program suits running un-
der Windows.>®> Ground state geometry optimization of
the complex was performed by using Minnesota M062X
hybrid density functional method with appropriate basis
set combinations, 6-31g(d,p) for non-metal atoms and
pseudo potential-included SDD for metal atom.

Table 1. Crystallographic data for [Cd(IsoPht)(TEA)H,0]-3H,0

Empirical formula C,4sH,,CdNOy,;
Formula weight 497.76
Temperature/K 293(2)

Crystal system Triclinic

Space group PI

a/A 9.0749(3)

b/A 10.7120(3)

c/A 12.2025(5)

al® 66.944(3)

B/ 72.272(3)

y° 67.510(3)
Volume/A3 991.61(7)

Z 1

Pealcg/cm? 1.667

pw/mm! 1.157

F(000) 508.0

Crystal size/mm? 0.13%x0.15 % 0.17
Radiation MoKa (A =0.71073)

20 range for data collection/°
Reflections collected
Independent reflections

Data/restraints/parameters
FZ

Final R indexes [I> = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

6.684 to 52.742
13143

4050 [R;p= 0.0400, Rjgpn, =
0.0352]

4050/3/258

1.067

R, = 0.0325, wR, = 0.0817
R, = 0.0325, wR, = 0.0838
1.44/-0.78

2. 5. Antimicrobial Activity

In vitro antimicrobial screening test of the synthe-
sized compound were carried out for antibacterial and an-
tifungal activity. Antibacterial activity was tested against
three bacterial strains; two gram-positive [Bacillus cereus
(ATCC 10876), Staphylococcus aureus (ATCC 29213)] and
one gram-negative [Escherichia coli (ATCC 25922)] and
antifungal activity was tested against one fungal strain
[Candida albicans (ATCC10231)]. The agar well diffusion
method was used in these assays. After nutrient agar was

467



468

Acta Chim. Slov. 2021, 68, 466-474

sterilized in an autoclave at 121 °C for 15 min, it was trans-
ferred into sterile Petri plates. Then the agar medium so-
lidified, 8 mm diameter wells were drilled with a sterile
metallic applicator. 20 uL of the sample at different con-
centrations prepared in DMSO was poured into the wells.
DMSO served as a negative control, Ampicillin and Fluco-
nazole served as a positive control. The plates were incu-
bated aerobically at 37 °C for 24 h. The diameters of inhi-
bition zones were measured by using a zone reader and
were given as millimeters. Evaluation of the inhibition
zone was made by averaging the three test results.

3. Results and Discussion

3. 1. The Crystal Structure of [Cd(IsoPht)
(TEA)H,0]-3H,0

X-ray single-crystal analysis reveals that complex
crystallized in the triclinic system with space group PI. The
complex has an interesting monomeric molecular struc-
ture which is rarely found for cadmium polycarboxylate
complexes. In the complex, H)IsoPht acts as a bidentate
ligand by losing hydrogen atoms while the TEA ligand acts
as a tetradentate ligand using all its donor atoms. The Cd1
atom is coordinated by six oxygen atoms and one nitrogen
atom, two of which are from IsoPht ligand (O1 and O2),
three oxygen atoms, and one nitrogen atom from a TEA
ligand (O5, 06, O7, and N1), together with one oxygen
atom of aqua ligand, O8W. In crystallization, uncoordinat-
ed three water molecules are also part of the molecular
structure (Figure 1). Thus, Cd(II) ions are in distorted
monocapped trigonal prismatic geometry environments

Figure 1. A view of the [Cd(IsoPht)(TEA)H,0]-3H,0 compound
showing the atom-labeling

with CdOgN chromophores. This seven-coordinate geom-
etry around the Cd(II) ion in the titled complex is similar
to the other reported Cd(IT) complexes.!*

The Cd1-O bonds are in the range 2.300 (2)-2.399
(2) A and Cd1-N bond is 2.434 (2) A (Table 2). The bond
lengths between Cdl and O atoms of IsoPht (O1, O2),
2.329(2) and 2.399(2) A are comparable to the other
Cd(I1)-IsoPht complexes.***% The bond distances of
Cd1-0O and Cd1-N between Cdl and TEA, which are in
the range of 2.300(2)-2.353(2) A (05, 06, 07) and

Table 2. Selected experimental and calculated coordination bonds and angles of [Cd(IsoPht)(TEA)H,0]-3H,0

Bond lengths (A)

Bond Exp. Calc. Bond Exp. Calc.
Cd1-01 2.329(2) 2.2216 Cd1-06 2.353(2) 2.5327
Cd1-02 2.399(2) 2.2723 Cd1-07 2.325(3) 2.3801
Cd1-05 2.300(2) 2.4193 Cd1-08 2.324(2) 2.4119
Cd1-N1 2.434(2) 2.4485

Bond angles (°)

Angle Exp. Calc. Angle Exp. Calc.
01-Cd1-02 55.12(7) 58.86 05-Cd1-07 131.11(10) 126.59
01-Cd1-06 86.17(9) 92.92 07-Cd1-02 80.08(8) 103.19
08-Cd1-02 94.06(8) 131.99 07- Cd1-01 134.14(8) 132.58
08-Cd1-01 88.16(9) 87.74 07-Cd1-06 103.78(11) 123.19
08- Cd1-06 170.64(9) 152.86 01-Cd1-N1 150.55 (8) 152.40
08-Cd1-07 85.50(11) 73.38 02-Cd1-N1 140.73 (7) 127.47
06-Cd1-02 88.80(8) 69.16 05-Cd1-N1 70.83 (8) 74.03
05-Cd1-02 146.41(8) 130.20 06-Cd1-N1 72,15 (8) 69.51
05-Cd1-01 91.61(8) 83.14 07-Cd1-N1 72.00 (8) 74.64
05-Cd1-08 78.85(9) 69.84 08-Cd1-N1 110.61(8) 98.47
05- Cd1-06 93.86(10) 83.29
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2.434(2) A (N1), are similar within the reported seven-co-
ordinated mixed ligand complexes.!®?* However, these
bond lengths are shorter than those of the reported
eight-coordinated complexes.>?* In addition, the bond an-
gles between the Cd1 and O atoms vary between 55.12° (7)
and 170.64° (9) in Table 2. The bond angles of the complex
are normal compared with those of the related complex-
es.1>16 The crystal structure is further stabilized by multi-
ply intermolecular hydrogen bonds. The uncoordinated
water molecules play an important role in the supramolec-
ular architecture. The hydrogen-bonding interactions,
which are assembled into 2D layers parallel to by O-H--O
weak hydrogen bonds (Table 3), formed where the TEA
donate hydrogen atoms to the neighboring carboxylate and
water oxygens (Figure 2). It can be seen from Figure 2 that
the hydrogen bonds between the TEA ligands and the car-

Figure 2. Part of the crystal structure of [Cd(IsoPht)(TEA)
H,0]-3H,0, showing the formation of R;%(8), and R,*(20) rings by
the O-H---O hydrogen bonds

Figure 3. ((a) 2-D supramolecular network along the [010] direc-
tion in [Cd(IsoPht)(TEA)H,0]-3H,0 complex. (b) m---1t interaction

boxylate groups of IsoPht, giving rise to Rs? (8) and R, (20)
ring motives. The molecules located along the [010] direc-
tion (Figure 3(a)), are linked by -7 stacking [r--1t d =
3.556 A] (Figure 3(b)). The -7 stacking interaction be-
tween the benzene ring of the IsoPht ligand is stronger than
in the related {{Cd(HFlu)(IsoPht)(H,O)] - H,O}n (HFlu =
fluconazole) complex -7 d = 3.705 A] in literature.*®
An extensive network of hydrogen bonds, m--m
stacking, and van der Walls interactions embed the com-
plex in a three-dimensional lattice. Figure 4 shows the
packing diagram of the complex along the [100] direction.

Figure 4. Packing diagram of [Cd(IsoPht)(TEA)H,0]-3H,0 com-
plex along the [100] direction

Figure 5. Superimposition of X-ray(red) and optimized(blue) ge-
ometries of [Cd(IsoPht)(TEA)H,0]-3H,0

Table 3. Hydrogen bond interactions for [Cd(IsoPht)(TEA)
H,0]:3H,0

Hydrogen-bonds

08-H8-09i 0.85 2.08(4) 2.895(4) 161.9
08-H8-011 0.85 1.98 2.818(4) 167.2
06-H6-04il 0.89(5) 1.71(5) 2.598(3) 176(5)
05-H5-03ili 0.73(5)  1.81(5) 2.536(4) 169(6)
09-H9-010 0.85 1.84 2.693(4) 176.2
09-H9-08! 0.85 2.26 2.895(4) 132.0
010-H10-01¥  0.85 2.01 2.808(3) 156.1
010-H10-03t 0.85 1.91 2.743(4) 165.0
O11-H11-O4ii (.85 2.11 2.928(4) 162.5

Symmetry transformations used to generate equivalent atoms: (i) x,
1-y, 1-z; (ii) X, 2-y, 1-z; (iii) 1-x, 2-y, 1-z; (iv) +z, -1 +y, +z
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Quantum chemical optimized geometry of the com-
plex exhibited reasonable accordance with experimental
X-ray geometry with a RMSE deviation of 0.622 A. Super-
impositions of the X-ray and calculated geometries of the
complex are given in Figure 5. In general, there is a pleas-
ant consistence between optimized and X-ray geometries
according to the results and as expected, the general ten-
dency of gas-phase optimizations in favour of somewhat
extending the bond distances was introduced.

3. 2. FT-IR Study

In the FT-IR spectrum of the Cd(II) complex, the
broad absorption band between 3500 and 3100 cm™! with
maxima at 3427, 3385 and 3146 cm™!, which are assigned
to stretching vibrations v(O-H) of uncoordinated water
molecules, aqua and TEA ligand (Figure S1). The FT-IR
stretching band at 3373 cm™! belongs to the hydroxyl
group (O-H) of the TEA ligand and has been observed to
shift to lower wavelength (3146 cm™) during complex-
ation. The FT-IR bands identified at 3079, 2975, 2898 and
2844 cm! are associated with aromatic and aliphatic
v(C-H) stretching vibrations. The bands in the spectral re-
gion 1700-1300 cm™ of complex shows five peaks with
frequencies 1601, 1538, 1479, 1442 and 1390 cm™!. These
bands can be attributed to stretching vibrations of aromat-
ic ring ¥(C,,) and carboxylate groups v(C=0). The peaks
corresponding to a strong asymmetric stretching
Va5ym(C=0) as 1689 cm™! and a weak symmetric stretching
Veym(C=0) as 1417 cm™! of the H,IsoPht were observed at
lower frequencies (1538 cm™! and 1390 cm™!, respective-
ly). This situation demonstrates that the Isopht ligand co-
ordinated to the Cd(II) via the oxygen atoms of the car-

boxylate group. The difference between the vy, (C=0)
and v,,(C=0) stretching vibrations observed in the IR
spectra of the complexes (Av), [Av = v4yn(C=0) -
Vym(C=0)] is used to determine the coordination type of
the carboxylate group. The frequency difference, Av > 200
cm™! generally associated with unidentate coordination, a
possible exception involving highly unsymmetrical bridg-
ing, i.e. “pseudo-unidentate” coordination. Av > 105 cm™
and < 200 cm™! indicates chelating and/or bridging car-
boxylate groups. Accordingly, the value of Av 148 cm™! for
the complex indicated that the chelate coordination mode
of the carboxyl group of the IsoPht.’>%” The coordination
mode of IsoPht ligand is also approved by the single-crys-
tal X-ray structure examined. The band observed at 434
cm™! is due to the metal-oxygen (M-O) bond.>

3. 3. Thermal Analysis

Thermal stability and behavior of the Cd(II) complex
were examined by simultaneous TG/DTG/DTA in nitro-
gen atmosphere. The TG-DTG and DTA curves of the
complex are shown in Figure 6. The complex underwent
complete degradation in two main stages. The first stage
(44-118 °C), is related to the removal of both crystal water
and aqua ligand at DTG, 88 °C with a 13.98% mass loss.
This exhibits an endothermic peak at 89 °C in the DTA
curve. The anhydrous complex stays stable up to 179 °C.
Over this temperature, it can be suggested that the TEA
and IsoPht ligands removed successively from the struc-
ture in the temperature range of 179-657 °C (DTG,,,.:
378 °C). The final solid product of thermal decomposition
is associated with CdO formation (found 27.7, calcd.
25.8%).
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Figure 6. TGA curves of [Cd(IsoPht)(TEA)H,0]-3H,0 complex
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3. 4. Fluorescence Properties

The fluorescent properties of the TEA ligand and
Cd(II) complex have been examined at room temperature.
The resulting emission spectrum is given in Figure 7. Due
to the fluorescence quenching of carboxyl groups of IsoPht
(which are strong electron-attracting groups), this ligand
shows very low fluorescence emission at room tempera-
ture.®>? While the TEA ligand shows the emission peaks
at 312 and 346 nm with the excitation at 270 nm, the com-
plex exhibits emission bands at 357 and 423 nm with the
excitation at 270 nm. Compared with the emission of the
TEA ligand, the emission peaks of the complex were ob-
served to redshift (ca.45 nm and 77 nm). The solid-state
fluorescence of the complex may be assigned to MLCT or
LMCT transitions.®

3. 5. Antimicrobial Activity

The antimicrobial activity of the prepared
[Cd(IsoPht)(TEA)H,0]-3H,0 complex against three bac-

teria and one fungus was studied. Saturated solution and
inhibition zones (mm) of the Cd(II) complex are given in
Table 4. In the different concentrations of the complex,
various inhibition values were observed for B. cereus, S.
aureus, E. coli, and C. albicans between 10-25 mm, 7-20
mm, 16-18 mm, and 8-15 mm respectively. It was shown
more efficacy than positive control against all three bacte-
rial zones, especially at concentrations of 40000 and 20000
ppm.

Recently, it has been reported that Cu(II) complexes
of TEA with salts of salicylic, cinnamic, and succinic ac-
ids,® Zn(II) and Cu(II) cinnamate with TEA complexes®!
showed antimicrobial activity against bacteria E. coli, S.
aureus, M. smegmatis, fungi C. albicans and A. niger. In
addition, it has been shown that TEA with Cu(II) picrate
and Ag(I) complexes appeared to exhibit mild to moderate
activity towards S. marcescens, S. japonicum, S. maltophilia
and S. aureus.>'% Compared to these previous studies, it
can be said that the Cd(II) complex synthesized in this
study has a moderate inhibitory activity against similar
strains.
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Figure 7. Fluorescence spectrum of [Cd(IsoPht)(TEA)H,0]-3H,0 complex and TEA ligand in the solid-state (., = 270 nm)

Table 4. Diameter of zones of inhibition (mm) of [Cd(IsoPht)(TEA)H,0]-3H,0 complex

ppm S.aureus B.cereus E.coli C.albicans
40000 20 25 18 15
20000 20 25 16 15
10000 15 20 0 12
5000 13 16 0 8
2500 9 15 0 0
1250 7 15 0 0
625 0 14 0 0
312.5 0 10 0 0
*DMSO - - - -
®Ampicilin (10pg/mL) 18 20 15 -
®Flukonozol (25pg/mL) - - - 20

a: negative control; b: positive control
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The antimicrobial activity of mixed ligand metal
complex was determined by various factors such as the
chelate effect, i.e. bidentate, tridentate or tetradentate li-
gands, the nature of ligand, the total charge of the complex,
and metal ion located in the center.®® In light of this infor-
mation, it can be said that despite the weak antimicrobial
activity of TEA alone,®® the complex formed by combin-
ing with Cd(II) ion shows moderate antimicrobial activity
against all tested strains.

4, Conclusions

A novel mixed ligand [Cd(IsoPht)(TEA)H,0]-3H,0
complex was synthesized and structurally characterized.
The revealed X-ray structure clearly showed that the com-
plex has a distorted monocapped trigonal prismatic geome-
try by binding to Cd(II) ion as TEA tetradentate and IsoPht
bidentate. Thermal stability and behavior of the complex in
the nitrogen atmosphere were investigated. The complex
was completely degraded in two main stages. Fluorescence
properties of cadmium complex having d!° electron config-
uration at room temperature were also measured. In the
fluorescence spectrum, the red-shift of the peaks of the
complex may be attributed to the LMCT or MLCT transi-
tions. In addition, the antimicrobial properties of the com-
plex were investigated against three bacteria and one fun-
gus. Data on the antimicrobial activity of the Cd(II) chelate
complex formed by the tetradentate TEA and bidentate
IsoPht ligands shows supported that it demonstrated mod-
erate activity to inhibit the growth of all tested strains.

Supplementary Data

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre as supplementa-
ry publication No. CCDC 1977619. Copies of the data can
be obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk).
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Povzetek

Z uporabo izoftalne kisline (H,IsoPht) in tetradentatnega trietanolamina (TEA) smo sintetizirali nov kadmijev(II) kom-
pleks s formulo [Cd(IsoPht)(TEA)H,0]-3H,0 in dobljeno spojino karakterizirali z monokristalno rentgensko difrak-
cijo, FT-IR in termogravimetri¢no analizo (TGA). Spojina kristalizira triklinsko v prostorski skupini P-I1 s popaceno
trikotno prizmo z dodatnim ligandom nad stransko ploskvijo. Cd(II) je sedemstevno koordiniran z bidentatnim IsoPht,
tetradentatnim TEA in akva ligandom. Preucevali smo fluorescencne lastnosti kadmijevega kompleksa in liganda TEA.
Raziskovali smo tudi antimikrobno aktivnost sintetiziranega Cd(II) kompleksa z in vitro metodo difuzije v agarju proti
gram pozitivnim in gram negativnim bakterijam ter glivam.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
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Abstract

A novel mononuclear zinc coordination compound with formula [Zn(Hsal),(Py),] (H,sal = salicylic acid, Py = pyridine)
was prepared by mixing aqueous solutions of sodium salicylate and zinc sulfate in 1:1 molar ratio, and to the resulting
solution pyridine was added dropwise. The obtained compound was characterized by elemental analysis, IR spectros-
copy, and its crystal structure was determined by single-crystal X-ray diffraction method. X-ray structure analysis has
shown that the central zinc ion is four-coordinated by two monodentate salicylato ligands and two pyridine molecules,
forming a distorted tetrahedron. Since the asymmetric unit consists of two halves of coordination molecules, orthorhom-
bic Ibca space group symmetry leads to two coordination molecules with slightly different geometry. The comparison
between the two is given in terms of interatomic distances and angles, and also in terms of differences in intermolecular
interactions obtained as a result of Hirshfeld surface analysis. With the assistance of C-H--O interactions, the adjacent
molecules are linked into chains and further connected into three-dimensional network.

Keywords: Coordination chemistry; zing; salicylic acid; crystal structure; Hirshfeld surface analysis.

1. Introduction

Although zinc is deemed to be a trace element in the
human body; it is present in all organs, tissues and fluids,
in total 2—4 grams. Its importance for the growth and ex-
istence of all living organisms has been known for more
than hundred years.! The research on zinc coordination
chemistry has been initiated in the early 1940s by the dis-
covery of erythrocyte carbonic anhydrase which is in-
volved in the transport of carbon dioxide in blood. Apart
from being a part of enzymatic active sites of all six differ-
ent enzyme classes with catalytic and regulatory functions
(oxidoreductases, transferases, hydrolases, lyases, isomer-
ases, and ligases), zinc also plays structural roles and as
such contributes to the stability of proteins. With its d'°
electron configuration, zinc is not subject to reduction or
oxidation reactions. Furthermore, its crystal-field stabili-
zation energy is zero, resulting in a remarkably adoptable
coordination sphere which allows to accommodate a
broad range of coordination numbers and geometries.? All
of listed characteristics of zinc as a central ion in combina-
tion with various ligands lead to new compounds with in-
teresting antimicrobial, antidiabetic, optical, magnetic and
other physical properties. 31

On the other hand, salicylic acid (H,sal; Fig. 1) has
been found in numerous plant species where it acts as a
phytohormone necessary for plant growth and develop-
ment. Its salts and esters, salicylates, are widely used in
medicine. With their two functional groups, i.e. hydroxylic
and carboxylic, salicylates are of great importance as lig-
ands in coordination chemistry with their versatile coordi-
nation modes.!! For example, zinc acetylsalicylate with
formula [Zn(acsal),(H,0),] is used as anti-inflammatory
agent.'?

Despite the numerous researches in zinc chemistry,
there are not as many reports on crystal structures con-
taining the unsubstituted salicylato ligand and additional
pyridine-like ligands as one might expect.!* Only four

O~_OH

OH

Figure 1. Salicylic acid.
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such crystal structures were reported till now'4"!” which
might indicate considerable difficulties with the crystalli-
zation of mononuclear coordination compounds of the
entitled class. However, we have managed to prepare the
new zinc coordination compound with two salicylato and
two additional pyridine ligands. In the present work, its
synthesis and characterization, including the single crystal
structure determination and Hirshfeld surface analysis, is
described.

2. Experimental

2. 1. Materials and Physical Measurements

All reagents and chemicals were purchased from
commercial sources and used without further purification.

CHN elemental analyses were performed with a
PerkinElmer 2400 CHN Elemental Analyzer. The infrared
spectra were measured on solid samples using a Per-
kin-Elmer Spectrum 100 series FT-IR spectrometer
equipped with an ATR sampling accessory.

2. 2. Synthesis

To the solution of sodium salicylate, C;HsNaOs;,
(178 mg, 1.11 mmol in 2 mL water) the solution of ZnSO,
(300 mg, 1.04 mmol of ZnSO,-7H,0 in 5 mL water) was
added. To the obtained colourless solution, pyridine was
added dropwise (15 droplets, i.e. ~0.7 mL). The white sol-
id, hydrated ZnSO,, appeared immediately after the addi-
tion of pyridine. The reaction mixture including the fine
white solid was left in an open Erlenmeyer flask at ambient
temperature. The quantity of white solid decreased with
time and after its disappearance, colourless single crystals
suitable for the structural analysis grew out of the solution
in 18 days. Yield: 50 mg (10%). Anal. Calcd. for
C,,H,0N,04Zn: C, 57.90%; H, 4.05%; N, 5.63%. Found: C,
56.89%; H, 4.14%; N, 6.08%. V. 3077 (vw), 1632 (w,
C=N from pyridine ring), 1601 (s, v,,(OCO)), 1567 (s),
1541 (s), 1487 (s), 1468 (s), 1450 (s), 1394 (vs, v,(OCQO)),
1319 (s), 1239 (s), 1220 (s), 1156 (s), 1098 (w), 1071 (w),
1044 (s), 1015 (w), 957 (w), 885 (s), 864 (s), 831 (s), 755
(w), 697 (vs), 670 (s), 638 (s).

2. 3. X-Ray Crystallography

For X-ray structural analysis, single crystal of the ti-
tle compound was dipped into silicon grease, mounted
onto the tip of glass fibres and transferred to the goniome-
ter head in the liquid nitrogen cryostream. Data were col-
lected on a SuperNova diffractometer equipped with Atlas
detector using CrysAlis software and monochromated Mo
Ka radiation (0.71073 A) at 150 K.!8 The initial structural
model was obtained via direct methods using the Superflip
structure solution program.!® A full-matrix least-squares
refinement on F? magnitudes with anisotropic displace-

ment parameters for all nonhydrogen atoms using
SHELXL-2018/3 was employed.?’ All H atoms were initial-
ly located in difference Fourier maps; those residing on
C-atoms were further treated as riding on their parent at-
oms with C(aromatic)-H distance of 0.95 A. On the other
hand, the hydrogens bonded to oxygen atoms (i.e. H3 and
He6) were refined freely. Details on crystal data, data collec-
tion and structure refinement are given in Table 1. Figures
depicting the structures were prepared with Mercury.?!

Table 1. Crystal data, data collection and refinement.

Crystal data [Zn(Hsal),Py,]
Formula C,,H,)N,O4Zn
M, 497.79

Cell setting, space group Orthorhombic, Ibca
al A 15.2247(5)
blA 15.5719(6)
clA 37.7204(17)
VA3 8942.7(6)

Z 16

D,/ Mgm™ 1.479

p/ mm™! 1.142

F(000) 4096

Crystal form, colour
Crystal size / mm3

prism, colourless
0.25x 0.15 x 0.15

Data collection

T/K

No. of measured, independent
and observed reflections

R

int

150(2)
24914, 6220, 4140

0.0373

Refinement
R (on Fg,), wR (on F), S

0.0339, 0.0801, 1.025

No. of contributing reflections 6220

No. of parameters 307

No. of restraints none

APrma> APmmin / €A 0.732, -0.733

R = 3||Fo|  [F|l/Z|Fols wRy = {Z[w(F? = FA?V/E W)} S =
{ZIW(E? - E2)/(n - p)}’? where n is the number of independent
reflections and p is the total number of parameters refined.

2. 4. Hirshfeld Surface Analysis

The Hirshfeld surface of the molecule is defined as a
set of points in three-dimensional space where the contri-
bution to the electron density of the molecule of interest is
equal to the contribution from all other molecules.?? The
Hirshfeld surface analyses were performed and fingerprint
plots were drawn using Crystal Explorer, both based on
the results of previous single crystal X-ray diffraction
study.?®> The Hirshfeld surfaces were plotted over three
quantities: a) d,,m> plotted in red-white-blue colour code,
representing shorter/close to the sum of van der Waals ra-
dii/longer contacts between the molecules; b) shape index;
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the red colour represents concave and the blue convex re-
gions; and ¢) curvedness. Furthermore, the 2D fingerprint
plots, i.e. plots of d; over d, are provided to recognize and
evaluate different intermolecular contacts in the crystal. d;
and d, represent distances from the isosurface to the near-
est atom inside or outside to the Hirshfeld surface, respec-
tively.

3. Results and Discussion

3. 1. Crystal structure

Single crystal X-ray structure determination has
shown that the title compound crystallizes in orthorhom-
bic Ibca space group (no. 73). The asymmetric unit con-
sists of two central zinc ions, each surrounded by a pyri-
dine molecule and a salicylato ligand. The aforementioned
space group symmetry leads to two similar but not com-
pletely identical coordination molecules with formula
[Zn(Hsal),(Py),] (Fig. 2a), hereinafter referred to mole-
culel (containing Znl) and molecule2 (containing Zn2);
their overlay is shown in Fig. 2b.

Table 2. Selected bond lengths and angles (A,°) for 1.

Moleculel Molecule2

Zn1-02 1.9502(13) Zn2-05 1.9533(14)
Znl-N1 2.0256(15) Zn2-N2 2.0405(16)
02-Znl1-02  134.83(9) 05-Zn2-05%  133.95(8)
N1-Znl-N1'  119.61(9) N2-Zn2-N2f  111.42(9)
02-Znl1-N1 97.83(6) O5-Zn2-N2 105.38(6)
02/-Zn1-N1  104.48(6) 05i-Zn2-N2 100.11(6)

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

gles between the meanplane defined by carboxylate group
and the salicylate ring are similar, with values of 7.1(1)° in
moleculel and 6.4(1)° in molecule2, respectively. Howev-
er, the angles between the meanplane of pyridine and sa-
licylate rings differ significantly, with values 50.49(8)° in
moleculel and 82.21(6)° in molecule2, respectively. This
difference is further reflected in the packing of the coordi-
nation molecules and also in slightly different hydrogen
bonding schemes / close contacts of both molecules (Table
3). In moleculel two intramolecular hydrogen bonds of

Figure 2. a) Two similar coordination molecules [Zn(Hsal),(Py),]. The displacement ellipsoids of non-hydrogen atoms are drawn at the 50% prob-
ability level while the hydrogen atoms are drawn as spheres of arbitrary radii and their labels are omitted for clarity. b) Overlay of the coordination
molecules; moleculel (i.e. containing Zn1) is black while the molecule2 (containing Zn2) is red.

In both symmetrical coordination molecules, a cen-
tral Zn is positioned on a twofold axis running parallel to
x (Znl, Wyckoft site 8¢) or y axis (Zn2, Wyckoff site 8d),
respectively, and is surrounded by two pyridine molecules
and two monodentately bound salicylato ligands via its
deprotonated carboxylic oxygen. The obtained coordina-
tion number is four, and the values of t,” parameter?*%* of
0.70 for Zn1 and 0.74 for Zn2 confirm the distorted tetra-
hedra around both central ions. Data on selected bond
lengths and angles around the central zinc ions are given
in Table 2; values are in accordance with the previously
reported Zn complexes with salicylato ligand and its deriv-
atives.!?

Although bond lengths and angles are quite similar
in both molecules, there are some distinctions between
them as already seen from their overlay (Fig. 2b). The an-

O-H:--O and C-H---O type are present. On the other hand,
if considering the classical criterion for C-H...O hydro-
gen bonds, i.e. C-H--O angle > 110 ° and C---O distance <
3.22 A, in molecule2 only the intramolecular O—H---O hy-
drogen bond appears, while there is no C-H--O hydrogen
bond due to geometric differences in between the mole-
cules. The corresponding distance between the same at-
oms in molecule2 is significantly larger than the sum of
van der Waals radii (i.e. C24--06, 3.440(3) A).

Additional C-H---O contact can be found between
two adjacent moleculesl (C11-H11--O1) or two adjacent
molecules2 (C20-H20--06), respectively, connecting the
molecules with the same numerical label into chains that
run parallel to a axis (Fig. 3). The C-H--O hydrogen
bonds between moleculel and molecule2 are slightly
longer than is the sum of van der Waals radii (C5-—
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H5---06) but still connect the aforementioned chains into
three-dimensional structure. The difference in hydrogen
bonding schemes between both coordination molecules
can be also revealed in fingerprint plots of both molecules
(see Section 3.2).

Figure 3. The packing of exchanging chains of hydrogen-bonded
molecules] (grey) and molecules2 (red) that run parallel to a direc-
tion. A view down b axis. The hydrogen bonds between molecules1
or molecules2 are given in green while those between moleculel
and molecule2 (C5-H5--06) are depicted in blue.

Table 3. Hydrogen bond geometry in 1.

the classical crystallographic analysis with which the mol-
ecule packing is studied by elucidating atom-to-atom or
residue-to residue contacts. Fig. 4a represents Hirshfeld
surface of molecule containing Znl (moleculel) mapped
over dpom in a range from —0.179 to +1.501 arbitrary units.
The bright red spots ‘1’ and 2’ in the vicinity of hydrogen
(H11) and oxygen (O1) indicate donors and acceptors of
C-H---O interaction while the diminutive-red spot ‘3’ near
hydroxylic oxygen (O3) claims its cooperation in a rela-
tively weak C—H---O interaction.

HS mapped over shape index (Fig. 4b) clearly shows
red hollows and blue bumps which in a close look from
different perspectives can reveal the way the molecules (i.
e. their Hirshfeld surfaces) touch each other. Together with
HS mapped over curvedness (Fig. 4c), the absence of
broad, flat regions can be observed and consequently there
is no evidence of planar stacking arrangements of mole-
culesl, e.g. -7 stacking.26

To overcome the trouble of presenting 3D Hirshfeld
surfaces in two dimensions, a quantitative 2D fingerprint

D-H---A D-H (A) H--A (A) D--A (A) D-H--A(°)  Symmetry code of A
03-H3--01 0.95(3) 1.67(3) 2.546(2) 151(3) %92

C12-H12--02 0.95 2.60 3.111(2) 114 %92

C11-H11--01 0.95 2.46 3.203(2) 135 X+, y+ Yz
06-He6--04 0.84(3) 1.78(3) 2.542(2) 150(3) %2

C20-H20--06 0.95 2.57 3.027(2) 110 %y—15 -2
C5-H5--06 0.95 2.48 3.331(3) 149 XY, —yt+ ¥, —2

3.2. Hirshfeld Surface Analysis

Hirshfeld surface (HS) analysis is an invaluable tool
that enables us to understand and describe weak intermo-
lecular interactions in the crystal structure that are crucial
in the packing of molecules in crystals. By means of this
method, the molecule is treated as a whole, opposing to

plot of moleculel is presented in Fig. 5. Only the dominant
contributions to the Hirshfeld surface, i.e. H--H, C--H/
H---C and O--H/H---O contacts which together contribute
more than 92% to the total HS, are shown. Two symmetri-
cal spikes at (d; + d.) ~2.3 A represent C~H---O interac-
tions observed as red spots of different intensities in Fig.

Figure 4. Hirshfeld surface of moleculel a) plotted over d,,,,, in the range from —0.179 to +1.501 arbitrary units; b) plotted over shape-index prop-
erty (range from —1.000 to 1.000), and c) plotted over curvedness (range from —4.000 to 0.400).
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Figure 5. a) A full 2D fingerprint plot of moleculel, together with those delineated into b) H---H, ¢) C---H / H--C and d) O--~H / H--O contacts.

4a. All other features that should indicate other important
short contacts such as n-m stacking are absent from 2D fin-
gerprint plots of moleculel.

Since the asymmetric unit consists of two halves of
the coordination molecule and the HS analysis can reveal
differences between the two symmetrically independent
molecules, it was performed also on the molecule2. The
HS mapped over d,.,, shape index and curvedness are
shown in ESI (Fig. S1). The observations are very similar
to those of moleculel. However, slight differences can be
observed from 2D fingerprint plots (Fig. 6). The dominant
contacts in molecule2 are the same as in moleculel, and

also their contribution to the total HS is similar (>92%).
However, the percentage contributions do differ slightly as
a result of subtle geometry differences of both molecules
(Fig. 7).

4. Conclusions

Crystal structure of a new zinc coordination com-
pound with salicylato and pyridine ligand, i.e. [Zn(H-
sal),(Py),] was determined by single-crystal X-ray diffrac-
tion at 150 K, and it was further evaluated by Hirshfeld

Kitanovski and Pockaj: New Zinc Coordination Compound with Simple ...

479



480

Acta Chim. Slov. 2021, 68, 475-482

M N

D e O N & O & O N & O

el

A w O N & O 0 O N & O @

Ge

(a) all contacts dl

(A

0.60.81.01.21.41.61.82.02.22.42.62.8

Ge

(¢) C...H/H...C 32.0% d;

(A

0.60.81.01.21.41.61.82.02.22.42.62.8

A o O N & O &0 O N & O

e

(b) H...H 41.7% d;

(A

0.60.81.01.21.41.61.82.02.22.42.62.8

(d) O...H/H...O0 18.5% d;

(A

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Figure 6. a) A full 2D fingerprint plot of molecule 2, together with those delineated into b) H---H, ¢) C--H / H---C and d) O--H / H---O contacts.

45

a0 +

35 +

30 +

25 4

20 +

15 1

10 +

% of the total Hirshfeld surface

H..H

C..H/H..C O..H/H..0
Type of interaction

c.c

N..H/H..N 0..C/C..0 N..C/C..N O..N/N..O

Figure 7. The proportions of different interactions to the total Hirshfeld surface in moleculel (blue) and molecule2 (orange columns).
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surface analysis. The central Zn(II) is four-coordinated in
a shape of distorted tetrahedron. Since the asymmetric
unit consists of two halves of coordination molecule, there
are subtle differences between symmetrically independent
coordination molecules. In both coordination molecules,
H---H, C.--H/H--C and O---H/H---O contacts contribute the
most to molecular packing but the percentage of each of
the aforementioned interactions to the total Hirshfeld sur-
face differ as a consequence of slight geometrical differenc-
es between two coordination molecules. As a result of C—
H--O interactions between the adjacent molecules, the
three-dimensional network is formed.

