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Characterization and biological evaluation of some novel
pyrazolo[3’,4°:4,5]|thieno[2,3-d]pyrimidin-8-ones
synthesized via the Gewald reaction

DIPTI K. DODIYA, AMIT R. TRIVEDI, SAMIR H. JARSANIA,
SHAILESH J. VAGHASIA and VIRESH H. SHAH*

Department of Chemistry, Saurashtra University, Rajkot-360 005, Gujarat, India
(Received 6 December 2007, revised 13 March 2008)

Abstract: The synthesis of substituted pyrazolo[3’,4’:4,5]thieno[2,3-d]pyrimi-
din-8-ones (IIIa—j) from 5-amino-3-methyl-1H-thieno[3,2-c]pyrazole-6-carbo-
nitrile (II) is described. The key compound II was synthesized from (5-methyl-
-2,4-dihydro-3 H-pyrazol-3-ylidene)malononitrile I via the Gewald reaction. The
synthesis of the title compounds IIla—j was accomplished by condensation of
II with different aromatic aldehydes. The newly synthesized heterocyles were
characterized by elemental analysis, IR, 'H-NMR, 13C-NMR and mass spectro-
scopic investigation. All the newly synthesized compounds were evaluated for
antimicrobial activity against a variety of bacterial strains.

Keywords: pyrazolo[3’,4’:4,5]thieno[2,3-d]pyrimidin-8-ones; carbonitrile; Gewald
reaction; antimicrobial activity.

INTRODUCTION

Pyrazole-containing compounds have practical applications in medicinal and
agrochemical fields and the biological activities of pyrazoles!-2 and its derivati-
ves are well documented. The pyrazole ring is the basic moiety for a number of
dyes, drugs and anaesthetics.3# Substituted pyrazolopyrimidinones are found to
be useful as cardiotonic,® herbicidal® and antiviral’ agents. A literature survey re-
vealed that substituted pyrazolopyrimidinones are potent and selective inhibitors
of type 5 cyclic guanosine-3',5'-monophosphate phosphodiesterase (cGMP) PDE-58.
and, as such, have utility in the treatment of male erectile dysfunction (MED) and
female sexual dysfunction (FSD).!10 C-6 substituted pyrimidinone and pyrimidi-
nedione derivatives showed selective antitumour,!! antiviral,!? antitubercular!3 and
antifungal activity,!4 suggesting the importance of testing this family of com-
pounds as broad-spectrum drugs.

In the search of bioactive molecules and in continuation of previous work on
the development of syntheses of polyfunctionally substituted heterocyclic com-

* Corresponding author. E-mail: Shah_v_h@yahoo.com
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pounds, a novel synthetic approach for the synthesis of 6-aryl-3-methyl-1,5,6,7-
-tetrahydro-8 H-pyrazolo[3',4':4,5]thieno[2,3-d|pyrimidin-8-ones (Illa—j) is re-
ported herein. All the newly synthesized compounds (IIla—j) were evaluated for
their antibacterial and antifungal activity. The biological activities of the synthe-
sized compounds were compared with reference standard drugs.

RESULTS AND DISCUSSION
Chemistry

The synthesis of 5-amino-3-methyl-1H-thieno[3,2-c]pyrazole-6-carbonitrile
(II) was accomplished by refluxing (5-methyl-2,4-dihydro-3H-pyrazol-3-ylide-
ne)malononitrile (I) and sulphur in the presence of morpholine for 6 h using the
Gewald reaction.!520 Compound II on reaction with different aromatic ketones
in glacial acetic acid furnished the title compounds 6-aryl-3-dimethyl-1,5,6,7-
-tetrahydro-8 H-pyrazolo[3',4":4,5]thieno[2,3-d]|pyrimidin-8-ones (IIla-h) in ex-
cellent yields (Scheme 1).
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The purity of the compounds was controlled by TLC. The spectral data of all
the newly synthesized compounds, given below, were in full agreement with the
proposed structures.

(5-Methyl-2,4-dihydro-3H-pyrazol-3-ylidene)malononitrile (I). Yield 52 %;
m.p.190-192 °C. Anal. Calcd. for C7HeNy4: C, 57.53; H, 4.14; N, 38.34. Found:
C, 57.31; H, 4.02; N, 38.16. IR (KBr, cm™!): 3226 (-NH), 2210 (-CN), 1658
(C=N). IH-NMR (300 MHz, CDCls, 6, ppm): 0.9 (3H, s, —CH3), 1.9 (2H, s,
—CHy), 7.1 (1H, s, —=NH); 13C-NMR (75 MHz, DMSO-dg, 6, ppm): 19.5, 35.1,
61.8,113.9, 153.5, 181.3. MS (m/z): 146.

5-Amino-3-methyl-1H-thieno[3,2-c]pyrazole-6-carbonitrile (II). Yield 58 %;
m.p. 206 °C. Anal. Calcd. for C7HgN4S: C, 47.18; H, 3.39; N, 31.44; S, 17.99.
Found: C, 46.95; H, 3.19; N, 31.23; S, 17.75. IR (KBr, cm™!): 3420-3305
(-NHy), 2234 (—CN), 1645 (C=N). IH-NMR (300 MHz, CDCl3, J, ppm): 2.68
(3H, s, —CH3), 4.00 (2H, s, —NHj). 13C-NMR (75 MHz, DMSO-dg, J, ppm):
14.6, 105.8, 110.8, 114, 135, 136.5, 144. MS (m/z): 178.

3-Methyl-6-phenyl-1,5,6,7-tetrahydro-8H-pyrazolo[3',4':4,5 ] thieno[2,3-d ] pyri-
midin-8-one (Illa). Yield 42 %; m.p. 215 °C. Anal. Calcd. for C14H12N40S: C,
59.14; H, 4.25; N, 19.70; O, 5.63; S, 11.28. Found: C, 59.14; H, 4.25; N, 19.57;
0, 5.50; S, 11.13. IR (KBr, cm™1): 3327 (-NH), 3105 (~CH, aromatic), 2970
(=CH3), 1680 (C=0), 681 (C—S—C). 'H-NMR (300 MHz, CDCl3, J, ppm): 2.23
(3H, 5, —CH3), 5.90 (1H, s, —CH), 7.24-7.72 (4H, s, Ar—H). 13C-NMR (75 MHz,
DMSO-dg, d, ppm): 14.6, 70.6, 106.4, 127.2, 127.4, 128.9, 136.4, 142.7, 144.9,
163.4, 166.0. MS (m/z): 284.

6-(2-Hydroxyphenyl)-3-methyl-1,5,6, 7-tetrahydro-8H-pyrazolo[3',4':4,5] thie-
nof2,3-d/pyrimidin-8-one (IIIb): Yield 40 %; m.p. 208 °C. Anal. Calcd. for
C14H12N40,8S: C, 59.14; H, 4.25; N, 19.70; O, 5.63; S, 11.28. Found: C, 58.98;
H, 4.11; N, 19.56; O, 5.49; S, 11.15. IR (KBr, cm™1): 3400-3100 (—OH), 3125
(—~CH, aromatic), 2975 (—CH3), 1682 (C=0), 680 (C—S—C). 'H-NMR (300 MHz,
CDCls, d, ppm): 2.32 (3H, s, “CH3), 6.01 (1H, s, —CH), 6.93-7.24 (4H, s, Ar—H),
5.02 (1H, s, “OH). 13C-NMR (75 MHz, DMSO-dg, 6, ppm): 14.7, 60.2, 106.6,
116.2, 122.3, 125.9, 128.6, 129.1, 136.6, 143.1, 145.2, 155.2, 163.2, 165.9. MS
(m/z): 300.

6-(4-Hydroxyphenyl)-3-methyl-1,5,6,7-tetrahydro-8H-pyrazolo[3',4':4,5] thie-
no[2,3-d]pyrimidin-8-one (Illc). Yield 45 %; m.p. 202 °C. Anal. Calcd. for
Ci14H12N405S: C, 59.14; H, 4.25; N, 19.70; O, 5.63; S, 11.28. Found: C, 59.01;
H, 4.13; N, 19.58; O, 5.50; S, 11.16. IR (KBr, cm™1): 3450-3100 (-OH), 3110
(—C—H, aromatic), 2970 (—CH3), 1685 (C=0), 685 (C—S—C). 'H-NMR (300 MHz,
CDCls, o, ppm): 2.22 (3H, s, —CH3), 5.91 (1H, s, —CH), 6.93-7.14 (4H, s, Ar—H),
5.01 (1H, s, —OH). 13C-NMR (75 MHz, DMSO-ds, 6, ppm): 14.6, 70.4, 106.2,
116.4,129.1, 136.2 , 137.4, 143.1, 145.4, 157.3, 163.6, 166.7. MS (m/z): 300.
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6-(2-Chlorophenyl)-3-methyl-1,5,6,7-tetrahydro-8H-pyrazolo[3' 4':4,5] thie-
no/2,3-d]pyrimidin-8-one (IIld): Yield 48 %; m.p. 238 °C. Anal. Calcd. for
C14H11CIN4OS: C, 52.75; H, 3.48; Cl, 11.12; N, 17.58; O, 5.02; S, 10.06. Found: C,
52.62; H, 3.37; Cl, 11.01; N, 17.42; O, 4.89; S, 9.91. IR (KBr, cm™): 3327 (-NH),
3105 (=CH, aromatic), 2970 (—CH3), 1680 (C=0), 730 (C-Cl), 683 (C-S—C).
'H-NMR (300 MHz, CDCl3, d, ppm): 2.36 (3H, s, —CH3), 6.01 (1H, s, —CH),
7.24-7.42 (4H, s, Ar-H), 8.12 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-dj, 4,
ppm): 14.9, 61.3, 106.4, 126.9, 128.4, 128.7, 128.9, 133.4, 136.4, 143.2, 1454,
163.4, 166.6. MS (m/z): 318.

6-(3-Chlorophenyl)-3-methyl-1,5,6,7-tetrahydro-8H-pyrazolo[3',4':4,5 ] thie-
no[2,3-d/pyrimidin-8-one (Ille). Yield 52 %; m.p. 246 °C. Anal. Calcd. for
C14H11CIN4OS: C, 52.75; H, 3.48; Cl, 11.12; N, 17.58; O, 5.02; S, 10.06. Found:
C, 52.61; H, 3.35; Cl, 10.99; N, 17.42; O, 5.02; S, 10.06. IR (KBr, cm™1): 3340
(-NH), 3115 (—CH, aromatic), 2975 (—CH3), 1683 (C=0), 750 (C—Cl), 685 (C—S—-C).
IH-NMR (300 MHz, CDCl3, J, ppm): 2.39 (3H, s, —CH3), 6.02 (1H, s, —CH),
7.04-7.22 (4H, s, Ar—H). 13C-NMR (75 MHz, DMSO-dg, 6, ppm): 14.8, 70.1,
106.3, 125.6, 127.4, 127.9, 131.0, 134.6, 136.9, 142.7, 145.2, 146.6, 163.4,
166.0. MS (m/z): 318.

6-(4-Fluorophenyl)-3-methyl-1,5,6, 7-tetrahydro-8H-pyrazolo[3'4':4,5] thie-
no/2,3-d]pyrimidin-8-one (ILIf). Yield 40 %; m.p. 258 °C. Anal. Calcd. for
C14H11FN4OS: C, 55.62; H, 3.67; F, 6.28; N, 18.53; O, 5.29; S, 10.61. Found: C,
55.51; H, 3.54; F, 6.13; N, 18.39; O, 5.16; S, 10.48. IR (KBr, cm™1): 3335
(-NH), 3120 (—CH, aromatic), 2975 (-CHj3), 1685 (C=0), 710 (C-F), 689
(C—S—C). TH-NMR (300 MHz, CDCl3, 6, ppm): 2.45 (3H, s, —CH3), 5.90 (1H, s,
—CH), 7.03-7.11 (4H, s, Ar-H). 13C-NMR (75 MHz, DMSO-dg, 6, ppm): 14.1,
69.6, 106.1, 115.6, 129.0, 136.1, 140.9, 141.9, 145.0, 161.3, 164.4, 166.3. MS
(m/z): 302.

3-Methyl-6-(2-nitrophenyl)-1,5,06, 7-tetrahydro-8H-pyrazolo[3',4":4,5 ] thieno-
[2,3-d/pyrimidin-8-one (Illg). Yield 38 %; m.p. 282 °C. Anal. Calcd. for
C14H11N5038S: C, 51.06; H, 3.37; N, 21.27; O, 14.57; S, 9.74. Found: C, 50.93;
H, 3.25; N, 21.14; O, 14.46; S, 9.60. IR (KBr, cm™1): 3350 (-NH), 3112 (-CH,
aromatic), 2970 (—CH3), 1680 (C=0), 691 (C-S—C). IH-NMR (300 MHz, CDCl3,
8, ppm): 2.35 (3H, s, —CH3), 6.01 (1H, s, —~CH), 7.87-7.43 (4H, s, Ar—H). 13C-NMR
(75 MHz, DMSO-dg, J, ppm): 14.8, 61.2, 106.1, 121.3, 128.0, 128.4, 134.9,
136.0, 137.9, 142.8, 145.4, 147.8, 163.6, 166.4. MS (m/z): 329.

3-Methyl-6-(3-nitrophenyl)-1,5,6,7-tetrahydro-8H-pyrazolo[3',4":4,5 ] thieno-
[2,3-d/pyrimidin-8-one (IIlh). Yield 35 %; m.p. 275°C; Anal. Calcd. for
C14H11N503S: C, 51.06; H, 3.37; N, 21.27; O, 14.57; S, 9.74. Found: C, 50.96;
H, 3.24; N, 21.13; O, 14.45; S, 9.63. IR (KBr, cm™1): 3350 (-NH), 3105 (—CH,
aromatic), 2970 (—CH3), 1682 (C=0), 687 (C—S—C). IH-NMR (300 MHz, CDCl3,
8, ppm): 2.32 (3H, s, —CH3), 6.01 (1H, s, —CH), 7.35-7.97 (4H, s, Ar—H). 13C-NMR
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(75 MHz, DMSO-dg, J, ppm): 14.6, 69.9, 106.2, 120.4, 122.7, 130.2, 133.6,
142.7, 145.2, 149.6, 163.6, 166.7. MS (m/z): 329.

3-Methyl-6-(4-nitrophenyl)-1,5,06, 7-tetrahydro-8H-pyrazolo[3',4":4,5 ] thieno-
[2,3-d]pyrimidin-8-one (IIIi). Yield 45 %; m.p. 280 °C. Anal. Calcd. for C14H;1N503S:
C, 51.06; H, 3.37; N, 21.27; O, 14.57; S, 9.74. Found: C, 50.94; H, 3.26; N,
21.15; O, 14.44; S, 9.62. IR (KBr, cm™1): 3340 (—NH), 3114 (—CH, aromatic),
2969 (—CH3), 1682 (C=0), 687 (C—S—C). 'H-NMR (300 MHz, CDCl3, 6, ppm):
2.32 (3H, s, —CH3), 5.91 (1H, s, —CH), 7.05-7.24 (4H, 5, Ar—H). 13C-NMR (75 MHz,
DMSO-dg, d, ppm): 14.5, 70.7, 106.6, 121.8, 128.6, 136.6, 142.7, 144.9, 147.5,
151.9, 163.4, 166.0. MS (m/z): 329.

