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2,3-dichloro-1,4-naphthoquinone with various
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Abstract: Novel N-, N,S- and N,O-substituted naphthoquinone compounds were
prepared by the reactions of 2,3-dichloro-1,4-naphthoquinone (1) and the cor-
responding nucleophiles in the presence of chloroform and triethylamine or an
ethanolic solution of Na,COs. The structures of the novel naphthoquinone
compounds were characterized by microanalysis, FT-IR, IH-NMR, 13C-NMR,
MS and cyclic voltammetry.

Keywords: 1,4-naphthoquinone; thioethers; amine; indolylquinones.

INTRODUCTION

The synthesis of novel quinone derivatives have been receiving great attent-
ion because of the bright colors and pharmaceutical properties of quinones.1-3
Quinone-type drugs systems are also being developed and many of the clinically
approved drugs are quinone related compounds.#~7 Antibacterial and antifungal
activities of some novel naphthoquinone derivatives were reported previously in
the literature.8-10

2,3-Dichloro-1,4-naphthoquinone (1) was selected as the starting material
because it is reasonably stable, readily available and is known as a key synthetic
intermediate in organic, medicinal and industrial chemistry. The aim of this study
was the synthesis of derivatives of the quinone and their characterization with
spectral methods.

* Corresponding author. E-mail: ibiscml @istanbul .edu.tr
doi: 10.2298/JSC141124021I
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732 IBISetal.

RESULTS AND DISCUSSION
Chemistry

The reactions of 2,3-dichloro-1,4-naphthoquinone (1) with various N- or
S-nucleophiles resulted in the substitution of one or both of the chlorine
atoms.11.12 The reaction occurs according to the addition—elimination mech-
anism.13 Some novel indolylquinones were also synthesized using 3-substituated
indole derivatives and N-substituted quinonyl derivatives were obtained. These
substitution reactions of p-chloranil are known from the literature. 1415

Compound 316 was obtained by reaction of 1 with 2 in chloroform with tri-
ethylamine (EtgN). The novel N-, S-substituted naphthoquinones 5a—e were
obtained by the reactions of compound 316 and various thiols 4a—e. The synthetic
strategy for the novel compoundsisillustrated in Scheme 1. The 13C-NMR spec-
trum of compound 5a gave two carbon signals for C=0 groups at 179.6 and
179.7 ppm due to the naphthoquinone unit. In the IR spectra of compound 5b, the
lactone carbony! group was seen at 1734 cm1, while the quinone carbony! group
appeared at 1666 cmL. In the mass spectrum of compounds 5¢ and 5d, the
accurate mass measurements of the molecular ion peaks were registered at m/z
395 and 409 [M+H]*, respectively. The S-CH» protons of 5e appeared in the
IH-NMR spectrum as triplets at 2.50 ppm.
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Scheme 1. Synthetic pathway for the synthess of the novel substituted
naphthoquinone derivatives.
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NOVEL SUBSTITUTED NAPHTHOQUINONE COMPOUNDS 733

N- and ethoxy-substituted naphthoquinone 7 was obtained by reaction of 1
and an equivalent number of moles of 6 in an ethanolic solution of NaoCO3. The
—OCH,, protons of 7 appeared in the low-field region of the 1H-NMR spectrum as
multiplets at 4.57-4.60 ppm. The interesting N,N-substituted dinaphthoquinone
derivative 8 was synthesized by the reaction of 1 and the equivalent number of
moles of 6 in chloroform with triethylamine. The derivative 8 was obtained as a
stable brown solid in good yield. In the mass spectrum of compound 8, the
accurate mass of the molecular ion peak as the sodium adduct ion was observed
at m/z 595 [M+Na]*.

The reaction of 1 with indole 9 in methanol resulted in the N- and methoxy-
-substituted compound 10. The —OCH3 protons of compound 10 appeared in the
IH-NMR spectrum as singlet at 4.10 ppm. In this reaction, methanol behaved as
a nucleophile and attacked the naphthoguinone to give the addition reaction. The
indole-substituted quinone derivatives were colored stable compounds.

The known compound 1317 and the novel compound 12 were obtained by
reaction of 1 with diamine 11. The mass spectrum of compound 12 in the posi-
tive ion mode of the ESI technique confirmed the proposed structure; the pro-
tonated molecular ion peak was identified at m/z 339 [M+Na]*. The reactions of
1317 with thiols 4d and e gave the interesting N,S-substituted dinaphthoquinone
derivatives 14d and 14e, which were obtained in high yields. In the 13C-NMR
spectrum of compound 14d, two carbonyl carbon signals were observed at 179.1
and 180.3 ppm. In the mass spectrum of compound 14e, the accurate mass of the
molecular ion peak was registered at m/z 749 [M+H]*. The known compound
1618 was obtained by reaction of naphthoquinone 1 with amine 15 in chloroform
in the presence of EtsN. The reaction of compound 1618 with thiols 4d—f gave
the novel N,S-naphthoquinone derivatives 17d—f. In the H-NMR spectrum of
compound 17d, the —SCH> protons gave atriplet at 2.96 ppm and the C—CH3 for
compound 17f gave multiplets at 1.40-1.45 ppm (Scheme 2).

The N-substituted naphthoquinone 19 was synthesized by reaction of 1 with
18 in chloroform in the presence of Et3N. The H-NMR spectrum of compound
19 showed the -NCH> protons as a singlet at 3.37 ppm. The compound 20d was
obtained by the reaction of compound 19 with 4d in ethanol with NaCOs. In the
13C-NMR spectrum of the N,S-substituted compound 20d, two carbonyl carbon
signals were observed at 179.4 and 180.5 ppm. The novel compound 22 was
obtained by reaction of 1 with amine 21. The IR spectrum of compound 22
showed a characteristic amine band (-NH) at 3365 cmL. The N,S-naphthoqui-
none substituted 23c and d were aobtained by reaction of 22 with 4c and d in
ethanol containing NaxCOs. In the mass spectrum of compounds 23c¢ and d, the
accurate mass measurements of the molecular ion peaks were registered at m/z
366 [M+H]* and 354 [M—H]~, respectively. The N-substituted naphthoquinone
25 was obtained in the reaction of 1 with N-(2-hydroxyethyl)aniline 24 in chloro-
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734 IBISetal.

form in the presence of EtgN. The -NCH> protons of 25 appeared in the low-field
region of the TH-NMR spectrum as triplets at 3.80 ppm.
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Scheme 2. Synthesis of novel N- and N,S-substituted naphthoquinone derivatives.

The reaction of the known compound 2719 with 4d and e gave the N,S-sub-
stituted naphthoquinones 28d and e. The mass spectrum of compounds 28d and e
gave molecular ion peaks at m/z 361 [M]* and 417 [M+H]*, respectively.

Electrochemical assay

Some of the novel naphthoquinone derivatives were studied by cyclic vol-
tammetry in aprotic media (DMF) using tetrabutylammonium perchlorate (0.10
M) as the supporting electrolyte at 100 mV s on a glassy carbon electrode. The
electrochemical parameters, including cathodic peak potentials (Epcy and Epcy),
the half-wave peak potentials (E11,) and the difference between the first oxid-
ation and reduction processes (AEp) are givenin Tablel.

The cyclic voltammogram of 2,3-dichloro-1,4-naphthoquinone (1) gave two
monoelectronic waves. The first (c1) and second (cp) cathodic peaks corres-
ponded to the semiquinone (Q/Q") and dianion (Q7/Q2-) pairs, respectively.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.




NOVEL SUBSTITUTED NAPHTHOQUINONE COMPOUNDS 735

TABLE I. Half-wave potentials (for the 1% wave) and electrochemical data for some of the
naphthoquinone derivatives (¢ = 1.0x10°3 M) in 0.1 M DMF/TBAP; AEp; = Epa;—Epc;;
E112 = (Epagt Epcy)/2

Compound Epc,/V Epc,/V AEp; I mV Ei10/V
2,3-Dichloro-1,4-naphthoquinone (1) —0.4038 -1.1620 235 -0.2862
316 0.3133 —0.6661 265 0.4459
5a 0.2483 —0.7499 300 0.3984
5¢c -0.3043 -0.7171 252 0.1262
5d 0.2953 -0.7361 133 0.1337
5e 0.2444 —-0.7530 303 0.3960
8 - -0.9873 - -
14d -0.2203 —-0.7709 102 -0.2712
14e -0.2774 —-0.7980 - -

19 —-0.6961 -1.235 128 -0.6323
20d —0.7550 —-1.3580 88 0.7112
22 -0.5286 -0.7391 - -
2719 -0.4737 —-0.7410 - -
28d -0.7839 -0.7201 84 -0.7520
28e —0.7988 — 99 —0.7494

The reduction mechanism changed when 2,3-dichloro-1,4-naphthoquinone
(1) was substituted with N-nucleophiles. Additional cathodic and anodic peaks
were detected in the voltammograms because of the various type of substi-
tuents.20 During the electrochemical study of the N-substituted compound 3 and
the N,S-substituted compounds 5a, 5¢c-5e, 14d and 14e, the CV displayed a
different profile that did not follow the typica two monoelectronic reversible
charge transfer process occurring for 2,3-dichloro-1,4-naphthoquinone (1). Three
peaks were observed in both cathodic and anodic regions of the CV. The
potential in the first reduction step for compound 5a was seen at Ep(cq) = 0.2483
V. This could be related the acidity level of the proton settled on the nitrogen
atom.21 The first cathodic peak was not observed in the CV for the dinaphtho-
quinone compound 8. The resulting voltammogram of compound 19 showed two
typical successive one-electron reduction processes that could be observed for
guinones in aprotic media. This can be related to the absence of a proton in the
molecule. The N-substituted compound 27 gave three cathodic peaks in the CV.
The resulting voltammogram of the N,S-substituted compounds 28d and e
showed a decrement in the peak intensities.

EXPERIMENTAL
Chemistry

The melting points were measured on a Buchi B-540 melting point apparatus. The ele-
mental analyses were realized on a Thermo Finnigan Flash EA 1112 Elemental Analyser. The
infrared (IR) spectra were recorded in KBr pellets on a Perkin Elmer Precisely Spectrum One
FTIR spectrometer. 1H- and 13C-NMR spectra were recorded on a Varian UNITYINOVA
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736 IBISetal.

instrument operating at 500 MHz for 1H-NMR and 126 MHz for 13C-NMR spectra. The mass
spectra were obtained on a Thermo Finnigan LCQ Advantage MAX LC/MS/M S spectrometer
according to ESI probe. The products were isolated by column chromatography on silica gel
(Merck Silica gel 60, particle size 63—200 pm). TLC plates silica 60F,5, (Merck, Darmstadt),
detection with ultraviolet light (254 nm). All chemicals were of reagent grade and used
without further purification.

The analytical and spectral data of the synthesized compounds are given in Supple-
mentary material to this paper.

Cyclic voltammetry measurements were performed in a conventional three-electrode cell
using a computer-controlled Gamry Reference 600 Model potentiostat/galvanostat. A glassy
carbon disc was used as the working electrode. The surface of the working electrode was
polished with alumina before each run. A platinum wire served as the counter electrode. The
reference electrode was an Ag/AgCl electrode. Electrochemical grade tetrabutylammonium
perchlorate (TBAP) in extra pure DMF was employed as the supporting electrolyte at a
concentration of 0.10 M. Prior to each run, the solutions were purged with nitrogen. Measure-
ments were made over a potential range between 1.0 and —2.0 V with astep rate of 0.1V s1.

General procedures

Procedure 1. 1.0 g (4.4 mmol) 2,3-dichloro-1,4-naphthoquinone (1) and the correspond-
ing nucleophile were stirred in CHCI 5 (30 mL) with triethylamine (3 mL) solution for 2-3 h at
room temperature. The color of the solution quickly changed and the reaction was monitored
by TLC. Chloroform (30 mL) was added to the reaction mixture. The organic layer was
washed with water (4x30 mL), and dried over Na,SO,. After evaporation of the solvent, the
residue was purified by column chromatography on silicagel.

Procedure 2. 1.0 g (4.4 mmol) 2,3-dichloro-1,4-naphthoquinone (1) and the corres-
ponding nucleophile were stirred in EtOH (65 mL) solution of Na,CO5 (1.52 g) for 2to 3 h at
room temperature. The color of the solution quickly changed and the reaction was monitored
by TLC. Chloroform (30 mL) was added to the reaction mixture. The organic layer was
washed with water (4x30 mL), and dried over Na,SO,. After evaporation of the solvent, the
residue was purified by column chromatography on silicagel.

Procedure 3. 1.0 g (4.4 mmol) 2,3-dichloro-1,4-naphthoquinone (1) and 8.86 mmol
nucleophile were stirred in a methanolic (65 mL) solution of Na,CO3 (1.52 g) for 2to 3 h at
room temperature. The color of the solution quickly changed and the reaction was monitored
by TLC. Chloroform (30 mL) was added to the reaction mixture. The organic layer was
washed with water (4x30 mL), and dried over Na,SO,. After evaporation of the solvent, the
residue was purified by column chromatography on silicagel.

CONCLUSIONS

Novel substituted naphthoquinone compounds were synthesized from the
reactions of 1 and related nucleophilesin different reaction media. The structures
of novel compounds were characterized by microanalysis, FT-IR, 1H-NMR,
13C-NMR, MS and cyclic voltammetry.

SUPPLEMENTARY MATERIAL

The analytical and spectral data of the synthesized compounds are available electro-
nically from http://www.shd.org.rs/ JISCS/, or from the corresponding author on request.
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U3BOJ
HNCIIUTHUBAILE PEAKIOUJE HYKJIEO®HIIHE CYIICTUTYLIUJE
2,3-IUXJIOP-1,4-HA®TOXUHOHA CA PA3JIMYUTUM HYKJIIEOOUTUMA

CEMIL IBIS, AHMED HASSEN SHNTAIF, HAKAN BAHAR u SIBEL SAHINLER AYLA
Department of Chemistry, Faculty of Engineering, Istanbul University, 34320, Avcilar, Istanbul, Turkey

Cunretucanu cy HOBH N-, N,S- u N,O-CyncTUTyuUCaHW IepyuBaTH Ha(dTOXWHOHA peakx-
uujom 2,3-nuxnop-1,4-HadroxunoHa (1) ca ogrosapajyhum Hykneogunuma y xiopodopmy y
NPUCYCTBY TPUETHWIIAMHHA WIH y eTaHoiy y npucycTtBy NayCO3. CTpyKType HOBUX jefUEHa
onpehene cy mukpo-aHamusom, FT-IR, 'H-NMR, 13C-NMR, MS ¥ LUHMKIMYHOM BONTaMeT-
pHUjom.

(ITpumrbeHo 24. HoBemdpa 2014, pesupupano 26. dedpyapa, npuxsaheno 1. mapra 2015)
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An investigation of nucleophilic substitution reactions of
2,3-dichloro-1,4-naphthoquinone with various
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

2-Chloro-3-((4-(diethylamino)phenyl)amino)naphthalene-1,4-dione (3).
Compound 3 was synthesized in the reaction of 1 (0.5 g, 2.20 mmol) with 2 (0.36
g, 2.20 mmol) according to general procedure 1.

Yield: 67.53 % (0.52 g); blue solid; m.p.: 159-160 °C (Lit. 159 °C1); Anal.
Calcd. for CygH19CIN2O» (FW: 354.113): C, 67.70; H, 5.40; N, 7.89 %. Found:
C, 67.65; H, 5.32; N, 7.81 %; Rf (CHCl3): 0.34; IR (KBr, cm1): 3304 (N-H),
2965-2926 (CH aliphatic), 1672-1638 (C=0), 15241506 (C=C); 1H-NMR (500
MHz, CDCl3, ¢ / ppm): 0.98 (3H, t, J = 7.32 Hz, CH3), 3.24-3.36 (2H, m,
NCHy), 6.53-6.92 (4H, m, CH arom), 7.56-8.09 (4H, m, CH arom); 13C-NMR
(125.66 MHz, CDCl3, 6 / ppm) 11.5 (CH3z), 43.4 (NCHy), 111.4, 133.9, 124.4,
140.8, 125.2, 125.8, 125.9, 128.8, 131.5, 131.9, 145.2, (C arom, CH arom),
179.7, 176.2 (C=0); MS (m/z (relative abundance, %)): 381 (100) [M+H]".

2-((4-(Diethylamino)phenyl)amino)-3-(ethylthio)naphthalene-1,4-dione (5a).
Compound 5a was synthesized in the reaction of 3 (0.1 g, 0.28 mmol) with 4a
(0.017 g, 0.27 mmol) according to general procedure 2.

Yield: 93.45 % (0.1 g); gray ail; Rf (CH2Cl»): 0.25; Anal. Cacd. for
CooH24N205S (FW: 380.50): C, 69.44; H, 6.36; N, 7.36; S, 8.43 %. Found: C,
69.64; H, 6.48; N, 7.12; S, 8.74 %; IR (KBr, cm1): 3330 (N-H), 3018 (CH
arom), 2975-2929 (C-H aliphatic), 1664-1631 (C=0), 1593-1549 (C=C); K-
-NMR (500 MHz, CDCl3, ¢ / ppm): 0.98 (3H, t, J =7.5 Hz, CH3), 1.08 (6H, t,
J =7.5 Hz, NCH2CH3), 2.53-2.57 (2H, m, SCH>), 3.26-3.30 (4H, m, NCH>),
7.77 (1H, s, NH), 6.55 (2H, d, J = 7.3 Hz, CH arom), 6.86 (2H, d, J = 7.3 Hz, CH

* Corresponding author. E-mail: ibiscml @istanbul .edu.tr
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arom), 7.95-8.07 (4H, m, CH naphtho); 13C-NMR (125.66 MHz, CDCl3, ¢ /
ppm) 11.5 (CHg3), 13.3 (CH2CH3), 28.6 (SCH»), 43.4 (NCH>),110.3, 1125,
123.8, 125.4, 125.6, 125.8, 125.9, 129.7, 131.2, 132.8, 133.4, 144.7, 145.4, (CH
arom, C arom), 179.6, 179.7 (C=0); M S (m/z (relative abundance, %)): 381 (100)
[M+H]*.
2-(4-((Diethylamino)phenyl)amino)-3-((4-methyl-2-oxo-2H-chromen-7-yl)-

thio)naphthalene-1,4-dione (5b). Compound 5b was synthesized in the reaction
of 3 (0.1 g, 0.28 mmol) with 4b (0.05 g, 0.26 mmol) according to genera
procedure 2.

Yield: 64.28 % (0.09 g); blue ail; Rf (CHCI3): 0.45; Ana. Calcd. for
C3oH26N204S (FW: 510.60): C, 70.57; H, 5.13; N, 5.49; S, 6.28 %. Found: C,
70.33; H, 4.89; N, 5.26; S, 6.03 %; IR (KBr, cmr1): 3253 (N-H), 3053 (C-H
arom), 2962, 2923, 2852 (C-H dliphatic), 1734 (C=0O lactone), 1666 (C=0O
quinone), 1597, 1537 (C=C),; IH-NMR (500 MHz, CDCl3, ¢ / ppm): 1.07 (6H, t,
J = 5.0 Hz, NCH>CH3), 1.48 (3H, s, CH3), 6.01 (1H, s, CH vin), 3.24-3.26 (4H,
m, NCH>), 6.26-8.13 (11H, m, CH arom); 13C-NMR (125.66 MHz, CDCl3, 6 /
/ ppm) 11.4, 17.5 (CH3), 43.5 (NCH>), 123.0, 123.2, 124.4, 125.3, 125.9, 126.4,
127.4, 129.2, 131.6, 131.8, 132.8, 134.2, 140.8, 144.7, 145.2, 151.0, 152.5 (CH
arom, C arom), 159.6 (C=0O coumarin) 179.2, 179.8 (C=0); MS (m/z (relative
abundance, %)): 511 (100) [M+H]*.

2-((4-(Diethylamino)phenyl)amino)-3-(propylthio)naphthalene-1,4-dione
(5¢). Compound 5¢ was synthesized in the reaction of 3 (0.1 g, 0.282 mmol) with
4c (0.02 g, 0.26 mmol) according to general procedure 2.

Yield: 62.72% (0.06 g); gray ail; Rf (CHCl3): 0.40; Anal. Calcd. for
Co3HogN205S (FW: 394.53): C, 70.02; H, 6.64; N, 7.10; S, 8.13 %. Found: C,
69.89; H, 6.31; N, 7.05; S, 8.21 %; IR (KBr, cmr1): 3311 (N-H), 3071 (C-H
arom), 2966, 2929, 2870 (C-H diphatic), 1663 (C=0), 1591, 1562 (C=C); 1H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 0.74 (3H, t, J = 7.5 Hz, CH3), 1.08 (6H, t,
J =7.5 Hz, NCH2CH3), 1.30-1.35 (2H, m, SCH2CH>), 2.50 (2H, t, J = 7.5 Hz,
SCH,), 3.25-3.29 (4H, m, NCH>), 6.54 (1H, bs, NH), 6.57-6.87 (4H, m, CH
arom), 7.94-8.06 (4H, m, CH naphtho); 13C-NMR (125.66 MHz, CDCl3, 6 / ppm):
12.3, 13.0 (CH3), 35.1 (CHy), 40.15 (SCHy), 43.5 (NCHJy), 112.8, 121.2, 123.2,
123.8, 125.4, 125.5, 125.6, 126.0, 129.7, 132.8, 133.3, 144.7, 145.3, (CH arom, C
arom), 179.5, 179.7 (C=0); MS (m/z (relative abundance, %)): 395 (100)
[M+H]*.

2-(Butylthio)-3-((4-(diethylamino)phenyl)amino)naphthalene-1,4-dione (5d).
Compound 5d was synthesized in the reaction of 3 (0.1 g, 0.28 mmol) with 4d
(0.025 g, 0.27 mmol) according to general procedure 2.

Yield: 69.52 % (0.08 g); gray ail; Ry (CHCl3): 0.52; Ana. Cacd. for
CoqH2gN20O5S (FW: 408.56): C, 70.55; H, 6.91; N, 6.86; S, 7.85 %. Found: C,
70.32; H, 6.78; N, 6.61; S, 7.52 %; IR (KBr, cm1): 3307 (N-H), 3065 (C-H
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arom), 2965, 2928, 2870 (C—H dliphatic), 1662, 1610 (C=0), 1591, 1544 (C=C),;
IH-NMR (500 MHz, CDCl3,  / ppm): 0.78 (3H, t, J = 7.5 Hz, CH3), 1.10 (6H, t,
J = 15.0 Hz NCH>CH3), 1.14-1.18 (2H, m, CHoCH3), 1.24-1.29 (2H, m,
SCHCH>), 2.50 (2H, t, J = 7.5 Hz, SCH>), 3.25-3.29 (4H, m, NCH>), 7.77 (1H,
bs, NH), 6.52—6.87 (4H, m, CH arom), 7.94-8.06 (4H, m, CH naphtho); 13c.-
-NMR (125.66 MHz, CDCl3, ¢ / ppm): 11.5, 12.6 (CH3), 30.4, 32.8 (CH>), 37.8
(SCHy), 43.4 (NCH> ), 110.3, 112.9, 123.8, 125.5, 125.6, 125.9, 129.7, 131.2,
132.8, 133.3, 145.2, 144.7 (CH arom, C arom), 179.5, 179.7 (C=0); MS (m/z
(relative abundance, %)): 409 (100). [M+H]*.

2-((4-(Diethylamino)phenyl)amino)-3-(octylthio)naphthalene-1,4-dione (5e).
Compound 5e was synthesized in the reaction of 3 (0.1 g, 0.28 mmol) with 4e
(0.041 g, 0.28 mmol) according to general procedure 2.

Yield: 83.20 % (0.109 g); blue oil; Rf (CHCl3:ethyl acetate 3:1): 0.85; Anal.
Calcd. for CogH3gN20O0S (FW: 464.66): C, 72.38; H, 7.81; N, 6.03; S, 6.90 %.
Found: C, 72.19; H, 7.61; N, 5.81; S, 6.68 %; IR (KBr, cm1): 3318 (N-H), 3071
(C—H arom), 2964, 2926, 2853 (CH diphatic), 1663, 1633 (C=0), 1592, 1548
(C=C),; IH-NMR (500 MHz, CDCls, 6 / ppm): 0.77 (3H, t, J = 5.0 Hz,
CH»>CH3), 1.08-1.11 (6H, m, NCH>CH3), 1.14-1.18 (10H, m, ((CH2)s), 1.26—
-1.31 (2H, m, SCH2CH>), 2.50 (2H, t, J = 7.5 Hz, SCH>), 3.26-3.31 (4H, m,
NCHy), 7.77 (H, s, NH), 6.53 (2H, d, J = 5.0 Hz, CH arom), 6.87 (2H, d, J =5.0
Hz, CH arom), 8.02 (2H, dd, J = 5.0 and 6.3 Hz, CH naphtho) 7.59 (2H,t,J=7.5
Hz, CH naphtho); 13C-NMR (125.66 MHz, CDCl3, ¢ / ppm) 11.5 (CH3), 13.0
(CH3) thio, 30.7, 28.6, 28.4, 28.1, 28.0, 27.7 (CH>), 33.1 (SCH)>), 43.5 (NCH>),
110.3, 113.0, 123.8, 125.4, 125.7, 125.9, 129.7, 131.2, 132.8, 133.4, 144.7, 145.2
(CH arom, C arom), 179.6, 179.8 (C=0); MS (m/z (relative abundance, %)): 465
(100) [M+H]*.

3-Ethoxy-3-(((piperidin-2-yl)methyl)amino)naphthalene-1,4-dione (7). Com-
pound 7 was synthesized in the reaction of 1 (0.50 g, 2.20 mmol) with 6 (0.25 g,
2.19 mmol) according to general procedure 2.

Yield: 34.73 % (0.33 g); blue ail; Rf (CHCI3): 0.31; Ana. Cacd. for
C18H2oN2043 (FW: 414.38): C, 68.77; H, 7.05; N, 8.91 %. Found: C, 68.52; H,
6.88; N, 8.58 %; IR (KBr, cmr1): 3385 (N-H), 3010 (C-H arom), 2926, 2850
(CH aliphatic), 1703, 1613 (C=0), 1594, 1505 (C=C); 1H-NMR (500 MHz,
CDCl3, 0 / ppm): 0.76-0.82 (3H, m, CH3g), 1.17-1.26 (6H, m, CH» piper), 1.50
(2H, bs, NH), 2.20-2.25 (4H, m, NCH>), 2.78-2.81 (H, m, NCH), 4.57-4.60 (2H,
m, OCHy), 7.69-8.71 (4H, m, CH arom); 13C-NMR (125.66 MHz, CDCl3, 6 /
/ ppm) 20.7 (CHg), 28.3, 28.6, 28.9 (CHy), 30.9, 35.2 (NCH>), 52.3 (OCH>),
124.6, 124.7, 127.3, 128.9, 130.1, 131.5, 131.7, 136.2 (CH arom, C arom), 174.7,
178.8 (C=0); MS (m/z (relative abundance, %)): 314 (100) [M+H]".

2-(2-(((3-Chloro-1,4-dioxonaphthalen-2-yl)amino)methyl)piperidin-1-yl)-3-
-(((piperidin-2-yl)methyl)amino)naphthalene-1,4-dione (8). Compound 8 was
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synthesized in the reaction of 1 (0.5g, 2.20 mmol) with 6 (0.25 g, 2.19 mmol)
according to general procedure 1.

Yield: 50.79 % (0.64 g); brown solid; m.p.: 155-156 °C; R¢ (CH2Cl2:pet-
roleum ether 2:1, 40-60 °C). 0.41; Anal. Calcd. for C3oH33CINsO4 (FW:
573.08): C, 67.07; H, 5.80; N, 9.78 %. Found: C, 66.85; H, 5.56; N, 9.63 %; IR
(KBr, cnmr1): 3400 (N-H), 3048 (C—H arom), 2938-2855 (C-H aliphatic), 1633
-1614 (C=0), 1593 (C=C),; IH-NMR (500 MHz, CDCl3, 6 / ppm): 1.37-1.90
(12H, m, CH> piper.), 3.49 (4H, t, J = 7.3 Hz, NCH)>), 4.18 (4H, t, J = 7.3 Hz,
NCH>), 2.60-3.10 (2H, m, NCH), 7.77 (3H, m, NH), 7.45-8.06 (8H, m, CH
arom); 13C-NMR (125.66 MHz, CDCl3, 6 / ppm) 28.6, 24.2, 22.5 (CH)), 52.68,
52.74 (NCH>), 108.9, 122.7, 125.2, 129.9, 130.9, 130.1, 131.8, 144.7, 157.5 (CH
aromatic, C aromatic), 176.9 (C=0); MS (m/z (relative abundance, %)): 595
(100) [M+Na]*).

2-Ethoxy-3-(2-methyl-1H-indol-1-yl)naphthalene-1,4-dione (10). Compound
10 was synthesized in the reaction of 1 (0.50 g, 2.20 mmol) with 9 (0.288 g, 2.19
mmol) according to general procedure 3.

Yield: 9.66 % (0.14 g); blue ail; Rs (CHCI3): 0.72; Ana. Calcd. for
CooH1sNO3 (FW: 317.34): C, 75.70; H, 4.74; N, 4.41 %. Found: C, 75.51; H,
4.85; N, 4.12 5; IR (KBr, cm1 ): 3018 (C-H arom), 2926, 2854 (C—H aliphatic),
1717, 1664 (C=0), 1596, 1459 (C=C); 1H-NMR (500 MHz, CDCl3, ¢ / ppm):
2.27 (3H, s, CH3), 4.10 (3H, s, OCH3), 7.01-8.18 (8H, m, CH arom); 13C-NMR
(125.66 MHz, CDCl3, 6 / ppm) 12.8 (CH3), 61.0 (OCH3), 104.8, 126.1, 126.2,
126.3, 125.7, 129.8, 130.6, 131.1, 132.7, 132.9, 133.6, 134.3, 140.8 141.8, 146.5
(CH aromatic, C aromatic), 177.3 180.9 (C=0); MS (m/z (relative abundance,
%)): 318 (100) [M+H]*.

2-((2-(2-(2-Aminoethoxy)ethoxy)ethyl)amino)-3-chloronaphthalene-1,4-dione
(12). Compound 12 was synthesized in the reaction of 1 (0.50 g, 2.20 mmol) with
11 (0.652 g, 4.39 mmol) according to general procedure 1.

Yield: 3.22 % (0.048 g); brown oil; Rf (CH30H): 0.93; Anal. Calcd. for
C16H19CIN2O4 (FW: 338.79): C, 56.72; H, 5.65; N, 8.27 %. Found: C, 56.63; H,
5.77, N, 8.36 %; IR (KBr, cm1): 3334 (N-H), 3012 (C-H arom), 2872 (C-H
aliphatic), 1678, 1644 (C=0), 1574, 1515 (C=C),; 1H-NMR (500 MHz, CDCls3,
o | ppm): 3.97-4.04 (8H, m, OCHy), 3.60-3.70 (4H, m, NCHy), 7.47-7.99 (4H,
m, CH arom); 13C-NMR (125.66 MHz, CDCls, 6 / ppm) 43.4 (NCH,), 68.9
(OCHy), 69.4 (OCH>CHoNH), 76.2 (CHoCHoNH»), 125.7, 131.4, 133.8 (CH
aromatic, C aromatic), 179.3, 181.3 (C=0); MS (m/z (relative abundance, %)):
339 (100) [M+H]*.

2,2"-[1,2-Ethanediylbis(oxy-2,1-ethanediylimino)]bis(3-chloronaphthalene-
-1,4-dione) (13). Compound 13 was synthesized in the reaction of 1 (0.50 g, 2.20
mmol) with 11 (0.652 g, 4.39 mmol) according to general procedure 1.
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Yield: 64.49% (0.75 g); red solid; m.p.: 150-152 °C (Lit 150-152 °C2); R¢
(CHCl3:ethyl acetate 1:1): 0.48; Anal. Calcd. for CogH22CIN2Og (FW: 528.09)
C, 58.99; H, 4.19; N, 5.29 %. Found: C, 58.78; H, 4.27; N, 5.16 %; IR (KBr, cn1):
3053 (C—H arom), 2900-2863 (C—H dliphatic), 1679-1636 (C=0), 1579-1513
(C=C), 3334 (N-H); IH-NMR (500 MHz, CDCl3, ¢ / ppm): 3.72 (4H,t, J = 6.8
Hz, NCH>), 4.0-4.04 (8H, m, OCHy), 7.60-7.98 (8H, m, CH arom); 13C-NMR
(125.66 MHz, CDCl3, 6 / ppm) 43.41 (NCH>), 68.9, 69.4 (OCH>), 125.7, 128.6,
131.5, 131.4, 133.8, 143.1, (CH arom, C arom), 179.3, 175.7 (C=0); MS (m/z
(relative abundance, %)): 529 (38) [M+H]*.

2,2'-[1,2-Ethanediylbis(oxy-2,1-ethanediylimino)]bis[3-(buthylthio)naph-
thalene-1,4-dione] (14d). Compound 14d was synthesized in the reaction of 13
(0.25 g, 0.47 mmol) with 4d (0.061 g, 0.67 mmol) according to general
procedure 2.

Yield: 57.76 % (0.17 g); red oil; Rf (CHCl3): 0.35; Anal. Calcd. for
C34H40N206S, (FW: 636.82): C, 64.13; H, 6.33; N, 4.40; S, 10.07 %. Found: C,
64.22; H, 6.46; N, 4.72; S, 10.25 %; IR (KBr, cm1): 3066 (C—H arom), 2956,
2927, 2870 (C-H aliphatic), 1674, 1629 (C=0), 1592, 1550 (C=C); 1H-NMR
(500 MHz, CDCl3, ¢ / ppm): 0.80 (6H, t, J = 7.5 Hz, CH3), 1.29-1.34 (4H, m,
CH>), 1.45-1.51 (4H, m, SCH,CH>), 2.72 (4H, t, J = 7.5 Hz, SCH»), 3.69 (2H, t,
J=75Hz, NCH)), 408 (8H, t, J = 7.5 Hz, OCH)), 7.47-8.02 (8H, m, C-H arom);
13C-NMR (125.66 MHz, CDCl3, ¢ / ppm) 12.6 (CH,CH3), 21.0 (CHCH3), 30.9
(CH»S), 33.7 (CH2CH2-S), 44.4 (NHCH>), 69.0 (O—CH>CH2NH), 69.5 (OCH)»),
125.5, 125.7, 130.9, 132.7, 133.4 (CH arom, C arom), 179.1, 180.3 (C=0); MS
(m/z (relative abundance, %)): 659 (100) [M+Na]*.

2,2'-[1,2-Ethanediylbis(oxy-2,1-ethanediylimino)]bis[3-(buthylthio)naph-
thalene-1,4-dione] (14e). Compound 14e was synthesized in the reaction of 13
(0.3 g, 0.56 mmol) with 4e (0.082 g, 0.56 mmol) according to general procedure 2.

Yield: 58.80 % (0.25 g); red oil; Rf (CHCl3:ethyl acetate 2:3): 0.82; Anal.
Calcd. for C4oHs6N206S, (FW: 749.03): C, 67.35; H, 7.54; N, 3.74; S, 8.56 %.
Found: C, 66.98; H, 7.76; N, 3.45; S, 8.23 %; IR (KBr, cm1): 3066 (C—H arom),
2956, 2927, 2870 (C-H aliphatic), 1674, 1629 (C=0), 1592, 1550 (C=C); 1H-
NMR (500 MHz, CDCl3, ¢ / ppm): 0.80 (6H, t, J = 7.3 Hz, CH3), 1.15-1.19
(12H, m, CH»), 1.46-1.51 (12H, m, CHy), 2.72 (4H, t, J = 7.3 Hz, SCH>), 3.69
(4H,t,J =6.8 Hz, NCH>), 4.08 (8H, t, J = 6.8 Hz, OCHy>), 7.46-8.02 (8H, m, CH
arom); 13C-NMR (125.66 MHz, CDCl3, 6 / ppm) 13.0 (CH3), 34.0, 30.7, 28.9,
28.6, 28.1, 28.1 (CHy), 38.2 (SCH>), 44.4 (NHCH>), 69.0 (O—-CH>CHoNH), 69.5
(OCHy), 125.3, 125.5, 130.9, 132.7, 133.4 (CH arom, C arom), 179.0, 180.3
(C=0); MS (m/z (relative abundance, %)): 749 (100) [M+H]™.

2-Chloro-3-(4-methylpiperazin-1-yl)naphthalene-1,4-dione (16). Compound
16 was synthesized in the reaction of 1 (0.50 g, 2.20 mmol) with 15 (0.22 g, 2.19
mmol) according to general procedure 1.
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Yield: 65 % (0.33 g); brown solid; m.p.: 105-106 °C (Lit. for 16-HCI: 220—
—225 °C3); Rs (ethyl acetate): 0.73; Anal. Calcd. for Ci5H15CIN2O, (FW:
290.74): C, 61.97; H, 5.20; N, 9.64 %. Found: C, 61.73; H, 5.11; N, 9.56 %; IR
(KBr, cm1): 3072 (C-H arom), 2929, 2855 (C—H aliphatic), 1682, 1614 (C=0),
1592, 1562 (C=C); IH-NMR (500 MHz, CDCl3, § / ppm): 1.18 (3H, s, NCH3),
2.89-3.02 (8H, m, NCHy), 7.99-8.88 (4H, m, CH arom); 13C-NMR (125.66
MHz, CDCl3, 6 / ppm) 28.6 (NCH3), 44.7, 44.02 (NCH>), 125.6, 125.9, 127.7,
127.9, 128.5, 128.8, 140.4 (CH arom, C arom), 175.4, 177.5 (C=0); MS (m/z
(relative abundance, %)): 291 (100) [M+H]*.

2-(Butylthio)-3-(4-methylpiperazin-1-yl)naphthalene-1,4-dione (17d). Com-
pound 17d was synthesized in the reaction of 16 (0.50 g, 1.72 mmoal) with 4d
(0.15 g, 1.66 mmol) according to general procedure 2.

Yield: 18.15 % (0.071 g); violet ail; R (ethyl acetate): 0.73; Anal. Calcd. for
C19H24N205S (FW: 344.47): C, 66.25; H, 7.02; N, 8.13; S, 9.31 %. Found: C,
65.96; H, 7.20; N, 7.82; S, 9.21 %; IR (KBr, cm1): 3005 (C-H arom), 2928,
2793 (C-H aliphatic), 1667, 1640 (C=0), 1591, 1563 (C=C); H-NMR (500
MHz, CDCl3, ¢ / ppm): 0.84 (3H, t, J = 7.3 Hz, CH3), 1.21-1.24 (4H, m, NCH)>),
1.32-1.36 (4H, m, NCH>), 2.96 (2H, t, J = 7.3 Hz, SCH>), 7.63-7.97 (4H, m, CH
arom); 13C-NMR (125.66 MHz, CDCl3, § / ppm) 17.39 (CH3), 27.52-29.84
(CH»), 39.39 (SCHy), 43.53 (NCH3), 49.61 (NCHy), 122.16, 127.25, 128.24,
128.9, 129.40, 146.51 (CH arom, C arom), 176.5, 177.5 (C=0); MS (m/z (relative
abundance, %)): 345 (100) [M+H]*.

2-(4-Methylpiperazin-1-yl)-3-(p-tolylthio)naphthalene-1,4-dione (17f). Com-
pound 17f was synthesized in the reaction of 16 (0.50 g, 1.72 mmol) with 4f
(0.15 g, 0.39 mmol) according to general procedure 2.