5. Supplementary Information

CCDC 2014661 contains the supplementary crystal-
lographic data. 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

Pri reakciji med vodnima raztopinama natrijevega salicilata in cinkovega sulfata v mnozZinskem razmerju
1:1 in dodatku piridina po kapljicah v nastalo raztopino je nastala nova enojedrna koordinacijska spojina s
formulo [Zn(Hsal),(Py),] (H,sal = salicilna kislina, Py = piridin). Okarakterizirali smo jo s pomo¢jo elemen-
tne analize, infrardece spektroskopije ter z rentgensko difrakcijo na monokristalu dolo¢ili njeno kristalno
strukturo. Koordinacijsko $tevilo centralnega cinkovega iona je $tiri, in sicer je koordiniran s po dvema
enoveznima salicilatnima ligandoma ter dvema molekulama piridina, koordinacijski polieder je popacen te-
traeder. V asimetri¢ni enoti sta dve polovici koordinacijskih molekul, kot posledica ortorombske prostorske
skupine Ibca pa se tvorita dve koordinacijski molekuli z nekoliko razlicno geometrijo. Podana je primerjava
med njima, in sicer tako v smislu medatomskih razdalj in kotov kot tudi v opazanju razlik v medmolekulskih
interakcijah, dobljenih s pomo¢jo analize Hirshfeldovih povrsin. S pomoéjo C—H--O interakcij so sosednje
molekule povezane v verige, te pa Se naprej tako, da se tvori tridimenzionalna struktura.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Eight new complexes, [M(CO);(5msalmsh)] [M=Cr;(1a), Mo;(2a); W(3a)], [Re(CO) Br(5msalmsh)] (4a), [M(CO)s(5ma-
fmsh)] [M=Cr;(1b), Mo;(2b); W(3b)], [Re(CO) Br(5mafmsh)] (4b), have been synthesized by the photochemical reac-
tion of the metal carbonyls [M(CO)s] (M=Cr, Mo, W) and [Re(CO);Br] with N’-(2-Hydroxy-6-Methylbenzylidene)
Methanesulfonohydrazide (5msalmsh) and 5-methyl-2-hydroxyacetophenonemethanesulfonylhydrazone (5mafmsh).
The complexes have been characterized by elemental analysis, LC-MS, FT-IR, 'H NMR spectroscopy. Spectroscopic
studies show that 5msalmsh and 5mafmsh behave monodentate ligand and coordinate via an imine N donor atom to the

central metal atom in (1a)-(4a) and (1b)-(4b).

Keywords: Hydrazones; monodentate ligands; metal carbonyls; photochemical reactions.

1. Introduction

Sulfonylhyrazones and sulfonamides have been
shown to be active in several pharmacological tests, dem-
ostrating antibacterial, antitumor, diuretic, antiviral, and
antinociceptive activity.!”> These compounds have gained
importance in bioinorganic and metal based drug chemis-
try because of their lower cost, lower toxicity and most ac-
tivity against bacterial diseases.%” Moreover, they are used in
agriculture field as well as insecticides and herbicides. They
are less toxic as compared to other drugs and are scalable.®?

In chemical synthesis, photochemical reactions are
usually cleaner and more efficient than other types of reac-
tions because the key reagent is light of particular energy.
In fine chemical synhhesis and pharmaceutical produc-
tions, photochemical reaction steps offer shorter routes for
many synthetic schemes, e.g. synthesis of vitamin D. In
addition, photocleavage has also become one of the more
effective methods for removing protective groups. The use
of photochemistry is limited by concerns about scalability,
efficiency, and safe operations of the processes.!

Metal carbonyl complexes are among the most pho-
toreactive transition metal complexes known.!! The com-
monly known carbonyls of Cr(0), Mo(0), and W(0) are

six-coordinate octahedral complexes, M(CO);. Other sta-
ble complexes containing only the central metal and CO
include the dimers M,(CO),o* having a single M-M
bond. Numerous compounds of the M(CO), (L), variety
have been prepared, many photochemically.!?

In this work, eight new complexes [M(CO);(5m-
salmsh)] [M=Cr;(1a), Mo;(2a); W(3a)], [Re(CO),Br(5m-
salmsh)] (4a), [M(CO)s(5mafmsh)] [M=Cr;(1b), Mo;(2b);
W(3b)], [Re(CO),Br(5mafmsh)] (4b) as shown in Scheme
1 were synthesized by the photochemical reactions of

0]
Lo
/N
HaC G—nN
OH

5msalmsh; R=H

5mafmsh; R=CH 5

Figure 1. The structure of ligands.
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[M(CO)4] (Cr, Mo, W) with 5msalmsh and 5mafmsh
(shown in Figure 1) and characterized by elemental analy-
sis, MS, IR and 'H NMR spectroscopy. According to all the
spectroscopic data, 5msalmsh and 5mafmsh are monoden-
tate and coordinated via the imine nitrogen donor atom.

2. Experimental

2. 1. Physical Measurements

Reactions were carried out under dry nitrogen using
Schlenk techniques. All solvents were dried and degassed
prior to use. Elemental analyses were performed according
to standard micro analytical procedures (TUBITAK Labo-
ratories, Ankara). The infrared spectra of the compounds
as KBr disks were recorded in the range of 4000-400 cm™!
with a Mattson 1000 FT spectrometer. 'H NMR spectra of
dimethylsulfoxide-d, (DMSO-dg) solutions of the com-
pounds were recorded on a 400 MHz digital FT-NMR at
TUBITAK. Electron impact mass spectra were recorded
on a Micromass VG Platform-II LC-MS at TUBITAK.
Photochemical reactions were carried out in an immer-
sion-well apparatus by using a medium pressure 400W
Mercury lamp .All solvents and silica gel were purchased
from Merck. M(CO)s (M=Cr, Mo, W) and Re(CO);Br
were purchased from Aldrich. These reagents were used as
supplied. 5msalmsh and 5mafmsh were prepared by the
literature method."

2. 2. Synthesis

Complexes (1a)-(4a) and (1b)-(4b) were prepared
by photochemical reactions of metal carbonyls M(CO);
(M = Cr, Mo, W) and Re(CO);Br with 5msalmsh and
5mafmsh, and were obtained in 50-70% yields. The meth-
ods employed for the preparation of the complexes are
very similar, so that the preparation of [Cr(CO)s(5m-
salmsh)] (1a) is given in detail as a representative example.

2.2. 1. [Cr(CO);5(5msalmsh)], (1a).

Cr(CO)¢ (0.44 g, 2 mmol) and 5msalmsh (0.44 g, 2
mmol) were dissolved in THF (80-100 mL). The solution
was irradiated for 2 h at room temperature. During irradi-
ation, the reaction mixture changed from colorless to dark
yellow. After dissolving in dichloromethane (10 cm?), pe-
troleum ether (50 cm?®) was added, resulting in the precip-
itation of a dark yellow solid which was washed with pe-
troleum ether and dried under vacuum. Yield (60%).
Found (%): C, 38.8; H, 2.5; N, 6.4; S, 7.2. Calcd. for
CrC,,H,,N,SO; (%): C, 40.0; H, 2.9; N, 6.7; S, 7.6. IR (v,
KBr): 2067 (m, CO), 1978 (m, CO), 1950 (s, CO), 1928 (s,
CO), 1873 (s, CO), 3158 (s, N-H), 1602(s, C=N), 1315 (s,
C-0), 1274 (5, (SO,)4s),1152 (5, (SO,)gym) cm™'. '"H NMR
(8, DMSO-dg): 2.10 (s, 3H, CH;3-C¢Hs), 2.94 (s, 3H, CHj;-
S0,), 6.56-7.20 (m, H, (CH),,), 7.95 (s, LH, HC=N-), 9.98

(s, H, NH), 11.87 (s, 1H, OH). MS(LC,70 eV): m/z (%) =
405 (25) [M*-(Me)], 377 (15) [M*-(Me+CO], 349 (30)
[M*-(Me+2CO], 321 (25) [M*-(Me+3CO], 293 (15)
[M*-(Me+4CO], 265 (10) [M*-(Me+5CO].

2.2.2. [Mo(CO)s(5msalmsh)], (2a).

Yield (64%). Found (%): C, 35.6; H, 2.5; N, 5.6; S, 6.5.
Calcd. for MoC,4H;,N,SOq4 (%): C, 36.1; H, 2.6; N, 6.0; S,
6.9. IR (v, KBr): 2066 (m, CO), 1990 (m, CO), 1950 (s,
CO), 1925 (s, CO), 1871 (s, CO), 3160 (s, N-H), 1602(s,
C=N), 1315 (s, C-O), 1274 (s, (SO,),), 1152 (s, (SO3)gym)
cm™!. 'TH NMR (8, DMSO-dy): 2.08 (s, 3H, CH;-CgHs),
2.96 (s, 3H, CH;-SO,), 6.58-7.14 (m, H, (CH),,), 7.93
(s,1H, HC=N-), 9.96 (s, H, NH), 11.88 (s, LH, OH). MS
(LC,70 eV): m/z (%) = 436 (15) [M*-(CO)], 408 (25) [M*-
(2C0O)], 380 (25) [M*-(3C0O)], 352 (15) [M*-(4CO)], 324
(10) [M*-(5C0O)].

2.2. 3. [W(CO)5;(5msalmsh)], (3a).

Yield (62%). Found (%): C, 29.4; H, 2.0; N, 5.0; S, 5.2.
Calcd. for WC,H,N,SOq (%): C, 30.4; H, 2.2; N, 5.1;
S,5.8. IR (v, KBr): 2065 (m, CO), 1991 (m, CO), 1955 (s,
CO), 1922 (s, CO), 1872 (s, CO), 3158(s, N-H), 1602(s,
C=N), 1315 (s, C-0), 1274 (s, (SO;)4), 1152 (s, (SO2)ym)
cm™'. "H NMR (8,DMSO-d,): 2.14 (s, 3H, CH,-C¢Hs),
2.92 (s, 3H, CH;-SO,), 6.58-7.14 (m, H, (CH),,), 7.94(s,
1H, HC=N-), 9.94 (s, H, NH), 11.85 (s, 1H, OH). MS
(LC,70 eV): m/z (%) = 537 (15) [M*-(Me)], 509 (10)
[M*-(Me+CO], 481 (10) [M"-(Me+2CO], 453 (20)
[M*-(Me+3CO], 397 (15) [M*-(Me+5CO].

2. 2. 4. [Re(CO),Br(5msalmsh], (4a).

Yield (58%). Found(%): C, 25.4; H, 21.8; N, 4.2; S,
5.1. Calcd. for ReC,3H,,N,SO,Br (%): C, 25.7; H, 2.0; N,
4.6; S, 5.3. IR (v, KBr): 2112 (w, CO), 2016 (m, CO), 1965
(m, CO), 1932 (s, CO), 3158 (s, N-H), 1602(s, C=N), 1315
(s, C-0), 1274 (s, (SOy)ys)s 1152 (s, (SOy)gy) cm™. 'H
NMR (8, DMSO-dy): 2.12 (s, 3H, CH,-C(Hs), 2.90 (s, 3H,
CH,-S0,), 6.56-7.12 (m, H, (CH),,), 7.92 (s, 1H, HC=N-
), 9.96 (s, H, NH), 11.86 (s, 1H, OH). MS (LC,70 €V): m/z
(%) =578 (15) [M*-(CO)], 550 (15) [M*-(2CO)], 494 (20)
[M*-(4CO)].

2.2.5. [Cr(CO)5(5mafmsh)], (1b).

Yield (62%). Found(%): C, 41.2; H, 2.9; N, 6.0; S, 7.0.
Calcd. for CrC;5H4,N,SOg (%): C, 41.5; H,3.2; N, 6.4; S, 7.4.
IR (v, KBr): 2071 (m, CO), 1970 (m, CO), 1946 (s, CO),
1936 (s, CO), 1872 (m, CO), 3204 (s, N-H), 1608 (m, C=N),
1323 (s, C-0), 1254 (s, (SO,)ys), 1150 (s, (SO2)gym) cm ™! TH
NMR (8, DMSO-d,): 2.20 (s, 3H, CH,-C¢Hs), 2.98 (s, 3H,
CH,-SO,), 6.76-7.28 (m, H, (CH),,), 2.20 (s, 3H, CHs-
C=N-), 10.86 (s, H, NH), 11.50 (s, 1H, OH). MS (LC,70 eV):
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m/z (%) = 433 (10) [M*-(3H)], 418 (15) [M*-(3H+Me)],
390 (15) [M*-(3H+Me+CO)], 362 (20) [M*-(3H+Me+-
2C0)], 334 (15) [M*-(3H+Me+3CO)], 306 (10)
[M*-(3H+Me+4CO)], 278 (15) [M*-(3H+Me+5CO)].

2.2. 6. [Mo(CO)s(5mafmsh)], (2b).

Yield (66%). Found(%): C, 36.8; H, 2.7; N, 5.4; S, 6.2.
Calcd. for MoC;5H,4,N,SOq4 (%): C, 37.6; H, 2.9; N, 5.8; S,
6.7. IR (v, KBr): 2070 (m, CO), 1971 (m, CO), 1944 (s,
CO), 1925 (s, CO), 1872 (m, CO), 3203 (s, N-H), 1608 (m,
C=N), 1323 (s, C-0), 1252 (s, (SO,),o), 1152 (s, (SO2)ym)
cm~!. 'TH NMR (8, DMSO-dy): 2.18 (s, 3H, CH;-CgHs),
3.02 (s, 3H, CH;-SO,), 6.77-7.20 (m, H, (CH),,), 2.24 (s,
3H, CH,-C=N-), 10.87 (s, H, NH), 11.58 (s, LH, OH). MS
(LC,70 eV): m/z (%) = 420 (20) [M*-(2Me+CO], 492 (15)
[M*-(2Me+2CO], 364 (15) [M*-(2Me+3CO], 336 (25)
[M*-(2Me+4CO], 308 (20) [M*-(2Me+5CO].

2.2.7.[W(CO);5(5mafmsh)], (3b).

Yield (64%). Found(%): C, 31.2; H, 2.3; N, 4.4; S, 5.2.
Calcd. for WC5H4,N,SO04 (%): C, 31.8; H, 2.5; N, 4.9; S, 5.6.
IR (v, KBr): 2064 (m, CO), 1972 (m, CO), 1932 (s, CO),
1921 (s, CO), 1875 (m, CO), 3204 (s, N-H), 1609 (m, C=N),
1324 (s, C-0), 1253 (s, (SO,),s), 1150 (s, (SO2)gypn) cm ™! 'H
NMR (8, DMSO-d,): 2.22 (s, 3H, CH,-CgHs), 3.01 (s, 3H,

CH,-SO,), 6.75-7.28 (m, H, (CH),,), 2.22 (s, 3H, CH,-
C=N-), 10.88 (s, H, NH), 11.56 (s, 1H, OH). MS (LC,70 eV):
m/z (%) = 551 (10) [M*-(Me)], 523 (10) [M*-(Me+CO],
495 (15) [M*-(Me+2CO], 467 (20) [M*-(Me+3CO], 439
(25) [M*-(Me+4CO], 411 (10) [M*-(Me+5CO].

2.2. 8. [Re(CO),Br(5mafmsh], (4b).

Yield (60%). Found(%): C, 26.8; H, 2.0; N, 4.0; S, 5.0.
Calcd. for ReC;,H4,N,SO,Br (%): C, 27.1; H, 2.2; N, 4.5; S,
5.2. IR (v, KBr): 2113 (w, CO), 2022 (m, CO), 1920 (m,
CO), 1908 (s, CO), 3204 (s, N-H), 1610(m, C=N), 1324 (s,
C-0), 1253 (s, (SO,),y) 1152 (s, (SO;)gym) cm™. "H NMR
(8,DMSO-dy): 2.16 (s, 3H, CH;-C4Hs), 2.96 (s, 3H, CHs-
S0,), 6.76-7.25 (m, H, (CH),,), 2.28 (s, 1H, CH,-C=N-),
10.84 (s, H, NH), 11.58 (s, 1H, OH). MS (LC,70 eV): m/z
(%) = 617 (20) [M*-(3H)], 602(10)[M*-(3H+Me)], 546
(25) [M*-(3H+Me+2CO)], 518 (25) [M*-(3H+Me+-
3C0)], 490 (15) [M*-(3H+Me+4CO)].

3. Results and Discussion

Complexes (1a—4a) and (1b-4b) were prepared by a
photochemical reaction as shown in Scheme 1. The photo-
generation of M(CO); from M(CO)s (M=Cr, Mo,W) has
been extensively studied. The 16-electron M(CO); frag-

il
R O=S=0
M(CO)y(M=Cr, Mo, W) Hg C\\\N/NH
oc._ | _Co
hv \IVI<
e | ~co
oc co
i
R O=S=0
| | (1-3)
H,C C\\:N _NH
OH
5msalmsh,R=H
5mafmsh,R=CH 5
CHj,
Lo
HsC Cw. _NH
Re(CO),Br SN
oc\“|/I _Co
hv | Br
oc/e'H/ co
)

Scheme 1. The photochemical reaction of M(CO)g (M=Cr, Mo, W) and Re(CO);Br with the 5msalmsh and 5mafmsh ligands.
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ments react quickly with any available donor atom to form
a M(CO)sL species. If L is a bidentate ligand, M(CO),L
chelate or bridging M,(CO),o(u-L) compounds may oc-
cur.'*-16 In this study, photochemical reactions of M(CO);
(M=Cr, Mo, W), and Re(CO);Br with 5msalmsh and
5mafmsh ligands proceed in this expected manner and
give a series of complexes (la-4a) and (1b-4b).

The strong C=N stretching vibration, found at 1618
cm™!in 5msalmsh, shifts to lower wavenumber in (1a-4a)
and the strong C=N stretching vibration, found at 1628
cm™!in 5mafmsh, shifts to lower wavenumber in (1b-4b),
showing that 5msalmsh and 5mafmsh ligands coordinate
to the metal via the imine donor atom.!¢ These shifts have
been explained as a weakening of the CN bond resulting
from the loss of electron density from the nitrogen to the
metal atom.!” No shifting upon complex formation was
observed for the v,((SO,), Mm(SO,), v(NH) and v(CO)
stretching vibrations indicating that SO,, NH and CO
groups were not coordinated to metal atom in (1a-4b) and
(1b-4b). The OH stretching vibration was not observed in
both free ligand as well as in (1a-4a) and (1b-4b) because
of hydrogen bonding with the imine nitrogen atom.'8

According to number of carbonyl bands, provides
important clues to the environment of the metal centers.'?
Five carbonyl stretching bands in (1a-3a) and (1b-3b) are
attributed to local C4, symmetry M(CO)s. Similarly four
CO stretching absorptions in (4a,4b) indicate to local C,,
symmetry?® (shown in Figure 1). The v(CO) modes in
(1a-4a) and (1b-4b) move also to lower wave numbers
when compared with the starting carbonyl complexes.!*1*

In the 'H NMR spectra of (1a-4a) and (1b-4b), the
signal for the NH hydrogen of free ligands remain un-
changed. No shift of hydroxyl protons with complex for-
mation shows that OH group does not coordinate to metal
atoms. The signals of the HC=N and CH;3;=N protons
show a small upfield shift, which may be related to chang-
ing m-electron density in the C=N bond complex forma-
tion in (la-4a) and (1b-4b). According to these data,
5msalmsh and 5mafmsh behave as monodentate ligands
via the imine N donor atom in (1a-4a) and (1b-4b).

The mass spectra show fragmentation via successive
loss of CO groups and fragmentation of the organic li-
gands.

4. Conclusions

Eight new metal carbonyl complexes, [M(CO);(5m-
salmsh)] [M=Cr;(1a), Mo;(2a); W(3a)], [Re(CO),Br(5m-
salmsh)] (4a), [M(CO)s(5mafmsh)] [M=Cr;(1b), Mo;(2b);
W(3b)], [Re(CO),Br(5mafmsh)] (4b), have been charac-
terized using elemental analysis, 1H NMR, LC-MS and IR
spectra. 5msalmsh and 5mafmsh behave as monodentate
ligands via the N imine donor atom in (la-4a) and (1b-
4b). IR and NMR spectra of the compounds show that the
5msalmsh and 5mafmsh ligands coordinate to the metal

atom for compounds (la-4a) and (1b-4b) only via an
imine N donor atom behaving as a monodentate neutral
ligand.!3
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Povzetek

Osem novih kompleksnih spojin [M(CO)s(5msalmsh)] [M=Cr;(1a), Mo;(2a); W(3a)], [Re(CO),Br(5msalmsh)] (4a),
[M(CO)s(5mafmsh)] [M=Cr;(1b), Mo;(2b); W(3b)] in [Re(CO),Br(5mafmsh)] (4b) smo sintetizirali s fotokemijsko
reakcijo med kovinskimi karbonili, [M(CO)4] (M=Cr, Mo, W), [Re(CO)sBr] in ligandoma (5msalmsh in 5mafm-
sh). Spojine smo karakterizirali z elementno analizo, s tekoc¢insko kromatografijo sklopljeno z masno spektroskopijo
(LC-MS), infrardeco spektroskopijo (FT-IR) in NMR spektroskopijo (‘H NMR). Rezultati spektroskopskih metod kaze-
jo, da sta monodentatna liganda 5msalmsh in 5mafmsh na kovinski center v spojinah (1a)-(4a) in (1b)-(4b) koordinira-
na z atomom dusika, ki pripada imino skupini.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

For thyroid function estimation and clinical decision making, use of appropriate reference intervals for thyroid-stimu-
lating hormone (TSH), free thyroxine (fT4) and free triiodothyronine (fT3) is crucial. For each laboratory, establishment
of own reference intervals is advised. For the first Slovenian estimation of reference intervals for thyroid hormones a
large group of 1722 healthy individuals without thyroid disease was established retrospectively. Hormone analyses were
performed on automated analyser Advia Centaur XP Immunoassay System (Siemens Healthineers), which reference
intervals for TSH, fT4 and fT5 were 0.55-4.78 mIU/L, 11.5-22.7 pmol/L, and 3.5-6.5 pmol/L, respectively. Statistical
analysis followed non-parametric percentile method. Our laboratory reference intervals for TSH, fT, and fT5 are mostly
narrower than intervals given by manufacturer. Median value, lower and upper limit for TSH, fT, and fT; were 1.98
(0.59-4.23) mIU/L, 14.5 (11.3-18.8) pmol/L and 4.82 (3.79-6.05) pmol/L, respectively. Most likely, an inclusion of a
high number of healthy individuals without thyroid disease was a reason for such results.

Keywords: reference intervals; thyroid-stimulating hormone; thyroid hormones; immunoassays; interferences

1. Introduction

Biochemical parameters obtained from blood sam-
pling are an important part of clinical decision-making.
However, a path from ordering a test by a clinician to the
value of an analyte in blood is long and is facing several im-
portant and critical steps which can influence the end result
and, consequently, a clinical decision. Important part of this
process is preanalytics which combines different aspects -
from biological variability to sample collection and sample
handling prior to analysis.! Preanalytics is a source of ma-
jority of errors and should therefore be carefully executed.
The primary goal of every medical examination is to cause
no harm to a patient. Incorrect test results expose a patient
to diagnostic errors and an institution to unnecessary addi-
tional costs.®> As a part of a good laboratory practice our lab-
oratory follows Clinical Laboratory Standard Institute (CL-
SI) guidelines which propose each laboratory should
determine its own reference intervals on its own population
in their own laboratory environment.* When laboratory
prepares reference intervals for any kind of hormones in a

population, it is facing several problems. Excretion of hor-
mones differs on daily, weekly, monthly, seasonally basis,
and also depends on sex, age, drugs, and different physio-
logical states like pregnancy or puberty. Inclusion of a large
number of individuals in the establishment of reference in-
tervals may overcome those problems. It is also important to
set the time of blood withdrawal to prevent incorrect inter-
pretation of results, especially for hormones following circa-
dian rhythm like thyroid-stimulating hormone (TSH).
Studies have shown that the time of sample collection has an
impact on serum TSH value and should therefore be stand-
ardized to minimize the impact of false TSH values on clin-
ical decisions especially in subclinical hypothyroidism,
which is defined as elevated TSH, and normal free thyroxine
(fT,) and free triiodothyronine (fT5) values.® This fact was
confirmed by our study from 2016 which showed that 23%
of patients sent to our department from periphery laborato-
ries because of mildly elevated TSH (up to 10 mIU/L) had
normal thyroid gland, and only 22% really had elevated
TSH after the complete thyroid examination.” Other 55%
had Hashimoto's thyroiditis in euthyroid phase. A possible
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explanation for such differences could be too early blood
collection in the periphery laboratories. Generally, prefera-
ble time of blood collection for various tests is in fasting
state from 7 a.m. to 9 a.m.® If within the same timeframe
also a blood sample for thyroid function assessment is tak-
en, a falsely elevated TSH level could be measured.’ In-
creased TSH level may be associated with unnecessary
treatment or with unnecessary referral to thyroid specialist
that prolongs waiting list of patients for examination.

Reference intervals for each assay are given by man-
ufacturer in the Instructions for use (IFU). Given data,
however, usually lack information regarding health of ref-
erence population, median values and the time of collec-
tion of samples. The data that are obtained on samples
chosen by manufacturer are from apparently healthy adult
individuals. However, no data on their actual health or
thyroid status is available.

In several studies, reference values were established
in various populations. In most studies, the exclusion cri-
teria were not such that individuals with thyroid disorders
could be excluded or the values were obtained from data-
bases only. Thyroid diseases were mostly excluded by pa-
tient’s history, or by laboratory tests only and not by com-
plete clinical examination.!%11:12

Therefore, the aim of our work was to establish labo-
ratory-own reference intervals for TSH, fT, and fT; on a
method we are using in our laboratory considering the
time frame in which TSH has the lowest values according
to circadian rhythm - from 9 a.m. to 3 p.m. in a large group
of clinically examined individuals without thyroid disease.

2. Experimental

We reviewed medical records of all adult patients
who were examined by thyroid specialist for the first time
in their life between January 1, 2011, and December 31,
2014, at the Department of Nuclear Medicine, University
Medical Centre Ljubljana, Slovenia. In all patients, a rou-
tine clinical examination including thyroid ultrasound
was performed followed by the measurement of serum
concentration of TSH, fT,, T, thyroglobulin antibodies
(Tg-Ab), and thyroid peroxidase antibodies (TPO-Ab).
Reference intervals given by manufacturer at the time of
analysis were for TSH 0.55-4.78 mIU/L, fT, 11.5-22.7
pmol/L, fT; 3.5-6.5 pmol/L, and for Tg-Ab and TPO-AD,
up to 60 kU/L. We only included data of patients with a
normal thyroid gland, with no associated diseases and
without amiodarone or other drugs influencing the level of
TSH, fT; and T such as glucocorticoids or psychotropic
medication. Data from pregnant individuals were not in-
cluded in the study. We found 2073 reference individuals
from 15 to 93 years of age who met these criteria. Follow-
ing CLSI® guidelines only those from 18 to 65 years of age
were included into reference group, which made a group
of 1722 reference individuals.

2. 1. Sample Preparation

Venous blood was collected following standardized
protocol of venous blood sampling used at the depart-
ment.! Blood was taken from 9 a.m. to 3 p.m. into serum
collective tubes (BD Vacutainer blood collection tubes) by
trained nurses. Transportation was made across the hall
since laboratory is a part of the department. Blood was co-
agulating for 30 min and was centrifuged afterwards at 4
°C for 10 min at 3000 rpm. Measurements of all parame-
ters were performed on the day of collection using serum
from primary tube.

2. 2. Analysis

All biochemical analyses were performed on auto-
mated analyser Advia Centaur XP Immunoassay System
(Siemens Medical Solutions Diagnostics, Dublin, Ireland)
using chemiluminescent principle. All analyses on Advia
Centaur are traceable to standardization. The TSH3-Ultra
assay standardization is traceable to the World Health Or-
ganization (WHO) 3™ International Standard for human
TSH (IRP 81/565), which is the last generation of tests
available on the market.!* The fT, and T assays are trace-
able to an internal standard manufactured using U.S.P.
(United States Pharmacopeia).!> The Tg-Ab standardiza-
tion is traceable to the WHO Reference Preparation MRC
65/93 and the TPO-Ab standardization is traceable to the
WHO Reference Preparation MRC 66/387.1° Perfor-
mance characteristics for all assays are as follows. TSH
limit of detection is 0.008 mIU/L, linearity of the assay is
in the range from 0.008 to 150.0 mIU/L with the recovery
range from 96.3 to 105.0%. TSH intra-assay and inter-as-
say coefficients of variation ranged from 2.4% to 4.9% and
from 1.5% to 4.4%, respectively. Limits of detection for
fT, and T are 1.3 pmol/L and 0.3 pmol/L, respectively,
linearities of the assays are in the range from 1.3 to 155.0
pmol/L, and 0.3 to 30.8 pmol/L, respectively. Intra-assay
and inter-assay coeflicient of variations for free thyroid
hormones, {T, and fT5, ranged from 2.22% to 4.69% and
from 1.58% to 4.59% for fT, and from 2.35% to 3.08% and
from 2.76% to 4.05% for fT5. Limits of detection for TPO-
Ab and Tg-Ab are 28 kU/L and 15 kU/L, respectively,
while linearities of the assays are in the range from 28 to
1300 kU/L and from 15 to 500 kU/L, respectively. TPO-
Ab and Tg-ADb intra-assay and inter-assay coefficient of
variations ranged from 1.3% to 6.8% and from 2.8% to
3.4% for TPO-Ab and from 2.9% to 5.5% and from 1.8%
to 2.0% for Tg-Ab, respectively. Cross-reactivity of TSH
assay was shown non-detectable for human chorionic
gonadotropin  (hCG), follicle-stimulating hormone
(FSH), and luteinizing hormone (LH) tested at 200.000
mIU/L, 1500 mIU/L, and 600 mIU/L, respectively.
Cross-reactivity for fT, and fT; assays was below 1.0% for
diiodotyrosine, monoiodotyrosine, and reverse T. Quali-
ty controls (QC) for TSH, fT,, and fT; were performed
using independent control material, Liquicheck Immuno-
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assay Plus Control, Trilevel #360 (Bio-Rad Laboratories,
Inc.). As for Tg-Ab and TPO-AD control material Advia
Centaur Systems QC anti-TG and anti-TPO 1,2 (Siemens
Healthcare Diagnostics, Inc.) based on LOT of reagent
were used, low and high level.

2. 3. Estimation of Reference Intervals

Reference values for TSH, fT,, and fT; from data of
reference individuals were estimated using statistical
program MedCalc Statistical Software version 14.8.1
(MedCalc Software bvba, Ostend, Belgium, 2014). Refer-
ence intervals were determined by non-parametric per-
centile method following CLSI EP28-A3 with 95% refer-
ence interval, double sided. Outliers were analysed using
Reed et al. and none were detected.!” Results are present-
ed as lower and upper limit of reference values for each
parameter for all individuals and separately for men and
women.

2. 4. Ethical Approval

Study was approved by the Republic of Slovenia Na-
tional Medical Ethics Committee (number 47/08/14, Oc-
tober 24, 2014).

3. Results and Discussion

Into the reference group, 398 men and 1324 women
were included with the average age of 43 years for men and
38 years for women, respectively. The data are not sym-
metrically distributed (P < 0.0001), therefore, a non-para-
metric percentile method was used. The obtained intervals
from 2.5th to 97.5th percentile are presented in Table 1
including 90% coefficient interval and histograms of the
distribution of results are followed below in Figure 1. For
comparison, manufacturer’s intervals are also given.

Table 1. Reference intervals for serum concentration of TSH, fT,
and fT; obtained from 1722 reference individuals, given also sepa-
rately for men (398) and women (1324). Comparison of laborato-
ry-own and manufacturer’s reference intervals.

Parameter TSH (mIU/L) fT, (pmol/L) fT; (pmol/L)
Lower limit?® 0.59 11.3 3.79

CI 90%* 0.56-0.62 11.1-11.4 3.74-3.85
Upper limit® 423 18.8 6.05

CI 90%* 4.16 - 4.44 184-19.0 5.91-6.16
Men? 0.59-4.45 11.3-19.4  3.83-6.30
Women? 0.58 - 4.18 11.3-18.5 3.78-5.90
Advia Centaur XP®  0.55-4.78 11.5-22.7 3.5-6.5

2 Jaboratory-own data; "manufacturer’s data TSH, thyroid-stimulat-
ing hormone; fT,, free thyroxine; T, free triiodothyronine; CI,
confidence interval
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Figure 1. Histograms showing distribution of reference values in a
population of 1722 reference individuals. 1A: TSH distribution of
reference values with Coefficient of Skewness 0.5308 (P<0.0001)
and Coeflicient of Kurtosis -0.2141 (P = 0.0469); 1B: fT, distribu-
tion of reference values with Coefficient of Skewness 0.4014 (P <
0.0001) and Coefficient of Kurtosis 0.7660 (P < 0.0001); 1C: T dis-
tribution of reference values with Coefficient of Skewness 0.3044 (P
< 0.0001) and Coefficient of Kurtosis 0.5839 (P = 0.0001).
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We did not observe significant changes in reference
ranges between men and women.

Distribution of reference values is not normal which
is confirmed with Coefficients of Skewness and Kurtosis
and with D’Agostino-Pearson test.

Establishment of laboratory-own reference intervals
and their use in routine clinical practice should be performed
cautiously. All factors influencing these values should be tak-
en into account — preanalytical as well as analytical. Not only
they will prevent us from an impact they would have to the
calculation of lower and/or upper limits of intervals but they
will also help us with setting the time of the day blood sam-
ples should be taken and in which it is appropriate to use
them. This is very important when measuring serum levels
of various hormones due to present biological variations
such as pulsatile secretion and/or circadian rhythm.

In general, measurement of various hormones is
complex. First, differences between different immuno-
assays due to usage of different detecting antibodies exist.
This is a consequence of the nature of the individual ana-
lyte and of the prepared antibodies. Thus, the comparison
of values between different immunoassay methods can
mislead a clinician. This holds true especially for the meas-
urements of peptide and protein hormones which lack
standardization and, therefore, equivalency between as-
says is not possible. Second, methods have detection lim-
its. Third, endogenous and exogenous interferences may
importantly influence immunoassays and final concentra-
tions.!® Endogenous substances are usually well known
since they arrive from properties of the specimen. Nowa-
days, reagents are tested against some obvious interferenc-
es like molecules showing similar structure to analyte al-
though an impact of autoantibodies, binding proteins,
heterophile antibodies, human anti-animal antibodies al-
ways exists and one should always keep this in mind while
evaluating results. On the other hand exogenous interfer-
ences are usually not known or at least not known to the
laboratory due to lack of patient’s history and any prior
testing of interferences. This includes drugs, which can in-
fluence the measurement of an analyte, and can lead to
false positive or negative test results. An important prob-
lem is also different food supplements, which - with the
expansion of usage — impact the detection of hormones.
They are also very hard to detect. Some interferences have
been discovered lately, like biotin, which shows an impor-
tant impact on immunoassays, especially those which are
using biotin streptavidin reaction.!®?%2! Furthermore, as-
sociated diseases may influence test results. Thus, during
the diagnostic procedure, it is important to standardize as
many procedures as possible to minimize known influenc-
es. Therefore, the collaboration between a clinician and a
laboratory is absolutely necessary. An important part of
collaboration is also a special proximity of the laboratory
and clinical part which is an advantage at our department.

While preparing reference intervals it is very impor-
tant to know what kind of intervals you wish to prepare -

healthy or unhealthy adults, children, pregnant women.
Considering that, inclusion and exclusion criteria should
be selected cautiously. Individuals with known associated
diseases or medications could influence the end results
and should not be included into the reference group.