3-Methyl-6-(4-methoxyphenyl)-1,5,6,7-tetrahydro-8H-pyrazolo[3',4':4,5] thie-
nof2,3-d/pyrimidin-8-one (IIIj). Yield 55 %; m.p. 210 °C. Anal. Calcd. for
C1sH14N40,S: C, 57.31; H, 4.49; N, 17.82; O, 10.18; S, 10.20. Found: C, 57.19;
H, 4.36; N, 17.69; O, 10.03; S, 10.08. IR (KBr, cm™!): 3327 (-NH), 3105 (—CH,
aromatic), 2968 (—CH3z), 1685 (C=0), 692 (C—S—C), 1286 (C—O—C). !H-NMR
(300 MHz, CDCls, ¢, ppm): 2.12 (3H, s, —CH3), 3.98 (3H, 5, ~OCH3), 5.89 (1H,
s, —CH), 7.25-7.87 (4H, s, Ar—H), 8.58 (1H, s,-NH). I3C-NMR (75 MHz, DMSO-dj,
o, ppm): 14.7, 56.6, 70.4, 106.2, 115.2, 128.6, 136.6, 137.9, 142.6, 145.2, 159.4,
163.6, 166.6. MS (m/z): 314.

Biological screening

Microbiology. The compounds IlIla—j were evaluated for their antimicrobial
activity against Streptococcus pyogenes, Staphylococcus aureus, Escherichia coli,
Bacillus subtillis and antifungal activity against Candida albicans and Aspergil-
lus niger at a concentration of 50 pgml~! in DMF using the cup-plate me-
thod.21-22 After 24 h of incubation at 37 °C, the zones of inhibition were measu-
red in mm. The activities were compared with those of some known antibiotics,
such as ampicillin, chloramphenicol, norfloxacin and ciprofloxacin, as well as
griseofulvin at the same concentration. The results are summarized in Table I.
TABLE I. Antimicrobial activity (zones of inhibition, mm) of 6-aryl-3-methyl-1,5,6,7-tetrahyd-
ropyrazolo[3’,4’:4,5]thieno[2,3-d]pyrimidin-8-ones

Antibacterial activity Antifungal activity
Compound - — - -
S. pyogenes . aureus E. coli B. subtilis  C. albicans  A. niger
IIla 12 12 10 9 12 11
IIIb 11 14 12 12 13 12
IIlc 12 11 13 11 12 13
IIId 11 11 12 11 11 12
IIle 9 12 10 10 12 12
IIIf 12 12 11 11 12 11
IIg 12 11 13 13 11 13
IITh 10 12 12 12 12 12
IITi 12 9 10 10 10 10

111§ 13 14 10 10 10 10
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TABLE I. Continued

Antibacterial activity Antifungal activity
Compund X - ; ;
S. pyogenes . aureus E. coli B. subtilis  C. albicans  A. niger
Ampicillin 16 18 16 18 - -
Chloramphenicol 18 16 19 16 - -
Ciprofloxacin 23 17 20 19 - -
Norfloxacin 22 20 22 22 - -
Griseofluvin — — — — 20 19

EXPERIMENTAL

Melting points were determined routinely in open capillaries and are uncorrected. The
formation and purity of the compounds were routinely checked by TLC using silica gel-G.
The spots were located under iodine vapour or UV light. The '"H-NMR and '3C-NMR spectra
were recorded in CDCl3 on a Brucker DRX-300 at 300 MHz using TMS as the internal stan-
dard. The mass spectra were scanned on a GCMS-QP2010 instrument.

Preparation of (5-methyl-2,4-dihydro-3H-pyrazol-3-ylidene)malononitrile (I)

An equimolar mixture of 5-methyl-2,4-dihydro-3H-pyrazol-3-one and malononitrile was
refluxed in the presence of piperidyl acetate (2—3 drops) for 6 h. The product obtained by pour-
ing the reaction mixture into ice-cold water was filtered, dried and recrystallized from 95 %
ethanol.

Preparation of 5-amino-3-methyl-1H-thieno[3,2-c]pyrazole-6-carbonitrile (II)

(5-Methyl-2,4-dihydro-3 H-pyrazol-3-ylidene)malononitrile (I) and sulphur were refluxed
in the presence of morpholine (3.0 ml) for 6 h. The product obtained by pouring the reaction
mixture into ice-cold water was filtered, dried and recrystallized from 95 % ethanol.

General procedure for synthesis of 6-aryl-3-methyl-1,5,6,7-tetrahydro-8H-pyrazolo[3'4":4,5]-
thieno[2,3-d]pyrimidin-8-ones (Illa—j)

An equimolar mixture of 5-amino-3-methyl-1H-thieno[3,2-c]pyrazole-6-carbonitrile (IT)
and an appropriate aldehyde in glacial acetic acid (20 ml) was refluxed for 6 h. The product
was isolated and recrystallized from 95 % ethanol.

Antibacterial activity

The purified compounds IIIa—j were screened for their antibacterial activity. The nutri-
ent agar, prepared in the usual manner, was inoculated specially with 0.50 ml of 24 h old sub-
cultures of Streptococcus pyogenes, Staphylococcus aureus, Bacillus subtilius and Escherichia
coli, taken in separate conical flasks at 40-50 °C, and mixed well by gentle shaking. About 25 ml
of the contents of the flask were poured and evenly spread in a Petri dish (13 mm in diameter)
and allowed to settle down for 2 h. The cups (10 mm in diameter) were formed with the help
of a borer in the agar medium and filled with 40 pl (40 pug ml!) solution of a sample in DMF.
The plates were incubated at 37 °C for 24 h and the control was maintained with 40 pl of DMF
in a similar manner. The zones of inhibition of bacterial growth were measured in mm. The
antibacterial activity of the compounds IIla—j was compared with known standard reference
drugs, such as ampicillin, chloramphenicol, norfloxacin, ciprofloxacin at same concentration.
Antifungal activity

Aspergillus niger and Candida albicans were employed for testing the fungicidal activity
using the cup plate method. The cultures were maintained on Sabouraud’s agar slants. Steri-
lized Sabouraud’s agar medium was inoculated with 0.50 ml of a 72 h old suspension of fun-
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gal spores from a separate flask. About 25 ml of the inoculated medium was evenly spread in
a sterilized Petri dish and allowed to settle down for 2 h. The cups (10 mm in diameter) were
punched in the Petri dish and loaded with 4 ul (40 pg ml!) of solution of a sample in DMF.
The plates were incubated at room temperature (30 °C) for 48 h. After completion of the incu-
bation period, the zones of inhibition of growth by compounds ITla—j were measured as the
diameter in mm. Together with the test solution, one cup in each Petri dish was filled with
solvent, which acted as the control. The antifungal activities of compounds IIIa—j were com-
pared with the known standard drug griseofulvin.

CONCLUSIONS

To summarize, a new class of 6-aryl-3,6-dimethyl-1,5,6,7-tetrahydro-8 H-py-
razolo[3',4":4,5]thieno[2,3-d|pyrimidin-8-ones (IIla—h), were synthesized. The
newly synthesized heterocycles exhibited moderate to promising antimicrobial
activity against standard strains. These results make them interesting lead mole-
cules for further synthetic and biological evaluation. It can be concluded that this
class of compounds certainly hold great promise towards the pursuit of discove-
ring novel classes of antimicrobial agents. Further studies to acquire more infor-
mation concerning structure—activity relationships are in progress.
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U3BOJ
KAPAKTEPU3AIIMJA N BUOJIOIIKO TECTUPABE HOBUX
[MNPA30JIO[3’,4°:4,5]TUJEHO][2,3-d] TUPUMUINH-8-OHA
JOBUIJEHUX ITPUMEHOM GEWALD-OBE PEAKIIUIE

DIPTI K. DODIYA, AMIT R. TRIVEDI, SHAILESH J. VAGHASIA u VIRESH H. SHAH
Department of Chemistry, Saurashtra University, Rajkot-360 005, Gujarat, India

Omnucana je cUHTE3a CYNCTUTyHMCaHUX mupasono[3’,4’:4,5]tujeno[2,3-d]nupumuaus-8-oHa
(IIIa—j) u3 5-amuno-3-metni-1H-tujeno|3,2-c|mupazon-6-kapbonurpmia (II). Kibyuno jenumeme
II cunrernsoBano je u3 (5-metnn-2,4-muxuapo-3 H-nupason-3-unmuaes)manononurpuna (I) mpume-
HoM Gewald-oBe peakuuje. CuHresa jenumema Illa—j u3BpieHa je koHIeH3auujoM jenumema 11
ca pasIMYUTUM apOMaTHYHUM ajnjexunuma. HoBo-1001jeHa XeTepolMKINYHA jeIHbeHha OKapaKTe-
pucana cy nomohy enemenranue ananuse u IR, 'H-NMR, 13C-NMR u MS crnexrpannux mogaraxa.
Caa jenumerba TeCTUpaHa Cy Ha aHTHMUKPOOHY aKTUBHOCT IPeMa PasIMIUTHM OaKTEPHjCKHM COjeBHMA.

(TIpumubeHo 6. nenembpa 2007, peunupasno 13. mapra 2008)
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Abstract: Forensic practice in the Republic of Serbia faced the illegal produc-
tion of amphetamine for the first time in 2003. This paper presents the results
of the chemical characterization of 32 batches of amphetamine samples from
three separate cases, for the purpose of identification of the active components
and additives. Through the profiling of impurities of all samples, using gas
chromatography/mass spectrometry (GC/MS), 30 compounds associated with
amphetamine were identified. The results of the analysis of powder tartrate,
sulfate and phosphate salts of amphetamine, as well as variously formulated
tablets are presented in this study. The analyses showed that the amphetamines
were synthesized by the Leuckart method in all cases.

Keywords: amphetamine; impurity profiling; Leuckart synthesis.

INTRODUCTION

Abuse of amphetamine type stimulants (ATS) is on the rise worldwide. Ac-
cording to UNODC data, the number of ATS users is larger than the number of
heroin and cocaine users combined. The situation is similar on the illegal market
of the Republic of Serbia: ATS abuse is increasing; ecstasy tablets containing the
active agent MDMA are the most common, amphetamines are less common,
while abuse of methamphetamine is negligible. According to 2003 data, Europe
is considered the largest consumer and producer of amphetamine. Reports sub-
mitted to Interpol by East European member countries mention the production of
amphetamine tablets intended for the illicit market in the Middle Eastern coun-
tries. Three illegal amphetamine laboratories in parallel producing tablets were
discovered on the territory of the Republic of Serbia in 2003. According to UN
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data, one of them was among the largest discovered to date in Europe, with an
estimated production of several tons of amphetamine salts. All the discovered
tablets had the characteristic "captagon" logo on them, and were never again
found on the illegal market of the Republic of Serbia.

Amphetamine ((£)-2-amino-1-phenylpropane), one of the oldest synthetic
stimulants, was first synthesized in 1887. The synthesis of amphetamine by the
Leuckart method! is most commonly performed illegally and is accompanied by
varying levels of impurities in the final product, depending on the quality of the
starting materials, route of synthesis, reaction conditions, extent of purification of
the final product and, above all, on the skills of the clandestine chemist.28

"Captagon" is a trademark of a drug containing the active substance fen-
ethylline hydrochloride, a theophylline derivative of amphetamine having effects
similar to those of amphetamine. It is used in medicine as a medicament for hy-
peractivity disorders in children, but is also subject to abuse.® The primary mar-
ket for fenethylline has traditionally been countries located on the Arabian Penin-
sula, namely Saudi Arabia, Kuwait and Qatar, where fenethylline is one of the
most popular drugs among the younger population.!? Tablets with the "Capta-
gon" logo have also been seized in Turkey, where illegal production was also
discovered.!! In Jordan, a transient country for illicit Captagon tablets, geogra-
phically located between the European countries, where they are produced, and
the Arabian Peninsula consuming countries, multiple capture of such tablets have
been accomplished. Alabdalla in his study determined the chemical composition
of those seized tablets.!2 The common point of all the published analyses of "Cap-
tagon" tablets is the absence of fenethylline and the presence of amphetamine in
combination with caffeine, quinine and several other substances.!0-12

In this study, the powder substances and tablets seized in police raids on
illegal laboratories were analyzed and compared. The results of routine chemical
characterization based on the identification of components through FTIR and
GC/MS, as well as the results of the determination of organic impurities, in order
to determine the route of synthesis, through GC/MS!3:14 are quoted. This is one
of the first studies of this type conducted in our laboratory; therefore, identifi-
cation was made through comparison with bibliographical datal5-20 and NIST
database spectra, without any reference standards.

EXPERIMENTAL
Materials and reagents

In this study, 32 types of amphetamine samples from three different criminal cases of il-
legal production on the territory of the Republic of Serbia were analyzed. From case I, 3 kinds
of powder samples (I-10-1-12, from seizures of 6.74, 2.36 and 48 kg, respectively) and 20
types of tablets (total weight of 33.06 kg) of various colors and forms were analyzed (I-1-1-9
and I-13-1-23). From case II, 7 white-colored powder samples (4 kg in 7 separate packets, II-1—
—I1-7), as well as tablets (total weight of 12 kg, II-8) were analyzed. From case III, tablets (III-1)
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with the same appearance and content, seized in the tablet production plant, were analyzed.
The average weight of a tablet from all three seized batches was 170 mg, while average di-
mensions were 8§ mm in diameter and 3.5 mm in thickness. They were of different colors
(brown, cocoa, beige, yellow, pink, pastel pink, ivory, gray and white), and were marked with
the "Captagon" logo on one side, and scored on the other, as shown in Fig. 1.

Fig. 1. Photograph of a tablet produced in Serbia.

The D,L-amphetamine reference standard (CoH3NxHCI) was obtained from the UN
(Lipomed, Switzerland). All the reagents used in the study (chloroform, toluene, octadecane,
KBr, tris, water) were of analytical grade purity.

Instrumentation

Infrared spectra (4504000 cm!) of the compounds were obtained using the KBr disc
technique or thin films on KBr plates; Thermo Nicolet 5700 and Spectrum One (Perkin—El-
mer) instruments were used for the measurements.

Gas chromatography/mass spectrometry was performed using a ThermoFinnigan TraceGC
gas chromatograph interfaced with an ion trap PolarisQ mass spectrometer. One microliter of
each extract was injected in the splitless mode using a CombiPal autosampler. The column
was an Rtx-5MS capillary column (crossbond 5 % diphenyl-95 % dimethylpolysiloxane); 30 m
(L)x0.32 mm (i.d.) with a 0.25 um film thickness. The oven temperature was programmed as
follows: initial temperature 90 °C, delay for 1.0 min, ramp to 300 °C at a rate of 8.0 °C min’!,
held for a further 10 min). The injection port and transfer line temperatures were set to 250
and 275 °C, respectively. The ion source temperature was set at 230 °C, while the flow rate of
He carrier gas was fixed at 1.0 ml min"!. The mass spectrometer was tuned to electron impact
ionization (EI); the mass spectra were recorded in intervals from m/z 30 to 300.

Sample preparation

Standard extraction procedure. Preparation of the sample for conventional chemical cha-
racterization was made according to the traditional fractional extraction method, depending on
the solubility specific to a particular class of compounds, followed by successive measure-
ment of the extracts or residues by FTIR and/or GC/MS. Traditional wet-chemistry anion tests
were used to determine sulfate, phosphate and tartrate.!3

Extraction of impurities. Amphetamine powder samples (200+£5 mg of each sample) and
thoroughly crushed whole pills (average mass 170+£5 mg) were dissolved in Tris buffer (4.0 ml,
0.10 M, pH 8.10) and the mixture was shaken for 10 min. Toluene (200 pl) containing
octadecane as internal standard (10 pg ml'!) was added and the test tube shaken for a further
10 min and then centrifuged at 3000 rpm for 3.0 min. An aliquot of the organic layer was ana-
lyzed by GC/MS.