Yield: 18.15 % (0.071 g); brown solid; m.p.: 278-279 °C, Rs (CHCl3:ethyl
acetate 2:1): 0.73; Anal. Calcd. for CooH2oN2OoS (FW: 378.49): C, 69.81; H,
5.86; N, 7.40; S, 8.47 %. Found: C, 69.29; H, 5.03; N, 7.26; S, 7.36 %; IR (KBr,
cm1): 3000 (C—H arom), 2927, 2855 (C-H aliphatic), 1718, 1654 (C=0), 1593,
1491 (C=C); H-NMR (500 MHz, CDCl3, § / ppm): 1.40-1.45 (3H, m, CHs),
1.18-2.26 (8H, m, NCHy), 7.04-8.01 (4H, m, CH arom); 13C-NMR (125.66
MHz, CDCl3, ¢ / ppm) 27.91 (C arom-CH3), 42.8 (CH3), 52.9, 53.21 (NCH>), (C
arom-S), 125.78, 126.17, 127.78, 128.24, 128.7, 128.76, 129.1, 129.8, 130.6,
131.2, 132.5, 133.3, 136.8 (CH arom, C arom), 175.3, 176.5 (C=0); MS (m/z
(relative abundance, %)): 379 (100) [M+H]™.

2-Chloro-3-(3-((dimethylamino)methyl)-1H-indol-1-yl)naphthalene-1,4-dione
(19). Compound 19 was synthesized in the reaction of 1 (0.50 g, 2.20 mmoal) with
18 (0.38 g, 2.23 mmol) according to general procedure 1.

Yield: 54.82% (0.44 g); red solid; m.p.: 67-68 °C. Ry (CHCl3:petroleum
ether 1:1, 40-60 °C): 0.35; Anal. Calcd. for Co1H17N20> (FW: 364.82): C,
69.14; H, 4.70; N, 8.77 %. Found: C, 68.84; H, 4.62; N, 8.49 %; IR (KBr, cm1):
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3020 (C-H arom), 2961, 2926 (C—H dliphatic), 1676, 1643 (C=0), 1593, 1519
(C=C); IH-NMR (500 MHz, CDCl3, 6 / ppm): 3.17 (6H, s, NCH3), 3.37 (2H, s,
NCH>), 7.18 (1H, s, CH vin), 7.52-8.07 (8H, m, CH arom); 13C-NMR (125.66
MHz, CDCl3, ¢ / ppm) 44.6 (NCH3), 47.05 (NCH>), 120.4, 126.7, 127.8, 129.3,
129.9 131.6, 131.9, 133.1, 133.9, 134.1, 134.4, 135.1, 135.6, 151.1 (CH arom, C
arom), 178.1, 1824 (C=0); MS (m/z (relative abundance, %)): 366 (100)
[M+H]™ .
2-(Butylthio)-3-(3-((dimethylamino)methyl)-1H-indol-1-yl)naphthalene-1,4-

-dione (20d). Compound 20d was synthesized in the reaction of 19 (0.050 g, 0.13
mmol) with 4d (0.012 g, 0.013 mmol) according to general procedure 2.

Yield: 52.24 % (0.03 g); red solid; m.p.: 134-135 °C; Rf (CHCI3): 0.43;
Anal. Calcd. for CosHogN2O2S (FW: 418.55): C, 71.74; H, 6.26; N, 6.69; S, 7.66
%. Found: C,71.58; H, 6.13; N, 6.48; S, 7.46 %; IR (KBr, cm1): 3015 (CH
arom), 2961, 2926, 2871 (C—H diphatic), 1655, 1592 (C=0), 1459, 1377 (C=C);
IH-NMR (500 MHz, CDCl3, 6 / ppm): 0.89 (3H, t, J = 7.2 Hz, CH3), 1.18-1.55
(4H, m, CHy), 2.70 (2H, t, J = 7.2 Hz, SCHy), 3.37 (6H, s, NCH3), 3.40 (2H, s,
NCHy), 7.19 (H, s, CH vin), 7.51-8.08 (8H, m, CH arom); 13C-NMR (125.66
MHz, CDCl3, 6 / ppm) 12.4 (CH3), 22.2 (CH2CH3), 30.9 (SCH,CHy), 31.5
(SCHy), 32.8 (NCH3), 36.1 (NCHy), 125.3, 1255, 125.7, 125.8, 125.9, 128.7,
129.6, 130.9, 131.3, 131.7, 132.8, 133.5, 133.9, 143.8 (CH arom, C arom), 179.4,
180.5 (C=0); MS (m/z (relative abundance, %): 441 (12) [M+H]".

2-Chloro-3-((2-(hydroxymethyl)phenyl)amino)naphthalene-1,4-dione  (22).
Compound 22 was synthesized in the reaction of 1 (0.50 g, 2.20 mmol) with 21
(0.27 g, 2.19 mmol) according to general procedure 1.

Yield: 58 % (0.4 g); red oil; Ry (CHCl3): 0.32; Ana. Cadcd. for
C17H12CINO3 (FW: 313.74): C, 65.08; H, 3.86; N, 4.46 %. Found: C, 65.25; H,
4.08; N, 4.29 %; IR (KBr, cmr1): 3010 (C-H arom), 3365 (N-H), 29102871
(C—H aliphatic), 1674-1606 (C=0), 1568-1505 (C=C); 1H-NMR (500 MHz,
CDCl3, ¢ / ppm): 3.81-3.87 (2H, m, OCH>), 4.20 (1H, m, OH), 7.01 (1H, s, NH),
7.46-8.09 (8H, m, CH arom); 13C-NMR (125.66 MHz, CDCl3, ¢ / ppm) 68.4
(CH20), 108.5, 110, 127, 127.1, 129.1, 132.1, 135.2, 138.5, 143.2, 167.3 (CH
arom, C arom), 175.2, 180.8 (C=0); MS (m/z (relative abundance, %)): 314 (100)
[M+H]*.

2-(2-((Hydroxymethyl)phenyl)amino)-3-(propylthio)naphthalene-1,4-dione
(23c). Compound 23c was synthesized in the reaction of 22 (0.1 g, 0.31 mmol)
with 4c¢ (0.02 g, 0.026 mmoal) according to general procedure 2.

Yield: 81.80 % (0.09 g); pink oil; Rs (CHCl3:Ethyl acetate 3:1): 0.66; Anal.
Calcd. for CooH19NO3S (FW: 353.43): C, 67.97; H, 5.42; N, 3.96; S, 9.07 %.
Found: C, 67.74; H, 5.28; N, 3.84; S, 8.77 %; IR (KBr, cm1): 3439 (O-H), 3289
(N—H), 3010 (C—H arom), 2962, 2929, 2871 (C—H dliphatic), 1667, 1636 (C=0),
1585, 1548 (C=C); 1H-NMR 500 MHz, CDCls3, § / ppm): 0.70 (3H, t, J = 7.3 Hz,
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CHg), 1.44 (1H, bs, OH), 1.12-1.28 (2H, m, CHy), 250 (2H, t, J = 7.3 Hz,
SCHy), 4.73 (2H, s, OCHy), 6.80 (1H, s, NH), 7.57-8.08 (8H, m, CH arom); 13C-
NMR (125.66 MHz, CDCl3, 6 / ppm) 21.9 (CH3), 28.6 (SCH>CH>), 34.5
(SCHy), 63.0 (CH0), 121.8, 123.3, 125.6, 125.8, 126.5, 127.1, 127.8, 129.8,
130.5, 131.7, 132.5, 133.4, 137.4, 144.8 (CH arom, C arom), 179.4, 180.0 (C=0);
MS (m/z (relative abundance, %)): 354 (100) [M+H]*.
2-(Butylthio)-3-((2-(hydroxymethyl)phenyl)amino)naphthalene-1,4-dione

(23d). Compound 23d was synthesized in the reaction of 22 (0.10 g, 0.31 mmol)
with 4d (0.020 g, 0.022 mmol) according to general procedure 2.

Yield: 81.80 % (0.09 g); pink oil; Rf (CHCl3:ethyl acetate 3:1): 0.36; Anal.
Calcd. for Co1H21NO3S (FW: 367.46): C, 68.64; H, 5.76; N, 3.81, S, 8.73 %.
Found: C, 68.52; H, 5.94; N, 3.97, S, 8.52 %; IR (KBr, cm1): 3293 (N-H), 3011
(C—H arom), 2958, 2929, 2872 (C-H dliphatic), 1667, 1636 (C=0), 1586, 1548
(C=C); IH-NMR (500 MHz, CDCl3z, 6 / ppm): 0.74 (3H, t, J = 7.3 Hz, CH3),
1.44 (1H, bs, OH), 1.18-1.24 (4H, m, CH»), 2.49 (2H, t, J = 7.3 Hz, SCH>), 4.74
(2H, s, OCHy), 6.85 (1H, s, NH), 7.57-8.08 (8H, m, CH arom); 13C-NMR
(125.66 MHz, CDCl3, ¢ / ppm) 20.7 (CH3), 28.6 (SCH2CH>CH)), 30.6
(SCH2CHpy), 32.2 (SCHy), 63.0 (CH0), 117.7 121.8, 123.2, 125.6, 125.8, 127,
127.7, 128.7, 129.8, 130.5, 132.5, 133.3, 144.7 (CH arom, C arom), 179.4, 180.0
(C=0); MS (m/z (relative abundance, %)): 366 (100) [M+H]™.

2-Chloro-3-(N-(2-hydroxyethyl)-N-phenylamino)naphthalene-1,4-dione  (25).
Compound 25 was synthesized in the reaction of 1 (1 g, 4.404 mmol) with 24
(0.64 g, 4.40 mmol) according to general procedure 1.

Yield: 45.18% (0.65 g); violet ail; Ry (CHCIl3): 0.45; Anal. Calcd. for
C18H14CINO3 (FW: 327.76): C, 65.96; H, 4.31; N, 4.27 %. Found: C, 65.68; H,
4.62; N, 4.44 %; IR (KBr, cn1): 3330 (OH), 3067 (C—H arom), 2940, 2880 (C-H
aliphatic), 1731, 1674 (C=0), 1593, 1557 (C=C); 1H-NMR (500 MHz, CDCls3,
o / ppm): 1.20 (1H, s, OH), 3.80 (2H, t, J = 6.8 Hz, NCHJ>), 4.01(2H, t, J = 6.8
Hz, OCHy), 7.25-8.14 (9H, m, CH arom); 13C-NMR (125.66 MHz, CDCl3, § /
/ ppm) 52.5 (NCHJy), 60.1 (CH20), 116.8, 126.6, 127.9, 128, 128.1, 128.3, 130.6,
132.7, 133, 133.1, 133.4, 144.8, 147.2 (CH arom, C arom), 177.0, 181.1 (C=0);
MS (m/z (relative abundance, %)): 327 (100) [M]".

2-Chloro-3-((2-(diethylamino)ethyl)amino)naphthalene-1,4-dione (27).
Compound 27 was synthesized in the reaction of 1 (1 g, 4.40 mmol) with 26
(0.51 g, 4.38 mmol) according to general procedure 1.

Yield: 70% (0.95 g); yellow solid; m.p.: 86-87 °C (Lit. for 27-HCI m.p.:
242 °C%; Rf (CHCI3): 0.44; Anal. Calcd. for C1gH19CIN2O, (FW: 306.11): C,
62.64; H, 6.24; N, 9.13 %. Found: C, 62.82; H, 6.36; N, 9.23 %; IR (KBr, cn1):
3267 (N-H), 3002 (C-H arom), 2966, 2931, 2887 (C—H aliphatic), 1682, 1639
(C=0), 1594, 1576 (C=C),; IH-NMR (500 MHz, CDCl3, § / ppm): 0.81-0.84
(6H, m, CH3), 3.75-3.79 (8H, m, NHCH,), 7.53-8.09 (4H, m, CH arom); 13C-
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-NMR (125.66 MHz, CDCl3, 6 / ppm) 10.9 (CH3), 40.8 (NH-CH5), 50.5
(NCH2CHa3), 65.9 (NCHy), 108.7, 158.4, 125.6, 131.2, 133.6 (CH arom, C
arom), 183.6, 179.8 (C=0); MS (m/z (relative abundance, %)): 309 (100)
[M+H]*.

2-(Butylthio)-3-((2-(diethylamino)ethyl)amino)naphthalene-1,4-dione (28d).
Compound 28d was synthesized in the reaction of 27 (0.1 g, 0.24 mmol) with 4d
(0.021 g, 0.058 mmoal) according to general procedure 1.

Yield: 75 % (0.06 g); red oil; Ry (methanol): 0.56; Anal. Calcd. for
CooH28N205S (FW: 360.51): C, 66.63; H, 7.83; N, 7.77; S, 8.89 %. Found: C,
66.87; H, 7.92; N, 7.69; S, 8.76 %; IR (KBr, cmr1): 3266 (N-H), 3096 (C-H
arom), 2959, 2927, 2871 (C—H diphatic), 1673, 1628 (C=0), 1592, 1557 (C=C);
IH-NMR (500 MHz, CDCl3, J / ppm): 0.80 (3H, t, J = 7.3 Hz, CH3), 0.86 (6H, t,
J = 7.3 Hz, CH3), 1.00-1.29 (4H, m, CH,), 1.30-1.37 (1H, m, NH), 2.64 (2H, t,
J=7.3Hz, SCH»), 2.72 (6H, t, NCH>), 3.90 (1H, bs, NH), 7.64-8.07 (4H, m, CH
arom); 13C-NMR (125.66 MHz, CDCl3, § / ppm) 12.6, 13.1 (CH3), 31.0, 21.6
(CH»), 37.8 (SCHy), 42.0 (NHCH>), 45.4, 50.6 (NCH>), 125.2, 125.5, 130.8,
1329, 133 (CH arom, C arom), 179.2, 180.7 (C=0); MS (m/z (relative
abundance, %)): 361 (100)) [M+H]*.

2-(2-((Diethylamino)ethyl)amino)-3-(octylthio)naphthalene-1,4-dione (28e).
Compound 28e was synthesized in the reaction of 27 (0.50 g, 1.62 mmol) with 4e
(0.23 g, 1.57 mmol) according to general procedure 1.

Yield: 65 % (0.44 g); red oil; Rf (CHCl3): 0.87; Anal. Calcd. for
CoqH3sN205S (FW: 416.62): C, 69.19; H, 8.71; N, 6.72; S, 7.70 %. Found: C,
68.98; H, 9.02; N, 6.51; S, 7.54 %; IR (KBr, cm1): 3258 (N-H), 3065 (C—H
arom), 2956, 2925, 2853 (C—H aliphatic), 1673, 1630 (C=0), 1592, 1552 (C=C);
IH-NMR (500 MHz, CDCl3, 6 / ppm): 0.77-0.87 (9H, m, CHz), 1.01-1.20 (12H,
m, (CHy), 2.61 (2H, t, J = 7.2 Hz, SCH>), 2.72 (6H, t, J = 7.2 Hz, NCHJ>), 3.90
(1H, bs, NH), 7.63-8.07 (4H, m, CH arom); 13C-NMR (125.66 MHz, CDCl3, 6 /
/ ppm) 13.05, 13.07 (CH3), 21.6, 28.2, 28.6, 28.9, 30.3, 30.7 (CH>), 38.2 (SCH)>),
42.0 (NHCH>), 45.4, 50.6, (NCH2), 125.2, 125.5, 129.8, 130.8, 132.2, 132.9,
133.3, 137.1 (CH arom, C arom), 179.1, 180.6 (C=0); MS (m/z (relative
abundance, %)): 417 (100) [M+H]*.
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Abstract: In the search for new antimicrobial agents, a series of new modified
pyridine and bipyridine substituted coumarins 5a-y was designed and syn-
thesized by adopting a molecular hybridization strategy. All the synthesized
compounds were evaluated for their in vitro antimicrobial activity using the
broth dilution method against selected bacterial (Gram-positive and Gram-neg-
ative) and fungal strains. Compounds 5a, 5f, 5g, 5n, 5r, 5t, 5w, 5x and 5y
demonstrated promising antibacterial activity, while the other derivatives
showed comparable activity to those of the standard drugs used as references.

Keywords: coumarins; bipyridines; Krohnke reaction; antimicrobial activity;
broth dilution method.

INTRODUCTION

In recent years, the mounting threat of bacterial resistance has heightened the
urgency to discover and develop effective agents with novel mechanisms of
action and enhanced activity profiles. Considerable research efforts have been
directed to the discovery of high potency local antimicrobial agents with reduced
or without systemic adverse effects. The development of potent and effective
antimicrobial agents is of utmost importance to overcome the emerging multi-
drug resistance strains of bacteria and fungi.

A large number of heterocyclic substituted and heterocyclic fused coumarin
derivatives has drawn immense attention among medicinal chemists as they
exhibit several significant biological activities, such as anti-alzheimer,! antimal-
arial,2 anticancer,3 antioxidant,# antitumor,® anti-inflammatory,® antipyretic,’
analgesic,’ antimicrobial 8 etc. Among the heterocyclic-substituted coumarins,
pyridine-substituted coumarins constitute an elite class of compounds as they
exhibit important biological activities, such as CNS depressant,® antifungal,10
antibacterial,11 antitubercular,12 etc. During a literature survey, some modified
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pyridine nuclei emerged, such as cyclopenta[b]pyridine, 5,6,7,8-tetrahydroqui-
noline and indeno[1,2-b]pyridine, which are endowed with antiproliferative,13
anti-inflammatory,1415 antimicrobial,16:17 anticancer,18 antidiabetic,19 antiplas-
modial,20 anti-alzheimer,2! cytotoxic,22 calcium antagonistic,23 and bovine liver
glutathione-S-transferase inhibitory activities.24 Certain bipyridinyl moieties are
reported to possess important biological properties, such as antimicrobial,2° anti-
oxidant,2> cardiotonic,26 DNA interacting?’ and cytotoxic?’. In a literature
search, it was observed that hitherto no significant efforts have been made to
synthesize coumarin derivatives incorporating such modified pyridine nuclei
(cyclopenta[b]pyridine, 5,6,7,8-tetrahydroquinoline and indeno[1,2-b]pyridine)
and to study their biological properties. Encouraged by potential biological acti-
vities of modified pyridines and in continuation of previous investigation on bio-
potent coumarin derivatives,28 the present efforts were focused on the design and
synthesis of biologically potent heterocyclic system via the combination of the
therapeutically active moieties coumarin and modified pyridine nuclei together in
a single scaffold.

RESULTS AND DISCUSSION
Chemistry

The strategy adopted for the synthesis of the key precursors 3a—e and the
target compounds is depicted in Scheme 1. The coumarin chalcones 3a—e were
synthesized by reacting 8-acetyl-7-hydroxy-4-methylcoumarin 1 with various
benzaldehydes 2a—e in ethanol containing piperidine in a catalytic amount.

The synthesis of title compounds 5a-y was realized by reacting coumarin
chalcones 3a—e with cyclopentanone 4a, cyclohexanone 4b, indanone 4c and
(pyridinecarbonylmethyl)pyridinium iodide salts 4d and 4e under Krohnke reac-
tion condition.29 The reaction proceeded via a Michael addition by the nuc-
leophilic addition of active methylene group in 4a—e to the «,f-unsaturated
carbonyl functionality in 3a—e to afford the 1,5-dicarbonyl intermediates. The
corresponding intermediate undergoes cyclization in presence of ammonia and
subsequent loss of water afforded target compounds 5a-y.

The analytic and spectroscopic data of all the synthesized compounds are
given in the Supplementary material to this paper.

Evaluation of antimicrobial activity

The antimicrobial activity of the synthesized compounds 5a-y was deter-
mined by the broth dilution method as described by NCCLS.30 The antibacterial
activity was screened against two Gram-positive (Staphylococcus aureus MTCC
96 and Bacillus subtilis MTCC 441) and two Gram-negative (Escherichia coli
MTCC 443 and Salmonella enterica subsp. enterica serovar typhi MTCC 98)
bacteria using ampicillin, ciprofloxacin and chloramphenicol as standard
antibacterial drugs. Antifungal activity was screened against two fungal species
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(Candida albicans MTCC 227 and Aspergillus niger MTCC 282) where griseo-
fulvin and nystatin were used as the standard antifungal drugs. The antimicrobial
activity data are presented in Table I.

Oy CH CHO

3
HO 00 . Ethanol
_
= R4 Piperidine
R

CH
3 2a-c

1

5a: R=R,=H

5b: R=CH;, R;=H
5¢: R=OCHs, Ry=H
5d: R=R,=OCHj
5e: R=Cl, Ry=H

5u: R=R4=H
5v: R=CHj;, Ri=H
5w: R=0OCHj, R4=H HO
5x: R=R4=0OCH3
5y: R=Cl, Ry=H

5f: R=R;=H
59: R=CH3, Ry=H
5h: R=OCHj, Ry=H
5i: R=R,=OCHj

5j: R=CI, R;=H
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= - : R=R4=0CH,
3q: R=CHg, Ry=H o AcOH 50 R=Cl, Ry=H

5r: R=0CH;, Ry=H Ho
5s: R=R;=0OCHj,
5t: R=Cl, R;=H

5p-t

Scheme 1. Strategy adopted for the synthesis of the precursors 3a—e
and the target compounds 5a-y.

All the newly synthesized compounds 5a-y exerted significant inhibitory
activity against all the employed strains. The antimicrobial assessment data of
compounds 5a-y revealed that compounds 5n and 5w (MIC = 50 ug mL-1);
compounds 5a and 5x (MIC = 62.5 pug mL-1) exhibited excellent activity against
S. aureus compared to ampicillin (MIC = 250 ug mL-1) and comparable activity
to chloramphenicol and ciprofloxacin (MIC = 50 pg mL-1). In addition, com-
pounds 5d, 5f, 5g, 5i and 5r (MIC = 100 pg/mL) also showed significant activity
against S. aureus compared to ampicillin (MIC = 250 ug mL-1). Against B. sub-
tilis, compound 5f (MIC = 50 pg mL-1) demonstrated remarkable activity com-
pared to ampicillin (MIC = 250 ug mL-1) and was equipotent to chloramphenicol
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and ciprofloxacin (MIC = 50 pug mL-1). Compounds 5a, 5j and 5n (MIC = 100
ug mL-1) also showed superior activity to ampicillin (MIC = 250 pg mL-1)
against B. subtilis. Compound 5r (MIC = 12.5 ug mL-1) depicted excellent acti-
vity against E. coli compared to all the drugs used as standards. Compounds 5t,
5y (MIC =50 pg mL-1) and 5g (MIC = 62.5 ug mL-1) showed excellent activity
compared to ampicillin (MIC = 100 pg mL-1) and comparable activity to chlor-
amphenicol and ciprofloxacin (MIC = 50 pug mL-1) against E. coli. Against S.
typhi, compound 5r (MIC = 50 ug mL-1) and 5g (MIC = 62.5 pug mL-1) showed
significant activity compared to ampicillin (MIC = 100 pg mL-1) and comparable
activity to chloramphenicol (MIC = 50 pg mL-1).

TABLE I. Antimicrobial activity (MIC / pg mL1) of compounds 5a-y; AMP: ampicillin,
CHL.: chloramphenicol, CIP: ciprofloxacin, GRIS: griseofulvin, NYT: nystatin. —: not tested

Gram-positive bacteria Gram-negative bacteria Fungi
Compd. S.aureus  B. subtilis E. coli S.enterica C. albicans  A. niger

MTCC96 MTCC 441 MTCC 443 MTCC98 MTCC 227 MTCC 282
5a 62.5 100 100 200 1000 1000
5b 500 500 500 500 500 1000
5¢ 500 250 250 250 1000 500
5d 100 250 100 200 250 >1000
5e 250 500 500 500 500 1000
5f 100 50 200 200 >1000 >1000
59 100 250 62.5 62.5 1000 1000
5h 250 250 250 500 500 1000
5i 100 200 250 100 >1000 >1000
5§ 250 100 500 500 500 500
5k 250 250 100 200 >1000 500
51 250 500 100 250 500 500
5m 200 500 100 100 1000 >1000
5n 50 100 250 250 250 250
50 250 200 250 500 >1000 250
5p 500 250 100 200 250 1000
5q 250 250 250 250 1000 >1000
5r 100 200 125 50 500 1000
5s 500 200 100 100 >1000 200
5t 250 200 50 200 1000 >1000
5u 250 500 250 200 1000 500
5v 500 250 100 250 500 1000
5w 50 500 200 500 1000 >1000
5x 62.5 250 200 100 500 1000
Sy 200 250 50 100 1000 1000
AMP 250 250 100 100 - -
CHL 50 50 50 50 - -
CIP 50 50 25 25 - -
GRIS - - - - 100 100
NYT - - - - 500 100
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Compounds 5m and 5y (MIC = 200 ug mL-1) showed better activity, while
compounds 5e, 5h, 5j, 5k, 5I, 50, 5q, 5t and 5u (MIC = 250 pug mL-1) were
found equipotent compared to ampicillin (MIC = 250 ug mL-1) against S. aureus.
Compounds 5i, 50, 5r, 5s and 5t (MIC = 200 pg mL-1) exhibited better activity
and compounds 5c, 5d, 5g, 5h, 5k, 5p, 54, 5v, 5x and 5y (MIC = 250 ug mL1)
were found equipotent to ampicillin (MIC = 250 pg mL-1) against B. subtilis.
Compounds 5a, 5d, 5k, 51, 5m, 5p, 5s and 5v (MIC = 100 ug mL-1) against E.
coli and compounds 5i, 5m, 5s, 5x and 5y (MIC = 100 pug mL-1) against S. enter-
ica subsp. enterica serovar typhi were found equipotent to ampicillin (MIC = 100
g mL-1).

A close look at the SAR (structure—activity relationship) of these compounds
clearly indicated the influence of peripheral substituents on the aryl ring (i.e., R
and R1) and the nature of the pyridine moiety on antimicrobial potency. It is
interesting to note that almost all the compounds 5a—y possessed promising anti-
bacterial activity against Gram-positive bacteria B. subtilis and S. aureus. In the
case of compounds 5a—e bearing cyclopenta[b]pyridine moiety, introduction of
electron donating group, i.e., compounds 5b (R = CH3) and 5c (R = OCH3), red-
uced the antibacterial activity significantly. Upon introduction of a second meth-
oxyl group, i.e., compound 5d (R = R1= OCHp3), enhanced the antibacterial acti-
vity against S. aureus. Replacement of cyclopenta[b]pyridine moiety with
5,6,7,8-tetrahydroguinoline moiety boosts the antibacterial potency against all the
bacterial strains. The enhancement in the antibacterial activity of the compounds
5f—j may be attributed to the increased lipophilicity due to insertion of an addi-
tional —CH»— group in the modified pyridine moiety than those of compounds
5a—e. In compounds 5f-j, altering the substitution on the appended aryl ring did
not affect the activity against S. aureus but it reduced the activity against B. sub-
tilis. Introduction of methyl group, i.e., compound 5g (R = CHgy), remarkably
intensified the antibacterial potency against Gram-positive bacterial strains,
which may be credited to further enhancement in lipophilicity. A marked red-
uction in the antibacterial potency against the Gram-positive bacteria B. subtilis
was observed when the pyridine moiety was modified to indeno[1,2-b]pyridine,
i.e., compounds 5k-o, but the antibacterial potency was appreciably enhanced
against E. coli.

Surprisingly, upon replacement of the modified pyridine moiety with bipyr-
idine, i.e., compounds 5p-y, the antibacterial effectiveness increased signific-
antly. In fact, compound 5r (MIC = 12.5 pug mL-1) emerged as the most potent
derivative of the series. In addition, compounds 5t, 5w, 5x and 5y exhibited
appreciable antibacterial activity. The compounds bearing a bipyridine moiety
with a 2-3' linkage (compounds 5p-t) depicted better antibacterial potency than
compounds with a 2-4' linkage (compounds 5u-y). Among the compounds 5p-y,
derivatives bearing two methoxyl group or a chlorine group, i.e., compounds 5s,
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5x (R = Ry = OCH3), 5t and 5y (R = CI) showed better activity than the other
analogs. The compounds 5p-y bearing a bipyridine moiety, exhibited enhanced
antibacterial activity compared to compounds 5a—0 bearing a modified pyridine
moiety.

The antifungal screening data (Table 1) revealed that compounds 5d, 5n and
5p (MIC = 250 pug mL-1); compounds 5b, 5e, 5h, 5j, 5l, 5r, 5v and 5x (MIC =
=500 pg mL-1) showed comparable activity to griseofulvin against C. albicans.
None of the compounds showed promising antifungal activity against A. niger.

EXPERIMENTAL

All reactions were performed with commercially available reagents and they were used
without further purification. Organic solvents were purified by standard methods and stored
over molecular sieves. All reactions were monitored by thin-layer chromatography (TLC, on
aluminum plates coated with silica gel 60 F,54, 0.25 mm thickness, Merck) and detection of
the components was made by exposure to UV light. The compounds were purified by column
chromatography using silica gel (60-120 mesh). Melting points were determined in open
capillaries and are uncorrected. IR spectra were recorded on a Shimadzu FTIR 8401 spectro-
photometer using potassium bromide pellets in the range 4000-400 cm and frequencies of
only characteristic peaks are expressed in cm™. 1H- and 13C-NMR spectra were recorded on a
Bruker Avance 400 (MHz) spectrometer (Bruker Scientific Corporation Ltd., Switzerland)
operating at 400 MHz and 100 MHz, respectively. Chemical shifts are reported in parts per
million (ppm) using CDClI; as solvent and calibrated with the standard solvent signal. The
coupling constants (J) are given in Hertz (Hz). Mass spectra of representative compounds
were scanned on a Shimadzu QP 2010 spectrometer (Shimadzu, Tokyo, Japan). The pre-
cursors  8-acetyl-7-hydroxy-4-methylcoumarin 1,3 8-(3-arylacryloyl)-7-hydroxy-4-methyl-
-chromen-2-ones 3a, 3c and 3d,32 (pyridinecarbonylmethyl)pyridinium iodide salts 4d and
4¢33 were prepared using reported procedures.

General procedure for the synthesis of 5a—y

In a 100-mL round bottom flask equipped with a condenser, guard tube and magnetic
needle, an appropriate active methylene compound 4a—e (i.e., cyclopentanone 4a, cyclohex-
anone 4b, 1-indanone 4c, (pyridinecarbonylmethyl)pyridinium iodide salts 4d and 4e (0.003
mol) in glacial acetic acid (15mL) was taken. To this, ammonium acetate (0.03 mol) was
added under stirring at room temperature. Then a solution of an appropriate 8-(3-aryl-
acryloyl)-7-hydroxy-4-methyl-chromen-2-ones 3a—e (0.003 mol) in glacial acetic acid (15
mL) was added under stirring and the reaction mixture was further stirred for 1 h at room
temperature and then refluxed for 8 h at 140 °C. The mixture was then allowed to cool to
room temperature and then poured into ice-cold water (75 mL). The crude solid obtained was
extracted with chloroform (3x30 mL). The organic layer was washed with 5 % sodium bicar-
bonate solution (3x20 mL) and water (2x20 mL), and dried over anhydrous sodium sulfate.
The removal of chloroform under reduced pressure gave a crude material that was subjected to
column chromatography using silica gel and chloroform—petroleum ether (60-80, 1:4) as the
eluent to give the targeted compounds 5a-y.

Biological assay

The in vitro antimicrobial activities of all the compounds and standard drugs were
assessed against Gram-positive bacteria, viz. Staphylococcus aureus (MTCC 96) and Bacillus
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subtilis (MTCC 441), Gram-negative bacteria, viz., Salmonella enterica subsp. enterica
serovar typhi (MTCC 98) and Escherichia coli (MTCC 443) and two fungi, viz., Aspergillus
niger (MTCC 282) and Candida albicans (MTCC 227) by the broth microdilution MIC
(Minimum inhibitory concentration) method according to NCCLS (National Committee for
Clinical Laboratory Standards). The employed strains were procured from (MTCC — micro
type culture collection) Institute of Microbial Technology, Chandigarh. Mueller—Hinton Broth
was used as the nutrient medium to grow and dilute the compound suspension for the test
bacteria and Sabouraud dextrose broth was used for fungal nutrition. Ampicillin, chloram-
phenicol and ciprofloxacin were used as standard antibacterial drugs, while griseofulvin and
nystatin were used as standard antifungal drugs. The bacterial strains were primarily
inoculated into Mueller—Hinton agar and, after overnight growth, a number of colonies were
directly suspended in saline solution until the turbidity matched the turbidity of the McFarland
standard (approximately 108 CFU mL-1). i.e., the inoculum size for test strain was adjusted to
108 CFU mL™ (colony forming unit) per milliliter well by comparing the turbidity (turbi-
dimetric method). Similarly, the fungi were inoculated on Sabouraud dextrose broth; the pro-
cedures of inoculum standardization were also similar. DMSO was used as diluent to obtain
the desired concentration of the synthesized compounds and the standard drugs for the test
upon the standard microbial strains, i.e., the compounds were dissolved in DMSO and the
solutions were diluted with a culture medium. Each compound and standard drug was diluted
to obtain 2000 ug mL-1 stock solutions. By further progressive dilutions with the test medium,
the required concentrations were obtained for primary and secondary screening. In primary
screening, 1000, 500, and 250 ug mL™! concentrations of the synthesized compounds were
taken. The active compounds found in this primary screening were further diluted to obtain
200, 100, 62.5, 50, 25, 12.5 and 6.25 ug mL- concentrations for secondary screening to test in
a second set of dilution against all microorganisms. Briefly, the control tube containing no
antibiotic was immediately sub-cultured (before inoculation) by spreading a loopful evenly
over a quarter of a plate of medium suitable for the growth of the test organism. The tubes
were then incubated at 37 °C for 24 h for the bacteria and 48 h for the fungi. Growth or a lack
of growth in the tubes containing the antimicrobial agent was determined by comparison with
the growth control, indicated by turbidity. The lowest concentration that completely inhibited
visible growth of the organism was recorded as the minimum inhibitory concentration (MIC /
ug mL-1), i.e., the amount of growth from the control tube before incubation (which represents
the original inoculum) was compared. A set of tubes containing only seeded broth and the
solvent controls were maintained under identical conditions to ensure that the solvent had no
influence on strain growth. The protocols are summarized in Table | as the minimum inhibitory
concentration (MIC / pg mL™1).

CONCLUSIONS

In conclusion, a series of modified pyridine and bipyridine substituted coum-
arins, which emerged as a new and important class of antimicrobial agents, was
successfully designed and synthesized. The results revealed the positive contri-
bution of methoxyl substituents at the meta and para positions of the phenyl ring
to the observed antimicrobial activity. The results also indicated that coumarins
bearing the bipyridine moiety showed marked enhancement in their antibacterial
activity than those bearing a modified pyridine moiety. It is believed that the
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observed results may be useful in guiding future global efforts to discover new
compounds with improved antimicrobial activity.

SUPPLEMENTARY MATERIAL

General procedure for the synthesis of 3a—e and physical, analytical and spectral data of
the synthesized compounds 5a-y are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ
CHUHTE3A JEPUBATA KYMAPUHA CYIICTUTYUCAHUX MOOIUPUKOBAHUM
MUPUIWHUMA U BUTTUPUIVNHUMA KAO ITOTEHIHUJATHUX AHTUMHUKPOBHUX
ATEHACA

HEMALI B. LAD, RAKESH R. GIRI, YOGITA L. CHOVATIYA 1 DINKAR I. BRAHMBHATT
Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar 388120, Gujarat, India

Toxom ucTpakuBamka HOBUX aHTMMUKDOOHHMX areHaca CUHTETHUCaHa je cepuja AepuBara
KyMapHHa 5a—y CYNCTUTyHMCAaHUX MOIU(UKOBAHUM MUPUAMHUMA W OunupuguHuma. CBUM
CUHTETHCAaHUM JilepUBaTHMa UCIUTAHA je aHTUMHUKPOOHA aKTMBHOCT MPUMEHOM METOJie pas3-
Onaxxusamwa y dyjoHy (broth dilution method) npema onadpaHum cojeBuma Dakrepuja (rpam-
-TI03UTHBHE ¥ IpaM-HeTaTHBHE) U IbUBA. Jenumemwa 5a, 5f, 5g, 5n, 5r, 5t, 5w, 5x u 5y noka-
3yjy 3HauajHe aHTHOAKTEepHjCcKke aKTUBHOCTH, NOK MPEOCTaTd AepPHUBATH HWMajy aKTHUBHOCTH
Onucke cTaHIapOHUM JIEKOBUMA.

(ITpumibeHo 4. aBrycta 2014, peBuaupaHo 8. janyapa, npuxsaheno 11. janyapa 2015)
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SUPPLEMENTARY MATERIAL TO
Synthesis of modified pyridine and bipyridine substituted
coumarins as potent antimicrobial agents
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and DINKAR I. BRAHMBHATT*

Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar 388120,
Gujarat, India

J. Serb. Chem. Soc. 80 (6) (2015) 739-747

GENERAL PROCEDURE FOR THE SYNTHESIS OF 3a-e

The derivatives 3a, 3c and 3d were prepared according to a literature pro-
cedure.l The preparation of derivatives 3b and 3e is given below.

A mixture of 8-acetyl-7-hydroxy-4-methylcoumarin (0.01 mol) and appro-
priate aromatic aldehyde (0.012 mol) in ethanol (20-25 mL) containing a catal-
ytic amount of piperidine was refluxed for half an hour to two hours. On concen-
trating the reaction mixture to a small volume, the chalcone separated out and
was filtered and crystallized from chloroform-hexane.

7-Hydroxy-4-methyl-8-(3-p-tolylacryloyl)chromen-2-one (3b). Yield: 71 %;
m.p.: 156 °C; Anal. Calcd. for CogH1604: C, 74.99; H, 5.03 %. Found: C, 74.76;
H, 5.05 %; IR (KBr, cm~1): 3425 (O-H stretching), 3062 (aromatic C—H stretch-
ing), 1723 (C=0 o¢-lactone stretching), 1655 (C=0 «,f-unsaturated carbonyl
group), 1612 (aromatic C=C stretchings), 838 (C-H bending for p-di-substi-
tuted benzene ring); H-NMR (400 MHz, CDCls, § / ppm): 2.45 (6H, s,
2xCH3), 6.21 (1H, s, C3—H), 6.96-8.26 (8H, m, 6 Ar-H + 2 olefinic protons),
13.89 (1H, s, OH).

7-Hydroxy-4-methyl-8-[3-(4-chlorophenyl)acryloyl]chromen-2-one (3e).
Yield: 75 %; m.p.: 197-198 °C; Anal. Calcd. for C19H13ClO4: C, 66.97; H, 3.85
%. Found: C, 66.72; H, 3.84 %; IR (KBr, cm™1): 3419 (O-H stretching), 3061
(aromatic C-H stretching), 1720 (C=0 J-lactone stretching), 1657 (C=0
a,B-unsaturated carbonyl group), 1610 (aromatic C=C stretchings), 836 (C-H
bending for p-disubstituted benzene ring); TH-NMR (400 MHz, CDCls, § / ppm):
2.46 (3H, s, CH3), 6.22 (1H, s, C3-H), 6.97-8.26 (8H, m, 6 Ar-H + 2 olefinic
protons), 13.75 (1H, s, OH).