In most methods, the exact data of health status of
reference individuals are not given by manufacturer. How-
ever, for TSH and thyroid hormones, it is very important
that we know health and thyroid status of reference indi-
viduals. In our study, we have established reference values
for TSH and free thyroid hormones, which is the first such
study performed in Slovenian adult population. All indi-
viduals were clinically examined by thyroid specialists.
Therefore, presented data are based on really healthy pop-
ulation. We did not find this size of clinically and bio-
chemically proven healthy reference population in the
available literature. All the preanalytical and analytical in-
fluences were limited. The use of third generation TSH as-
say enabled us to determine values with good precision
and reproducibility. We did not find any statistical differ-
ence in reference intervals between men and women,
therefore reference intervals for the whole population were
implemented. The significant differences in reference
ranges between men and women were observed in Chi-
nese population.?? By contrast, in the study from Brasil, no
gender-related differences in reference ranges were
found.?* This indicates the differences between popula-
tions and the necessity for determination of popula-
tion-based reference intervals.

Our study showed narrower reference intervals as
those proposed by manufacturer with the exception of the
slightly lower limit for fT,. Most likely, an inclusion of a
high number of thyroid-healthy individuals only was a
reason for such results. Narrower reference intervals for
TSH and fT, were also found in the literature.?* Differenc-
es from reference intervals proposed by manufacturer
were observed in all three analytes. The most pronounced
change was observed in the upper level of T, which de-
creased from 22.7 pmol/L to 18.8 pmol/L. This change en-
ables detection of more patients with manifest hyperthy-
roidism (decreased level of TSH, increased level of T, or
fT). Generally, narrower reference intervals for TSH, fT,
and T help clinician not to overlook subclinical forms of
thyroid disorders. Since these also have an important
health impact, our results contribute to better manage-
ment of thyroid patients.

Children and pregnant women were excluded from
the study. For both populations, reference intervals should
be prepared separately due to different physiology of thy-
roid hormone synthesis and secretion.

4. Conclusions

Laboratory-own reference intervals for TSH, fT, and
fT; on a method we are using in our laboratory consider-
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ing the time frame in which TSH has the lowest values ac-
cording to circadian rhythm were established. These inter-
vals are mostly narrower than intervals proposed by man-
ufacturer and therefore improve management of thyroid
patients by better detection of patients with subclinical
thyroid disorders. Laboratories in the area which use the
same methodology could take over the established refer-
ence intervals. If laboratory or manufacturer changes
methodology, it is laboratory’s responsibility to verify
those changes and, if necessary, repeat the establishment
of reference intervals.
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Povzetek

Za oceno delovanja §¢itnice in klini¢no odlocanje je klju¢nega pomena uporaba ustreznih referen¢nih intervalov za
tirotropin (TSH), prosti tiroksin (pT,) in prosti trijodtironin (pT3). Priporocljivo je, da vsak laboratorij pripravi lastne re-
feren¢ne intervale. Za prvo slovensko postavitev referen¢nih intervalov za $¢itni¢ne hormone smo retrospektivno zbrali
veliko skupino 1722 zdravih posameznikov brez §¢itni¢ne bolezni. Analizo hormonov smo izvedli na avtomatiziranem
analizatorju Advia Centaur XP Immunoassay System (Siemens Healthineers). Proizvajalcevi referencni intervali za TSH
so bili 0,55-4,78 mIU/L, za pT, 11,5-22,7 pmol/L in za pT; 3,5-6,5 pmol/L. Za statisticno obdelavo podatkov smo
uporabili neparametri¢no metodo. Nasi laboratorijski referen¢ni intervali za TSH, pT, in pTj; so bili v glavnem ozji kot
tisti, ki jih je predlagal proizvajalec. Mediana vrednost in razpon sta bila za TSH 1,98 (0,59-4,23) mIU/L, za pT, 14,5
(11,3-18,8) pmol/L in za pT; 4,82 (3,79-6,05) pmol/L. Najverjetnejsi vzrok za takSen rezultat raziskave je bila vklju¢enost
velikega stevila zdravih posameznikov brez $¢itni¢ne bolezni.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

In the present work, both unused plasticized poly(1-chloroethylene) membranes and membranes taken from a flat roof
area were comprehensively analysed. First, tensile strength and elongation at breaking points were determined, followed
by measurements of wettability. Secondly, morphological changes were analysed using scanning electron microscopy
(SEM). To study chemical changes in aged membranes, Fourier transform infrared spectroscopy (FTIR) analysis in the
attenuated total reflection mode (ATR) was used. Finally, thermogravimetric analysis and differential scanning calorim-
etry (TGA-DSC) were performed simultaneously to study thermal degradation. The results show obvious changes in the
mechanical, physical and chemical properties of membranes caused by plasticizer loss. Surface microstructure becomes
stiffer, which leads to contractions and the prevalence of voids. In cross-sectional area, average thickness values decrease.
Due to the degradation of the plasticized waterproofing membranes, the roofing area had to be completely replaced.

Keywords: degradation; waterproofing membranes; plasticized PVC; SEM; FTIR; TGA-DSC

1. Introduction

Poly(1-chloroethylene) (PVC) is formed by the po-
lymerization of vinyl chloride monomers. It is one of the
most commonly used thermoplastics in construction, au-
tomotive, electrical parts and packaging.! The properties
of PVC can be significantly improved by adding plasticiz-
ers to make it more flexible and durable, which greatly ex-
pands its applications.” 3Plasticized PVC membranes are
among the most commonly used waterproofing materials
for roofing and geotechnical applications. However, prac-
tice shows that roofing membranes undergo chemical and
physical changes when exposed to the combined effects
of heat from solar radiation, near ultraviolet radiation, at-
mospheric oxidation, moisture and air pollution over long
periods of time.* As a result, plasticizers escape from the
membranes through evaporation, leaching, and migration
into other materials, causing significant changes in materi-
al flexibility, hardness, mass and elasticity.

Despite extensive research in recent years in the
field of testing of waterproofing membranes, there is still a

shortage of specific studies on the durability, repairability
and performance of such materials in roofing applications.
The performance of plasticized PVC membranes has been
evaluated by Dunn et al.® who exposed the membranes
to different climatic conditions for 4.5 years and reported
the loss of plasticizer by evaporation. Similarly, Audouin
et al.” showed that increased temperature affects the mi-
gration of plasticizer from the membranes. They analysed
the mass loss kinetics of plasticized PVC between 85 °C
and 120 °C. Ito and Nagai® investigated the influence of ar-
tificial ageing conditions on plasticized PVC. They found
obvious changes in mechanical properties and microstruc-
ture through the thickness difference caused by plasticiz-
er loss. Beer at al.® investigated the long-term behaviour
of plasticized PVC at different locations in Europe and
North America. They confirmed reduced low-temperature
flexibility and elongation at break points following plasti-
cizer migration. Blanco et al.!? investigated the long-term
behaviour of high-density polyethylene (HDPE), ethyl-
ene-propylene-diene monomer (EPDM) and plasticized
PVC membranes, and reported that the shear strength of
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joints remained relatively unaffected by ageing despite the
loss of plasticiser. Kositchaiyong et al.!! studied anti-fungal
performance and mechanical-morphological properties
of PVC and wood/PVC composites under the influence
of soil and UV light, and concluded that UV weathering
reduced the antifungal performance of the material from
81.4% to 28.3%. Recently, environmental and economic
comparisons of the life cycle performance of bituminous,
synthetic, liquid and cement-based membranes suitable
for flat roofs were reviewed by Goncalves et al.!? Paolini
et al.!® investigated twelve roofing membrane products
made of modified bitumen, PVC and polyolefin with dif-
ferent spectral reflectances in terms of energy demand
for building cooling. It was found that weathering, soil-
ing and biological growth significantly affect their solar
reflectance and thus increase the energy consumption for
air conditioning. Furthermore, as shown in our previous
study, natural ageing under high humidity and thermal
fluctuations can strongly influence the surface morphol-
ogy and chemical composition of fibrous insulation mate-
rial covered with plasticized PVC.!* A probable reason for
the deterioration of the insulation was the damaged wa-
terproofing PVC membrane. To ensure a fully functional
and repair-free lifetime of a building, the degradation and
durability estimation of covering water-repellent PVC-P
membranes must be considered.

The objectives of this study were to evaluate the basic
properties of plasticized PVC membranes and to measure

the level of degradation by comparing unused membranes
and weathered (aged) membranes from a flat roofing area.
To the best of the authors knowledge, little information was
reported in the literature on plasticized PVC membranes re-
inforced with a polyester mesh that can be used for mechan-
ically fixed roof systems above thermal insulation. First, the
mechanical properties and wettability of these membranes
were comprehensively evaluated. Secondly, morphological
changes in the microstructure were evaluated to determine
the thickness and prevalence of voids that were probably
created by plasticizer loss. To explain such plasticizer loss in
the material, chemical changes were identified and quanti-
fied. Finally, the thermal stability of the samples was exam-
ined to determine the degree of thermal degradation

2. Material and Characterization
Methods

New plasticized PVC membranes and membranes
from the flat roof area, which are about 10 years old, were
comprehensively analysed in a laboratory using various
techniques.

2. 1. Samples from the Case Study

1.2 mm thin Standard Grey RAL 7047 plasticized
PVC membranes reinforced with polyester mesh (Flagon

B

Figure 1. Plasticized PVC waterproofing membranes were taken from a flat industrial roof located in Slovenia, Central Europe (a, b) Extraction at
sampling location 1 (c). Naturally aged and locally damaged plasticized PVC membrane (d).
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SR, Soprema, Italy) were obtained from the unvented roof
of an industrial building located in Slovenia, Central Eu-
rope, which is characterized by a Cfb climate zone (Figure
1 a,b,c). Membranes are made of 51% pure PVC, 46% ad-
ditives and 3% reinforcing material. The roof construction
consisted of several layers: on top, a 1.2 mm thick plas-
ticized PVC membrane; below, a 200 mm thick layer of
thermal insulation with a density of 150 kg/m?, followed
by a 0.3 mm thick vapor barrier and trapezoidal sheet met-
al cladding anchored in steel roof beams (Appendix 1). An
inspection revealed that the waterproofing membranes
were damaged at several points where the photovoltaic
modules were installed; the damage was visible as star-
shaped cracks (Figure 1. d).

Samples exposed to natural outdoor weathering
were taken from various sampling locations, as shown in
Appendix 2. Location 1 is an area with many visible star-
shaped cracks on the surface of membranes. Location 2 is
an area where a strong colour variation of the membranes
was observed. Location 3 is a softening roofing area where
a significant deterioration in the strength of the insulation
has been observed. Plasticized PVC membranes were tak-
en from each of these roofing areas, immediately wrapped
in polyethylene, and transported to the laboratory for fur-
ther analysis.

Plasticized PVC membranes are produced by caste
spreading, whereby a spreading head applies a substrate
of a liquid-viscosity raw material called “plastisol”. The
spreading and gelation process is repeated four times, cre-
ating a membrane of four differently formulated layers.
Between the second and third layers an inner reinforcing
layer of polyester mesh is inserted. This process creates a
molecular bond between the layers, resulting in a homoge-
neous, elastic, single-layer membrane.!

2. 2. Mechanical Testing

The mechanical performance of new, unused PVC
membranes and aged membranes from the roof area was
measured with a Zwick/Roell Z010 universal testing ma-
chine according to standard EN 12311-2. The length of the
samples was 200 mm and width 50 mm. At an elongation
of 1% and 2%, the secant modulus of elasticity was meas-
ured at a cross-head speed of 1.25 mm/min. After exceed-
ing a deformation of 2%, samples were measured with a
test cross-head speed of 200 mm/min until they broke. All
specimens were tested in longitudinal and transverse direc-
tions using the same test method under laboratory condi-
tions T =393.15 + 2 K, RH (relative humidity) = 50 £ 5 %.

2. 3. Contact Angle Measurement

The wettability of plasticized membranes was as-
sessed with an exact experimental procedure. Droplets of
milli-Q water (a specific resistance of 18.2 pQ)) with exact
sizes of 10 pl were formed on a membrane with a micropi-

pette. Droplets were filmed with a Basler Acal300-200um
digital camera equipped with a Basler Premium Lens with
C-mount, connected to a computer using the OpenDrop
algorithm to calculate the contact angles.!® To avoid opti-
cal aberrations and the fake reflections from other sources
that can occur at the drop edge, the drop of was lit from the
opposite side with a diffusion light, which was achieved by
placing a glass diffuser between the light source and the
sessile drop. The undesired effect of drop oscillation was
minimized by using an anti-vibration table.

2. 4. Thickness Evaluation, Surface
Morphology and Chemical
Characterization

The thickness evaluation and morphological chang-
es in aged membrane microstructure were scanned using
ESEM (Environmental Scanning Electron Microscopy)
Quanta 200 3D (FEI Company, Hillsboro, OR). Chemical
modifications were identified and quantified using Fouri-
er Transform Infrared Spectroscopy (FTIR) analysis on a
Bruker Tensor 27 DTGS spectrometer in attenuated total
reflection (ATR) mode between 4000 and 450 cm™! with an
average of 32 consecutive scans and a resolution of 4 cm™.

2. 5. Low-temperature Flexibility

Low-temperature flexibility is an important mem-
brane property, especially during the application phase.
Normally, the flexibility of membranes decreases signifi-
cantly along with the surrounding temperature.” A test of
low-temperature resistance was carried out according to the
SIST EN 495-5 standard. This European Standard specifies
a method for the determination of the behaviour of plastic
and rubber sheets for waterproofing to folding after expo-
sure at a low temperature. The examined samples were fold-
ed at 180° and conditioned for 12 h at low temperatures in a
chamber. The occurrence of cracks in the samples indicates
that the material is not resistant to low temperatures.

2. 6. Thermal Degradation

Thermogravimetric analysis and thermal transition
of material samples were carried out using a TGA/DSC
(Differential Scanning Calorimetry) instrument (Mettler
Toledo). The investigated material was placed in separate
vials and heated in an N, atmosphere at a rate of 20 K/
min from 298 K to 1273 K. Mass loss was measured as a
consequence of thermal degradation of membrane layers.

3. Results and Discussion

3. 1. Mechanical Performance

The maximum tensile strength in MPa (o) and the
elongation at break in % (&) were determined for samples
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after 10 years of use and the values were compared with
those of new samples (Figures 2 and 3). Three samples
were tested from each sampling location. As can be seen in
Figure 3, there is a small variation in tensile strength in the
longitudinal direction of aged membranes. It appears that
the polyester mesh is well encapsulated within the mem-
brane matrix and has not degraded over time. In addition,
there is a tendency for tensile strength to increase with age,
as the membrane loses flexibility over time.’ Similar obser-
vations were made in a study by Blanco et al.!, where both
load and tensile strength in longitudinal and transversal

20+
15+
w
P e
= 10+ -
b
5 longitudinally tested
new no.1
---- newno.2
o- /. new no.3

0 10 20 30 40 50
strain (%)

directions were evaluated for 35-year-old geomembranes
with reinforced polyester.

On the other hand, the strength of aged membranes
decreases in the transverse directions compared to the
strength of a new membrane. As shown in Table 1, aged
membrane samples showed a shorter elongation at break
than that of the new membrane. This indicates a loss of
flexibility caused by natural aging under high humidi-
ty and thermal fluctuations. The deterioration in elastic
properties is caused by the loss of plasticizers as a result
of a long period of combined exposure to heat from solar
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Figure 2. Tensile strength and elongation at break (load/strain curves) for new plasticized PVC membrane samples tested longitudinal (left) and
transverse (right) directions at conditions: T = 393.15 + 2 K, RH (relative humidity) = 50 + 5 %.
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Figure 3. Tensile strength and elongation at break (load/strain curves) for aged, plasticized PVC membrane samples tested longitudinal (left) and
transverse (right) directions at conditions: T = 393.15 + 2 K, RH (relative humidity) = 50 + 5 %.
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radiation, ear-ultraviolet radiation, atmospheric oxida-
tion, humidity and air pollution.!” It was found that the
influence of plasticizer content has a certain influence on
elongation, but a mixed influence on the tensile strength of
membranes reinforced with polyester mesh. Despite suf-
ficient tensile strength, the wettability properties of these
membranes were strongly influenced by age.

Table 1. Tensile strength and elongation at break.

Sample o (MPa) € (%) o (MPa) € (%)
longitudinally transversely
New 20.23 22.36 19.17 20.01
18.68 44.54 19.27 20.51
20.43 22.16 18.17 19.28
Location 1 24.94 19.34 17.88 17.48
25.16 18.79 18.57 17.16
22.53 16.76 17.54 16.83
Location 2 23.90 18.36 15.91 17.21
23.55 17.31 15.04 15.49
23.70 18.39 16.12 16.51
Location 3 24.01 19.96 16.26 18.96
24.26 19.99 14.38 17.73
25.27 19.96 15.29 16.29

3. 2. Contact Angle and Wettability

The surface wettability of the membranes was eval-
uated by measuring the contact angles of sessile droplets.
As can be seen from Table 2, the contact angles of new

plasticized PVC membranes remain almost constant with-
in 180 seconds and have a significantly higher initial con-
tact angle compared to the aged samples. In contrast, the
contact angle for aged membranes is significantly reduced
from 56.1°+2.5° at 10s to 16.5°+4.5° at 30 seconds and be-
comes zero after 120 seconds (Table 3, 4 and 5). Despite
the good mechanical performance, the water repellence of
these membranes is strongly impaired. Increasing the hy-
drophilicity of the aged membrane increases the unwant-
ed water permeability and can cause damage in other roof
layers.!8

3. 3. Surface Morphology

As mentioned above, the distribution and loss of
plasticizer in the membrane can play an important role in
tensile strength and elongation at break as well as in wet-
tability properties. Change in surface of membranes that
may result in the loss of plasticizer was also demonstrated
by observation of micrographs from scanning electron mi-
croscopes (SEM).

3. 3. 1. Microstructure

Microphotographs of new and aged membranes tak-
en by SEM show significant differences between them. As
shown in Figure 4, new membranes have a smooth sur-
face, without cracks. Locally, only the grains of filler can
be observed. In contrast, aged membranes that have been
exposed to natural weathering show irritated surfaces with
many cracks, agglomerates and craters as a result of plas-
ticizer loss. The material becomes stiffer, which leads to

Table 2. Time-dependent contact angles of water droplets on new plasticized PVC membranes.

CA 69.4°+1.1° 68.2°+1.5°

66.5°+0.8° 65.11°+0.5°

t(s) 10s 30s

120 s 180 s

Table 3. Time-dependent contact angles of water droplets on naturally aged and damaged plasticized PVC membranes (location 1).

56.1°+2.5° 16.5°+4.5°
t(s) 0s 0s 120 s 180 s
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Table 4: Time-dependent contact angles of water droplets on naturally aged and damaged plasticized PVC membranes (location 2).

CA 54.1°£1.5° 18.5°+3.5°

t(s) 10s 0s 120's 180's

Table 5: Time-dependent contact angles of water droplets on naturally aged and damaged plasticized PVC membranes (location 3).

t(s) 10s 0s 120 s 180 s

CA 52.1°+4.5°

& | . H [

Figure 4. Microstructure of new membranes’ upper layer (a, c) and lower layer (b, d).
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Figure 5. The microstructure of aged membranes extracted from different sampling locations: 1 (a, b), 2 (¢, d), and 3 (e, f). The surface is more

heterogeneous, with many craters, cracks, agglomerates, and voids.

contractions and the prevalence of voids (Figure 5). It is
assumed that the rearrangement and aggregation of mo-
lecular chains are the main mechanisms of membrane
degradation.!? Pedrosa et al?’ presented an interesting
study using X-ray spectroscopy and SEM analysis of mem-
branes exposed to different weathering conditions. They
reported that aged membranes show numerous cracks and
fractures and there is a significant decrease in chlorine
content. Therefore, they suggested that dehydrochlorina-
tion may be the main mechanism of deterioration.

3. 3. 2. Thickness Evaluation

Cross-sectional microphotographs with thickness
evaluations of the investigated plasticized PVC mem-
branes are presented in Figure 6 and Table 6. It can be seen
that the thickness of the aged membranes is decreased. As
can be seen in Figure 6, there is also a visible difference
in cross-sectional area between new and aged membranes.

Table 6. Thickness of the new and aged membranes.

Samples Average value (mm) Standard deviation (%)
Location 1 1.17 1.25
Location 2 1.11 1.63
Location 3 1.09 1.63
New 1.18 2.05

Figure 6. Microphotographs in cross section with thickness evalua-
tion for new membrane (a) and aged membranes (a, b, ¢).

For example, the average thickness values for location 3
decrease from 1.18 mm to 1.09 mm. Changes in material
thickness might be because of the reduction of plasticiz-
er content. To justify plasticizer loss in material, chemical
changes were identified and quantified using ATR/FTIR
analysis.

Kravanja et al.: Degradation of Plasticized Poly(1-chloroethylene) ...
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3. 4. ATR/FTIR Analysis

FTIR spectra were recorded to investigate the chem-
ical changes in the aged membranes from location 3 (with
the highest exposed to solar radiation, near-ultraviolet
radiation, atmospheric oxidation and moisture. Both the
front (directly exposed to weathering) and side (inverted
next to the insulation material) surfaces of the membranes
were examined (Table 7, Figure 7 and 8). In FTIR, the spec-
tra appearance of several characteristic bands can be seen.
In particular, the C=O stretching vibration of the ester
function from plasticizer is detected at 1720.50 cm™. O-H
bending is detected at 1425.40 cm™! and symmetric and an-
tisymmetric vibrations of the ester C-O-C group in the re-
gion 1072.42 - 1280.08 cm™!. At the front side of aged mem-
brane new peaks appear at 1660.71-1618.28 cm™! that are
associated with the stretching of the C=C bonds of the aro-
matic ring, indicating that chemical degradation appeared
in the membrane molecules ?!. Compared to the front side
of new membranes, the characteristic C-Cl stretching vi-
bration at 642.95-605.65 cm™! is not visible. This suggests
that UV aging could have caused a dehydrochlorination
reaction. These data are consistent with changes in the

2926.01

2926.01

45

4000 3200 2400 1800 1400 1000 800 600 400
Figure 7. FTIR spectra at the front side of the new plasticized mem-
branes (black line) and aged membranes (red line) operating in at-
tenuated total reflection (ATR) mode.
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Figure 8. FTIR spectra at the back side of the plasticized mem-
branes (black line) and aged membranes (red line) operating in at-
tenuated total reflection (ATR) mode.

membrane morphology and elongation properties. On the
back side of the membranes there is no visible difference in
spectra between new and aged samples. The C-H stretch-
ing mode can be observed at 2954.95-2852.72 cm™! and
the trans C-H wagging mode at 873.75 cm™ 22,

Table 7: Main FTIR bands for the front and back sides of plasticized
PVC membranes.

Wavenumber, cm™! Chemical Group

Front side (new)

2954.95-2854.65
1720.50

C-H stretching
C=0 stretching

vibration
1425.40-1379.10 O-H bending
1280.08 C-O stretching
1122.57-1039.63 C-O stretching
873.75 C-H bending
740.67-605.65 C-Cl stretching
Front side (aged) 2926.01 C-H stretching
1660.71-1618.28 C=C stretching
1253.73 C-O stretching
Back side 2954.95-2852.72 C-H stretching
(new and aged) 1720.50 C=0 stretching
vibration
1425.40 O-H bending
1122.57 C-O stretching

742.95-605.65 C-Cl stretching

3.5 Low-temperature Flexibility

Three 50 mm wide rectangular samples from each
sampling location were folded between two metal plates
and then stored in a chamber to allow them to cool to the
desired test temperature. In the first experiment, all sam-
ples were subjected for 12 h to the temperature of 248 K
(—25 °C). New samples meet the requirement according to
the standard SIST EN 495-5 and stay unaltered after 180°
bending around a small radius. In contrast, the flexibili-
ty of all aged membranes decreased significantly. Visible
cracks were observed on the surface of the membranes and
it was also possible to see into the polyester reinforcement
in the upper layer of the membrane.

In the second experiment, the lowest temperature at
which aged samples stay visually unaltered (without crack-
ing) was recorded (Figure 9 a). The reproducibility of the
test method was + 5 K. There is a clear difference in low
temperature flexibility between new and aged membranes.
As can be seen in Figure 9, aged membranes are resistant
to low temperature bending up to 278 + 5 K, while new
ones are resistant to 238 K. The results are in accordance
with those in a study by Beer et al., who performed sim-
ilar tests on PVC membranes after long-term exposure.’
Although flexibility is mainly an issue during installation
and roof maintenance, the obtained results are important
to understand the long-term behaviour of membranes.
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Figure 9. The lowest temperature at which aged samples stay visually unaltered (a). Cracks were observed along the upper layer of aged membranes

after exposure to the temperature of 248 K (=25 °C) (b).

3. 6. TGA-DSC Analysis

Figure 10 shows the thermal properties of a new
membrane and an aged membrane (from location 3) heat-
ed in nitrogen at a temperature range from 298 K up to
1273 K. The TG characteristic temperatures of the mem-
branes are illustrated in Figure 10, including the onset
temperature (T,), 5% weight loss temperature (Tso),
the temperature at the maximum degradation rate (Ty,,,),
and the maximum degradation rate (R,,,). It can be ob-
served that new membranes have relatively high thermal
stability below 470.93 K. In the case of aged membranes,
the weathering effects led to a decrease in the T, val-
ue from 470.93 K to 411.83 K, and for T5y, from 560.65 K
to 536.38 K. This seems to confirm that weathering aging
over a long period of time resulted in degradation of the
membrane molecules, as suggested by FTIR analysis.

The initial negative heat flux shows that the de-
composition reactions occur due to the heating of PVC,

plasticizers and polyester mesh. In this step, dehydrochlo-
rination takes place, producing HCl molecules.?® In the
temperature range from 540 K to 650K, both membranes
show a characteristic endothermic deviation from base-
line, which is more evident in a new sample (Figure 10).
The increase in heat flux at about 880 K could correspond
to an exothermic transformation caused by crystallization
of the samples. HCl is released from the melt and the mol-
ecules are rearranged by cross-linking reactions. Above
1273 K, the total charring of the membranes corresponds
to a high negative heat flux.

4. Conclusions

The results of the measurements reaffirmed the sen-
sitivity of plasticized PVC membranes reinforced with
polyester mesh used for mechanically fixed unvented roof
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Figure 10. Results of the TGA-DSC analysis for new and aged membranes from location 3.
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systems over thermal insulation. During 10 years of use,
plasticized PVC gradually degraded, and its primary phys-
ical, chemical and mechanical properties changed. This
tendency was observed in all three sampling locations.
Therefore, the roofing area had to be completely replaced.
The main conclusions are:

e there is a tendency for tensile strength to increase
with age. It appears that the polyester mesh is well
encapsulated within the membrane matrix,

e aged membrane samples exhibited shorter elonga-
tion at break than new ones. This indicates a loss of
flexibility under high humidity and thermal fluctu-
ations,

o wettability properties of examined membranes were
highly affected by age,

o the surface of aged membranes is more heterogene-
ous that that of new ones, containing many craters,
cracks, agglomerates, and voids. Similarly, the thick-
ness of the aged membranes decreased probably due
the migration of plasticizer content,

e FTIR analysis confirmed the chemical changes in
aged membranes. New peaks appear at 1660.71-
1618.28 cm™!, indicating that chemical degradation
had occurred in the membrane molecules,

e when low-temperature flexibility tests were per-
formed, visible cracks were observed along the aged
membranes,

o thermal analysis revealed that the weathering aging
effects resulted in reductions of Ty and Tse,.

To reduce degradation and increase the durability of
PVC membranes, new durable additives and plasticizers
that are resistant to heat from solar radiation, near-ultravi-
olet radiation, atmospheric oxidation and moisture should
be used. In future studies, we will use time-temperature
superposition models to assess the effect of aging on wa-
terproofing membranes.
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Povzetek

Z namenom ugotoviti vzroke degradacije in preucitve vplivov naravnega staranja na obstojnost plastificiranih polivi-
nilkloridih membran, smo izvedli vzor¢enje poskodovanih membran iz industrijskih stre$nih kritin in jih primerjali z
novimi. Dolo¢ili smo natezne trdnosti, stopnjo elongacije do pretrga, in omo¢ljivost membran. Nato smo z uporabo ske-
nirane elektronske mikroskopije (SEM) analizirali morfoloske mikrostrukturne spremembe in dolo¢ili debeline mem-
bran. Za preucevanje kemijskih sprememb v starih membranah smo uporabili Fourierevo analizo z infrardeco spektro-
skopijo (FTIR). Z namenom preucevanja toplotne razgradnje smo uporabili termogravimetri¢no analizo in diferen¢no
dinami¢no kalorimetrijo (TGA-DSC). Rezultati nakazujejo na ocitne spremembe mehanskih, fizikalnih in kemijskih
lastnosti poskodovanih membran, kar nakazuje na zmanj$anje vsebnosti plastifikatorja. Povrsina membran postane trsa,
kar povzro¢i kréenje in raz$irjenost praznin. Povpre¢ne debeline membran na preseku se zmanj$ajo. Zaradi degradacije
hidroizolacije iz plastificiranega PVC-ja, je bilo stre$no kritino potrebno zamenjati v celoti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Povzetek

Boris Krajnc je bil prvi habilitirani u¢itelj ljubljanske univerze za podro¢je biokemije - imenovanje v naziv docenta je
datirano s 5. januarjem 1946. Vendar se je Krajnéeva zivljenjska pot zelo hitro koncala, saj so ga 27. oktobra 1947 aretirali
in 26. aprila 1948 na montiranem dachauskem procesu obsodili na smrt. Ustrelili naj bi ga 12. maja 1948, starega 34 let.
Krajnéeva Zivljenjska zgodba je tesno povezana z delom vec slovenskih kemikov, ki so bili kot zaporniki v koncentraci-
jskem tabori$¢u Dachau izbrani za tehni¢no pomo¢ pri izvedbah poskusov na ljudeh ali pri delu v klini¢nem laboratoriju.
Na povojnih dachauskih procesih v Ljubljani je bilo skupaj obsojenih 8 kemikov, od teh jih je bilo 5 obsojenih na smrt
in ustreljenih. V kasnejsih presojah dachauskih procesov se je izkazalo, da so bile obtoZnice skonstruirane, priznanja pa
pridobljena s krutimi zasli$evalskimi metodami, zato so bile vse sodbe razveljavljene. Po emigraciji encimatika Richarda
Klemna ter pregonu Maksa Samca in Marte Blinc z univerze je bil Boris Krajnc tisti, ki naj bi skrbel za biokemijo na
Tehniski fakulteti. Po njegovi smrti je nekaj let biokemijo predaval Krajné¢ev mlajsi kolega Dugan Stucin z Medicinske
fakultete, potem pa biokemije ve¢ let ni bilo v kemijskem kurikulumu.

Kljucne besede: biokemija; dachauski procesi; Polygal; strjevanje krvi

1. Uvod

Dachauski procesi je skupno ime za politi¢ne procese
v letih 1948 in 1949, v katerih je bilo skupaj obsojenih ve¢
kot 30 ljudi, med njimi $tevilni na smrtno kazen. Med zrt-
vami teh procesov je bilo kar 9 kemikov'. Predhodnik da-
chauskih procesov je bilo sojenje za delovno nesreco v hra-
stnigki steklarni, ki jo je oblast Zelela prikazati kot sabotazo,
vendar takrat toZilcu ni uspelo dovolj dobro utemeljiti ob-
toZnice, zato so sodbo razveljavili. V nadaljevanju so prei-
skovalci natan¢no preverili pred- in medvojno delovanje
tistih, ki so bili povezani s hrastnisko steklarno in pri tem
opazili povezave med strokovnjaki na nekaterih pomemb-
nih polozajih, ki jim je bilo skupno to, da so preziveli ob-
dobje internacije v koncentracijskem tabori$¢u Dachau (in
nekateri Buchenwald), ter ve¢inoma sodelovali kot tehnic-
no osebje pri poskusih na ljudeh ali v laboratoriju taboris¢-
ne bolnignice. Zaradi ustreznih znanj so to pogosto bili ke-
miki, zaradi pomembnosti dela, ki so ga opravljali, pa so v
primerjavi z ostalimi interniranci imeli ugodnejse zivljenj-

I Obtozeni so bili kemiki Karel Barle, Branko Diehl, Boris Fakin, Mir-
ko Kosir, Boris Krajnc, Vladimir Li¢en, Mitja Sark in Milan Stepi$nik.
Mirko Pibernik je umrl med preiskavo, torej pred vloZitvijo obtoZnice.

ske razmere. Obtoznica jih je prikazala kot tajne agente Ge-
stapa, ki so jih nemske oblasti poslale na presolanje v tabo-
ri$¢a, da bi se tam pomesali med rojake, pridobivali podat-
ke in se kasneje vrnili v Slovenijo ter nadaljevali z delom
kot agenti. Po vojni naj bi tujim agenturam posredovali
podatke o stanju v Sloveniji in izvajali sabotaze. Hkrati naj
bi se ti ,agenti‘ medsebojno podpirali pri pridobivanju vo-
dilnih polozajev v gospodarstvu in politiki.

Eden od obtozenih kemikov je bil Boris Krajnc, ki je
komaj dobro leto in pol pred aretacijo postal docent za po-
dro¢je biokemije na Tehnigki fakulteti ljubljanske univerze.
Po Richardu Klemnu, ki je emigriral Ze leta 1942}, je bil
Krajnc naslednji ucitelj ljubljanske univerze, ki se je ukvar-
jal z biokemijskimi temami, vendar je Klemen po imenova-
nju za privatnega docenta predaval predvsem encimatiko
in kmetijsko kemijo, Krajnc pa prav biokemijo, zato ga Fa-
kulteta za kemijo in kemijsko tehnologijo Univerze v Lju-
bljani vodi kot docenta za podrocje biokemije (ob njego-
vem imenovanju podro¢je habilitacije ni bilo definirano).

Sojenje Borisu Krajncu in drugim obsojenim na da-
chauskih procesih je bilo v naslednjih desetletjih veckrat
strokovno obdelano in vecina sodb je bila konéno razve-
ljavljenih leta 1976. Ceprav je res, da so nekateri slovenski
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kemiki sodelovali v psevdomedicinskih raziskavah v tabo-
ri$¢u Dachau, njihovo sodelovanje pri tem ni bilo prosto-
voljno, oziroma dela niso mogli zapustiti po lastni Zelji, kot
neutemeljene pa so se izkazale tudi druge tocke obtoznic.

2. Zivljenjska pot Borisa Krajnca

Boris Krajnc (slika 1) se je rodil 25. decembra 1913
na Reki na Hrvagkem, kjer je bil o¢e Ivan posojilniski ura-
dnik. Druzina se je kmalu preselila v Celje, od koder je bila
mati Franja, rojena Bozi¢. Boris je v Celju opravil 5 razre-
dov osnovne $ole (1925) in nato 8 razredov realne gimna-
zije (maturiral je junija 1933 kot Borislav Krajnc). Oce je
umrl decembra 1931, tako da je Boris ostal sam z mamo.

Slika 1: Fotografija B. Krajnca iz osebne izkaznice, datirane s 3. 3.
1946. Vir: Arhiv Republike Slovenija, SI AS 1931, RSNZ SRS, Da-
chauski procesi, $k. 512.

Leta 1933 se je vpisal na ljubljansko univerzo, kjer je
na Tehniski fakulteti Studiral kemijo. Diplomiral je pod
mentorstvom Maksa Samca z nalogo »Metiliranje skrobo-
vih substanc«. Strokovni del diplomske naloge je zagovar-
jal 29. septembra 1938, diplomska listina pa je datirana s 3.
julijem 1939.