RESULTS AND DISCUSSION

Powder substances from case I were identified by infrared spectrometry as
amphetamine tartrate (I-10), amphetamine sulfate (I-11) and mixture of amphe-
tamine sulfate and lactose (I-12), while all 7 powder substances from case II (II-1—
—I1-7) were amphetamine phosphate salts. The infrared spectrum of the ampheta-
mine tartrate salt (detected for the first time in Serbia) is shown in Fig. 2.
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The physical characteristics and logo of the tablets were almost identical in
all three cases. Amphetamine (in concentrations ranging from 4.0 to 25 %) was
identified in all the analyzed tablets. The chemical characterization of the illegal
amphetamine tablets produced in Serbia is shown in Table I; wherein the
composition of selected tablets of heterogeneous contents are shown from case I,
while 1I-8 and III-1 refer to cases II and III, where there was no difference in their
content and appearance.

TABLE I. Substances detected in nine tablets as representative of the total seized batch

Amphetamine Adulterant Diluents
Sample Color Sul- Tar- Phos- Caf- Qui- Amino- Rani- Lac- Microcr.
fate trate phate feine nine -pyrine  tidine tose cellulose

Others?

I-4 Pink b v V \/ V
I-5 White v \ \ N
I-14 Pastel R N \ N
pink

1-20 Gray v V V V V

I-21 Beige v o N \/ V V l
1-22 Ivory v o A \ V V l
1-23 Yellow v v N R S S

11-8 Pink v Y N S Y
III-1 Pink N Y S % Y

3povidone and/or starch/stearic acid/glucose; °detected

White tablets (5 kinds), which were all from case I but found at different lo-
cations in the tablet producing plant, contained solely amphetamine sulfate in higher
concentrations, whereas the colored tablets (17 kinds) contained a mixture of am-
phetamine salts, caffeine and quinine, and, in some cases, aminopyrine and rani-
tidine. Lactose, microcrystal cellulose, povidone and/or starch/stearic acid/glu-
cose were used as excipients.

It is interesting that within a single clandestine laboratory various salts and
huge variations in the diluents, adulterants and excipients were found.
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A complete analysis of the impurities present was performed by GC/MS.
The compounds were identified based on comparison with reference spectra (Wi-
ley and NIST database) or comparing the ion chromatograms with the spectra
from the available literature.

The chromatograms of the accompanying impurities in three types of am-
phetamine salt samples are shown in Fig. 3.
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Fig. 3. Chromatograms between 6 and 28 min of impurities in tartrate, sulfate and phosphate
amphetamine salts with expansion of the data between 19.30 and 20.70 min,
and the identity of the main peaks.

A list of the main impurities and their characteristic mass ions found as a re-
sult of GC/MS analysis is given in Table II. The identification numbers asso-
ciated with the compounds is connected with the annotated peaks in Figs. 3 and 4.

Some of the listed compounds were not visible in the chromatograms (Figs.
3 and 4) because they were either not present or present in only trace amounts in
the selected samples. Impurity origins quoted in Table II are not exclusive.

All the samples analyzed in this study contained benzyl methyl ketone
(BMK, R; = 5.3 min), identified using extracted ion chromatograms, although its
peak was irresolvable from the much larger amphetamine peak. The main pro-
duct, amphetamine (R; = 5.3 min) is not visible within the time range presented in
Figs. 3 and 4.

Compounds which eluted at 10.51 and 10.84 min in an abundance ratio of
about 5:1 were identified as 4-methyl-5-phenylpyrimidine (8) and 4-benzylpyri-
midine (9). These are impurities connected entirely with the Leuckart method of
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amphetamine synthesis.8 The peak eluting at 11.13 min retention time is N-for-
mylamphetamine (10), which can, when remaining in large quantities as a conse-
quence of incomplete hydrolysis, mask the presence of pyrimidine derivatives

under the given chromatographic conditions.

TABLE II. Compounds detected in samples through gas chromatograph/mass spectrometry

Compound mlz R, Origin
Amphetamine 44,91, 120 5.35 Major product
Benzyl methyl ketone (P2P) 43,91, 134 5.35 Precursor
Methamphetamine 58,91, 92, 65 6.08 By-product
N-Ethylamphetamine 72,44, 91 6.84 By-product
N,N-Dimethylamphetamine 72,91, 65 7.01 By-product
Isopropylamphetamine 86, 44, 91, 120 7.22 By-product
Ephedrine/pseudoephedrine 58,77, 105 9.04 Adulterant/
/contaminant
4-Methyl-5-phenylpyrimidine 170, 169, 10.51 By-product
102, 115
4-Benzylpyrimidine 169, 170, 10.84 By-product
115,91
N-Formylamphetamine 118, 72,91, 44 11.13 Intermediate
Unidentified-11 198, 197, 11.54 Unknown
115,116
N-Formylmethamphetamine 86, 58, 118 11.91 Intermediate
Unidentified-13 100, 72, 44 12.58 Unknown
1,3-Diphenyl-2-propanone 91,65, 119, 210 13.53 Impurity BMK
(P2P)
N-(B-Phenylisopropyl)benzaldimine 132, 105, 91 14.68 By-product
Octadecane 57 14.90 IS
1,3-Diphenylisopylamine 120, 91, 103 15.34 By-product
Caffeine 194 15.84 Adulterant
a-Methyldiphenethylamine 148, 105, 91 16.40 By-product
Bis(/-phenylisopropyl)amine?® 162,91, 119,44 16.42,16.50 By-product
Aminopyrine 231, 97, 56 17.06 Adulterant
N,N-Bis(fBphenylisopropyl)methylamine® 176,91, 58,119 18.03, 18.13 By-product
N-benzoylamphetamine 105, 148, 18.62 By-product
77,118
Unidentified-24 44,91, 162, 65 19.10 Unknown
Pyridine P1P 273 19.51 By-product
Pyridine P2P 272,273 19.60 By-product
Pyridine P3P 258,259 19.73 By-product
Pyridine P4P 258 19.85 By-product
Pyridine P5P 258 19.99 By-product
Pyridine P6P 272 20.27 By-product
N,N-Bis(f-phenylisopropyl)formamide? 190, 91, 21.20, 21.56 By-product
119, 162
Unidentified-32 91, 132, 26.24 Unknown
133,222
Quinine 136 26.69 Adulterant

Stereoisomers; btemporarily identified compound
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Fig. 4. Profiling of selected tablets with the identity of the major peaks.

Three pairs of peaks eluting at 16.42/16.50, 18.03/18.13, and 21.20/21.56
min show the elution characteristics of non-resolved stereoisomers and the mass
spectra of bis(Aphenylisopropyl)amine (20), N, N-bis(Sphenylisopropyl)methyl-
amine (22) and N, N-bis(S-phenylisopropyl)formamide (31).

As by-products in the analyzed samples, methamphetamine (R; = 6.13 min),
N-formyl methamphetamine (R¢ = 11.91 min), N-ethylamphetamine (R = 6.84 min),
N,N-dimethylamphetamine (R; = 7.01 min) and isopropylamphetamine (R; = 7.22 min)
were also found.

The origin of 1,3-diphenyl-2-propanone (R¢ = 13.53 min) is the impurity of
the starting material BMK (P2P) and it is supposed that 1,3-diphenyl-isopropyl-
amine (R¢ = 15.34 min) was formed in the course of amphetamine synthesis as
the aminated derivative of the above mentioned ketone.

For the following group of compounds, the identification approach had a
temporary character: in the time interval between 19 and 21 min (Fig. 3), a group
of compounds elute showing poor mass spectra with fragmentation with base
peaks at m/z 258, 259 or 272, 273 (Fig. 5). The high abundance of such ions
could indicate the presence of very stable molecules which do not readily un-
dergo the fragmentation process. The most likely structure of these molecules is
composed of the so-called pyridines, well known from the literature on the prepa-
ration of amphetamine by the Leuckart synthesis as "high-boiling pyridines".3:16-18

Through extraction of ion m/z 105, a chromatogram was obtained with the
peaks of a-methyldiphenethylamine (R = 16.40 min) and N-benzoylamphe-
tamine (R; = 18.62 min).18.19
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Fig. 5. Mass spectra of the pyridine derivatives with M, = 259 and 273 g mol!.

The occurrence of Schiff bases in illicit amphetamine preparations has al-
ready been published by Theeuwen and Verweij.20 These authors stated that
imines could be found in every amphetamine synthesis in which P2P was em-
ployed as a precursor. Due to their instability in strongly acid environment, after
the second step of the Leuckart synthesis, detection of imines in relatively small
quantities is to be expected. N-(f-Phenylisopropyl)benzalimine was also identi-
fied in the tablets, although only in traces, at 14.68 min.

Neither a comprehensive bibliographical search, nor spectral analysis, resul-
ted in the final identification of compounds marked with the numbers 11, 13, 24
and 32, the mass spectra of which are shown in Fig. 6. Unidentified compound
11, detected in all the samples, has the fragmentation of 5-benzyl-2,3-dimethyl-
pyrazine or 2-benzyl-5,6-dimethylpyrazine; as for compound 13, it is assumed to
be N,N-diethylamphetamine. The unidentified compound 24 is also noteworthy;
in all the analyzed samples it eluted at 19.09 min, with a fragmentation very simi-
lar to that of compound 20, but with different relative ion ratios.

Although the amphetamine sulfate and tartrate originated from the same ille-
gal production, a difference in their impurity levels was evident. It was revealed
that although compound 20 was the dominant impurity in amphetamine sulfate, it
was only found in traces when compared to compound 10 and its methylized (22)
and formylized (31) derivatives in the tartrate salt.

The amphetamine phosphate samples from case II were poorer and only
compound 20 was detected as the main impurity, with traces of compound 8. The
absence of compound 10 was easily noticeable, which corresponds to earlier fin-
dings (internal unpublished results) connected with the establishment of proofs in
the production plant itself, which indicated a thorough approach to the synthesis,
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where control of the hydrolysis stage of N-formylamphetamine to amphetamine
by TLC was performed in the plant. The conclusion that the synthetic route was
Leuckart reaction was made because of the presence of compound 8.
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Fig. 6. Mass spectra of unidentified compounds: (a) compound 11; (b) compound 13;
(c) compound 24; (d) compound 32.

Among the impurities detected in the analyzed tablets are all the impurities
also contained in the powder substances (compounds 3, 4, 5, 6, 8, 9, 10, 11, 12,
13, 15, 17, 19, 20, 22, 24 and 31 listed in Table II and shown in Figs. 3 and 4).
The impurity profiling chromatograms of selected tablets from case I, II and III,
the chemical characterization of which were given in Tables I and II, are shown
in Fig. 4.

The analyzed white tablets (5 types) found at different locations in the tablet-
-making plant (case I) had a relatively similar characteristic impurity profile, as
they contained solely amphetamine sulfate. The main impurity was compound 20.
The content of impurities, i.e., their relative main impurity concentration ratio,
varied more in the colored tablets (15 types), which could be explained by the pre-
sence of a mixture of amphetamine salts. However, this evidence is not conclu-
sive, as the origin of the production batches could not be determined. The main
impurities in these cases were compounds 10, 20 and 8.

In some tablets, ephedrine/pseudoephedrine was identified (R; = 9.04 min),
for which it is supposed that it was present as a contaminant from the tablet-ma-
king process, or a deliberately added adulterant.
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In tablets containing aminopyrine (Fig. 4, chromatograms 1-20 and 1-22) the
peak at retention time 26.24 min belongs to the unidentified compound 32, the
mass spectrum of which is shown in Fig. 6d.

Impurity profiling of tablets from cases II and III (Fig. 4, chromatograms I1-8
and II1-1) shows their essential similarity in the presence of compound 20, as the
main impurity, and compounds 8, 9 and 10, as well as a significant dissimilarity
from the profile of all the tablets from case 1.

CONCLUSION

It was established that the amphetamines produced in clandestine labs in Ser-
bia were in the form of sulfates, tartrates and phosphates. The amphetamine tar-
trate form is reported for the first time in the Republic of Serbia. From the results
of the analysis of the tablets, it should be emphasized that they contained a mix
of amphetamine salts and a great variety of additives. The complex mixtures of
additives used included caffeine, quinine, aminopyrine, ranitidine, lactose, glu-
cose, starch, microcrystal cellulose, povidone and/or stearic acid. Although en-
graved with the usual logo previously encountered in captagon, the tablets did
not contain fenethylline. The presence of the synergically acting amphetamine,
caffeine and quinine, as well as the characteristic logo, suggest that all the seized
quantities were intended for the illegal market as surrogate for captagon. The im-
purity profiles of all the analyzed samples show that the synthetic route for am-
phetamine was the Leuckart reaction.

N3BOJ
AHAJIM3A AMOETAMUHA WJIET'AJIHO ITPOU3BEJAEHOI" Y CPBHUIA

MAPHUHA HEBEITRAHUH', COA BAHOBUR CTEBUR', CJIOBOJIAH MTETPOBWR? u BIATKA BAIC?

! Uncimuigiyi 6esbeonocitiu, Kpamuye Ane 66, 11000 Beozpad, > Texnoaowko—meiianypuiki axyaideid
Yuusepauitieiiia y Beozpady, Kapuezujesa 4, 11120 Beozpad u > Xemujcku pakyaitieii
Ynueepsuiteiia y beozpaoy, CitiyOeniticku itipz 16, Beozpao

®dopensnuka npakca y Peny6muim CpOuju ce IpBH IyT cpeia ca WIEraIHOM MPOU3BOAKOM
am¢eramuna 2003. roquHe. Y 0BOM paiy NPEACTaBIEEHU Cy PE3yJITAaTH XEMHjCKE KapaKTepH3alnje
32 Bpcre y3opaka am¢eraMuHa KOjU IOTUYY W3 TPH OJBOjEHA CIydaja y HWJbY HICHTH(HKAIH]je
aKTHBHUX KOMIIOHEHTH W aiuTuBa. [Ipodmmcamem HeurncToha cBHX y3opaka momohy racHo—MaceHe
crekrpoMerpuje unentudukosano je 30 jenumera moBe3annx ca amderamunoM. Jlatu cy pesyi-
TAaTH aHajJu3a NPAIIKacTUX TapTapaTHUX, cyiadarHux u docdaTHuX comu amdeTamMuHa Kao U pas-
nauTo (opMyiucaHux Tabiera. AHanuse HeurcToha cy rmokasaie Jia je y CBHM CiIy4ajeBUMa CHH-
Te3a am(peramuHa BpireHa Leuckart-oBom peaxknujom.

(ITpumsseno 25. mapra 2008)
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Abstract: The present paper describes the chemical composition and antimicro-
bial activity of the essential oil of the endemic species Satureja horvatii Sili¢,
collected in Montenegro. The essential oil was obtained from the aerial parts of
the plant by hydrodistillation and analyzed by GC-MS. From the 34 com-
pounds representing 100 % of the oil, the major compound was the phenolic
monoterpene thymol (63.37 %). The oil contained smaller amounts of j-terpi-
nene (7.49 %), carvacrol methyl ether (4.92 %), carvacrol (4.67 %), p-cymene
(4.52%), a-terpinene (1.81 %), borneol (1.58 %), a-thujene (1.56 %), f-caryo-
phyllene (1.55 %) and f-myrcene (1.44 %). The antimicrobial activity of the
essential oil of S. horvatii was evaluated using the agar diffusion and broth
microdilution methods. The essential oil exhibited antimicrobial activity to va-
rying degrees against all the tested strains. The maximum activity of S. horvatii
oil was observed against Gram-positive bacteria (Micrococcus luteus, Sta-
phylococcus epidermidis, Staphylococcus aureus and Enterococcus faecalis)
and against the yeast (Candida albicans). The oil exhibited moderate activity
against the Gram-negative bacteria Escherichia coli and Klebsiella pneumoniae
and weak activity against Pseudomonas aeruginosa. This study confirms that
the essential oil of S. horvatii possesses antimicrobial activities in vitro against
medically important pathogens.