*Corresponding author. E-mail: drdib317@gmail.com
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ANALYTICAL AND SPECTRAL DATA FOR THE TARGET COMPOUNDS 5a-y
7-Hydroxy-4-methyl-8-(4-phenyl-6,7-dihydro-5H-cyclopenta[b] pyridin-2-yl)-
chromen-2-one (5a). Yield: 66 %; m.p.: 181-182 °C; Anal. Calcd. for
Co4H19NO3: C, 78.03; H, 5.18; N, 3.79 %. Found: C, 78.21; H, 5.12; N, 3.73 %j;
IR (KBr, cm1): 3417 (O-H stretching), 3056 (aromatic C—H stretching), 2989
(aliphatic C-H stretching), 1725 (C=0O ¢-lactone stretching), 1600 and 1555
(aromatic C=C and C=N stretchings), 705 and 723 (C-H out of plane bending
for mono substituted benzene ring); TH-NMR (400 MHz, CDCl3, 6 / ppm): 2.22
(2H, m, Cg'-H), 2.45 (3H, s, CH3), 3.17 (4H, m, Cs'-H and C7-H), 6.16 (1H, s,
C3-H), 6.99-7.70 (8H, m, 7 Ar-H + OH), 8.64 (1H, s, C3'-H); 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 19.23 (CH3), 23.48 (CH>), 31.02 (CHy), 34.09 (CH)),
108.42 (C), 110.37 (CH), 112.17 (C), 115.25 (CH), 123.00 (CH), 125.91 (CH),
128.43 (CH), 128.72 (CH), 128.83 (CH), 134.16 (C), 138.37 (C), 147.60 (C),
151.97 (C), 153.15 (C), 153.45 (C), 160.53 (C), 162.22 (C) and 163.90 (CO of
coumarin).
7-Hydroxy-4-methyl-8-(4-p-tolyl-6,7-dihydro-5H-cyclopenta[b]pyridin-2-yl)-
chromen-2-one (5b). Yield: 72 %; m.p.: 201 °C; Anal. Calcd. for Co5H21NO3: C,
78.31; H, 5.52; N, 3.65 %. Found: C, 78.11; H, 5.56; N, 3.63 %; IR (KBr, cm™1):
3422 (O-H stretching), 3022 (aromatic C-H stretching), 2953 (aliphatic C-H
stretching), 1723 (C=0 J-lactone stretching), 1598 and 1550 (aromatic C=C and
C=N stretchings), 818 (C-H bending of p-disubstituted benzene ring); H-NMR
(400 MHz, CDCl3, ¢ / ppm): 2.22 (2H, m, Cg'-H), 2.45 (6H, s, 2 x CH3), 3.16
(4H, m, C5'-H and C7'-H), 6.14 (1H, s, C3—H), 6.99-7.58 (7H, m, 6 Ar-H +
OH), 8.65 (1H, s, C3'-H); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.26 (CHs),
21.31 (CHa3), 23.55 (CHy), 31.12 (CHy), 34.10 (CHy), 108.37 (C), 110.37 (CH),
112.17 (C), 115.31 (CH), 122.91 (CH), 125.89 (CH), 128.35 (CH), 129.58 (CH),
134.06 (C), 135.48 (C), 138.84 (C), 147.69 (C), 151.87 (C), 153.49 (C), 158.13
(C), 160.59 (C), 162.07 (C), 164.09 (CO of coumarin).
7-Hydroxy-8-[4-(4-methoxyphenyl)-6,7-dihydro-5H-cyclopenta[b]pyridin-2-
-yl]-4-methyl-chromen-2-one (5c). Yield: 68 %; m.p.: 203 °C; Anal. Calcd. for
Cy5H21NOg4: C, 75.17; H, 5.30; N, 3.51 %. Found: C, 75.32; H, 5.24; N, 3.54 %;
IR (KBr, cm~1): 3422 (O-H stretching), 3053 (aromatic C—H stretching), 2957
(aliphatic C-H stretching), 1716 (C=0 o-lactone stretching), 1597 and 1552
(aromatic C=C and C=N stretchings), 836 (C-H bending of p-disubstituted ben-
zene ring); 1H-NMR (400 MHz, CDClg, 6 / ppm): 2.32 (2H, m, Cg'-H), 2.44
(3H, s, CH3), 3.22 (2H, t, J = 7.2 Hz, C5'-H), 3.50 (2H, t, poorly resolved
triplet, C;/-H), 3.90 (3H, s, OCH3), 6.14 (1H, s, C3-H), 7.06-7.86 (8H, m, 7
Ar-H + OH); 13C-NMR (100 MHz, CDClg3, § / ppm): 19.22 (CHg), 23.67 (CH>),
31.23 (CH»), 33.39 (CHy), 55.43 (OCH3), 110.64 (CH), 114.46 (CH), 115.41
(CH), 121.73 (C), 123.76 (CH), 126.44 (C), 127.47 (CH), 128.53 (C), 128.97
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(C), 129.80 (C), 130.04 (CH), 135.11 (C), 149.06 (C), 152.92 (C), 153.34 (C),
160.46 (C), 160.62 (C), 161.43 (CO of coumarin).
8-[4-(3,4-Dimethoxyphenyl)-6,7-dihydro-5H-cyclopenta[b]pyridine-2-yl]-7-
-hydroxy-4-methyl-chromen-2-one (5d). Yield: 70 %; m.p.: 164 °C; Anal. Calcd.
for CogH23NOs: C, 72.71; H, 5.40; N, 3.26 %. Found: C, 72.90; H, 5.34; N, 3.27
%; IR (KBr, cm™1): 3422 (O-H stretching), 3076 (aromatic C-H stretching),
2962 (aliphatic C-H stretching), 1723 (C=0 o¢-lactone stretching), 1600 and
1552 (aromatic C=C and C=N stretchings); 1H-NMR (400 MHz, CDCl3, § / ppm):
2.23 (2H, m, Cg'-H), 2.46 (3H, s, CH3), 3.18 (4H, m, Cs'-H and C;'-H), 3.97
and 4.07 (6H, 2 x s, 2 x OCH3), 6.14 (1H, s, C3-H), 6.99-7.54 (6H, m, 5 Ar-H
+ 1 OH), 8.72 (1H, s, C3'-H); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 19.20
(CH3), 23.36 (CHy), 31.01 (CHy), 34.15 (CH>), 55.96 (OCHj3), 56.11 (OCHz3),
110.26 (CH), 112.21 (C), 115.35 (CH), 123.01 (CH), 125.62 (CH), 128.31 (CH),
128.72 (CH), 128.83 (CH), 134.06 (C), 138.23 (C), 147.50 (C), 151.76 (C),
153.15 (C), 153.37 (C), 154.26 (C), 158.76 (C), 160.52 (C), 162.22 (C), 163.70
(CO of coumarin).
8-[4-(4-Chlorophenyl)-6,7-dihydro-5H-cyclopenta[b]pyridin-2-yl]-7-hyd-
roxy-4-methyl-chromen-2-one (5e). Yield: 70 %; m.p.: 198-199 °C; Anal. Calcd.
for Co4H1gCINO3: C, 71.38; H, 4.49; N, 3.47 %. Found: C, 71.19; H, 4.52; N,
351 %; IR (KBr, cm1): 3433 (O-H stretching), 3068 (aromatic C-H
stretching), 2961 (aliphatic C-H stretching), 1727 (C=0 o¢-lactone stretching),
1599 and 1549 (aromatic C=C and C=N stretchings), 837 (C-H bending of
p-disubstituted benzene ring); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.23 (2H,
m, Ce¢'-H), 2.45 (3H, s, CH3), 3.15 (4H, m, Cs'-H and C;'-H), 6.15 (1H, s, C3-H),
6.99-7.61 (7H, m, 6 Ar-H + OH), 8.62 (1H, s, C3'-H); 13C-NMR (100 MHz,
CDClg, ¢ / ppm): 19.24 (CHg), 23.52 (CH»), 31.11 (CHy), 34.15 (C7"), 108.19
(C), 110.17 (CH), 112.10 (C), 115.15 (CH), 122.71 (CH), 125.89 (CH), 128.53
(CH), 129.85 (CH), 134.06 (C), 135.38 (C), 138.94 (C), 147.39 (C), 151.78 (C),
153.94 (C), 158.31 (C), 160.45 (C), 162.07 (C), 164.12 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-phenyl-5,6,7,8-tetrahydroquinolin-2-yl)chromen-
-2-one (5f). Yield: 67 %; m.p.: 200 °C; Anal. Calcd. for Co5H21NO3: C, 78.31;
H, 5.52; N, 3.65 %. Found: C, 78.20; H, 5.55; N, 3.61 %; IR (KBr, cm~1): 3405
(O-H stretching), 3059 (aromatic C-H stretching), 2929 (aliphatic C-H
stretching), 1717 (C=0 o-lactone stretching), 1600 and 1539 (aromatic C=C
and C=N stretchings), 704 and 725 (C-H out of plane bending for mono
substituted benzene ring); IH-NMR (400 MHz, CDClg, § / ppm): 1.80 (2H, m,
Cg'-H), 1.99 (2H, m, C;'-H), 2.43 (3H, s, CH3), 2.73 (2H, m, C5'-H), 3.08 (2H,
t, J = 6.4 Hz, Cg'-H), 6.10 (1H, s, C3-H), 6.97-7.53 (8H, m, 7 Ar-H + OH),
8.50 (1H, s, C3'-H); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.22 (CH3), 22.55
(CHy), 22.79 (CHy), 27.27 (CH>), 31.84 (CHy), 107.44 (C), 110.15 (CH), 111.83
(C), 115.45 (CH), 124.08 (CH), 126.09 (CH), 128.23 (CH), 128.55 (CH), 128.66
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(CH), 129.57 (C), 131.91 (C), 138.88 (C), 150.70 (C), 152.20 (C), 153.14 (C),
153.46 (C), 160.52 (C), 164.90 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-p-tolyl-5,6,7,8-tetrahydroquinolin-2-yl)chromen-
-2-one (5g). Yield: 62 %; m.p.: 218 °C; Anal. Calcd. for CogH23NO3: C, 78.57;
H, 5.83; N, 3.52 %. Found: C, 78.69; H, 5.85; N, 3.48 %; IR (KBr, cm1): 3433
(O-H stretching), 3045 (aromatic C—H stretching), 2936 (aliphatic C-H
stretching), 1731 (C=0 o¢-lactone stretching), 1603 and 1538 (aromatic C=C
and C=N stretchings), 837 (C-H bending of p-disubstituted benzene ring); 1H-
NMR (400 MHz, CDCl3, 6 / ppm): 1.82 (2H, m, Cg'-H), 1.97 (2H, m, C;'-H),
2.44 (6H, s, 2xCH3), 2.75 (2H, t, J = 6.4 Hz, Cs'-H), 3.08 (2H, t, J = 7.2 Hz,
Cg'-H), 6.10 (1H, s, C3—H), 6.97-7.53 (7H, m, 6 Ar-H + OH), 8.50 (1H, s, C3'-H);
13C-NMR (100 MHz, CDCls, § / ppm): 19.24 (CHg), 21.25 (CH3), 22.53 (CH)),
22.82 (CHy), 27.34 (CH>), 31.79 (CHy), 107.43 (C), 110.14 (CH), 111.82 (C),
115.48 (CH), 124.19 (CH), 126.04 (CH), 128.60 (CH), 129.24 (CH), 129.65 (C),
135.89 (C), 138.11 (C), 150.54 (C), 152.30 (C), 153.00 (C), 153.44 (C), 153.47
(C), 160.51 (C), 164.93 (CO of coumarin).
7-Hydroxy-4-methyl-8-[4-(4-methoxyphenyl)-5,6,7,8-tetrahydroquinolin-2-yl]-
-4-methyl-chromen-2-one (5h). Yield: 69 %; m.p.: 192-193 °C; Anal. Calcd. for
CysH23NOg4: C, 75.53; H, 5.61; N, 3.39 %. Found: C, 75.30; H, 5.63; N, 3.34 %;
IR (KBr, cm~1): 3420 (O-H stretching), 3050 (aromatic C—H stretching), 2927
(aliphatic C-H stretching), 1720 (C=0 o-lactone stretching), 1594 and 1538
(aromatic C=C and C=N stretchings), 835 (C-H bending of p-disubstituted
benzene ring); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 1.81 (2H, m, Cg'-H), 1.98
(2H, m, C7'-H), 2.44 (3H, s, CH3), 2.76 (2H, t, J = 6.4 Hz, C5'-H), 3.07 (2H, t,
J = 7.2 Hz, Cg'-H), 3.89 (3H, s, OCH3) 6.11 (1H, s, C3-H), 6.97-7.53 (7H, m,
6 Ar-H + OH), 8.51 (1H, s, C3'-H); 13C-NMR (100 MHz, CDCl3, § / ppm):
19.29 (CHg), 22.61 (CH)), 22.91 (CHy), 27.48 (CH)), 31.84 (CHj), 55.36
(OCHg), 107.47 (C), 110.12 (CH), 111.79 (C), 114.05 (CH), 115.48 (CH),
124.19 (CH), 126.05 (CH), 129.62 (C), 130.11 (CH), 131.17 (C), 150.70 (C),
151.83 (C), 152.81 (C), 153.08 (C), 153.48 (C), 159.69 (C), 160.61 (C), 165.06
(CO of coumarin).
8-[4-(3,4-Dimethoxyphenyl)-5,6,7,8-tetrahydroquinolin-2-yl]-7-hydroxy-4-
-methyl-chromen-2-one (5i). Yield: 70 %; m.p.: 221 °C; Anal. Calcd. for
Co7H25NOs: C, 73.12; H, 5.68; N, 3.16 %. Found: C, 73.29; H, 5.62; N, 3.12 %j;
IR (KBr, cm1): 3415 (O-H stretching), 3068 (aromatic C—H stretching), 2932
(aliphatic C-H stretching), 1719 (C=0 ¢-lactone stretching), 1598 and 1539
(aromatic C=C and C=N stretchings); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 1.82
(2H, m, Cg'-H), 1.99 (2H, m, C;-H), 2.44 (3H, s, CH3), 2.82 (2H, t, J = 6.4 Hz,
Cs'-H), 3.08 (2H, t, J = 6.4 Hz, Cg'-H), 3.96 and 4.01 (6H, 2 x s, 2 x OCH3), 6.10
(1H, s, C3-H), 6.97-7.53 (6H, m, 5 Ar-H + OH), 8.54 (1H, s, C3'-H); 13C-NMR
(100 MHz, CDCl3, ¢ / ppm): 19.26 (CH3), 22.58 (CHj), 22.95 (CHy), 27.59
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(CHy), 31.92 (CHjy), 55.99 (OCHg3), 56.14 (OCH3), 110.12 (CH), 110.98 (CH),
111.84 (C), 112.53 (CH), 115.43 (CH), 121.32 (CH), 124.30 (CH), 126.07 (CH),
129.46 (C), 131.40 (C), 149.14 (C), 149.31 (C), 150.66 (C), 151.30 (C), 151.67
(C), 153.29 (C), 153.41 (C), 153.56 (C), 160.54 (C), 164.84 (CO of coumarin).
8-[4-(4-Chlorophenyl)-5,6,7,8-tetrahydroquinolin-2-yl]-7-hydroxy-4-methyl-
-chromen-2-one (5j). Yield: 68 %; m.p.: 251-252 °C; Anal. Calcd. for
Cy5H29CINO3: C, 71.85; H, 4.82; N, 3.35 %. Found: C, 71.98; H, 4.84; N, 3.30 %;
IR (KBr, cm~1): 3423 (O-H stretching), 3058 (aromatic C—H stretching), 2928
(aliphatic C-H stretching), 1732 (C=0 o¢-lactone stretching), 1602 and 1538
(aromatic C=C and C=N stretchings), 830 (C-H bending of p-disubstituted
benzene ring); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 1.81 (2H, m, Cg'-H), 1.98
(2H, m, C7-H), 2.43 (3H, s, CH3), 2.70 (2H, t, J = 6.4 Hz, Cs'-H), 3.07 (2H, t,
J = 6.4 Hz, Cg'—H), 6.11 (1H, s, C3-H), 6.96-7.53 (7H, m, 6 Ar-H + OH), 8.48
(1H, s, C3-H); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 19.24 (CHs), 22.50
(CHy), 22.74 (CHy), 27.25 (CH>), 31.90 (CHy), 107.31 (C), 110.17 (CH), 111.85
(C), 115.43 (CH), 123.91 (CH), 126.18 (CH), 128.84 (CH), 129.37 (C), 130.06
(CH), 134.44 (C), 137.26 (C), 150.82 (C), 150.89 (C), 153.43 (C), 153.50 (C),
160.47 (C), 164.79 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-phenyl-5H-indeno[1,2-b]pyridin-2-yl)chromen-2-
-one (5k). Yield: 72 %; m.p.: 264-265 °C; Anal. Calcd. for CogH1gNO3: C,
80.56; H, 4.59; N, 3.36 %. Found: C, 80.77; H, 4.53; N, 3.40 %; IR (KBr, cm™1):
3423 (O-H stretching), 3057 (aromatic C—H stretching), 2986 (aliphatic C-H
stretching), 1729 (C=0 o¢-lactone stretching), 1599 and 1551 (aromatic C=C
and C=N stretchings), 694 and 722 (C-H out of plane bending for mono
substituted benzene ring); TH-NMR (400 MHz, CDCls, ¢ / ppm): 2.45 (3H, s,
CH3), 4.09 (2H, s, C5-H), 6.14 (1H, s, C3—-H), 7.03-8.07 (11H, m, Ar-H), 8.73
(1H, s, C3'-H), 15.90 (1H, bs, OH); 13C-NMR (100 MHz, CDCl3, ¢ / ppm):
19.25 (CHg), 34.96 (CHy), 108.55 (C), 110.46 (CH), 112.26 (C), 115.30 (CH),
120.97 (CH), 123.18 (CH), 125.21 (CH), 126.20 (CH), 127.51 (CH), 128.50
(CH), 129.03 (CH), 129.07 (CH), 129.48 (CH), 133.37 (C), 138.12 (C), 139.12
(C), 144.16 (C), 147.99 (C), 152.80 (C), 153.25 (C), 153.44 (C), 157.03 (C),
160.46 (C), 163.89 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-p-tolyl-5H-indeno[1,2-b] pyridin-2-yl)chromen-2-
-one (51). Yield: 75 %; m.p.: 280 °C; Anal. Calcd. for CogH21NO3: C, 80.72; H,
4.91; N, 3.25 %. Found: C, 80.90; H, 4.96; N, 3.24 %; IR (KBr, cm-1): 3410 (O-H
stretching), 3042 (aromatic C—H stretching), 2920 (aliphatic C—H stretching),
1716 (C=0 o-lactone stretching), 1600 and 1553 (aromatic C=C and C=N
stretchings), 834 (C—H bending of p-disubstituted benzene ring); 1H-NMR (400
MHz, CDCl3, J / ppm): 2.46 and 2.47 (6H, 2xs, 2xCH3), 4.11 (2H, s, C5'-H),
6.16 (1H, s, C3—H), 7.05-8.09 (10H, m, Ar-H), 8.75 (1H, s, C3-H), 15.97 (1H,
bs, OH); 13C-NMR (100 MHz, CDCl3, § /ppm): 19.28 (CHg3), 21.35 (CHg),
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35.06 (CHy), 108.65 (C), 110.48 (CH), 112.30 (C), 115.30 (CH), 120.98 (CH),
123.13 (CH), 125.21 (CH), 126.20 (CH), 127.52 (CH), 128.40 (CH), 129.42
(CH), 129.79 (CH), 133.28 (C), 135.27 (C), 139.15 (C), 139.22 (C), 144.22 (C),
148.06 (C), 152.75 (C), 153.47 (C), 157.07 (C), 160.52 (C), 163.92 (C), 169.77
(CO of coumarin).
7-Hydroxy-8-[4-(4-methoxyphenyl)-5H-indeno[1,2-b]pyridin-2-yl]-4-methyl-
-chromen-2-one (5m). Yield: 71 %; m.p.: 246 °C; Anal. Calcd. for CogH21NOg4:
C, 77.84; H, 4.73; N, 3.13 %. Found: C, 77.70; H, 4.75; N, 3.16 %; IR (KBr, cm~
1): 3418 (O-H stretching), 3054 (aromatic C—H stretching), 2920 (aliphatic C-H
stretching), 1721 (C=0 o-lactone stretching), 1598 and 1552 (aromatic C=C
and C=N stretchings), 841 (C-H bending of p-disubstituted benzene ring); 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 3.60 (3H, s, CH3), 5.05 (3H, s, OCH3), 5.25
(2H, s, C5-H), 7.29 (1H, s, C3-H), 8.18-9.22 (10H, m, Ar-H), 9.88 (1H, s,
C3'-H), 17.15 (1H, bs, OH); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 19.28
(CH3), 33.18 (CH>), 55.42 (OCHgy), 108.59 (C), 110.44 (CH), 112.26 (C), 114.56
(CH), 115.33 (CH), 120.95 (CH), 122.85 (CH), 125.20 (CH), 126.15 (CH),
127.50 (CH), 129.40 (CH), 129.89 (CH), 130.43 (C), 132.96 (C), 139.21 (C),
144.14 (C), 147.53 (C), 152.68 (C), 153.26 (C), 153.51 (C), 156.96 (C), 160.36
(C), 160.53 (C), 163.96 (CO of coumarin).
8-[4-(3,4-Dimethoxyphenyl)-5H-indeno[1,2-b]pyridin-2-yl]-7-hydroxy-4-
-methyl-chromen-2-one (5n). Yield: 73 %; m.p.: 257-258 °C; Anal. Calcd. for
C3pH23NOs5: C, 75.46; H, 4.85; N, 2.93 %. Found: C, 75.63; H, 4.89; N, 2.95 %);
IR (KBr, cm1): 3425 (O-H stretching), 3083 (aromatic C—H stretching), 2918
(aliphatic C-H stretching), 1724 (C=0O ¢-lactone stretching), 1601 and 1553
(aromatic C=C and C=N stretchings); 1H-NMR (400 MHz, CDCl3, ¢ / ppm):
2.45 (3H, s, CH3), 3.99 and 4.10 (6H, 2xs, 2xOCH3), 4.12 (2H, s, C5'-H), 6.13
(1H, s, C3-H), 7.02-8.06 (9H, m, Ar-H), 8.78 (1H, s, C3'-H), 15.98 (1H, bs,
OH ); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 19.31 (CH3), 35.27 (CH>), 55.92
(OCHg3), 56.34 (OCH3), 104.01 (C), 108.47 (C), 110.31 (CH), 111.23 (CH),
111.84 (CH), 112.27 (C), 115.38 (CH), 117.98 (C), 120.86 (CH), 122.86 (CH),
125.20 (CH), 126.20 (CH), 127.47 (CH), 129.42 (CH), 130.61 (C), 132.80 (C),
139.09 (C), 144.16 (C), 147.39 (C), 149.53 (C), 149.92 (C), 152.76 (C), 153.60
(C), 157.06 (C), 160.59 (CO of coumarin).
8-[4-(4-Chlorophenyl)-5H-indeno[1,2-b]pyridin-2-y])-7-hydroxy-4-methyl-
-chromen-2-one (50). Yield: 70 %; m.p.: 285 °C; Anal. Calcd. for CogH18CINO3:
C, 74.42; H, 4.01; N, 3.10 %. Found: C, 74.63; H, 4.05; N, 3.08 %; IR (KBr, cm1):
3405 (O-H stretching), 3055 (aromatic C—H stretching), 2920 (aliphatic C-H
stretching), 1716 (C=0 o¢-lactone stretching), 1598 and 1551 (aromatic C=C
and C=N stretchings), 839 (C-H bending of p-disubstituted benzene ring); 1H-
-NMR (400 MHz, CDCls3, 6 / ppm): 2.48 (3H, s, CH3), 4.10 (2H, s, C5'-H), 6.18
(1H, s, C3—H), 7.07-8.12 (10H, m, Ar-H), 8.73 (1H, s, C3'-H), 15.72 (1H, bs,
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OH); 13C-NMR (100 MHz, CDCls, 6 / ppm): 19.34 (CH3), 35.28 (CH>), 108.68
(C), 110.47 (CH), 112.33 (C), 114.66 (CH), 115.39 (CH), 121.08 (CH), 122.96
(CH), 125.36 (CH), 126.21 (CH), 127.53 (CH), 129.51 (CH), 130.06 (CH),
130.58 (C), 133.02 (C), 139.33 (C), 144.22 (C), 147.63 (C), 152.78 (C), 153.36
(C), 153.60 (C), 157.08 (C), 160.44 (C), 160.53 (C), 164.05 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-phenyl-[2,3"-bipyridin]-6-yl)chromen-2-one (5p).
Yield: 75 %; m.p.: 261 °C; Anal. Calcd. for CogH1gN2O3: C, 76.83; H, 4.46; N,
6.89 %. Found: C, 76.62; H, 4.44; N, 6.91 %; IR (KBr, cm-1): 3435 (O-H
stretching), 3035 (aromatic C—-H stretching), 2961 (aliphatic C-H stretching),
1732 (C=0 o-lactone stretching), 1608 and 1547 (aromatic C=C and C=N
stretchings), 707 and 760 (C—H out of plane bending for mono-substituted ben-
zene ring); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.48 (3H, s, CH3), 6.20 (1H,
s, C3—H), 7.03-9.00 (12H, m, Ar-H ), 9.25 (1H, poorly resolved doublet, C,"-H),
15.48 (1H, bs, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.29 (CHg),
108.11 (C), 110.66 (CH), 112.42 (C), 115.24 (CH), 117.82 (CH), 123.34 (CH),
123.95 (CH), 126.92 (CH), 127.45 (CH), 129.46 (CH), 129.83 (CH), 133.70 (C),
134.33 (CH), 137.71 (C), 148.26 (CH), 150.69 (CH), 151.85 (C), 152.19 (C),
153.43 (C), 153.52(C), 154.77(C), 160.29(C) and 163.70 (CO of coumarin).
7-Hydroxy-8-(4-p-tolyl-[2,3"-bipyridin]-6-yl)-4-methyl-chromen-2-one  (5q).
Yield: 68 %; m.p.: 250 °C; Anal. Calcd. for Co7HyoN203: C, 77.13; H, 4.79; N,
6.66 %. Found: C, 77.40; H, 4.82; N, 6.62 %; IR (KBr, cm1): 3412 (O-H
stretching), 3041 (aromatic C—H stretching), 2968 (aliphatic C-H stretching),
1720 (C=0O o-lactone stretching), 1607 and 1544 (aromatic C=C and C=N
stretchings), 814 (C-H bending of p-disubstituted benzene ring; IH-NMR (400
MHz, CDCl3, ¢ / ppm): 2.47 (6H, s, 2xCH3), 6.20 (1H, s, C3—H), 7.01-8.98
(11H, m, Ar-H ), 9.23 (1H, poorly resolved d, C»"-H), 15.58 (1H, bs, OH);
13C-NMR (100 MHz, CDCls3, 6 / ppm): 19.30 (CH3), 21.33 (CH3), 108.10 (C),
110.63 (CH), 112.39 (C), 115.24 (CH), 117.51 (CH), 123.04 (CH), 123.94 (CH),
126.86 (CH), 127.29 (CH), 130.19 (CH), 133.76 (C), 134.33 (CH), 134.75 (C),
140.13 (C), 148.27 (CH), 150.64 (CH), 151.71 (C), 152.07 (C), 153.45 (C),
153.53 (C), 154.71 (C), 160.29 (C), 163.83 (CO of coumarin).
7-Hydroxy-8-[4-(4-methoxyphenyl)-[2,3"-bipyridin]-6-yl]-4-methyl-chromen-
-2-one (5r). Yield: 70 %; m.p.: 247-248 °C; Anal. Calcd. for Co7HogN2O4: C,
74.30; H, 4.62; N, 6.42 %. Found: C, 74.44; H, 4.60; N, 6.48 %; IR (KBr, cm™1):
3418 (O-H stretching), 3044 (aromatic C-H stretching), 2960 (aliphatic C-H
stretching), 1727 (C=0 o¢-lactone stretching), 1605 and 1544 (aromatic C=C
and C=N stretchings), 810 (C-H bending of p-disubstituted benzene ring; 1H-NMR
(400 MHz, CDClj3, ¢ / ppm): 2.47 (3H, s, CH3), 3.90 (3H, s, OCHg), 6.19 (1H, s,
C3-H), 7.0-8.96 (11H, m, Ar-H ), 9.22 (1H, poorly resolved d, C»"-H), 15.67
(1H, bs, OH); 13C-NMR (100 MHz, CDClgz, 6 / ppm): 19.27 (CH3), 55.45
(OCHg), 108.03 (C), 110.54 (CH), 112.31 (C), 114.90 (CH), 115.26 (CH),
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117.03 (CH), 122.55 (CH), 123.91 (CH), 126.80 (CH), 128.70 (CH), 129.82 (C),
133.75 (C), 134.28 (CH), 148.22 (CH), 150.59 (CH), 151.18 (C), 151.95 (C),
153.44 (C), 153.54 (C), 154.59 (C), 160.30 (C), 161.18 (C), 163.89 (CO of
coumarin).
8-[4-(3,4-Dimethoxyphenyl)-[2,3"-bipyridin]-6-yl]-7-hydroxy-4-methyl-chro-
men-2-one (5s). Yield: 72 %; m.p.: 245 °C; Anal. Calcd. for CogH2oN2Os: C,
72.09; H, 4.75; N, 6.01 %. Found: C, 71.82; H, 4.74; N, 6.03 %; IR (KBr, cm™1):
3410 (O-H stretching), 3043 (aromatic C—H stretching), 2948 (aliphatic C-H
stretching), 1724 (C=0 o-lactone stretching), 1604 and 1545 (aromatic C=C
and C=N stretchings); IH-NMR (400 MHz, CDCls3, § / ppm): 2.48 (3H, s, CH3),
3.99 and 4.11 (6H, 2xs, 2xOCHj3), 6.17 (1H, s, C3—H), 7.01-9.06 (10H, m, Ar-H),
9.23 (1H, poorly resolved d, C,"-H), 15.67 (1H, bs, OH); 13C-NMR (100MHz,
CDCl3, ¢ / ppm): 19.29 (CH3), 56.02 (OCH3), 56.26 (OCH3), 107.66 (C), 110.19
(CH), 110.35 (CH), 111.52 (CH), 112.21 (C), 115.29 (CH), 116.69 (CH), 119.70
(CH), 122.46 (CH), 123.88 (CH), 126.81 (CH), 129.91 (C), 133.60 (C), 134.20
(CH), 148.13 (CH), 149.78 (C), 150.53 (CH), 150.69 (C), 150.96 (C), 151.72
(C), 153.47 (C), 153.61 (C), 154.55 (C), 160.18 (C), 164.12 (CO of coumarin).
8-[4-(4-Chlorophenyl)-[2,3"-bipyridin]-6-yl] 7-hydroxy-4-methyl-chromen-2-
-one (5t). Yield: 60 %; m.p.: 270-271 °C; Anal. Calcd. for CogH17CIN2O3: C,
70.83; H, 3.89; N, 6.35 %. Found: C, 70.59; H, 3.86; N, 6.39 %; IR (KBr, cm1):
3440 (O-H stretching), 3059 (aromatic C—H stretching), 2958 (aliphatic C-H
stretching), 1725 (C=0 J-lactone stretching), 1608 and 1545 (aromatic C=C and
C=N stretchings), 810 (C-H bending of p-disubstituted benzene ring); 1H-NMR
(400 MHz, CDCl3, 6 / ppm): 2.49 (3H, s, CH3g), 6.21 (1H, s, C3-H), 7.04-8.97
(11H, m, Ar-H ), 9.24 (1H, poorly resolved d, C,"-H), 15.34 (1H, bs, OH);
13C-NMR (100 MHz, CDClg, & / ppm): 19.30 (CH3), 110.69 (CH), 112.41 (C),
115.27 (CH), 115.88 (C), 117.48 (CH), 123.14 (CH), 123.96 (CH), 124.77 (C),
125.49 (C), 126.05 (C), 127.05 (CH), 128.71 (CH), 129.71 (CH), 130.65 (C),
132.61 (C), 134.33 (CH), 136.14 (C), 136.23 (C), 147.19 (C), 148.25 (CH),
150.80 (CH), 153.55 (C), 154.95 (CO of coumarin).
7-Hydroxy-4-methyl-8-(4-phenyl-[2,4"-bipyridin]-6-yl)chromen-2-one  (5u).
Yield: 73 %; m.p.: 248 °C; Anal. Calcd. for CogH1gN20O3: C, 76.83; H, 4.46; N,
6.89 %. Found: C, 76.68; H, 4.43; N, 6.86 %; IR (KBr, cm1): 3417 (O-H
stretching), 3064 (aromatic C—H stretching), 2960 (aliphatic C-H stretching),
1722 (C=0 o-lactone stretching), 1606 and 1543 (aromatic C=C and C=N
stretchings), 704 and 765 (C-H out of plane bending for mono substituted ben-
zene ring); IH-NMR (400 MHz, CDCl3, § / ppm): 2.47 (3H, s, CH3), 6.19 (1H, s,
C3—H), 7.03-8.82 (12H, m, Ar-H ), 9.02 (1H, poorly resolved d, C3"-H), 15.40
(1H, bs, OH); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 19.29 (CH3), 110.79
(CH), 112.48 (C), 115.69 (CH), 117.81 (CH), 120.86 (CH), 123.85 (CH),
128.76 (CH), 129.79 (CH), 135.91 (CH), 136.44 (CH), 144.85 (C), 150.62 (C),
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150.94 (C), 150.96 (CH), 152.23 (C), 153.48 (C), 153.69 (C), 154.99 (C),
160.27 (C), 160.63 (C), 163.64 (CO of coumarin).

7-Hydroxy-4-methyl-8-(4-p-tolyl-[2,4'-bipyridin]-6-yl)chromen-2-one  (5v).
Yield: 65 %; m.p.: 260-261 °C; Anal. Calcd. for Co7H2oN2O3: C, 77.13; H, 4.79;
N, 6.66 %. Found: C, 77.39; H, 4.81; N, 6.69 %; IR (KBr, cm-1): 3415 (O-H
stretching), 3030 (aromatic C—H stretching), 2961 (aliphatic C-H stretching),
1726 (C=0 o-lactone stretching), 1598 and 1542 (aromatic C=C and C=N
stretchings), 812 (C-H bending of p-disubstituted benzene ring); 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 2.47 (6H, s, 2xCH3), 6.19 (1H, s, C3-H), 7.02-8.82
(11H, m, Ar-H), 9.01 (1H, poorly resolved d, C3"-H), 15.48 (1H, bs, OH); 13C-
NMR (100 MHz, CDCls3, ¢ / ppm): 19.29 (CHj3), 21.35 (CH3), 110.66 (CH),
112.43 (CH), 115.22 (CH), 117.68 (CH), 120.99 (CH), 123.87 (CH), 126.96
(CH), 127.25 (C), 130.23 (CH), 134.53 (C), 139.78 (C), 140.26 (C), 145.07
(C), 150.18 (C), 150.83 (CH), 151.81 (C), 151.92 (C), 153.39 (C), 153.53 (C),
154.71 (C), 160.25 (CO of coumarin).

7-Hydroxy-8-[4-(4-methoxyphenyl)-[2,4-bipyridin]-6-yl]-4-methyl-chromen-
-2-one (5w). Yield: 78 %; m.p.: 240-241 °C; Anal. Calcd. for Co7H29N204: C,
74.30; H, 4.62; N, 6.42 %. Found: C, 74.54; H, 4.58; N, 6.39 %; IR (KBr, cm™1):
3417 (O-H stretching), 3032 (aromatic C—H stretching), 2963 (aliphatic C-H
stretching), 1730 (C=0 o¢-lactone stretching), 1602 and 1542 (aromatic C=C
and C=N stretchings), 818 (C-H bending of p-disubstituted benzene ring); 1H-
-NMR (400 MHz, CDCls3, 6 / ppm): 3.08 (3H, s, CH3), 3.91 (3H, s, OCH3), 6.21
(1H, s, C3—H), 7.04-8.83 (11H, m, Ar-H), 9.02 (1H, poorly resolved d, C3"-H),
15.59 (1H, bs, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.28 (CH3), 55.44
(OCH3), 107.90 (C), 110.56 (CH), 112.33 (C), 114.89 (CH), 115.25 (CH),
117.20 (CH), 120.92 (CH), 123.33 (CH), 126.91 (CH), 128.67 (CH), 129.61
(C), 145.01 (C), 150.82 (CH), 151.23 (C), 151.81 (C), 153.43 (C), 153.56 (C),
154.61 (C), 160.24 (C), 161.22 (C), 163.82 (CO of coumarin).

8-[4-(3,4-Dimethoxyphenyl)-[2,4"-bipyridin]-6-yl]-7-hydroxy-4-methyl-chro-
men-2-one (5x). Yield: 75 %; m.p.: 236 °C; Anal. Calcd. for CogH2oN2Os5: C,
72.09; H, 4.75; N, 6.01 %. Found: C, 71.80; H, 4.73; N, 6.04 %; IR (KBr, cm™1):
3418 (O-H stretching), 3040 (aromatic C—H stretching), 2949 (aliphatic C-H
stretching), 1736 (C=0 o-lactone stretching), 1598 and 1542 (aromatic C=C
and C=N stretchings); IH-NMR (400 MHz, CDCls3, § / ppm): 2.47 (3H, s, CH3),
3.98 and 4.10 (6H, 2xs, 2xOCHj3), 6.16 (1H, s, C3—-H), 7.01-8.81 (10H, m, Ar-H),
9.06 (1H, poorly resolved d, C3"-H), 15.70 (1H, bs, OH); 13C-NMR (100 MHz,
CDCl3, ¢ / ppm): 19.29 (CH3), 56.00 (OCH3), 56.25 (OCHg), 107.51 (C),
110.09 (CH), 110.36 (CH), 111.40 (CH), 112.21 (C), 115.27 (CH), 116.86
(CH), 119.65 (CH), 120.82 (CH), 123.24 (CH), 126.92 (CH), 129.66 (C),
144.87 (C), 149.76 (C), 150.72 (CH), 150.99 (C), 151.54 (C), 153.41 (C),
153.66 (C), 154.53 (C), 160.13 (C), 163.99 (CO of coumarin).
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8-[4-(4-Chlorophenyl)-[2,4-bipyridin]-6-yI]-7-hydroxy-4-methyl-chromen-

-2-one (5y). Yield: 70 %; m.p.: 265-267 °C; Anal. Calcd. for CogH17CIN,O3: C,
70.83; H, 3.89; N, 6.35 %. Found: C, 70.65; H, 3.87; N, 6.32 %; IR (KBr, cm™1):
3422 (O-H stretching), 3030 (aromatic C—H stretching), 2960 (aliphatic C-H
stretching), 1728 (C=0 o¢-lactone stretching), 1597 and 1542 (aromatic C=C
and C=N stretchings), 819 (C-H bending of p-disubstituted benzene ring);
1H-NMR (400 MHz, CDCl3, ¢ / ppm): 2.47 (3H, s, CH3), 6.18 (1H, s, C3-H),
7.01-8.81 (11H, m, Ar-H ), 8.95 (1H, poorly resolved d, C3"-H), 15.25 (1H, bs,
OH); 13C-NMR (100 MHz, CDCls3, 6 / ppm): 19.29 (CH3), 107.79 (C), 110.70
(CH), 112.40 (C), 117.72 (CH), 120.81 (CH), 123.80 (CH), 128.71 (CH),
129.69 (CH), 135.86 (CH), 136.33 (CH), 144.76 (C), 150.54 (C), 150.85 (C),
150.91 (CH), 152.19 (C), 153.38 (C), 153.62 (C), 154.94 (C), 160.21 (C),
160.63 (C), 163.54 (CO of coumarin).
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SHORT COMMUNICATION
The influence of naphthenic acids and their fractions on cell
membrane permeability
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Abstract: The influence of naphthenic acids (NAs) mixture and their narrow
fractions (called NA pH 4, pH 8 and pH 10) on the permeability of beetroot
cell membrane was examined. The results showed that the effect depends on
the treatment duration, concentration and the structures of the NAs. Longer
treatment of plant cell membranes with sodium naphthenate (Na-naph) resulted
in an increase in the membrane permeability (e.g., a 4-hour treatment with
Na-naph (¢ = 100 pmol L™1) increased the membrane permeability by about 3
times, while prolongation of treatment to 24 h resulted in an 18-fold increase in
the effect). NAs in the concentration range from 0.1 to 10 umol L did not
change membrane permeability, while the membrane permeability increased
linearly with increasing concentration from 10-100 umol L1, The fraction pH
8, where bi- and tricyclic carboxylic acids are the most abundant, expressed the
strongest effect. These structures were predominant in the total NAs mixture as
well. This could explain the similar, but slightly weaker effect of the mixture,
compared to the effect of the NAs present in fraction pH 8. The effect of NAs
on beetroot cell membrane was between the effects of the tested anionic (SDS
and LS) and non-ionic surfactants (Triton X-100).