Studijski kolega Borisa Krajnca je bil Mirko (Fride-
rik) Dermelj (1914-2018), ne¢ak Maksa Samca. Ko sta
zakljudila $tudij (na isti dan), je Samec Dermelja poslal

na izpopolnjevanje v Heidelberg", njegovega prijatelja
Krajnca pa v Berlin. S $tipendijo v okviru mednarodne
izmenjave $tudentov je od novembra 1938 do maja 1939
deloval na Kemijskem institutu cesarja Wihelma (nem.:
Kaiser-Wilhelm-Institut fiir Chemie) v laboratoriju dr.
Kurta Hessa (1888-1961), ki je bil zagret prista§ nacio-
nalsocializma™. Skupaj s Hessom je Krajnc leta 1940 v
reviji nemskega kemijskega drustva »Berichte der deut-
schen chemischen Gesselschaft« objavil najprej kratek
¢lanek o doloc¢anju kon¢nih skupin sestavin $kroba?, nato
pa v isti reviji §e ¢lanek’ z naslovom »O visokometilira-
nem $krobu in vprasanje njegovih cepitvenih sladkorjev«
(soavtor tudi Hans Albrecht Schulze). V drugem ¢lanku
je Krajnc zapisan napa¢no (Kranjc) in brez afiliacije lju-
bljanske univerze.

Mirko Dermelj je ostal v Nem¢iji do septembra,
Krajnc pa le do maja 1939, torej 7 mesecev". Nato je
Krajnc v starojugoslovanski vojski odsluzil 9-mese¢ni
»dijaski rok« v Krusevcu v Srbiji in to s polozenim izpi-
tom za rezervnega oficirja’; njegov zadnji ¢in je bil pod-
narednik. Vojaski rok sta sluzila z Dermeljem v isti voja-
$nici in sodasno, prav tako sta se leta 1940 oba zaposlila v
zelezarni na Jesenicah. Krajnc je 15. septembra 1940 pos-
tal obratni asistent v Kranjski industrijski druzbi (KID),
ki je upravljala z Zelezarno, vendar je bilo njegovo delov-
no mesto v opekarni. Pred izbruhom 2. svetovne vojne
sta bila z Dermeljem in verjetno Se nekaterimi drugimi
slovenskimi kemiki mobilizirana v vojno-tehni¢ni zavod
Obili¢evo v Krusevcu (Srbija). Ker pa so Krusevac ze prvi
dan vojne bombardirali, so se vojaki odpravili proti Sara-

II  Dermelj se je usposabljal pri dr. Karlu Freudenbergu na Raziskoval-
nem institutu za kemijo lesa in polisaharidov na Univerzi v Heidelbergu
bruhu 2. svetovne vojne je moral zapustiti Heidelberg zaradi bliZine Fran-
cije, ki je vstopila v vojno z Nemcijo**®. Na zasliSanju novembra 1947 pa
je Dermelj izjavil, da sta imela s Krajncem stipendijo ljubljanske univerze
in da se je vrnil v Ljubljano Ze junija 1939. Ko so ga preiskovali zaradi
ocitanega medvojnega oportunizma, je izjavil, da je v Heidelbergu ‘zago-
varjal svojo diplomsko nalogo’ in da se Samec in Freudenberg strokovno
nista dobro razumela.

III Hess je na institut prisel leta 1921 in ustanovil oddelek za kemijo
celuloze. Leta 1931 je odsel v industrijo (IG Farben), a je ohranil status go-
stujocega sodelavca in $e naprej vodil oddelek. Njegova nacisti¢na usmer-
jenost se kaze s tem, da je prijavil fizi¢arko Lise Meitner, ki je bila avstrij-
ska judinja - sicer pa tesna sodelavka direktorja instituta, nobelovca Otta
Hahna - verjetno v Zelji, da bi zamenjal Hahna na direktorskem mestu’.

IV V ¢asu izpopolnjevanja v Berlinu je prilo verjetno do nekega ne-
soglasja, kar je mogoce razbrati iz navedbe Borisa Krajnca, ko je med
preiskavo za Diehl-Oswaldov proces opisal zna¢aj Maksa Samca. Tam je
omenil, da so se stiki med Samcem in Hessom ohladili prav zaradi Krajn-
¢evega dela v Berlinu.

V' Rekruti s kon¢ano srednjo $olo so do leta 1940 lahko za 9 mesecev
vstopili v Solo za rezervne vojaske staresine, potem pa so polagali izpit.
Ce ga niso opravili, so morali nadaljevati s sluzenjem do dopolnjenih 14
mesecev (obicajni rok je trajal 18 mesecev, v letalstvu in mornarici pa 2
leti). Septembra 1940 so z uredbo dijaski rok podaljsali na 12 mesecev,
¢e so bili naborniki neuspesni pri kon¢nem izpitu, pa so morali ostati
v vojski skupaj 18 mesecev, medtem ko je bil redni rok v vseh rodovih
vojske 2 leti®.
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jevu'l. Ob kapitulaciji jugoslovanske armade 17. 4. 1941
sta bila Krajnc in Dermelj torej v Sarajevu, od koder sta
se uspela preko Zagreba vrniti na Jesenice. Od oktobra
1941 je bil Krajnc povezan z delovanjem Osvobodilne
fronte na Jesenicah, a so ga nekaj mesecev kasneje areti-
rali. Od 22. januarja do 16. marca 1942 je bil zaprt v Be-
gunjah, kjer so ga pogosto zasliSevali, od tam pa je bil
interniran v Dachau.

V koncentracijsko tabori§¢e Dachau je prispel 18.
marca 1942 in ostal zaprt do 22. decembra 1943. Po Krajn-
¢evi navedbi v usluzbenskem listu"" je bil zapor v Dachauu
spremenjen v konfinacijo, od koder naj bi pobegnil no-
vembra 1944 in se vrnil na Jesenice. Pridruzil se je parti-
zanskemu Jeseni$ko-bohinjskemu odredu, od decembra
1944 pa je bil referent za industrijo pri Okroznem odboru
Osvobodilne fronte Jesenice.

V casu, ko je bil Krajnc v tabori$¢u Dachau, ga je ver-
jetno trikrat obiskal $tudijski kolega in prijatelj Mirko Der-
melj"™, prvi¢ za novo leto 1944. Ob tem je Krajnc dobil
prost dan, ko je lahko od$el v Miinchen in tam tudi pres-
pal. Dermelju je ob prvem obisku pripovedoval o poskusih
s podhlajevanjem, pri katerih je sodeloval. Drugic¢ je z
Dermeljem potovala tudi ,starejsa kemicarka Zakrajskova
iz Maribora® (Marija Zakrajsek, diplomirala 1936, torej dve
leti pred Krajncem in Dermeljem)™. Iz zapisnikov zasliSan;
Borisa Krajnca v letih 1947/48 je razvidno, da sta ga obi-
skali tudi mama in kasnej$a Zena in da je ob teh prilozno-
stih vedno lahko prespal v Miinchnu v hotelu.

O njegovem delu v Dachauu, ki je podrobneje razlo-
zeno v nadaljevanju, je znano, da je ve¢ino ¢asa sodeloval
pri razvoju preparata za strjevanje krvi v skupini, ki jo je
vodil Sigmund Rascher, kasneje pa je vodenje prevzel Kurt
Plotner.

Da status Borisa Krajnca ni ustrezal klasi¢ni predsta-
vi 0 nekom, ki je bil zaprt v taboris¢u Dachau, govori po-
datek, da je bil konec maja 1944 na dopustu doma, a se je
nato vrnil v Dachau. V Slovenijo se je dokoné¢no vrnil 7.
novembra 1944 na osnovi ponarejenega dokumenta¥®, ki so

VI Vodja generalstaba je z odhodom jugoslovanske vlade in kralja v Gr-
¢ijo prevzel general Kalafatovi¢, vchovno poveljstvo pa je bilo names$¢eno
v blizini Sarajeva®. Nemsko letalstvo je Sarajevo bombardiralo 12. in 13.
aprila, 15. aprila pa so nemske enote vkorakale v mesto?°.

VII Personalna mapa v arhivu Univerze v Ljubljani $t. 87/1167.

VIII V prepisu zasebnega pogovora z Mirkom Dermeljem iz leta
2012, ki mi ga je posredovala dr. Tatjana Peterlin-Neumeier, sta omenje-
na dva obiska, v zasli$anjih po 2. svetovni vojni pa je izjavil, da je bil na
obisku trikrat.

IX Po Dermeljevem pripovedovanju (novembra 2012) je ob drugem
obisku Krajnc iz tabori$¢a pretihotapil revolver, ki naj bi ga dobil v za-
meno za kos kruha pri zaporniku, ki je delal zunaj tabori$¢a pri ¢is¢enju
posledic letalskih bombardiranj, in majhen radijski sprejemnik, ki so ga
zaporniki naredili iz elektrotehniSkega materiala, zbranega iz sestreljenih
letal. Radijski aparat je Dermelj kasneje predal partizanom. Krajnceva
Zena pa omenja v zasliSanju dne 22. 11. 1949 dve ali tri pistole, ki naj bi
jih preskrbel profesor kemije Boris Skerlj iz Kranja (ki je med vojno delal
v Miinchnu) in preko Borisa Krajnca posredoval Dermelju.

XV Janzekovi¢evem porocilu' iz leta 1970 je napa¢no navedeno, da

mu ga organizirali sodelavci OF z Jesenic in mu ga je pri-
nesel Milan Stepi$nik, ko se je oktobra 1944 vrnil z do-
pusta. Takoj po prihodu na Jesenice je Krajnc odsel preko
zveze na Crnem vrhu nad Jesenicami k partizanom™.,

Po osvoboditvi je bil Boris Krajnc od 25. 5. 1945 do
31. 1. 1946 vrsilec dolznosti $efa odseka za kemijsko indu-
strijo na Ministrstvu za industrijo in rudarstvo Ljudske
republike Slovenije. Kaze, da se je tam zavzemal za odprtje
tovarne za predelavo magnezita (iz njega bi lahko pridobi-
vali magnezijev oksid, uporaben za proizvodnjo ognjeod-
porne opeke za plavze), ohranjen pa je tudi njegov referat
o hidrolizi lesa. Junija 1945 se je na Jesenicah porodil z
Ivanko Zvezda (1919-2012).

Doktorsko disertacijo z naslovom »Kon¢ne skupine
in struktura skrobovih komponent« je Boris Krajnc zago-
varjal 10. novembra 1945, V nalogi je Maks Samec, ki po
osvoboditvi ni ve¢ smel delovati na univerzi, naveden kot
delovni mentor, Marij Rebek pa kot ,referent’ (mentor).
Zagovor je bil samo en mesec pred pred¢asno upokojitvijo
Marija Rebka, po kateri se je odselil v Gradec, kjer je Se
naprej predaval. Nenavadno je, da Krajnc po vrnitvi iz
Berlina maja 1939 sploh ni ve¢ delal na tematiki svoje dok-
torske naloge, tako da disertacija temelji na rezultatih, do-
bljenih v obdobju 7-mese¢nega podiplomskega usposa-
bljanja. Njegova disertacija, ki jo hrani NUK, ima le 8 stra-

ni*™ in vklju¢uje 5 tabel, 1 shemo in 15 virov. Vendar je v

je uporabil ponarejeno potrdilo, ki mu ga je priskrbel Stepisnik za dopust
maja 1944. V resnici je to potrdilo dobil Sele po Stepisnikovi vrnitvi z do-
pusta konec oktobra 1944, uporabil pa ga je za pobeg iz Dachaua. Kot je
izjavil v preiskovalnem postopku, je pobeg izvedel v ¢asu, ko je bil vodja
skupine, dr. Pl6tner, v ‘Berlinu, z ‘Lebersdorferjem’ pa se je dogovoril, da
bi v primeru, ¢e bi kdo po telefonu preverjal Krajn¢ev odhod, rekel, da
je vse v redu. Gre za Josefa (Seppa) Leberstorferja (roj. 1912), Studenta
medicine z Dunaja, ki je kot zapornik delal na rentgenskem in zobnem
oddelku, sicer pa je bil predvojni komunist, ki so ga v Dachau privedli Ze
junija 1941 (izpuscen je bil 10. 11.1944). Od maja 1944 je Leberstorfer
bil kapo (nadzorni zapornik) v stavbi, kjer je bila tabori$¢na bolni$nica
z laboratoriji. Plotner je poleg vodenja raziskovalne skupine v Dachauu
bil na mestu tabori$¢nega zdravnika v Sachsenhausnu nedale¢ od Berli-
na. Vendar tam ni zdravil, pa¢ pa je verjetno zgolj opravljal poskuse na
zapornikih®. Da je bil ‘v Berlinu, verjetno pomeni, da je bil v taboris¢u
Sachsenhausen.

XI Kot opisuje Mirko Dermelj (gl. opombo VIII), je preno¢il v po¢itni-
$ki hisi druzine Zvezda, od tam pa je ponj prisel nekdo od partizanskih
sodelavcev. Enota naj bi se kasneje zadrzevala na podro¢ju Pokljuke.

XII Promocija doktorata je bila Sele 5. oktobra 1946, ko je bil Krajnc ze
docent. V seznamu doktorjev UL je listina vpisana pod $t. 649, z dopisom
THF (Tehniska fakulteta).

XIII Za primerjavo sem preveril nekaj drugih doktoratov Teh-
niske fakultete iz tistega obdobja. Istega leta (20. decembra 1945) je iz
kemije doktoriral Bozo Tezak (1907-1980), kasnejsi profesor zagrebske
univerze, in sicer z disertacijo »Istrazivanje taloznih struktura barium
sulfata«. Tezak je do takrat objavil 11 strokovnih in znanstvenih ¢lan-
kov, a je njegova naloga obsegala 69 strani*?, NUK pa pod tem naslovom
in z letnico 1945 hrani samo 3-stranski separat, ki nima znacilnosti di-
sertacije. Eno leto prej je doktoriral Ludvik Zagar z nalogo »Primerjava
amilopektinov koruznega in krompirjevega Skroba«, NUK pa pod tem
naslovom hrani »odlomke iz inavguralne disertacije« v obsegu 5 strani.
Disertacij (niti izvleckov) kemikov, ki so promovirali do leta 1955, NUK
ne hrani, z izjemo nekaterih, ki so razsirjene izvlecke objavili v Razpravah
SAZU (Dusan Hadzi, Drago Lebez).
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predvojnem in zgodnjem povojnem obdobju bilo obi¢aj-
no, da kot tiskana publikacija izide le kratek izvleéek, ki ga
disertacije’.

Senat Univerze v Ljubljani je 11. decembra 1945
sprejel pobudo Tehniske fakultete in predlagal »$efa odse-
ka za kemi¢no industrijo pri min. industrije in rudarstva
tov. ing. Borisa Krajnca za univerzitetnega docenta za bio-
kemijo«. Nato je 5. januarja 1946 minister za prosveto™"”
Krajnca z odlokom imenoval za univerzitetnega docenta
na Tehniski fakulteti ljubljanske univerze (slika 2). S febru-
arjem 1946 se je Krajnc zaposlil kot docent, razvrs¢en v
VII. poloZajno skupino, novembra 1947 (ko je bil ze v za-
poru) pa je napredoval v docenta II. Univerzi je predlozil
potrdilo o nekaznovanju, datirano s 25. 3. 1947.

NARODNA VLADA SLOVENIJE PREPIS
Ministrestve za prosveteo

Stev. 13783/1-45. Y Ljubljani, dne 7.januarja 1946.

Tov.

Ing. ERANJC Borise
Hof odseka za kem,industr.pri mim.sa indu=
strije in rudarstve

v Lijnkwl jani.
——

===s=zsssssscassosszas

Minister za prosvetc NVS Vas je ustrezno predlogn uni=
verzitetnega senata na temelju 3.toSke 4.%lena Zalasne uredbe NVS
2z dne 30,avgusta 1945 imenoval = odlokom g dne 5.januarja t.1l.,8t.
436 se univ.docenta v VII.(sedmi) poloZajni skupini drZavmih uradni=
kov na tehnifko fakulteto univerze v Ljubljani.

Listine, priloZene Va#i prodnji, se Vam obenem vralajo.
Smrt fadizmu - svobodo narodu!

Pomolnik ministra sa prosvete

L.8. JoZe JURANGIS 1.r.

Slika 2: Dopis Ministrstva za prosveto o imenovanju Borisa Krajnca
za docenta na predlog senata ljubljanske univerze. Vir: Zgodovinski
arhiv in muzej Univerze v Ljubljani (ZAMU) IV - 87/1167, perso-
nalna mapa Borisa Krajnca.

V seznamu predavanj Univerze v Ljubljani za poletni
semester 1945/46 je Boris Krajnc naveden kot edini ¢lan
Instituta za biokemijo z redno zaposlitvijo, ob njem pa je
kot honorarni predavatelj §e inZ. Josip Slajmer, zadolzen za
predmet Tehni¢na mikrobiologija. Krajnc je naveden s
predmetom Izbrana poglavja iz biokemije (2 h predavan;
tedensko in 15 h biokemijskega praktikuma, ki se je izvajal
v laboratoriju za organsko kemijo).

Na ravni drzave je bil avgusta 1946 predpisan ucni
nacrt, ki je za $tudente kemije predvideval v 2. letniku
predmet Tehni¢no mikroskopiranje, v 4. letniku pa Izbra-
na poglavja iz biokemije in encimatike ter Tehni¢no mi-
krobiologijo. Dolocen je bil tudi u¢ni nacrt za lo¢en dvole-
tni $tudij farmacije, ki pa takrat $e ni vseboval biokemije.
V zimskem semestru 1946/47 je Krajnc tako naveden pri

X1V Glede na izjavo Borisa Fakina med preiskavo in obravnavo
na dachauskem procesu naj bi si Krajnc Zelel priti na univerzo, zato ga je
»priporo¢il ministru za prosveto kot najboljSega znanstvenega delavca in
partijca«™.

predmetu Izbrana poglavja iz biokemije in encimatike (2 h
predavanj, 5 h vaj), v poletnem semestru pa pri predmetu
Tehni¢na kataliza (2 h predavanj).

V zimskem semestru 1947/48 je Krajnc pokrival
predmet Tehnologija katalitskih procesov (3 h predavanj,
20 h vaj). Bolj bioloske in biokemijske vsebine so v tem
semestru poleg inz. Slajmerja izvajali $e drugi zunanji pre-
davatelji: Joze Lazar Botani¢ne mikroskopsko-anatomske
vaje ter vaje iz Sistematike rastlin, Peter Lence Anatomijo
in fiziologijo ¢loveka za farmacevte, Albin Seliskar z Medi-
cinske fakultete pa Fiziolosko kemijo.

Glede Krajncevega raziskovalnega dela v letih 1946-
47 ni veliko podatkov, iz naslovov diplomskih nalog®” pa je
razvidno, da je nadaljeval raziskave o vlogi pektina na strje-
vanje krvi, kar je bila glavna tema pri njegovem strokov-
nem delu v Dachauu. Prvo ohranjeno diplomsko delo (Bo-
jan Drzaj, Vpliv pektina na koagulacijo krvi po mikrometo-
di, 1947) vklju¢uje izolacijo in karakterizacijo pektina iz
jabol¢nih tropin ter frakcioniranje razliéno dolgih frag-
mentov pektina, ¢emur je sledila analiza delovanja na strje-
vanje krvi. Rezultati so pokazali, da strjevanje krvi pospe-
$ujejo le razgradni produkti pektina, ne pa sam pektin, ne
glede na dolzino njegove verige. Drugo diplomsko delo
(Jelka Ruzi¢: Vpliv razgradninskih produktov pektina na I.
fazo koagulacije krvi, 1949) je vklju¢evalo kislinsko hidro-
lizo pektina, s ¢imer je nastala digalakturonska kislina.
Nato je $tudentka preverjala njen vpliv na hitrost strjevanja
krvi v razmerah in vitro. Dodatno je izolirala Se trombin in
trombokinazo in ugotavljala morebitno spremembo hitro-
sti strjevanja krvi. V delu, kjer je dolocila optimalno kon-
centracijo digalakturonske kisline, je omenila, da se rezultat
ujema z rezultati njenega predhodnika (verjetno Drzaja).

Iz obve$c¢evalnih podatkov Udbe (obveséevalec »Mil-
ko«, prim. opombo XV) je razvidno, da se je Krajnc zavze-
mal tudi za razvoj postopkov aromatizacije nafte, kar naj bi
bil osnovni problem slovenske kemijske industrije. Sprva je
bil doc. Skerlak®! temu nenaklonjen, ker naj bi bilo zelo
negotovo, ¢e je v doglednem ¢asu mozno doseci zadovolji-
ve rezultate, kasneje pa je podprl Krajnca in prevzel pobudo
pri pogovorih s predstavnikom republiske planske komisi-
je, tako da je ta tema prisla v petletni plan. Obvescevalec
meni, da bi uspeh aromatizacije velenjskega lignita predsta-
vljal za slovensko industrijo pomemben doseZek.

XV V knjiznici UL FKKT sta arhivirani samo dve nalogi, pri katerih
je Krajnc omenjen kot mentor, ¢eprav je iz obves¢evalnih podatkov
(23.4.1948, obvescevalec ‘Milko; ki je moral biti zaposlen na fakulteti, saj
je natan¢no poznal vsebino pogovorov med Krajncem in Skerlakom) [SI
AS 1931, dosje B. Kranjca, str. 365] mogoce razumeti, da je pod njegovim
mentorstvom bilo izvedenih 5 diplomskih nalog na temo pektina. Glede
morebitnih ostalih treh nalog ni mogoce ugotoviti, ali so sploh obstajale.

XVI Tibor Skerlak (1913-1992) je doktoriral na Tehnigki visoki
$oli v Miinchnu, leta 1945 pa je postal docent za teoreti¢no in fizikalno
kemijo na Tehniski fakulteti UL. Zaradi podpore resoluciji Informbiroja
je bil zaprt na Golem otoku (1949-1951). Kasneje se je preselil v Sarajevo,
kjer je bil na univerzi leta 1954 izvoljen v naziv izrednega profesorja. Us-
tanovil je katedro za fizikalno kemijo, ki jo je tudi vrsto let vodil. V ¢asu
vojne v Bosni in Hercegovini ga je smrtno ranil ostrostrelec®.
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Krajnca so aretirali 27. oktobra 1947. Na Diehl-
-Oswaldovem procesu aprila 1948 so ga obsodili na smrt.
Sodbo naj bi izvrsili 12. maja 1948*"", a obstajajo indici, ki
kazejo, da so nekateri obsojenci s tega procesa ostali zaprti
do leta 1950, ko so jih ustrelili na obmocju Kocevskega
Roga. Za Krajnca se je zdelo, da je podatek o izvr§eni sodbi
leta 1948 verodostojen. Pokopali naj bi ga brzkone na ne-
ozna¢enem mestu na ljubljanskih Zalah'®. Vendar pa sem
v Arhivu Republike Slovenije nasel rokopis®¥™ Borisa
Krajnca iz zapora, datiran z 20. majem 1948**. To je tudi
zadnji Krajncev tekst v arhivu, vsekakor pa je bila izjava
podana dober teden po tem, ko naj bi Krajnca usmrtili.

Zaradi obsodbe je pristojni minister izdal odlo¢bo o
prenehanju delovnega razmerja, rektor pa je na seji senata
UL 22. junija 1948 lahko samo sporo¢il, da sta Boris Krajnc
in Mirko Kosir prenehala biti ¢lana profesorskega kolegija’.

S Krajncevo aretacijo ni jasno, kdo, ¢e sploh, je prev-
zel njegove predmete v Studijskem letu 1947/48. 1z sezna-
mov predavanj UL je razvidno, da se je predmet Izbrana
poglavja iz biokemije in encimatike ponovno izvajal v §tu-
dijskem letu 1948/49, ko je predmet predaval Dusan Stu-
cin z Medicinske fakultete, enako naslednja tri leta, potem
pa je prislo do reorganizacije $tudijev kemije, po kateri
biokemije niso ve¢ predavali do 1956/57, ko se ponovno
pojavi, tokrat kot ,vi$ji kurz’ (Izbrana poglavja iz biokemije
in encimatike, D. Stucin z Medicinske fakultete).

3. Krajncevo delovanje

v taboris¢u Dachau

Kot sledi iz analize dachauskih procesov',, ki jo je
pripravila takoimenovana »Janzekovi¢eva komisija«*¥, je

XVII Vojasko sodiSce v Ljubljani je 16. junija 1948 poslalo matic-
nemu uradu na Reki dopis, ki naj bi sluzil za vpis Krajnca v knjigo umrlih.
V dopisu je navedeno, da je bil Krajnc justificiran 12. maja 1948. Z Reke
so sporo¢ili, da za vpis v knjigo umrlih niso pristojni, temve¢ morajo
to izvesti v Ljubljani. V izpisku iz mrliske mati¢ne knjige iz Ljubljane je
navedeno, da je Krajn¢eva smrt bila vpisana leta 1950. Datum smrti je
12.5.1948, kraj smrti pa Miklosic¢eva 4, to je naslov nekdanjih ljubljanskih
zaporov za sodno palaco (danes sta tam parkirna hisa in hotel).

XVIII Vprasanja so se nanasala izklju¢no na eno osebo, Zukova,
ki je bil med vojno zaprt v tabori$¢u Dachau, po Krajn¢evem vedenju pa
naj bi bil po osvoboditvi ‘direktor na radiu Beograd’ Jevgenij Andrejevi¢
Zukov (1898-1959) je bil predvojni novinar, ki je iz Beograda pokrival
podrocje Balkana. Ze leta 1925 je bil med soustanovitelji Zveze ruskih
pisateljev in novinarjev v Jugoslaviji, leta 1928 pa je ustanovil koncertno
agencijo Jugokoncert, ki je organizirala gostovanja tevilnih vidnih ume-
tnikov v Beogradu in drugod po Jugoslaviji. Med vojno je bil interniran
v Dachau, po vojni pa je nadaljeval z novinarskim in organizacijskim
delom na podro¢ju kulture v Beogradu. Zukov je bil v rednih stikih z
Justinom Azmanom iz Krope, prav tako nekdanjim internirancem v Da-
chauu. V ¢asu Krajncevega zadnjega zaslisanja so Zukova preverjali glede
delovanja v Dachauu, kjer je bil sobni stare$ina. Obtozb je bil oproscen
Sele po letu 19508,

XIX Naknadno sem ugotovil, da je zapisnik nasla Ze Emilija Snoj, ki je
leta 2001 zagovarjala diplomsko nalogo na temo dachauskih procesov*.

XX Gre za pet¢lansko komisijo, ki so jo sestavljali pravnik Ivo Janzekovi¢
(predsednik komisije, sicer predsednik Republiskega sveta Zveze sindika-

bil Krajnc po prihodu v Dachau sprva dodeljen v razli¢ne
tabori$¢ne delovne skupine, nato pa je bil januarja 1943
premescen v ,raziskovalno postajo’ v skupino dr. Sigmun-
da Rascherja, kjer naj bi najprej opravljal analize krvi, kas-
neje pa sodeloval pri testiranju preparata za strjevanje
krvi.

Krajnc je v okviru preiskave za dachauski proces po-
vedal, da je po prihodu v Dachau tri mesece delal v skupini
za gradnjo barak, nakar ga je Martin Prester]**! uspel pre-
mestiti na zaj¢jo farmo, kjer je dva meseca prevazal krmo
in gnoj. Sledilo je delo v proizvodnji, kjer naj bi izdelovali
lesene igrace, in v mizarski delavnici, nato pa je bil preme-
$¢en k dr. Rascherju po navodilu tabori$¢ne pisarne za raz-
porejanje dela (Arbeitseinsatz). V argumentaciji razvelja-
vitve sodbe v Diehl-Oswaldovem procesu (razveljavitev je
datirana s 7. aprilom 1976) je natan¢neje navedeno, da je
bil Krajnc premescen v gospodarske obrate taborisca sep-
tembra 1942, sredi januarja 1943 pa v skupino dr. Rascher-
ja, kjer je po Krajncevi navedbi izvajal »dolo¢itve mle¢ne

tov in v predhodnem mandatu poslanec v republiskem zboru slovenske
skups¢ine), Francka Strmole (nekdanja predsednica Ljudske mladine
Slovenije, pravnica, v predhodnem mandatu poslanka v republiskem
zboru, kasneje predsednica vrhovnega sodis¢a SRS od 1981 do 1993),
Ivan Ros (pravnik, poslanec, predsednik skup$¢inskega odbora za orga-
nizacijsko-politi¢na vprasanja), Savo Sifrer (pravnik, sodnik, poslanec v
predhodnem sklicu skups¢ine, ¢lan Visjega gospodarskega sodi$¢a SRS,
kasneje, leta 1959, predsednik sodnega senata, ki je obsodil Jozeta Pu¢ni-
ka zaradi protidrzavnega delovanja) in Rihard Knez (pravnik, sodnik, od
leta 1947 ¢lan vrhovnega sodi$ca SRS, ¢lan sodnega senata 1948 na soje-
nju proti »Bitencevi skupini, obtoZeni protidrzavnega delovanja — prim.
http://nszaveza.github.io/articles/9-slike-iz-zadnjega-dejanja/, tajnik ko-
misije za pro$nje in pritozbe pri republiskem izvrsnem svetu). Komisija
je z delom zacela 26. maja 1969 in kon¢no porodilo izdala 30. marca 1970.
Sestavo komisije je dolocil predsednik izvrsnega sveta slovenske skupsci-
ne Stane Kav¢ic, ki je dobil nalogo, da razisce nejasnosti glede dachau-
skih procesov, od vodstva Zveze komunistov Slovenije. Pri delu je imela
komisija dostop do celotnega gradiva, okrog 30.000 tipkanih strani, in do
predhodnih analiz procesov, ki sta jih pripravila leta 1951 major Udbe
Anton Debevec (1923-2002) in 1968 major Stane Skraba (prav Skraba,
takrat $e v rangu kapetana, je opravil hi$no preiskavo ob aretaciji Borisa
Krajnca leta 1947). Janzekovic¢eva komisija je imela 9 sej, vsak ¢lan pa si
je moral na osnovi gradiva izdelati najprej lastno mnenje o procesih. Na
osnovi teh neodvisnih mnenj so oblikovali kon¢no porodilo, v katerem
opisujejo predvsem znacilnosti tabori$¢ in njihovo upravljanje, povojne
gospodarske sabotaze, ki so bile povod za zacetek preiskave, znacilnosti
preiskovalnega postopka in glavne obravnave, nato pa so se ¢lani posvetili
posameznim obsojencem in se kriti¢no opredelili do dokazov, uporablje-
nih v procesih. Kot je nakazala Ze Skrabova analiza, je tudi Janzekovi¢eva
komisija ugotovila, da preiskave in sojenja niso bili izvedeni ustrezno.

XXI Josef (Martin) Presterl (1916-1948?) je bil soobtozenec na
dachauskem procesu, sicer pa je bil avstrijski predvojni komunist, $pan-
ski borec in novinar. Po vojni je simpatiziral z jugoslovansko uradno
politiko. Po preiskovalnem zaporu v Gradcu je bil od 22. 2. 1942 zaprt
v taboris¢u Dachau. Leta 1946 je z jugoslovansko pomocjo v Avstriji us-
tanovil zalozbo Kristall-Verlag in leta 1947 izdal brosuro »2000 kilome-
trov po novi Jugoslaviji«, v kateri je poudarjal naprednost in zanos, ki
naj bi vladal v takratni Jugoslaviji. Avgusta istega leta je v dogovoru z
jugoslovanskim konzulatom ustanovil tiskovno agencijo, ki naj bi dvakrat
mesec¢no izdajala bilten, ki bi ‘ustrezno’ predstavljal dosezke v Jugoslaviji
in sosednjih socialisti¢nih drzavah. Aretirali so ga na Zelezniski postaji
v Mariboru 27. oktobra 1947. Ve¢ o njegovem delu je razvidno iz ¢lanka
Heima Halbrainerja®. Postal je klju¢na prica toZilstva, saj je trdil, da je v
vlogi agenta tuje obve$¢evalne sluzbe razpredel agenturne stike z drugimi
obtozenimi, ki so pred tem bili agenti Gestapa, tako kot on sam.
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kisline, klora, krvnega sladkorja, beljakovin, tevila rde¢ih
krvnih telesc in drugih sestavin v krvi«. Meril naj bi tudi
temperaturo in sodeloval pri izdelavi pektinskih prepara-
tov.

Ceprav je Krajnc v svojem zivljenjepisu, ki ga je prip-
ravil ob zaposlitvi na ljubljanski univerzi, iz dachauskega
obdobja omenjal samo delo na preparatu za strjevanje
krvi, je torej gotovo sodeloval tudi pri zadnjih poskusih
ohlajanja in ponovnega ogrevanja (t.im. hipotermi¢ni po-
skusi), po katerih je Rascher verjetno najbolj znan**",

Krajnceva vkljuc¢enost v poskuse s podhlajevanjem je
zelo verjetna glede na ¢asovni razpored raziskav Rascher-
jeve skupine v koncentracijskem taboris¢u Dachau. V
¢asu, ko naj bi Krajnc zacel delati pod Rascherjevim vod-
stvom (januar 1943) so potekali $e zadnji poskusi s hipo-
termijo, predvsem v povezavi z razli¢nimi postopki ogre-
vanja po izpostavitvi mrazu. Vecina predhodnih raziskav s
potapljanjem v mrzlo vodo naj bi namre¢ bila zaklju¢ena
Ze septembra ali oktobra 1942, kot je mogoce razbrati iz
korespondence Rascherja s Himmlerjem. Oktobra je na-
mre¢ Rascher oddal zaklju¢no poro¢ilo o opravljenih po-
skusih, v katerem navaja, da bi bilo treba zgolj $e natan¢ne-
je ugotoviti, kateri nacini ogrevanja bi bili najprimernejsi,
kar je Himmler nato tudi izrecno podprl. Vsi poskusi naj
bi bili zaklju¢eni do maja 1943. Da hipotermi¢ni poskusi v
Krajn¢evem obdobju niso ve¢ intenzivno potekali, pri¢a
tudi to, da so vodje raziskave o hipotermiji (prof. dr.
HolzI6hner, dr. Finke in dr. Rascher) o rezultatih porocali
ze konec oktobra 1942 na sestanku v Niirnbergu.