Keywords: Satureja horvatii; endemic species; essential oil; GC-MS; anti-
microbial activity.
INTRODUCTION
The genus Satureja L. includes about 200 species of herbs and shrubs, often

aromatic, with a centre of distribution in the Mediterranean Basin. In the area of
the central and western Balkans, nine species of this genus have been registered.!

* Corresponding author. E-mail: blakusic@pharmacy.bg.ac.yu
doi: 10.2298/JSC0807703L
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Most of them are the well-known species S. montana L., S. hortensis L., S. kitai-
belii Wierzb. Ex Heuff. and S. cuneifolia L., and all are used in traditional medi-
cine on the Balkan Peninsula.

Satureja horvatii Silié is an endemic relict species of the Orjen—Lovéen moun-
tain massive (Montenegro), with a high content of the essential oil of up to 4 %.2-3
To the best of our knowledge, there are published reports only about the chemical
composition of its essential oil.

In parallel with the rapid development of a wide range of antibacterial agents
since the 1940s, bacteria have proved extremely adept at developing resistance to
each new employed agent. The rapidly increasing incidence of bacterial resis-
tance to antimicrobial agents has become a serious problem worldwide. Resis-
tance mechanisms have been identified and described for all the known antibio-
tics currently available for clinical use.* The antimicrobial activity of plant oils
and extracts has been recognised for many years. With the increasing tendency
for the use of volatile oils in the pharmaceutical industries, a systematic examina-
tion of essential oils for antimicrobial activity has become important.

The essential oils isolated from various Satureja species have been shown to
have biological and pharmacological activities, such as antibacterial, fungicidal
and antiviral,>~7 anti-oxidant, antispasmodic and antidiarrhoeal.”

This paper reports a phytochemical analysis and the in vitro antimicrobial
activity of the essential oil of the endemic species S. horvatii.

EXPERIMENTAL
Plant material

The plant material of S. horvatii was collected on Mount Orjen (Montenegro), in Orjen-
ske lokve locality (1580 m a. s. 1.), in July 2006. The sample was gathered before the flo-
wering period. A voucher specimen is kept at the Institute of Botany Herbarium, Faculty of
Pharmacy, University of Belgrade.

Isolation of the essential oil

The aerial parts of the plant were dried at room temperature and hydrodistilled (100 g)
for 3 h, using a Clevenger-type apparatus. The oil yield was 4.2 %.

Gas chromatography—mass spectrometry

Gas chromatography. A Hewlett Packard, HP-5890 gas chromatograph, equipped with a
split-splitless injector, a fused silica capillary column HP-5 (25 mx0.32 mm; 0.5 pum film
thickness), and FID, was employed. Oil solutions in ethanol (= 1 %) were injected in the split
mode (1:30). The injector and detector (FID) temperatures were 250 and 300 °C, respectively,
while the column temperature was linearly programmed from 40 to 240 °C (4.0 °C min™!).

Gas chromatography—mass spectrometry. The analyses were performed on a Hewlett Pack-
ard, HP G1800C gas chromatograph equipped with split-splitless injector and a HP-5MS
capillary column (30 mx0.25 mm; 0,25 um film thickness). The chromatographic conditions
were as metioned in preceding paragraph. Injector was heated at 250 °C, detector (MSD) was
heated at 280 °C, while the column temperature was linearly programmed from 40 to 240 °C
(4.0 °C min'!). The EIMS spectra (70 eV) were obtained in the scan mode in m/z range 40—400.



ANTIMICROBIAL ACTIVITY OF Satureja horvatii ESSENTIAL OIL 705

Component identification and quantification

Identification of individual constituents was made by comparison of their retention times
with those of analytical standards of the available terpenoids and by a computer search,
matching the mass spectral data with those held in the Wiley 275 library of mass spectra.
Confirmation was performed using AMDIS software. For quantification purposes, relative
area percentages obtained by FID were used.

Antimicrobial activity

Antibacterial and antifungal activities of the essential oil of S. horvatii were evaluated by
the agar diffusion method!? using a panel which included laboratory control strains obtained
from the American Type Culture Collection (Rockville, MD, USA): Gram-positive bacteria
Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228), Micro-
coccus luteus (ATCC 10240), Enterococcus faecalis (ATCC 29212), Bacillus subtilis (ATCC
6633BB), Bacillus cereus (ATCC 11778), Gram-negative Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853) and Klebsiella pneumoniae (NCIMB 9111) bacteria
and one strain of yeast Candida albicans (ATCC 10259).

The active cultures for the experiments were prepared by transferring a loopful of cells
from stock cultures to flasks containing Miiller—Hinton broth (MHB, Torlak, Belgrade) for the
bacteria and Sabouraud dextrose broth (Torlak, Belgrade) for the yeast. The cultures were
incubated without agitation for 24 h at 37 and 25 °C for the bacteria and yeast, respectively.
The cultures were diluted with fresh Miiller—Hinton broth and Sabouraud dextrose broth to
achieve optical densities corresponding to 2.0x10° colony forming units (CFU/ml) for the
bacteria and 2x103 CFU/ml for C. albicans. A suspension of the tested microorganisms (100
pl) was distributed on the solid media, i.e., Miiller—Hinton agar or Sabouraud dextrose agar. One
drop (15 pl) of a 4 % and one of a 2 % solution of the essential oil in absolute ethanol were
poured onto the prepared agar. Ampicillin (10 pg), amikacin (30 pg), bacitracin (10 pg) and
nystatin (100 units) discs were used to control the sensitivity of the tested microorganisms.

These plates were then incubated at 37 °C for 24 h for the bacteria and at 30 °C for 48 h
for the C. albicans. The results of agar diffusion assays were evaluated by measuring zone of in-
hibition (in mm) after incubation. All the experiments were performed in triplicate and the ave-
rage value and standard deviation (SD) were calculated for the diameters of the inhibition zone.

Determination of the minimal inhibitory concentration (MIC)

The broth microdilution method was used to determine the minimal inhibitory concen-
tration (MIC) according to the National Committee for Clinical Laboratory Standards.!! The
MIC is defined as the lowest concentration of the essential oil at which the microorganism
does not demonstrate visible growth. All tests were performed in Miiller—Hinton broth supple-
mented with Tween 80 detergent (final concentration of 0.5 % v/v), with the exception of the
yeast when Sabouraud dextrose broth supplemented with Tween 80 was used. A serial doub-
ling dilution of the oil was prepared in a 96-well microtiter plate over the concentration range
0.02-80.00 pl ml!, including one growth control and one sterility control (MHB + Tween 80 +
+ test oil). Overnight broth cultures of each strain were prepared and the final concentration in
each well was adjusted to 2.0x10% CFU/ml for the bacteria and 2.0x10° CFU/ml for the yeast,
and these were confirmed by viable counts. The plates were incubated under normal atmo-
spheric conditions at 37 °C for 24 h for the bacteria and at 26 °C for 48 h for the yeast. The
bacterial growth was indicated by the presence of a white "pellet” on the well bottom.!? All
determinations were performed in duplicate.
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RESULTS AND DISCUSSION

Chemical composition of the essential oil

The chemical composition of the essential oil of S. horvatii is presented in
Table 1. The identified compounds (thirty-four components) amounted to 100 %
of the oil. The dominant constituents were monoterpene compounds in an amount
of 97.24 % (hydrocarbons: 19.79 %; oxygenated monoterpenes: 77.45 %), while
the quantity of sesquiterpene compounds was 2.76 % (hydrocarbons: 2.53 %;
oxygenated sesquiterpenes: 0.23 %).

TABLE I. Chemical composition of S. sorvatii essential oil determined by GC and GC-MS

No. Constituents 13 Area, %
1 o-Thujene 924 1.56
2 o-Pinene 932 0.72
3 Camphene 946 0.47
4 Sabinene 969 0.06
5 p-Pinene 974 0.25
6 1-Octen-3-o0l 974 0.25
7 [-Myrcene 988 1.44
8 o-Phellandrene 1002 0.26
9 A3-Carene 1008 0.06
10 a-Terpinene 1114 1.81
11 p-Cymene 1020 4.52
12 f —Phellandrene 1025 0.60
13 cis- f-Ocimene 1032 0.15
14 trans-f-Ocimene 1044 0.05
15 y-Terpinene 1054 7.49
16 cis-Sabinene hydrate 1065 0.71
17 o-Terpinolene 1086 0.09
18 Linalool 1095 0.38
19 Borneol 1165 1.58
20 Terpinen-4-ol 1174 0.47
21 o-Terpineol 1186 0.91
22 Carvacrol methyl ether 1241 4.92
23 Thymol 1289 63.73
24 Carvacrol 1298 4.67
25 Thymol acetate 1349 0.08
26 pS-Caryophyllene 1417 1.55
27 Aromadendrene 1439 0.10
28 o-Humulene 1452 0.06
29 y-Muurolene 1478 0.07
30 Germacrene D 1484 0.23

3K ovats index
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TABLE 1. Continued

No. Constituents P13 Area, %
31 Bicyclogermacrene 1500 0.45
32 J-Cadinene 1522 0.08
33 Spathulenol 1577 0.12
34 Caryophyllene oxide 1582 0.11
Monoterpene compounds 97.24
Monoterpene hydrocarbons - 19.79
Oxygenated monoterpene - 77.45
Sesquiterpene compounds - 2.76
Sesquiterpene hydrocarbons - 2.53
Oxygenated sesquiterpenes - 0.23
Total 100

3K ovats index

The oil of S. horvatii is characterized by a high content of the phenolic mono-
terpene thymol (63.73 %). Other important compounds were the monoterpene
hydrocarbons j-terpinene (7.49 %), p-cymene (4.52 %), and the oxygenated com-
pounds carvacrol methyl ether (4.92 %), carvacrol (4.67 %) and borneol (1.58 %).
The essential oil also contained smaller percentages of a-thujene (1.56 %), S-ca-
ryophyllene (1.55 %) and fmyrcene (1.44 %).

Other Satureja species, such as S. montana and S. subspicata have lower con-
tent of essential oil (0.3—1.8 %), the main constituent of which is carvacrol (16.8—
—45.7 %), an isomer of thymol. Thymol in these species was registered in con-
centrations of less than 5 %.14-16

The chemical composition of the essential oils of Satureja spp. shows a large
interspecies and intraspecies variability, which depends upon genetic factors, en-
vironmental factors, and stage of the plant development.!7-18

Antimicrobial activity

Numerous studies have demonstrated that the essential oils of Satureja spe-
cies are among the most potent essential oils with regard to antimicrobial proper-
ties.15:19721 This was confirmed and extended in the present study. According to
the results, the essential oil had great in vitro antimicrobial activities against all
nine bacteria and the yeast species tested (Tables II and III). These results are
comparable to previously published activities for Satureja species.10

The data obtained from the agar diffusion method indicated that the inhibit-
ory effect increased with increasing oil concentration from 2 to 4 %. The stron-
gest inhibition zones (26—32 mm) were detected for the Gram-positive bacteria.
Among them M. luteus was found to be the most sensitive. The oil also exhibited
high antimicrobial activity against important human pathogens, such as S. aureus
and E. faecalis. The Gram-negative strains displayed variable degrees of suscep-
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tibility. Maximum activity was observed against E. coli and K. pneumoniae (22—
—28 mm), while P. aeruginosa exhibited weak inhibition zones (10—14 mm).

TABLE II. Antimicrobial activity of S. horvatii essential oil expressed by the diameter of the
inhibition zone (mm)

. . Essential oil Ampicillin  Amikacin  Bacitracin Nystatin

Microorganism - - : T
2.0% 4.0% 10 pg/disc 30 pg/disc 10 pg/disc 100 units/disc

S. aureus 24.3+1.0 26.5£0.9 35.0+7.0 26.5+2.1 n.t? n.t.
ATCC 25923
S. epidermidis 23.0£0 26.5+1.0 12.0 n.t. n.t. n.t.
ATCC 12228
M. luteus 30.5£3.0 32.0+£2.0 33.0 n.t. 16.7+1.2 n.t.
ATCC 10240
E. faecali 26.0£1.0 27.5£2.4 16.0 n.t. n.t. n.t.
ATCC 29212
B. subtilis 23.2+1.3  30.0+0 15.0 n.t. n.t. n.t.
ATCC6633bb
B. cereus 19.0£1.2 26.0+0.8 12.0+3.4 n.t. n.t. n.t.
ATCC 11778
E. coli 24.840.9 26.6£0.5 20.5+0.7 20.0 n.t. n.t.
ATCC 25922
K. pneumoniae  222+2.3 24.0+0 17.0+4.2 n.t. n.t. n.t.
NCIMB 9111
P. aeruginosa 10.0+£3.7 14.5+0.5 10.0 27.5+3.5 n.t. n.t.
ATCC 27853
C. albicans 23.541.0 26.0£2.5 n.t. n.t. n.t. 20.0+0.87
ATCC 10259
@Not tested

The in vitro antimicrobial activity of S. horvatii essential oil was evaluated
by the broth microdilution method and expressed as the minimum inhibitory con-
centration. In liquid medium, the essential oil was active against all the test strains.
The inhibitory properties of the oil were observed within a range of concentra-
tions from 0.10 to 16.00 ul ml~1. The oil exhibited the highest inhibitory effect
against the Gram-positive bacteria S. epidermidis, M. luteus and S. aureus. The
oil was effective against Gram-negative E. coli and K. pneumoniae (2.50 and
4.00 pl ml-!, respectively), while P. aeruginosa seemed to be more resistant to
the investigated oil (16.00 ul ml-1).

In the present study, it was confirmed that Gram-positive bacteria are more
sensitive to the investigated oil than Gram-negative bacteria (Tables II and III).
The relative tolerance of Gram-negative bacteria to essential oils has been ascri-
bed to the presence of a hydrophilic outer layer, which can block the penetration
of hydrophobic components through the target cell membrane.2? The essential
oils rich in phenolic compounds are widely reported to exhibit high levels of
antimicrobial activity.20:23.24 The major component of S. horvatii was the phe-
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nolic monoterpene thymol. Since the active antimicrobial compounds of essential
oils are phenolics and terpenes, it seems reasonable that their mode of action
might be similar to that of other phenolic compounds. Most of the studies on the
mechanism of phenolic compounds focused on their effects on cellular membra-
nes, altering its function, causing swelling and increasing its permeability. Incre-
ases in cytoplasmic membrane permeability appear to be a consequence of the
loss of the cellular pH gradient, decreased ATP levels, and loss of the proton mo-
tive force, which lead to cell death.

TABLE III. Antimicrobial activity of S. horvatii essential oil expressed as MIC (pul/ml)

Microorganism Essential oil Ampicillin Amikacin Bacitracin Nystatin
S. aureus (ATCC 25923) 0.20 0.50 n.t.? n.t. n.t.
S. epidermidis (ATCC 12228) 0.10 1.0 n.t. n.t. n.t.
M. luteusi (ATCC 10240) 0.10 0.50 n.t. n.t. n.t.
E. faecali (ATCC 29212) 0.40 0.50 n.t. n.t. n.t.
B. subtilis (ATCC6633bb) 2.00 1.00 n.t. n.t. n.t.
B. cereus (ATCC 11778) 2.50 1.00 n.t. n.t. n.t.
E. coli (ATCC 25922) 2.50 2.00 0.50 n.t. n.t.
K. pneumoniae (NCIMB 9111) 4.00 2.00 n.t. n.t. n.t.
P. aeruginosa (ATCC 27853) 16.00 n.t. 1.00 n.t. n.t.
C. albicans (ATCC 10259) 0.40 n.t. n.t. n.t. 0.50
Not tested

A number of reports indicate that essential oils containing carvacrol, eugenol
or thymol have the highest antimicrobial properties.2> However, the antimicro-
bial activities of Satureja species do not arise only from the thymol and carvacrol
content since the oil of S. cuneifolia, which is relatively rich in f-cubebene, li-
monene, a-pinene, spathulenol and fcaryophyllene also displayed relatively good
activity.!S Some studies reported that whole essential oils have a greater antibac-
terial activity than the major components mixed,26-27 which suggests that the mi-
nor components are critical to the activity and could also affect the antimicrobial
properties.