Keywords: naphthenic acids (NAs); naphthenic acid fractions; physiological
activity; cell membranes permeability.
INTRODUCTION

Crude oil contains 95-98 % of structurally similar hydrocarbon molecules,
while the rest consists of oxygen, sulfur and nitrogen compounds. Carboxylic
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acids present in the oil are mostly alkane and cycloalkane compounds, called
naphthenic acids (NAs). NAs present chemically stabile compounds, while,
depending of the oil source, their relative molecular mass could be in a wide
range and the structures quite different. Carboxylic acids are present in all types
of oil, occurring in concentrations of 2.5-0.5 % or even less, on average. NAs
represent a “finger print” for each type of oil, giving very important data about
the genesis and nature of a particular oil.

The NAs isolated from Vojvodina crude oil Velebitl.2 represent mixtures of
alkyl-substituted cycloaliphatic and acyclic monocarboxylic acids, with bi- and
tricyclic carboxylic acids being predominant.3

Fractionation of the total NAs, based on their different solubilities in water
and modification of the solution pH afforded narrow fractions of the acids. The
concentrating of the active structures into narrow fractions leads to differences in
physiological activity of the fractions, mimicking the activity of certain plant
hormones of the auxin and gibberellin type, which could be attributed to the
structural differences of the examined NAs, determined based on high-resolution
mass spectroscopy.3

There are very few data about the influence of NAs on cation uptake.4®
There are only data about their influence on the uptake of glucose® and phosphate
ions’ of bean plants. Previous results suggested that sodium naphthenate
(Na-naph) in low concentrations acted at the level of the root cell membrane,
causing subtle modifications of the membrane and changes in its permeability for
cadmium ions.8 Furthermore, low-concentration treatment of young soybean
plants with Na-naph (10-7 mol L-1) affected the accumulation of some essential
elements (Mn, Fe, Zn, Ni, K and Na).>

Furthermore, being amphiphilic molecules, molecules that have both hydro-
philic (carboxylic group) and hydrophobic (hydrocarbon) parts, similarly to
detergents, NAs could act as surfactants. It is well known that detergents could
cause changes in cell function and transport through the membrane by changing
the membrane structures and membrane exchange processes.® Thanks to their
physicochemical similarities with detergents, it could be assumed that NAs could
act as surfactants as well, by specific modification and thus influence the perme-
ability of cell membranes.

The aim of this research was to study the influence of total NAs and their
fractions on cell membrane permeability, using beetroot (Beta vulgaris) as a
model-system,10.11 and to compare the effects of NAs with the effects of amphi-
philic ionic (N-lauroylsarcosine, sodium salt, LS and sodium dodecyl sulfate,
SDS) and non-ionic (polyethylene glycol, 4-(1,1,3,3-tetramethylbutyl)phenyl-
ether, Triton X-100) surfactants.
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The study of changes in the permeability of plant cell membrane was per-
formed by measuring the absorbance of samples containing betanin, originating
from treated segments of beetroot.1!

EXPERIMENTAL

Isolation, fractionalization and characterization of naphthenic acids from Vojvodina
crude oil Velebit was described previously.1-3
Determination of the effects of NAs on the beetroot cell membrane permeability

Comparative tests of the effects of Na-naph, LS, SDS and Triton X-100 were performed
with concentration of the tested compounds corresponding to one CMC (critical micellar
concentration; 1 CMCpg.ngph = 2.4 mmol L1, 1 CMC, g = 14.6 mmol L, 1 CMCgps = 8.2
mmol L't and 1 CMCryiton x-100 = 0.23 mmol L),

For all calculations and solution preparation, the average molar masses of total NAs
(Mnas = 280.8 g mol) and the corresponding fractions (Myas pHa =328 mol1, Myas pHE =
=425 g mol™ and Mys pH 10 = 285 g molt) were used.

Stock (1 mmol L) of solution Na-naph was prepared by dissolving the necessary
amount of total NAs in an equimolar solution of sodium hydroxide. The solutions of the
Na-naph for test were prepared by dilution with water, as well as the Na salts of the NAs
fractions obtained at pH 4, 8 or 10.

Cylinders (diameter of 6 mm) removed from beetroot were cut into discs of 2 mm thick-
ness. The obtained uniform segments were washed with water for 6 h, and then left overnight
in water at 4 °C. Twenty beetroot segments were then treated with the required test solution
(20 mL; experiments were repeated three times. Standard deviations of the mean results were
within +5%), and the betanin concentrations were estimated by measuring absorbance at
betanin-characteristic maximum (538 nm,1 UV/Vis 6105 Jenway, UK, spectrophotometer)
immediately after adding the test solution (zero time) and after 2, 4, 6, 8, 10, 12 and 24 h.

RESULTS AND DISCUSSION

The results of this study showed that NAs changed permeability of the cell
membrane of beetroot. Namely, as can be seen from Fig. 1, the effect of Na-naph
on beetroot cell membrane permeability practically laid between the effects of
the tested non-ionic (Triton X-100) and ionic (LS and SDS) surfactants.

These comparative studies indicated that NAs at a 1 CMC concentration
influenced significantly the cell membrane permeability, which prompted a study
of the effect of lower concentrations of NAs on the membrane permeability. It
was found that there was practically no change in the membrane permeability
with increasing concentration from 0.1 to 10 pumol L-1, while thereafter, linear
increases in permeability were evidenced with further concentration increases.
Based on these facts, further tests were performed with Na-naph in the concen-
tration range from 10 to 100 umol L-1. The results presented on Fig. 2, show that
the absorbance of the solutions at all tested concentrations increased with pro-
longation of the treatment. Thus, the membrane permeability had increased by
about 3 times after 4 h of treatment with NAs (c = 100 umol L-1) and nearly 18
times after 24-h treatment.
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Fig. 1. Time dependencies of the cell permeabilities, estimated by the betaine-characteristic

absorbance maximum (538 nm) of 1 CMC solutions of non-ionic (Triton X-100) and ionic
(LS and SDS) surfactants and Na-naph.

Fig. 2. Time dependency of the cell permeabilities, estimated at the betaine-characteristic
absorbance maximum (538 nm) of different concentrations of total NAs salts (Na-naph).

It is evident that the strongest effect on cell membrane permeability showed
the most concentrated test solution (¢ = 100 umol L-1). Comparing to the
solution ¢ = 10 umol L~1 during 24 h, this was an about 20 times stronger effect
on the membranes.

Similar tendencies of increasing membrane permeability as a function of
time and concentration were exhibited by aqueous solutions of Na—naph fract-
ions. By comparing the data obtained after 24-h treatment (Fig. 3), it could be
seen that the strongest effect on membrane permeability was expressed by the
fraction isolated from total NAs at pH 8, and that this effect was even stronger
than the effect of the total NAs. The effects on membrane permeability, based on
these results could be correlated to the structures of the tested NAs.3 Namely, in
the fraction of NAs labeled as pH 8, the most common NAs were bi- and tricyclic
carboxylic acids, which were also the most common in the mixture of the total
NAs. The fraction isolated at pH 4, consisting predominantly of tricyclic carbo-
xylic acids, showed a somewhat lower effect on membrane permeability. Finally,
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NAs fraction isolated at pH 10, with acyclic carboxylic acids being predominant,
exhibited the lowest effect.

Fig. 3. Estimation of cell permeabilities 24 h after treatment with different concentrations of
Na-NAs solutions of total NAs and NAs isolated at pH 4, pH 8 or pH 10, using the betaine-
characteristic absorbance maximum (538 nm) as the probe.

Connected with these results, it was observed that the biggest differences in
membrane permeability are expressed at ¢ = 80 pumol L1 (Fig. 3), whereby
fraction pH 8 showed (by about 24 %) stronger and the fraction pH 4 (by about
29 %) and pH 10 (by about 75 %) lower effects compared to the mixture of total
NAs.

Similar effects on membrane permeability were observed in the experiments
with Na-naph solutions at ¢ = 55 and 100 umol L1 (Fig. 3).

CONCLUSION

Generally, it could be concluded that the effect of total NAs and its fractions
on cell membrane permeability increased with increasing concentration and
prolongation of treatment. The results showed that some differences in mem-
brane permeability could be correlated with the structures of carboxylic acids
present predominantly in the total NAs and its fractions. Namely, the fraction of
NAs isolated at pH 8 had the most similar chemical composition to that of the
total NAs; hence, it could be concluded that bi- and tricyclic carboxylic acids
from this fraction are mostly responsible for increasing cell membrane perme-
ability. However, the effect of the fraction isolated at pH 8 was slightly more
expressed compared to the effect of the total NAs. Considering this fact and the
fact that fraction pH 4, with tricyclic carboxylic acids as most common, showed
something lower effect, comparing to total NAs, the conclusion is that bicyclic
carboxylic acids are the mostly responsible for changes in cell membranes.
Finally, fraction pH 10, with the lowest influence on cell membrane, consisted
predominantly of acyclic carboxylic acids. The obtained results indicated that a
possible cause of phytotoxicity of NAs could be their influence on cell membrane
permeability.
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U3BOJ
YTHUAJ HA®THHUX KHCEJTMHA U thbHXOBHUX ®PAKIIUJA HA ITPOITYCT/bUBOCT
REJINJCKUX MEMBPAHA

KCEHWJA [IABJIOBUR', JbYBULIA TPEOBUR', BOJAHA BACUJ/bEBUR', AHIPEA JKYIIYHCKH’,
MAPUHA IIYTHUK-JENWR?, UBAHA MAKCUMOBUE’ 1 CJIABKO KEBPEIIAH?

! Neaaptaman 3a xemujy, Suoxemujy u sauinuiiy sugoiine cpequne, IIpupogro—maiieMemmuuKy Gaxy e,
Yuusepsuitewi y Hosom Cagy, Tpi Jocuiieja Odpagosuha 3, Hosu Cag u ZHomoﬁpuepegHu daxyniet,
Yuueepsuiiei y Hogom Cagy, Tpi Jocutiieja Odpagosuha 8, Hosu Cag

HcnuTuBal je ytuuaj cmeure HadTHUX kucenwHa (naphthenic acids; NAs) U BUX0OBUX
yxux dpaxuuja (o3Hauenux kao pH 4, pH 8 u pH 10) Ha nponyct/euBocT henujckux Mem-
Opana uBekie. Pe3ynTatu cy nokasany fa edexar 3aBUCH 0Jf BDEMEHa e0Bama, KOHLEHTpa-
uuje U crpykrype NAs. JlyKu KOHTaKkT Hatpujym-HadTeHata (Na-naph) ca OWbeHUM MeM-
OpaHaMa JOBOAH [0 nopacta MemOpaHCKe IPONyCT/bUBOCTH (HIP. TpeTMaH Na-naph (¢ = 100
umol L-1) 3a Bpeme on 4 cata mopehasa MPONMyCT/LUBOCT MEMOpaHa OKO TPH MyTa AOK MPOMY-
)KaBawkeM TpeTMaHa Ha 24 caTa NMOMEHYTH edeKaT IopacTe OKO ocaMHaecT myTa). NAs y
oncery xonuenTpauuja og 0,1 go 10 pmol L1 me u3asuBajy mpomeHe y mpomycT/bMBOCTH
MmemOpaHa a mopacTom koHnenTpanuje ox 10-100 pymol L-! mponyctmusoct nuneapHo pacre.
HajcHaxHuju edexat ucrospuia je dpaxkuuja pH 8 y kojoj cy Haj3actymsbeHuje du- u Tpu-
UUKJIMYHE CTPYKTYpe KapOOKCHIHUX KucenuHa. OBe CTPyKType Cy HCTOBPEMEHO JOMUHAHTHE
Uy YKynHOj cMemu NAs yume 9 ce Morao 00jaCHUTH BUXOB HajONMMKU alld HEWTO C1aduju
edexaT y ogHOCY Ha KapOOKCHIHE KHCcelnHe KoHLeHTpucaHe Y dpaxuuju pH 8. Edexar NAs
Ha MPOMYyCTbHBOCT henmujckux memOpaHa uBekse je uamely edexra Koju MMajy aHjOHCKH
cypdaKkTaHTH U HEjOHCKH cypdaKTaHT.

(TTpumisero 1. nenembpa 2014, pesuaupano 29. janyapa, npuxsaheno 3. pebpyapa 2015)
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Abstract: A series of di- and tri-organotin(IV) complexes of the general for-
mula, R,(CI)SnL (1: R = Me; 2: R = Bu) and RsSnL (3: R = Bu; 4: R = Ph)
were synthesized by refluxing equivalent mole ratios of organotin(IV) chlor-
ides (R,SnCl,/R3SnCl) with 1H-1,2,4-triazole-3-thiol (LH) in dry methanol.
The synthesized complexes (1-4) were further treated with CS, and R,SnCl,/
/R3SNClI in 1:1:1 mole ratio to yield homobimetallic complexes of the types
Ro(CNSNLCS,SN(CHR, (5: R = Me; 6: R = Bu) and R3SnLCS,SnR; (7: R =
= Bu; 8: R = Ph). The ligand and the complexes were characterized by ele-
mental microanalysis (CHNS), FT-IR and multinuclear NMR (*H- and 13C-),
and electron ionization mass spectrometry. The IR data demonstrated that the
dithiocarbamate donor site of the ligand acts in a bidentate manner and that the
geometry around Sn(1V) is trigonal bipyramidal in the solid state. The 1H- and
13C-NMR data supported the tetrahedral geometry with thiol donor sites of the
ligand while tetra- and penta-coordinated environments around dithiocarboxy-
late bound tin(IV) in the solution state. Mass spectrometric data supported well
the structures of the synthesized complexes. The homobimetallic derivatives
were found more active than the mononuclear organotin(l\VV) compounds and
free ligand against various strains of bacteria and fungi.

Keywords: homobimetallic complex; organotin chloride; NMR; IR; mass spec-
tra; antimicrobial study; 1H-1,2,4-triazole-3-thiol; dithiocarboxylate.
INTRODUCTION

Organotin(IV) compounds are amongst the most widely used organometallic
compounds owing to the variety of their industrial and agricultural applications,

*Corresponding author. E-mail: bushra_nauman@hotmail.com
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including their use as pesticides, fungicides and anti-fouling agents.! Interest in
the complexes of main group and transition metals with sulphur donor ligands is
owed to their wide variety of structures and biological applications.23 Sulphur-
-containing organotin compounds are currently under investigations as chemo-
protectants in platinum-based chemotherapy.4 In particular, thiocarbonyl and
thiol donors have shown promising properties for chemical use in modulating
cisplatin nephrotoxicity.>

Metal dithiocarboxylates are widely used in the vulcanization of rubber,b as
rodent repellents, as pesticides’ and as synthetic precursors for the formation of
SnS nanocrystals by their solvothermal decomposition8 and are subjected to
thermal and chemical vapour deposition (CVD) studies.® The chemistry of orga-
notin(IV) derivatives with sulphur ligands has grown with prolific speed on
account of multifaceted reasons. One of the important structural consequences of
dithiol ligands is the preferential stabilization of a specific stereochemistry in
their metal complexes and they are considered as soft donors showing excellent
coordination ability. Dithiocarbamate anions are highly effective ligands owing
to the stability of the resulting metal dithiocarbamates, due to a significant contri-
bution of the resonance forms, shown in Scheme 1 (structure 1V), to the overall
electronic structure.10

e
N A8 N ~ / e
/N & /1\ o /N—<S<——-> /N_:<

@ In (1) av)
Scheme 1. Resonant forms of the -NCSS™ moiety.
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In view of structural importance and biological applications of organotins, a
new series of di- and tri-alkyl/aryltin derivatives of 1H-1,2,4-triazole-3-thiol
(CoH3N3S) were synthesized. The choice of the ligand was made based on that
after insertion of CS; it has the simultaneous availability of thiol and dithiocar-
bamate donor sites, thus enabling its bimetallic complexation with organotin
moieties. The products were characterized by elemental analysis, FT-IR, 1H- and
13C-NMR spectroscopy and mass spectrometry. These complexes were screened
against various bacteria and fungi to investigate their possible use as antibacterial
and antifungal agents.

EXPERIMENTAL

Chemicals and instrumentation

1H-1,2,4-Triazole-3-thiol, triphenyltin chloride, tributyltin chloride, dibutyltin dichloride
and dimethyltin dichloride were purchased from Aldrich (USA) and were used without any
further purification. CS, was obtained from Riedel-de-Haén. The organic solvents of anal-
ytical grade (chloroform, n-hexane, ethanol, methanol, DMSO and acetone) were procured
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from Merck (UK). Nutrient agar, nutrient broth, and potato dextrose agar (PDA) were pur-
chased from Oxoid Company (UK). The solvents were dried by standard procedures.l?
Melting points were determined in capillary tubes on an electrothermal melting point
apparatus, model Stuart SMP3 (UK), and are uncorrected. The percentage composition of car-
bon, hydrogen, nitrogen and sulphur were determined using a CHNS-932 Leco (USA). The
FT-IR spectra in the range of 4000-250 cm! were obtained on a Thermo Nicolet-6700 FT-IR
spectrophotometer. The NMR spectra were recorded on a Bruker AM-250MHz FT-NMR
spectrometer (Germany). Mass spectral data were measured on a JEOL JMS 600-H mass
spectrometry in the ionization mode at 70 eV. The antimicrobial activities were determined in
an incubator (Sanyo, Germany) and sterilized in an autoclave (Omron, Japan).

Physical, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material to this paper.

General procedure for the synthesis of the homobimetallic complexes

Step-1. 1H-1,2,4-Triazole-3-thiol (1 mmol) and R,SnCl,/R3SnCl (1 mmol) were refluxed
together in 20 mL dry methanol for 6 h.12 The solvent was evaporated under reduced pressure
on a rotary evaporator. The formed precipitates were filtered and dried in open air. The
product was recrystallized from ethanol.

Step-2. The product (1 mmol) obtained in 1st step was dissolved in methanol (15 mL) in
a round-bottom two-necked flask with stirring. To the above solution, CS, (1 mmol) was
added dropwise at room temperature and the reaction mixture was stirred for 30 min.13 Then
R,SnCl,/R3SnCl was added in 1:1 mole ratio and the reaction mixture was refluxed for 6-7 h
(Scheme 2). The solvent was evaporated slowly at room temperature and the product was
dried in air. The product was recrystallized from ethanol.

Antimicrobial activities

Growth medium, culture and inoculum preparation. The bacterial strains (Escherichia
coli, Bacillus subtilis, Staphylococcus aureus and Pasteurella multocida) were cultured in
nutrient agar medium at 37 °C overnight. The pure bacterial cultures obtained were main-
tained in the medium in slants and Petri plates. For inoculums preparation, 13 g of nutrient
broth was added to one litre of distilled water, mixed homogenously and was autoclaved for
15 min at 121 °C. Then 10 pL of pure culture of a bacterial strain was added to this freshly
prepared nutrient broth medium (100 mL) and incubated in a shaker (140 rpm) at 37 °C for 24
h. The prepared inocula were stored at 4 °C. Inocula with 1x108 spores mL™! were used for
further analysis.

The fungal strains (Aspergillus niger, Aspergillus flavus, Rhizoctonia solani and Alter-
naria alternata) were cultured in potato dextrose agar medium overnight at 28 °C. The pure
cultures were maintained in Sabouraud dextrose agar (SDA) medium in slants and Petri plates,
which had been pre-sterilized in a hot air oven at 180 °C for 3 h. These cultured slants were
incubated at 28 °C for multiplication of fungal strains for 3—4 days.

Antibacterial/antifungal assay by the disc diffusion method. The antibacterial and anti-
fungal activities of the ligand and the synthesized complexes were determined by the disc
diffusion method.1* For medium preparation, 2.8 g of nutrient agar (for the antibacterial
activities) or 3.9 g of potato dextrose agar (for the antifungal activities) was suspended in 100
mL distilled water and mixed well to distribute homogenously. After this, the medium was
sterilized by autoclaving at 121 °C for 15 min, mixed well with 100 pL inoculums and
transferred into the sterilized Petri plates. Then small filter paper discs (size, 9 mm) each
soaked with 100 pL solution of a test sample were placed flat on the growth medium and the
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Petri plates were incubated for 24 h at 37 °C for the bacterial growth and for 48 h at 28 °C for
the fungal growth. The biologically active samples inhibited the bacterial/fungal growth to
form clear zones. A zone reader was used to measure the zones of inhibition in mm.
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Scheme 2. Synthesis of the homobimetallic complexes.

Statistical analysis
The antimicrobial activity data are presented in the tabulation mode along with their

mean, standard deviation and the data were tested by one-way ANOVA.15
RESULTS AND DISCUSSION

The synthesized complexes were solid and stable in air. They had sharp
melting points and were soluble in common organic solvents. The elemental (C,
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H, N and S) analysis data agreed very well with the proposed formulas of the
complexes. The physical data of ligand and its complexes are summarized in
Table S-1 of the Supplementary material to this paper.

Infrared spectroscopy

IR spectra of HL and complexes were recorded in the range of 4000 to 250
cm~1 and data is given in Table S-11 of the Supplementary material. The values
related to different functional groups were assigned by comparison of the spectra
of the complexes with that of the free ligand. The precursor ligand (LH) exhib-
ited a broad band at 2560 cm~1 due to v(S—H) vibrations. This band was absent in
the spectra of complexes 1-8 due to sulphur-tin coordination, which was also
confirmed by the appearance of v(Sn-S) bands in the region 437-471 cm=1 in the
spectra of the complexes.16 All the complexes displayed a sharp Sn—C peak in
the range 535-563 cm~1, except for triphenyltin(IV) derivatives, for which a
weak vibration appeared at 263-265 cm~1 due to Sn—C stretching.1” The chlor-
diorganotin derivatives 1, 2, 5 and 6 displayed a peak associated with v(Sn—Cl) in
the region 320-336 cm~1.18

In the free ligand, v(NH) band appeared at 3148 cm~1; the maintenance of
this band in almost the same region (3143-3149 cm1) in complexes 1-4 evi-
dently described the non-involvement of the imino nitrogen in bonding with tin.
However, the v(NH) stretching vibration was absent in the spectra of complexes
5-8 due to insertion of CS, and the consequent bonding of the dithiocarbamate
moiety with tin. Thus, new bands appeared for v(C-S) and v(C-N) stretching
vibrations that gave valuable information about the coordination behaviour of the
dithiocarbamate group (N-CSS) to the tin atom. In the IR spectra of complexes
5-8, the strong peaks at 1034-1051 cm~1 and 963-976 cm~1 were assigned to the
asymmetric absorption v(CSz)asym and the symmetric absorption v(CSy)sym fre-
quencies, respectively. According to the literature,19 the differences between
V(CS2)asym and v(CSp)sym of 68-79 cm~1 for complexes 5-8 indicated that the
1,1-dithioate moiety was linked to the central tin in a bidentate fashion. The
values of v(N-CSS) stretching vibrations (1456-1505 cm-1) fall between those
reported for C-N single bond (1250-1360 cm~1) and C=N double bond (1640-
-1690 cm™1), which is an indication of the partial double bond character of the
C-N bond.16:20 A partial double bond character for the C-N bond would result in
some partial double bond character for the C-S bonds, as a result both the sul-
phur atoms were involved in coordination with the metal, resulting in bidentate
coordination16 and pentacoordinated geometry.2l This interaction could be
viewed as the coordination of one normal Sn-S bond and one weak Sn-S bond.
A weak Sn-S bond is possibly through = overlap of the empty d-orbitals of the
tin atom and the p-orbitals of sulphur.
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1H-NMR

The 1H-NMR spectra were recorded for compounds 1-8 in DMSO-dg. The
characteristic chemical shifts (Table S-I11 of the Supplementary material) were
recognized by their intensity and multiplicity patterns. The numbers of protons,
calculated from the integration curves, were in agreement with the proposed
molecular structure theoretically calculated by the incremental method.22 The
singlet resonance at 13.357 ppm for —SH proton of the free ligand (HL) was abs-
ent in the spectra of all the complexes 1-8 and was taken as verification of thiol-
—tin coordination.23 The signal at 11.48 ppm for the imino proton of the free
ligand persisted in the spectra of complexes 1-4, indicating its non-involvement
in coordination; however, this signal was absent in the spectra of complexes 5-8,
due to insertion of —CSS in order to develop the dithiocarbamate—tin linkage.
New signals in the expected range for the organotin moieties were evidence for
complex formation.23.24 In the n-butyl derivatives 2, 3, 6 and 7, the terminal
methyl protons absorb at 0.87-0.80 ppm as a triplet with a 3J(H-1H) coupling
constant of 7.0-7.2 Hz, while the a-CH», p-CH» and y-CHy protons appear as
multiplets.2> In the dimethyltin(1V) derivative 5, the CH3 protons gave a sharp
singlet at 1.46 ppm23:26 with a 2J[119Sn-1H] coupling constant of 79 Hz, which
corresponds to trigonal bipyramidal geometry of tin in the solution state. In the
triphenyltin derivatives 4 and 8, the phenyl group attached to the Sn atom gave
complex multiplets in the range of 7.31-7.96 ppm.27

13C-NMR

The characteristic resonance signals in the 13C-NMR spectra of the selected
complexes, recorded in DMSO, are given in Table S-IV of the Supplementary
material. The upfield resonance shift of the SH bonded carbon (labelled as 2)
from 165.57 ppm in the free ligand to 152.11-154.33 ppm in the complexes,
indicates that the ligand acts in the thiolate form and this carbon is deshielded
upon complexation of the ligand to the positive Sn center.23 The —CSS group in
the complexes gave a signal in the range 191.36-194.85 ppm, indicating the
coordination of sulphur to tin. The methyl group linked to the Sn atom in com-
plex 5 gave a sharp signal at 10.6 ppm.28 Complexes 6 and 7 showed signals of
the n-butyl group in the range of 13.5-14.7 ppm (for CHg3) and 25.4-29.3 ppm
(for CH>).2% In complex 8, the phenyl carbons gave signals in the range 129.5-
-138.1 ppm in the 13C-NMR spectra, as reported earlier.30

In order to gain further information regarding the possible coordination geo-
metries in solution, the 1J[1195n-13C] and 2J[119Sn-1H] coupling constants were
examined closely, as structural details, such as the determination of C-Sn-C
bond angles, can be obtained by use of the methods reported in the literature.31,32
The C-Sn—C bond angles, calculated by application of the Lockhart equation31.32
are given in Table S-V of the Supplementary material; the data strongly supports
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the trigonal bipyramidal geometries in the chlorodialkyltin(IV) derivatives 5 and
6, while a tetrahedrally coordinated metal centre was supported in the tributyl-
tin(1V) complex 7.

Mass spectrometry

The conventional El mass spectral data at 70 eV for both the ligand and the
complexes were recorded along with m/z and intensity, which are listed in Table
S-VI of the Supplementary material. In mass spectral data of the compounds,
each fragment ion occurred in a group of peaks as a result of tin isotopes. For
simplicity, the mass spectral fragmentation data reported here are related to the
principal isotope 120Sn or 120Sn35C| peak in each species, and must be regarded
as approximate.33 The molecular ion peaks, M*, are either not observed or if obs-
erved have very low intensities in synthesized organotin complexes. The frag-
mented ions are in good agreement with the expected structure of the compounds
and consistent with the literature.34:3% For the triorganotin compounds, the pri-
mary fragmentation from the molecular ion appeared in two ways. The first one
was initiated with the loss of R (R = Bu or Ph), whereas the second fragmentation
was due to the loss of ligand (L). For complexes 3 and 4, the former pattern
predominated and gave C>H>N3SSnRo* species, which could then lose either
R-R or R in two successive steps to form further EE*. The [R3Sn]*, formed by
the loss of the ligand part, forms a [Sn]* fragment by the successive elimination
of the R radical. Somewhat different mass fragments were suggested for the
diorganotin compounds, but these pathways end up in a similar fashion as sug-
gested for the triorganotin compounds. In addition, the following ions were also
observed with reasonable intensities in the mass spectra of all organotin(lV)
derivatives, [CgH5]*, [C4Hg]* and [CH3]*.

Antibacterial activity

The synthesized complexes and free ligand were screened for their in vitro
antibacterial activities by the disc diffusion method1! against S. aureus, E. coli,
B. subtilis and P. multocida, and the results were summarized in Table I. The
data revealed that the synthesized complexes had significant antimicrobial acti-
vities against the pathogenic bacteria as compared to the ligand, which indicates
that metallation increased antibacterial activity in accordance with earlier rep-
orts.36 This higher activity may be ascribed to the Tweedy theory, according to
which chelation reduces the polarity of the central metal atom because of partial
sharing of its positive charge with the ligand, which favours the permeation of
the complex through the lipid layer of the membrane.37.38

In general, the triorganotin(l1VV) complexes were found to be more active than
the diorganotin(1V) complexes, a trend consistent with an earlier report.3® Com-
plex 8 showed strong antibacterial activity against E. coli, while complexes 1 and
5 exhibited strong antibacterial activity against P. multocida.
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TABLE I. Antibacterial activity (bacterial inhibition zone, mm) data of organotin(IV) com-
plexes 1-8; concentration = 10 mg mL™ in DMSO; standard = rifampicin. The antibac-
terial values are mean+SD of three samples analyzed individually in triplicate. Different
letters in superscripts indicate significant differences; a = maximum activity, b = inter-
mediate activity, ¢ = minimum activity, ab = activity between maximum and intermediate
and bc = activity between intermediate and minimum

Bacterium
Compd. - — -
S. aureus E. coli B. subtilis P. multocida
HL 11.2¢+0.7 16.1°+0.1 12.2¢+0.7 13.2¢+0.7
1 17°+0.5 24.5°+0.5 19.5Pc+0.1 22.53+1.0
2 14.5b¢+0.7 19bc+0.5 14bc+0.2 15.1Pc+0.1
3 16+0.5 25.28b+0.7 15.5P¢+0.1 14.5Pc+0.1
4 19.5%+0.1 27.83+0.7 213+0.1 20.28+0.5
5 16+0.5 26.53+0.5 21.5%+0.5 23.88+0.1
6 17°+0.5 21.8¢+0.1 15.5Pc+0.5 16.3°¢+0.5
7 17.5+0.1 268+0.5 178b+0.5 19°+0.5
8 228b+0 5 28.33+0.1 22.330+0.7 15.5P¢+0.1
Standard 322+0.5 382+0.7 302+0.5 372+0.5

The variation in the trends for these compounds may be explained based on
three possible factors, i.e., lipophilic character, diffusion and on the bacterial
strain. The former two factors are associated with complexes. The lipophilic
character increased with increasing chain length whereas diffusion has an inverse
effect. The enhanced activities of the triorganotin complexes could be well des-
cribed by the lipophilic character. In some cases, the diorganotin complexes were
found more active, e.g., in dimethyltin complexes due to dominating diffusive nat-
ure of small methyl group. The reported bimetallic organotin(IVV) complexes show
enhanced antibacterial activity compared to monometallic organotin(IV) com-
plexes.40:41 No compound showed better inhibitory action than the standard drug.

Antifungal activity

The disc diffusion method was employed to test the antifungal activities of
the synthesized compounds against four different strains of fungi, A. niger, A.
flavus, R. solani and A. alternata and fluconazole was used as the standard drug.
The results are shown in Table Il. The complexes exhibited greater antifungal
potentials than the precursor ligand, which may be due to the chelation and the
presence of sulphur atoms.#2 The triorganotin(1V) derivatives were more active
than the diorganotin(IV) complexes against the fungal strains and even more than
the standard drug. The higher activity of complex 3 may be due to highest lipo-
philic character of the tributyltin(IV) derivatives.#3 That the homobimetallic

complexes showed greater activity might be due to the presence of two Sn
atoms.13.40.41
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TABLE II. Antifungal activity data (fungal inhibition zone, mm) of organotin(I\VV) com-
plexes 1-8; concentration = 10 mg/mL in DMSO; standard = fluconazole. The antifungal
values are mean+SD of three samples analyzed individually in triplicate. Different letters
in superscripts indicate significant differences; a = maximum activity, b = intermediate
activity, ¢ = minimum activity, ab = activity between maximum and intermediate and
bc = activity between intermediate and minimum

c q Fungus

ompd. A. niger A. flavus R. solani A. alternata
HL 10.2¢+0.5 13.2¢+0.8 8.0c+1.0 10.0°+0.5
1 11.2¢+0.3 13.9¢+0.5 10.2¢+0.1 19.2bc+1.0
2 21.6%¢+0.7 10.1°+0.4 9.0°+0.2 23.20¢+0.1
3 44340 5 46.42+0.2 3620+0.5 36.020+0.5
4 363+1.2 32.38+0.2 31.2bc+0.3 35.2bc+1.0
5 11.5¢+0.3 13.5¢+0.5 10.1°+0.5 22.35%¢+0.1
6 21.5%¢+0.7 10.5¢+0.7 8.6°+0.5 21.3%¢+0.5
7 49.28+0.5 48.22+0.1 542+0.7 42.82+0.1
8 392b+0 5 41.52+0.5 34.3%0+0.1 38.820+0.5
Standard 26P+0.5 28P+0.5 30P+0.5 29.2+0.5

CONCLUSIONS

Homobimetallic complexes of organotin(IV) with a sulphur—sulphur donor
ligand (1H-1,2,4-triazole-3-thiol) were synthesized under reflux. An IR study
confirms the dithiocarbamate donor site of the ligand acts in a bidentate manner
and showed trigonal bipyramidal geometry around Sn(IV) in the solid state.
NMR data revealed that the tetrahedral geometry with thiol donor sites of the
ligand while tetra- and penta-coordinated environments around dithiocarbamate
bound tin(IV) in the solution state. Mass spectrometric and elemental analysis
data supported the solid and solution spectroscopic results. Antimicrobial results
revealed that the activity was enhanced upon coordination with tin. In addition,
the triorganotin(lV) derivatives superseded the diorganotin(l\V) compounds in
their antimicrobial action. Such a study would be helpful in the design of novel
metal-based drugs.

SUPPLEMENTARY MATERIAL

The physical, analytical and spectral data of the synthesized complexes, Tables S-I1-S-
-VI, are available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding
author on request.
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U3BOJ
CHUHTE3A U CIIEKTPOCKOIICKA KAPAKTEPU3ALIMJA MOHO- U JUHYKJIEAPHUX
KOMIUIEKCA KAJIAJA(IV) CA 1H-1,2,4-TPUA30JI-3-TUOJIOM: YIIOPEOJHA
N3YUYABAILA bUXOBE AHTUBAKTEPUJCKE U AHTU®YHTAJTHE AKTUBHOCTH

BUSHRA PARVEENi, IFTIKHAR HUSSAIN BUKHARI!, SAIRA SHAHZADIZ, SAQIB ALIZ, SHABBIR HUSSAIN?,
KULSOOM GHULAM ALI! ¥ MUHAMMAD SHAHID3
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CuHTeTHCaHa je cepWja AU- U TPUOpPraHo KkomIuiekca kanaja(lV), ommre dopmyne
R,(C1)SnL (1: R = Me; 2: R = Bu) u R3SnL (3: R = Bu; 4: R = Ph). KoMIuiekcu cy CHHTETH-
caHU pedIyKcoM eKBUMONAapHUX KonuuuHa Kanaj(IV)-xmopupa (R,SnCl,/R3SnCl) u 1H-
-1,2,4-tpuason-3-tuona (LH) y cyBoM meTaHoIy kao pacTBapady. OBako CHHTETHCAaHH KOM-
miekcu 1-4 cy HakoH Tpetupama ca CS; u R,SnCl,/R3SnCl (y monckom onHocy 1:1:1) Harpa-
ound nonuHykineapHe Sn(IV) kommnekce, onmte dopmyne Ry(Cl)SnLCS,Sn(CHR, (5: R =
= Me; 6: R = Bu) and R3SnLCS;SnR3 (7: R = Bu; 8: R = Ph). [Tona3Hu nUraHg U KOMIUIEKCH
Cy oKapakTepucaHM momohy enemeHTanHe MukpoaHanuse, FT-IR u NMR ('H- u 13C-) cnex-
TpocKkonyje, ka0 U MmaceHe crnexkrpomeTpuje. Ha ocHoBy IR noparaka 3ak/bydeHo je fma ce
WCIIUTUBAHU JIMTaHJ] IPEKO JUTHOKAapDaMaTHOT fena MojleKysia OUIEeHTaTHO KOOpauHYyje (op-
MHpajyhu y UBPCTOM CTamy TPUTOHATHO-OUIUPUMHUIANHY reoMeTpHjy Sn(IV) kommexca. Ha
ocHoBy 'H- u 13C-NMR ucnutuBama y pacTBopy HaheHO je [ja ce MCTIUTHBAHM JIMTaHJ KOOp-
IVHYje IPEeKOo THOJIHOT aToMa CyMIIOpa U Ipajy TeTpaefapcky reOMeTpHjy KOMILIEKCa, HOK ce
y Clly4ajy OZUTHOKapOOKCHIaTHE KOOpAUHALMje JIMTaHAa rpafie KOMIUIEKCH ca TeTpa- U IeHTa-
KOOpAUHAaLMOHOM cdepoM oko Kanaja(IV). Pesynratu nobujeHH Ha OCHOBY MacCeHe CHEKTPO-
METpHje Cy y CarIaCHOCTH Ca CIEKTPOCKONCKY MTPETIOCTaB/beHOM T€0OMETPHjOM UCIIMTHBAHUX
KomIiuiekca. Ha OCHOBY MCIUTHBama akTMBHOCTM Ha pas3IMYUTUM COjeBUMa dakTepuja U
[JbMBA 3aK/bYYEHO je [ja Cy TONUHYKIeapHU KOMIUIEKCH aKTHBHHjU Ol oAroBapajyhux moHO-
HykieapHux Sn(IV) kommnnekca.