V hipotermi¢nih poskusih so zapornike potapljali v
mrzlo vodo in analizirali njihove odzive: merili so telesno

XXII Sigmund Rascher (1909-1945) je opravil drzavni zdravniski
izpit v Miinchnu leta 1936. Ob tem je pridobil tudi doktorski naziv na
osnovi raziskovalnega dela, ki je bilo s podro¢ja diagnostike nose¢nos-
ti na osnovi oblike kristala bakrovega klorida (CuCl,). Ta v prisotnosti
organskih snovi kristalizira v pali¢asti obliki, a naj bi bila oblika odvisna
od tipa organske snovi. Tako naj bi dolo¢eni hormoni v vzorcih urina
nose¢nic dali specifi¢ne oblike kristalov. To naj bi bilo mogoce samo ob
izredno natan¢ni izvedbi kristalizacij in je bilo prakti¢no neponovljivo.
Prvo delovno mesto je dobil kot neplacani asistent na oddelku za ki-
rurgijo ene od miinchenskih bolni$nic, tako da je konec leta 1937 dobil
dovoljenje za opravljanje zdravniskega poklica. Ze pred tem pa je prejel
enoletno $tipendijo raziskovalnega sklada za izvedbo raziskave na temo
diagnostike raka na osnovi kristalizacijskega vzorca CuCl,. Dobljenim
rezultatom Ze ob objavi veliko strokovnjakov ni verjelo, danes pa velja,
da so potvorjeni. Rascherjeva partnerka Karoline Diehl je bila prijateljica
vodje SS-a Heinricha Himmlerja in je preko njega uspela urediti nekatere
privilegije za Rascherja. Od maja 1939 je kot ¢lan ustanove Ahnenerbe
raziskoval raka, od avgusta istega leta pa je bil zaposlen kot zdravnik pri
nemskem letalstvu. Decembra 1940 je zacel sodelovati z zdravniki iz ta-
bori$¢a Dachau, leta 1941 pa je dobil od Himmlerja dovoljenje, da na
zapornikih izvede raziskave, povezane z visinskimi poleti, torej pri zni-
Zanem zra¢nem tlaku. Takoimenovani hipobari¢ni poskusi so potekali v
Dachauu od februarja do maja 1942. Sledili so poskusi s podhlajevanjem
in drugi, ki so natanc¢neje opisani v nadaljevanju. Karoline Diehl je dobila
prvega otroka pri svojih 47 letih, nato pa $e tri. Navzven sta z Rascherjem
prikazovala, kot da jih je Karoline sama rodila, in o naras¢aju sta tekoce
obvescala Himmlerja. Leta 1944 pa se je izkazalo, da so bili vsi stirje otro-
ci ugrabljeni kot dojencki in nekateri celo naknadno zamenjani. Zato so
Karoline Rascher odpeljali v tabori$¢e Ravensbriick, kjer so jo usmrtili Ze
leta 1944, Sigmunda Rascherja pa konec aprila 1945 v Dachauu.

temperatura na razli¢nih delih telesa, dolocali krvno sliko
in podobno?'. Potapljanju naj bi sledili poskusi, ki naj bi
pokazali, kateri postopek ponovnega segrevanja je najbolj-
$§i. Zapornike, moske, so potapljali oble¢ene ali gole, za-
vestne ali anestezirane, v bazene s hladno vodo (2-12 °C).
Eksperimentalne podatke so v glavnem unic¢ili, ostaja pa
precej informacij, ki izhajajo iz korespondence med vodji
poskusov in Heinrichom Himmlerjem, $efom SS-a. Takoj
po vojni so podatke zbrali v obliki 228 strani dolgega poro-
¢ila™™, Poskusov naj bi bilo med 360 in 400, na 280 do 300
ljudeh; 80-90 jih je zaradi teh poskusov umrlo. Glede na to
porocilo kaze, da raziskava ni bila dovolj sistemati¢na, da
so zanemarili §tevilne pomembne podatke za interpretaci-
jo itd. Z medicinskega stali§¢a so hipotermi¢ni poskusi, pa
tudi vecinsko odklonilen odnos stroke do vrednosti teh
poskusov, bili obdelani leta 1990?'.

Krajnc naj bi predvsem sodeloval v »pektinskih po-
skusihg, ki so bili namenjeni pripravi formulacije in testi-
ranju preparata »Polygal-10« za strjevanje krvi. Poskusi s
tem preparatom naj bi potekali v letih 1943 in 1944%.

Razvoj sredstva za strjevanje krvi je zadnji obsez-
nejsi projekt Rascherjeve skupine®!V in je tekel so¢asno z
manj obseznima poskusoma priprave krompirja v prahu
oz. v tabletah ter sredstva proti rjavenju z manj$o vsebno-
stjo linolne kisline. Sredstvo za strjevanje krvi naj bi raz-
iskovali od jeseni 1943, Ze decembra istega leta pa naj bi
ga dali v uporabo dachauskemu zaporniskemu zdravniku
dr. Kahru. Glede na to, da so Rascherja marca 1944, ob
izbruhu afere, povezane z otroci, ki naj bi jih rodila nje-
gova Zena, Vv resnici pa so bili ugrabljeni, premestili v
Miinchen, raziskav ni ve¢ mogel nadaljevati, njegov Od-

XXV

delek R pa je s 1. majem 1944 prevzel dr. Kurt Plotner™Y.

XXIII Sestavil ga je avstrijsko-ameriski psihiater in nevrolog Leo
Alexander (1905-1980), sicer glavni medicinski svetovalec sodisc¢a pri
Niirnberskih procesih, med vojno pa v ¢inu majorja sodelavec ameriske
armade v Evropi.

XXIV Hubert Rehm v knjigi o Rascherju meni, da je bil projekt
Polygal po zaklju¢ku poskusov s podhlajevanjem za Rascherjevo skupino
najpomembnejsi projekt in edini, ki je temeljil na lastni ideji, zato je bil
pod pritiskom, da projekt uspe. To naj bi vplivalo tudi na interpretacijo
rezultatov, ¢e ne celo na izvedbo poskusov.

XXV Kurt Plotner (1905-1984) je leta 1930 zakljucil $tudij kemi-
je in leta 1934 opravil drzavni izpit iz medicine. Doktoriral je leta 1939
s podrodja serumskih proteinov in naslednje leto postal docent na uni-
verzi v Leipzigu®. Leta 1941 je delal kot vodja internisti¢nega oddelka v
bolnisnici vojnega letalstva v Dachauu, nato pa je leto in pol sluzboval v
bolni$nici v zasedenem Minsku. Konec leta 1943 je prevzel mesto asisten-
ta Klausa Schillinga pri poskusih, povezanih z malarijo, maja 1944 pa je
postal vodja nekdanjega ‘Oddelka R’ Sigmunda Rascherja, ki se je ob tem
preimenoval v ‘Oddelek P’ Socasno je bil na mestu tabori$¢nega zdrav-
nika v Sachsenhausnu. Poleg preizkusanja sredstva za strjevanje krvi naj
bi sodeloval pri preizkusih dveh nevarnih spojin na zapornikih: potenci-
alnega bojnega strupa z delovnim imenom N-Stoft (klorov trifluorid)?
in psihoaktivne spojine 3,4,5-trimetoksifenetilamin (meskalin, po izvoru
iz kaktusa pejotla). Pri meskalinu naj bi opazoval obnasanje poskusnih
oseb; predvsem naj bi poskusil ugotoviti, ¢e deluje kot ‘serum resnice.
Leta 1945 naj bi v zvezi s temi poskusi zacel sodelovati z amerigko Cio in
prevzel priimek Schmitt, s ¢imer se je zavaroval pred aretacijo francoske
uprave. Leta 1952 si je vrnil stari priimek in dobil zaposlitev na Freiburski
univerzi, kjer je predaval v nazivu izrednega profesorja.
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Ta se je v veliki meri posvetil sredstvu za strjevanje krvi,
ki ga je preimenoval v Styptoral. O nadaljevanju posku-
sov s podhladitvijo naj bi potekali pogovori, a jih najver-
jetneje niso izvajali**.

V osnovi naj bi preparat Polygal oz. Styptoral
sestavljal ekstrakt sladkorne pese, a se je njegova sestava v
procesu optimizacije spreminjala, saj je sprva bila surovina
jabol¢ni pektin iz ostankov po stiskanju soka. Preventivno
jemanje tega preparata naj bi zmanj$alo krvavitve, ki bi
bile posledica bojevanja, pa tudi pri operacijah ali zaradi
notranjih krvavitev pljuc ali prebavil. Na nekaterih tabo-
ri$¢nikih naj bi poskus opravili tako, da so jim dali prepa-
rat, nato pa amputirali zdravo okon¢ino, ali jih ustrelili v
vrat ali trup.

Idejo za preparat je Rascher dobil od dachauskega
zapornika, avstrijskega kemika Roberta Feixa (1893-
1973), ki je pred vojno razvil tekoce Zelirno sredstvo Opek-
ta za uporabo v gospodinjstvih. Sodeloval je tudi pri njego-
vi proizvodnji v Kolnu. Za medicinsko uporabo pa naj bi
pod Rascherjevim vodstvom razvili preparat v tabletah.
Feix je najverjetneje vlozil patentno prijavo za medicinski
pektinski preparat Ze leta 1942, preden so ga zaprli in kas-
neje internirali v Dachau (tja je prispel konec januarja
1943), patent pa je bil odobren oktobra 1943.

Izkazalo se je, da je Ze v 30-tih letih pektinski prepa-
rat za strjevanje krvi Sango-Stop™"! proizvajalo neko
nemsko podjetje. Slo je za tekocino za intramuskularno ali
podkozno injiciranje. Tudi v Franciji so Ze pred tem upo-
rabljali pektinske injekcije za zaustavljanje krvavitev®. Ide-
ja o pektinskem preparatu torej ni bila nova, je pa prisla
pobuda v pravem ¢asu, ko se je pokazala potreba po zau-
stavljanju krvavitev pri vojakih na frontni ¢rti, pri cemer je
bila dodana vrednost to, da bi preparat bil na voljo v obliki
tablet.

Patent za Polygal je pri nemskem patentnem uradu v
Berlinu datiran z 2. oktobrom 1943. Da je preparat prak-
ti¢no obstajal Ze jeseni 1943, in da so nacrtovali njegovo
proizvodnjo, dokazuje pisni dogovor oz. predpogodba (z
dne 12. 10. 1943) med Rascherjem in Feixom® glede proi-
zvodnje in delitve dobicka od prodaje preparata™*"!. Se
marca 1944 je Wolfram Sievers, predstojnik ustanove Ah-
nenerbe®V™, predvideval zagon proizvodnje Polygala v

XXVI Preparat Sango-Stop je na primer strokovno obravnavan v
¢lanku Georga Sacka® iz leta 1935 z opisom zdravljenja treh primerov
nenadne krvavitve pri hemofilikih. Uporaben naj bi bil tudi pri obolenjih
prebavil, pri katerih pride tudi do driske. Opis preparata in doziranje sta
opisana tudi v kratkem prispevku E. Gohrbandta® iz leta 1936. Pod tem
imenom ga je prodajalo podjetje Turon iz Frankfurta®.

XXVII Proizvodnja naj bi potekala v navezavi s podjetjem Sicabo na
Predarlberskem, za prodajo pa bi ustanovili posebno podjetje. Feix naj
bi imel proizvodne in prodajne pravice, ob tem pa bi mu pripadalo 5 %
prihodkov za ¢as trajanja patenta. Udelezba pri dobi¢ku bi bila taka, da bi
33 % pripadlo Rascherju, ravno toliko Feixu in 34 % druzbenikom. Enaka
delitev bi veljala tudi pri Sele nacrtovanih patentih v tujini.

XXVIII  Ahnenerbe je bila sprva organizacija za strokovno obravnavo
arijske zgodovine. Ustanovili so jo leta 1935 in je delno delovala kot dru-
$tvo, a je bila del SS-a. V njej je imel vsaj od leta 1937 glavno besedo vodja

blizini Bodenskega jezera ob pomoc¢i nekaterih privilegira-
nih zapornikov. Pristojni odbor pa je proizvodnjo zavrnil,
¢e$ da ta ni v pristojnosti raziskovalnih oddelkov, je pa
odobril razvoj postopkov za proizvodnjo tega zdravila. Kas-
neje je proizvodni del projekta prevzelo podjetje Deutsche
Heilmittel?!, a so bile priprave na proizvodnjo vezane na
objekt v Schlachtersu, ki je bil podruznica (véasih imeno-
vana tudi podruznica Biesings) tabori$¢a Dachau, usta-
novljena 4. aprila 1944 prav za zagon proizvodnje?. Za
proizvodnjo so izbrali opusceno sirarno, v blizini pa je bil
tudi objekt, nekaksen skedenj, ki so ga preuredili za nasta-
nitev osebja, kasneje pa so najeli in preuredili za bivanje
nekdanje kegljis¢e v vagki gostilni. Del proizvodnje naj bi
potekal v tamkajs$nji Zganjarni Nikolodi, zadnji del susenja
pa v mlekarni Edelweiss. Delalo naj bi med 6 in 8 zaporni-
kov, ki sta jih ¢uvala dva SS-ovca, a so se kljub prepovedi
veckrat sprehajali po vasi in bili v ob¢asnih stikih z doma-
¢ini*®. Kasneje so zaradi blizajocih se francoskih enot pro-
izvodnjo preselili v nekdanjo pivovarno Reiner v kraju
Lochau pri Bregenzu. Tam je bila izpostava taboris¢a Da-
chau ze leta 1942, ko je v njej delovalo kovinsko podjetje s
prisilnimi delavci in ujetniki. Isto poslopje so usposobili za
delovanje in uradno odprli kot enoto za proizvodnjo pek-
tinskega preparata 7. aprila 1945, delavci pa bi bili zaporni-
ki in sodelavci (nekdanje) skupine Sigmunda Rascherja
oziroma Kurta Plotnerja. Tam naj bi delalo med 5 in 20
zapornikov iz Nemdije, Poljske in Slovenije, varovalo pa jih
je 5 starej$ih SS-ovcev® Koliko tablet so izdelali, ni jasno,
obstajajo pa podatki, da so preparat preizkusali na ve¢ kli-
nikah.

Kljub temu, da je osnovna formulacija preparata bila
znana ze jeseni 1943, so potekale raziskave v smeri optimi-
zacije sestave in postopka priprave $e v jeseni 1944. Pri is-
kanju podatkov o drugih kemikih, obsojenih na dachau-
skih procesih, sem dobil kopijo laboratorijskih zapiskov**™*
iz Dachaua, ki predstavljajo dober vpogled v raziskave,
opravljene poleti in jeseni leta 1944. Avtor teh zapiskov je
bil po vsej verjetnosti Milan Stepisnik, ki je delal v Plotner-
jevi skupini skupaj s Krajncem. Natan¢nejsi prikaz vsebine
teh zapiskov bo tema enega od kasnejsih ¢lankov, saj gre za
prvi verodostojen opis postopkov priprave pektinskega
preparata v Dachauu, kot tudi za pregled rezultatov testi-
ranj na zapornikih.

SS-a, Heinrich Himmler, ki je prakti¢ne zadeve vodil preko generalnega
tajnika Wolframa Sieversa. Ta je tudi vodil Institut za namenske vojasko-
znanstvene raziskave, ki je bil ustanovljen julija 1942. Ve¢ino psevdome-
dicinskih raziskav je Rascherjeva skupina opravila v okviru tega instituta,
ki je omogocal tudi zaposlitve nekdanjih taboris¢nikov.

XXIX V lasti druzine Stepi$nik je rokopisni zvezek, ki predstavlja
zanimiv in dragocen dokument o raziskovalnem delu v skupini Kurta
Plétnerja, ki pa je logi¢no nadaljevanje prvotnih raziskav iz obdobja, ko
je skupino vodil Sigmund Rascher. Na osnovi rokopisa je mogoce reci, da
zvezka ni pisal Krajnc, pa¢ pa bolj verjetno Stepisnik. Da je Stepis$nik iz
taborisca prinesel zapiske, je navedla njegova Zena v pismu slovenskemu
izvrSnemu svetu, ko se je zavzemala za rehabilitacijo obsojenih. Tam je
tudi zapisala, da so bili zapiski zaplenjeni ob hi$ni preiskavi, zato ni jasno,
kako so se ponovno znasli v lasti Stepisnikovih.
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V zvezku so navedeni osnovni pristopi k pripravi ek-
strakta iz rezin sladkorne pese, kar je vkljuéevalo kislo hi-
drolizo pektina in kasnej$e umiljenje z dodatkom NaOH.
V nadaljevanju je predstavljen del raziskav o vlogi morebi-
tnih dodatkov, ki bi lahko ¢as strjevanja krvi $e skrajsali,
med drugim razli¢ne kisline biologkega izvora. Pri ovred-
notenju u¢inkovitosti so izvajali tudi teste na ljudeh. Neka-
teri so dobili preprat oralno, drugi intravenozno, tretji
intramuskularno. Cas strjevanja krvi so dolo¢ali v rednih
¢asovnih intervalih, obi¢ajno do 7 h po doziranju prepara-
ta oz. dodatka. Kri so jemali iz Zile (venska) in iz uhlja (ka-
pilarna), ¢as strjevanja pa so dolo¢ali na vbodni rani na
uhlju. Ena serija poskusov je bila namenjena spremljanju
hitrosti strjevanja krvi v odvisnosti od vremena, tako da so
na treh ljudeh izvajali meritve vsak dan skozi ve¢ kot en
mesec in vzporedno belezili vremenske podatke. Preizkus-
ne osebe so navedene z zadetnicami imena in priimka, sta-
rostjo, telesno tezo in vi$ino. Zadnji poskusi, opisani v
zvezku, so od 11. oktobra 1944. Kot vemo, je Krajnc po-
begnil iz ujetni$tva v zacetku novembra 1944, pa tudi Ste-
pisnik naj bi ostal v Dachauu samo do konca oktobra. Zato
je bilo sprva tezko reci, kdo je bil avtor zvezka™*. Na osno-
vi primerjave rokopisa s Krajn¢evim iz arhivskega gradiva
Univerze v Ljubljani**' in Arhiva RS je mogoce reci, da
avtor teh zapiskov ni Krajnc. Zapiski so v slovens¢ini, torej
je avtor moral biti Slovenec. Glede na veliko $tevilo preiz-
kusancev (okrog 80), se zdi najbolj verjetno, da so meritve
opravili v tabori$¢u Dachau in ne v podruznici Schlach-
ters, kjer naj bi bilo vsega skupaj manj kot 10 ljudi. Od Slo-
vencev so bili v Rascherjevi skupini Krajnc, Stepi$nik, Bar-
le (vsi kemiki) ter Ravnikar (kroja¢) in Pufler (steklar).
Barle je bil od poletja 1944 v Schlachtersu, zato ni mogel
sodelovati pri izvedbi opisanih poskusov. Zato je utemelje-
no sklepati, da gre za Stepi$nikov zvezek. Glede znanstve-
ne vrednosti zbranih meritev velja pripomniti, da so v ve-
liki ve¢ini teste izvajali z istim preparatom na samo enem
¢loveku, kar je z danasnjega stali$¢a nesprejemljivo.

Naknadno sem v Krajné¢evem dosjeju v Arhivu RS
odkril tipkopis, ki vklju¢uje vecino tistih poskusov, ki so
opisani v Stepi$nikovih zapiskih, pa tudi nekaj dodatnih.
Pri pisanju je bil uporabljen pisalni stroj s slovenskimi zna-
ki, zato je verjetno, da gre za prepis rezultatov, ki jih je
Krajnc ob pobegu prinesel iz Dachaua, a so bili takrat ro-
kopisni. Vsebina omenjenega tipkopisa bo predmet kas-

XXX Zapiske Borisa Krajnca je omenjala njegova Zena v pogovoru
za ¢asopis Dnevnik. Po mnenju Ivanke Krajnc naj bi njen moz zvezek s
podatki iz Dachaua odnesel na fakulteto, kjer se je zaposlil in nadaljeval
delo na pektinskih preparatih, vendar zvezka na fakulteti ne hranijo. V
knjigi Bore Krivokapi¢a® je v delu, ki opisuje njegov pogovor z Ivanko
Krajnc in njeno borbo za razjasnitev okoli¢in, povezanih s smrtno ob-
sodbo njenega moza, zapisano, da je Boris Krajnc med poskusi v Dacha-
uu vodil tajne zapiske, ki jih je ob pobegu iz tabori$¢a prinesel s seboj.
Nekaj naj bi jih zasegli med hisno preiskavo, nekaj pa jih je v ¢asu, ko je
podala izjavo, Se hranila.

XXXI Arhiv hrani vpisni list v 1. semester Studija (september 1933).
Primerjal sem znacilen nacin pisanja pisanih ¢rk B, K, S, p, r in z, ki so
drugacne kot v zvezku s podatki iz Dachaua.

nej$e analize, ki bo predstavila tudi Stepi$nikove zapiske
(¢lanek v pripravi).

4. Boris Krajnc v gradivih,

povezanih s taboris¢em Dachau

V Arolsenskem arhivu (International tracking servi-
ce, Bad Arolsen, Nemcija) hranijo malo gradiva o Krajncu.
Iz tabori$¢nega vpisnega lista za B. Krajnca je razvidno, da
je bil Krajnc pripeljan v tabori$¢e Dachau 18. marca 1942
in izpuscen 22.12.1943. Tik pred izpustitvijo, 10.12., naj bi
bil ,prepeljan‘in 16.12. ,vrnjen; a iz arhiva ni jasno kje bi bil
v vmesnem ¢asu. Mozno je, da gre za obdobje, ko naj bi ga
premestili v Berlin, o ¢emer je ve¢ napisanega v nadaljeva-
nju. Kategorija zapora je bila Schutzhdftling, torej varno-
stni pripornik, kar je pomenilo zapor brez sojenja in brez
dolocenega trajanja zapora. To je bil pogost nacin odstra-
nitve politi¢no neprimernih ljudi.

Kot je razvidno iz naloga za oddajo telegrama, ki ga
hrani Arolsenski arhiv, razvidno pa je tudi iz zapisnika so-
jenja v Niirnbergu (2. 1. 1947) je 10. 12. 1943 Rascher pisal
svojemu nadrejenemu v ustanovi Ahnenerbe (slika 3) gle-
de Borisa Krajnca, za katerega je zvedel, da naj bi ga izpus-
tili v skladu z odlo¢itvijo od 19. 11. 1943 in ga premestili v
nemski glavni varnostni urad v Berlinu™*", Sicer da pod-
pira njegovo izpustitev, a nujno prosi, da bi Krajnc ostal pri
njem, kajti je sredi dela, ki ga je narocil nacelnik SS, Krajnc
pa je Rascherjev najboljsi kemik, ki zna delo opraviti stro-
kovno in korektno. V nasprotnem teoreti¢nega dela razi-
skave na poligalu ne bo mogoce dokoncati, saj je Krajnc
njegov edini organski kemik™.

Ostalo gradivo v Arolsenskem arhivu ne razkriva
Krajnéeve vloge v (psevdo)medicinskih poskusih. Izrecno
je omenjen kot kemik samo pri poskusih strjevanja krvi in
sicer v zbirnem poro¢ilu®, pripravljenem po vojni na
osnovi primarnih virov, predvsem korespondence dr. Ra-
scherja in delovnega poro¢ila o preparatu. Arolsenska ar-
hivska sluzba ni nasla podatkov o tem, da bi Krajnc sode-
loval pri drugih poskusih v Dachauu.

Gradiva o Krajncu je v Arolsenskem arhivu leta 1970
preverjalo javno tozilstvo pri dezelnem sodis¢u Miinchen
IT v povezavi s preiskavo proti nekdanjim ¢lanom SS, ki so
sodelovali pri medicinskih poskusih v koncentracijskem
tabori$¢u Dachau. Iskali so morebitne price poskusov,
predvsem prezZivele poskusne osebe, pa tudi morebitne so-
delavce pri poskusih. Med temi so iskali tudi podatke o
Vladimiru Premruju™*™", saj naj bi iz arhivskih dokumen-

XXXII V zapisniku je navedena oznaka urada RSHA LV C 2, a gre
verjetno za napako in bi namesto LV moralo pisati IV, kar bi pomenilo
Urad IV, to je bil protiobve$cevalni urad, oddelek za kartoteke, pisarna za
tabori$¢ne zadeve. Urad LV ni obstajal. V Rehmovi knjigi o Rascherju je
naveden urad IVC2.

XXXIII Ve o Premruju je navedenega v nadaljevanju, ob obravnavi
ostalih slovenskih kemikov, ki so sodelovali pri poskusih v nemskih tabo-
ris¢ih.

Marko Dolinar: Boris Krajnc in drugi kemiki na dachauskih procesih
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Slika 3: Dopis S. Rascherja vodji organizacije Ahnenerbe, dr. Sieversu. V telegramu, ki je bil tudi del dokaznega gradiva proti Sieversu na Niirnber$kem procesu, Rascher
prosi, da bi Krajnca po odpustu iz varnostnega pripora zaposlil kot kemika v okviru raziskovalne skupine, ki jo je Rascher vodil. V klju¢nem delu dopisa pravi: »Krajncevo
izpustitev Se naprej najtopleje zagovarjam, vseeno pa najnujneje prosim, da se odpoveste temu, da bi Krajnc zapustil delovno mesto pri meni, ker je kot kemik moj najboljsi
moz in sredi dela, ki ga je ukazal drzavni vodja SS-a. Krajnc je po svojih znanjih tu edini kemik, ki zna opraviti delo strokovno in natancno. Zato prosim, da poskrbite, da bi
Krajnca premestili k meni kot civilnega usluzbenca. Zaposlitev bi bila na mojem oddelku v okviru Ahnenerbe. Dovolite, da najpokorneje prosim, da se zavzamete za to zadevo,
sicer teoreticni del projekta Polygal ne bi bil ve izvedljiv, saj je Krajnc moj edini pravi organski kemik.« Vir: Digitalni arhiv ITS, Bad Arolsen, $t. dokumenta 4.2 / 82231970.

tov javni tozilec ugotovil, da je bil marca 1944 dodeljen
skupini dr. Rascherja.

V zborniku o tabori$¢u Dachau je v poglavju o jugo-
slovanskih komunistih* navedeno, da naj bi Krajnc konec
maja 1944 (ocitno ob odhodu na dopust) v Slovenijo v tubi
zobne paste pretihotapil poro¢ilo slovenskih komunistov o
stanju v taboris¢u. Porocilo sta napisala Bogdan Svent in
Joze Zakovsek, namenjeno pa je bilo Rudiju Janhubi®*,
ki je bil takrat v Beli Krajini. Pri posredovanju porocila
Krajncu je sodeloval Branko Diehl.

O Sigmundu Rascherju je leta 2006 izel roman z
naslovom »Der Untergang des Hauses Rascher« (Konec

XXXIV  Rudi Janhuba (1914-1976) je bil $panski borec, ki je po po-
razu republikancev bil interniran v Franciji, nato pa je bil na prisilnem
delu v Nem¢iji, od koder je leta 1941 usel in se pridruzil partizanom, kjer
je dosegel ¢in podpolkovnika. Bil je delegat centralnega komiteja Komu-
nisti¢ne partije Slovenije pri organiziranju partizanov na Stajerskem in
Koroskem, nato pa je deloval v varnostno-obvescevalni sluzbi v Ljublja-
ni*”. Po vojni je deloval kot ¢asnikar in diplomat. Med $pansko drzavljan-
sko vojno je nekaj ¢asa deloval v mestu Albaceta, tako kot Branko Diehl.

Rascherjeve hise***V), ki v najvecji meri temelji na zgo-
dovinskih gradivih. Ta so v romanu tudi citirana. Avtor
romana je Hubert Rehm***V], a je pri tem delu uporabil
psevdonim Siegfried Bér. V tem dokumentarnem roma-
nu se Krajnc pojavlja na ve¢ mestih, a roman ne daje na-
tan¢nejSega vpogleda v njegovo delo. Ve¢ je napisanega o
drugem Rascherjevem sodelavcu iz dana$nje Slovenije,

XXXV Kot navaja avtor v 5. izdaji (2020)%, je naslov parafraziran po
zgodbi Edgarja Allana Poeja The Fall of the House of Usher, v nemskem
prevodu Der Untergang des Hauses Usher. Zgodba govori o R. Usherju,
kar se izgovori podobno kot Rascher. V slovens¢ini so prevodi za Poejevo
delo razli¢ni, zadnji prevod Jozeta Udovi¢a pa ima naslov Konec Usherje-
ve hie, zato sem temu ustrezno prevedel tudi naslov Rehmovega romana.

XXXVI  Hubert Rehm (roj. 1951) je leta 1983 doktoriral iz biokemije in
je nato deloval kot raziskovalec, a se je kasneje posvetil pisanju in zaloznis-
kemu delu. Je soizdajatelj nemske strokovne revije Laborjournal in je avtor
ali soavtor ve¢ uc¢benikov oz. laboratorijskih priro¢nikov s podro¢ja bioke-
mije. PiSe tudi satiri¢no prozo, npr. o tem, kako postati univerzitetni profe-
sor, in kriti¢na dela o financiranju raziskovalnega dela v Nemciji. Roman o
dr. Rascherju je dozivel Ze 5. izdajo in je bil preveden tudi v angles¢ino.
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Rudiju Punzengruberju™**™. Krajnc je obsirneje ome-

njen predvsem v kontekstu njegove premestitve iz statusa
zapornika v sodelavca, zaposlenega preko ustanove Ah-
nenerbe, decembra 1943***Vl, Nadalje je navedeno, da je
oktobra 1944 pobegnil iz Schlachtersa, vse nadaljnje
omembe pa so povezane s sojenjem v Ljubljani. Schlach-
ters je ime kraja, kjer je Rascher organiziral proizvodnjo
preparata Polygal in je bil uradno delovna podruznica
taboris¢a Dachau. Slo je za zakup mlekarne, ki je bil prav-
no urejen konec marca 1944, takrat Ze brez Rascherja.
Tam je najprej delalo okrog 5 zapornikov, kasneje pa ver-
jetno nekaj ve¢.

Poleg Krajnca (in Punzengruberja, ki pa se ni imel za
Slovenca), Rehmova knjiga od slovenskih kemikov omenja
samo $e Vladimirja Premruja, ki naj bi ga Rascher vkljucil
v delo svoje skupine po tem, ko je od Punzengruberjeve
mame Dore zvedel, da je zaprt v Dachauu.

Slovenski kemiki so omenjeni tudi v knjigi Julijana
Reitzensteina o raziskavah pod Himmlerjevim okriljem in
v okviru ustanove Ahnenerbe®. Na seznamu ,kdo je kdo’
na Indtitutu za namenske vojaskoznanstvene raziskave
(priloga v knjigi) so omenjeni Krajnc (zapisano napacno:
Krajic in brez akademskega naziva, zgolj kot sodelavec-za-
pornik), Punzengruber in StepiSnik (zapisano napacno:
Stepinski).

Uradni nemski in zavezni$ki viri iz povojnega ob-
dobja ne vsebujejo podatkov o tehni¢nem osebju, ki je de-
lalo v Rascherjevi skupini.

XXXVII  Rudolf Emanuel Punzengruber je bil rojen leta 1900 v Crni
na Koroskem (Schwarzenbach). Kot navaja Rehm?®, je na graki univerzi
$tudiral kemijo in tam doktoriral decembra 1925 z disertacijo o alkalni
hidrolizi etilestrov ocetne kisline s karbonati enovalentnih kationov Li*,
Na* in Rb*. Doma so imeli kmetijo, Zago in trgovino. Bili so pronem-
$ko usmerjeni in so podpirali nacionalsocializem, ¢eprav je bila njegova
mama Slovenka. Med obema vojnama se je zapletel v finan¢ne $kandale,
ob izbruhu vojne pa je bil verjetno zaposlen pri kraljevi vojski v Beo-
gradu, Kjer je bil prijavljen v hotelu Astoria. Maja 1941 so ga priprli in v
preiskovalnem zaporu je ostal do konca junija 1942, ko so ga premestili
v tabori$¢e Dachau. S posredovanjem Rascherjevega sodelavca Neffa je
prisel v raziskovalno skupino dr. Rascherja, kjer je sodeloval pri poskusih
podhlajevanja, vzporedno pa je razvijal zasc¢itni premaz proti rji. Postal je
nekaksen vodja kemikov in pod njegovim vodstvom jih je delalo 572, med
njimi Krajnc. Punzengruber je dajal videz premoznega ¢loveka, ¢eprav to
ni bil. Z Rascherjem sta se dobro razumela, tako da je Rascher septembra
1943 prezivel dopust v Meziski dolini. Istega meseca je bil Punzengruber
izpuscen iz taborisca, a je nadaljeval delo v Rascherjevi skupini, ¢eprav
je bil formalno dodeljen policiji kot rezervist, zato ga niso vpoklicali na
fronto. Marca 1944 se je izkazalo, da sredstvo proti rji e ni primerno
za proizvodnjo, zato so nadaljevali z njegovo optimizacijo, a neuspesno,
tako da so julija 1944 umaknili patentno prijavo zanj. Oktobra 1945 se
je Punzengruber poro¢il s Giso Schifer, roj. Wagner, tehni¢arko na uni-
verzitetni kliniki v Miinchnu, kamor je prej prinasal vzorce v analizo. Po
vojni so Americani Punzenguberja aretirali in najprej zaprli v Dachauu,
nato pa preselili v zapornisko krilo sodi$¢a v Niirnbergu. Prical je proti
Rascherju in na vsak na¢in poskusil zmanjsati svojo vlogo v Rascherjevi
skupini® *. Iz neznanega razloga je v ameriskih sodnih virih naveden kot
zdravnik (tako je omenjen tudi v knjigi nekdanjega bolnicarja v Dacahuu,
zgodovinarja Stanislava Zamecnika Das war Dachau). Kasneje se je pod-
pisoval tudi kot Rolf Punzengruber. Do leta 1966 je Zivel v Miinchnu, kjer
je tudi pokopan.

XXXVIIT  Krajn¢eva mese¢na placa je bila 385 mark?.

V Arolsenskem arhivu hranijo kopijo dokumenta od
11. januarja 1944, ki so ga iz tabori$¢a poslali na policijsko
upravo (verjetno mesta Dachau), v njem pa je navedeno,
da je bil Boris Krajnc z dnem 22. 12. 1943 izpuscen iz za-
pora in sodasno sprejet v delovno razmerje v Uradu AX*X
Personalnega Staba SS-a - to je bil urad, pod katerega je
sodil Rascherjev oddelek v okviru Instituta za namenske
vojaskoznanstvene raziskave. Policijsko upravo prosijo, da
Krajncu izrodijo ustrezne papirje, med drugim tudi karte
za hrano in oblacila. Da je $lo za delovno razmerje, potrju-
je tudi seznam tujcev*", ki so med vojno bivali na podrodju
kasnej$e ameriske zasedbene cone in so ga lokalne oblasti
kmalu po vojni pripravile za zavezniske sile z namenom
razjasnitve usode tujcev. Na tem seznamu*" je navedeno,
da je bil Krajnc 26. 3. 1944 zaveden v kartoteki Urada za
delo Miinchen, izpostava Dachau. Kot je razvidno iz po
vojni pripravljenega seznama prebivalcev obcine Da-
chau™", je bil Krajnc tam prijavljen od 22. 12. 1943, za do-
pust konec maja 1944 pa se je zacasno odjavil.

Zanesljivih dokumentov o njegovem bivanju v ob-
dobju od junija do novembra 1944, ko naj bi se vrnil na
Jesenice*™™, sprva ni bilo mogoce najti. Mozno bi bilo, da
je po vrnitvi z dopusta Zivel in delal v Schlachtersu kjer so
v tistem Casu pripravljali obrat za proizvodnjo tablet Poly-
gal. Prav tako maja 1944 naj bi v Schlachters iz Dachaua bil
premeséen Janko Ravnikar, $e en Slovenec iz Rascherjeve
skupine, kjer je sodeloval kot pomozni delavec, po poklicu
pa je bil kroja¢. V. Rehmovem dokumentarnem romanu je

XXXIX  Od leta 1940 naprej je pod to oznako treba razumeti SS-ovo
organizacijo Ahnenerbe.

XL V povojnem ¢asu so zavezniske zasedbene sile sistemati¢no zbirale
podatke o dogajanju v Nem¢iji med 2. svetovno vojno, odkriti pa so Zeleli
tudi usodo $tevilnih zapornikov, prisilnih delavcev in drugih, ki so jih
nemski okupatorji prepeljali v Nemcijo. Tako so med drugim morali lo-
kalni uradi sestaviti popise vseh tujcev, ki so med vojno bivali v Nem¢iji
in sezname zaposlenih tujcev v nemskih podjetjih.