CONCLUSIONS

The essential oil of S. horvatii exhibited antimicrobial activity to varying
degrees against all the tested strains. The maximum activity was observed against
Gram-positive bacteria (M. luteus, S. epidermidis, S. aureus and E. faecalis) and
against the yeast (Candida albicans). The oil exhibited moderate activity against
the Gram-negative bacteria E. coli and K. pneumoniae and weak activity against
P. aeruginosa. This study confirms that the essential oil of S. horvatii possesses
antimicrobial activities in vitro against medically important pathogens.

Acknowledgements. The authors are grateful to the Ministry of Science of the Republic
of Serbia (Project No.143012) for financial support.
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U3BOJ

XEMUJCKU CACTAB 1 AHTUMUKPOBHA AKTUBHOCT ETAPCKOI" YJbA BPCTE
Satureja horvatii Silié (Lamiaceae)

BPAHUCJIABA JIAKYIINE! , MUXANJIO PI/ICTI/Ile, BHOJIETA CHABKOBCKAI,
JEJIEHA AHTUR CTAHKOBUR® 1 MAPUHA MIJIEHKOBIR?

! Uncmuimiyim sa 6oimanuxy, Gapmayeyimicku (axyailieid, Yuusepauitieili y beozpady, Bojeode Citieiie 450, 11000
Beozpad, *Huciliuiiyili 3a ipoyuasarse aexosuitioz 6uma “Jocugp Manuuh’, Tadeywa Kowhyuiko?z 1,
Beozpad u 3 Hncimiuitiyiti 3a muxpobuonozujy, Papmayeyiicku (axyaiied, Yuusepauiieid y Beozpady,
Bojsooe Ciuietie 450, 11000 Beozpao

V pany je 1aT XeMHjCKM cacTaB M aHTHMHUKPOOHA aKTHBHOCT €TapCKOT yJba, CHASMUYHE BPCTE
Satureja horvatii Silié, caxynmane y Lproj Topu. ETapcko yibe je JecTHIANHjOM BOACHOM MapoM
M30JI0BAHO W3 HAJ3EMHOT Jiesia OmJbke W aHanm3upaHo MetogoM GC-MS. 34 xoMITOHEHTE YHHE
100 % yJiba, a ri1aBHA KOMITOHEHTa je TUMOII (63,37 %). Yibe je cafpiKalo U MambH IPOLEHAT J~Tep-
rmHeHa (7,49 %), kapBakpoi-meTtmi-erpa (4,92 %), kapBakpona (4,67 %), p-umena (4,52 %), a-tep-
murena (1,81 %), 6opreona (1,58 %), a-tyjena (1,56 %), f-xapuodunena (1,55 %) u f-mupuena
(1,44 %). AuTHMHKpOOHA aKTUBHOCT €TapCKoOr yJba S. horvatii je ucnuTHBaHa KopuinhemeM arap
qudy3rone U OyjOH MUKPOAMITYHHOHE MeToze. ETapcko yibe je Mmoka3auo pa3iuduT CTEHeH aHTH-
MHUKpPOOHE aKTHBHOCTH Ha TECTHUpaHE opraHu3Me. Yibe S. horvatii je MCIOJBUIO MaKCUMAJHY aK-
THBHOCT Ha IpaM-TIO3UTHBHE Oaktepuje Micrococcus luteus, Staphylococcus epidermidis, Staphy-
lococcus aureus u Enterococcus faecalis n Ha rieusunyy Candida albicans. Yibe je mokaszano yme-
peHy aKTHBHOCT Ha rpaM-HeraTuBHE Oaktepuje Escherichia coli n Klebsiella pneumoniae u cnaby
Ha Pseudomonas aeruginosa. VctpaxuBameM je yTBphEeHO 1a eTapcko yJbe CHISMHYHE BpCTe S.
horvatii nocenyje aHTHMUKPOOHY aKTUBHOCT Y i71 Vitro yCIIOBUMA Ha 3HaYajHe MeIUIMHCKE [TaTOTeHe.

(IlpumibeHo 16. okroGpa 2007, peBuaupano 18. janyapa 2008)
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Abstract: A series of four Zn(II) complexes with asymmetrical porphyrinic li-
gands were synthesized: [5-(4-hydroxyphenyl)-10,15,20-triphenyl-21H,23 H-por-
phinato]Zn(I) (Zn(IHTPPOHp), [5-(3-hydroxyphenyl)-10,15,20-triphenyl-21H,23H-
-porphinato]Zn(Il) (Zn(II)TPPOH,,), [5-(2-hydroxyphenyl)-10,15,20-triphenyl-
-21H,23 H-Zn(IT)-porphinato]Zn(IT) (Zn(I)TPPOH) and the well-known (5,10,15,20-
-tetraphenyl-21H,23 H-porphinato]Zn(Il) (Zn(II)TPP) as reference, in a 1:1 mole
ratio. In all cases, the free-base porphyrin served as a tetradentate ligand
through the four pyrrole nitrogen atoms. The complexes were characterized by
elemental analysis, FTIR and UV—Vis spectroscopy, which fully confirmed the
structure of the complexes. UV—Vis showed that the spectral absorption of the
four complexes was blue-shifted by at least 50 nm compared to that of the free
ligands. Also important structural data were obtained from several different NMR
experiments (including 'H-NMR, 13C-NMR, DEPT, COSY, HMBC and HMQC).
Influences of external substituents on the porphyrin ring were observed.

Keywords: asymmetric porphyrins; Zn(II) porphyrin complexes; sensitizers for
photodynamic therapy; molecular absorption coefficients; NMR spectroscopy.

INTRODUCTION

Tetrapyrrolic macrocycles (i.e., porphyrins) play highly diverse and funda-
mental roles in biological systems.!-2 They readily combine with metals, coordi-
nating with them in the central cavity.l:2 One of the more recent and promising
applications of metalloporphyrins in medicine is their employment in the detec-
tion and cure from tumors, for which they are being intensively investigated as
second and third generation photosensitizers for cancer photodynamic therapy
(PDT), as efficient sensitizing agents in the photodegradation of malignant tis-

* Corresponding author. E-mail: psradu@yahoo.com
doi: 10.2298/JSC0807713B
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sues.3™ PDT is a new, non-surgical, technique for cancer treatment. After admi-
nistration of a photosensitizer, which is selectively retained by tumor cells, sub-
sequent irradiation with light in the red region of the visible spectrum (within the
so-called phototherapeutic window, where light can penetrate living tissues) in
the presence of oxygen specifically inactivates neoplastic cells.3713

In spite of some promising studies with other classes of compounds, 14720 the
only PDT photosensitizers already approved for human treatment have a porphy-
rin-like heterocyclic ring structure, although they absorb only weakly at about
620 nm and are a complex and non-separable mixture of monomers, dimers, and
higher oligomers.21,22

The increasing need for higher efficiency against tumors continues to deter-
mine a great number of synthetic studies directed to the synthesis of single pure
porphyrinic compounds with well-established structures and which efficiently ab-
sorb light at longer wavelengths22:23 (in the red region of the absorption spectra,
630-680 nm, in the so-called phototherapeutical window, where the light deeply
penetrates body tissues3~12), have relevant singlet oxygen quantum yields,24-25
photostability26-27 and low toxicity.28

In order to achieve the most appropriate locations at the level of the various
cellular constituents, photosensitizers further need to possess the most adequate
structural characteristics.29 By modifying the charge density and its distribution
at the periphery of the porphyrinic macrocycle, in the meso-position (an H has to
be substituted by one —OH functional group), it is possible to control the route of
these compounds to the target cells.26:29-31

In the present study, a series of new mesoporphyrinic complexes, monohyd-
roxyphenyl Zn(II)-substituted porphyrin complexes, [5-(x-hydroxyphenyl)-10,15,20-
-triphenyl-21H,23 H-porphinato]Zn(Il) (x = 2, 3 and 4) (Scheme 1), were synthesized
and characterized for use in PDT, with a prevalence to the latter mentioned objective.

Scheme 1. Structure of the mono-hydroxy-substi-
tuted Zn(II)-porphyrin complexes. For Zn(II)TPP
as the reference: Ry_s = H; for Zn(I)TPPOH:
R;=OH and R,s5=H; for Zn(I)TPPOHy:
Ry35=H and R,=OH; for Zn(I[)TPPOHp:
R1,2,4,5 =H and R3 = OH.




Zn(1I) MONOHYDROXYPHENYL MESOPORPHYRINIC COMPLEXES 7 1 5

EXPERIMENTAL
Materials and methods

Commercially available chemicals and solvents were used as received from Aldrich,
Merck and Sigma.

The elemental analysis of C, H and N was performed with an automatic Carlo Erba L-1108
analyzer. The metallic ion was determined gravimetrically and volumetrically.

The IR spectra were recorded with a FTIR 400D Nicolet Impact spectrometer. The sam-
ples, previously dried at 150 °C for 24 h, were measured as KBr pellets of spectroscopic
purity. The spectra were measured in the 4000-500 cm™! spectral range.

The NMR spectra were recorded with a 400 MHz Bruker NMR Spectrometer. 'H-NMR,
I3C-NMR, DEPT 90, HMQC, HMBC and COSY spectra were measured.

The molecular absorption spectra were recorded with a Specord M400 Carl Zeiss Jena
UV-Vis spectrometer, assisted by an internal computer, within the spectral range of 210-900 nm.
All spectra were recorded in a mono-beam system, in order to eliminate the specific absorp-
tion of the solvent and the absorption differences caused by the optical pathway. For measu-
rement of UV—Vis absorption both polar (chloroform) and non-polar (benzene) solvents were used.

Synthesis of the Zn(Il) complexes

The methods presented in the literature3233 for the synthesis of metalloporphyrins, usu-
ally result in very low yields, mainly because of the high temperatures and low pH of the
environment used during the synthesis. For this reason, the synthesis of the complexes in the
present work was instead conducted at moderate temperatures and in the presence of a basic
catalyst, 2,6-dimethylpyridine, which determined the removal of a proton from the inner ni-
trogen atoms inside the porphyrinic macrocycle, thereby enabling the production of the com-
plex. These new experimental conditions considerably reduced the duration of synthesis and
increased the yield of the reaction to around 90 %.

Solutions (= 10* M) of each of the four porphyrinic ligands (TPP, TPPOH,, TPPOHy,
and TPPOHp)3* in chloroform were gently heated under stirring until the ligand crystals were
completely dissolved. Then, several drops of 2,6-dimethylpyridine were added, together with
the appropriate amount of a methanolic solution of ZnCl, to give a 1:1 stoichiometric ratio.
The reaction mixture was refluxed under continuous stirring for 1 h at 55 °C. The presence of
the complex in the reaction mixture was monitored during the course of the reaction by thin
layer chromatography. After cooling, the reaction mixture was purified by passing it through
an alumina chromatographic column. The excess metallic salt was retained by the alumina,
while chloroform containing the complex (the deep violet-colored complex was the second
band passing through the chromatographic column) was collected. The solutions of the com-
plexes in chloroform were concentrated by simple distillation. The obtained violet crystals
were dried at = 100 °C for 12 h.

RESULTS AND DISCUSSION
Elemental analysis

The results of the elemental analysis of the four ligands combinations with
Zn(Il) are given in Table I.

The experimental values obtained for the percentage elemental analysis of
carbon, hydrogen, nitrogen and zinc are in accordance with the theoretical values
calculated on the basis of a 1:1 Zn (II):porphyrinic ligand stoichiometry, thus con-
firming this stoichiometry for all the four synthesized metalloporphyrinic complexes.



7 1 6 BOSCENCU et al.

TABLE I. Results of elemental analysis

Content, %
Complex C H N 7n
Calcd. Found Calcd. Found Calcd. Found Calcd. Found
Zn(IDTPP 77.86  77.25 4.16 4.50 8.25 8.35 9.64 9.29
Zn(IDTPPOHy  76.06  75.90 4.06 4.12 8.06 8.32 9.42 9.15
Zn(IDTPPOHy; 76.06  75.70 4.06 4.19 8.06 8.12 9.42 9.19
Zn(ITPPOHp  76.06  75.89 4.06 4.21 8.06 8.15 9.42 9.23

IR Spectra

The most relevant results extracted from the IR spectra of the synthesized
Zn(IT) complexes, together with those for the corresponding free complexes are
given in Table I1.34

The IR spectra of the four Zn-free complexes, i.e., TPP, TPPOHp, TPPOHyy,
TPPOHp, were previously analyzed.34 In agreement with the structure of the free
complexes, the presence of the characteristic bands of vg-y; (obviously not
present for TPP) and vN—y in the spectral range 3410-3528 cm™! and 3314-3448
cm™! could be identified.34

TABLE II. Characteristic IR vibrations of the free-base porphyrins and of the mono-hydroxy-sub-
stituted Zn(II) complexes

Characte- v/em!

ristic Zn(11)- Zn(ID)- Zn(Il)-
o 34 34 34 34
vibration TPP** Zn(IDTPP TPPOHQ* ) OH,, TPPOH, TPPOH,, TPPOHp TPPOH,

Vo - - 3528 3533 3521 3494 3527 3525

VO-H - - 3424 3429 3424 3429 3410 3412

associated

VNLH 3448 - 3448 - 3440 - 3430 -

YN-H 3316 - 3316 - 3316 - 3314 -

associated

Ve-NH 1557 - 1558 - 1558 - 1557 -

veo - - 1176 1176 1178 1177 1170 1171

As reported before,34 two bands corresponding to vN—y were present: the
first one, well individualized in the region 3430-3448 cm™1, can be attributed to
VN-H stretching vibrations; the second one, less intense, in the 3314-3316 cm™!
range corresponds to the stretching vibration VN—Hagsociated. A band attributed to
VC=NH Was also present at 15571558 cm™!.

Comparing the IR spectra corresponding to the newly synthesized complex
versus those for the corresponding free ligand (as can be seen in Table II), the
disappearance of three bands from the spectrum of the zinc containing complexes
was evidenced. The absence of these bands for Zn(II)TPP and Zn(II)TPPOHY is
very clear evidence for the removal of one proton from the =NH groups (nitrogen
atoms in the positions 21 and 23 at the inner part of the porphyrinic ring (Scheme 1),



Zn(1I) MONOHYDROXYPHENYL MESOPORPHYRINIC COMPLEXES 7 1 7

which confirms coordination of the metallic ion to the nitrogen atoms of the por-
phyrinic macrocycle.

The presence of the —OH functional group in TPPOHg, TPPOH);, TPPOHp34
and in the corresponding complex combinations with Zn(Il) ions was fully con-
firmed by the IR spectra, in which two bands in the spectral ranges of 3494—
-3533 cm! and 34123429 cm™! (3521-3528 cm™! and 3410-3424 cm™! for the
TPPOHy free base) corresponding to vo-g and VO-Hassociated Vibrations were
identified. For all non-symmetrically substituted compounds (both the free ba-
ses4 and the Zn(II) complexes), a medium intensity band in the 1170-1178 cm™!
(1171-1177 cm™! for the metal-containing complexes) spectral range was identi-
fied, which was attributed to the vc—o. The presence of this band in all three
Zn(Il) complexes further confirms that the —OH functional group was not lost upon
metal complexation with the asymmetric porphyrinic macrocycle. Accordingly,
neither vo—g nor vc—o bands were present for TPP34 and Zn(II)TPP.