(ITpumsbeHo 11. jyna 2014, pesupupano 30. janyapa, npuxsaheHno 21. ¢edpyapa 2015)
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Quaid-i-Azam University, Islamabad 45320, Pakistan and 3Department of Chemistry and
Biochemistry, University of Agriculture, Faisalabad-38000, Pakistan

J. Serb. Chem. Soc. 80 (6) (2015) 755-766

TABLE S-I1. Physical data for the organotin(IVV) complexes 1-8

Compd. Mol. formula MW_1 I\{)I.p. Yield Calcd. (found), %
g mol C % C H N S
HL CoH3N3S 101 232-34 - 2373 296 4153 31.64
(23.27) (2.99) (41.97) (31.56)
1 C4HgCIN3SSn 2845 208-11 418 16.87 281 1476 11.24
(16.76) (2.71) (14.68) (11.39)
2 C1oH2oCIN3SSn 368.5 219-22 912 3256 542 11.39 8.68
(32.51) (5.41) (11.49) (8.62)
3 C14H59N3SSn 390 122-25 60 4396 7.43 1076 820
(42.93) (7.27) (10.63) (8.39)
4 CyoH17N3SSn 450 197-99 932 5333 377 933 7.11(7.2
(53.39) (3.49) (9.28) 0)
5 C;H13CIoN3S;Sn, 544 202-04 58 1544 238 7.72 17.64
(15.40) (2.55) (7.75) (17.54)
6 CigH37CI,NsS3Sn, 712 214-15 68.3 31.97 519 589 13.48
(31.86) (5.23) (5.73) (13.66)
7 Cy7H55N3S3Sn, 755  115-18 - 4291 728 556 12.71
(42.75) (7.21) (5.51) (12.70)
8 CagH31N3S3Sn, 875 183-185 79.3 5348 354 480 10.97

(53.22) (3.46) (4.42) (10.80)

*Corresponding author. E-mail: bushra_nauman@hotmail.com
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SUPPLEMENTARY MATERIAL 5209

TABLE S-11. Infrared absorption bands (cm?) of organotin(IV) complexes 1—8

Compd.  v(S-H) v(N-H) v(C-N) v(CS)asym V(CS)sym V(Sn-C) v(Sn-S) v(Sn—Cl)
HL 2560 3148 - - - - - -

- 3148 - - - 560 470 335

1
2 - 3149 - - - 535 447 328
3 - 3145 - - - 545 441 -
4 - 3143 - - - 265 437 -
5 - - 1505 1048 973 563 471 336
6 - - 1490 1044 976 539 449 320
7 - - 1475 1051 972 556 445 -
8 — 1456 1034 963 263 438 —
R I
S—S}n—R §——8n—R
Nt N—’(
SN
1 N 1 /N
’ T
c H
S/¢\\S
N\
R—Sln—R
Y
For complex 1.5 Sn—gHg

Y =R for triorganotin
Y = Cl for diorganotin
R = Me, n-Bu, Ph

a B ¥ 8
For complex 2,3, 6,7 Sn-CH,-CH,-CH,-CHj3

B__v

For complex 4,8 Sﬂ@ 5

Scheme S-1. Numbering scheme for NMR data.

TABLE S-111. IH-NMR data (ppm) of the organotin(IV) complexes 1-8 in DMSO-dg

Compd. -CH -NH -SH R

HL 8.21 11.48 13.357 -

1 8.24 1145 - 1.03 (s)

2 8.24 1148 - 1.62-1.58 (m, Ha), 1.40-1.47 (m, Hp), 1.32-1.23 (m, Hy),
0.87 (t, H6),33=7.2 Hz

3 8.24 11.43 - 1.54-1.46 (m, He), 1.44-1.39 (m, Hp), 1.27-1.13 (m, Hy),
0.81 (t, H0),3J =7.0 Hz

4 8.23 11.30 - 7.97-7.72 (m), 7.52-7.36 (m)
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TABLE S-111. Continued

Compd. -CH -NH -SH R

5 8.20 - - 1.46, s, 2] [79/76], Ha

6 8.21 - - 1.63-1.55 (m, Ha), 1.39-1.47 (m, Hp), 1.31-1.25 (m, Hy),
0.87 (t, 3] = 7.2 Hz, HY)

7 8.23 - - 1.52-1.48 (m, Ha), 1.44-1.40 (m, Hp), 1.26-1.12 (m, Hy),
0.80 (t, 3] = 7.0 Hz, HY)

8 8.23 - - 7.96-7.74 (m), 7.48-7.31 (m)

Table S-1V. 13C-NMR data (ppm) of the organotin(IV) complexes 5-8; Chemical shifts (d) in
ppm and NJ[119117Sn  13C] values in Hz are listed in square brackets

Compd. 1C 2C  -CSS R

HL 140.44 16557 - -

5 140.78 153.36 191.36 10.6 (C-a, 1J[570,545])

6 140.65 154.16 193.80  26.5 (C-a, 1J[496/479]), 29.3 (C-B, 2J[44]), 28.3 (C-y,
33[112/109]), 14.7 (C-5)

7 140.32 153.15 194.85  25.4 (C-a, LJ[346/332]), 29.2 (C-5, 2J[34]), 27.1 (C-,
3)[68/62]), 13.5 (C-0)

8 14035 15215 191.78  138.1(C-a), 136.3 (C-5, 2J[47.3/45]), 129.1 (C-y,

3J[61.5/59.2]), 129.5 (C-5, 4J [12.8])

TABLE S-V. (C-Sn-C) angles based on the NMR parameters of complexes 5-7

Compd. 13(1193n, 13C) / Hz 2)(1198n, 1H) / Hz - Angle, -
5 570 79 126.75 124
6 495 - 120.1 -
7 346 - 107.1 _

Table S-VI. Mass fragments, m/z, and relative abundance of the organotin(IVV) complexes 1-8;
n.o. — not observed

Compd. Mass fragmentation: m/z (intensity, %)
HL 101 (100) [C,H3N3ST*, 74 (87.4) [CH,N,LS], 60 (27.4) [CH,NSTY,
47 (10.8) [NHS]*, 42 (70.5) [CH,N,]*
1 285 (12) [(CH3)28”(—SN3C2H2)CI]+, 270 (42) [(CH3)S”(—SN3C2H2)CI]+,

255 (2.0) [Sn(=SN3C,H,)CI]*, 155 (38.8) [SnCI]*, 100 (100) [(SN3C,H)]*,
250 (3.0) [(CH3),Sn(=SN3C5H,)]*, 220 (5.0) [Sn(=SN3C,H)]*,
120 (8.1) [Sn]*, 185 (19.2) [(CH3),SnCI]*,
150 (2.2) [(CH3),Sn]*, 135 (6.1) [CHz-Sn]*
2 369 (11.1) [(Bu),SN(=SN3C,H,)CI]*, 334 (97.6) [(BU),SN(=SN3CoH,)]*,
312 (5.8) [(Bu)SN(=SN3C,H,)CI]*, 220 (68.0) [SN(~=SN3C,H,)]*,
100 (11.8) [(SN3C,H,)]*, 120 (9.5) [Sn]*, 269 (20.9) [Sn-Bu,CI]*,
212 (13) [SnBu~Cl]*, 155 (16.2) [SnCI]*, 57 (92.5) [Bu]*
3 391 (0.5) [(BU)sSN(=SN3C,H)T*, 277 (12.3) [(Bu)SN(=SN3C,oH,)T",
220 (35.6) [SN(=SN3C,H,)]*, 100 (100) [(SN3C,H,)]*, 120 (8.0) [Sn]*,
291 (15.6) [(Bu)s Sn]*, 234 (20.9) [(Bu), Sn]*, 177 (21.68) [Bu(Sn)]*
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TABLE S-VI. Continued

Compd. Mass fragmentation: m/z (intensity, %)
4 451 (3.9) [(Ph)3Sn(-SN3C,H,)]*, 100 (100) [(SN3C,H,)TH,
374 (36.8) [(Ph),Sn(=SN3C,H,)]*, 297 (3.5) [(Ph)Sn(-SN3C,H))]*,
220 (4.2) [CoH3N3zSSn]*, 100 (9.5) [CoH3N3S], 351 (48.3) [(Ph)sSn]*,
274 (2.6) [(Ph),Sn]*, 197 (45.6) [Ph-Sn]*, 77 (20.9) [Ph]*,
51 (16.3) [C4H3]*, 120 (12.7) [Sn]*
5 545 (<0.5) [(CH3),CISn(-S-CS)-NC,HN,S(-Sn(CHs),Cl],
469 (1.2) [(CH3),CISn(-NC,HN,S)(-Sn(CHs3),Cl]*,
285 (4.1) [(CH3),Sn(-SN3C,H,)CIT*, 185 (6.5) [(CH3),SnCIT,
100 (100) [(SN3C5H5)]*, 76 (7.1) [S-CS]™, 196 (2.4) [Sn—(S-CS)]*,
143 (2.8) [CS-NC,HN,S]*
6 713 (n.0) [(Bu),CISN(-S—CS)-NC,HN,S(-Sn(Bu),Cl],
637 (<0.5) [(Bu),CISn(-NC,HN,S)(-Sn(Bu),CI]*,
369 (4.6) [(Bu),Sn(—SN3C,H,)CIN*, 269 (100) [(Bu),SnCI]*,
100 (16) [(SN3C,H,)]*, 76 (7.1) [S-CS]*, 196 (6.4) [Sn—(S-CS)]*
7 757 (n.0.) [(Bu)3Sn(-S—CS)-NC,HN,S(-Sn(Bu)3)]*,
681 (2.4) [(Bu)3Sn—-NC,HN,S(-Sn(Bu)3)]*, 291 (2.1) [(Bu)s Sn]*,
196 (6.4) [Sn—(S-CS)]*, 76 (10.3) [S-CS]*, 120 (2.0) [Sn]*, 57 (3.3) [Bu]*
8 877 (n.0.) [(Ph)3Sn(-S-CS)-NC,HN,S(-Sn(Ph);)]*,
801 (<0.5) [(Ph)3Sn—-NC,HN,S(-Sn(Ph)3)]*, 350 (4.8) [Ph,SnCgH4]*,
723 (1.1) [(Ph)Sn(-S—CS)-NC,HN,S(-Sn(Ph)3)]*, 196 (16.9) [Sn—CgH4]*,
154 (83.1) [Ph-Ph]*, 76 (12.3) [S-CS]*, 451 (1.9) [(Ph)3Sn(-SN3CoH,)]*
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Abstract: The global and local DFT reactivity descriptors were calculated at the
MP2/6-311++G (2d,2p) level of theory for aminocyclopyrachlor herbicide in
the aqueous phase. Global reactivity descriptors, such as ionization energy,
molecular hardness, electrophilicity and total energies, were calculated to
evaluate the reactivity of aminocyclopyrachlor. The local reactivity was eval-
uated through the Fukui function. The obtained results suggest that the cationic
and dipolar forms of aminocyclopyrachlor exhibit similar global reactivity and
are susceptible to de-amination and decarboxylation. In addition, opening of
the ring might become feasible through free radical attacks on the neutral form,
while a similar process is caused by nucleophilic attacks on the anionic form.

Keywords: aminocyclopyrachlor; reactivity; Fukui; MP2; PCM.

INTRODUCTION

Rangelands and pastures (RP) are the major source of high quality protein
and fat for human beings through the meat obtained from animals that graze
thereon.1-3 However, the incidence of weeds on these RP reduces the grass
density, and forage production.1~3 Weed control on RP is realized with specific
herbicides. However, some of these herbicides used to control many forb species
in pastures may also injure desirable native grass species.#® In this sense,
potassium 6-amino-5-chloro-2-cyclopropylpyrimidine-4-carboxylate (aminocyc-
lopyrachlor), see Fig. 1, is used to control or suppress several broad-leaved
weeds and woody plant species in pastures, rangelands and various non-crop
sites,6 with a less injury to the native grasses in comparison to other herbicides.4
According to EPA, this herbicide poses very low risk to humans, including
workers and the general population, due to its low toxicity and low volatility.”
Moreover, it was reported that an evaluation of the available scientific infor-

*E-mail: hhuizar@uaeh.edu.mx
doi: 10.2298/JSC141224008M
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mation found that this herbicide does not present an unacceptable risk to human
health or the environment.8.9 However, the signs of toxicity associated with
aminocyclopyrachlor involve decreased body weight, decreased weight gain,
decreased food consumption, and decreased food conversion efficiency.10 The
mechanism by which aminocyclopyrachlor causes decreased food conversion
efficiency has not yet been clarified.10 Additionally, it is important to mention
that aminocyclopyrachlor is environmentally persistent, soluble in water, non-
volatile, and with a low sorption potential. Pesticides with such features tend to
move easily through the soil profile into groundwater.11,12 Hence, extensive
application of this herbicide may increase its concentration in the soil and
groundwater and thus aminocyclopyrachlor is recognized as having the potential
to pollute groundwater.13-15

Fig. 1. Potassium 6-amino-5-chloro-2-cyclopropylpyrimidine-4-
-carboxylate.

Aminocyclopyrachlor slowly degrades by aerobic microbial metabolism
with half-lives ranging from 114-433 days in different soils and it is stable to
degradation via other pathways.13.16 However, in some cases, this half-life is
more related to transport losses from runoff and leaching rather than degrad-
ation.% Furthermore, the leaching potential of aminocyclopyrachlor is similar to
that exhibited by picloram, which is recognized as an emerging water con-
taminant.11 Due to its dissociation constant (pK, = 4.65), aminocyclopyrachlor is
in the anionic form at typical soil pH levels.1” Here, it is important to mention
that anionic pesticides are generally weakly retained by most soil and sediment
components and potentially could reach and contaminate surface and ground-
waters. 18,19

Unfortunately, information on the degradation and metabolic pathways of
aminocyclopyrachlor in water is limited, since the main source of information is
related to its absorption in soils. Thus, a good understanding of the reactivity of
aminocyclopyrachlor would allow the development of efficient degradation
methods for its removal from groundwater. To the best of existing knowledge,
the reactivity of aminocyclopyrachlor at the molecular level has not hitherto been
analyzed. Therefore, in this work, the molecular reactivity of this herbicide is
analyzed through the formulation of chemical reactivity based on the density
functional theory (DFT).20 It is considered that this kind of study would con-
tribute to a better understanding of the chemical behavior of this herbicide in
aqueous media.
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CHEMICAL REACTIVITY OF AMINOCYCLOPYRACHLOR HERBICIDE 769

Theory

The formulation of the chemical reactivity theory derived within the frame-
work of the density functional theory has enabled parameters that give infor-
mation about the general behavior of a molecular system to be defined.20 These
parameters are the electronic chemical potential (x), the electronegativity (y) and
hardness (), which can be evaluated through the following equations:21-26

(9B} L-
X=—H ()
_ 8#} _[82EJ _
,7_(_ =l=—1| =(1-A) 3)
oN v(r) oN 2 v(r)

In these equations, E, N and v(r) are the energy, number of electrons and the
external potential of the system, respectively. The energy value of the vertical
electronic affinity (A) can be calculated as A=E(N)-E(N +1), where E(N)
and E(N +1) are the total ground-state energies in the neutral N and the singly
charged (N +1) configurations. Moreover, the ionization potential (1) can be
calculated as | = E(N —1)— E(N). The chemical potential measures the escap-
ing tendency of an electron and it can be associated with the molecular elec-
tronegativity,2’ while # determines the resistance of the chemical species to lose
electrons and can be related to the stability and polarizability of the molecular
system.28:29 On the other hand, the global electrophilicity index (w) is defined as
a measurement of the susceptibility of a chemical species to accept electrons and
it can be calculated as:30

a):’u—2 (@)
2n
According to this definition, low values of « suggest a good nucleophile
while higher values indicate the presence of a good electrophile.30
Additionally to the global reactivity parameters, it is possible to define local
reactivity parameters, which can be used to analyze the reactivity on different
sites within a molecule.3132 This local reactivity can be evaluated through the
Fukui function ( f (¥)),3334 which is defined as:35

a[op(F)) [ ou(r)
-5, e K

where p(F) is the electronic density. The Fukui function, Eq. (5), can be
evaluated by using a finite difference approximation. However, due to the dis-
continuity of the electron density with respect to the number of electrons (N), this
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approximation leads to three types of Fukui functions for a system, namely,
f+(r), f-(r), and fO(r) for nucleophilic, electrophilic, and free radical
attacks respectively. These condensed functions can be evaluated as:3!

f+(r)=pna(T)—pn (T) (6)

f=(F)=pn (F)=pn-1(T) ()

a1 " "
fo(r)=5[pN+1(f)—PN—1(f)] )

However, for studying the reactivity at the atomic level, a more convenient
way of calculating the Fukui function is through the condensed forms of the
Fukui function for an atom j in a molecule which are expressed as:3!

f(F)=dj(n) ~dj(na) )
fi (F)=dj(n-1) ~9j(n) (10)
1

fjo(r):E{qj(N—l)_qj(Nﬂ)} (11

In these equations, gj is the atomic charge (evaluated from the Mulliken
population, electrostatic-derived charge, etc.) at the jth atomic site in the neutral
(N), anionic (N+1) or cationic (N-1) chemical species.

METHODOLOGY

The optimal conformations of aminocyclopyrachlor chemical species were subjected to
full geometry optimization in aqueous phase employing the hybrid functional B3LYP,36-38 the
basis set 6-311++G(2d,2p),3940 and the PCM solvation model.#142 The optimized geometries
in the agueous phase were re-optimized employing the second order Moller Plesset theory*3
and the basis set 6-311++G(2d,2p). The final atomic charges for aminocyclopyrachlor studied
in the aqueous phase were obtained within the framework of the MP2 theory. In all
calculations of these atomic charges, the Density=MP2 option was used in order to ensure that
the charges were calculated at the MP2 level. All the calculations reported here were per-
formed with the package Gaussian 09,** and visualized with the GaussView ver. 3.09
packages.*®

RESULTS AND DISCUSSION

Aminocyclopyrachlor rapidly dissociates into the acid form (6-amino-5-
-chloro-2-cyclopropyl-4-pyrimidinecarboxylic acid) with the addition of water at
pH 4.65,46 see Fig. 2a. Furthermore, it is important to consider that in an aqueous
environment at pH =7, the carboxyl groups are usually deprotonated, meaning
they lose an H* and become negatively charged, see Fig. 2b. Moreover, the
nitrogen of the pyrimidine ring can be protonated at pH 1.23 and the protonated
and the dipolar forms may exist at acid pH values,47:48 see Fig. 2c.
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Fig. 2. Chemical species of aminocyclopyrachlor at different pH values.

Under these considerations, the chemical species shown in Fig. 2 were
optimized, at the B3LYP/6-311++G (2d,2p) level, in the aqueous phase without
any symmetry constraints employing the PCM solvation model. A frequency
analysis was applied to the optimized geometries to verify the stability criterion
and in all cases, the frequency values were positive and their values were similar
to those reported in the literature for pyrimidine.4® The optimized geometries at
the B3LYP/6-311++G (2d,2p) level were re-optimized at the MP2/6-311++G
(2d,2p) level. The optimized geometries of the neutral form at the MP2/6-
-311++G (2d,2p) level are depicted in Fig. 3. Note the existence of two possible
conformers for this neutral form in which the cyclopropyl is oriented in a posi-
tion either cisoid (Fig. 3a) or transoid (Fig. 3b). The electronic energies for the
cisoid and transoid conformers are —1082.672645 and —1082.672819 hartrees,
respectively. Note that there is an energy difference of 0.11 kcal* mol-1 between
both conformers, which could be expected for two isoenergetic conformers. In
addition, the optimized geometries of the anionic, cationic and dipolar forms are
reported in Figs. 4-6, respectively. For the anionic, cationic and dipolar forms,
the energy differences between the cisoid and transoid conformers are 0.07, 2.32
and 1.76 kcal mol-1, respectively. These results suggest the existence of two
isoenergetic conformers for aminocyclopyrachlor chemical species. However, it
is important to mention that a conformer may be converted into another via an
inversion symmetry operation. Thus, under the Born-Oppenheimer approx-
imation, these conformers must have identical electronic structures and energy
and the observed differences may be due exclusively to numerical imprecision.>0

*1 kcal = 4186 J
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Fig. 3. Neutral aminocyclopyrachlor. a) Bond distances (A): 1C-10CI = 1.74, 1C-3C = 1.38,
3C-11C =1.50, 3C-6N =1.34, 11C-130 = 1.21, 11C-120 = 1.34, 120-22H = 0.97, 6N-2C
=1.34,2C-14C =1.47,2C-5N = 1.34 , 5N-4C = 1.34, 4C-7N = 1.36, 7N-8H = 1.01,
7N-9H =1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50,
16C-17H = 1.08, 16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H= 1.08, dihedral angles (°):
19C-14C-2C-5N = -145.65 and 6N-3C-11C-130 = 58.43. b) The bond distances were the
same as in conformer (a) but the dihedral angles were 19C-14C-2C-5N =-34.80 and
6N-3C-11C-130 =59.15.

Fig. 4. Anionic aminocyclopyrachlor. a) Bond distances (A): 1C-10CI = 1.74, 1C-3C = 1.38 ,
3C-11C =1.52, 3C-6N = 1.35, 11C-130 = 1.26, 11C-120 = 1.26 , 6N-2C = 1.34, 2C-14C =
=1.48,2C-5N =1.34, 5N-4C = 1.34,4C-7N = 1.37, 7TN-8H = 1.01, 7N-9H = 1.01,
14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50, 16C-17H = 1.08,
16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H = 1.08, dihedral angles (°):
19C-14C-2C-5N = -145.69 and 6N-3C-11C-130 = 89.76. b) The same bond distances
were the same as in conformer (a) but the dihedral angles were 19C-14C-2C-5N =-34.63
and 6N-3C-11C-130 = 89.85.

Global reactivity descriptors

The values of the global reactivity descriptors (u, n and @) were calculated at
the MP2/6-311++G(2d,2p) level of theory employing Egs. (1), (2) and (3),
respectively, see Table I. From the results reported in this Table, it may be
observed that the global hardness of the aminocyclopyrachlor chemical species
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increases with increasing pH value. This result suggests an increment in the
stability of aminocyclopyrachlor in the aqueous phase in terms of the pH value.
In addition, note that the values of 1z and ® decrease and increase, respectively.
This behavior suggests that the electronegativity and nucleophilic behavior of
aminocyclopyrachlor diminishes with increasing pH.

Fig. 5. Cationic aminocyclopyrachlor. a) Bond distances (A): 1C-10Cl = 1.72, 1C-3C = 1.37 ,
3C-11C =1.50, 3C-6N = 1.36, 6N-23H = 1.02, 11C-130 = 1.22, 11C-120 = 1.33,
120-22H = 0.97, 6N-2C = 1.35, 2C-14C = 1.46, 2C-5N = 1.32 , 5N-4C = 1.35,4C-7N =
=1.32, 7N-8H = 1.01, 7N-9H = 1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52,
16C-19C = 1.50, 16C-17H = 1.08, 16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H = 1.08,
dihedral angles(°): 19C-14C-2C-5N = -145.80 and 6N-3C-11C-130 = -0.004. b) The bond
distances were the same as in conformer (a) but the dihedral angles were
19C-14C-2C-5N = -33.42 and 6N-3C-11C-130 = 0.007.

Fig. 6. Dipolar aminocyclopyrachlor. a) Bond distances (A): 1C-10Cl = 1.72, 1C-3C = 1.37,,
3C-11C = 1.54, 3C-6N = 1.36, 6N-23H = 1.03, 11C-130 = 1.26, 11C-120 = 1.25, 6N-2C =
=1.34,2C-14C = 1.46, 2C-5N = 1.32, 5N-4C = 1.35, 4C-7N = 1.33, 7N-8H = 1.01,
7N-9H =1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50,
16C-17H = 1.08, 16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H = 1.08, dihedral angles(°):
19C-14C-2C-5N = -145.46 and 6N-3C-11C-130 =-0.008. b) The bond distances were the
same as in conformer (a) but the dihedral angles were 19C-14C-2C-5N =-33.69 and
6N-3C-11C-130 = 0.
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774 MENDOZA-HUIZAR

TABLE |. Global reactivity descriptors for aminocyclopyrachlor chemical species at the
MP2/6-311++G(2d,2p) level of theory

Descriptor 1/eV AleV nlev ulev wl eV
Cationic 9.55 3.11 6.44 -3.22 0.80
Dipolar 8.93 2.01 6.92 -3.46 0.86
Neutral 8.48 1.53 6.95 -3.47 0.87
Anionic 7.96 0.51 7.45 -3.73 0.93

Local reactivity descriptors

In order to evaluate the reactivity at atomic resolution, the Fukui function
was evaluated through Egs. (9)—(11). It is well known that the Fukui function
allows the determination of the pinpoint distribution of the active sites on a
molecule. However, the value of this function is completely dependent on the
scheme of charges used. A variety of schemes to evaluate atomic charges has
been reported.#2 However, atomic charges derived from the electrostatic potential
(MEP) have found good acceptance to calculate the condensed Fukui function
and good agreement with the experimental results was obtained.>0-52 The values
of the Fukui function in terms of MEP charges for the cisoid and transoid
conformers of aminocyclopyrachlor in its neutral form are reported in Table S-I
of the Supplementary material to this paper. Observe that for neutral cisoid-
aminocyclopyrachlor, the more reactive sites for electrophilic, nucleophilic and
free radical attacks are the 2C, 3C, and 3C atoms, respectively. On the other
hand, 7N, 3C, and 6N are the more reactive sites for electrophilic, nucleophilic
and free radical attacks respectively in the case of the neutral transoid-amino-
cyclopyrachlor conformer. Note that even though the cisoid and transoid con-
formers are isoenergetic, the local reactivity is different when electrophilic and
free radical attacks are considered.

The values of the condensed Fukui function for the anionic, cationic and
dipolar forms are reported in Tables S-11-S-1V, respectively. The more reactive
sites for neutral, anionic, cationic and dipolar forms are summarized in Table II.
From these results, observe that the cationic and dipolar forms are susceptible to
de-amination (7N) and decarboxylation (3C). In the neutral cisoid form, an elec-

TABLE II. The more reactive sites for aminocyclopyrachlor chemical species; 7N (de-
amination), 3C (decarboxylation), 2C (electrophilic substitution), 5N (opening of the ring), 1C
(dechlorination), 6N (opening of the ring)

F Cisoid Transoid

orm Electrophilic Nucleophilic Free radical Electrophilic Nucleophilic Free radical
Cationic 7N 3C 7N 7N 3C 7N
Dipolar 7N 3C 7N 7N 3C 7N
Neutral 2C 3C 3C 7N 3C 6N
Anionic 2C 5N 1C 2C 1C 1C
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trophilic substitution is expected on 2C and decarboxylation may be caused by
either nucleophiles or free radicals by attack on 3C. In the neutral transoid form,
de-amination, decarboxylation and opening of the ring processes are expected
through electrophilic, nucleophilic and free radicals attacks, respectively. At
basic pH values, electrophilic, nucleophilic and free radicals attacks on the
anionic cisoid form would cause electrophilic substitution, opening of the ring
and dechlorination, respectively. For the anionic transoid form, electrophilic
substitution is expected through electrophilic attacks, while dechlorination
process may be caused by either nucleophilic or free radicals attacks. These
results suggest that a degradation process that involves the opening of the ring
might be feasible through free radical attacks to the neutral transoid form and
nucleophilic attacks on the anionic cisoid form. Theoretical analyses of the
possibility of more reactive free radicals and nucleophiles to open the pyrimidine
ring are beyond of the scope of this paper, however they will be analyzed in
future works.

CONCLUSIONS

In the present work, DFT reactivity descriptors for aminocyclopyrachlor
herbicide in the agueous phase were calculated. The cationic and dipolar forms of
aminocyclopyrachlor showed similar values of the global reactivity parameters,
which is indicative of equivalent global chemical behavior under acid aqueous
conditions. Under these acid conditions, the values of the Fukui function suggest
that attacks by free radicals and electrophiles on 7N would cause a de-amination
process, while a nucleophilic attack would cause decarboxylation. For the neutral
form, nucleophilic and free radical attacks would cause a decarboxylation pro-
cess, while electrophilic substitution is expected on 2C. The neutral transoid
form is susceptible to de-amination, decarboxylation and opening of the pyri-
midine ring through electrophilic, nucleophilic and free radical attacks, respect-
ively. At basic pH values where the anionic form of aminocyclopyrachlor is
predominant, the cisoid form is susceptible to electrophilic substitution (2C),
opening of the ring (5N) and dechlorination (1C). On the other hand, the transoid
form would be vulnerable to electrophilic attacks on 2C, and a possible dechlor-
ination through nucleophilic and free radical attacks on 1C.

SUPPLEMENTARY MATERIAL

Values of the condensed Fukui function, Tables S-1-S-1V, are available electronically
from http://www.shd.org.rs/JSCS/ or from the corresponding author on request.
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U3BOJ
AHAJIN3A XEMUJCKE PEAKTUBHOCTHU XEPBUITUJA AMUHOLMKIIOTIUPAXJIOP
[TOMORY ®YKYUJEBE ®YHKIUJE

LUIS HUMBERTO MENDOZA-HUIZAR

Universidad Auténoma del Estado de Hidalgo, Area Académica de Quimica Quimicas, Mineral de la Reforma,
Hidalgo, C.P. 42186, México

HspauyHaTu cy rinodanHu ¥ nokanHd DFT peaklMOHM IeCKPUNTOPH 33 XepOULUL aMu-
Houukionupaxiop Ha MP2/6-311++G (2d,2p) HuBOy Teopuje y BojeHoj ¢asu. I'mobanuHu
PEeaKkIHoHM IeCKPUIITOPH Cy eHEepruja joHu3auuje, MoeKysacka TBpAoha, enekTpodUIHOCT U
YKyTHa eHepruja. JlokasHa peakTHBHOCT je mpolewmeHa nomohy ®dykyujese dbyHuuje. Jodu-
jeHW pe3ynTaTH yKa3dyjy Ha TO Ja KaTjoHCKe U AurosapHe dopmMe aMHUHOIMKIOMUpaxiopa
UMajy CIIMYHY I100aIHy PeakTUBHOCT, U [OJIexKy AeaMHUHOBaKY U leKapOOKCHIIaIUjH.

(ITpumibeHo 25. nenembpa 2014, mpuxsaheno 25. janyapa 2015)
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SUPPLEMENTARY MATERIAL TO
Analysis of the chemical reactivity of aminocyclopyrachlor
herbicide through the Fukui function

LUIS HUMBERTO MENDOZA-HUIZAR*

Universidad Autonoma del Estado de Hidalgo, Area Académica de Quimica Quimicas,
Mineral de la Reforma, Hidalgo, C.P. 42186, México

J. Serb. Chem. Soc. 80 (6) (2015) 767-777

TABLE S-I. Values of the condensed Fukui function for the neutral aminocyclopyrachlor
conformers computed from MEP charges according to Egs. (9)-(11)

Positi cisoid Conformer transoid Conformer

() f(r) 1) f(r)  fe(r)  fo(r)
1C 0.091 0.067 0.079 0.084 0.031 0.058
2C 0.203 —-0.008 0.097 0.196 -0.038 0.079
3C 0.112 0.237 0.174 0.083 0.206 0.145
4C 0.032 -0.046 -0.007 0.034 0.02 0.027
5N -0.139 0.173 0.017 -0.171 0.106 -0.032
6N 0.151 0.052 0.102 0.199 0.151 0.175
7N 0.182 0.077 0.129 0.217 0.1 0.159
8H 0.039 0.014 0.026 0.036 0.016 0.026
9H -0.001 -0.007 -0.004 -0.007 -0.007 -0.007
10ClI 0.155 0.140 0.148 0.150 0.124 0.137
11C -0.088 -0.050 -0.069 -0.083 -0.052 -0.067
12° 0.028 0.075 0.051 0.028 0.071 0.049
13° 0.071 0.155 0.113 0.068 0.145 0.107
14C -0.067 0.001 -0.033 -0.052 0.012 -0.020
15H 0.056 0.020 0.038 0.033 0.021 0.027
16C 0.023 0.004 0.014 0.033 -0.009 0.012
17H 0.033 0.02 0.027 0.023 0.018 0.020
18H 0.019 0.013 0.016 0.026 0.027 0.027
19C 0.014 -0.015 0.000 0.029 -0.016 0.007
20H 0.034 0.021 0.027 0.024 0.019 0.022
21H 0.028 0.031 0.029 0.025 0.025 0.025
22H 0.025 0.029 0.027 0.024 0.028 0.026

* E-mail: hhuizar@uaeh.edu.mx
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TABLE S-11. Values of the condensed Fukui function for the anionic aminocyclopyrachlor
conformers computed from MEP charges according to Egs. (9)-(11)

Positi cisoid Conformer transoid Conformer
P () 1)t () 1o(r)
1C 0.279 0.169 0.224 0.244 0.221 0.232
2C 0.400 -0.046 0.177 0.362 0.005 0.183
3C 0.061 0.126 0.093 0.036 0.088 0.062
4C 0.223 -0.049 0.087 0.198 -0.037 0.080
5N -0.410 0.253 -0.078 -0.416 0.154 -0.131
6N 0.154 0.141 0.147 0.209 0.166 0.188
7N —-0.346 0.115 -0.116 -0.225 0.049 -0.088
8H 0.108 0.025 0.066 0.099 0.029 0.064
9H 0.038 -0.011 0.013 0.027 -0.014 0.006
10ClI 0.199 0.107 0.153 0.184 0.136 0.160
11C -0.160 -0.178 -0.169 -0.148 -0.186 -0.167
120 0.117 0.129 0.123 0.109 0.135 0.122
130 0.117 0.130 0.123 0.110 0.135 0.123
14C -0.099 -0.011 -0.055 -0.073 0.010 -0.031
15H 0.083 0.031 0.057 0.041 0.020 0.031
16C 0.022 -0.013 0.004 0.040 -0.020 0.010
17H 0.052 0.023 0.038 0.034 0.028 0.031
18H 0.037 0.025 0.031 0.045 0.036 0.040
19C 0.052 -0.010 0.021 0.068 -0.009 0.029
20H 0.046 0.023 0.035 0.030 0.026 0.028
21H 0.027 0.024 0.025 0.025 0.030 0.028

TABLE S-IlI. Values of the condensed Fukui function for the cationic aminocyclopyrachlor
conformers computed from MEP charges according to Egs. (9)-(11)

Positi cisoid Conformer transoid Conformer
() () () ()t () fo(r)
1C 0.091 0.028 0.060 0.089 0.020 0.054
2C -0.067 0.008 -0.030 -0.048 0.009 -0.020
3C 0.055 0.224 0.140 0.048 0.218 0.133
4C -0.259 0.089 -0.085 -0.259 0.133 -0.063
5N 0.264 0.087 0.176 0.256 0.033 0.145
6N 0.251 -0.007 0.122 0.244 0.017 0.130
7N 0.646 0.070 0.358 0.659 0.045 0.352
8H -0.035 0.027 -0.004 -0.037 0.034 -0.001
9H -0.042 0.011 -0.016 -0.045 0.013 -0.016
10ClI 0.092 0.139 0.115 0.089 0.143 0.116
11C -0.077 0.088 0.005 -0.077 0.083 0.003
120 0.011 0.003 0.007 0.012 0.007 0.010
130 0.049 0.114 0.082 0.046 0.117 0.081
14C -0.046 -0.005 -0.025 -0.067 0.004 -0.032
15H 0.019 0.022 0.021 0.030 0.013 0.021
16C -0.001 -0.002 -0.001 0.001 -0.005 -0.002
17H 0.014 0.013 0.013 0.015 0.014 0.015
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TABLE S-111. Continued

Positi cisoid Conformer transoid Conformer
() () () ()t () fo(r)

18H 0.009 0.015 0.012 0.004 0.019 0.011
19C -0.001 -0.002 -0.001 0.000 -0.005 -0.002
20H 0.014 0.013 0.013 0.015 0.014 0.015
21H 0.009 0.015 0.012 0.004 0.019 0.012
22H 0.017 0.035 0.026 0.017 0.034 0.026
23H -0.012 0.015 0.002 0.003 0.022 0.012

Table S-1V. Values of the condensed Fukui function for the dipolar aminocyclopyrachlor
conformers computed from MEP charges according to Egs. (9)-(11)

Positi cisoid Conformer transoid Conformer
PNt ()t () 1o(r)
1C 0.147 -0.055 0.046 0.145 -0.037 0.054
2C -0.082 0.030 -0.026 -0.065 0.014 -0.026
3C -0.007 0.246 0.119 -0.016 0.228 0.106
4C -0.254 0.151 -0.051 -0.251 0.195 -0.028
5N 0.238 0.101 0.170 0.227 0.043 0.135
6N 0.290 0.032 0.161 0.283 0.059 0.171
7N 0.634 0.126 0.380 0.646 0.088 0.367
8H -0.026 0.025 0.000 -0.027 0.034 0.004
9H -0.037 0.022 -0.008 -0.040 0.021 -0.009
10ClI 0.097 0.096 0.096 0.094 0.104 0.099
11C -0.078 -0.017 -0.047 -0.075 -0.014 -0.044
12° 0.045 0.079 0.062 0.045 0.082 0.064
13° 0.052 0.087 0.069 0.046 0.085 0.066
14C -0.043 -0.018 -0.031 -0.060 0.001 -0.030
15H 0.021 0.030 0.026 0.029 0.017 0.023
16C -0.002 -0.002 -0.002 -0.001 -0.010 —0.006
17H 0.013 0.016 0.014 0.014 0.018 0.016
18H 0.009 0.019 0.014 0.005 0.025 0.015
19C -0.002 -0.002 -0.002 -0.001 -0.010 -0.006
20H 0.013 0.016 0.014 0.014 0.018 0.016
21H 0.009 0.019 0.014 0.005 0.025 0.015
23H -0.039 0.001 -0.019 -0.019 0.015 -0.002
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Anisotropic silver nanoparticles deposited on zeolite A for
selective Hg®* colorimetric sensing and antibacterial studies

ALIREZA KHORSHIDI*, BEHROOZ HEIDARI and HAMIDREZA INANLU

Department of Chemistry, Faculty of Sciences, University of Guilan,
P. O. Box 41335-1914, Iran

(Received 29 July 2014, revised 24 February, accepted 26 February 2015)

Abstract: Silver nanoparticles deposited on the surface of zeolite A were pre-
pared via the post ion-exchange reduction and reduction—deposition methods.
The formation of silver nanoparticles on the surface of zeolite A was verified
by surface plasmon spectra using diffuse reflectance spectroscopy and ultra-
violet-visible spectroscopy. The morphology of the prepared samples was
characterized by X-ray diffraction and scanning electron microscopy. Further-
more, silver nanoparticles deposited on the zeolite A after fixation of rhoda-
mine B dye molecules on them were successful in the selective detection of
Hg?2*. After treatment with the so-obtained sensor, a colour change from col-
ourless to pink was visible to the naked eye for concentrations of the Hg?*
solution down to 1.0x10-8 mol L L. Antibacterial tests demonstrated the multi-
functional application of the silver nanoparticles deposited on zeolite A.

Keywords: sensor; zeolite A; silver; nanoparticle; rhodamine B; mercury.

INTRODUCTION

Fascinating chemical and physical properties of noble metal nanostructures
and their applications, for example, in catalysis,! optics? and sensing,3 have
attracted extensive attention in recent years. Of the hitherto studied metallic
nanoparticles, silver is the most attractive because of its intense nano size related
colorimetric effects. The performance of silver nanoparticles in most applications
could be significantly enhanced by control of the dimensions and uniformity.
Therefore, many approaches have been invented to fabricate silver nanopar-
ticles.4 One of the most significant aspects of silver nanoparticles is their loc-
alized surface plasmon resonance (LSPR), which is derived from interaction of
light and metal nanoparticles when the conduction electrons oscillate locally
around the nanoparticles at a certain frequency. This optical feature gives rise to
captivating colours and is related to particle shape,®6 size’ and environment.8.9
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A number of strategies have been devised to control the morphologies of silver
nanoparticles.10-14 Anisotropic silver nanoparticles deposited on various sup-
ports have also found application in recent years, for example in the coloration of
fabrics.15.16

The detection and quantification of heavy metal ions, on the other hand, has
been a subject of interest due to its importance in waste management, environ-
mental monitoring and clinical toxicology. Among heavy and transition metals,
mercury is a well-known chemical pollutant that can cause serious threats to
human health. For the successive detection of Hg2*, sensitive optical sensors
based on fluoresce were reported, which depend on the change of fluorescence of
small organic molecules1’-19 to indicate the concentration of Hg2* and usually
function in organic media.2021 Hence, the development of new and practical
chemosensors that offer a promising approach for mercury ion detection is still a
great challenge.