XLI Seznam jugoslovanskih delavcev, ki ga je pripravil Urad za delo iz
Miinchna, str. 3 seznama izpostave Dachau, interna oznaka strani ITS
074. Na istem seznamu (str. 6 oz. ITS 077) je tudi Milan Stepi$nik (ve¢ o
njem v nadaljevanju) z datumom evidentiranja 15. 9. 1944. Gre za takoi-
menovani Formular 11.

XLII Na seznamu tujcev ‘jugoslovanske narodnosti, ki so ga prip-
ravili na ob¢ini Dachau avgusta 1946, je Boris Krajnc vpisan s priimkom
Kraync. Prebivali$¢e (Formular 7; stran ITS 090) je prijavil z datumom
22.12. 1943 in datumom odjave 24. 5. 1944. Na formularju za popis do-
kumentov (Formular 10, stran ITS 224) pa je navedeno, da je bila perso-
nalna mapa za zaposlitev odprta 14. 1. 1944. Kartote¢na kartica navaja
naslednje podatke: Kraync Boris, dipl. inz. kemije, rojen 25. 12. 1913 v
Kantridi (prej Italija, zdaj nemsko), vera rk (rimskokatoliska), priselitev
iz KL (koncentracijskega tabori§¢a) Dachau 22. 12. 1943, odselitev 24. 5.
1944 v Cilli (Celje), ponovna priselitev 6. 6. 1944 iz Cilli; drzavljanstvo:
nekdanja Jugoslavija, narodna pripadnost: Slovenija. Stepi$nik je v isti
evidenci zaveden z datumom prijave 21. 7. 1944 (prihod iz koncentra-
cijskega tabori$¢a Dachau) in odjave 1. 11. 1944. Na eviden¢ni kartici je
navedeno, da se je odselil v A8ling/Oberkrain (Jesenice na Gorenjskem).

XLIIT Po mnenju Huberta Rehma naj bi Krajnc pobegnil iz Schla-
chtersa oktobra 1944, vendar je po naknadnem preverjanju (osebna ko-
munikacija) ugotovil, da ni nobenega zanesljivega podatka o tem, da je
res bil del ekipe za pripravo preparata Polygal v Schlachtersu.

Marko Dolinar: Boris Krajnc in drugi kemiki na dachauskih procesih



Acta Chim. Slov. 2021, 68, S45-S65

navedeno, da je Krajnc pobegnil domov iz Schlachtersa
oktobra 1944, ¢eprav je iz povojnih slovenskih virov, pred-
vsem Stevilnih zasliSanj, mogoce ugotoviti, da se je vrnil na
Jesenice novembra tega leta. Iz zapisnikov preiskovalnega
postopka pred dachauskim procesom je razvidno, da je
Krajnc pobegnil iz Dachaua na osnovi ponarejenega doku-
menta, ki ga je z Jesenic prinesel Milan Stepisnik, zato je
podatek o pobegu iz Schlachtersa dvomljiv. Prav tako je v
romanu navedeno, da naj bi bil Krajnc $panski borec. Res
se pojavlja v nekaterih knjigah o mednarodnih brigadah v
$panski drzavljanski vojni*", ni pa ga na seznamih, ki so
jih sestavili jugoslovanski prostovoljci v tej vojni.

5. Krajnc kot obdolZenec

na Diehl-Oswaldovem procesu

V preiskavi, ki ji je sledil prvi dachauski proces v Lju-
bljani, je bil Krajnc aretiran 27. 10. 1947 (podatek iz obto-
Znice vojaskega sodis¢a od 16. 4. 1948). Ohranjen je zapi-
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snik hi$ne preiskave na dan aretacije. Trajala je eno uro, v
njej pa so zasegli med drugim dve mapi korespondence in
dve mapi strokovnega gradiva.

Obtoznica je Krajnca bremenila, da je februarja 1942
v begunjskih zaporih prostovoljno zacel sodelovati z Gesta-
pom in mu priznal svoje sodelovanje z Osvobodilno fronto
ter s tem izpostavil svoje sodelavce; da se je v Dachauu mar-
ca 1942 povezal z agentom Martinom Presterlom, mu po-
rocal o sointernirancih in sodeloval v lazni protifaisti¢ni
provokatorski organizaciji; da je od januarja 1943 do no-
vembra 1944 v poizkusni postaji aktivno sodeloval s krvni-
koma Rascherjem in Plotnerjem pri najgrozovitejsih zloci-
nih; da je kot agent Gestapa posredoval pri vodstvu tabori-
$¢a, da so bili na poizkusne postaje pritegnjeni $e Stepi$nik,
Barle, Li¢en in drugi, s ¢imer je soodgovoren tudi za njiho-
ve zlo¢ine. Obtozen je bil tudi oddaje laZne biografije, da bi
se po vojni vrinil na vplivno mesto, od koder bi ¢rpal tajne
podatke kot bivsi gestapovski agent in da bi proteziral ge-
stapovske agente s pisanjem pozitivnih karakteristik. Nada-
lje je bil obtoZen za povezavo s tujo obvescevalno sluzbo
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Slika 4: Rokopisna izjava Borisa Krajnca iz ¢asa preiskave za Diehl-Oswaldov proces. Dokument ni datiran, verjetno pa sodi v obdobje malo pred
sojenjem aprila 1948. Vir: Arhiv Republike Slovenija, SI AS 1931, RSNZ SRS, Dachauski procesi, $k. 512.

XLIV Krajnc je naveden v knjigi Las brigadas internacionales de
la guerra de Espafa (Andreu Castells, Esplugues de Llobregat: Editorial
Ariel, 1974), vendar le kot soobtoZeni na dachauskem procesu, kjer so
sodili tudi tevilnim $panskim borcem. Edina zgolj teoreti¢na moznost,
da bi kakor koli sodeloval pri zadevah, povezanih s $pansko drzavljansko
vojno, bi bila v ¢asu $tudija, saj so mednarodne brigade razpustili sep-
tembra 1938.

junija 1945 ter da ji je porocal o dogajanju na univerzi in da
je izvajal $kodljive aktivnosti po navodilu tuje obvescevalne
sluzbe. Obtoznica je bila vlozena 2. 12. 1947.

V knjigi o dachauskih procesih* je Boro Krivokapi¢
citiral pritozbo Krajnceve zene Ivanke Komisiji za pro$nje
in pritozbe Centralnega komiteja Zveze komunistov Slove-
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nije z dne 12. 4. 1969. V tem dolgem pismu je navedeno, da
je pod Krajn¢evim mentorstvom opravljala diplomsko na-
logo Jelka Ruzi¢®™, takrat svakinja, kasneje pa druga
zena*™! Borisa Kraigherja (v ¢asu sojenja je bil minister za
notranje zadeve LR Slovenije). S posredovanjem Jelke Ru-
zi¢ je Krajncevi uspelo priti na zasebni obisk k Borisu Kra-
igherju, ki ji je povedal, da bo Boris Krajnc nekaj ¢asa zaprt
in da se je to zgodilo na zahtevo tuje velesile. Nekateri me-
nijo, da je $lo za Sovjetsko zvezo, neposrednih dokazov za
to pa ni.

Sojenje pred vojaskim sodis¢em™*! je potekalo med
20. in 24. aprilom 1948, razglasitev sodbe pa je bila dva dni
kasneje. To je bil prvi izmed dachauskih procesov in hkra-
ti najvecji. Pogosto ga poimenujejo po dveh prvoobtoze-
nih Diehl-Oswaldov proces. Danes velja, da je $lo za mon-
tiran proces, pri katerem so obdolZence s fizi¢nim in psi-
hi¢nim nasiljem prisilili v priznanje dejanj, ki jih niso
zagresili. Nazoren prikaz postopkov, ki so jih uporabljali v
zasliSevanjih, je pri¢evanje Vlasta Kopaca®, ki je bil na
Diehl-Oswaldovem procesu obsojen na smrt, a so mu po
pritozbi omilili kazen na 20 let zapora, nato pomilostili na
10 let in ,zacasno’ izpustili aprila 1951. Na sojenju je bil
pogosto edini dokaz za ocitano dejanje lastno priznanje
obdolzenca, obramba, ki je bila imenovana, pa ni imela
vpogleda v obtoznico in je bila pod pritiskom oblasti. Red-
kih dokazov v prid obdolzencem sodi$¢e ni upostevalo,
vedinoma pa odvetnikom niso dovolili povabiti pri¢, ki bi
koristile obdolZencem. Na tem nepostenem sojenju so iz-
rekli izredno visoke kazni, saj so od 14 obdolzencev kar
enajstim izrekli smrtno kazen. Upostevati pa je treba $e tri
preiskovance, ki so umrli med preiskavo.

Krajnc je med zaslisanji priznal sodelovanje z Gesta-
pom, ki naj bi ga podpisal v zaporu v Begunjah, in $e neka-
tera druga ocitana dejanja, vendar teh izjav ni mogoce ste-
ti za verodostojne. Pod kaksnim pritiskom so bili preisko-
vanci, je mogoce razbrati iz Krajn¢evega pisma majorju
(verjetno preiskovalcu), ki ga hrani Arhiv Republike Slo-
venije (slika 4). Pri uporabi gradiv iz ¢asa preiskave in s
sojenja je potrebna posebna previdnost, podobno kot velja
tudi pri arhivskih dokumentih tajnih sluzb*.

6. Drugi kemiki na dachauskih

procesih
Milan Stepis$nik (1910-1950?) je bil tako kot Krajnc
kemik (diplomiral 1935, tri leta pred Krajncem) in je bil
obsojen na istem dachauskem procesu kot Krajnc. Stepi-
$nik je diplomiral na Tehniski fakulteti z nalogo » Analogi-

XLV Jelka Marija Ruzi¢ je diplomirala $ele leta 1949, torej ve¢ kot
eno leto po Krajnéevi aretaciji.

XLVI Boris Kraigher je bil najprej porocen s sestro Jelke Ruzic, ar-
hitektko Miro Ruzi¢™.

XLVII Samo prvi dachauski proces je potekal pred vojaskim, vsi nas-
lednji pa pred civilnim sodi§¢em.

ja med nikotinsko in m-nitrobenzojevo kislino« pod men-
torstvom Marija Rebka. Znan je bil tudi kot vrhunski atlet.
Med drugim se je udelezil olimpijskih iger v Berlinu leta
1936, Kjer je bil zastavonosa jugoslovanske reprezentance,
bil pa je tudi ve¢kratni balkanski prvak*"". Znana je foto-
grafija treh prvouvrécenih atletov na tekmovanju v jeseni
1941%™, kjer na zmagovalnem odru prvi in tretji pozdrav-
ljata s fasisti¢nim pozdravom, Stepi$nik kot drugi pa stoji
mirno.

Do zacetka vojne je bil zaposlen v tovarni Zogmeier-
-Gruber v Slovenski Bistrici, nato pa je bil do junija zaprt v
Mariboru, ¢emur je sledila izselitev v Lazarevac v Srbiji.
Od tam se je kmalu vrnil, saj so mu odobrili preselitev v
Ljubljansko pokrajino, tako da je Ze 2. julija 1941 prisel v
Ljubljano in se avgusta zaposlil v papirnici v Vev¢ah. Zara-
di sodelovanja z Osvobodilno fronto so ga novembra 1943
belogardisti" aretirali, kasneje pa so ga internirali v Da-
chau. V ameri$ki bazi Holocaust Survivors and Victims
Database je zaveden s priimkom Stepiniks, datum prihoda
v Dachau 7. december 1943, datum odpusta 21. julij 1944,
kar verjetno sovpada z njegovo redno zaposlitvijo v Da-
chauu, podobno kot pri Krajncu. Ze nekaj dni po prihodu
v taboriS¢e so ga kot kemika vkljucili v delo Rascherjeve
skupine, nadaljeval pa ga je tudi kasneje, ko je skupino
prevzel Plotner. Delal naj bi izklju¢no pri pripravi tablet za
strjevanje krvi, skupaj z Jankom Puflerjem™. V dokumen-

XLVIII V metu kladiva je osvojil kolajne na 6 predvojnih Balkanskih
igrah, od tega 3 zlate. Stirikrat je izbolj$al drzavni rekord v tej discipli-
ni. Tudi po vojni je $e tekmoval in je bil zastavonosa slovenske atletske
reprezentance na prvem povojnem jugoslovanskem atletskem prvenstvu
(Zagreb, 1945), kjer je osvojil 6. mesto v metu diska, v metu kladiva pa
je bil drugi. Leta 1946 je na balkanskih igrah v Tirani osvojil bronasto
medaljo v metu kladiva®.

XLIX Fotografija je nastala 14. 9. 1941 na atletskem mitingu za po-
kal Iva Scapola na stadionu v mestu Schio pri Vicenzi, ki ga je dve leti prej
otvoril Benito Mussolini. Na tem tekmovanju so nastopili vsi najboljsi
italijanski lahkoatleti, v dogovoru z njihovo atletsko zvezo pa prvi¢ po
prikljucitvi Ljubljanske pokrajine Italiji tudi trije nasi tekmovalci. V metu
kladiva je zmagal italijanski prvak Teseo Taddia, Stepisnik je bil drugi,
tretji pa je bil Cecchini.

LV dopisu Stepisnikove zene Poldke je navedeno, da so v njihovo sta-
novanje vdrli oborozeni belogardisti in odpeljali moza ter dve sosedi. Kot
sodelavca OF so ga nameravali Se isto no¢ ustreliti na Urhu, vendar so ga
zato, ker je sama dozZivela ziv¢ni zlom in so jo morali odpeljati v bolni$ni-
co, na koncu odpeljali v zapor, ne na streljanje.

LI Janko Pufler (1905-19507?) je bil steklar v Hrastniku, kjer so ga ze
leta 1926 sprejeli v komunisti¢no partijo, leta 1928 pa so ga izgnali, tako
da je naslednja leta prezivel v razli¢nih drzavah Evrope. Spomladi 1937
je prisel iz Sovjetske zveze kot prostovoljec v Spanijo, kjer je bil v vlogi
in$truktorja. Po koncu drzavljanske vojne je bil v ve¢ francoskih tabori-
§¢ih. Julija 1942 ga je aretiral Gestapo v Gradcu, februarja 1943 pa so ga
zaprli v tabori$¢e Dachau. Po nekaj tednih so ga dodelili za steklopihaca
v ‘poskusni postaji, kasneje pa naj bi kot laborant sodeloval pri razvo-
ju tablet za strjevanje krvi, a je verjetno, da je bil predvsem zadolZen za
pripravo in ¢iSCenje steklovine. Leta 1944 so ga preselili v podruznico
Schlachters in tik pred koncem vojne v Lochau. V nekaterih virih je na-
veden kot Hans Puffler ali Janco Pufler. Decembra 1945 so ga postavili za
direktorja steklarne Hrastnik, a so ga oktobra 1946 razresili zaradi spora s
politi¢nimi organizacijami v podjetju. Proti koncu tega meseca je v no¢ni
izmeni izbruhnil pozZar, zaradi katerega je prislo do zastoja v proizvodnji.
To so oblasti prikazale kot sabotaZo in so zato na celjskem okroznem so-
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taciji za obnovo procesa piSe, da naj bi pomagal Puflerju
pri pripravi pektinskih tablet'" in da naj ne bi sodeloval pri
poskusih na internirancih.

V drugi polovici oktobra 1944 je bil na dopustu v
Ljubljani in na Jesenicah, kjer je pridobil potrdilo, da so ga
pripravljeni zaposliti v Zelezarni na podro¢ju, pomemb-
nem za nemsko vojasko industrijo. Na osnovi tega so mu v
Dachauu dovolili, da se s 1. novembrom 1944 vrne domov.
Istega meseca se je zaposlil v Samotarni Zelezarne na Jese-
nicah. Po vojni so ga postavili za ,delegata” Ministrstva za
industrijo in rudarstvo v Industriji metalnih polizdelkov
(kasnejsi Impol) v Slovenski Bistrici, kar je ustrezalo funk-
ciji direktorja. Kot ¢lan drzavne delegacije je v zacetku leta
1947 nekaj mesecev pregledoval nemska kemi¢na podjetja
glede vojnih reparacij. V ¢asu pomanjkanja materialov je
sam poskrbel za pripravo mase za $amotno oblogo talilne
peci v Impolu, ki pa, verjetno zaradi nekakovostnih suro-
vin, ni zdrzala dolgo, kar so oblasti prikazale kot sabotazo.
Aretirali so ga 30. septembra 1947 in na Diehl-Oswaldo-
vem procesu obsodili na smrt. Zdi se verjetno, da so kazen
izvrsili $ele leta 1950™", obstajale pa naj bi tudi price, ki so
se oglasile svojcem in naj bi ga videle $e kasneje, tako da
naj bi po mnenju nekaterih umrl $ele leta 1974 (izrocilo
druzine Stepis$nik).

Karel Barle (1910-1948) iz Smartnega pri Slovenj
Gradcu je bil inZenir kemije. Studij je zacel v Ljubljani,
zakljucil pa v Avstriji, kamor je leta 1934 emigriral po na-
logu Komunisti¢ne partije Jugoslavije. Bil je prostovoljec
Spanske drzavljanske vojne, ko se je ta konéala pa je bil v
vec francoskih in nemskih tabori$¢ih. Aretirali so ga v Bre-
stu v Franciji konec novembra 1941, v Dachau pa je prispel
22. avgusta 1942 in od marca 1943 delal kot kemik najprej
pri ohlajevalnih poskusih, kasneje pa je sodeloval pri ra-

di$¢u izvedli sojenje proti Puflerju, njegovemu delavcu JoZetu Bengaliji
in $e dvema sodelavcema. Po pritozbi je visje sodis¢e sodbo razveljavilo
in vrnilo zadevo prvostopenjskemu sodi$¢u pod spremenjenim senatom.
Na Diehl-Oswaldovem procesu so Puflerju poleg sabotaze ocitali $e vrsto
drugih dejanj iz ¢asa vojne in pred njo. Tako so ga na primer obdolzili,
da je bil sodelavec Gestapa Ze od leta 1928 (kar je priznal), pri ¢emer so
Gestapo ustanovili $ele leta 1933. Obsojen je bil na smrt. Joze Benegalija
je bil na istem procesu obsojen na 18 let prisilnega dela, a so ga iz zapora
izpustili leta 1954.

LII Dokaj nelogi¢no se zdi, da bi Stepisnik, ki je bil kemik z izku$njami,
pomagal Puflerju, steklarju, pri pripravi pektinskih preparatov. Bolj ver-
jetno je obratno. Navedeno je tudi, da naj bi stika s poskusnimi osebami
sploh ne imel, kar je prav tako malo verjetno, glede na najdene njegove
zapiske o rezultatih preiskav na poskusnih osebah.

LIIT Po uradnem zapisniku naj bi vse na smrt obsojene na prvem da-
chauskem procesu usmrtili 12. maja 1948, a so v osebnem arhivu Borisa
Kraigherja* nasli rokovnik za vpenjanje listov manjsega formata, ki je
vseboval predvsem kratke zabelezke. Pri 18. oktobru 1952 je najprej na-
vedeno ime Niki¢, kar bi lahko pomenilo Boris Niki¢ (s pravim imenom
Niko Silih, pomo¢nik nacelnika Udbe za Slovenijo), sledijo priimki 24
zapornikov, obsojenih na smrt. Pri nekaterih je za imenom znak +, kar
bi bilo mogoce razumeti kot oznako za likvidacijo, ne pa nujno. Nekate-
ra imena nimajo te oznake, nekatera so zapisana v oklepaju, nekatera z
znakom - pred imenom, nekatera pa so pod¢rtana. Kaj bi to pomenilo,
ni znano. Poleg Stepisnika so bili navedeni in oznaceni s + $e dachauski
obsojenci Diehl, Oswald, Jurani¢, Li¢en in Pufler. Krajnca na tem sezna-
mu ni, prav tako ne Barleta.

zvoju pektinskih tablet. Boris Krajnc je v preiskovalnem
postopku natan¢no opisal Barletov prihod v Rascherjevo
skupino. Pri tem je omenil tudi to, da mu je Barle povedal,
daje v Spaniji (v Albaceti) kot kemik izvajal mikrobioloske
preiskave vode. Nadalje je povedal, da se je za vkljucitev
Barleta v raziskave zelo zavzemal Rudolf Punzengruber
(gl. op. XXXVII), ki je bil tudi s Korogke, ker je mislil, da
bosta prijateljevala, a kasneje nista. Barle je bil v tabori§¢u
¢lan prvega jugoslovanskega taboris¢nega komiteja™". Kot
kemik je sodeloval pri tehni¢nem delu priprave porocila o
stanju v koncentracijskem tabori§¢u Dachau'. Aprila
1945 je v Schlachtersu, kjer so vzpostavljali proizvodni
obrat za pektinske tablete, spoznal bodo¢o Zeno Reziko
(Theresia, roj. Briistle, 1925-1949) in se z njo poro¢il juni-
ja 1945. Osvoboditev je docakal v dachauski podruznici
Lochau na Predarlber$kem v dana$nji Avstriji in se v do-
movino vrnil Sele septembra 1945. Zaposlil se je na Mini-
strstvu za industrijo in rudarstvo, kasneje pa v Centralnem
komiteju KPS, kjer je bil sekretar ekonomske komisije.
Aretiran je bil 8. avgusta 1947 in bil zaradi domnevnega
sodelovanja s tujo obves¢evalno sluzbo in medvojnega

LIV Tabori$¢ni komiteji so bile po nacionalnostih organizirane ilegal-
ne protifasisti¢ne organizacije, ki jih je povezoval mednarodni taboris¢-
ni komite. Slovenski komunisti so organizirali jugoslovanski taboris¢ni
komite (med jugoslovanskimi tabori$¢niki so namre¢ prevladovali Slo-
venci). Pomembna vloga tabori$¢nega komiteja je bila pomoc¢ tistim ro-
jakom, ki niso dobivali paketov pomo¢i od doma in tistim, ki so rabili
zdravstveno pomo¢, hkrati pa je odbor razsirjal informacije o dogajanju
v domovini in skrbel za moralo med zaporniki. Ce je bilo mogoce, so
svoje zanesljive ¢lane razporejali na delovne naloge, kjer bi lahko poma-
gali drugim, ali poskusali prepreciti transporte svojih ¢lanov v uniceval-
na tabori$¢a. Konec leta 1944 so se odlo¢ili ustanoviti $irSo organizacijo
tabori$¢nikov s protifasisticno usmeritvijo, a je do ustanovitve prislo $ele
aprila 1945. Z osvoboditvijo tabori§¢a Dachau 29. aprila 1945 se je jugo-
slovanski narodnoosvobodilni odbor preoblikoval v Jugoslovanski naci-
onalni odbor®. Na dachauskih procesih je toZilstvo nastopalo s pozicije,
da je bil tabori$¢ni komite podalj$ek Gestapa oz. da je $lo za ‘provokator-
sko’ antifasisti¢no organizacijo. To je bila ena od tock obtoznice pri Karlu
Barletu, Borisu Krajncu in nekaterim drugim obtoZencem na dachauskih
procesih.

LV Slo je za dve poro¢ili, napisani v zepno beleznico z nevidnim érni-
lom, ki ga je izdelal Karel Barle. Prvo porocilo je napisal takratni sekre-
tar tabori$¢nega jugoslovanskega partijskega komiteja Vlasto Kopa¢ in v
njem prosil KPS za usmeritve glede delovanja komunistov v taboris¢u.
Drugo porocilo je pripravil sovjetski tabori§¢ni partijski komite v rus¢ini,
namenjeno pa je bilo sovjetskemu predstavniku v glavnem stabu NOV in
POS. Beleznico s porocilom je ob vrnitvi v Slovenijo v jeseni 1944 s seboj
prinesel Milan Stepi$nik®. Iz izvle¢kov izjav Borisa Krajnca in Milana
Stepi$nika med preiskavo v letih 1947/1948 je mogoce ugotoviti, da je
Stepisnik ob odpustu iz Dachaua s seboj prinesel manjsi zvezek (‘notez’),
ki naj bi ga z nevidno pisavo popisal ‘Dil’ (Branko Diehl), namenjen pa
naj bi bil Krajncu. Stepisnik je povedal, da je v Dachauu skupaj z Barle-
tom dodelal postopek, pri katerem je besedilo napisano z raztopino svin-
¢evega nitrata, nevidno pisavo pa nato razvijejo z vodikovim sulfidom.
Krajnéeva bodoca Zena naj bi zvezek poslala Krajncu na Pokljuko, kjer se
je pridruzil partizanom, a tam ni bilo pogojev, da bi pisavo razvil. Pisavo
naj bi kasneje razvila NeZa Exel (inZ. kemije, diplomirala 1939 kot Agneza
Hillinger), ki je pisavo prepoznala kot Diehlovo, a je bila slabo ¢itljiva. Po
mnenju Krajnéeve Zene (zasli$anje 22. 11. 1947) naj bi v zvezku bili »vazni
podatki o delu in poskusih v lagerju«. Glede na to, da je bil Kopac¢ soavtor
¢lanka, v katerem je opisana beleznica®, je bolj verjetno, da je porocilo
pripravil on, kot pa da je bil avtor Diehl, kot je na osnovi pisave ocenila
Neza Exel.
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»sodelovanja pri zlo¢inskih poskusih« na prvem Dachau-
skem procesu obsojen na smrt z ustrelitvijo. Verjetno je
umrl zaradi neznosnih razmer v zaporu $e pred izvrsitvijo
smrtne obsodbe'*. Njegovo Zeno so na 6. dachauskem
procesu avgusta 1948 obsodili na smrt zaradi domnevnega
vohunstva. V Arhivu Republike Slovenije je v Barletovem
dosjeju iz obdobja preiskave za Diehl-Oswaldov proces
shranjen njegov opis priprave razli¢nih pektinskih prepa-
ratov, predvsem njihov razvoj v Dachauu, zelo malo pa o
proizvodnji v Schlachtersu. Ti podatki so, glede na to, da je
bil Barle kemik, gotovo bolj verodostojni od tistih, ki jih je
v svojih spominih podal Franz Jauk (1904-1995)", po
poklicu barvarski pomo¢nik, v Dachauu pa tabori$¢ni pi-
sar bloka 5 in kasneje sodelavec v skupini Sigmunda Ra-
scherja*.

Branko Diehl (1905-19507) iz Celja je po maturi na
celjski Realki leta 1923 zacel s $tudijem kemije na Dunaju
in ga naslednje leto nadaljeval v Ljubljani na Tehnigki fa-
kulteti, kasneje pa je diplomiral iz fizike in kemije na Filo-
zofski fakulteti UL (1931). Leta 1933 so ga zaradi delovanja
v Komunisti¢ni partiji Jugoslavije obsodili na 3 leta zapora.
Po povratku se je za kratko zaposlil v rudniku v Mezici, a
so ga kmalu ponovno aretirali, po 4-mesecni preiskavi pa
se je vrnil v rudnik. Konec junija 1941 so ga v Zerjavu are-
tirali in kot znanega komunista zaprli, nato pa poslali v
tabori$¢e Dachau, kamor je prisel 15. septembra istega leta
kot eden prvih Slovencev oz. Jugoslovanov. Nekaj ¢asa je
delal v laboratoriju tabori$¢ne bolni$nice, sodeloval pa je
tudi pri delu takoimenovane ,malari¢ne postaje’, kjer so
izvajali poskuse na tabori$¢nikih. Vendar naj bi Diehl op-
ravljal samo mikroskopske analize krvi in komarjev*™.

V Dachauu je bil ob osvoboditvi tajnik Jugoslovan-
skega narodnega odbora, skupine predstavnikov razli¢-
nih narodov, v kateri so bili predvsem ¢lani Komunisti¢-
ne partije, za glavno nalogo pa je imela organizacijo pov-
ratka jugoslovanskih internirancevt'™. Po vojni je bil
,delegat Ministrstva industrije in rudarstva® (direktor) v
rudniku v Mezici, glavni in$pektor za gozdarstvo pri
Kontrolni komisiji Predsedstva vlade LR Slovenije in ¢lan
ekonomske komisije Centralnega komiteja Komunisti¢-
ne partije Slovenije. Skupaj z Oskarjem Jurani¢em (ki je
bil prav tako ¢lan Jugoslovanskega narodnega odbora) je
pripravil povojno oceno delovanja KPJ v koncentracij-
skem tabori$¢u Dachau. Aretirali so ga 16. septembra
1947 in na Dachauskem procesu obsodili na smrt zaradi
domnevnega sodelovanja z Gestapom, dela na ,malari¢ni

LVI Vec o zivljenjski poti Franza Jauka je v sestavku®’ H. Halbreinerja.

LVII Vlasto Kopac¢ je v intervjuju s Petrom Vodopivcem® leta 1986
povedal, da naj Barle sploh ‘ne bi sodeloval pri poskusih’ in da je samo
‘seciral komarje in usi.

LVIII Ob tem je odbor tudi evidentiral tiste internirance, ki so
pred aretacijo sodelovali z belo gardo ali okupatorji. ZasliSevali so jih ze
v Dachauu, nato pa organizirali njihov lo¢en transport v domovino, kjer
so Stevilne ustrelili brez sojenja, proti drugim pa so organizirali sodne
procese z izredno nizkimi pravnimi standardi (prim. sestavek® Tineta
Velikonje iz leta 1995).

postaji;, povojnega ustanavljanja vohunske mreze in po-
vojne sabotaze.

Mirko Pibernik (1905-1947) se je po maturi na lju-
bljanski realki leta 1924 vpisal na Tehnisko fakulteto in iz
kemije je diplomiral 1928 pod imenom Bogomir. Tema nje-
gove diplomske naloge je bila oksidacija $kroba za pripravo
topnih oblik, o ¢emer je naslednje leto izsel ¢lanek Maksa
Samca v reviji Kolloidchemische Beihefte®. Bil je tudi akti-
ven ¢lan Sokola in soavtor telovadnega priro¢nika® (izsel
1933). Po odsluzenem vojaskem roku v $oli za rezervne ofi-
cirje se je porocil in zaposlil v podjetju Medi¢-Zankl, tovar-
ni olja, lakov in barv, ki je imelo en proizvodni obrat v Med-
vodah (kasnej$i Color) in enega v Domzalah (kasnejsi He-
lios). Pibernik je delal v obeh sodasno, tako da se je redno
vozil med obema tovarnama. Marca 1941 so ga mobilizira-
li v enoto v Srbiji, a se je po kapitulaciji Jugoslavije uspel
vrniti v Medvode, kjer je $e naprej delal v istem podjetju.
Med vojno je stanoval v Medvodah, kjer so v upravni stavbi
podjetja poleg kemijskega laboratorija bila tudi stanovanja
za zaposlene. Sodeloval je z Osvobodilno fronto in med
drugim ilegalno tiskarno preskrboval s tiskarsko barvo, ki
so jo delali v tovarniskem laboratoriju. V zacetku leta 1944
je bil za kratko zaprt v Ljubljani, morda v povezavi z delo-
vanjem Miklavceve skupine"™ v Medvodah.

Pibernikova druZzina je med vojno Zivela v Siski
(sprva pod italijansko zasedbo), tako da jo je le ob¢asno
obiskoval s kolesom. Ob povratku je veckrat s seboj vozil
pakete za dachauske zapornike in jih oddal na posti v Med-
vodabh, ki so bile pod nemsko zasedbo. Tudi po vojni je os-
tal zaposlen v tovarni barv in lakov v Medvodabh, Kkjer je bil
direktor do prihoda Vladimira Li¢na na ta polozaj, Piber-
nik pa je postal referent direkcije kemi¢ne industrije pri
slovenski vladi. Leta 1946 je bil ¢lan komisije za povojne
reparacije pri jugoslovanski vojni misiji v Berlinu. Aretirali
so ga 3. 11. 1947, v ¢asu preiskave pa je — po uradni verziji
- naredil samomor, a je verjetneje, da je 19. novembra umrl
zaradi posledic mucenja. Objavljeni so odlomki z zasli$anj,
iz katerih je razvidno, da je (verjetno pod prisilo) menjal
izpovedi, tako da so bile v skladu s sugestijami zaslisevalcev.
V Dachauu ni bil nikoli in njegovo ime se ne pojavlja v gra-
divih, ki jih hrani najve¢ji arhiv za obdobje nacizma v
Nemciji'%, zato je absurdno, da je bil osumljen sodelovanja

LIX Ivan Miklavc (1890-1944) je bil podjetnik iz Medvod, ki si je med
vojno prizadeval za ustanovitev pokrajinskega odbora Osvobodilne fron-
te za Gorenjsko in s skupino somisljenikov pripravljal organizacijske
korake za vzpostavitev oblastnih struktur $e pred pregonom Nemcev.
Predvideli so tudi Ze nekatere kadrovske zasedbe, pri ¢emer so vkljucevali
pripadnike kr§¢anskih socialistov, ¢lanov Sokola in komunistov (ki so bili
v manjsini), zato nekateri menijo, da Miklavc ni bil po volji takratnega
vodstva OF*>2,

LX Na poizvedovanje v Arolsenskih arhivih sem dobil podatek, da Pi-
bernika ni v nobenih dokumentih, povezanih z Dachauom, niti kje drug-
je v arhivskem gradivu in da ni jasno, zakaj se njegovo ime pojavlja na
jetniski evidencni kartici Vladimirja Li¢na. V zborniku Dachauski proce-
si** je navedeno, da naj bi bil med vojno v Dachauu, a kaze, da navedba ni
pravilna (Anton Pibernik, osebna komunikacija). Mozna razlaga, zakaj je
bil Pibernik naveden na Li¢novi jetniski kartici, je, da mu je redno posiljal
pakete, vendar taki pripisi na karticah niso bili obic¢ajni.
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z Gestapom. Oc¢itali so mu tudi sodelovanje s tujo obvesce-
valno sluzbo in sabotazne dejavnosti v povezavi z vzigom
ricinusovega olja, kot je razlozeno v nadaljevanju.

Vladimir Licen (1912-1950?) je bil rojen v Trstu, a
se je druzina po italijanski zasedbi po prvi svetovni vojni
preselila v Slovenijo. Maturiral je na ljubljanski realki leta
1930, diplomiral pa je na Filozofski fakulteti v Ljubljani iz
kemije leta 1936. Vojaski rok je sluzil v KruSevcu v Srbiji.
Leta 1938 se je zaposlil v tovarni barv in lakov Medi¢-Zan-
kl v Medvodah. Tik pred za¢etkom vojne v Jugoslaviji je bil
mobiliziran, a so ga v Sarajevu ujeli in odpeljali v taborisce
v Osnabriicku, nato pa so ga predali italijanskim oblastem,
kjer je bil zaprt v ve¢ tabori$¢ih za vojne ujetnike, od koder
je usel septembra 1943 in se vrnil v Trst*. Tam so ga zaradi
ponarejenih dokumentov aretirali in poslali v taborisce
Dachau (prispel je 24. novembra).

V tabori$cu je delal v bolni$ni¢nem laboratoriju do
25. aprila 1944, ko so ga izpustili, za kar naj bi posredoval
tudi Leon Rupnik (takratni ljubljanski Zupan in koman-
dant domobranskih enot). Na zaporniski kartici je (ni jas-
no, zakaj) pripisano ime inz. Mirka Pibernika. Po izpusti-
tvi je delal v Celovcu v tovarni kvasa in $pirita, po osvobo-
ditvi pa se je vrnil v Medvode, Kkjer je bil najprej obratovod-
ja in kasneje direktor tovarne. Uvedel je nekatere spre-
membe v postopkih proizvodnje, za kar je bil tudi veckrat
nagrajen. Ker je je bilo tezko dobiti dovolj lanenega olja iz
uvoza, je v proizvodnjo vpeljal domace ricinusovo olje, o
¢emer naj bi se predhodno posvetoval s strokovnjaki z uni-
verze in institutov, opravili pa naj bi tudi ve¢ preliminarnih
analiz. Ko je 3. oktobra 1947 v tovarni prislo do samovziga
ricinusovega olja, so oblasti to oznacile kot sabotazo v na-
vezi s tujimi vohunskimi agenturami. Na Dachauskem
procesu je bil med drugim obtoZzen, ker »je dobil nalogo
organizirati bakterioloski laboratorij« v tabori$¢ni bolni-
$nici. Po odpustu ga je tam nasledil Mirko Kosir. V prei-
skovalnem zaporu je bil od 3. oktobra 1947, aprila 1948 pa
je bil obsojen na smrt.