All infrared spectral features described above for the free bases and the
Zn(Il) complexes fully support and confirm that Zn(II) inclusion onto TPPOHg,
TPPOHy;, TPPOHp was fully successful without the destruction of the mono-
hydroxy substitution of the phenyl group of the porphyrinic ligand. The same re-
sults were observed before for Cu(Il) inclusion on the same ligands.35 As already
stressed, this type of substitution was previously identified as being extremely
important for the appropriate location of these types of compounds in biological
media.26-29-31

NMR experiments

To clearly illustrate the relation between structure and NMR spectra, the S-pyr-
role meso-positions (according to the Fischer rule) in terms of the arrangement of
hydroxyl substituents are presented in Scheme 2, in which the ortho-, meta- and
para-positions are indicated by b’, ¢’ and d’, respectively.

Scheme 2. Complete atomic numbering of the
TPPOH( structure for NMR assignment.
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The chemical shifts and multiplicities of the 'H-NMR signals for the Zn(II)
complexes and other important complementary data provided by the 13C-NMR
spectra are presented in Table II1.

TABLE III. Chemical shifts and multiplicities of the 'H-NMR and !3C-NMR signals for the
Zn(I1) complexes

Complex TH-NMR 13C-NMR
Zn(I)TPP 7.79-7.71 (12H, m, mPh, p-Ph) 1211 (Cs 10,150); 126.5; 127.4 (Cp; )
8.22 (8H, dd, 0-Ph); 8.94 (8H, s, fyyrr) 132.0; 134.4; 142.8
Zn(ITPPOH,, 7.34 (1H, 1, ¢’-Ph); 119.3 (Cs); 121.2 (Cyo.15.20);
7.53-7.51 (1H, m, ¢’-Ph); 115.2 (Co); 126.5 (C,); 127.5 (Cy);
7.79-7.68 (1H, m, d’-Ph); 128.8 (Cg); 130.0 (Cy0); 130.8 (Cy);
7.79-7.68 (9H, m, c,d-Ph); 131.1 (Co);
7.98 (1H, d, f’-Ph), 8.21 (6H, d, b-Ph), 132.0 (C2’3’ 8,12,13,17,18 ﬂpyrr);
8.95-8.89 (8H, m, SByyr) 132.7 (C5); 134.9 (Cy); 142.7 (C,);

142.8 (Cp); 155.5 (Cy)
Zn(I)TPPOHy, 6.99 (1H, ¢, ’-Ph); 7.43 (1H, £, £-Ph); 114.6 (C.); 120.2 (Cp); 121.0 (Cs);

7.56 (1H, m, d’-Ph); 121.9 (Cy9,15.20); 126.5 (Cp);
7.73 (1H, s, b’-Ph); 127.4 (Cy); 127.6 (Cy»); 129.6 (Cy);
7.75 (9H, m, C,d-Ph), 131.9 (C2,8,12,13,17,18 ﬂpyrr); 132.3 (C7),
8.19 (6H, ¢, b-Ph); 134.4 (Cy); 142.8 (C,); 144.3 (C,»);
8.92 (6H, m, Hy 3 g8 12,13,17,18 Boyrr)s 150.6 (Ccoon)

8.97 (1H, ¢, Hy ﬂpyrr);
9.02 (1H, d, Hy ﬁpyrr)

Zn(I)TPPOH, 6.9 (1H, 1, ¢’-Ph); 7.43 (1H, 7, b’-Ph); 113.5 (Ce-); 120.4 (Cs);
7.56 (IH, m, C,-Ph), 121.0 (C10’15’20); 126.5 (Cc)a
7.73 (1H, S, P-Ph), 127.4 (Cd), 131.9 (C2,8,12,13,17,18 ﬂpyrr),
7.75 (9H, m, c,d-Ph); 132.0 (C37 foym); 1344 (Cy);
8,19 (6H, 7, b-Ph); 135.2 (C,); 135.5 (Cy-p); 142.7 (Cy):
8,92 (6H, m, Hy 8 15 13,1718 Boyn)> 155.3 (Cy-.on)

897 (IH, t, H7 ﬂpyrr)e
8.97 (1H, 1, Hy fyy);
9.02 (1H, d, H3 Byy)

The high frequency region of the !H-NMR spectra (5 = 9 ppm) shows the
chemical shifts for the pyrrole hydrogen atoms (fyyrr). The observed differences
in the signals are due to the vicinity of the substituted phenyl.

Several other experiments, i.e., DEPT 90, HMQC, HMBC and COSY, were
also performed. Due to the higher capacity of 2D spectra (which present on same
image cross-peaks of TH-NMR and 13C-NMR for HMQC and HMBC, and pro-
ton coupling for COSY), it was possible to identify several carbon atoms and also
to elucidate the differences between the influence of the hydroxyl substituent on
its surroundings in dependence on whether it was positioned in the o-, m- or p-po-
sition, as shown in Figs. 1 to 3.

The HMQC data for Zn(I)TPPOHg (Fig. 1a, inset) shows the bonding between
the pyrrolic protons and the corresponding carbon atoms. The cross-peak reveal-
ed the connection between C7, Cg and the rest of C Boyre O ONC side and the Hpyyr
on the other.
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These kind of data permitted the establishment of the correct interpretation
of the C signals and, more important, of the influence of the —OH group on the en-
vironment (especially the atoms in the S-pyrrolic positions 2, 3, 7 and 8). The C
signal is influenced by the presence of the —OH group, at 132.7, 132.3 and 132.0 ppm
for Zn(I)TPPOHp, Zn(II)TPPOHy; and Zn(II)TPPOHp, respectively. Due to the
symmetry of the compound, this C type is identical with the C3pyyy. This situation
was also confirmed by HMBC (Fig. 2). The presence of the —OH group in the
ortho-, meta- and para-positions was also confirmed by the differences in the H-H

coupling.
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Molecular electronic spectra

The molecular electronic absorption spectra are usually used for quantitative
determinations of compounds, but in the case of porphyrinic compounds, they
were shown to be real “fingerprints”.1-2,12,36=38 Degpite the great number of
atoms in their structures (typically 40-80 atoms) and of the complex structures
adopted by the free base porphyrins and their metal containing complexes, the
spectral analysis of their UV—Vis molecular electronic absorption spectra is still
an efficient method for the identification of porphyrin. This is explained by the
fact that the peripheral substitutions do not significantly disturb the inner © elec-
tron ring of the porphyrinic macrocycle, which is responsible for the active elec-
tronic transitions in the above-mentioned spectral range.1-27.39-42

The molecular electronic absorption spectra of the newly synthesized Zn(II)
complexes were measured at room temperature in benzene and chloroform so-
lutions at 20-30 °C, in order to gain evidence for their structures and to deter-
mine their molar absorption coefficients at various wavelengths. A series of sub-
sequent dilutions (= 1074-106 M) were performed in order to obtain absorbance
values in the range 0—1.0 and thereby to ensure the maximum accuracy of the
determinations. The time required for the complete dissolution of the compounds
ranged from several seconds, in the case of chloroform, to several days, for some
of the compounds in benzene.

The maxima of the absorption bands and the corresponding molar absorption
coefficients of the Zn(II) complexes synthesized in this work are given in Table
IV. The four Zn(II) complexes all displayed Soret bands, peaking at 422-424 nm,
accompanied by two Q bands peaking in the 548—554 nm and 588-594 nm spec-
tral range.

TABLE IV. UV-Vis spectral characteristics of the mono-hydroxy-substituted Zn(II) complexes

A/nm | ex10°2 / m2 mol’!

Solvent
Complex
Chloroform Benzene
Soret Q(1,0) Q(0,0) Soret Q(1,0) Q(0,0)
Zn(I)TPP 4221265 552114 59413.9 422|253 548 |14 58812.2

Zn(INTPPOH, 424|252 55412  594[3.6 424|269  550|14  590|2.7
Zn(INTPPOHy, 424300  552|13  594[3.9 424|288  550|13  588|24
Zn(I)TPPOHp 4241333 554 |15 594|5.1 424|277 550 |15 590|3.3

The spectra of the newly synthesized compounds are quite similar to those of
symmetrically tetra-substituted compounds, both in shape and in the ratio between
the absorption band intensities.

The molar absorption coefficients did not undergo significant changes (see
Table IV). The values for the reference compounds were in good agreement with
those presented in the literature.43

The two Q bands for Zn(II) metalloporphyrins underwent a hypsochromic
shift and a partial overlap, as already reported in the literature for other metallo-
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porphyrins of the same type!-12:40 and was also observed for the inclusion of
Cu(Il) in the same ligands.35> When using chloroform as the solvent, an absorp-
tion band could be observed with a maximum at A = 552-554 nm, as well as
another band at A = 594 nm, which partially overlaps the first one. In the case of
the solutions in benzene, the above-mentioned overlap was slightly more evident,
but two absorption bands could still be distinctly identified, displaying absorption
maxima, respectively, at 4 = 548-550 nm and at 4 = 588-590 nm. Similar results
were observed for Cu(Il) complexes with the same ligands.3> These results are
strikingly different from those of the corresponding free bases,34 for which four
Q bands could clearly be identified. The decrease in the number of Q bands was
reported previously for several other metalloporphyrins!-12:40 and is the conse-
quence of metal inclusion in the free base ligand.!

Metal inclusion in the macrocycle increases the symmetry of the latter and con-
duces its coordination geometry to a higher symmetry class (Dg4p,) than that of the
free base porphyrins (D»y,). This latter fact yields a simplified Q band spectra which
usually collapses from four to only two bands.! Therefore, these UV—Vis results
present a further strong proof of Zn(I) inclusion on the TPP and TPPOHx ligands.

As can be seen from Table IV, the spectra of the three Zn(II) non-symmet-
rical complexes are quite similar to that of Zn(II)TPP, a symmetrically tetra-sub-
stituted compound, both in shape and in the ratio between the absorption band
intensities. The molar absorption coefficients did not undergo significant chan-
ges, apart from the fact that they are mostly slightly higher for the non-sym-
metrical substituted porphyrinic complexes. Only &soref(Zn(II)TPP) = 253x102
m2mol™! as compared with &5oe(Zn(I) TPPOHQ) = 269%102 m2 mol ™1,
&Soret(Zn(I) TPPOHy ) = 288x102 m2 mol~! and &gyre(Zn(I))TPPOHp) = 277x102
m2 mol~! was measured in benzene. The same tendency was observed in chlo-
roform and it was mostly observed both for the Soret and Q bands (see Table IV).

The influence of the solvent on the molar absorption coefficients could be
easily observed for the Q bands: the absorption coefficients (&) were always
higher in the case of chloroform. These spectral differences among the spectra of
the three mono-hydroxy-substituted Zn(Il) porphyrin complexes are explained by
the influence of the non-symmetrical substituent vs. the inner m-electron ring of
the macrocycle (Scheme 1). When the —OH group assumes various positions in
the phenyl nucleus (ortho-, meta- or para-), its influence is limited to the © elec-
tron of the phenyl. The angles of 70-80° between the phenyl and the tetrapyrrolic
macrocycle would practically prevent conjugation. The disturbance of the inner nt-elec-
tron ring of the macrocycle, which is responsible for the UV—-Vis absorption
spectra of the porphyrin compounds, is implicitly irrelevant. Regarding the po-
tential inductive effect, it is practically terminated at a distance of 3—5 atoms due
to the presence of the oxygen atom towards the electron ring.

The spectra recorded in the above-mentioned solvents (both polar and non-po-
lar) did not provide evidence for the existence of self-association processes in the
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investigated concentration range (¢ = 10741076 M). The absence of an isosbestic
point in the plot of the absorption spectra of these compounds with increasing
concentrations, from 1076 to 10-4 M, is strong proof for this.

The spectral absorptions of the Zn(II) complexes can be further compared
with those of the free bases (with their Soret band always peaking at 420 nm and
their typical four Q bands absorbing at 514-516 nm, 548550 nm, 590-592 nm
and 648-652 nm) for the same solvent, benzene.34 From the comparison, it can
be observed that in practice the Zn(II) complexation did not shift the global
absorption features of these compounds into the red region of the spectra. Thus,
comparing the data of the Zn(Il) complexes with the data previously published
for the free bases, the absorption of the latter ones extends up to 670 nm, while
those of the metal containing complex had already attained zero by 600—630 nm.
A similar result was observed for Cu(II) complexation with the same ligands.34

CONCLUSIONS

In this paper, the synthesis of four Zn(Il) complexes, one with TPP and the
other three with non-symmetrically —OH substituted mesoporphyrinic ligands is
presented. A new synthetic method, conducted at moderate temperatures and low
pH, was successfully employed, which enabled a reduction of the synthesis time
and markedly increased yields of the reaction, to about 90 %. The compounds
were synthesized foreseeing their use as PDT sensitizers that could appropriately
locate in cellular components. For the latter three Zn(II) complexes, for which the
charge density and its distribution at the periphery of porphyrinic macrocycle was
modified by the inclusion of an OH group, it is possible to anticipate that their
route and localization at the cellular level could be controlled, while keeping
most of their relevant photochemical properties intact.

Elemental analysis of the synthesized complexes confirmed Zn(II) inclusion
in TPP, as well as in the three non-symmetrically —OH substituted porphyrinic
ligands, having a 1:1 stoichiometry for all the four complexes.

The spectral properties of the four Zn(Il) complexes were investigated by
FTIR, NMR and UV-Vis spectroscopy. FTIR spectra fully confirmed the struc-
ture of the herein prepared compounds: Zn(Il) coordination to the symmetric and
to the non-symmetric ligands was further confirmed; the ionic metal coordination
to the porphyrinic ligand does not affect the asymmetric substitution of the li-
gand. NMR techniques together revealed the complete structure and the in-
fluences of the unsymmetrical substituents on the porphyrinic ring. From UV—Vis
absorption, it could be observed that although the non-symmetric substitution did
not significantly change the absorption properties of the ligands, the Zn(II) com-
plexation unfortunately did not result in the desired improvement of the absorp-
tion properties of these porphyrinic compounds towards the red region of the
spectra, whereby their absorption would have been shifted into the photothera-
peutical window. This result is fully explained by the collapse and overlap of the
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four Q bands into only two Q bands, resulting from an increase in the symmetry
of the coordination geometry which is experienced by the compounds upon Zn(II)
complexation.
U3BO ]
MMPOYYABAIE Zn(I1) MOHOXUJIPOKCUDPEHNII-ME30INIOPO®UPUHCKUX
KOMIUIEKCA. CUHTE3A 1 KAPAKTEPU3ALIMJA

RICA BOSCENCU', RADU SOCOTEANU?, ANABELA S. OLIVEIRA® u LUIS FILIPE VIEIRA FERREIRA3

ICarol Davila” University of Medicine and Pharmacy, Faculty of Pharmacy, Inorganic Chemistry Department,
Traian Vuia 6, Bucharest, >Romanian Academy, Institute of Physical Chemistry "I. G. Murgulescu”, Splaiul
Independentei 202, 77208 Bucharest, Romania and 3Centro de Quimica-Fisica Molecular, Complexo
Interdisciplinar, Instituto Superior Técnico, Universidade Técnica de Lisboa,

Av. Rovisco Pais 1049-001, Lisbon, Portugal

Cunrerncana je cepuja ox uerupu Zn(Il) xommiekca ca acUMETPHYHUM MOPHUPHHCKUM
nipcreHoBuMa: [ 5-(4-xunpokcudennn)-10,15,20-tpudennn-21H,23 H-noppunaro]Zn(Il) (Zn(II)TPPOHp),
[5-(3-xunpoxcudenun)-10,15,20-tpudennn-21H,23 H-nopdunaro]Zn(Il) (Zn(I[)TPPOHy), [5-(2-
xunapoxcudenmn)-10,15,20-tpudpennn-21H,23 H-nopdunaro|Zn(1l) (Zn(II)TPPOHg) u nobpo mo3-
Hatu (5,10,15,20-terpadennn-21H,23 H-noppunaro]Zn(ll) (Zn(II)TPP), koju je xopumheH kao
pedepentHa cyncranua, y 1:1 mMonckom oxHocy. Y cBHM cityuyajeBHMa cinoboaHa 6aza mopdupun
JIeJIOBaJIa je Kao TeTPaJeHTaT IIPEeKo YeTUPH aToMa a30Ta nupoia. KoMmekcu cy okapakreprcaHu
enemenTtanioM aHanuzoM, FTIR u UV-Vis cniektpockonujoM, unme cy yTBpheHe CTpyKType KoM-
mrekca. UV—Vis CIIeKTpH Cy IoKa3aiu Jja je CIeKTpalHa allCopIIHja YeTHPH KOMILIEKCa IoMepeHa
Ka TJIaBOM TIOZIpyYjy HajMame 3a 50 nm y ogHoCy Ha cao0oqHe nuranae. BaxkHu cTpyKTypHH Hoganu
¢y mobujenn u u3 Hexomuko pazmmantux NMR excriepumenara (\H-NMR, 3C-NMR, DEPT, COSY,
HMBC and HMQC). YoueH je u yTHLaj CIIOJbHUX CYNCTHTYEHATa Ha OPGHUPUHCKOM IPCTEHY.