Furthermore, zeolite A is one of the most important zeolites that have been
used as water softeners in detergents, additives in poly(vinyl chloride) (PVC)
plastics, gas drying and separation of linear and branched hydrocarbons. Ongoing
interest in the study of transition metals chemistry and ion-exchanged zeolites,22-24
together with a recent report on rhodamine 6G absorbed on the surface of silver
nanoparticles as a probe for the detection of Cu2*,25 prompted the present eval-
uation of the sensory response of silver nanoparticles deposited on the surface of
zeolite A, as a stable solid support for rhodamine B (RhB) dye molecules, toward
the detection of heavy metal ions.

EXPERIMENTAL
Materials

Zeolite A with the composition 2.3Na,0:1.0Al,05:2Si0,:300H,0 was synthesized
according to Salma et al.28 All other chemicals were purchased from Merck and used without
further purification.

Preparation of silver nanoparticles deposited on the surface of zeolite A:
Reduction—deposition method

Anisotropic silver nanoparticles were prepared according to the Mirkin method.?’
Briefly, aqueous solutions of AgNO; (0.1 mM, 200 mL), trisodium citrate (100 mM, 3.6 mL),
PVP (poly(vinyl pyrrolidone), 0.24g), and hydrogen peroxide (30 wt. %, 0.48 mL) were mixed
and vigorously stirred under ambient condition. A freshly prepared aqueous NaBH, solution
(0.65 mL, 100 mM) was then rapidly injected into the mixture. After approximately 30 min, a
yellow silver colloid was obtained. To this colloid, 500 mg of zeolite A was added and the
mixture was stirred. After 15 min, the zeolite was colorized to pale yellow. Eventually, the
treated zeolite was centrifuged at 1000 rpm, rinsed with deionised water and dried at 373 K.
Preparation of silver nanoparticles deposited on the surface of zeolite A:

Post ion-exchange reduction

Zeolite A (500 mg) was ion-exchanged with AgNO5 solution (0.1 mM, 200 mL) over-

night under stirring at room temperature. The resulting solid was filtered and rinsed with
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deionised water (three times), then suspended in 200 mL of deionised water. To this sus-
pension, trisodium citrate (100 mM, 3.6 mL), PVP (0.24 g) and hydrogen peroxide (30 wt. %,
0.48 mL) were added and the mixture stirred vigorously. NaBH, solution (0.65 mL, 100 mM)
was then rapidly injected into the mixture. After approximately 45 min, the colour of zeolite
had changed to yellow. This product was separated by centrifuge at 1000 rpm, rinsed with
deionised water and dried at 373 K.

Sensor studies

5 mL of rhodamine B dye (RhB, 1x10-% mol.L1) was gradually added to a 5 mL aqueous
suspension of 500 mg of the product obtained by post ion-exchange reduction., and magnet-
ically stirred. After 30 min, colour of the solution had faded and the mixture was centrifuged
at 1000 rpm. The yellow product (RhB—-Ag-ZeoA) was rinsed with deionised water (three
times) and dried at 373 K. To 100 mg of this sample, 3 mL of the test solution containing
metallic ions, such as Fe2*/Cu2*/Zn2*/Hg?*/Mg?* of concentration 1x10-% mol.L1 was added
and stirred for 30 min. The best response, however, was obtained for Hg?*, and the pink
colour of RhB developed into the solution during 20 min. To investigate the sensitivity effect
of the RhB-Ag-ZeoA toward Hg?*, various concentrations of HgZ* (10-5/106/10-7/10-8/10°
mol L) was studied by recording UV-Vis spectra of the supernatant liquid obtained after
filtration of the mixture.

Characterizations

UV-Vis spectra were recorded on a Perkin Elmer LAMBDA 25 spectrophotometer. The
diffuse reflectance spectra were recorded at room temperature using a Shimadzu UV-2100
spectrophotometer in the reflectance mode by investigating the evolution of the absorbance.
X-Ray powder diffraction (XRD) measurements were performed using a Philips diffracto-
meter with mono chromatized CuK, radiation at 40 kV and 20 mA (Ni filter, 26 10 to 70°
with a step size of 0.05° and a count time of 1 s). Morphology of the synthesized samples was
characterized using a Philips XL30 ESEM scanning electron microscope (SEM).

Antibacterial activity of extracts

Bacteria and culture. The bacteria Staphylococcus aureus (PTCC 1764) and Pseudo-
monas aeruginosa (PTCC 1074) were purchased from the Persian Type Culture Collection
(PTCC, Tehran, Iran) and used as test microorganisms. The strains were cultured on Nutrient
Broth medium and incubated at 37 °C for 24 h.

Preparations of extracts. 5 ml of distilled deionised water were added to 15 mg of zeolite
A, Ag* ion-exchanged zeolite A (Ag*A), silver nanoparticles deposited on the zeolite A via
the reduction—deposition method (AgA-RD) and silver nanoparticles deposited on the zeolite
A via the post ion-exchange method (AgA-PX), and stirred for 3 h at 150 rpm. Then, after
centrifuging at 4000 rpm for 10 min, the supernatants were collected. Finally, 112, 225 and
450 pL volumes, each in triplicate, were chosen for antibacterial assessment.

Antibacterial test. Antibacterial activities of each extraction were assessed by the well
diffusion method.28 The prepared extracts were separately transferred into the wells punched
in the inoculated plates using a 0.5-cm sterile cork borer and incubated at 37 °C for 24 h. The
antibacterial activities were determined by measuring the diameter of the inhibition zone
(mm). Drug references, i.e., tetracycline (30 pg disc'), chloramphenicol (30 pg disct) and
cefotaxime (30 pg disct), were used as positive controls.
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Statistical analysis

Data were analyzed using SPSS version 19 in Windows 7. The differences between the
various treatments were assessed using one-way ANOVA followed by the Duncan test at a
confidence level of 95 %. There were three triplicates in all the experiments. All data are
presented as the mean + SD.

RESULTS AND DISCUSSION

Formation of anisotropic silver nanoparticles is associated with a colour
change of the solution to light yellow. The in-plane dipole LSPR band of the
silver nanoparticles is responsible for this color,14 and in the present experiments,
it occurred at 490 nm, as is obvious from UV-Vis spectra of the solution (Fig. 1,
curve a). These anisotropic silver nanoparticles were deposited on the surface of
zeolite A via the reduction—deposition method, resulting in a pale yellow powder.
The same characteristic band of the silver nanoparticles at 490 nm was observed
in the diffuse reflectance spectra (DRS) of this powder (Fig. 1, curve b).

[+
15

1.2

0.9

Absorbance

0.6-

0.3

400 450 500 550 500 650 700 750 800
Wavelength, nm

Fig. 1. a) UV-Vis spectra of silver nanoparticles, b) DRS spectra of Ag-ZeoA and
c¢) DRS spectra of RnB-Ag-ZeoA.

The SEM technique was used to clarify the evolution of silver nanoparticles
and their deposition on the surface of the zeolite. As shown in Fig. 2a, silver
nanoparticles with different sizes and shapes were formed along with some aggre-
gates. The post ion-exchange reduction method, however, resulted in more uni-
form semi spherical particles (Fig. 2b) with a narrower size distribution. A closer
observation by TEM further confirmed this result, as could be seen in Fig. 2c.

The crystalline character of the prepared samples was analyzed by X-ray
diffraction (XRD). The XRD patterns of the dried samples obtained via the red-
uction—deposition method and via the post ion-exchange reduction method are
shown in Fig. 3, curves a and b, respectively. Both patterns, showed three index
peaks at 37.9, 44.0 and 64.4°, associated with the (111), (200) and (220) reflect-
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ions of fcc silver, based on the standard values given in the JCPDS card (file No.
04-783). The XRD patterns also showed that the crystal structure of the zeolite A
(JCPDS card No. 73-2340) was retained after deposition of the silver nano-
particles.

Fig. 2. SEM image of the silver nanoparticles deposited on the surface of zeolite A via: a) the
reduction—deposition method and b) the post ion-exchange reduction method and c) a TEM
image of the latter.

Fig. 3. XRD pattern of Ag—ZeoA obtained via a) the reduction deposition method and
b) the post ion-exchange reduction method.

Sensor studies

Based on the morphological properties, the silver nanoparticles deposited on
the surface of zeolite A via the post ion-exchange reduction method were chosen
for sensor studies. Fixation of the RhB dye molecules over the surface of silver
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nanoparticles deposited on zeolite A (RhB-Ag-ZeoA) was evident from the DRS
spectra of the product. As shown in Fig. 1, curve c, the characteristic band of the
silver nanoparticles at 490 nm and that of RhB at 550 nm are present simul-
taneously. Heavy metal sensing could be attributed to the replacement of dye
moieties by metallic ions, according to Kirubaharan et al.2> Among the different
cations tested (Fe2*/Cu2+/Zn2*/Hg2*/Mg2*), only Hg2* resulted in the release of
dye moiety as a visual colorimetric sensor. A dilute solution of RhB dye in water
is pink and this colour develops into the solution upon addition of Hg2* solution
to the RhB—Ag—ZeoA, as Hg?* start to adhere to the surface of the silver nano-
particles by replacing RhB dye molecules. A colour change from colourless to
pink was visible to the naked eye for concentrations of Hg2* in the solution down
to 1.0x10-8 mol L-1. The proposed sensing mechanism is given in Fig. 4.

Fig. 4. The mechanism of sensing Hg?* ions by
RhB-Ag-ZeoA.

The limit of detection, however, was determined by recording the UV-Vis
spectrum of the supernatant liquid obtained after filtration of the mixture. The
spectroscopic responses of 100 mg of RhB-Ag-ZeoA against 5 mL of Hg2*
solutions of concentrations 10-°/10-6/10-7/10-8/10-9 mol L-1 are shown in Fig.
5a. The absorbance intensity is dependent upon the concentration of Hg2* and

Fig. 5. a) Spectroscopic response of RhB-Ag-ZeoA upon the addition of 1.0x105/10-6/
10-7/108/10- mol L-1 of Hg?* and b) the corresponding colour changes in solutions containing
four concentrations (1.0x10-%/106/10-7/10-8 mol L-1) against Hg2* solution (1.0x10° mol L)

as blank (from right to left).
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minimal concentration of mercuric ions (1.0x10-° mol L-1) was detectable. The
corresponding colour changes of solutions containing the four upper concen-
trations of Hg2* are presented in Fig. 5b.

The results of the antibacterial test

Assessment of antibacterial test of the extracts using well diffusion method
showed significantly different inhibitory effects on the growth of S. aureus and
P. aeruginosa. Since the extract volume of 112 pL well-1 had no effect on the
growth of the bacteria, it is not mentioned in the results.

Effects of the extracts on S. aureus. Similar inhibitory effects were observed
for the extracts with extract volumes of 225 and 450 pL well-1 (Figs. S-1 and S-
-2, given in the Supplementary material to this paper). Zeolite A had no effect on
S. aureus while the other extracts showed significant inhibitory effects on the
bacteria (p < 0.05). The diameter of inhibition zone of Ag*A and AgA-RD were
significantly higher than that of AgA-PX (p < 0.05, Fig. S-1). The maximum
diameter of inhibition zone was measured in AgGA-RD in both extract volumes.

Effects of the extracts on P. aeruginosa. Significant differences in the growth
of P. aeruginosa (p < 0.05) were observed between the extracts with extract vol-
umes of 225 and 450 pL well-1 (Figs. S-3 and S-4 of the Supplementary mat-
erial).

With an extract volume of 225 pL well-1, zeolite A, Ag*A and AgA-PX had
no inhibition effects but AgA-RD showed an inhibitory effect on the growth of
the bacteria with an inhibition zone diameter of 8.33+1.15 mm (Fig. S-3). With
an extract volume of 450 pL well-1, Ag*A had the largest diameter of the inhi-
bition zone (140 mm) in relation to AGA-PX (12+0 mm) and AgA-RD (8+1.73
mm, p < 0.05), while zeolite A had no effect (Fig. S-4).

The drug references test. The results of inhibitory effects of the drug
references, i.e., Tetracycline (30 pg disc=1), Chloramphenicol (30 pg disc1) and
Cefotaxime (30 pg disc™1), as positive controls on the growth of the bacteria, are
given in Table I. Although the results showed that all antibiotics had larger
inhibitory effects compared to those of the extracts, some extracts gave
comparable values for bacterial inhibition as the antibiotics (data in Fig. S-4).

TABLE I. Antibacterial tests (diameter of inhibition zone, mm) of the extracts and positive
controls on S. aureus (S. a.) and P. aeruginosa (P. a.); mean values bearing different
superscripts in each column are significantly different (p < 0.05)

Extract volume, pL well™

112 225 450 30 pg/disc
Extract -
Bacterium
S.a. P.a. S. a. P.a. S.a. P.a. S.a P.a
Zeolite A 0 O 0° o° 0° ¢ - -
Ag'A 0 0 9+1° 0° 10+2° 14+0°
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TABLE I. Continued

Extract volume, pL well™

30 pg/disc
Extracts 112 225 _ 450 HY
Bacterium
S.a. P.a. S. a. P. a. S.a. P. a. S.a. P.a.
AgA-RD 0 0 9.66+2.08 8.33+1.15° 11+2° 8+1.7°
AgA-PX 0 0 72" 0° 9.33£2.33° 12#0° ~
Antibiotics

- - - 12+0.112+0.2
- - - 13+0.213+0.1
- - — 14+0.114+0.2

Tetracycline
Chloramphenicol
Cefotaxime

CONCLUSIONS

In conclusion, an easy to preserve, stable and reliable colorimetric
chemosensor for the successful detection of Hg2* ions in solution was developed.
Antibacterial activity of silver nanoparticles deposited on zeolite A, also,
promises multifunctional usage of this type of material.

SUPPLEMENTARY MATERIAL

The effects of extracts at different concentrations on the bacteria, Figs. S-1-S-4, are
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author
on request.
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U3BOL
WCIIUTUBAKE CEJIEKTUBHE KOJIOPUMETPHUJCKE OETEKLIMJE Hg* U
AHTUBAKTEPHUJCKOT JEJCTBA AHU30TPOITHHUX HAHOYECTHUIA CPEBPA
HAHETHX HA 3EOJIUT

ALIREZA KHORSHIDI, BEHROOZ HEIDARI 1 HAMIDREZA INANLU
Department of Chemistry, Faculty of Sciences, University of Guilan, P. O. Box 41335-1914, Iran

HaHnouectnue cpedpa HaHeTe Ha NMOBPIIMHY 3€0/UTa A NPUIPEMIbEHE Cy PEAYKLHjOM
HaKOH jOHCKe M3MeHe U pefyKLHOHO—AENO3ULHOHOM MeTofama. dPopmupame HaHOYeCTHLA
cpedpa Ha MOBPLIMHY 3€0/MTa A je IOTBPHEHO CreKTpYMa MOBPIIMHCKUX IJIa3MOHA ITpUMe-
HOM mudy3He pediiekcuoHe crniekTpockonuje u UV-Vis cnekTpockomnyje. Mopdosnoryja npu-
MpEM/bEHUX y30paka je oppeheHa gudpaxnujom X-3padyewma U CKEHUPajyhoM eneKTpOHCKOM
mukpockonujom. HaHovectrue cpeba HaHeTe Ha 3e07HT A Ha Kojuma Cy UKCHPAHU MoJe-
KynH pogaMuH b Goje cy yCrelmHo npuMemksere 3a celexTusHy meTexnujy Hg2t. Haxon Tpet-
MaHa ca CeH30poM nodujeM Ha HaBeIeHW HauMH, MpoMeHa doje oxn He3dojHe Mo pose Ouna je
BU/I/BMBA OKOM 33 KOHIIeHTpauuje pactsopa Hg2* mo 1,0x10°8 mol L-1. Antudaxrepujcku tec-
TOBH Cy NOKa3aIu MyATU(DYHKIMOHAIHY IPUMEHY HaHOUECTHLa cpedpa HaHETHX Ha 3€0NHUT A.

(ITpumbeno 29. jyna 2014, pesugupano 24. dedpyapa, mpuxsaheno 26. dbedpyapa 2015)
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Abstract: A novel electrochemical sensor for the selective and sensitive detect-
ion of carbidopa in the presence of a large excess of folic acid at physiological
pH was developed by the bulk modification of a carbon paste electrode (CPE)
with carbon nanotubes (CNTs) and vinylferrocene. Large peak separation,
good sensitivity and stability allow this modified electrode to be used for the
analysis of carbidopa individually and simultaneously along with folic acid.
Applying square wave voltammetry (SWV), a linear dynamic range of 1.0x10%-
—7.0x10"* M with a detection limit of 2.0x10"7 M was obtained for carbidopa.
Finally, the proposed method was applied to the determination of carbidopa
and folic acid in a urine sample.

Keywords: carbidopa; folic acid; carbon nanotubes; modified electrodes.

INTRODUCTION

Carbon nanotubes (CNTSs) have received enormous attention in the last years
due to their unique structural, mechanical, geometric and chemical properties.l
Their closed topology and tubular structure have made them very attractive
materials.2:3 CNTs have demonstrated themselves to be extremely useful for the
development of new electrode materials. Their electrocatalytic properties have
been widely demonstrated in connection with several compounds of clinical, bio-
logical and environmental interest.4-17

In addition, the application of chemically modified electrodes (CMES) in
electroanalysis offers several advantages. They can lower the overpotential, inc-
rease the reaction rate and sensitivity and improve selectivity.18-27

*Corresponding author. E-mail: h.beitollahi@yahoo.com
doi: 10.2298/JSC131216046K
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Carbidopa (lodosyn) is a drug used in the treatment of Parkinson’s disease
by inhibiting the peripheral metabolism of levodopa.28 A combination of carbi-
dopa/levodopa carries the brand names sinemet, parcopa and atamet; while sta-
levo is a combination with entacapone, which enhances the bioavailability of car-
bidopa and levodopa. Therefore, determination of this drug is very important in
biological sample such as urine. Different techniques have been employed for the
determination of carbidopa, including spectrophotometry, capillary zone electro-
phoresis, high performance liquid chromatography (HPLC) and liquid chromato-
graphy (LC). Long analysis times, the use of organic solvents and high costs are
some of the drawbacks associated with these techniques. Voltammetry is con-
sidered as an important electrochemical technique utilized in electroanalytical
chemistry because it provides low cost, sensitivity, precision, accuracy, simp-
licity and rapidity.29-35

Folic acid, often regarded as a part of the vitamin B complex, possesses con-
siderable biological importance for human health, especially during periods of
rapid cell division and growth.36 A deficiency of general folic acid may cause
serious illness, notably for women planning pregnancy, which can result in mal-
formations of the spine, skull, and brain.37 Therefore, the determination of folic
acid has drawn significant attention, and a reliable and sensitive detection method
is widely anticipated. At present, some techniques, such as spectrophotometry,
fluorometry, HPLC, and flow injection chemiluminescence have been used to
detect folic acid.38 However, these techniques are complex, time-consuming, and
require expensive instruments. Electrochemical methods have also been used and
have attracted enormous interest due to their advantages of simplicity, rapid
response, excellent reproducibility, good stability, low cost, low detection limit,
etc,39-42

In the present study, a new electrode composed of a carbon nanotube paste
electrode (CNPE) modified with vinylferrocene (VFCNPE) was prepared and its
performance for the electrocatalytic determination of carbidopa in aqueous solu-
tions investigated. The analytical performance of the modified electrode for
guantification of carbidopa in the presence of folic acid was also evaluated.

EXPERIMENTAL
Apparatus and chemicals

The electrochemical measurements were performed with an Autolab potentiostat/galva-
nostat (PGSTAT 302 N, Eco Chemie, the Netherlands). The experimental conditions were
controlled with General Purpose Electrochemical System (GPES) software. A conventional
three-electrode cell was used at 25+1 °C. An Ag/AgCI/KCI (3.0 M) electrode, a platinum
wire, and the VFCNPE were used as the reference, auxiliary and working electrodes, respect-
ively. A Metrohm 827 pH/ion meter was used for pH measurements.

All solutions were freshly prepared with double distilled water. Carbidopa, folic acid and
all other reagents were of analytical grade from Merck (Darmstadt, Germany). Graphite
powder (particle diameter = 0.1 mm) and paraffin oil (DC 350, density = 0.88 g cm™) as the
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binding agent (both from Merck) were used for preparing the pastes. Multiwalled carbon
nanotubes (purity more than 95 %) with o. d. between 10 and 20 nm, i. d. between 5 and 10
nm, and tube length from 0.5 to 200 um were prepared by Nanostructured & Amorphous
Materials, Inc. The buffer solutions were prepared from orthophosphoric acid and its salts in
the pH range of 2.0-11.0. Vinylferrocene (VF) was purchased from Sigma Aldrich.
Preparation of the electrode

The VFCNPESs were prepared by hand mixing 0.01 g of VF with 0.89 g graphite powder
and 0.1 g CNTSs with a pestle and mortar. Then, ca. 0.7 mL of paraffin oil was added to this
mixture and mixed for 20 min until a uniformly wetted paste was obtained. The paste was
then packed into the end of a glass tube (ca. 3.4 mm i. d. and 15 cm long). A copper wire
inserted into the carbon paste provided the electrical contact. When necessary, a new surface
was obtained by pushing an excess of the paste out of the tube and polishing with a weighing

paper.

For comparison, a VF modified CPE electrode (VFCPE) without CNTs, a CNTs paste
electrode (CNPE) without VF, and an unmodified CPE in the absence of both VF and CNTs
were also prepared in the same way.

RESULTS AND DISCUSSION
Electrochemical properties of VFCNPE

A VFCNPE was constructed and its electrochemical properties were studied
in a 0.1 M phosphate buffer solution (PBS, pH 7.0) using cyclic voltammetry
(CV). The experimental results showed well defined and reproducible anodic and
cathodic peaks related to the vinylferrocene/vinylferricenium ion redox system,
with Epa, Epc and E*" of 0.41, 0.3 and 0.355 V vs. Ag/AgCI/KCI (3.0 M),
respectively. The observed peak separation potential, AE, = (Epa — Epc) of 110
mV, was greater than the value of 59/n mV expected for a reversible system,43
suggesting that the redox couple of VF in the VFCNPE had a quasi-reversible
behavior in aqueous medium.

Influence of pH

The electrochemical behavior of carbidopa was dependent on the pH value
of the aqueous solution, whereas the electrochemical properties of the Fc/Fc*
redox couple were independent of pH. Therefore, pH optimization of the solution
was necessary in order to obtain the electrocatalytic oxidation of carbidopa. Thus
the electrochemical behavior of carbidopa was studied in 0.1 M PBS at different
pH values (2.0 < pH < 11.0) at the surface of VFCNPE by CV. It was found that
the electrocatalytic oxidation of carbidopa at the surface of VFCNPE was more
favored under neutral conditions than in acidic or basic medium. This appears as
a gradual growth in the anodic peak current and a simultaneous decrease in the
cathodic peak current in the CVs of VFCNPE. Thus, the pH 7.0 was chosen as
the optimum pH for electrochemical oxidation of carbidopa at the surface of a
VFCNPE.
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In addition, pH optimization of the solution was necessary in order to obtain
the best peak resolution for carbidopa and folic acid. Thus, the electrochemical
behavior of carbidopa and folic acid was studied in 0.1 M PBS at different pH
values (2.0 < pH < 11.0) at the surface of VFCNPE by square wave voltammetry
(SWV). It was found that the best condition to separate oxidation peaks of carbi-
dopa and folic acid was pH 7.0. Thus, the pH 7.0 was chosen as the optimum pH
for simultaneous determination of carbidopa and folic acid.

Electrocatalytic oxidation of carbidopa at a VFCNPE

The CV responses for the electrochemical oxidation of 0.4 mM carbidopa at
an unmodified CPE (curve b), a CNPE (curve d), a VFCPE (curve e) and a
VFCNPE (curve f) are depicted in Fig. 1. As can be seen, while the anodic peak
potentials for carbidopa oxidation at the CNPE, and unmodified CPE were 700
and 750 mV, respectively, the corresponding potentials at the VFCNPE and
VFBCPE were =410 mV. These results indicate that the peak potential for car-
bidopa oxidation at the VFCNPE and VFCPE is shifted by =290 and 340 mV
toward negative values compared to the peak potentials at the CNPE and unmod-
ified CPE, respectively. However, the VFCNPE showed a much higher anodic
peak current for the oxidation of carbidopa compared to the VFCPE, indicating
that the combination of CNTs and the mediator (VF) significantly improved the
performance of the electrode toward carbidopa oxidation. In fact, VFCNPE in the
absence of carbidopa exhibited a well-behaved redox reaction (Fig. 1, curve c) in
0.1 M PBS (pH 7.0). However, there was a drastic increase in the anodic peak
current in the presence of 0.4 mM carbidopa (curve f), which could be related to
the strong electrocatalytic effect of the VFCNPE towards this compound.43

20

I/pA

Fig. 1. CVs of: a) unmodified CPE
in 0.1 M PBS (pH 7.0), b) unmod-
ified CPE in 0.4 mM carbidopa, c)
VFCNPE in 0.1 M PBS, d) CNPE in
0.4 mM carbidopa, €) VFCPE in 0.4
mM carbidopa and f) VFCNPE in
-200 0 200 400 600 800 0.4 mM carbidopa. In all cases, the
E /mV vs. Ag/AgCVKCI scan rate was 10 mV s,
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The effect of scan rate on the electrocatalytic oxidation of carbidopa at the
VFCNPE was investigated by CV (Fig. 2). As could be observed in Fig. 2, the
oxidation peak potential shifted to more positive potentials with increasing scan
rate, confirming kinetic limitation in the electrochemical reaction. Furthermore, a
plot of peak height (Ip) vs. the square root of the scan rate (v1/2) was found to be
linear in the range of 6-16 mV s~1, suggesting that, at sufficient overpotential,
the process is diffusion rather than surface controlled (Fig. 2A).
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Fig. 2. CVs at the VFCNPE in 0.1 M PBS (pH 7.0) containing 100.0 uM carbidopa at various

scan rates; Numbers 1-6 correspond to of 6, 8, 10, 12, 14 and 16 mV s1, respectively. Insets:

variation of: A) anodic peak current vs. v'2, B) normalized current (I,/v}/2) vs. v and C) anodic
peak potential vs. log v.

A plot of the scan rate-normalized current ((1p/v1/2)) vs. scan rate (Fig. 2B)
exhibited the characteristic shape typical of an EC’ process.43

The Tafel slope (b) could be obtained from the slope of Ej vs. log v using
Eq. (1):43
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Ep = %Iog Vv + constant @

The Tafel slope was found to be 0.109 V (Fig. 2C), which indicates that a
one-electron transfer process is the rate limiting step assuming a transfer coef-
ficient () of 0.46.

Chronoamperometric measurements

Chronoamperometric measurements of carbidopa at the VFCNPE were per-
formed by setting the working electrode potential at 0.5 V vs. Ag/AgCI/KCI (3.0
M) for various concentration of carbidopa in PBS (pH 7.0), Fig. 3. For an elec-
troactive material (carbidopa in this case) with a diffusion coefficient of D, the
current observed for the electrochemical reaction under mass transport limited
conditions is described by the Cottrell equation.43 Experimental plots of | vs. t-1/2
were employed, with the best fits for different concentrations of carbidopa (Fig.
3A). The slopes of the resulting straight lines were then plotted vs. the carbidopa
concentration (Fig. 3B). From the resulting slope and the Cottrell equation, the
mean value of the D was found to be 1.7x10-6 cm2 s-1.

100 -

75 1

-
o
L

Slope | pAs'?

y=12.81x + 8.774

25 R?*=0.998

0 0.25 0.75

0.5
[Carbidopa] | mM

0 5 10 15 20
t/s
Fig. 3. Chronoamperograms obtained at the VFCNPE in 0.1 M PBS (pH 7.0) for different
concentration of carbidopa. The numbers 1-5 correspond to 0.0, 0.2, 0.4, 0.6 and 0.8 mM of
carbidopa. Insets: A) plots of | vs. t-1/2 obtained from the chronoamperograms 2-5 and
B) plot of the slope of the straight lines against the carbidopa concentration.
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Calibration plot and limit of detection

The SWV method was used to determine the concentration of carbidopa
(Fig. 4; initial potential = 0.05 V, end potential = 0.7 V, step potential = 0.001 V,
amplitude = 0.02 V, frequency = 10 Hz). The plot of peak current vs. carbidopa
concentration consisted of two linear segments with slopes of 0.220 and 0.021
pA uM-1 in the concentration ranges of 1.0-10.0 uM and 10.0-700.0 uM,
respectively. The decrease in sensitivity (slope) of the second linear segment is
likely due to kinetic limitations.#3 The detection limit (3¢) of carbidopa was
found to be 0.2 pM.

12 1
A
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25 1 4
10
y=0.220x + 9.327
9 R*=0.998
20 A
8
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< [Carbidopa] | pM
=
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y=0.021x + 11.71
5 R? = 0.996
10 + T T T
] 200 400 600
[Carbidopa] | pM
0 T T T T
0 400 800 1200 1600

E /mV vs. Ag/AgCIVKCI

Fig. 4. SWVs of the VFCNPE in 0.1 M PBS (pH 7.0) containing different concentrations of
carbidopa. Numbers 1-15 correspond to 1.0, 3.0, 5.0, 7.5, 10.0, 20.0, 40.0, 80.0, 150.0, 200.0,
250.0, 350.0, 500.0, 600.0 and 700.0 uM of carbidopa. Insets: plots of the electrocatalytic
peak current as a function of carbidopa concentration in the range of
1.0-10.0 uM (A) and 10.0-700.0 uM (B).

Simultaneous determination of carbidopa and folic acid

One of the main objectives of this study was to detect carbidopa and folic
acid simultaneously using the VFCNPE. The determination of carbidopa and
folic acid in mixtures was performed at the VFCNPE using SWV. The concen-
tration of folic acid was varied, while keeping the carbidopa concentration cons-
tant. The results are shown in Fig. 5 (initial potential = -0.1 V, end potential =
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796 KESHTKAR, TAHER and BEITOLLAHI

= 1.1V, step potential = 0.001 V, amplitude = 0.02 V, frequency = 10 Hz). When
the concentration of carbidopa was kept constant at 500.0 uM, the peak current of
folic acid was proportional to its concentration from 100.0 uM —-1200.0 uM. No
changes in the peak current and potential of carbidopa could be observed.

y = 0.022x + 3.747
30 1 R*=0.992
-
4
60 = 20
10
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a5 4 0 200 400 600 800 1000 1200
[Folic Acid] | pM
<t
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Folic Acid
30 -
Carbidopa
15 o
0 ———— r v T T T
-200 0 200 400 600 800 1000

E/mV vs. Ag/AgCIVKCI

Fig. 5. SWVs at the VFCNPE in 0.1M PBS (pH 7.0) containing 500.0 uM carbidopa and
different concentrations of folic acid (from inner to outer): 100.0, 200.0, 300.0, 400.0, 600.0,
700.0, 1000.0 and 1200.0 uM. Inset: plot of the electrocatalytic peak current
as a function of folic acid concentration.

Furthermore, experiments were performed in which the concentrations of
carbidopa and folic acid were simultaneously changed, and the SWVs recorded
(initial potential = 0.02 V, end potential = 0.93 V, step potential = 0.001 V,
amplitude = 0.02 V, frequency = 10 Hz). The voltammetric results showed well-
defined anodic peaks at potentials of 390 and 780 mV, corresponding to the oxid-
ation of carbidopa and folic acid, respectively, indicating that the simultaneous
determination of these compounds at the VFCNPE is feasible, as shown in Fig. 6.

The sensitivity of the modified electrode towards the oxidation of carbidopa
was found to be 0.022 pA uM-1. This is equal to the value obtained in the
absence of folic acid, indicating that the oxidation processes of these compounds
at the VFCNPE are independent and therefore, the simultaneous determination of
their mixtures is possible without significant interferences.
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Fig.6. SWVs at the VFCNPE in 0.1 M PBS (pH 7.0) containing different concentrations of
carbidopa+folic acid in uM, from inner to outer: 10.0+50.0, 100.0+150.0, 250.0+300.0,
300.0+600.0, 450.0+1000.0, 600.0+1200.0 and 700.0+1500.0, respectively. Insets: plots of
I, vs. carbidopa (A) and folic acid concentration (B).

Determination of carbidopa and folic acid in urine sample

In order to evaluate the analytical applicability of the proposed method, it
was also applied to the determination of carbidopa and folic acid in urine
samples. The results for the determination of the carbidopa and folic acid in the
urine samples are given in Table I. Satisfactory recovery was found for carbidopa

TABLE I. Determination of carbidopa and folic acid in urine samples. All the concentrations
are given in uM (n = 5)

. N Carbidopa Folic acid

gdaégédipl\j Folic aﬁ:\j added Found Recovery RSD  Found Recovery RSD

' pM % % uM % %
0 0 ND - - ND - -
15.0 5.0 15.3 102.0 2.9 5.3 106.0 2.4
25.0 10.0 24.6 98.4 1.8 9.9 99.0 31
35.0 15.0 34.1 97.4 1.9 15.1 100.7 2.2
45.0 20.0 45.1 100.2 2.3 20.2 101.0 2.8
55.0 25.0 54.8 99.6 2.6 25.6 102.4 1.7
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and folic acid. The reproducibility of the method was demonstrated by the mean
relative standard deviation (RSD).

CONCLUSIONS

A novel modified carbon nanotube paste electrode was fabricated and
applied to the determination of carbidopa and folic acid. The modified electrode
showed excellent electrocatalytic activity for the oxidation of carbidopa and folic
acid. Moreover, the modified electrode presented wide linear ranges, low detect-
ion limits and high stability for the simultaneous determination carbidopa and
folic acid, suggesting this electrode as a good and attractive candidate for prac-
tical applications.

U3BOJ
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Pa3BHjeH je HOBU €IEeKTPOXEMMjCKH CEH30p Ha 0asH yIJbeHUYHe IacTe MOJU(UKOBaHE
YIbeHUYHUM HaHOLIEBUMa U BUHUI-(EPOLIEHOM Ca LIWbEM CEJIEKTUBHE U OCET/bUBE JeTeKlUje
Kapdugomne y NPUCYCTBY BEIHMKOI BUIIKA (DOJIHE KHCEJIMHE y PacTBOPY (PU3HOJIOIIKE Bpen-
Hoctu pH. Benuka cenapanuja CTpyjHUX MHKOBA, Z0Opa OCET/HBUBOCT U CTaDUITHOCT omMoryha-
Bajy Ia ce IOMOhy OBe elleKTpojie openy KOHIeHTpalija Kapdruaone UHIUBUAYATHO U Y IPH-
cyctBy donHe kucenuHe. [Ipumemnyjyhy BonTaMeTpHjy ca NpaBOyraOHUM CHUTHAIOM, 3a Kap-
ounony je nobujeH TMHeapHU TUHAMHUYKH orcer of 1,0x1075-7,0x10#4 M y3 rpanumy metek-
uuje 2,0x10”7 M. TpeanoxeHa MeTofa NpUMeEHEHA je U 3a ofpehuBame kapouaone u HomHe
KUCE/IMHE Y Y30pPKY YPHHa.
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EXTENDED ABSTRACT
Comparison of lithium and sodium intercalation materials®
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Abstract: The low abundance of lithium in the Earth’s crust and its high
participation in overall cost of lithium-ion batteries incited intensive inves-
tigation of sodium-ion batteries, in the hope that they may become similar in
their basic characteristics: specific energy and specific power. Furthermore,
over the last years, research has been focused on the replacement of the organic
electrolytes of Li- and Na-ion batteries by aqueous electrolytes, in order to
simplify the production and improve safety of use. In this lecture, some recent
results on selected intercalation materials are presented: layered structure
vanadium oxides, olivine and nasicon phosphates, potentially usable in both Li
and Na aqueous rechargeable batteries. After their characterization by X-ray
diffraction and electron microscopy, the electrochemical behavior was studied
by both cyclic voltammetry and chronopotentiometry. By comparing the inter-
calation kinetics and coulombic capacity of these materials in LiNOs; and
NaNOj solutions, it was shown that the following ones: Na;,V30g,
Na,VeO16/C, NaFePO,/C and NaTiy(PO,4)s/C may be used as electrode mater-
ials in aqueous alkali-ion batteries.

Keywords: sodium and lithium storage capacity; metal-ion aqueous batteries.

Thanks to their excellent electrochemical performance, such as high voltage
(3-5 V) and high specific energy density (150-200 Wh kg-1), Li-ion batteries
with organic electrolytes are widely used as power sources in portable electronic
devices (mobile phones, laptops, digital cameras, etc.) and are regarded as one of
the best alternative to fossil fuels in electric vehicles. They were commercialized
in the early 90-ties. The first Li-ion battery was produced by the Sony Company
in 1991 and consisted of a graphitic carbon anode, a LiCoO, cathode, and LiPFg
dissolved in an organic solvent (mixture of ethylene carbonate and dimethyl car-

*E-mail: milicavuj5@yahoo.com

* Lecture at the Meeting of Electrochemical Section of the Serbian Chemical Society held on
10 November 2014, Belgrade, Serbia.
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802 VUIKOVIC

bonate) as electrolyte. This battery type is used in the majority of modern port-
able electronic devices.l Recently, Na-ion batteries have attracted increasing
attention of researchers, expressed through the rising number of publications on
sodium intercalation materials and sodium ion batteries, but a commercial model
has not yet appeared on the market. Na-ion batteries are identical in their working
principle to Li-ion batteries. Namely, in both, conductive electrolyte shuttles ions
(Li* or Na‘*) between the positive and negative electrode materials during
charging and discharging. The main reasons for using sodium instead of lithium
are higher abundance, lower price and comparable energy density. Although the
ionic radius of Na* is somewhat higher than that of Li*, this is not always a
substantial obstacle for efficient intercalation ability. It was evidenced in the
literature that many lithium intercalation materials (V-, Mn- and Ti-based oxides,
olivine LiFePOQy, nasicon structures, sulfate compounds, etc.) are also able to
intercalate sodium. Contemporary research is also directed to the development of
Li-ion and Na-ion batteries with aqueous electrolytes. The reasons are higher
environmental friendliness and easier production of batteries with aqueous
electrolytes.2

The presented lecture delivers an overview of the electrochemical behavior
of several materials types synthesized in various ways (layered Na-vanadium
oxides, olivine and nasicon phosphate), in Li- and Na-containing, aqueous elec-
trolytic solutions.3-> The intercalation kinetics and intercalation capacity of these
materials were evaluated and compared with respect to their applicability in
lithium-ion or sodium-ion aqueous rechargeable batteries. It was shown that
structure, morphology and chemical composition determine the electrochemical
performance of materials in aqueous electrolytic solution, and lead to some
difference in the coulombic capacities.

Unlike Li1 2V30g, which is one of the most investigated materials for Li-ion
aqueous rechargeable batteries, the electrochemical behavior of Naj »V30g in
aqueous electrolyte was practically unknown. Naj 2V30g has a larger interlayer
distance and higher chemical diffusion coefficient than Li; 2VV30g. Recently, a
paper regarding the electrochemical behavior of one-dimensional Naj2V3Og
micro/nano belts synthesized by sol-gel method, in aqueous solutions of LiNOg,
NaNO3 and Mg(NO3), was published.# The capability to intercalate ions of dif-
ferent radii makes this material promising for Li, Na and Mg aqueous recharge-
able batteries. Apart from Naj 2V30sg, a hydrothermally synthesized NayVeO16/C
composite was also found to be an excellent bifunctional material for Na and Li
aqueous rechargeable batteries. The micro/nano belt-like morphology of
NayVgO16/C was also obtained but spherical particles (=50 nm), caused by the
presence of the carbon nanoparticles, were also observed. The presence of a few
anodic and cathodic redox peaks in the CVs of both layered oxides Naj 2V30g
and NaypVe016/C measured in LiNO3 and NaNOg, indicated successful intercal-
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ation of Na* and Li* into energetically non-equivalent tetrahedral positions.
Higher Li vs. Na capacity was measured for both layered oxides. There is some
theoretical prediction that an open-layered structure can easier accommodate
larger Na*, but this was not the case with these belt-like morphologies. Here, the
ionic radius is the key factor that determines the diffusion rate through the
layered structure and thus, the intercalation ability.