Mirko (Miroslav Jozef) Kosir (1905-1951) je na Fi-
lozofski fakulteti UL diplomiral iz kemije, fizike in fizikal-
ne kemije leta 1929. Kemijo je ucil najprej dve leti v Kikin-
di, potem pa v Kranju. Po sojenju mladim komunistom
leta 1934, Kjer je bil oproscen, se je zaposlil v skrobarni v
Domzalah, kasneje pa v Rudarski druzbi Trojane, kjer so
kopali antimonit. Pred 2. svetovno vojno je bil aktiven v
delavskem gibanju in je postal ¢lan vodstva Komunisti¢ne
partije Slovenije. Ob izbruhu 2. svetovne vojne so ga zajeli
Nemci, odpeljali v svoja tabori$¢a, nato pa predali Italija-
nom, ki so ga zaprli v svoja. Po kapitulaciji Italije se je prid-
ruzil partizanom, kjer so ga vkljucili v kulturnisko skupi-
no, med nemsko ofenzivo pa se je vrnil v Ljubljano. Po
aretaciji so ga poslali v Dachau, kamor je bil sprejet 12. 2.
1944. Ko so aprila 1944 iz tabori$¢a Dachau izpustili Vla-
dimira Li¢na, je prisel na njegovo mesto v tabori$¢ni bol-
nisnici, kjer je opravljal analize krvi, urina in sputuma.
Nato so ga 11. 10. 1944 prepeljali v Sachsenhausen, kjer je
kot kemik delal v tovarni granat.

ODb koncu vojne se je preko Prage, Budimpeste in Be-
ograda vrnil v Ljubljano. Deloval je kot prevajalec in pre-
davatelj na ljubljanski univerzi, kjer je bil od 1946 izredni
profesor na Tehnigki fakulteti in honorarni predavatelj za
druzbene vede na Gospodarski fakulteti in Akademiji
upodabljajo¢ih umetnosti'. Aretirali so ga 9. aprila 1948
in $e isti mesec obsodili na 20 let zapora. Iz slovenskih za-
porov so ga kasneje premestili na Goli otok, kjer so ga ob
prihodu pretepli in je 11. 3.1951 zaradi posledic poskodb
umrl.

Vladimir Premru (1902-1949) je bil prvotno osu-
mljenec v dachauskih procesih, a so ga zaradi pomanjka-
nja dokazov izpustili, kasneje pa obsodili zaradi domnev-
nega sodelovanja z Informbirojem in zaprli na Goli otok,
kjer je umrl oktobra 1949. Na Medicinsko fakulteto UL se
je vpisal v $tudijskem letu 1920/21, s $tudijem pa je nada-
ljeval v Zagrebu in Gradcu. Leta 1924 se je prepisal na Fi-
lozofsko fakulteto v Ljubljani, kjer je diplomiral iz kemije
in fizike leta 1929. Najprej je pouceval na Drzavni tehnigki
srednji $oli, kjer je leta 1930 iz$el njegov ucbenik Elektro-
kemija. Od ustanovitve Banovinskega instituta za razisko-
vanje in zdravljenje novotvorb (1938) je kot neplacan so-
delavec vodil tudi kemijski laboratorij (institut je imel »kli-
ni¢ni, kemi¢ni in kemobioloski« laboratorij*, ki jih je ver-
jetno vse, glede na skromno kadrovsko sestavo instituta,
vodil Premru). Znan je tudi kot prevajalec leposlovja in
ekspresionisti¢ni pesnik. Leta 1941 je v soavtorstvu z dr.
Leom Savnikom objavil kratko preliminarno raziskovalno
porocilo o karcinogenem delovanju razlicnih preparatov
na osnovi stilbena (1,2-difeniletena)® v reviji Zeitschrift
fiir Krebsforschung, naslednje leto pa v isti reviji celovitej-
$e porocilo* o isti temi. Novembra 1943 so ga aretirali in
poslali v tabori$¢e Dachau, kamor je bil sprejet 8. januarja
1944. V sprejemnem listu v taborisce je zaveden kot uditelj
kemije iz Ljubljane. Rojen je bil v Bostanju, njegovi starsi
pa so kasneje Ziveli v Celju, tako kot Krajncevi. Iz Dacha-
ua, kjer je od marca 1944 delal v skupini dr. Rascherja, je
bil kasneje premes$cen v podruznico Lochau.

Ko se je po osvoboditvi pe$ vracal domov, so ga zaje-
li Francozi in zaprli v njihovo prehodno taborisce Tisis,
tako da se je vrnil $ele avgusta 1945. Po povratku je najprej
delal kot pomoc¢nik ravnatelja srednje tehniske $ole, maja
1946 pa je postal nacelnik oddelka za strokovno $olstvo na
Ministrstvu za industrijo in rudarstvo LRS*. Njegov sin
Lev Premru (1931-2005) je bil prav tako interniran na
Goli otok, a je prezivel jetni$tvo in doktoriral iz kemije
1965. V naziv docenta je bil izvoljen 1971 in v naziv izre-
dnega profesorja 1974, kariero pa je nadaljeval v industriji.
Znan je predvsem kot direktor Leka v ¢asu njegove inten-
zivne §iritve (1980-88).

Mitja Sark (1919-2000) je maturiral na ljubljanski re-
alki leta 1939 in se istega leta vpisal na $tudij kemije na Teh-
niski fakulteti. Ze kot student je bil vklju¢en v delo Osvobo-
dilne fronte v Ljubljani, kjer so ga belogardisti januarja 1943
aretirali, italijanska uprava pa ga je marca poslala v taborisce
Visco pri Palmanovi. Konec julija se je vrnil v Ljubljano, kjer
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so ga 5. novembra ponovno aretirali in poslali v taborisce
Dachau, kamor je prispel 28. 11. 1943. Od aprila 1944 naprej
je delal kot kemik na ,malari¢ni postaji‘ in ostal v taboris¢u
do zacetka junija 1945, ko se je s prvim organiziranim tran-
sportom vrnil v Slovenijo. Takoj se je zaposlil v laboratoriju
za nadzor zivil pri Ministrstvu za ljudsko zdravstvo v Lju-
bljani, ob delu pa je nadaljeval s $tudijem.

Tik pred koncem $tudija je bil 19. septembra 1947
aretiran in 22. maja 1948 obsojen na 18,5 let zapora. Obso-
jen je bil za sodelovanje pri poskusih na tabori$¢nikih pod
vodstvom dr. Klausa Schillinga, ter ker naj bi po vojni dajal
lazne informacije o svojem delovanju v Dachauu*!. Kazen
so mu kasneje dvakrat znizali, z amnestijo novembra 1954
pa je bil izpu$¢en. Kmalu se je zaposlil kot kemik na Insti-
tutu za elektrozveze. Diplomiral je $ele leta 1956 z novo
nalogo »Pridobivanje lahkih luknji¢avih apnenih betonov
iz apna in kremena oziroma silikatov v avtoklavug, ki jo je
pripravil pod mentorstvom prof. Janka Kav¢i¢a. Decembra
1961 se je zaradi politicno motiviranih konfliktov'*" odlo-
¢il, da zapusti Slovenijo in je za kratek ¢as delal v Nemdiji
kot nekvalificiran delavec™™™, kasneje pa se je preselil na
Svedsko, kjer je zivel v okolici Stockholma.

Od februarja 1962 naprej je delal kot kemik v indu-
strijskem laboratoriju, nato je bil asistent na $vedskem dr-
Zavnem inétitutu za javno zdravje, kjer je bil predvsem za-
dolzen za kontrolo izdelkov (predvsem zivil), ki so priha-

LXI Vprasanje je, zakaj Sarku niso sodili Ze na Diehl-Oswaldovem pro-
cesu, saj so ga aretirali kmalu po Barletu in Diehlu, mesec in pol pred
Krajncem. Obtoznica je bila dokaj podobna (sodelovanje z Gestapom,
izvajanje poskusov na tabori$¢nikih, neresni¢no navajanje podatkov
o medvojnem delovanju), le da mu niso o¢itali povojnega delovanja za
tuje obvescevalne sluzbe in/ali sabotaz. Mozna razlaga za Sarkovo lo¢eno
sojenje bi bila, da je v vodstvu drzavne varnosti delal Du$an Bravnicar
(191-2004), rojen istega leta kot Sark, prav tako $tudent kemije (vpisan
v 1. letnik 1937) in ¢lan vodstva KP v Ljubljani Ze leta 1941. Vsi ostali
kemiki na dachauskih procesih so bili starej$i. Bravnicar je sodeloval pri
preiskavi proti Martinu Presterlu, klju¢ni pri¢i toZilstva na Diehl-Oswal-
dovem procesu®. Morda je Bravnicar vedel, kako stroge bodo sodbe na
prvem procesu in je Sarku kot kolegu in revolucionarno usmerjenem
$tudentu namenil lo¢eno sojenje. Bravnicar je zakljudil $tudij kemije na
1. stopnji leta 1966, pred tem pa je opravljal nekatere vidne politi¢ne in
administrativne funkcije v Sloveniji. Nazadnje je bil direktor Instituta za
zgodovino delavskega gibanja; upokojil se je leta 1962°2.

LXII Sark je imel abonirano kosilo v gostilni Bellevue v Siki. Ne-
kega dne mu je direktorica sporo¢ila, da mu ne smejo ve¢ postreci. Go-
stinsko podjetje je namre¢ dobilo od partijskega komiteja iz Sentvida (v
tistem ¢asu je Sark delal v tovarni Keramika v Sentvidu oz. Vizmarjih
pri Ljubljani - to je bila ena od proizvodnih enot Instituta za elektrozve-
ze) ukaz, da kot bivsi gestapovec in zapornik ne sme ve¢ dobivati hrane.
Sarka je to razjezilo in je tozil partijski komite in dva posameznika za
razzalitev Casti, ob tem pa se je skliceval na ¢len iz kazenskega zakoni-
ka, da tistega, ki bivS§emu zaporniku o¢ita prestano zaporno kazen, lahko
kaznujejo z enim letom zapora. Tozbo so mu veckrat odsvetovali in mu
grozili s posledicami, odvetnik Ljuba Prenner, ki je bil sam veckrat prega-
njan zaradi opozarjanja na nepravilnosti v slovenskem sodstvu, pa ga je
podprl. Sodis¢ce je razsodilo, da obtoZenci niso krivi in pri tem utemelje-
valo dopustnost o¢itka prav s Sarkovo obsodbo na dachauskem procesu.
Vse pritozbe na sodbo (celo na jugoslovansko ustavno sodi$¢e in marsalu
Titu) so bile odbite.

LXIIT F .Derganc navaja®, da je Sark zivel v Belgiji, vendar je bil tam
morda le kratek ¢as pred selitvijo na Svedsko ali pa sploh ne.

jali iz uvoza, zadnjih 5 let do upokojitve (1988) pa kot ra-
zvojni inZenir na tehniski visoki $oli v Stochkolmu. Sodba
z dachauskega procesa je bila razveljavljena leta 1971. Po
osamosvojitvi Slovenije je Sark dobil slovenski potni list in
je veckrat prisel na obisk v domovino, kjer je med drugim
na Televiziji Slovenija sodeloval na omizju o povojnih
montiranih procesih®. Tridesetstranski pogovor z Mitjem
Sarkom je iz$el leta 1996 v Novi reviji®.

Boris Fakin (bolj znan pod psevdonimom Igor Tor-
kar; 1913-2004) je diplomiral iz kemije 1942 in sicer z na-
logo »Grignardove sinteze propionske, izomaslene, valeri-
anske in izovalerianske kisline« (mentor prof. Ladislav
Klinc). Zaradi sodelovanja z Osvobodilno fronto je bil v
Ljubljani konec leta 1943 aretiran in od 20. 1. 1944 zaprt v
Dachauu, od koder je bil 11. 10. 1944 premesc¢en v Sachsen-
hausen (kasneje v podruznico Klinkerwerk Oranienburg)®,
Kjer je ostal do konca vojne. V Dachauu je delal v klini¢cnem
laboratoriju tabori$¢ne bolnisnice. Med drugim naj bi op-
ravljal analize urina in blata, pri ¢emer obstaja pri¢anje ve¢
zapornikov, da je, ¢e je bilo treba, potvoril rezultate prei-
skav, da bi zadrzal slovenske internirance dalj ¢asa v bolni-
$nici in jih s tem resil transporta ali tezkega dela.

Po vojni je bil zaposlen na republi$kem ministrstvu
za industrijo in rudarstvo, nazadnje kot direktor direkcije
za kemi¢no industrijo. Aprila 1948 je bil aretiran in obso-
jen zaradi domnevnega sodelovanja z Gestapom, katerega
agent naj bi bil. Obsojen je bil na 8 let in 9 mesecev zapora
s prisilnim delom, po pritozbi pa so kazen podaljsali na 12
let in naknadno znizali na 6 let strogega zapora, od katerih
je prestal 4 leta, nato pa so ga pogojno izpustili. Sodba je
bila razveljavljena leta 1971. Od leta 1954 je bil ucitelj na
Akademiji uporabljajo¢ih umetnosti UL, kjer je predaval
predmet Tehnologija slikarskih, kiparskih in grafi¢nih ma-
terialov. O svojih izku$njah s povojnimi procesi je napisal
roman Umiranje na obroke (1984), ki je verjetno njegovo
najbolj znano delo.

7. Razveljavitev obsodbe

Do razveljavitve sodb iz dachauskih procesov je pris-
lo postopoma, saj je sprva moralo dozoreti spoznanje o
krivi¢nosti sojenja, kasneje pa so morali resiti vprasanje,
kako s ¢im manj politicne $kode za vladajoco elito predsta-
viti ni¢nost sodb. Da so se o tem sploh sprozala vprasanja,
gre v prvih letih po procesu v veliki meri zasluga vdovam
obsojenih na smrt"*", kasneje pa tudi tistim, ki so bili ob-
sojeni na zaporne kazni, a so bili po nekaj letih pomilo$ce-
ni in/ali za¢asno izpusceni. Pomembne so bile tudi aktiv-
nosti zdruzenj tabori$¢nikov, ki so pozivala k rehabilitaciji

LXIV Ivanka Krajnc je na primer skupaj z drugimi vdovami umor-
jenih na dachauskih procesih pisala pismo Zeni jugoslovanskega pred-
sednika, Jovanki Broz, glede (verjetno obnove) procesa proti njihovim
mozem. To pismo in vlogo za rehabilitacijo B. Krajnca je v Sestdesetih
prinesla tudi na vodstvo $tudentske organizacije UL, ker je v ¢asu razcve-
ta Studentskih gibanj po letu 1968 ra¢unala na njihovo pomoc®.

Marko Dolinar: Boris Krajnc in drugi kemiki na dachauskih procesih



Acta Chim. Slov. 2021, 68, S45-S65

nekdanjih sojetnikov, in zdruZenja nekdanjih $panskih
borcev, saj so $tevilni obsojenci bili nekdanji prostovoljci
$panske drzavljanske vojne.

V analizi obsodbe Borisa Krajnca, ki je bila osnova
za razveljavitev sodbe (podobno pa bi lahko navedel $e za
druge v tem ¢lanku omenjene kemike, pa tudi druge obso-
jene) je jasno navedeno, da o agentski navezavi na Gestapo
ne more biti govora. Glede pridobivanja agentov Gestapa
obstaja vrsta zgodovinskih virov. Resni¢ni agenti Gestapa
bi namre¢ morali biti evidentirani na drugacen nacin, o
njih bi morala obstajati evidenca nalog, porocanj in izpla-
¢il, tega pa za obsojene na dachauskih procesih ni bilo. Po-
leg tega so agente pridobivali predvsem za protiobvesce-
valno delo na terenu in agentov ne bi posiljali v tabori$¢a,
tabori$ca pa so imela tako ali tako vzpostavljen svoj sistem
pridobivanja podatkov in urejanja odnosov med zaporni-
ki. Bolj verjetno je, da je Krajnc v Begunjah pod groznjo
streljanja podpisal splos$no izjavo o lojalnosti, ¢eprav je
med zasliSanjem navedel, da se je s podpisom obvezal, da
bo delal za veliko Nem¢ijo po direktivah Gestapa. Izjavo o
lojalnosti, ki naj bi jo podpisal v Begunjah, je omenil npr.
Stane Oswald v zasliSanjih, vendar ta ne Steje kot soglasje k
sodelovanju z Gestapom v vlogi agenta.

Obtoznica je Krajncu in drugim, ki so delali v posku-
sni postaji tabori$¢a Dachau, o¢itala kaznivo dejanje vojne-
ga zlocinstva. V razveljavitvi sodbe je utemeljeno zapisano,
da pri poskusih niso sodelovali naklepoma. Naveden je
tudi sklic na povojne procese v Nemciji, kjer so sodelavce
pri poskusih na ljudeh sodi$ca vabila zgolj kot price, ne pa
kot storilce dejanj. Nelogi¢no bi tudi bilo, da bi sodili teh-
ni¢nim sodelavcem, medtem ko $tevilnim njihovim nadre-
jenim niso sodili. Pri tem je prevladalo spoznanje, da nek-
danji tabori$¢niki tudi po izpustitvi niso imeli moznosti
izbire in so bili prisiljeni $e naprej delati v skupinah, ki so
jih rekrutirale, ¢eprav ne vec v statusu zapornika. Sicer so s
tem pridobili nekatere privilegije, ki jih tabori$¢niki niso
imeli (bolj$o hrano, obc¢asne izhode iz tabori$¢a, manjse
tveganje za premestitev in delo do popolne izérpanosti),
kar pa ne pomeni, da so delo opravljali po lastni Zelji.

Poleg tega so v sedemdesetih letih zaslisali $e Stevilne
dodatne price, ki so kar po vrsti omenjale, da so jim Krajnc
in ostali v tabori$¢u pomagali. Krajnc je na primer dobival
pakete z zdravili, ki so jih dobili oboleli taboris¢niki mimo
zaporniske bolni$nice. V prid Krajncu so pric¢ali Tibor
Skerlak, ki je Krajnca opisal kot zelo delavnega, postenega
in skromnega, Dusan Stucin, ki je pohvalil Krajn¢ev trden
znacaj in revolucionarno usmerjenost, in Bojan Drzaj,
Krajncev diplomant, ki ga je pohvalil kot predavatelja in ga
prikazal kot ,revolucionarja iz prepric¢anja’

Kot posreden dokaz, kako je Krajnéev polozaj bil privi-
legiran, so na montiranem procesu navedli, da je lahko prisel
domov na dopust in se potem prostovoljno vrnil na delo v
skupino dr. Rascherja. Pred razveljavitvijo sodbe je sodisce
pridobilo pisma, ki jih je Krajnc pisal svoji mami. Iz tistega,
ki je datiran s 17. decembrom 1943, je razvidno, da je edini
dopust, ki ga je dobil maja 1944, verjetno zakasnjen dopust

za tistega, ki mu ga je Rascher obljubil za bozi¢ 1943, ko mu
je uspelo Krajnca dobiti nazaj v svojo skupino. Ker so bili ¢ez
praznike dopusti prepovedani, je Rascher obljubil, da ga bo
poslal na dopust ,¢im bo zapora v januarju ukinjena:

V pismu, ki ga je materi poslal 31. 12. 1943, pa je
Krajnc opisal dogajanje v zvezi z njegovim odpustom iz ta-
boris¢a in zaposlitvijo v skupini dr. Rascherja. Opisal je,
kako je verjel, da se bo z odpustom lahko vrnil domov, da
pa so mu zadnji hip sporo¢ili, da mora z vlakom v Berlin,
Kjer se mora najprej javiti policiji, potem pa skupini za raz-
porejanje dela. Ravno ko je zvedel, da mora v Berlin, je
baje prisel mimo dr. Rascher in se zelo razburil, ker je me-
nil, da bodo Krajnca v Berlinu uporabili za odkopavanje
rusevin. Z avtom ga je odpeljal nazaj na poskusno postajo
ter zacel urejati zadeve. Sele 22. 12. je Rascher dobil dovo-
ljenje za zaposlitev Krajnca v svoji skupini, do takrat pa je
bil Krajnc $e naprej jetnik v taboris¢u.

Sodisc¢e ob razveljavitvi sojenja ni videlo dokazov za
vojno zlodinstvo, poleg tega naj bi vecino c¢asa delal na
pektinskih preparatih. O delovanju ,poskusnih postaj‘ naj
bi Ze takoj, ko se je pridruzil partizanom, pripravil poroci-
lo za vojasko sodisce IX. korpusa, o razmerah v tabori§¢u
pa naj bi porocal Ze iz Dachaua, a teh porocil sodisc¢e leta
1948 ni pridobilo in ne preverjalo.

Glede ,$pijonskih podatkov in porodila o delu na
univerzi, ki naj bi jih posredoval tuji obve$cevalni sluzbi,
na sojenju ni bilo podanih nobenih dokazov, prav tako ne
za ‘Skodljivo delovanje po direktivah tuje obvescevalne
sluzbe’ To bi lahko bila britanska sluzba v navezavi s
Krajnéevo udelezbo na sestanku trgovske delegacije za po-
dro¢je kemijske industrije v Veliki Britaniji. Na ta sestanek
naj Krajnc sploh ne bi Zelel iti, ker ni znal anglesko, a je
vseeno moral, skupaj s $e tremi kemiki iz drugih republik
(od katerih je samo eden znal anglesko).

Na osnovi kriti¢ne obravnave obtozb in novih dejstev
je Javno tozZilstvo SRS 7. aprila 1976 Vrhovnemu sodis¢u
SRS predlagalo obnovo kazenskega postopka proti obtoze-
nim v Diehl-Oswaldovem procesu. Vrhovno sodisce je
predlog tozilstva sprejelo 22. junija 1976, pri tem pa zadevo
predalo v obravnavo Okroznemu sodis¢u v Ljubljani. To je
26. julija, po umiku prvotne obtoZnice s strani javnega toZil-
stva, razveljavilo sodbo in ustavilo kazenski postopek. Poli-
tika se je uspela poenotiti in opredeliti do dachauskih proce-
sov Sele leta 1984, ko je bilo 11. julija objavljeno skupno
sporocilo predsedstva Centralnega komiteja Zveze komuni-
stov Slovenije (CK ZKS) in predsedstva Republiske konfe-
rence Socialisti¢ne zveze delovnega ljudstva (RK SZDL).
Aprila 1986 se je 10. kongres ZKS zavzel za popolno odpra-
vo posledic obsodb v dachauskih procesih, kar so nekateri

interpretirali kot politi¢no rehabilitacijo obsojencev*".

LXV Nekateri kritiki postopka razveljavitve procesa menijo, da
umik obtoZnice ne pomeni ustrezne razjasnitve dejstev in oprostitve za
ocitana dejanja, prav tako pa ni ustrezno enalenje ‘zavzemanja za po-
polno odpravo posledic’ s pravo politicno rehabilitacijo. Po mnenju ne-
katerih bi bila pravi¢na razresitev $ele obsodba tistih, ki so krivi, da je do
procesa in obsodbe sploh prislo.
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Obsodbe so prizadele $tevilne druzine: Sarkova dru-
Zina je razpadla, Barletova sta imela dve leti starega sina, ki
so ga vzgajali sorodniki in rejniki. Ko so Stepisnikove
pregnali iz stanovanja v Slovenski Bistrici, so prisli Zivet v
Ljubljano h Krajncevi Zeni Ivanki, kasneje pa so izselili
tudi njo. Razveljavitev sodbe je prisla, ko so bile Zene obso-
jenih stare Ze 55 let in vec. Vrnili so jim nekaj odvzetega
premoZenja, niso pa jim mogli vrniti svojcev. Se ve¢: za
to¢ne datume in kraje usmrtitve in pokopa svojci vecine
obsojencev $e vedno ne vedo, ¢eprav je po slovenski osa-
mosvojitvi Arhiv Republike Slovenije poskusal najti ustre-
zne podatke. Krajnceva Zena naj bi bila zaradi nenehnih
prizadevanj za dosego rehabilitacije pod stalnim policij-
skim nadzorom vse do leta 1983". O Zivljenju po obsodbi
moZa je iskreno spregovorila® z novinarko Ranko Ivelja'*"!
leta 2003. V sestavku so omenjeni tudi dotlej javnosti ne-
znani arhivski podatki o tem, da naj bi bili nekateri do-
mnevno ustreljeni obsojenci zivi $e leta 1952. Za Krajnca
je bolj verjeten podatek iz pri¢evanja Antona Debevca, ki
je pripravil prvo analizo dachauskih procesov (sicer inter-
ni dokument Udbe). Povedal je, da se je ob pripravi poro-
¢ila (1951) dve leti sreceval z na smrt obsojenimi, da pa je
Barle umrl zaradi bolezni in iz¢rpanosti Ze nekaj dni po
obsodbi, Krajnc pa po kaksnem letu®.

Univerza v Ljubljani je maja 1997 ustanovila komisi-
jo za rehabilitacijo univerzitetnih uditeljev. Ta komisija je
zbrala gradiva in za senat pripravila izhodi$¢a za razpravo
in predlog sklepa. To¢ko so obravnavali na seji senata 15.
1. 1998 in na njej rehabilitirali vse iz politicnih razlogov
odstranjene ucitelje UL, med njimi tudi Borisa Krajnca in
Mirka Kosirja. Ker seznam takrat $e ni bil popoln, je komi-
sija z delom nadaljevala®.

8. Zakljucek

V psevdomedicinske poskuse v nemskih koncentra-
cijskih taboris¢ih so vkljucili ve¢ kot 27 000 jetnikov, od ka-
terih jih je zaradi poskusov umrlo skoraj 44007°. Stevilni teh
poskusov so potekali v taboris¢u Dachau, kjer sta bili najbolj
znani skupini dr. Rascherja in dr. Schillinga, v obojih pa so
kot tehni¢no in pomozno osebje sodelovali tudi nekateri
Slovenci, med njimi ve¢ kemikov. Po vojni so jim sodili na
takoimenovanih dachauskih procesih v Ljubljani, kjer so jih,
tudi zaradi sodelovanja pri teh poskusih, obsodili za vojno
hudodelstvo. Hkrati so od njih izsilili $e priznanja za druga

LXVI V tem ¢lanku je Branko Diehl napa¢no naveden kot filozof,
kar se pojavlja tudi v nekaterih drugih virih. Vendar pa je Diehl diplomi-
ral iz kemije in fizike na Filozofski fakulteti. Naravoslovci, ki so $tudirali
na tej fakulteti, so bili ve¢inoma kasnejsi profesorji v srednjih $olah, za
razlikovanje od inZenirjev kemije, ki so $tudirali na Tehniski fakulteti, pa
so jih nekateri imenovali kar ‘filozoft’. V istem ¢lanku je Milan Stepi$nik
oznacen kot doktor kemije, vendar to ne drzi. Tekmovanje v Italiji, na ka-
terem Stepisnik ni zelel pozdraviti s fasistiénim pozdravom, je njegov sin
datiral s ‘tik pred zacetkom vojne; vendar gre za tekmovanje septembra
1941.

dejanja, predvsem za sodelovanje z Gestapom v vlogi agen-
tov, povezovanje s tujimi obves$¢evalnimi sluzbami, spodko-
pavanje delovanja naprednih tabori$¢nih zdruzenj, povojne
sabotaze v podjetjih, pisanje laznih biografij in neutemelje-
nih priporo¢il nekdanjim sojetnikom itd.

Smrtna obsodba nad Diehlom,
Oswaldom in ostalimi Spijoni

izvriena

Ljubliana, 18, maja

Ker je predsedstvo Prezidija Lijudske
skupd¥ne FLRJ zavmilo profnje za po-
milostitev, je bila izvriena smrina kazen
nad nasledniimi obsoienimi Spijoni:

Brankom Diehlom, Oswaldom Stame-
tom, Barletom Karlom, Pulfleriem Jan-
kom, Presterlom Martinom, Kranjeem
Borisem, Stepidnikom Milanom, Lidenom
Viadimiriem, Gasserjem Paulom in Ju-
ranidem Oskariem, ki jih je voiadko so-
didde v Ljubljani obsodilo nea smrt =
ustrelitvijo.

Predsedstvo Prezidija je ugodilo pro-
inji za pomilostitev Hahn Hidegarde in
ji smrtno kazen z ustrelitviljo zamenialo
v zapomo kaznijo.

Slika 5: Novica, objavljena v ¢asopisu Ljudska pravica dne 19. maja
1948. Istega dne je podobno kratka novica izla tudi v Slovenskem
porocevalcu, le da je bila datirana s 17. majem. Ceprav v ¢lanku ni
navedeno, naj bi usmrtitev izvedli 12. maja, o ¢emer obstaja ve¢ pi-
snih virov. Vendar pa je ta datum usmrtitve vprasljiv, saj Arhiv RS
hrani rokopisno Krajnéevo izjavo iz centralnih zaporov Udbe, dati-
rano z 20. majem 1948.

Na prvem in najve¢jem procesu aprila 1948 je bilo
obsojenih 14 ljudi, od tega 11 na smrtno kazen (slika 5).
Sest obtozenih je bilo kemikov, od tega so jih pet obsodili
na smrt. Trije preiskovanci so med zasliSanji umrli, med
njimi en kemik. V kasnej$ih dachauskih procesih so na za-
porno kazen obsodili $e dva kemika. Kemiki so s svojim
strokovnim znanjem, hkrati pa obvladanjem nemskega
jezika (znanstvene objave vodilnih slovenskih kemikov v
predvojnem ¢asu so bile pretezno v nems¢ini) bili zanesljiv
kader za pomo¢ pri eksperimentalnem delu, v zameno za
sodelovanje pa so imeli ugodnejse Zivljenjske razmere v
tabori$¢u, nekateri pa tudi mese¢no placo in moznost iz-
hodov iz tabori§¢a. Ne glede na to pa je po preucitvi ocita-
nih jim dejanj Ze v 60-tih letih prej$njega stoletja prevlada-
lo mnenje, da so bili k sodelovanju v poskusih prisiljeni in
niso imeli moZnosti, da bi to delo odklonili. V drugih to¢-
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kah obtozZnic je bilo po ponovni preucitvi procesov stalisce
javnega tozilstva, da so bila priznanja izsiljena, sojenja pa
nepostena, zato so bile sodbe razveljavljene. Ponovnih so-
jenj ni bilo, saj je tozilstvo odstopilo od pregona. Ne glede
na to pa so posledice dachauskih procesov zaznamovale ne
samo druzin obsojenih, pa¢ pa so sojenja negativno vpli-
vala tudi na veteranska zdruzenja $panskih borcev in tabo-
ri$¢nikov, nenazadnje pa so posledice bile, vsaj posredno,
tudi za kemijsko stroko in njen ugled.

Med obsojenci na smrt na Diehl-Oswaldovem pro-
cesu je za biokemijsko stroko $e posebej pomemben Boris
Krajng, ki je manj kot dve leti pred aretacijo bil izvoljen v
naziv docenta. Pokrival je podro¢je biokemije, kar lahko
razumemo kot prvo habilitacijo za to podro¢je na ljubljan-
ski univerzi. S Krajn¢evo usmrtitvijo je tehniska fakulteta
ostala brez edinega biokemika, predavanja iz biokemije pa
je prevzel Dusan Stucin z Medicinske fakultete. Sele v za-
cetku 60-tih let se je biokemija na takratni Fakulteti za
naravoslovje in tehnologijo ponovno vzpostavila, medtem
pa so druge kemijske discipline skoraj 15 let napredovale
sorazmerno neovirano, tako kadrovsko kot raziskovalno.

9. Zahvala

Osnovni podatki o dachauskih zapornikih so iz
Arolsenskega arhiva (The Arolsen Archives - Internatio-
nal Center on Nazi Persecution). Tatjani Peterlin-Neume-
ier se zahvaljujem predvsem za prepis tistega dela pogovo-
ra z Mirkom Dermeljem iz leta 2012, v katerem se spomi-
nja Borisa Krajnca, ter za nekatere informacije, povezane z
Maksom Samcem in Mirkom Dermeljem. Za nekatera do-
datna pojasnila glede dela Rascherjeve skupine in osebno-
sti njegovih sodelavcev se zahvaljujem Hubertu Rehmu.
Zdaj ze pokojnemu Pavlu Ledineku se zahvaljujem za ne-
katere podatke o Milanu Stepi$niku in njegovi druzini, Ka-
tarini StepiS$nik pa predvsem za dostop do dachauskega
laboratorijskega dnevnika Milana Stepi$nika, izvleckov iz
zasli$anj Milana Stepi$nika in nekaterih pisem iz arhiva
druzine Stepi$nik. Antonu Piberniku se zahvaljujem za
dopolnitev podatkov o pred- in medvojnem delovanju nje-
govega oceta Mirka Pibernika, Primozu Sarku pa za neka-
tere informacije o njegovem ocetu Mitji Sarku. Arhivska
sluzba UL mi je posredovala kopijo rokopisa Borisa Krajn-
ca in Branka Diehla, podatek o seji senata UL decembra
1945 ter kopije korespondence o imenovanju v docentski
naziv. Fakultetna knjiznica mi je omogocila vpogled v di-
plomski nalogi Bojana Drzaja in Jelke Ruzi¢. Obema se
zahvaljujem za pomo¢. Za dostop do arhivskega gradiva,
povezanega z dachauskimi procesi, se zahvaljujem Arhivu
Republike Slovenije, e posebej Tadeju Cankarju. Hvala
tudi Sasi Florjan¢ic¢ iz Kovaskega muzeja Kropa za podatke
o povezavi med druzinama Azman in Zukov. Prav tako se
zahvaljujem Nataliji Stular iz Slovenskega planinskega mu-
zeja, ki mi je posredovala podatke, povezane z Ivanko
Krajnc, in Ani Logar za nekatere podatke o zapus¢ini Bo-

risa Krajnca, ki jo je hranila Ivanka Krajnc. Emiliji Snoj se
zahvaljujem za pojasnilo glede pridobitve izjave Antona
Debevca o zivljenju Borisa Krajnca po uradnem dnevu
usmrtitve.
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At the University of Ljubljana, Boris Krajnc was the first habilitated teacher to cover the subject of biochemistry: he was
appointed on January 5, 1946. However, Krajnc’s life ended abruptly. He was arrested on October 17, 1947 and sentenced
to death on April 26, 1948 in the mounted Dachau Trial in Ljubljana. He was reportedly shot on May 12, 1948, at the
age of 34. The life story of Boris Krajnc is closely linked to the work of several Slovenian chemists who were selected as
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chemistry curriculum for several years.
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POROCILO PREDSEDNIKA SLOVENSKEGA KEMIJSKEGA DRUSTVA O DELU
DRUSTVA V LETU 2020

V letu 2020 je bilo drustvo aktivno na Stevilnih pod-
ro¢jih. Izvajali smo redne letne aktivnosti, pri katerih je bil
glavni poudarek na rednem izdajanju drustvene revije
Acta Chimica Slovenica (ACSi) ter organizaciji najvecjega
letnega dogodka drustva, konference “Slovenski kemijski
dnevi 2020” in EFCATS poletne $ole.