(Ipumsbeno 27. jyna, peBuaupano 29. okrodpa 2007)
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Ni(II), Pd(IT) and Pt(II) complexes with ligand containing
thiosemicarbazone and semicarbazone moiety: synthesis,
characterization and biological investigation
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Abstract: The synthesis of nickel(I), palladium(II) and platinum(IT) complexes
with thiosemicarbazone and semicarbazone of p-tolualdehyde are reported. All
the new compounds were characterized by elemental analysis, molar conduc-
tance measurements, magnetic susceptibility measurements, mass, 'H-NMR, IR
and electronic spectral studies. Based on the molar conductance measurements
in DMSO, the complexes may be formulated as [Ni(L),Cl,] and [M(L),]Cl,
(where M = Pd(II) and Pt(II)) due to their non-electrolytic and 1:2 electrolytic
nature, respectively. The spectral data are consistent with an octahedral geometry
around Ni(IT) and a square planar geometry for Pd(II) and Pt(I), in which the
ligands act as bidentate chelating agents, coordinated through the nitrogen and
sulphur/oxygen atoms. The ligands and their metal complexes were screened in
vitro against fungal species Alternaria alternata, Aspergillus niger and Fusa-
rium odum, using the food poison technique.

Keywords: thiosemicarbazone; semicarbazone; transition metal complexes;
spectral studies; biological screening.

INTRODUCTION

Thiosemicarbazones have aroused considerable interest in the field of che-
mistry and biology due to their antibacterial, antifungal, antimalarial, antineo-
plastic and antiviral activities.!™ The biological activities of thiosemicarbazones
are considered to be related to their ability to form chelates with metals. The
biological activities of metal complexes differ from those of either the free li-
gands or metal ions and increased or decreased activities in relation to the non-com-
plexed thiosemicarbazones have been reported for several transition metal com-
plexes.® After the discovery of the chemotherapeutically active platinum comple-
xes of thiosemicarbazide derivatives,” most of the thiosemicarbazone compounds
showing biological activities were synthesized. Among the metal complexes of

* Corresponding author. E-mail: schandra_00@yahoo.com
doi: 10.2298/JSC0807727C
727
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thiosemicarbazones, the palladium(Il) chelates have been especially studied re-
garding their antitumour potentials.8:9 Moreover, palladium(II) complexes with
nitrogen-containing ligands are the subject of intensive biological evaluation in
the search for less toxic and more selective anticancer therapies.10:11 In addition
to these, Ni(II) and Pt(II) complexes of thiosemicarbazones have been reported as
compounds that present biological activity.12.13a

In view of the above discussion, in the present paper the synthesis, spectral
and antifungal studies of the bidentate ligands (Fig. 1) with the Ni(II), Pd(II) and
Pt(II) metal ions are reported.

Z =S, for L!
C b
: H3 Z =0, for L2
TN
H 2Z Fig. 1. Structure of the ligands.
EXPERIMENTAL

All the employed chemicals were of analytical grade and procured from Sigma—Aldrich
and Fluka. The metal salts were purchased from Merck and were used as received. All the
employed solvents were of standard spectroscopic grade.

Synthesis of the ligands

Ligand L. A hot ethanolic solution (20 ml) of thiosemicarbazide (1.82 g, 0.020 mol) and
an ethanolic solution (20 ml) of p-tolualdehyde (2.18g, 0.020 mol) were mixed slowly with
constant stirring. This mixture was refluxed at 70-80 °C for 3 h. On cooling, a white coloured
compound precipitated out, which was filtered, washed with cold EtOH and dried under
vacuum over P4Oyq. Yield 62 %; m.p. 225 °C. Anal. Calcd. (%) for CoH{N3S (193): C,
55.95; H, 5.69; N, 21.76. Found: C, 56.01; H, 5.73; N, 22.81.

Ligand L?. An aqueous solution (20 m.) of semicarbazide hydrochloride (2.22 g, 0.020 mol)
and an ethanolic solution (20 ml) of p-tolualdehyde (2.18 g, 0.020 mol) were mixed in the
presence of sodium acetate (2.72 g, 0.020 mol). The reaction mixture was stirred vigorously
for 1 h. On cooling, a white coloured compound precipitated out, which was filtered, washed
with cold EtOH and dried under vacuum over P4Oy. Yield 65 %; m.p. 205 °C. Anal. Calcd.
(%) for CoH;N;0 (177): C, 61.02; H, 6.21; N, 23.72. Found C, 61.11; H, 6.18; N, 23.66.
Synthesis of complexes

A hot ethanolic solution (20 ml) of the required metal salts (0.010 mol) was mixed with a
hot ethanolic solution (20 ml) of the required ligand (0.010 mol). This reaction mixture was

continuously stirred and refluxed for 4 h at 75 °C. On cooling, a coloured complex separated
out, which was filtered, washed with cold ethanol and dried under vacuum over P,Oj.
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Physical measurements

Elemental analysis was performed on a Carlo-Erba EA 1106 elemental analyzer and the
nitrogen content of the complexes was determined using the Kjeldahl method.!3® The molar
conductivity was measured on a Elico CM82T conductivity bridge. The magnetic moment
was measured at room temperature on a Gouy balance using CuSO,4-5H,O as the callibrant.
Electronic impact mass spectra were recorded on a JEOL JMS-DX-303 mass spectrometer.
The 'H-NMR spectra of the ligands were recorded at room temperature on a Brucker Advance
DPX-300 spectrometer using DMSO-dj as the solvent. The IR spectra were recorded as KBr
pellets on a FTIR spectrum BX-II spectrometer. The electronic spectra were recorded in
DMSO on a Shimadzu UV mini-1240 spectrophotometer.

Antifungal screening

The in vitro biological screening effects of the investigated compounds were tested against
the fungal species Alternaria alternata, Aspergillus niger and Fusarium odum by the food poi-
son method!* using a potato dextrose agar medium. The stock solutions of compounds were
prepared by dissolving the compounds in DMSO. Chlorothalonil was used as a commercial
fungicide and DMSO served as the control. Appropriate quantities of the compounds in DMSO
were added to obtain a concentration of 250 and 500 ppm of the compound in the medium.
The medium was poured into a set of two Petri plates under aseptic conditions in a laminar
flow hood. After solidification of the medium in the plates, a mycelial disc of 0.5 cm in
diameter, cut from the periphery of a 7-day old culture, was aseptically inoculated upside
down in the centre of the Petri plates. These treated Petri plates were incubated at 26+1 °C
until fungal growth in the control Petri plates was almost complete.

The mycelial growth of the fungi (mm) in each Petri plates was measured diametrically
and the growth inhibition (Z, %) was calculated using the formula:

_dc—dr

I x100

C

where dc and dt are the diameters of the fungus colony in the control and test plates, res-
pectively.

RESULTS AND DISCUSSION

Based on the elemental analyses, the complexes were assigned the composi-
tions shown in Table I. The molar conductance data of the Ni(II) complexes in
DMSO lay in the range 8.0-11 Q1 cm? mol™!, indicating their non-electrolytic
nature. However, the Pd(Il) and Pt(II) complexes are 1:2 electrolytes with con-
ductance values of 208217 Q1 cm? mol~1. Thus, these complexes may be for-
mulated as [Ni(L),Clp] and [M(L),]Cl, (where L = L! and L2, M = Pd(II) and Pt(II)).

The electron-impact mass spectra of the ligands L! and L2 are shown in Figs.
2 and 3, respectively.

The 'H-NMR spectra (Table II) of the free ligands show three singlets at &
3.41-3.45, 11.90-11.95 and 8.02-8.08 ppm due to the —NH, proton, —NH proton
and azomethine proton (—CH=N-), respectively.

The IR spectra (KBr, cm™!) of the free ligands display two sharp bands at ca.
3420 and 3350 cm™!, assignable to the asymmetric and symmetric NH, group,
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respectively; 1606, 1597 v(C=N), 765 v(C=S), 1680 v(C=0), 440-452 v(M—N),
304-312 v(M-S ) and 408418 v(M—0). The important IR bands are given in

Table II.

TABLE I. Molar conductance and elemental analysis data of the complexes

Molar M Yield Elemental analysis
Complex conductance Colour og. o Found (Calcd.), %
-1 2 -1 (1]
Q" cm”mol M C H N
[Ni(L"),CL,] 8 Green 250 68 1139 4153 420 1631
NiC182szN6SZC12 (11.43) (41.86) (4.26) (16.28)
[Ni(L),CL] 11 Green 262 65 1228 4456 449 1740
NiC,5H,NeO,Cl, (12.19) (44.62) (4.55) (17.36)
%z%L})IﬂSzS o 212 Brown 270 60 1878 3830  3.88 1488
[Pd(fz)z]ch 272 (18.82) (38.36) (3.91) (14.92)
22 208 Grey 257 62 20.02 40.62  4.09 15.89
PdC18H22N602C12
[P(L),]Cl, (19.96) (40.68) (4.14) (15.81)
PtC,sH,N,S,Cl, 214 Yellow 280 60 29.88 3320 342  12.82
[P(L),]Cl, (29.91) (33.13) (3.37) (12.88)
PtC,sH,,N(O,Cl, 217 Yellow 272 63 3152 3479  3.62  13.59
(31.45) (34.84) (3.55) (13.55)
100 75 100 =
30 80
60 60
118
119
40 194 40 o 178
16 " LS P 177 16 44 106 162
20 3]8 T) 20 ‘ -
_ L1 s ol " - | | " | |HI|| il I pull ul 1
Mz = LSRN N SR 50 100 150 200 250

Fig. 2. Electron-impact mass spectrum of

ligand L.

Fig. 3. Electron-impact mass spectrum of

ligand L2.

TABLE II. 'H-NMR and IR spectral data of the ligands and their complexes

'H-NMR (&, ppm)

IR (cm™)

Compound

~-NH, -NH HC=N v(C=N) w(C=S) v(C=0) v(M-S) v(M-0) v(M-N)
L' 342 1192 8.06 1606 765 - - - -
L? 3.45 11.90 8.02 1597 - 1680 - - -
[Ni(L'),Cl,] 3.43 11.93 820 1620 752 - 308 411 452
[Ni(L}),Cl,] 3.41 11.95 828 1609 - 1665 305 408 445
[PA(L'),]JCl, 3.44 1190 832 1625 740 - 312 410 448
[PA(LY),]Cl, 3.42 11.94 826 1612 - 1652 310 413 440
[Pt(L'),]Cl, 3.43 11.90 8.18 1622 745 - 304 415 443
[Pt(L*),]Cl, 3.44 1191 830 1615 - 1662 307 418 450
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The magnetic moment of Ni(Il) complexes lies in the range 2.95-2.98 up,
corresponding to two unpaired electrons. These values are in tune with a high spin
configuration and show the presence of an octahedral environment around the
Ni(II) ion. However, all the Pd(II) and Pt(II) complexes (Table I1I) show diamag-
netic behaviour.

TABLE III. Magnetic moments and electronic spectral data of the complexes

Complexes Metr ! Lig Apax / M Assignments
[Ni(L"),Cl,] 2.95 982 *Agg (F) — *Tou(F) (0)

697 *Agg (F) = “T1y(F) (v2)

395 *Ag (F) = Ty, (P) (v)
[Ni(L),Cl,] 2.98 973 *Agg (F) — *Tou(F) (v)

702 sy (F) = "Ti(F) (1)

405 A2% (F) — Tlg(P) (v3)
[Pd(Ll)z]Clz Diamagnetic 480 A~ IAQg )

452 Al 'Big(v)

1 1

390 A Eg(v3)
[PA(L?),]Cl, Diamagnetic 472 A Ay (v)

443 'Ag— 'Big(12)

1 1

397 Ajg— Eg(v3)
[Pt(L"),]CL, Diamagnetic 530 A 'Agg ()

416 Al 'Big(v)

362 'Ag— 'E, (v3)
[Pt(L?),]CL, Diamagnetic 520 A A (v)

410 'Ag— 'Big(12)

345 'A— ', (v3)

The electronic spectra of the Ni(II) complexes display three absorption bands
in the ranges of 973-982 nm, 697-702 nm and 395405 nm. These bands may be
assigned to three spin-allowed transitions: 3A2g (F) — 3T2g F) (vp), 3A2g (F) —
— 3Ty (F) (v2) and 3Ays (F) — 3Tyg (P) (v3), respectively. The positions of
these bands indicate that the complexes have an octahedral environment.15-18

e | CH, - | CH,
H H
HN cl \ﬁ R HN \(ﬁ =
C—Z i C=Z M
. \ / \
HN i HN N
\N z—c/ \N z—c/ al,
Il a SNH, I “NH,
| Sty j S
HE e
3
L . i -

Fig. 4. Suggested structure of the complexes (M = Pd(IT) and Pt(Il); Z = S/O).
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The electronic spectra of the Pd(Il) and Pt(Il) complexes show three d—d
spin-allowed transitions. These correspond to the transitions from the three lower
lying d levels to the empty dy2 y2 orbital. The ground state is 1A, ¢- The three d-d
transitions were observed in the regions 472-530, 410-452 and 345-397 nm. These
bands are attributed to lAlg — 1A2g ), 1A1g — 1Blg (v) and lAlg — 1Eg (1)
transitions, respectively. The electronic spectra of these complexes indicate square
planar geometry around the Pd(II) and Pt(II) ion.!%-20

Based on the above spectral studies, the structures shown in Fig. 4 may be
suggested for the complexes.

The results of fungicidal screening (Fig. 5) show that the metal complexes
have a higher antimicrobial activity than the free ligands. The increased activity
of the metal chelates can be explained based on the chelation theory.2! On chela-
tion, the polarity of the metal ion is reduced largely due to the overlap of the li-
gand orbital and the partial sharing of the positive charge of the metal ion with
the donor groups. Furthermore, it increases the delocalization of the m-electrons
over the whole chelating ring and enhances the penetration of the complexes into
lipid membranes and blocking of the metal binding sites in the enzymes of
microorganisms. There are other factors which also increase the activity, such as
solubility, conductivity and bond length between the metal and the ligand.