Contrary to the vanadate-layered structure, it was found that olivine and
nasicon structures may be synthesized in a way to exhibit higher Na vs. Li stor-
age capacity in an aqueous electrolyte, in spite of the unfavorable differences in
ionic radii. Such behavior makes these materials very promising for use in
aqueous Na-ion batteries. Olivine LiFePO,4/C and nasicon NaTi(PO4)3/C, syn-
thesized by a gel-combustion procedure, exhibited the same morphology, consist-
ing of agglomerated spherical particles with an average particle size of 75 nm.
LiFePQy incorporated in a carbon matrix3 showed very fast kinetics of lithiation/
/delithiation in aqueous LiNOg3 solution. This composite was successfully trans-
formed into NaFePO4/C by electrochemical replacement Li by Na ions in a
saturated aqueous solution of NaNOg3. The delitihiated FePO4/C composite
demonstrated the very high storage capacity of 118 mAh g1 at 10 mV s in
NaNOg3, i.e., two times higher than the corresponding storage capacity in
LiNO3.35 One of the reasons for this is the weaker Na*—PO43~ bond when
compared to the Li*—PO43-~ bond. Cyclic voltammetry, in the combination with
X-ray analysis, showed that the sodiation/desodiation reaction of NaFePO4/C in
NaNO3 goes through the formation of the intermediate phase Nag 7FePO48 and
its efficiency strongly depends on the applied current.

An aqueous type of sodium rechargeable battery consisting of Naj 2V30g as
the anode material4 and olivine LiFePO4/C3 as the cathode material was fab-
ricated and tested. The battery delivered very high currents with a quite good
cyclic stability (80 % of the initial capacity) after 1000 charging/discharging
cycles. The main problem of this battery for commercial purpose was its low
average voltage, which is a general problem with aqueous batteries. In order to
enhance the voltage, the employment of another anode material, such as nasicon
NaTip(POg4)3, could be a good choice, thanks to the low redox potential of this
material (-0.6 V vs. NHE). This compound is well known as a Na superionic
conductor, and its theoretical capacity is 133 mAh g-1. Both cyclic voltammetric
and chronopotentiometric measurements of gel-combustion synthesized
NaTip(POg4)3/C displayed faster diffusion of Na* ions vs. Li*, which is advent-
ageous for the purposes of sodium aqueous rechargeable batteries.
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U3BOJ
[TOPERELE MATEPUJAJIA 3A UHTEPKAJTALITUJY IUTUJYMA U HATPUJYMA

MWINLA BYJKOBUR
Daxyniuein 3a Pusuuxy xemujy, Ynusepsuiewi y beoipagy, Cuygenwucku wipt 12, 11000 Beoipag

Hucka 3acTymybeHOCT TUTHjyMa Y 3eMJbBIHOj KOPU M HBEroBO BHCOKO yuelrhe y yKYIIHO]
LIeHH JINTHjyM-jOHCKUX DaTepHja MoACTHYE UCTPAKUBAaUe a HHTe3UBHO UCTPAXKYjy HATPHUjyM-
-joHCKe DaTepuje, y Haou Ja OHe MOTy OWUTH CIMYHE y OCHOBHHUM KapaKTepHUCTHKaMa: CIely-
(uuHa eHepruja ¥ cneunduryHa cHara. [TocTegwUx TOOUHA UCTPKUBAYH ce (POKYyCHpajy Ha
3aMeHy OPraHCKUX eJIEKTPOJIUTA JUTUjYM U HAaTPHjyM jOHCKHX DaTepHja, ca BOZEHUM eJleK-
TPOJTUTHYKKAM PACTBOPOM, Ca LWBEM Ja MOjeJHOCTaBE MPOU3BOAKY U ModosplIajy de3demHocT
DaTepuje. Y 0BOM NpenaBay, IMPHUKA3aHU Cy Pe3yNTaTH HEKONWKO WHTEPKaJIaTHUX MaTepH-
jama: cjI0jeBUTH OKCHIW BaHaAHMjyMa, OTUBUH- U HACUKOH-(ocdaTH, KOju MOTY Jla Ce KOPUCTe
Uy JUTHjyM U y HAaTPHjyM jOHCKHM CeKyHIapHHM Oarepujuma. Ilocie BUXOBE KapaKTepH-
3aldje PeHATeHOCTPYKTYPHOM aHAIH30M U €IeKTPOHCKOM MHKPOCKOIMHjOM, eleKTPOXeMHUj-
CKO TIOHALIaKke UCIUTAHO je UKIWYHOM BOITaMETPHUjOM U XPOHOIIOTEHIHOMeTpHjoM. [Tope-
nehy kMHeTHKY MHTepKalalyje/nerHTepKananyje ¥ KyJI0HCKH KanalluTeT OBUX MaTepHjana y
LiNO3 n NaNOg3, nokasaHo je ga cnenehu matepujanu Naq ,V30g, NayVg046/C, NaFePO4/C u
NaTiy(P0O4)3/C Mory na ce KOpUcTe kao eneKTPOSHU MaTepHjaad y BOLEHUM aKal-jOHCKUM
darepujama.

(ITpumrbeno 19. HoBemOpa, peBunupano 14. nenemdpa, npuxsaheHo 25. nenemdpa 2014)
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11000 Belgrade, Serbia

(Received 22 July, revised 6 Octaber, accepted 8 October 2014)

Abstract: A multianalytical study of two Serbian icons, “The Virgin and Child”
and “ St. Petka’, painted on canvas by unknown authors was performed in order
to identify the materials used as pigments, binders and the ground layer. The
investigated icons belong to the Museum of the Serbian Orthodox Church in
Belgrade. Samples, collected from different parts of the icons, were analysed
by: optical microscopy (OM), energy dispersive X-Ray fluorescence (EDXRF),
Fourier transform infrared (FTIR) and micro-Raman spectroscopy. The
obtained results revedled the presence of the following pigments. Prussian
Blue, ultramarine, Green Earth, iron oxides, Lead White and Zinc White. Lin-
seed oil was used as the binder. The materials used for the ground layers were
gypsum, cacite, baryte and Lead White. The gilded surface of the icon “The
Virgin and Child” was made of gold. The gilded surface on the frame of this
icon was made of imitation of gold, i.e., Schlagmetal, since EDXRF spectro-
scopy showed the presence of copper and zinc, while gold was not detected.
Based on the style and the consideration of an art historian, as well as on the
obtained results for the corresponding pigments and binder, both icons were
most probably made at the end of 19% or the beginning of the 20" century.

Keywords: pigments; EDXRF; FTIR spectroscopy; micro-Raman spectroscopy .

INTRODUCTION

Preservation of cultural heritage is traditionally atask for conservators, rest-
orers and art historians. Scientific investigation of cultural heritage started at the
beginning of 20t century.l Nowadays, the application of different analytical
methods is essential for the identification of the materials of which artworks are
made and of the techniques employed by the artists. These analyses aid art histo-

* Corresponding author. E-mail: ljiljana@ffh.bg.ac.rs
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rians to better understand the history of an object since many of the choices made
by the artist were influenced by the current state of technology, economics, poli-
tics and many other factors.2 They provide important information not only for the
determination of the provenience and authenticity of works of art, but also can
help conservators and restorers to choose the most appropriate procedure for rest-
oration, conservation and display.3

Scientific investigation of paintings or icons is a demanding task due to the
small amounts of the samples, usualy in the micro or sub-micro range (when
available), and the presence of different organic and inorganic compounds in the
sample. In order to obtain complete characterization of these complex mixtures,
the application of different analytical techniques is required.# When possible,
samples are taken from damaged regions or from the edges of the painting, and
they should be representative of the area under study. The technological proce-
dure followed by painters and iconographers usually means that the ground layer
is applied first to prepare the surface of a canvas or a panel, followed by appli-
cation of a painting layer, which is a mixture of pigments and binding media and
their composition gives the colour quality. Finally, varnish, which is mainly
based on natural resins, is applied as a protective coating but also for particular
visual effects.® Pigments can be organic or inorganic compounds and chrono-
logical use of most pigments is known today.%7 Hence, identification of pig-
ments enables indirect dating of painted art objects.

In this work, a multianalytical study of two icons, “The Virgin and Child”
(dimensions: 57 cmx90 cm) and “St. Petka’ (dimensions: 55 cmx69 cm), painted
on canvas by unknown authors was performed. The investigated icons are the
property of the Museum of the Serbian Orthodox Church in Belgrade. Art histo-
rians classified the icons “ The Virgin and Child” and “St. Petka’ as Serbian icons
made under the influence of West European baroque. The investigated icons
represent two iconographic types. one depicts the Virgin Hodegetria, which is an
often used motive, while other shows an individual Saint. Based on the style and
art historian considerations, both icons were most probably made at the end of
the 19t or the beginning of the 20t" century. The icons were brought for restor-
ation at the Academy of the Serbian Orthodox Church for Art and Conservation
and a scientific investigation was performed during the restoration procedure.
The am of this study was to identify the materials used as pigments, binders and
the ground layer on two icons by application of the physicochemical methods
optical microscopy (OM), energy dispersive X-Ray fluorescence (EDXRF),
Fourier transform infrared (FTIR) and micro-Raman spectroscopy. The obtained
results contributed to the selection of an appropriate restoration procedure.

It is important to note that icons are usually studied from the historical,
theological, iconographic and stylistic point of view. Only in the past decade was
the materials aspect of icons considered.8 Therefore, the results of this study
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together with art historical research will contribute to a better understanding of
the painting techniques of Serbian icons.

EXPERIMENTAL
Samples
Samples were collected during the restoration procedure. Paint chips, approximately 1
mm?Z or even smaller, were removed by a clean and sharp scalpel from the edges of existing
damaged regions on the icons (Fig. 1). All samples contained small pieces of ground layer
attached to the paint layer. A description of all the investigated samples and used analytical
techniques are givenin Table.

Fig. 1. Icons painted on canvas. A) “The Virgin and Child” and B) “ St. Petka”.
Samples were taken from the marked areas.

TABLE |. Description of investigated samples and used analytical methods

Icon Sample ID Description Analytical methods
A Al Virgin's mantle, Blue OM, EDXRF, FTIR
The Virgin and Child A2 Gilded areaon theicon OM, EDXRF, FTIR
A3 Gilded area on the frame OM, EDXRF, FTIR
B Bl Grass, Green OM, EDXRF, FTIR
St. Petka B2 St. Petka' s mantle, Blue-Brownish OM, EDXRF, FTIR,
MRaman
B3 Sky, Light Blue OM, EDXRF, FTIR

Analytical methods

Optical microscopy provides information about the sequence and the thickness of the
layers in the paint chips samples and allows a preliminary characterisation of the materialsin
the paint layer and the ground layer. Cross sections of investigated samples were recorded by
an Olympus BX51M optical microscope equipped with an Olympus U-RFL-T UV lamp and
U-MWUS3 and U-MWBSS3 filters.
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EDXRF spectroscopy is an often used method for non-destructive analysis of cultural
heritage objects. It is a fast and reliable analytical technique that provides information about
the elemental chemical composition. Due to the penetrative nature of X-rays, characteristic
fluorescence radiation is recorded not only from the surface paint layers, but aso from the
covered layersincluding even the ground layer. In this work, qualitative EDXRF spectroscopy
measurements were performed on an EDXRF spectrometer with a Canberra Si(Li) semicon-
ductor detector and MCA analyzer S35+. MicroSAMPO software was used for the spectra
acquisition and measurement time was 800 s for all the samples. For the excitation, an annular
radioisotope source 199Cd (manufactured by Isotope Products) with nominal activity of 740
MBq was used.

FTIR spectroscopy was used in order to reveal the molecular composition of organic and
inorganic compounds in the investigated samples. FTIR spectra of all samples were recorded
on a Nicolet 6700 spectrophotometer, using the KBr pellets technique in the wavenumber
range from 4000 to 400 crmrl.

Micro-Raman spectroscopy as non-destructive and micro-probe method is very con-
venient for investigation of samples from painted objects. Micro-Raman spectra were rec-
orded on a DXR Raman Microscope (Thermo Scientific). The 532 nm line of a diode-pumped
solid-state high brightness laser was used as the exciting radiation and the power of illu-
mination at the sample surface was 0.5 mW. Collection of the scattered light was made
through an Olympus microscope with infinity-corrected confocal optics, 25 um pinhole aper-
ture, standard working distance objective 50x, and grating of 900 lines mm L. The acquisition
time was 10 s, with 10 scans. The laser spot diameter on the sample was 1 um. Thermo Sci-
entific OMNIC software was used for spectra collection and manipul ation.

RESULTS AND DISCUSSION
Icon A: “The Virgin and Child”

Representative optical micrographs of samples taken from the icon “The
Virgin and Child” are shown in Fig. 2. The obtained optical micrographs, which
are diversely coloured and show a multilayered structure, will be discussed later
combined with the results of the EDXRF and FTIR spectroscopic analyses.

Fig. 2. Representative optical micrographs of samples taken from theicon
“The Virgin and Child”; magnification 200x.

Samples of paint chips taken from the icon “The Virgin and Child” (TableI)
were investigated by qualitative EDXRF spectroscopic analysis on both sides: the
side with the surface paint layer and the side with the ground layer. The results
obtained by EDXRF spectroscopy measurements are givenin Tablell.
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TABLE Il. Results obtained by EDXRF spectroscopy of samples taken from the icons “The
Virgin and Child” (A) and “ St. Petka” (B)

Sample ID Detected elements
Al Ca, Fe, Pb, Sr

A2 Ca, Fe, Cu, Zn, Pb, Au
A3 Ca, Fe, Cu, Zn

B1 Ca, Ba, Fe, Zn, Pb, Sr
B2 Ca, Ba, Fe, Zn, Pb, Sr
B3 Ca, Ba, Fe, Zn, Pb, Sr

EDXRF spectroscopy is an elemental analysis and the results obtained by
this method could be inconclusive. Therefore, it was important to combine this
method with other techniques for the identification of the compounds present in
the investigated samples. The results obtained by FTIR spectroscopy for the
samples taken from the icon “The Virgin and Child” are shown in Fig. 3. The
investigated samples were mixtures of inorganic and organic compounds, which
resulted in a broadening of the FTIR adsorption bands due to the overlapping of

different vibrational modes.

Absorbance, a.u.

;
L

=T

Fig. 3. FTIR spectra of samples taken

m v(C=N) J\
%f”zo /\ from the icon “The Virgin and Child”
and reference spectrum of gypsum;

————
4000 3500 3000 2500 2000 1500 1000 500 vertical lines represent the positions of
Wavenumber, cm’ the characteristic bands of calcite.

g

In the case of the blue sample, Al, the characteristic band in the FTIR
spectrum, Fig. 3, at 2094 cm— was assigned to the v(C=N) stretching vibration,
which is highly specific for the pigment Prussian Blue, Fej[Fe(CN)g]3.2 This
result combined with the presence of Fe determined by EDXRF spectroscopy
(TablelIl) confirmed that Prussian Blue was used as the blue pigment. FTIR spec-
trum of sample A1 (Fig. 3) showed bands at 1143, 670 and 600 cmL, which
were attributed to the stretching modes of the sulphate group, v(S042-), while the
bands at 3545, 3405, 1686, 1617 cm1 were attributed to OH— stretching and
bending vibrations.19 These bands originate from gypsum, dehydrated calcium
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810 DAMJANOVIC etal.

sulphate (CaS0O4-2H50), as can been seen by comparison of FTIR spectra of
sample Al and gi/fsum (Fig. 3). Gypsum was traditionally used for the ground
layer of icons™™ and it was often naturally occurring mixed with celestine,
strontium sulphate (SrSO4), which explains the presence of Sr detected by
EDXRF spectroscopy. The bands around 1450-1400 cm! originate from the
vibrational mode of the carbonate group v(CO32-).14 Weak bands at 2514, 1796,
873 and 713 cmr1 in the FTIR spectrum of sample A1 (Fig. 3) together with a
broad band at 1430 cm1 confirmed the presence of calcite (CaCO3).10 The
EDXRF spectra of the ground and paint layer of sample Al are shown in Fig. 4.
The intensity of the peak for Cain the EDXRF spectra of sample A1 was higher
for the ground layer than for the paint layer. Therefore, the ground layer was
made of gypsum and calcite. Since Pb was detected by EDXRF spectroscopy, the
carbonate bands in the FTIR spectrum of sample A1 could also originate from
Lead White, basic lead carbonate (2PbCO,-Pb(OH),). The intensities of the peaks
originating from Pb in the EDXRF spectra were higher for the side with the paint
layer than for the side with the ground layer (Fig. 4). This finding indicates that
Lead White was used as the pigment to obtain an appropriate hue of blue, which
is in accordance with the presence of white grains in the blue paint layer of
sample A1, observed in the optical micrographs (Fig. 2).

Pb
"""" ground layer Pb
aint layer

5 ' 10 ' 15 Fig. 4. EDXRF spectra of the ground
Energy, keV layer and paint layer of sample AL.

In all the FTIR spectra, characteristic bands originating from CH» and CH3
stretching vibrations appeared at 2925 and 2850 cmr1, revealing the presence of
organic matterlS that originates from a binder, but the particular compound could
not be unambiguously determined based solely on this finding. Considering the
detected pigments and style of the icon, most probably linseed oil was used.
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In the cross section of sample A2, taken from the gilded area of the icon,
several different layers could be seen (Fig. 2). The multilayered structure indi-
cates that gilding was performed on several occasions.

There are two well-known gilding procedures. water gilding and oil gild-
ing.516 Gold is usually applied in a form of thin leaves for decorative purposes
on different materials. For water gilding, the ground layer was traditionally made
of Red Earth pigment - Red Ochre (often called Red Bole). Application of gold
on Red Ochre (composed of Fe;O3, clay and silica) resultsin warmer colours.®16
The red—orange ground layer could be seen on the cross section of sample A2
(Fig. 2). The EDXRF spectrum of the red—orange ground layer of sample A2 is
shown in Fig. 5.

Fe

Fig. 5. EDXRF spectra of the ground
Energy, keV layer of sample A2.

The high intensity of the Fe peaks in the EDXRF spectrum of the ground
layer (Fig. 5) and the characteristic bands at 1107 and 1030 cnv! in the FTIR
spectrum of sample A2 (Fig. 3), originating from Si—O stretching vibrations of
aluminosilicates, 14 confirm the presence of the earth pigment ochre. In the case
of ochres, the colouring agent is some non-clay pigment, e.g., iron oxides.> Dep-
ending on theiron oxide as well as on size of the grains, the ochres have different
colours. In this particular case, careful examination of the optical micrograph
(Fig. 2) revealed the presence of red and yellow pigment grains, which led to the
conclusion that the Red Ochre was mixed with Yellow Ochre (FexO3-H20 or
FeOOH, clay and silica),17 often called Yellow Bole, for obtaining a particular
visual effect. As can be seen in Fig. 5, the presence of Au was confirmed by
EDXREF spectroscopy. The optical micrograph of sample A2 (Fig. 2) revealed the
presence of three thin layers of gold. The first thin layer of gold was originaly
applied on a mixture of Red and Y ellow Ochre. During previous restoration pro-
cedures, additional ground layer and gold layer were added twice on the same area.
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EDXRF spectroscopy also showed the presence of Ca, Zn and Pb in this
sample. The FTIR spectrum of sample A2 (Fig. 3) confirmed the presence of
calcite by the presence of characteristic bands. However, a broad band at 1430
cm1 attributed to vibrational mode of carbonate group v(CO32-) could be the
result of overlapping of signals originating from both calcite and Lead White.
Moreover, the fluorescence of Zinc White was detected under UV light in the
layer between the gold leaf applied on the mixture of Red and Y ellow Bole and
the next gold leaf. These findings indicate that the additional two ground layers
were made of Lead White, Zinc White (ZnO) and calcite.

In addition, Cu was identified in the sample A2 by EDXRF spectroscopy.
An alloy made of gold and copper is often used for gilding.16 Amount of gold in
the adloy is usualy higher than 70 %. The relative intensities of the Cu and Au
signals did not correspond to the expected values in the case of a gold and copper
aloy, showing a higher amount of Cu (Fig. 5). The optical micrographs revealed
the presence of blue pigment grains in the top ground layer. Therefore, copper in
the investigated sample could originate from an alloy with gold used for gilding
as well as from a copper-based blue pigment in the top ground layer.

The EDXRF spectra of the surface layer and ground layer of sample A3 are
shown in Fig. 6. Cu and Zn were detected in the surface layer of sample A3, but
not Au. An dloy of Cu and Zn in which the amount of Cu is 80 % or higher is
known as Schlagmetal. It has the visual effect of gold and is used for gilding. The
relative intensities of the Cu and Zn peaks in the EDXRF spectrum confirmed
that Schlagmetal was used for the surface gilding layer on the frame.

Cu

—— surface layer|
"""" ground layer

Ca

Cu
Zn

F A Fig. 6. EDXRF spectra of the ground
5 ' 10 ' 5 layer and surface layer of sample A3;
Energy, keV bkg — background signal.

On the cross section of sample A3 (Fig. 2), ayellow layer below the gilding
could be seen. Iron present in sample A3 (Fig. 6) and the bands in the FTIR
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spectrum at 1111 and 1030 cm?, originating from Si—O stretching vibrations
(Fig. 3), indicate the presence of the Yellow Earth pigment — Yellow Ochre. The
presence of calcite, identified in the FTIR spectrum of sample A3 (Fig. 3), indi-
cated that a mixture of calcite and Y ellow Bole was used as the ground layer for
the gilding on the frame.

Icon B: “St. Petka™

Representative optical micrographs and fluorescence photographs under UV
light of samplestaken from theicon “ St. Petka’ are shownin Fig. 7.

Fig. 7. Representative optical micrographs
under reflected light and under UV light of
samples taken from the icon “St. Petka’;
magnification 200x.

The fluorescence photographs of the green B1 and blue B3 samples (Table
1), presented in Fig. 7, show the intensive fluorescence of white pigment in the
paint layer. The fluorescence was more intense for sample B3 compared to
sample B1, Fig. 7, revedling that the blue paint layer of sample B3 contained a
higher amount of white pigment than the green paint layer of sample B1.

EDXRF spectroscopy analysis showed for all three samples the presence of
the same elements, regardless of the sample colour (see Table Il). The EDXRF
spectra of the paint layers of samples B1, B2 and B3 are shown in Fig. 8. The
peak originating from Zn had the highest intensity in all three EDXRF spectra.

Zn

Sample B1
........ Sample B2
- ---Sample B3

BaBa
Ca F 3
4 (bkg)y|

%

e .
5, Ni
A

M AW, " Fig. 8. EDXRF spectra of the paint
5 10 15 layers of samples B1, B2 and B3; bkg
Energy, keV — background signal.
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The fluorescence detected under UV light in combination with the Zn
identified in paint layer by EDXRF spectroscopy confirmed the use of Zinc
White as the white pigment to achieve a particular hue. Application of ZnO as a
white pigment started in the first half of the 19th century” and by the end of the
19th century, it was considered the best quality white pigment.

The FTIR spectra of the investigated samples taken from theicon “ St. Petka’
are shown in Fig. 9. The bands at 1174, 1120, 1077, 643 and 608 cL in FTIR
spectra of all three samples originated from barium sulphate (BaSOy).18 This is
in agreement with the Ba detected in the EDXRF spectra. The presence of Sr,
identified by EDXRF spectroscopy, indicated that natural baryte ore was used for
the ground layer.11

v(CH,)

B3
W
M

BaSO,

Fig. 9. FTIR spectra of samples taken
from the icon “St. Petka’ and the
: : : : : : reference spectrum of barium sulphate;
4000 3500 3000 2500 2000 15‘09 1000 soo Vertical lines represent the positions of
Wavenumber, cm the characteristic bands of calcite.

S5

A broad, medium intensity band of v(CO32") was detected at 1430 cmL.
Since Ca and Pb are present in all three samples, both calcite and Lead White
could contribute to this band.

Ground layer appeared as a single, thick and consistent layer in al the
investigated samples. As no fluorescence was detected in the ground layer, it can
be concluded that ZnO was used as a pigment, while baryte, Lead White and
calcite were used for the ground layer.

Iron detected in the paint layer of sample B1 was the only indication of
which pigment was used for the green colour. Most probably it was the pigment
Green Earth, the colour of which originates from the specific ratio of divalent and
trivalent iron incorporated in the structure of the clay minerals glauconite and
celadonite.>7 FTIR bands characteristic for Si—O stretching vibrations, between
1200-900 cm1,19 were detected as a shoulder at about 990 cmr2 probably due to
overlapping with the bands of barium sulphate. In addition, the employed
EDXRF experimenta setup cannot analyse elements such as Si, Al, Na and Mg.
However, green pigments, other than Green Earth, contain some of the following
elements: Co, Cu or Cr, but none of them were detected in the sample B1.
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In the case of sample B2 and B3, EDXRF and FTIR spectroscopic analyses
did not give conclusive answers about the used pigments. For this reason, micro-
Raman spectroscopic analysis was performed. For sample B2 blue pigments
Prussian Blue and ultramarine (Nag_10[AlgSisO24] Sp—4) were identified in the
paint layer by characteristic Raman shifts,20 as can be seen in Fig. 10.

a) 21l57 b) 551

|

/ 1098
Wl ;\ Ww[ f’%
I d
MMW WW'\NW"W\ /’w (‘W‘WWM /M /\ 261
e e NP Ncrrvemanon”™ gttt W/\m
3400 3200 3000 2800 2600 2400 2200 2(;0015'00 1400 1200 1000 80 600 400 200
Wavenumber, cm’ Wavenumber, cm’

Fig. 10. Raman spectra of the blue pigmentsin the paint layer of sample B2: a) Prussian Blue
and b) ultramarine.

Sample B3 showed intensive fluorescence during micro-Raman analysis and
no definite answer about the used blue pigment was obtained. Considering
presence of Fe detected in this sample by EDXRF spectroscopy, most probably
Prussian Blue was used as the blue pigment.

In al FTIR spectra, characteristic bands originating from CH, and CHsj
stretching vibrations appeared at 2925 and 2850 cm! and carbonyl (C=0)
stretching vibrations at 1740 cm1 were present, confirming the use of linseed oil
as binder.15

CONCLUSIONS

Two Serbian icons painted on canvas, “The Virgin and Child” and “St.
Petka’, by unknown authors were investigated by optical microscopy, EDXRF,
FTIR and micro-Raman spectroscopy. The following pigments were identified:
Prussian Blue, ultramarine, Green Earth, iron oxides, Lead White and Zinc
White. The binder on both icons was linseed oil. The ground layers were made of
gypsum, Lead White, calcite and baryte. The gilded surface of the icon “The
Virgin and Child” was made of gold, while the gilded surface on the frame of this
icon was made of imitation of gold, i.e., Schlagmetal, since EDXRF spectroscopy
showed the presence of copper and zinc, while gold was not detected.

The materials identified as pigments, binders and ground layer in both inves-
tigated icons were widely in use during the 19t century and at the beginning of
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the 20t century. This finding confirms the initial assumption of the ages of these
icon made by art historians and restorers.
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U3BOJ
CIIEKTPOCKOIICKO UCITUTUBAILE IBE CPIICKE HKOHE CIMKAHE HA ITJIATHY

JBUJbAHA JAMJAHOBUR', OJITULIA MAPJAHOBHR', MUIMLIA MAPUR CTOJAHOBUR?, BEIUBOP AHIIPUR®
u YBABKA MUOY'

1YHueep3uu76m y Beoipagy — @axynitieiti 3a Qusuuky xemujy, Ciiygenticku wpi 12—16, 11000 Beoipag,
ZHapognu Mys3ej, Tpi Petiyonuxe 1a, 11000 Beoipag u 3YHueep3uu7€u7 y Beoipagy — Unciauinyii 3a
HyKJiedpre Hayke “Bunua”, . up. 522, 11000 Beoipag

MynTraHanTUTUYKO UCIIUTHUBAKE ABE CPIICKE UKOHE CIHMKaHe Ha IuaTHy (boropoguua ca
Xpuctom u Cseta [leTka) Koje Cy pafloBU HENMO3HATUX ayTopa M3BPLIEHO je Ca LIM/bEM Jia Ce
UeHTU(HUKYjy MaTepHjany KOpHULUTheHd Kao MATMEHTH, Be3uBa U nopnora. McruTrBaHe HKO-
He Cy BIacHUIITBO Myseja Cpricke mpaBociaBHe IpkBe y beorpany. Y3opiy, y3eTd ca pas3iu-
YUTHX JIelI0Ba MKOHA, Cy aHaJIU3UPaHHU: ONTHYKOM MHUKPOCKOIHjOM, EHEPreTCKH JUCIEeP3UB-
HOM PEHATeHCKOM (h1yOpeCLIEHTHOM aHaJIM30M, HH(MPaUpPBEHOM CIEKTPOCKONHUjoM ca Pypuje
TpaHchopMalujoM U MHUKpo-PamaHCKOM crexkTpockonujoM. VimeHtudukosanu cy cienehu
NUTMEHATH: NIPYCKO IJIaBO, YATPaMapHH, 3eJ1€Ha 3eMJba, OKCUAH IBOXDa, 0710BO DEI0 U LIMHK
Oeno. JlaHeHo ysbe je kopulrheHo kao Be3uBO. MaTepHjanu kopuirheHH 3a MOAJIOTY Cy THIIC,
Kanuut, daput u onoBo Oeno. Ilosnahene moBpurmHe WkoHe boropomuna ca XpucTom cy
pabhene ox 37aTa, DOK je 3a MO37aTy pamMa UCTe UKOHe KopulrheHa UMHUTALWja 37aTa T3B. LIUIar-
metan jep cy EDXRF cnekTtpockonujoMm uoeHTU(UKOBAHM Dakap U LIUHK, NOK 371aTO HUje
nerekToBaHO. CTHI U3paje MKOHA MMa KapaKTepUCTHUKE 3allafHO-eBPONCKOr dapoka. MoeHTuH-
(pKOBaHU MUTMEHTH M BE3WBO OArOBAapajy OHUMA KOjU Cy OMIHM y WMPOKOj ynoTpedu y XIX
BEKY M IIOYETKOM XX BeKa.

(ITpummeno 22 jyna, peBuaupaHo 6. oktodpa, mpuxsaheno 8. oxrodpa 2014)
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Abstract: The multidrug-resistant bacteria Acinetobacter baumannii cause
serious hospital infections. Commercial poly(vinyl chloride) (PVC) used for
endotracheal tubes was modified in order to obtain a composite with an anti-
bacterial effect towards a clinical isolate of A. baumannii ST145. The com-
posites were prepared by addition of different amounts of copper-containing
zeolite tuff (Cuz) and by successive impregnation with D-tyrosine (D-Tyr)
solution. The composites that were obtained by addition of CuzZ (Cuz-PVC)
only did not exhibit an antibacterial effect. The impregnation of the CuZ-PVC
by D-Tyr resulted in an antibacterial effect which was explained by a syner-
gistic effect of CuZ and D-Tyr. Rheological tests confirmed that the modi-
fication of PVC by CuZ does not affect its processability and reformability.

Keywords: natural zeolite; multidrug resistance; polymers; poly(vinyl chlo-
ride); amino acids.

INTRODUCTION

Worldwide, there has been a growing demand for the design of novel anti-
microbial materials for biomedical applications. Most of the reported materials
exerting antimicrobial activity were based on a suitable matrix in which metals,
metal oxides, or novel engineered nanoparticles were incorporated.1=3 These
antimicrobial agents interact with microbial cells through variety of mechanisms.
The interactions include protein dysfunction and loss of enzyme activity, pro-
duction of reactive oxygen species, influence on membrane function, interfere
with nutrient transport or exert genotoxicity.4

* Corresponding author. E-mail: jmilenkovic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC141225017M
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820 MILENKOVIC et al.

Recently, naturally occurring minerals, such as clays and zeolites, have
attracted great attention considering their possible use as antimicrobial agents in
a variety of applications.>8 The negatively charged aluminosilicate lattice of
zeolites has a unique possibility to host different metal cations, allowing their
controlled release into the environment and, accordingly, preventing the metal
ions from causing a concentration-dependent toxicity in the environment.®

Bacterial infections in hospitals are frequently caused by pathogenic bacteria
species hosted in the ventilation systems and on the surfaces of medical
devices.10 Acinetobacter baumannii usually cause nosocomial infections in inten-
sive care units.1112 These Gram-negative bacteria show resistance to most com-
mon antimicrobial agents and survive for a long period in the environment.13.14
Acinetobacter spp. colonizes medical devices for mechanical ventilation (endo-
tracheal tubes)1> commonly produced from thermoplastic polymers. Accord-
ingly, great effort has been expended in the modification of polymers to inhibit
bacterial attachment. Composites based on different polymers were prepared
mainly with Ag particles,1é but also with various metal oxides.3.17 It should be
noted that although the antimicrobial effect of Ag is the most applicable and
efficient, the main advantages of metals such as copper or zinc over silver is in
their physicochemical stability and cost benefits. Recently, the antimicrobial
effects of copper and zinc were investigated and both the metals and their oxides
were found to be promising candidates for disinfectants. The metal ions and their
oxides exhibited antibacterial efficacy towards Escherichia coli and Staphylo-
coccus aureus.5:18

Furthermore, it was recently reported that some amino acids, in particular
D-tyrosine (D-Tyr), can prevent the formation of the biofilm formed by some
pathogenic bacteria.>19

Considering these facts, two types of poly(vinyl chloride) (PVC) composites
were prepared and their antibacterial activity towards a clinical isolate of A.
baumannii ST145 investigated. The first composite, denoted as CuZ-PVC, was
prepared by adding different amounts of copper-containing zeolite tuff (Cuz)
into the PVC matrix and the second type, denoted as D-Tyr-CuZ-PVC, was
obtained by impregnation of the CuZ-PVC composite with D-Tyr. Dynamic and
mechanical analyses were performed on the CuZ-PVC composite in order to test
the reformability of the PVC matrix.

EXPERIMENTAL
Preparation of the composites
Natural zeolite tuff (Z) obtained from the Zlatokop Mine, Vranjska Banja deposit,
containing 73 wt. % of clinoptilolite, was enriched by copper according to a previously
reported procedure.® The copper-loaded zeolite (containing 1.54 wt. % Cu) was added into a
solution containing 1 g of PVC in 20 cm? tetrahydrofuran (THF). CuZ was added in different
amounts (5-15 wt. %). The suspensions were firstly homogenized with magnetic shaker (RTC
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standard, IKA for 2 h at 500 rpm) and then intensively by an Ultra Turrax mixer (IKA T18
Basic at 8000 rpm for 10 minutes). The composites CuZ5-PVC, CuZ10-PVC and Cuz15-
—PVC (number denotes CuZ percentage in the composite) were obtained by drying for 72 h at
25°C, than in vacuum oven (0.4 kPa, 25 °C) for 6 h and finally cut into small squares (1 cm?,
thickness around 350 um). The composites were submerged in 70 wt. % ethanol for 10 min
and dried at 37 °C until the ethanol had evaporated completely.

Impregnation of the composites with D-Tyr was performed by immersing the Cuz-PVC
into a solution of D-Tyr (100 mg dm-3), following the incubation in a temperature prog-
rammed water bath at 37 °C for 16 h with shaking at 150 rpm. The composites D-Tyr-CuZ5-
—PVC, D-Tyr-CuzZ10-PVC and D-Tyr—CuZ15-PVC were washed with phosphate buffer sol-
ution (PBS, pH 7.2). The sterility of both types of composites was checked by placing the
composites into nutrient agar followed by incubation at 37 °C for 24 h. No microbial
contamination of the composites was observed.

Antibacterial activity test

The antibacterial activity was examined toward a clinical isolate of A. baumannii ST145
deposited at the University Hospital Centre, Split, Croatia. A. baumannii was first pre-grown
on a blood agar for 16 h at 37.0+£0.1 °C to obtain the culture in the log phase of growth. The
bacterial biomass was then suspended in PBS (initial concentration of the suspension was
around 108 CFU cm (colony forming units per cm3)). The tubes were left to incubate in the
dark for 24 h at 37.0+0.1 °C without stirring. The number of planktonic bacteria was deter-
mined at beginning of the experiment and after 24 h of contact. 0.1 cm3 of the original sample
or serially diluted sample (10-2-10-8) was inoculated (by the spread plate method) onto the
nutrient agar. The plates were incubated for 24 h at 37.0£0.1 °C. The number of immobilized
A. baumannii cells was determined after 24 h of contact. The immobilized cells were separ-
ated from the composites by vortex treatment (45 Hz/5 min). The number of bacteria was
determined and presented as CFU cm or CFU cm2,

In order to check antibacterial activity of D-Tyr itself, an experiment with D-Tyr at a
concentration of 100 mg dm3 was performed. The statistical analysis was realised using
Statistica Software 10.0 (StatSoft, Tulsa, OK, USA). The number of planktonic and immo-
bilized cells was logarithmically presented in order to equalize the variances of the measured
parameters. The comparisons between composites were performed using one-way analysis of
variance (ANOVA) and subsequently the post hoc Duncan test was performed for the
calculation of pair-wise comparisons. Statistical decisions were made at a significance level of
p < 0.05. Leaching of copper ions from CuzZ15-PVC in PBS solution was tested after 24 h of
the experiment by measuring the Cu concentration in filtrate by atomic absorption
spectroscopy (SpectrAA 55B, Varian).

Mechanical and rheological testing

Dynamic rheological data, i.e., the dynamic storage modulus (G'), the loss modulus (G"),
the phase angle (tan ) and the complex dynamic viscosity (*) of PVC and the CuZz-PVC
samples were obtained using a Discovery Hybrid rheometer HR2 (TA Instruments, New
Castle, DE, USA). The rheological properties of molten samples were analysed on pastilles in
the dynamic shear mode between two parallel plates (diameter 25 mm; gap 1.5 mm) at three
different temperatures: 180, 190 and 200 °C. Frequency sweep scans were conducted from 0.1
to 100 rad s and at a strain of 0.5 %. The complex dynamic viscosity of the sample melts
obtained at different temperatures were used to calculate the activation energy of flow (E,),
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which was calculated using the relation between viscosity and temperature (Arrhenius
equation).

RESULTS AND DISCUSSION

The antibacterial activities of the CuZ-PVC composites are given in Fig. 1.
The data on the activity of the composites with Z and D-Tyr-Z are not shown
here. In a previous work,® it was found that these materials do not exhibit
antibacterial activity towards A. baumannii ST145.

Fig. 1. Antibacterial activity of the control material (PVVC) and CuZ-PVC composites after
24 h contact (number of viable cells is expressed as log (CFU cm3) or log (CFU cm2) for
planktonic and immobilized cells, respectively). t; A. baumannii
(log CFU cm3) = 7.79+0.20.

The composites containing CuZ in all examined amounts did not exhibit
antibacterial activity towards either immobilized or planktonic cells (antibacterial
activity was only 5 % reduction of immobilized cells for the Cuzl5-PVC
composite). This could be explained by the fact that the A. baumannii produces a
high amount of biofilm which protect the cells of A. baumannii from antibacterial
agents. The explanation is supported by the antibacterial effect found for D-Tyr—
—Cuz-PVC (Fig. 2).