Slovenski kemijski dnevi 2020 so bili organizirani v
Portorozu, v Kongresnem centru Grand hotela Bernardin,
in sicer v dneh od 16. do 18. septembra 2020. Programske-
mu in organizacijskemu odboru je predsedoval predsednik
drustva, znan. svet. dr. Albin Pintar, skupaj s ¢lani odbora v
zasedbi prof. dr. Romana Cerc-Korosec, prof. dr. Zorka No-
vak Pintari¢, prof. dr. Darja Lisjak, doc. dr. Matic Lozinsek,
prof. dr. Matjaz Valant in dr. Silvo Zupanci¢. Na posvetova-
nju je bilo predstavljenih ve¢ kot 120 prispevkov v obliki
predavanj in posterjev. Delo je potekalo plenarno in v dveh
vzporednih sekcijah. UdeleZenci konference so bili zelo za-
dovoljni s kakovostjo znanstvenih in strokovnih prispev-
kov ter spremljevalnim programom sre¢anja. Na konferen-
ci je sodelovalo 17 razstavljalcev. Sponzorji dogodka so bili
abcr GmbH, Mikro+polo, Hiden Analytical, Primakem,
Omega, Optik instruments, Krka, Chemass, Mettler Toledo
in Laboratorijum. Objavili smo Zbornik povzetkov konfe-
rence, ki je dostopen na USB kljucu ter na voljo v NUK-u in
strokovnih knjiZnicah po Sloveniji. Plenarni predavatelji so
bili prof. dr. Nives Ogrinc (Institut “Jozef Stefan”, Ljublja-
na), prof. dr. Klaus Miillen (Max-Planck-Institut fir
Polymerforschung, Mainz, Nem¢ija) in prof. dr. Bert Wec-
khuysen (Univerza Utrecht, Nizozemska). Poleg treh ple-
narnih predavanj so udelezenci poslusali $est »keynote«
vabljenih predavanj, ki so jih izvedli prof. dr. Iztok Arcon
(Univerza v Novi Gorici), prof. dr. Andreja Ben¢an Golob
(Institut “Jozef Stefan”, Ljubljana), izr. prof. dr. Nejc Ho-
dnik (Kemijski institut, Ljubljana), prof. dr. Ksenija Kogej
(Fakulteta za kemijo in kemijsko tehnologijo, Univerza v
Ljubljani), prof. dr. Marjana Simoni¢ (Fakulteta za kemijo
in kemijsko tehnologijo, Univerza v Mariboru) in dr. Kru-
noslav Uzarevi¢ (Institut Ruder Boskovi¢ v Zagrebu, Hrva-
$ka). Podelili smo nagrade $tudentom za najboljsa predava-
nja in posterske predstavitve.

V letu 2020 smo v reviji Acta Chimica Slovenica
(ACSi) izdali 4 stevilke revije, v katerih je bilo skupaj obja-
vljenih 133 originalnih znanstvenih ¢lankov na skupno
1147 straneh z dvokolonskim tiskom. Clanki pokrivajo vsa
podro¢ja kemije, kemije materialov in kemijskega in bio-
kemijskega inZenirstva. Spremembe uredniske politike in s
tem vsebine revije ni bilo. Od objavljenih ¢lankov so bili
trije tako imenovani »Feature Articles« (FA) in eden »Re-
view Article« (RA). Vsi ¢lanki so objavljeni na spletu in
prosto dostopni. Clani Slovenskega kemijskega drustva in
avtorji ¢lankov prejmejo elektronsko obvestilo o izidu no-
ve tevilke. Vseh ¢lankov, ki so bili leta 2019 oddani v ure-

dniski sistem, je bilo 828, kar pomeni, da jih je bilo na kon-
cu sprejetih okoli 16 %. Za namene promocije revije so
¢lani uredni$kega odbora izdelali predstavitveno zgiban-
ko. Prvi¢ smo jo zainteresirani javnosti razdelili na sre¢a-
nju Slovenski kemijski dnevi v Portorozu septembra 2020.
V letu 2020 se je uredniskemu odboru na podrodju »Ana-
mi, pridruzil dodaten urednik, dr. Alen Albreht. S tem
smo pospesili obravnavo ¢lankov na tem podrodju. Reviji
ACSi se vztrajno vi$a faktor vpliva. Za leto 2019 je faktor
vpliva zrastel na 1,223 (iz 1,076 v letu 2018). Spremembe
urednigke politike in s tem vsebine revije ni bilo, zato v letu
2021 nadaljujemo po isti poti.

V drustvenih vesteh smo objavili seznam diplom-
skih, magistrskih in doktorskih del FKKT UL, FKKT UM
ter podiplomskega $tudijskega programa »Znanosti o oko-
lju« Fakultete za znanosti okolju, UNG v letu 2019. Na slo-
venskih straneh revije je bil objavljen tudi koledar vaznej-
§ih znanstvenih srecanj, a je bil v letu 2020 zelo okrnjen
zaradi vplivov pandemije COVID-19 na organizacijo tovr-
stnih dogodkov. Objavili smo tudi letna poro¢ila sekcij. V
letu 2020 so drustvene vesti obsegale 105 strani. Na
drustvenih straneh sta bila poleg ostalih novic objavljena
dva zanimiva strokovna ¢lanka avtorja dr. M. Dolinarja in
predstavitev nove znanstvene monografije avtorjev dr. J.
Faganelija ter dr. A. Male;j.

Zahvaljujem se tudi vsem institucijam, ki so v letu
2020 finan¢no podprle izdajanje revije Acta Chimica Slo-
venica. Te so Fakulteta za kemijo in kemijsko tehnologijo
Univerze v Ljubljani, Fakulteta za kemijo in kemijsko teh-
nologijo Univerze v Mariboru, Kemijski institut in Institut
»Jozef Stefan«. Sponzorja revije sta bila z objavo oglasa
Donau Lab d.o.o. Ljubljana in Helios Domzale, d.o.o.

V letu 2020 smo nadaljevali z aktivnostmi za prido-
bivanje novih ¢lanov. Medse smo jih privabili 23, od tega
16 $tudentov. Za ta namen smo Ze konec leta 2017 priceli s
prenovo graficne podobe drustva ter s pomocjo grafi¢ne
oblikovalke izdelali plakate, ki nagovarjajo nove c¢lane k
vpisu. Plakate smo razobesili po $tevilnih institucijah, s to
aktivnostjo smo nadaljevali tudi v letu 2020. Za nove ¢lane
smo uvedli simbolno darilo (reprezentanéne kemic¢ne
svin¢nike) ob njihovem vpisu v drustvo. Clane smo o ak-
tivnostih vletu 2020 Se pogosteje obvescali preko elektron-
ske poste in preko spletne strani drustva, za namene pro-
mocije in obve$¢anja pa prav tako tudi preko vzpostavljenih
Facebook in Twitter profilov drustva, ki sta hitro in dobro
zazivela.

Clani Slovenskega kemijskega drustva so bili dejavni
tudi na podro¢ju mednarodnega sodelovanja. Predvsem
je potrebno omeniti ¢lanstvo drustva v mednarodnih
zdruzenjih IUPAC, ECTN, IUCr, EURACHEM, Eu-
ChemS, EFCE, EPE ECA in EFCATS.

Drustvene vesti in druge aktivnosti

S67



S68 Acta Chim. Slov. 2021, 68, (2), Supplement

V letu 2019 smo pridobili tudi organizacijo poletne Drustvo se je v letu 2020 uspes$no prijavilo na Javni
$ole Evropske federacije katalitskih zdruzenj (EFCATS), ki razpis ARRS za sofinanciranje delovanja v mednarodnih
smo jo izpeljali septembra letos so¢asno s konferenco »Slo- znanstvenih zdruZzenjih v letu 2020, kjer smo bili uspesni
venski kemijski dnevi 2020« v Portorozu in sicer od 15. - pri vseh oddanih vlogah.

19. septembra 2020. Poletna Sola je potekala pod naslovom
“ENGINEERING MATERIALS FOR CATALYSIS”. Or- V Ljubljani, dne 17. marca 2021
ganizirali smo jo skupaj z Avstrijskim katalitskim zdruze-
njem. Privabila je preko 90 studentov in mladih doktorjev. znan. svet. dr. Albin Pintar predsednik drustva

Poletna $ola je potekala na hibriden nacin, saj se vsi prija-
vljeni udelezenci, zaradi epidemije COVID-19, niso mogli
udeleziti $ole v Zivo.

Drustvene vesti in druge aktivnosti
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Porocilo Sekcije za kristalografijo za leto 2020

Podobno kot vse druge dejavnosti, je tudi delo Sekci-
je za kristalografijo pri Slovenskem kemijskem drustvu v
letu 2020 zaznamovala pandemija COVID-19.

V prvih dveh mesecih so sicer po ustaljenem postop-
ku potekale priprave na tradicionalno Hrvasko-Slovensko
kristalografsko sre¢anje z mednarodno udelezbo, ki bi mo-
ralo biti junija 2020 v Rabcu. Clani sekcije smo, kot obicaj-
no, sodelovali v organizacijskem odboru, ki je mednaro-
den (poleg slovenskih in hrvaskih so vkljuceni tudi
kristalografl iz tretjih drzav). Program je bil Ze sestavljen,
povabili smo plenarne predavatelje in se s sponzorji dogo-
vorili za sodelovanje, potem pa je marca nastopila negoto-
vost zaradi naglega Sirjenja COVID-19 po svetu in po zgle-
du svetovne in evropske kristalografske zveze, s katerima
smo tudi redno sodelovali dopisno in na sejah preko vide-
okonferen¢nih orodij, smo izvedbo srecanja prelozili na
¢as po pandemiji.

PreloZeni so bili svetovni kristalografski kongres,
evropsko kristalografsko srecanje in evropska konferenca
o praskovni difrakciji. Slednja bi morala biti v Sibeniku v
maju 2020, organizirajo jo kolegi iz Hrvaske, nekateri ¢lani
Sekcije za kristalografijo pri Slovenskem kemijskem dru-
$tvu sodelujemo kot svetovalci

V Casu pisanja tega porocila je Ze znano, da bo letos
(avgusta 2021) potekal svetovni kristalografski kongres v
Pragi na hibridni nac¢in. Zasedanj skup$cine svetovne kri-
stalografske zveze se bom kot nacionalni predstavnik ude-
lezil na daljavo, enako zasedanja skupsc¢ine evropske kri-
stalografske zveze. Usoda hrvasko-slovesnega kristalograf-
skega srecanja je Se negotova, evropska konferenca o pra-
skovni difrakciji pa naj bi se v Zivo izvedla v Sibeniku letos
jeseni.

prof. dr. Anton Meden

Sekcija za analizno kemijo

Osnovna dejavnost sekcije za Analizno kemijo v
okviru Slovenskega kemijskega drustva je organiziranje
mednarodnih in domacih znanstvenih ter strokovnih sre-
¢anj, predavanj domacih in tujih strokovnjakov ter izvedba
razli¢nih delavnic. Clani sekcije pa sodelujejo tudi znotraj
delovnih skupin Eurachem in drugih zdruzenj v evrop-
skem prostoru (DAC, FECS) in tako pomembno prispeva-
jo k prepoznavnosti Slovenskega kemijskega drustva.

Delo sekcije za Analizno kemijo je bilo v letu 2020
popolnoma v znamenju epidemije Sars-Covid 19, kar je v
praksi pomenilo, da se je ve¢ina dogodkov preselila v novo
obliko - popolnoma digitalizirano spletno okolje ali pa so
bili odpovedani oz. prestavljeni. Taksno usodo je doletelo
tudi tradicionalno mednarodno sre¢anje podiplomskih
$tudentov in njihovih mentorjev YISAC (Young Investiga-
tors Seminar on Analytical Chemistry), ki bi moralo pote-

kati junija 2020 na Univerzi v Lodzu na Poljskem. Ker
sre¢anja junija in septembra ni bilo mogoce organizirati, je
obveljala dokon¢na odpoved. Izvedba naslednje konferen-
ce Yisac je tako planirana v Beogradu leta 2021. Med red-
kimi aktivnostmi sekcije, ki so bile izvedene, kot obi¢ajno,
velja izpostaviti 26. jubilejno konferenco »Slovenski kemij-
ski dnevi 2020«, ki se je odvijala septembra 2020 v Porto-
rozu. Posebej vzpodbudna je stevil¢na aktivna udelezba
mlajsih kolegov iz razli¢nih institucij, ki so na zavidljivem
nivoju predstavili raznolike in zanimive raziskave na pod-
rocju elektrokemije, materialov, okolja, spektroskopije in
kromatografije.

V prihodnje Zelimo v sekcijo aktivno vkljuéiti mlajse
kolege in nadaljevati z organizacijo domacih ter tujih sre-
¢anj, predavanj in konferenc. Posebej Zelimo okrepiti po-
vezovanje pri prenosu znanja iz univerzitetnih in razisko-
valnih laboratorijev v industrijo.

Mitja Kolar

Drustvene vesti in druge aktivnosti
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Porocilo Sekcije za keramiko za leto 2020

V okviru zalozbe Elsevier je v letu 2020 zacela izha-
jati nova mednarodna recenzirana revija Evropskega kera-
mic¢nega zdruzenja (ECerS) Open Ceramics, katere glavni
urednik je prof. Paolo Colombo. Gre za héerinsko revijo
odprtega tipa vodilne revije s kerami¢nega podro¢ja Jour-
nal of the European Ceramics Society (JECS). Open Cera-
mics objavlja rezultate izvirnih raziskav, kakor tudi pre-
gledne znanstvene clanke in razglede, vezane na vse vrste
kerami¢nih materialov, od tradicionalne do napredne ke-
ramike, od stekel do ognjevzdrznih materialov, od bioke-
ramike do kompozitov s kerami¢no matrico. Revija obsega
rezultate raziskav, ki se osredotocajo na surovine, prahove,
vlakna, prevleke, sintrane komponente ali porozne struk-
ture. Dobrodogli so prispevki, ki se ukvarjajo z bazi¢nimi
aspekti ali uporabnimi raziskavami ter podajajo teoreti¢ne
in eksperimentalne rezultate dela. Poudarek je na prihaja-
jo¢em znanstvenem ali tehnoloskem razvoju, ki podaja
razmerje med procesiranjem, mikrostrukturo in lastnost-
mi keramike, stekel in drugih nekovinskih anorganskih
materialov, pa tudi njihovo sintezo, izdelavo in uporabo.
Revija je namenjena $iroki javnosti, od akademskih kro-
gov do industrije. Revija je lansirala $tevilne posebne izda-
je, da bi takoj pritegnila ¢im ve¢ kvalitetnih objav. Eno iz-
med bolj uspesnih po Stevilu prejetih in objavljenih
¢lankov je bila posebna izdaja »Young Ceramists in the
Spotlight«, pri kateri je bil eden od gostujocih urednikov
tudi doc. dr. Andraz Kocjan z Instituta »Jozef Stefan«.

V okviru delovanja ECerS-ove mreze mladih kera-
mikov Young Ceramists Network (YCN), ki se praviloma
oglasuje preko socialnih omreZij in predstavitev na konfe-
rencah, je bila izpeljana serija vebinarjev. V letu 2020 sta
bila izpeljana dva. Serijo je otvoril glavni urednik JECS
prof. Richard Todd z vebinarjem na temo kako uspes$no
objaviti znanstveni ¢lanek. Sledil je vebinar na temo kro-
znega gospodarstva z gostoma Carlos Velazquez (Direktor
Sustainability - ROCA Group) in Francisco Veiga Siméo
(Stipendist sheme Marie Curie). Vsak vebinar je imel okoli
100 gledalcev. Organizacija vebinarjev je bila kot odgovor
na situacijo pandemije COVID-19, zaradi katere je od-
padla planirana YCN-jeva druga delavnica za mreZenje
mladih keramikov, ki bi morala biti izpeljana v portugalski
Viana do Castelo. YCN je podrocje oglasevanja in informi-

ranja razsiril iz Ze obstojece spletne strani (https://youn-
gceramists.eu/), LinkedIN ter Facebook platform $e na
Instagram ter Twitter. Celokupno ima Ze ve¢ kot 1700 ¢la-
nov/sledilcev po celem svetu.

Na podroé¢ju kerami¢nih materialov je bila v letu
2020 v okviru Evropskega kerami¢nega zdruZzenja organi-
zirana konferenca Electroceramics XVII, ki je zaradi pan-
demije COVID-19 potekala prvi¢ in v celoti virtualno in
sicer med 24. in 28. 8. 2020. Konferenci sta predsedovala
Jurij Koruza in Andreas Klein iz TU Darmstadt, Nemdija.
Po $tevilu prispevkov je bila konferenca primerljiva s
prejs$njimi leti, s 325 udelezenci iz 41 drzav, kar v otezenih
razmerah organizacije znanstvenih sre¢anj predstavlja ve-
lik uspeh. Izpeljana je bila e yCAM, konferenca mladih
keramikov, ki se ukvarja z aditivnim oblikovanjem kera-
mike. Tudi slednja je potekala v celoti virtualno med 28. in
30. 10. 2020.

Evropsko kerami¢no zdruZenje sporoca, da so XVII
Konferenca in razstava ECerS, 9. Mednarodna konferenca
0 keramiki (ICC9) in konferenca Electroceramics XVIII
nacrtovane kot skupna konferenca v Krakovu na Poljskem
od 10. do 14. julija 2022. Na ta nacin se bo pomagalo pri
re$evanju problema prestavljanja $tevilnih konferenc v leto
2022, kot posledica pandemije COVID-19. Skupna konfe-
renca se bo imenovala ,,Keramika v Evropi 2022 in bo
organizirana kot ena konferenca s skupnimi znanstvenimi
simpoziji o keramiki, pa tudi z nekaterimi posebnimi te-
matikami, povezanimi z vsebinami zdruZenih konferenc.
Skupno organizacijo podpirajo Evropsko kerami¢no zdru-
zenje, Mednarodna keramic¢na zveza (ICF), Fraunhofer
IKTS in Elektrokerami¢na mreza zdruzenja ECerS. Tek-
movanje predstavitev najboljsih $tudentov (Student Spe-
ech Contest), izbranih predstavnikov pridruzenih ¢lanic
ECersS, ki poteka vsake dve leti v okviru konference ECerS,
ki je bila v letu 2020 odpovedana, bo izpeljano v letu 2021
v okviru bienalne konference mladih keramikov, ki poteka
jeseni v srbskem Novem Sadu. Ce bo konferenca odpove-
dana, bo tekmovanje izpeljana virtulano. Slovenijo bo za-
stopala Hermina Hudelja, doktorandka z Odseka za Na-
nostrukturne materiale Instituta Jozef Stefan.

doc. dr. Matjaz Spreitzer in
doc. dr. Andraz Kocjan

Drustvene vesti in druge aktivnosti
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be provided in the relevant text field.

Step 2: Upload submission

e Upload full manuscript in the form of a Word fi-
le (with title, authors, abstract, keywords, figures
and tables embedded, and references).

Step 3: Enter metadata

e First name, last name, contact email and affiliation
for all authors, in relevant order, must be provided.
Corresponding author has to be selected. Full po-
stal address and phone number of the correspon-
ding author has to be provided.

Title and abstract must be provided in plain text.
Keywords must be provided (max. 6, separated by
semicolons).

e Data about contributors and supporting agencies
may be entered.

e References in plain text must be provided in the
relevant text filed.

Step 4: Upload supplementary files

e Original Word file (original of the PDF uploaded in
the step 2)

e List of suggested reviewers with at least five re-
viewers with two recent references from the field of
submitted manuscript must be uploaded as a Word
file. At the same time, authors should declare (i)
that they have no conflict of interest with suggest-
ed reviewers and (ii) that suggested reviewers are
experts in the field of the submitted manuscript.

e All graphics have to be uploaded in a single ZIP
file. Graphics should be named Figure 1.jpg, Figure
2.eps, etc.

e Graphical abstract image must be uploaded
separately

e Proposed cover picture (optional) should be up-
loaded separately.

¢ Any additional appendices (optional) to the paper
may be uploaded. Appendices may be published as
a supplementary material to the paper, if accepted.

e For each uploaded file the author is asked for addi-
tional metadata which may be provided. Depending
of the type of the file please provide the relevant
title (Statement of novelty, List of suggested re-
viewers, Figures, Graphical abstract, Proposed cov-
er picture, Appendix).

Step 5: Confirmation

¢ Final confirmation is required.

Article Types

Feature Articles are contributions that are written
on editor’s invitation. They should be clear and con-
cise summaries of the most recent activity of the au-
thor and his/her research group written with the broad
scope of ACSi in mind. They are intended to be gen-
eral overviews of the authors’ subfield of research but
should be written in a way that engages and informs
scientists in other areas. They should contain the fol-
lowing (see also general directions for article struc-
ture in ACSi below): (1) an introduction that acquaints
readers with the authors’ research field and outlines
the important questions to which answers are being
sought; (2) interesting, new, and recent contributions
of the author(s) to the field; and (3) a summary that
presents possible future directions. Manuscripts nor-
mally should not exceed 40 pages of one column for-
mat (letter size 12, 33 lines per page). Generally, ex-
perts in a field who have made important contribution
to a specific topic in recent years will be invited by an
editor to contribute such an Invited Feature Article.
Individuals may, however, send a proposal (one-page
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maximum) for an Invited Feature Article to the Editor-
in-Chief for consideration.

Scientific articles should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They
should have the following structure:

Title (max. 150 characters),

Authors and affiliations,

Abstract (max. 1000 characters),

Keywords (max. 6),

Introduction,

Experimental,

Results and Discussion,

Conclusions,

. Acknowledgements,

10.References.

The sections should be arranged in the sequence gen-
erally accepted for publications in the respective fields
and should be successively numbered.

CONOUAWNE

Short communications generally follow the same
order of sections as Scientific articles, but should be
short (max. 2500 words) and report a significant as-
pect of research work meriting separate publication.
Editors may decide that a Scientific paper is catego-
rized as a Short Communication if its length is short.

Technical articles report applications of an already
described innovation. Typically, technical articles are
not based on new experiments.

Preparation of Submissions

Text of the submitted articles must be prepared with
Microsoft Word. Normal style set to single column,
1.5 line spacing, and 12 pt Times New Roman font
is recommended. Line numbering (continuous, for the
whole document) must be enabled to simplify the re-
viewing process. For any other format, please consult
the editor. Articles should be written in English. Correct
spelling and grammar are the sole responsibility of the
author(s). Papers should be written in a concise and
succinct manner. The authors shall respect the ISO
80000 standard [1], and IUPAC Green Book [2] rules
on the names and symbols of quantities and units. The
Systéme International d’Unités (SI) must be used for
all dimensional quantities.

Graphics (figures, graphs, illustrations, digital imag-
es, photographs) should be inserted in the text where
appropriate. The captions should be self-explanatory.
Lettering should be readable (suggested 8 point Arial
font) with equal size in all figures. Use common pro-
grams such as MS Excel or similar to prepare figures
(graphs) and ChemDraw to prepare structures in their
final size. Width of graphs in the manuscript should be
8 cm. Only in special cases (in case of numerous data,
visibility issues) graphs can be 17 cm wide. All graphs
in the manuscript should be inserted in relevant places
and aligned left. The same graphs should be provid-
ed separately as images of appropriate resolution (see
below) and submitted together in a ZIP file (Graphics
ZIP). Please do not submit figures as a Word file. In
graphs, only the graph area determined by both axes
should be in the frame, while a frame around the whole
graph should be omitted. The graph area should be
white. The legend should be inside the graph area. The
style of all graphs should be the same. Figures and
illustrations should be of sufficient quality for the

printed version, i.e. 300 dpi minimum. Digital images
and photographs should be of high quality (minimum
250 dpi resolution). On submission, figures should be
of good enough resolution to be assessed by the refer-
ees, ideally as JPEGs. High-resolution figures (in JPEG,
TIFF, or EPS format) might be required if the paper is
accepted for publication.

Tables should be prepared in the Word file of the pa-
per as usual Word tables. The captions should appear
above the table and should be self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewise meth-
ods, tables, figure captions. When cited in the text,
reference numbers should be superscripted, follow-
ing punctuation marks. It is the sole responsibility of
authors to cite articles that have been submitted to
a journal or were in print at the time of submission
to ACSi. Formatting of references to published work
should follow the journal style; please also consult a
recent issue:

1. ]J. W. Smith, A. G. White, Acta Chim. Slov. 2008,
55, 1055-1059.

2. M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes,
K. V. Peinemann (Ed.): Membrane Technology in
the Chemical Industry, Wiley-VCH, Weinheim, Ger-
many, 2008, pp. 229-255.

3. J. Levec, Arrangement and process for oxidizing an
aqueous medium, US Patent Number 5,928,521,
date of patent July 27, 1999.

4. L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Collela,
R. Aiello (Eds.), Recent Progress Report and Discus-
sions: 5th International Zeolite Conference, Naples,
Italy, 1980, Gianini, Naples, 1981, pp. 25-30.

5. J. Szegezdi, F. Csizmadia, Prediction of dissociation
constant using microconstants, http://www. che-
maxon.com/conf/Prediction_of dissociation _con-
stant_using_microco nstants.pdf, (assessed: March
31, 2008)

Titles of journals should be abbreviated according to

Chemical Abstracts Service Source Index (CASSI).

Special Notes

e Complete characterization, including crystal
structure, should be given when the synthesis of
new compounds in crystal form is reported.

e Numerical data should be reported with the
number of significant digits corresponding to
the magnitude of experimental uncertainty.

e The SI system of units and IUPAC recommen-
dations for nomenclature, symbols and abbrevia-
tions should be followed closely. Additionally, the
authors should follow the general guidelines when
citing spectral and analytical data, and depositing
crystallographic data.

e Characters should be correctly represented
throughout the manuscript: for example, 1 (one)
and | (ell), 0 (zero) and O (oh), x (ex), D7 (times
sign), BO (degree sign). Use Symbol font for all
Greek letters and mathematical symbols.

e The rules and recommendations of the IUBMB and
the International Union of Pure and Applied
Chemistry (IUPAC) should be used for abbreviation
of chemical names, nomenclature of chemical com-
pounds, enzyme nomenclature, isotopic compounds,
optically active isomers, and spectroscopic data.
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e A conflict of interest occurs when an individual
(author, reviewer, editor) or its organization is in-
volved in multiple interests, one of which could pos-
sibly corrupt the motivation for an act in the other.
Financial relationships are the most easily identifi-
able conflicts of interest, while conflicts can occur
also as personal relationships, academic competi-
tion, etc. The Editors will make effort to ensure
that conflicts of interest will not compromise the
evaluation process; potential editors and reviewers
will be asked to exempt themselves from review
process when such conflict of interest exists. When
the manuscript is submitted for publication, the
authors are expected to disclose any relationships
that might pose potential conflict of interest with
respect to results reported in that manuscript. In
the Acknowledgement section the source of fund-
ing support should be mentioned. The statement of
disclosure must be provided as Comments to Editor
during the submission process.

e Published statement of Informed Consent.
Research described in papers submitted to ACSi
must adhere to the principles of the Declaration
of Helsinki (http://www.wma.net/e/policy/
b3.htm). These studies must be approved by an
appropriate institutional review board or commit-
tee, and informed consent must be obtained from
subjects. The Methods section of the paper must
include: 1) a statement of protocol approval from
an institutional review board or committee and 2),
a statement that informed consent was obtained
from the human subjects or their representatives.

e Published Statement of Human and Animal
Rights.When reporting experiments on human
subjects, authors should indicate whether the
procedures followed were in accordance with the
ethical standards of the responsible committee
on human experimentation (institutional and na-
tional) and with the Helsinki Declaration of 1975,
as revised in 2008. If doubt exists whether the
research was conducted in accordance with the
Helsinki Declaration, the authors must explain
the rationale for their approach and demonstrate
that the institutional review body explicitly ap-
proved the doubtful aspects of the study. When
reporting experiments on animals, authors should
indicate whether the institutional and national
guide for the care and use of laboratory animals
was followed.

e To avoid conflict of interest between authors and
referees we expect that not more than one referee
is from the same country as the corresponding au-
thor(s), however, not from the same institution.

e Contributions authored by Slovenian scientists
are evaluated by non-Slovenian referees.

e Papers describing microwave-assisted reac-
tions performed in domestic microwave ovens
are not considered for publication in Acta Chimica
Slovenica.

e Manuscripts that are not prepared and submit-
ted in accord with the instructions for authors are
not considered for publication.

Appendices
Authors are encouraged to make use of supporting in-
formation for publication, which is supplementary ma-

terial (appendices) that is submitted at the same time
as the manuscript. It is made available on the Journal’s
web site and is linked to the article in the Journal’s Web
edition. The use of supporting information is particular-
ly appropriate for presenting additional graphs, spectra,
tables and discussion and is more likely to be of interest
to specialists than to general readers. When preparing
supporting information, authors should keep in mind
that the supporting information files will not be edited
by the editorial staff. In addition, the files should be not
too large (upper limit 10 MB) and should be provided
in common widely known file formats to be accessible
to readers without difficulty. All files of supplementary
materials are loaded separately during the submission
process as supplementary files.

Proposed Cover Picture and
Graphical Abstract Image

Graphical content: an ideally full-colour illustration
of resolution 300 dpi from the manuscript must be
proposed with the submission. Graphical abstract pic-
tures are printed in size 6.5 x 4 cm (hence minimal
resolution of 770 x 470 pixels). Cover picture is print-
ed in size 11 x 9.5 cm (hence minimal resolution of
1300 x 1130 pixels)

Authors are encouraged to submit illustrations as can-
didates for the journal Cover Picture*. The illustration
must be related to the subject matter of the paper.
Usually both proposed cover picture and graphical ab-
stract are the same, but authors may provide different
pictures as well.

* The authors will be asked to contribute to the costs

of the cover picture production.

Statement of novelty

Statement of novelty is provided in a Word file and
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more than 100
words emphasize the scientific novelty of the present-
ed research. Do not repeat for this purpose the con-
tent of your abstract.

List of suggested reviewers

List of suggested reviewers is a Word file submitted
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full affiliation
(department, institution, city and country) and e-mail
addresses of five potential referees. Field of expertise
and at least two references relevant to the scientif-
ic field of the submitted manuscript must be provid-
ed for each of the suggested reviewers. The referees
should be knowledgeable about the subject but have
no close connection with any of the authors. In addi-
tion, referees should be from institutions other than
(and countries other than) those of any of the authors.
Authors declare no conflict of interest with suggested
reviewers. Authors declare that suggested reviewers
are experts in the field of submitted manuscript.

How to Submit

Users registered in the role of author can start sub-
mission by choosing USER HOME link on the top of the
page, then choosing the role of the Author and follow
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you
familiarize yourself with the ACSi style by browsing
the journal, particularly if you have not submitted to
the ACSi before or recently.
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Correspondence

All correspondence with the ACSi editor regarding the
paper goes through this web site and emails. Emails
are sent and recorded in the web site database. In the
correspondence with the editorial office please provide
ID number of your manuscript. All emails you receive
from the system contain relevant links. Please do not
answer the emails directly but use the embed-
ded links in the emails for carrying out relevant
actions. Alternatively, you can carry out all the ac-
tions and correspondence through the online system
by logging in and selecting relevant options.

Proofs

Proofs will be dispatched via e-mail and corrections
should be returned to the editor by e-mail as quick-
ly as possible, normally within 48 hours of receipt.
Typing errors should be corrected; other changes of
contents will be treated as new submissions.

Submission Preparation Checklist
As part of the submission process, authors are required
to check off their submission’s compliance with all of
the following items, and submissions may be returned
to authors that do not adhere to these guidelines.

1. The submission has not been previously published,
nor is it under consideration for publication in any
other journal (or an explanation has been provid-
ed in Comments to the Editor).

2. All the listed authors have agreed on the content
and the corresponding (submitting) author is re-
sponsible for having ensured that this agreement
has been reached.

3. The submission files are in the correct format:
manuscript is created in MS Word but will be sub-
mitted in PDF (for reviewers) as well as in orig-
inal MS Word format (as a supplementary file for
technical editing); diagrams and graphs are cre-
ated in Excel and saved in one of the file formats:
TIFF, EPS or JPG; illustrations are also saved in
one of these formats. The preferred position of
graphic files in a document is to embed them close
to the place where they are mentioned in the text
(See Author guidelines for details).

4. The manuscript has been examined for spelling
and grammar (spell checked).

5. The title (maximum 150 characters) briefly ex-
plains the contents of the manuscript.

6. Full names (first and last) of all authors together
with the affiliation address are provided. Name of
author(s) denoted as the corresponding author(s),
together with their e-mail address, full postal ad-
dress and telephone/fax numbers are given.

7. The abstract states the objective and conclu-
sions of the research concisely in no more than
150 words.

8. Keywords (minimum three, maximum six) are
provided.

9. Statement of novelty (maximum 100 words)
clearly explaining new findings reported in the
manuscript should be prepared as a separate
Word file.

10. The text adheres to the stylistic and bibliographic
requirements outlined in the Author guidelines.
11. Text in normal style is set to single column, 1.5
line spacing, and 12 pt. Times New Roman font is

recommended. All tables, figures and illustrations
have appropriate captions and are placed within
the text at the appropriate points.

12. Mathematical and chemical equations are provided
in separate lines and numbered (Arabic humbers)
consecutively in parenthesis at the end of the line.
All equation numbers are (if necessary) appropri-
ately included in the text. Corresponding numbers
are checked.

13. Tables, Figures, illustrations, are prepared in cor-
rect format and resolution (see Author guideli-
nes).

14. The lettering used in the figures and graphs do not
vary greatly in size. The recommended lettering
size is 8 point Arial.

15. Separate files for each figure and illustration are
prepared. The names (numbers) of the separate
files are the same as they appear in the text. All
the figure files are packed for uploading in a single
ZIP file.

16. Authors have read special notes and have accor-
dingly prepared their manuscript (if necessary).

17. References in the text and in the References are
correctly cited. (see Author guidelines). All ref-
erences mentioned in the Reference list are cited
in the text, and vice versa.

18. Permission has been obtained for use of copy-
righted material from other sources (including the
Web).

19. The names, full affiliation (department, institution,
city and country), e-mail addresses and referenc-
es of five potential referees from institutions other
than (and countries other than) those of any of the
authors are prepared in the word file. At least two
relevant references (important recent papers with
high impact factor, head positions of departments,
labs, research groups, etc.) for each suggested re-
viewer must be provided. Authors declare no con-
flict of interest with suggested reviewers. Authors
declare that suggested reviewers are experts in
the field of submitted manuscript.

20. Full-colour illustration or graph from the manu-
script is proposed for graphical abstract.

21. Appendices (if appropriate) as supplementary
material are prepared and will be submitted at the
same time as the manuscript.

Privacy Statement

The names and email addresses entered in this journal
site will be used exclusively for the stated purposes of
this journal and will not be made available for any ot-
her purpose or to any other party.

ISSN: 1580-3155
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Koristni naslovi

Slovensko kemijsko drustvo
Slovenian Chemical Society

Slovensko kemijsko drustvo
www.chem-soc.si

e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac‘uk

SETAC

www.setac.org

European Water Association

http://www ewa-on|ine4eu/

CIENCE ~ European Science Foundation
—OLNDATION  www.esf.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry

INTERNATIONAL UNION OF I
PURE AND APPLED CHEMISTRY httpS .//lupac.org/

Novice europske zveze kemijskih drustev
EuChemS najdete na:

@ Eu Chems Brussels News Updates

European Chemical Society http://www.euchems4eu/news|etters/
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