The reduction of planktonic cells was not significant, but the reduction of
immobilized cells on the D-Tyr—CuZ-PVC composites was evident. There was a
slight increasing trend with increasing amount of CuZ in the composites. The
reduction of the immobilized cells varies from 10 % (D-Tyr—-CuzZ5-PVC) to 14
% (D-Tyr-CuzZ15-PVC). A one log CFU reduction in the immobilised A. bau-
mannii cells on D-Tyr-CuZ15-PVC was achieved in comparison to the control (a
commercial endotracheal tube).
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Fig. 2. Antibacterial activity of D-Tyr—PVC (control) and D-Tyr-CuZ-PVC composites after
24 h of contact (number of viable cells is expressed as log (CFU c¢m3) or log (CFU cm) for
planktonic and immobilized cells, respectively) ty A. baumannii
(log CFU cm3) = 7.72+0.13; A - significant reduction as compared to the control.

D-Tyr showed a repellent activity towards microbial aggregates, including
Amaricoccus macauensis strain, Leifsonia sp., Microbacterium sp., Mesorhiz-
obium sp., Burkholderia cepacia, Alicycliphilus sp. and Acidovorax sp.,1° Sta-
phylococcus aureus20 and Pseudomonas aeruginosa.2! In this study, it was found
that the antibacterial activity of CuzZ15-PVC towards A. baumannii develops
only in a presence of D-Tyr. Moreover, pH value did not change significantly
during the experiments. It increased from 6.70 to 7.20, which is the optimal pH
range for growth of Acinetobacter spp.22 This supports the fact that antibacterial
effect cannot be ascribed to differences in the pH.

Since antibacterial activity of various metal-containing antibacterial mater-
ials has been attributed to leaching of metal ions,23 the possibility of Cu leaching
from the composite with the highest amount of CuzZ (CuzZl15-PVC) was
examined. It was found that less than 1 % of the total amount of Cu present in the
CuZ had leached into PBS after 24 h of contact. This indicates that free Cu ions
are not responsible for the antibacterial activity. In addition, antibacterial effect
of a D-Tyr solution at the concentration used for the impregnation of the com-
posite was examined. No activity of the D-Tyr towards A. baumannii ST145 was
found. The results obtained in this study show that the mechanism of the anti-
bacterial activity of the prepared composites towards A. baumannii includes a
synergetic activity of CuZ and D-Tyr. Further work will be directed towards
detailed investigations on the mechanism itself.
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Finally, in order to check whether the addition of CuZ influences the dyn-
amic mechanical properties of the PVC matrix, the dynamic mechanical pro-
perties of the CuzZ15-PVC composite and neat PVC in the molten and solid
states were compared (Fig. 3).

Fig. 3. a) Frequency dependences of the storage and loss modulus and b) the complex
viscosity of PVC (control) and CuzZ15-PVC at 200 °C.

Considering the higher values of rheological parameters, activation energy
of flow (Ey) and reduced slopes of G’, G” and »* at 0.1 rad s~! (5*¢1) and the
frequency dependences (w) at low frequencies (Table 1), it could be concluded
that the addition of CuZ into PVVC improved its rheological behaviour.
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TABLE I. Results of dynamic—mechanical analysis

Melts Solid
Sample n*01/kPas E G'at25°C G'at100°C
' ~oP =M G" =" a
PrEeP Gl GTEON g ot Mpa MPa
PVC 9.9 -0.077 0.889 0.808 385 24 4.14
Cuz15-PVC 20.1 -0.415 0.603 0575 755 75 8.4

The addition of CuZ improved G' in the rubbery state (T > 60 °C), as well as
at 25 °C, and enhanced the elastic behaviour of PVC. The improved rheological
and mechanical properties of the PVC composite indicated that CuZ could play
the role of physical crosslinker due to the possibility of the formation dipole-
—dipole interactions between the electronegative chlorine atoms on the PVC
chains and the polar zeolite particles.24

CONCLUSIONS

The study showed that commercial PVC could be modified by a simple
procedure to achieve an antibacterial effect towards the multidrug resistant A.
baumannii. The rheological results showed that the addition of natural zeolite (15
wt. %) did not affect the processability and formability of the PVC. On the
contrary, the addition of the zeolite to PVC improved its rheological behaviour.

Preliminary results indicated that D-Tyr and copper-containing zeolite are
promising candidates for the modification of thermoplastic polymers that are
used in biomedical devices. Further research will be directed towards a study of
the antibacterial mechanism as well as to optimisation of the modification process.
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U3BOJ
AHTUBAKTEPUJCKA AKTUBHOCT KOMITO3UTA HA BA3U FAKPOM OBOI'AREHOT
3EOQOJIUTA/TIOJIU(BUHWI-XJIOPUIA) ITPEMA KIIMHHUYKOM HU30JIATY
Acinetobacter baumannii

JEJIEHA K. MUJIEHKOBHUR', JASNA J. HRENOVIC?, IVANA S. GOIC-BARISIC’, MUJIOIL JI. TOMUR'
u HEBEHKA 3. PAJUR’
"Hnosauuonu yentmap Texnonowko—memanypuixol paxynimeia, Ynusepsuiiei y Beoipagy, KapHeiujesa 4,
11000 Beoipag, *Faculty of Science, Division of Biology, University of Zagreb, 10000 Zagreb, Croatia, *Split
University Hospital and School of Medicine, Department of Clinical Microbiology, University of Split, 21000
Split, Croatia u 4Texnonoumo—Memanypmxu paxynitein, Ynugep3uitiei y Beoipagy,
Kapnetujesa 4, 11000 Beoipag

MyntupesuctentHa dakrepuja Acinetobacter baumannii u3a3uBa 030uspHe OOTHUUKE
uHdekudje. Y oBOM pamy KOMEPIUjaTHU MOMH(BUHWI-XIOPUA), KOjU Ce KOPUCTH 32 TPOHU3-
BOIIBY EHAOTpaxujasHuxX Tybyca, MomudukoBaH je dakpoM odoraheHUM 3€0THTOM Y LIUBY
InoOujama KOMIIO3UTA KOjH MOKa3yjy aHTUOAKTEPHjCKY aKTUBHOCT MpeMa KIMHUYKOM H30J1aTy
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Acinetobacter baumannii ST145. KoMno3uTu cy nmpunmpemMaHd [OINaBamkeM pa3UuUTe KOJH-
yuHe dakpom oborahenor 3eonuTHor Tyda (CuZ), a 3aTUM Cy UMIIPETHUCAHU PAcTBOPOM D-
-tupo3uHa (D-Tyr). Komnosutu ca CuZ (CuZ-PVC) HuCy mokasanu aHTUOAKTEepHjCKy aKTHB-
HocT. Komnosutu CuZ-PVC koju Cy UMIOpErHucany pacTBopoM D-Tyr nokasanu cy aHTHDaK-
TEPUjCKY aKTHBHOCT. AKTHUBHOCT je ODjallllbeHa CHHEPTUCTUUKMM fenoBawmem CuZ u D-Tyr.
Peomnolmkum MepemrMa NoKasaHo je 1a MoguduKkanyja nonu(BUHWI-xaopuna) daxpom obora-
heHrM 3€07IMTOM He yTHYe Ha MPOLIeCUOMIHOCT OBOT MOJMMeEpPa Kao HU Ha HEroBy NOHOBHY

odpany.
(TTpumisero 25. nenembpa 2014, pesuaupano 13. dhebpyapa, npuxsaheno 18. pedpyapa 2015)
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dilution) of the Internal Dinarides to the Posavina Neogene Basin and their
implication to the pollution of the Sava River sediments at four sampling sites
in the Eastern Posavina (Zupanja, Bréko, Bosanska Raga and Sremska Mitro-
vica) was studied. For this purpose, comparison of contents of heavy metals
(Pb, Zn, Cu, Ni, Cr, Cd, As and Hg) of the Eastern Posavina sediments with
local background values was performed. Sediments from two boreholes of the
Lopare Basin considered as non-polluted and representative for specific geo-
logic and hydrogeologic system were used for the calculation of local back-
ground values. The aim was to assess whether the observed heavy metals
concentrations at four sampling sites along the Sava River represent back-
ground/natural or anthropogenic contamination. This task was performed using
the geo-accumulation index and total enrichment factor. According to values of
the total enrichment factor (0.25-0.71), the anthropogenic impact on the
investigated area was quite low. The heavy metals contents in river sediments,
soil and groundwater were mainly controlled by geochemical processes, parti-
cularly weathering (chemical proxy of alteration value = 60). The results also
offer novel insights into the elevated geogenic levels of Cr and Ni in the East-
ern Posavina region.

Keywords: pollution; river sediments; geo-accumulation index; total enrich-
ment factor; weathering.
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INTRODUCTION

The assessment of heavy metal pollution in fluvial sediments is a complex
process, in which physical, chemical and biological data are required. Since in
many areas the necessary biological data are not available, in environmental
geochemistry, the assessment of the contamination status is normally based on
Sediment Quality Guidelines (SQGs) or quantitative indexes such as the enrich-
ment factor with respect to reference values, such as regional/local background
values or average concentrations of shale, average continental crust or upper con-
tinental crust, etc.1

The key environmental problem in the Sava River Basin is often directed to
the release of contaminated untreated effluents from municipalities and industrial
facilities. However, recent investigations showed that the sedimentary rocks from
the Lopare Basin contain relatively high heavy metal concentrations.2 Since,
erosion activity weather these rocks to soils, the high heavy metal contents repre-
sent a significant geogenic hazard and could potentially represent a hazard for
surface and groundwater, as well.2 It is known that the majority of the clastic
material was transported to the Eastern Posavina region by rivers and streams
from the Bosnian Mountains.3 This was confirmed by the mineral composition of
fluvial sediments, which originated from the serpentinite zone in Bosnia.3 The
main direction of transport from south to north correlates with reducing propor-
tions of coarse-grained clasts and a decreasing grain size in the same direction.4
In this way, in the southern part, along the Sava River, gravels are predominantly
deposited, and sands in the northern sections.>

The catchments of Drina and Bosna Rivers are much larger than the catch-
ments of rivers from the Papuk Mountains in the north of the Posavina Basin
(Fig. S-1 of the Supplementary material to this paper). Consequently, sediments
from the south should dominate sediments in this part of the Sava River, respect-
ively the Posavina region. In this paper, the influence of geochemical processes
of sediments from the Lopare Basin, which is drained by the Drina and Bosna
Rivers, on the eastern part of the Neogene Posavina Basin (Eastern Posavina
region) was studied. The contents of eight heavy metals (Pb, Zn, Cu, Ni, Cr, Cd,
As and Hg) of the Eastern Posavina region (Zupanja, Bréko, Bosanska Rac¢a and
Sremska Mitrovica) were taken from published data.6 For local background
values, the average concentration of the eight heavy metals (zZn, Cu, Cd, Pb, Cr,
Ni, As and Hg) from two sediment boreholes, POT 1 (depth from 18.5 to 193 m)
and POT 3 (depth from 27.8 to 344 m), of the Neogene Lopare Basin (Fig. S-1;
Table S-1 of the Supplementary material) were used. These sediments are con-
sidered as non-polluted and representative for this specific and unique geologic
and hydrogeologic system.

In the investigated Neogene basins, a significant influence of regional and
local hydrogeological relations as part of the system of groundwater circulation
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was observed. The most important aquifers within the alluvial formations are in
the terrains of northern Bosnia. Given the thickness of the gravel-sand form-
ations and spatial position in relation to rivers, the conclusion may be drawn that
the presence of aquifers is almost regularly found in direct hydraulic contact with
renewable quantities of groundwater. The water quality is directly dependent on
the lithologic composition of the hinterland.® According to the aquifer character-
istics, the first and partly the second hydrogeological groups are present in the
investigated region. Group | (in the northern region) represents a high water-rich
aquifer with a high transmissibility coefficient (more than 10-3 m2 s-1). Group II,
in the southern part (the region of Majevica; Fig. S-1) is a medium water-rich
aquifer and it is characterized by an intermediate transmissibility coefficient (10-3
m2 s~1). This is a very important factor in regard to processes such as dilution by
tributaries and hill slope erosion from the Bosnian Mountains in the upper part of
sediments of the tributaries of the Sava River, namely from the Majevica Mount-
ains, and the Bosna and Drina Rivers in the eastern Posavina region. Therefore,
the aspect of weathering processes to soils as a potential hazard for surface and
groundwater contamination in this region was also investigated.

MATERIALS AND METHODS

The investigated region included the eastern part of the Posavina Basin (sampling sites
Zupanja, Breko, Bosanska Raca and Sremska Mitrovica), the Lopare Basin and the Drina and
Bosna River catchment (Fig. S-1). This unique region represents a part of the Internal Dina-
rides, which are formed between the Dinaric Ophiolite belt and the Sava—Vardar Zone. From
geologic and hydro-geologic points of view, it belongs to the unique Sava—Vardar nappe and
terrain with aquifers of intergranular porosity.? It was formed during a late stage of orogeny in
the Dinarides by extensional tectonic processes and it is considered to be a part of the wider
Pannonian Basin and trapped sediments from the surrounding Alpine—Carpathian-Dinarian
source area.

The Lopare Basin is a depression between the main Majevica ridge to the south, which
divides the Lopare and Tuzla Basins, and the northern Majevica ridge, which is a natural
border to the Posavina Basin (Fig. S-1).

The investigated sampling sites (along the Sava River), Bréko and Bosanska Raca are
situated in the northeastern (NE) part of Bosnia and Herzegovina; Zupanja is located in the NE
part of Croatia; and Sremska Mitrovica, is located in the northwestern part of Serbia (Fig. S-1).

From a total of 46 sediment samples from two boreholes POT-1 (depth to 193 m) and
POT-3 (depth to 344 m) (Table S-I), a quarter of the core for analysis was taken using the “dot
method”. Firstly, the sediment samples were dried at 105 °C. In the next step, the samples
were successively ground in three stages to a grain size less than 2.36 mm. The samples were
first grinded by a jaw crusher, than by cone crusher and finally by a roller crusher. After this
stage, the samples were homogenized. The rough mill fragmented samples were subsequently
finely pulverized and sieved into a grain size fraction < 63 pm.

The contents of heavy metals were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES). The ICP-AES measurements were performed using a
Thermo Scientific iCAP 6500 Duo ICP (Thermo Fisher Scientific, Cambridge, UK) spectro-
meter equipped with RACID86 Charge Injector Device (CID) detector, pneumatic cross-flow
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type nebulizer, quartz torch, and alumina injector, which enabled the detection of samples
containing HF in a small amount. Nitric acid (HNOs, 65 %), hydrochloric acid (HCI, 37 %),
orthophosphoric acid (H3POy, 85 %) and hydrofluoric acid (HF, 50 %) were used for digest-
ion. The experimental procedure was explained in detail in a previous paper.10

RESULTS AND DISCUSSION
Heavy metal content in background sediments

The background levels of heavy metals were uniformly distributed with
depth of the sediment within the boreholes POT 1 and POT 3 (Table S-I). The
content of almost all heavy metals were generally high compared to standard
values (Tables S-I and I). According to their lithologically homogeneous com-
position and the uniform distribution of metals (Table S-1), it can be concluded
that they were derived predominantly from homogeneous natural sediment
sources and could, therefore, be used as background levels for surface sediments
of the Sava River in the eastern Posavina Basin to determine the difference
between the geogenic and anthropogenic sources. For background levels of
heavy metals in the Lopare Basin sediments, the average reduced value in
relation to the amount of diluted calcium carbonate!! of the two boreholes POT 1
and POT 3 (Table 1) was used. The amount of diluted calcium carbonate was
calculated from the CaO contents in the sediments.210 The shallowest sample
from borehole POT 1, which had a sandy clay composition as the result of
weathering, (sample at a depth of 11.85 m; Table S-I) was excluded from the
calculation of the background levels.

TABLE . Values of the total element concentrations (mg kg™) in sediments of the Sava River
(up to 15 cm),® values of the local background and reference standards

Sampling site Pb Zn Cu Ni Cr Cd As Hg
Zupanja 339 1340 311 2120 3810 047 198 027
Breko 52.0 165.0 434 185.0 3120 0.62 16.7 0.30
Bosanska Raca 122.0 1840 47.1 1860 273.0 066 179 0.37
Sremska Mitrovica 79.0 275.0 449 177.0 2760 0.84 236 044
Local background values®  136.8 494 26.2 1358 1594 102 206 0.53
ISQGP 30.2 1240 187 - 523 0.70 7.2 0.17
ONORM S 2088-2¢ 100.0 300.0 100.0 60.0 100.0 1.00 20.0 1.00
FBiH 72/09d 125.0 250.0 100.0 625 125 188 250 1.88
PEL® 112.0 271.0 108.0 - 160.0 420 416 0.49

@The average reduced value in relation to the amount of diluted calcium carbonate of two boreholes POT 1 and
POT 3.1 The shallowest sample from POT 1 with a sandy clay composition was excluded because of weather-
ing processes; Pinterim sediment quality guideline (ISQG) values correspond to the threshold level effects
below which diverse biological effects are not expected (Canadian Sediment Quality Guidelines for the Protect-
ion of Aquatic Life);*? ‘Austrian Standards on Contaminated Land Management general protocol and generic
criteria (trigger values) for risk assessment regarding human exposure and plant uptake (ONORM S 2088-2) for
soil samples from 0 to 20 cm in depth;3 dguideline for the determination of permitted quantities of harmful and
hazardous substances in soil and methods of their investigation (published in an Official Gazette of the Feder-
ation of Bosnia and Herzegovina, No. 72/09);4 eprobable effect level (PEL) characterizes the concentrations of
pollutants that may affect aquatic life (Canadian Sediment Quality Guidelines for the Protection of Aquatic
Life)12,15
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Distribution of heavy metals in the eastern Posavina region

Most of concentrations in the sediments at the sampling sites exceeded the
Interim Sediment Quality Guideline (ISQG)2 values, but they were notably
lower in comparison to the Austrian Standard, ONORM S 2088-2,13 and the
Bosnian and Herzegovinian Guideline for the determination of the permitted
guantities of harmful and hazardous substances in the soil and the methods of
their investigation, FBiH 72/0914 values (Table I). The contamination gradation
increased from Zupanja to Sremska Mitrovica, with the exception of Ni and Cr.
At all sampling locations, the concentrations of Cr were higher than the probable
effect level, PEL12.15 (160.0 mg kg1 of Cr), ISQG2 (52.3 mg kg~! of Cr),
ONORM S 2088-213 (100.0 mg kg1 of Cr) and FBiH 72/0914 (125.0 mg kg1 of
Cr) values. However, interestingly, the local background values of 159.4 mg kg1
for Cr were also much higher than 1SQG,12 but very similar to PEL12.15 and
closer to the ONORM S 2088-213 and FBiH 72/0914 values (Table 1). A similar
observation found for the Ni and Pb contents. The contents of Cr and Ni were
much higher than those for average continental mudstones.16 It is also evident,
that compared to the standards ONORM S 2088-213 and FBiH 72/09,14 the most
representative comparative results were obtained in this study, because their
values were the most similar ones to the element concentrations in the Sava River
sediments and the local background values. Elevated Ni and Cr contents may
result from ophiolites (ocean floor on land that is usually rich in some heavy
metals, such as Cr and Ni) occurring in the neighborhood (Dinaric Ophiolite
Belt).17 Alluvial flooding by the Bosna River, which drains the Central Dinaric
Ophiolite Belt (CDOB) of Central Bosnia, resulted in abnormally high concen-
tration of Cr (502 mg kg=1) in the easternmost part of the Posavina area. The
highest content of Cr in the sample of the site Zupanja (381.0 mg kg~ of Cr;
Table 1) also corroborates this hypothesis. In the absence of industrial pollutants
in the wider area, all the elevated concentrations of Cr in the Pannonian region
are assumed to be of geogenic origin.18

The Bosanska Raca and Sremska Mitrovica samples had on average higher
concentrations of heavy metals than the samples from Zupanja and Breko (Table
1), consistent with the quantity of material that flows close to these sites from the
Drina River, which is a confluent of the Sava River. During geological time, the
Drina River changed its flow into the Macva lowlands from east to west and
formed the spacious terrace plane. The Sava River flow has a direct influence in
the draining and inundation of the alluvial plane and the fuelling of minor flows
and ground-water aquifers below the average river level during maximum water
level events.19
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Calculation of background/natural and anthropogenic contaminated levels

The use of the total concentrations as a criterion to assess the potential
effects of a sediment concentration implies that all forms of a given metal have
an equal impact on the environment; such an assumption is clearly untenable.20
In this study, the geo-accumulation index (lgeo) and the total enrichment factor
(R) were used as tools for understanding the geogenic versus anthropogenic
hazards.

The geo-accumulation index (lgeo) was originally defined by Mdiller (1979)7
for metal concentrations in pulverized sediment fractions (<2 pum). A previous
expression on sediment fractions (less than 63—-65 pum) combined with regional
backgrounds was also established.21 The same approach was performed in this
study.

The lgeo Was developed for global standard scale values, which is expressed
as follows:

Cn
lgeo =1 1
geo = 1092 (1.SBnJ 1)

where Cp, is the measured concentration of metal n in the sediment, which was
taken from a published study,® By, is the geochemical background value for the
metal n (heavy metal concentration in background sediment, Table 1), and the
factor 1.5 is incorporated in the relationship to account for possible variation in
the background data due to lithologic effects.

The geo-accumulation index (lgeo) scale consists of seven grades (0 to 6)
ranging from unpolluted to very strongly polluted (Table I1).” The Igeo values of
the investigated sediments are given in Table IlI.

TABLE I1. The geo-accumulation index (l4e,) scale (after Miiller, 1979)7
lgeo Class Pollution intensity

>5 6 Very strongly polluted

4-5 5 Strongly to very strongly polluted
3-4 4 Strongly polluted

2-3 3 Moderately to strongly polluted
1-2 2 Moderately polluted

0-1 1 Unpolluted to moderately polluted
0 0 Unpolluted

The analytical data corresponding to each sampling site can be used for the
calculation of an enrichment factor (r), defined as the ratio:8

Cseq —C
[ = ( sed back) (2)
Cback
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where Cgeq is the content of a metal in each sample site (the value was taken
from a published study®), while Cpack is the mean concentration of the same
metal for all the background sediment levels (Table 1). The r values for the Sava
River sediments sampling sites are given in Table Ill. The metals with r > 1.0
could be considered as indicators of anthropogenic metal pollution and used for
evaluating the degree of pollution of the surface sediments by calculation of a
total enrichment factor (R), for each site, by averaging the r values of all (n)
indicator-metals as follow:

R=2f ©)

R values exceeding 1.5 indicate high pollution. R values between 1.5 and 1
imply moderately pollution, whereas samples with R values below unity are
considered as unpolluted or exposed to low pollution.8 As a synthetic multi-
parameter indicator, R can be assumed as an integrated index of the local metal
pollution pattern for sample sites: Zupanja, Bréko, Bosanska Ra¢a and Sremska
Mitrovica (Table I1I).

TABLE 111. Values of the geo-accumulation index (lgeo), enrichment factor (r) and total
enrichment factor (R) for the sampling sites of the Sava River sediments

Sampling site Pb Zn Cu Ni Cr Cd As Hg
|geo

Zupanja -2.60 0.86 -0.34 006 067 -1.70 -0.64 -156

Breko -1.98 1.16 0.14 -0.14 038 -130 -0.89 -141

Bosanska Raca -0.75 1.31 026 -0.13 019 -121 -0.79 -111

Sremska Mitrovica -1.38 1.89 019 -020 021 -0.87 -0.39 -0.86

Mean values -1.68 1.30 0.07 -0.10 036 -1.27 -0.68 -1.23
r

Zupanja -0.75 1.71 019 056 139 -054 -0.04 -0.49

Breko -0.62 2.34 066 036 096 -039 -019 -0.44

Bosanska Raca -0.11 2.73 0.80 037 071 -035 -0.13 -0.30

Sremska Mitrovica -0.42 457 071 030 073 -018 014 -0.17

Mean values -0.48 2.84 059 040 095 -0.37 -0.05 -0.35
R

Zupanja 0.25

Br¢ko 0.33

Bosanska Raca 0.46

Sremska Mitrovica 0.71

In general, according to the R values below unity, the target area could be
considered as exposed to low pollution. However, taking r = 1.0 as an operational
threshold value, Zn at all sites and Cr at Zupanja could be considered as synthetic
indicators of a local pattern of anthropogenic metal pollution, and furthermore,
could be used for evaluating the degree of pollution of surface sediments. Based
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on the mean value of r, the sediments are enriched in metals in the following
order: Zn > Cr > Cu > Ni > As > Hg > Cd > Pb. In contrast to Zn and Cr, the
other elements have values below unity. Elevated values for Zn and Cr most
likely resulted from anthropogenic activities, considering that these metals have
content at least two times higher than the background sediment (Table 1). More-
over, the obtained results clearly show that Ni is not related to an anthropogenic
source of pollution in any of the investigated sediments of the Sava River (Table Il1).

A gradient increase of the mean lgeo value in the following order: Zn > Cr >
Cu > Ni > As > Hg > Cd > Pb was observed. The lgeo index for Zn implies
unpolluted to moderately polluted classification of the Zupanja site and moder-
ately pollution for the other sites. The increase in this parameter for Zn values
follows the course of the Sava River and because of the influence of its tributary
Drina River, reaches the highest level of 1.89 in the Sremska Mitrovica sedi-
ments (Table 111). In the group of the unpolluted to moderately polluted sites, the
Igeo for Cr varies from 0.19 to 0.67, but in the opposite direction to the gradient
of the Zn values. Higher values of r and lgeo indexes for Zn and Cr could be
explained as being the result of geochemical processes, which will be discussed
in the following paragraph.

Geochemical association significant for carbonate rock weathering and river
transport

Weathering and erosion processes express themselves in the chemical
composition of the so-called “Critical Zone” extending from the unweathered
bedrock through soils to the atmosphere.22

The chemical proxy of alteration, CPA = [Al>,03/(Al,03 + Nay0)]x10023 is
a geochemical proxy for measuring the weathering intensity. It does not involve
silicate CaO that is difficult to estimate in calcareous sediments or potassium
because of its inconsistent behavior during chemical weathering. The index was
proposed as a geochemical proxy of silicate weathering for loess and paleo-soils.
As a proxy of the intensity of silicate weathering for the upper part of borehole
POT 1 (sample 1 at a depth of 11.85 m; Table S-1, with values of 18.8 % for
Al,O3 and 7.7 % for Nap0), the CPA has a value of 60, indicating a relatively
high intensity of alteration.23

On larger spatial scales, rivers are natural integrators of these weathering and
erosion products and fluxes over their drainage areas.24 The hydrological differ-
entiation processes that operate on river sediments combined with source rock
composition and chemical weathering tend to produce sediment suites with dif-
ferent chemical compositions.2526 As discussed above, the elevated Cr values
are of geogenic origin and also the consequence of anomalies registered in the
easternmost part of the Posavina area due to alluvial flooding by the Bosna River,
which drains the Central Dinaric Ophiolite Belt. In the area of an active con-
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tinental margin, an indented relief with several rises and troughs existed facil-
itating the emplacement of the olistostromes and the deposition of first overstep
sequences, in which ophiolitic material was re-deposited. Sedimentation occurred
in some areas in shallow-water environments and some of the rises emerged and
the ophiolites underwent weathering according to models of the geodynamic
evolution of the Central Dinarides.2” This is likely one of several reasons for the
elevated metal contents in the Posavina region. Considering the total enrichment
factor (R), which is very low, there was no anthropogenic pollution following the
Sava River flow from Zupanja to Sremska Mitrovica. When discussing river
transport of heavy metals, it is interesting to mention that more than 97 percent of
the mass transport of heavy metals to the oceans is associated with river sedi-
ments.28 It is most likely that the geological weathering and river transport
(Bosna and Drina Rivers) are the factors responsible for the increase in the con-
centration of the given heavy metals.

Zn represents a chemical element that was introduced mainly into the envi-
ronment by the natural weathering of ore deposits. In the Pannonian region, the
transport of fine fractions still occurs and results in the concentration of this
group of elements being higher in the topsoil. In addition, the topographic dep-
ressions occurring in these evaporite karst areas are frequently prone to flooding
either by the concentration of surface runoff or by groundwater flooding when
the water table rises above the ground level,29 thereby intensifying the process of
diluting the sediment.

By reviewing the data from the flood hydrograph, it could be asserted that
intensive floods occurred over a limited space. The most flood-prone area is the
region called Donje Posavlje, downstream of Zupanja. The flood duration
depends on the flood volume (measured by a hydrograph) and the size of the
catchment. The flood duration of the Sava River near the Sremska Mitrovica
sampling site is 40 to 70 days.30

In historically or periodically flooded areas of the Pannonian region, the
average concentrations of Cd (1.7 mg kg~ topsoil, 1.2 mg kg=! subsoil), Pb (170
mg kg1 topsoil; 130 mg kg1 subsoil) and Zn (470 mg kg~ topsoil, 390 mg kg1
subsoil)3! are similar to those observed in this study (Table II).

CONCLUSIONS

This study proves that the local background values of heavy metals in the
sedimentary rocks play an important role in the interpretation of the level of geo-
chemical hazard of the investigated region.

The geo-accumulation indexes (Igeo)7 and the total enrichment factors (R)8
were calculated to assess whether the observed concentrations represent
background/natural or anthropogenic contamination.
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Analyzing the significance of Igeq, R and chemical proxy of alteration (CPA)
leads to the conclusion that weathering, erosion and dilution during aquatic
transport are the major factors regarding their effects on the various environ-
mental media (sediments, soil, surface and groundwater). The aspect of the
weathering process to soils is a potential hazard for surface and groundwater in
the Eastern Posavina region. Based on the geologic processes associated with
sediment transfer from source to sink, geochemical principles play a major role
in defining the origin of the heavy metal pollution levels in the region.

A geogenic hazard is generated by primary enrichment in rocks, processes of
weathering and hill slope erosion as factors that determine the source of pollution
in the investigated region. In this paper, based on European (Austrian) ONORM
S 2088-2 and Bosnian and Herzegovinian FBiH 72/09 values, it was clearly
shown that the high local geogenic background values exclude a dominant
anthropogenic influence on the high heavy metal contents (e.g., Cr and Ni) in the
river sediments.

SUPPLEMENTARY MATERIAL

Figure S-1 and Table S-I are available electronically from http://www.shd.org.rs/JSCS/,
or from the corresponding author on request.
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U3BOJ
CAIPXAJ TEIIKMX METAJIAY HEOTEHUM CEJUMEHTHUM CTEHAMA — MOI'YRU
PU3UK OJ HATUBHOT 3ATABEA CETMMEHATA, 3EMJ/bUIITA, ITIOBPIIMHCKUX U
[TOA3EMHUX BOJA (MCTOYHA ITOCABHUHA U JIOITAPCKH BACEH, CEBEPOUCTOYHA
FOCHA U XEPLIETOBHUHA)

HEHAJ FPBA1’2, FRANZ NEUBAUERZ, AJIEKCAHJPA LHAJHOBI/I'BS, KCEHHJA CTOJAHOBHER'
v BPAHUMUP JOBAHUMREBUR'
1YHusep3uL_ueu7. y Beoipagy, Xemujcxu paxynimewi, Ciuygentmicku wpi 12—16, 11000 Beoipag, 2paris Lodron
University of Salzburg, Department of Geography and Geology, Hellbrunnerstrasse 34,5020 Salzburg,
Austria u 3YHueep3uu76u7 y Beoipagy, Llentuap 3a xemujy, HXTM, Fbetowesa 12, 11000 Beoipag

HcnutrBaH je yTHLaj reoXeMHjCKUX mpoueca (aTMocdepcKor eioBamba Ha CTeHe, epo-
3uje U pasdnaxuBama) yHyTpaluwux JuHapraa Ha ITocaBcku HEOreHU DaceH U BUXOBE MMII-
nMvKauvje Ha 3arahuBame cefumeHaTa peke Case ca 4 ynokauuje y uctouHoj ITocasunu (Ky-
nama, bpuko, bocaHncka Paua n Cpemcka Mutposuna). Y TOM LIW/by U3BEAEHO je mopehewme
cagpkaja tewkux metana (Pb, Zn, Cu, Ni, Cr, Cd, As u Hg) y cenuMeHTHMa ca HaBeIEHUX
JIOKallkja ca IMPOCEYHHUM JIOKAJIHUM Ccafp)KajuMa OBUX eJieMeHaTa y HaTUBHUM He3araheHum
ceguMeHTHMa. ITpoceyHy JToKaaIHy cafpikaj TeIKUX MeTasla U3padyyHar je Ha OCHOBY HHXOBOT
cafipkaja y HesaraheHMM ceOUMEHTHMa U3 [Be OyUIOTHHE JoMnapCcKor daceHa Koju je perpe-
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3eHTaTHBaH 3a OBaj crenr¢UYaH reooMKO-XUAPOreoaomKky cucreM. Llum pazna je 6uo ma ce
MPOLIeHH Ia M je moBehaH cafmpikaj Temkux meTana Ha 4 ynokanutera Oy peke Case mocie-

o

IJa MPUPOIHOT WIH aHTPOIOTeHOr 3arahema. Y Ty CBPXy NMPUMEHEHH Cy MHIEKC reoaky-

MyJnauyje U ykynHu ¢aktop odorahema. Ha ocHOBY BpegHOCTH yKynHOTr pakTopa oborahema

(07

25-0,71) yTepheHo je ma je yTullaj aHTPONOTEHOT 3aral)ema y UCIUTUBAHOM PETHMOHY BEOMa

HHU3aK. Caupmaj TEIKUX ME€Tala y CETUMEHTUMA, 3EM/BULITY U IOA3EMHUM BOJaMa MPETEXKHO

je

KOHTPOJINCAH TeOXEMHjCKUM IpolecuMa, nocedHo atMochepCcKkuM IefoBambeM Ha CTeHe

(xemujcku uHAeKC nmpomeHe ~60). Pe3yntaTi oBOT UCNUTHBaka Takohe cy omoryhunu HOBH

Ha
BH

NP

w

>

© N

10.

11.

12.

13.

14,

15.

16.

17.

18

YWH CaljyielaBalkbd HATHBHO IMMOBUIIEHHUX KOHLIEHTpaI_II/Ija Cr u Ni Yy PEruoHy HUCTOYHE IToca-
HeE.

(ITpumrbeHo 17. MapTa, peBuoupano 28. anpuia, npuxsaheuo 29. anpuna 2014)
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Fig. S-1. Map of Bosnia and Herzegovina and locations of the Lopare Basin and four
sampling sites along the Sava River (Zupanja, Bréko, Bosanska Raca and Sremska Mitrovica).
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TABLE S-I. List of sediment samples from the Lopare Basin with contents of heavy metals
(mg kg)
Sample Depth

Borehole No m Lithology Pb Zn Cu Ni Cr Cd As Hg
POT 1 12 11.85 Sandy clay 200.8 96.3 30.7 151.3 207.7 1.86 18.2 0.00
2 1855 Marlstone 186.9 70.0 38.5149.8198.6 1.17 0.8 0.00
3 2385 Marlstone 140.5 63.3 32.8188.8211.50.98 3.5 0.00
4 3145 Marlstone 165.9 64.5 34.1225.3234.70.87 1.7 0.00
5 4365 Marlstone 178.5 69.1 41.0151.0199.20.47 0.0 0.00
6 49.65 Marlstone 192.6 59.5 31.4 143.9179.4 6.08 183.1 0.00
7 5245 Marlstone 117.8 20.3 13.8 39.5 51.2 146 3.2 2.52
8 6255 Marlstone 158.3 52.4 35.6 164.8186.00.91 6.8 0.92
9 6855 Marlstone 169.8 44.7 33.5175.5182.31.04 18.9 0.48
10 76.75 Marlstone 144.7 40.0 37.2140.0162.50.87 2.1 0.28
11  90.35 Marlstone 120.7 33.4 33.4134.4141.90.80 3.7 0.46
12 99.65 Marlstone 166.5 38.6 36.1179.6177.91.22 8.4 0.58
13 113.45 Marlstone 161.3 39.0 34.4183.0198.41.23 12.3 0.37
14 1194 Marlstone 146.9 37.5 29.5 90.8 121.22.30 95.6 0.45
15 132.55 Marlstone 234.8 50.6 22.4158.0176.0 1.48 44.3 0.19
16 141.55 Marlstone 145.1 32.3 34.0163.6172.6 0.99 8.8 0.39
17 150.9 Marlstone 105.5 21.8 20.8 88.3 98.8 0.74 8.2 0.69

18 1715 Marly sandstone ~ 108.1 24.7 27.1 69.5 93.1 0.50 19.5 0.49
19 1931 Marly sandstone  116.3 9.6 10.8 21.3 68.9 1.32 459 0.44

POT 1 mean values 153.3 42,9 30.4 137.1158.6 1.36 25.9 0.46
POT 3 20 278 Marlstone 255.0107.8 27.5173.6 261.3 1.62 103.31.12
21  43.25 Marlstone 77.4 941 30.2147.6247.10.01 6.0 1.02
22 59.35 Marlstone 262.6 85.5 30.2170.5258.6 0.17 12.9 0.96
23 734 Marlstone 129.3 46.4 24.5125.0141.80.25 5.7 0.03
24 85.15 Marlstone 161.4 78.2 37.9161.5210.90.00 1.8 0.00
25 9215 Marlstone 162.0 67.5 38.7 153.3190.30.07 7.3 0.33
26 106.65 Marlstone 211.7 89.1 36.8243.9280.20.00 5.5 0.23
27 1195 Marlstone 211.3 95.9 28.3170.7 222.90.11 28.0 0.42
28 130.85 Marlstone 177.3 73.1 34.8 156.6 193.8 0.10 10.9 0.00
29 139.65 Marlstone 168.3 58.7 28.8 263.2 219.50.14 16.8 0.00
30 149.75 Dolomitic marlstone 207.4 75.3 39.2 197.3200.00.13 0.0 0.14
31 1605 Marlstone 205.5 83.0 37.4160.3219.6 0.01 29.5 0.48
32 164.6 Marlstone 141.3 60.7 33.8154.4176.50.00 2.3 1.71
33 177.75 Marlstone 125.7 58.9 30.1198.5175.50.00 3.3 2.03
34 186.75 Marlstone 157.1 67.1 31.1182.2221.50.41 0.1 2.66
35 196.35 Marlstone 141.6 57.0 37.9 140.6 205.9 1.55 10.6 5.65
36 208.95 Marlstone 189.5 72.6 445198.7231.51.37 0.0 2.03
37 2245 Marlstone 162.1 63.5 35.0181.021591.44 0.0 1.27
38 228.65 Marlstone 171.8 63.6 35.8223.4238.01.59 7.4 0.36
39 253.25 Marlstone 160.3 50.7 21.2 132.3163.9 2.33 27.8 0.23
40 2735 Siltstone 238.5 92.8 39.6 232.1276.2 4.94 111.2 0.00
41 27455 Marlstone 224.6 84.5 29.3219.9245.65.16 116.2 0.00
42 2905 Marlstone 146.6 57.1 27.2158.6 173.6 2.81 43.5 0.00

Available on line at www.shd.org.rs/JSCS/
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TABLE S-1. Continued

GRBA et al.

Boreholesal\rlnople D?ﬁth Lithology Pb Zn Cu Ni Cr Cd As Hg
43 304.95 Marlstone 141.3 54.1 29.4175.1192.81.04 2.6 0.00
POT 3 44 318.45 Marlstone 150.4 49.8 28.8241.5233.71.19 9.0 0.00
45 331.65 Marlstone 138.1 55.5 30.2172.1189.4 2.53 39.9 0.00
43 343.75 Siltstone/Marlstone  143.2 52.4 35.9 199.3 205.7 1.62 15.5 0.51

POT 3 mean values

172.6 70.2 32.7 182.7214.51.13 22.9 0.78

aSample was used for the calculation of the Chemical Proxy of Alteration, CPA, value

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.
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