120 7
‘s 100
s N
-‘:L \7 vA
i N7 M
S N 3
= N N N H H Nz
EhE N N vl A8 N
Z E 601N N A 1 2 N
£z N ;é Vi A N
= 2 : 7 I %
= 1IN 1 N h N
= 40148 N ik A N
z 7 N N Zsen EMRNY
S N WA N 7 N
E 20 R R N N7 7 N
- RN R
250 240 500
A alternata A niger
B Ligand L' O [MicL4Yso1s] = [M¥Lh2 Clg
2 [Ni(L 33ICl] [ Ligand L [i(LA:C1a] Fig. 5. Biological activity
(LA CL il 1 :
1 ML) @ ML Cl @ Chiorothaloni {standard)]  of the compounds.

CONCLUSIONS

The present study revealed octahedral geometry around the Ni(Il) and square
planar geometry around the Pd(II) and Pt(II) complexes, in which the ligands act
as bidentate chelating agents coordinating through the nitrogen and sulphur/
/oxygen atoms.
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The determined antimicrobial activities indicate that the metal chelates show
a greater inhibitory effect than the parent ligands. It is also proposed that concen-
tration plays a vital role in increasing the degree of inhibition; as the concen-
tration increases, the activity increases. It is also interesting to note that the sul-
phur bonded ligands and their complexes are more active than the oxygen bonded
ligands and their complexes.

Acknowledgement. The authors are thankful to the DRDO, New Delhi for financial support.

U3BO/J

Ni(II), Pd(IT) ¥ P(IT) KOMITJIEKCH CA JINT AHJIUMA KOJU CAJIPXKE
TUOCEMUKAPBA3OHCKY U KAPBA3OHCKY TPYITY: CUHTE3A,
KAPAKTEPU3ALIMJA U BUOJIOIIKA UCTPAYXKUBAIbA

SULEKH CHANDRA 1 MONIKA TYAGI
Department of Chemistry, Zakir Husain College, J. L. N. Marg, New Delhi — 110 002, India

[Ipukazana je cuateza Hukan(ll), managujym(Il) n mnaruna(ll) komruiekca ca THocemMukapoa-
30HOM U CeMHKapOa30HOM p-Tonmyanaexuaa. Hosa jenmumema Cy OKapaKkTepHCaHa €IEMEHTATHOM
aHAN30M, MEPEH-EM MOJICKE IPOBOJBUBOCTH M MarHeTHe cycrentuéumHocTy, kao n 'H-NMR, IR
1 eJIEKTPOHCKOM cIieKTpockonujoM. Ha ocHOBY Moicke npoBomssrBocty y DMSO, moryhe dopmy-
ne xomiurekca cy [Ni(L),Cl,] u [M(L),]Cl, (M = Pd(II) and Pt(II)) 300r muxoBe HEENEKTPOIUTCKE
u 1:2 eneKTpoIUTCKE MPHUPOJIE, pecneKTHBHO. CIIEKTpaHH IOJaly Cy y CKJIaLy ca OKTaeJapCKOM
reometpujom oko Ni (II) u kBagparHo-TuTaHapHOM reometpujoM oko Pd(II) and Pt(Il), y kojuma cy
JMUTaHAW OWAEHTaTHH XEJTaTHW areHCH, BE3aHH IIPEKO Aa30TOBOT M CYMIIOPOBOT/KHCEOHHUKOBOT
aroma. buosomika akTHBHOCT JIMTaHaa M BUXOBHX METATHUX KOMILUIEKCA MCIIUTHUBAHA j€ in Vitro
npeMa TJbUBHYHHMM Bpctama Alternaria alternata, Aspergillus niger v Fusarium odum momohy
TEXHHUKE TPOBAa XPAHOM.

(ITpumsbeno 28. HoBemOpa 2007, peuaupano 2. anpuia 2008)
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Abstract: The oxidation of methionine by quinolinium fluorochromate (QFC)
was studied in the presence of chloroacetic acid, in water/organic solvent mix-
tures of varying excess molar free energy function. The reaction is first order
with respect to both QFC and acid. The reaction rates were determined at dif-
ferent temperatures and the activation parameters computed. The rate data was
correlated with different solvent parameters using linear multiple regression
analysis. From the results, information on the solvent-reactants and the sol-
vent—transition state interactions was obtained.

Keywords: solvent effect; kinetics; methionine.

INTRODUCTION

Studies of the kinetics of the oxidation of organic compounds in non-aqueous
and aqua—organic solvent mixtures!~ revealed the important role of non-specific
and specific solvent effects on the reactivity. It is of great interest to study the
kinetics of oxidation of methionine in binary solvent mixtures, which are more
complex than pure solvents, due to the varying degrees of solute—solvent inter-
actions. In a pure solvent, the composition of the microsphere of solvation of a
solute, the so-called cybotatic region, is the same as in the bulk solvent but in
binary mixtures, the composition in this microsphere can be different. The solute
can interact to a different degree with the components of the mixture and this dif-
ference in the interactions is reflected in the composition of the microsphere of
solvation. The effect of varying the composition of a mixture from the bulk sol-
vent to the solvation sphere is called preferential solvation.”

It was shown that the reactivity is influenced by the preferential solvation of
the reactants and/or transition state through non-specific and specific solvent—sol-
vent—solute interactions. Furthermore, it was established that the technique of

* Corresponding author. E-mail: drkpelango@rediffmail.com
doi: 10.2298/JSC0807735B
735
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correlation analysis might be used well to separate and quantify such solvent—sol-
vent—solute interactions on reactivity. Extensive studies on the mechanism of oxi-
dation of methionine (Met) by several oxidants have been reported. This sulphur
containing essential amino acid is reported to behave differently, in comparison
to other amino acids, towards many oxidants.8-12 This may well be due to the
presence of an electron-rich sulphur centre, which is easily oxidisable.

Quinolinium fluorochromate (QFC) was reported to be a mild, stable and se-
lective oxidant.!3 A perusal of the literature showed that there seems to be a very
few reports using QFC. Blandamer and Burgess!4 classified aqueous mixtures
based on their thermodynamic properties, particularly their molar excess func-
tions, XE. Thus, in this article, the kinetics and mechanism of the oxidation of
methionine by QFC in water/1,4-dioxane (apolar, aprotic, hydrogen bond accep-
tor solvent), water/DMF (polar, aprotic, hydrogen bond acceptor solvent), wa-
ter/acetonitrile, water/acetone (both dipolar aprotic non-hydrogen bond donor
solvent), and water/--BuOH (protic, hydrogen bond donor solvent) mixtures of
varying mole fractions, with the view of comprehending the utility of studies of
solvent variation in the understanding of the mechanism of this biologically im-
portant amino acid, as it may reveal the mechanism of amino acid metabolism.
Furthermore, solvent mixtures are very useful for studying solvent effects upon
reactions, since the properties of various mixed solvents can be adjusted continu-
ously by changing the composition of the mixture.

EXPERIMENTAL

Materials

All the employed chemicals and solvents were of analytical grade. Methionine (SRL, In-
dia) was used as supplied. Quinolinium fluorochromate (QFC) was prepared by a reported
method!? and its purity was checked by the iodometric method. Doubly distilled water was
used for all purposes.
Kinetic measurements

The reactions were performed under pseudo-first order conditions by keeping the subs-
trate in excess over QFC. The progress of the reactions was monitored by estimating the un-
reacted oxidant iodometrically at 25+0.2 °C. The rate constants were determined by the least
squares method, from the linear plots of log titre versus time. Duplicate runs showed that the
rate constants were reproducible to within +3 %. The stoichiometry and product analysis were
performed as reported earlier.!1-12
Data analysis

Correlation analyses were performed using Microcal Origin (version 6.0) computer soft-
ware. The goodness of the fit is discussed using the correlation coefficients and standard de-
viations.

RESULTS AND DISCUSSION

The kinetics of oxidation of methionine by QFC was studied in water at
25+0.2 °C in the presence of chloroacetic acid. The effect of added organic co-sol-
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vent, viz. DMF, 1,4-dioxane, acetone, --BuOH and MeCN on the kinetics of oxi-
dation was also investigated at varying mole fractions of the co-solvents. The
stoichiometry of the reaction between methionine and QFC was found to be 1:1,
corresponding to the following equation:
Me-S-R + O,CrFOQuH — Me—-S(O)-R + OCrFOQuH

The product analysis was carried out under kinetic conditions. The oxidation
of methionine resulted in the formation of the corresponding sulphoxide, which
was confirmed using GC-MS (m/z 166) and its fragmentation at m/z 102, as well
from the IR spectra (S=O stretching frequency at 1066 cm™!):

O —\ + O
HO)J\/\/ ~ Ho)k/\.

H2 ﬁHz

0nwn—/2~0

ZI.

m/z 166 m/z 102

The reactions were of first order with respect to QFC. Furthermore, the va-
lues of kypg were independent of the initial concentration of QFC (Table I). The
reaction was catalyzed by hydrogen ions and the order with respect to H* was
one. The reaction rate increased linearly with increasing concentration of Met.
The order of the reaction with respect to Met was also one. Furthermore, the plot
1/kows versus 1/c(Met) was linear (» = 0.982, slope = 4.519+0.48) with a positive
intercept on the rate ordinate, which indicates that the reaction follows a Micha-
lies—Menten type mechanism. Therefore, the rate law can be represented as:

—de(QFC)/dt = k c(Met) ¢(QFC) ¢(H™)

The oxidation of Met in a nitrogen atmosphere failed to induce the polymeri-
zation of acrylonitrile. Furthermore, the rate of oxidation decreased with the ad-
dition of Mn(II), indicating the involvement of a two-electron reduction of Cr(VI)
to Cr(IV). Therefore, a one-electron oxidation, giving rise to free radicals, is unli-
kely. The rate of oxidation of Met was determined at different temperatures and
the activation parameters were calculated at 35 °C: AH* = 19.8 kJ mol~!, AS* =
=211 J K- mol~! and AG* = 84.7 k] mol~!. These activation parameters are
comparable with those for the oxidation of Met by other halochromates.!!.12.15

The influence of solvent on the rate of the reaction was studied in water—or-
ganic solvent mixtures at different mole fractions of organic co-solvent, viz. 1,4-
-dioxane, DMF, acetonitrile, acetone and +~-BuOH. The results in Table II indicate
that the rate constants (kp) are remarkably sensitive to the nature and the compo-
sition of the mixed solvent.
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Solvent variations may effect the kinetics and the energy of the electron
transfer processes in a complex manner, particularly in mixed solvent media as
the physico—chemical properties of mixed solvent media are often quite different
form those of the pure solvents or of their ideal mixtures.!® The dependence of
the kinetic parameters for reactions on the composition of mixed aqueous sol-
vents often affords complicated patterns. In aqueous solutions, at least, it has be-
come clear that an important aspect of the activation process is the reorganization
of the solvent surrounding the reacting solute(s). Not surprisingly, such reorgani-
zations will be profoundly affected by the addition of a co-solvent to these aque-
ous solutions. Indeed, it is now clearly recognized that the action of the non-aque-
ous component of a mixture is more than that of a simple diluent of water or a
modifier of its dielectric properties.!4

TABLE I. Pseudo-first order rate constants for the oxidation of Met by QFC in water at 25+0.2 °C
c¢(Met)/ 102 mol dm>  ¢(QFC)/ 103 mol dm?  ¢(Acid)/ mol dm3  kgpg/ 104 57!

2.0 1.00 0.30 4.28
2.0 1.25 0.30 431
2.0 1.50 0.30 4.28
2.0 1.75 0.30 4.29
2.0 2.00 0.30 4.12
1.0 1.00 0.30 2.20
1.5 1.00 0.30 2.85
2.0 1.00 0.30 4.28
2.5 1.00 0.30 5.29
3.0 1.00 0.30 6.12
2.0 1.00 0.30 2.85%
2.0 1.00 0.10 1.57
2.0 1.00 0.20 2.94
2.0 1.00 0.30 4.28
2.0 1.00 0.40 6.24
2.0 1.00 0.50 7.23

Contained 5x10™4 M Mn(II)

TABLE II. Effect of added organic co-solvents on the rate constant (kghg / 10 s1) of the
oxidation of methionine by QFC at 25 °C

Mole fraction of organic co-solvent ~DMF  1,4-Dioxane Acetone ¢-BuOH MeCN

0 4.28 4.28 4.28 4.28 4.28
0.10 1.01 3.86 4.23 4.25 3.63
0.20 0.50 3.48 4.24 425 3.50
0.30 0.36 3.42 4.34 4.36 3.85
0.40 0.27 3.51 4.45 4.52 3.91
0.50 0.23 3.84 4.51 4.64 4.11
0.60 0.18 4.38 4.60 4.73 4.28

0.70 0.15 5.32 4.67 4.84 4.36
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The binary aqueous mixtures chosen for the present study represent various
classes of solvent mixtures according to Blandamar and Burgess.!4 Aqueous mix-
tures have been classified based on their thermodynamic properties, particularly
their molar excess functions, XE. Water/1,4-dioxane, water/acetone and water/
/t-BuOH mixtures are examples of the typical aqueous (TA) class, for which the
excess Gibbs function, GE, is positive. Water/MeCN is classified as a typical
non-aqueous positive (TNAP) mixture (GE is positive). Water/DMF falls into the
typical non-aqueous negative (TNAN) category, for which GE is negative.

The properties of TA mixtures are particularly sensitive to the mole fraction
of the non-aqueous co-solvent, xp. At low mole fractions, TA solvents exerts a
water structure-forming action, the solvent co-spheres around each solute mole-
cule overlap and mutually enhance water—water interactions. As more co-solvent
is added, the mole fraction exceeds a critical mole fraction, xp*, where there is
insufficient water to maintain a three-dimensional hydrogen-bonded network of
water molecules. In the TNAP mixtures, the co-solvent exerts a depolymerising
effect on water and in this sense is a structure breaker. In TNAN mixtures, inter-
component association occurs which leads to a breakdown of the water—water
interactions. Further, an extra-thermodynamic analysis indicates that, at least qua-
litatively, if GE is positive, the solute should be more soluble in the mixture than
predicted from its solubility in the individual pure solvents.14

A plot of log kgps versus the mole fraction of organic co-solvent, xj, is
depicted in Fig. 1, from which it is evident that in these aqueous organic solvent
mixtures, the rate initially decreased with increasing mole fraction of the organic
co-solvent up to = 0.3. With further increase in the amount of co-solvent, in the
case of the TAP and TNAP mixtures, the rate of oxidation markedly increased
with increasing x,, while in the TNAN mixtures, the rate decreased very slightly.
In other words, when a TAP/TNAP co-solvent was added the rate increased as
GE increased and when a TNAN co-solvent was added, it decreased as GE de-
creased. This may be because the transition state was stabilized by the addition of
a TAP/TNAP co-solvent; consequently, the rate increased with increasing mole
fraction of co-solvent. However, in the water/DMF mixture, the transition state was
not stabilized largely, as it is less soluble in the mixtures, as predicted by the ne-
gative value of GE, hence the rate of the reaction decreased. This decrease in the
rate, however, was very small. This may be due to the stabilization of the transi-
tion state through other specific/non-specific solute—solvent—solvent interactions.

The influence of relative permittivity, &, on the rate can be described by the
equation of Laidler and Eyring:!7

dink _ ezzz(l—i)/sz (1)
dlVey) ror*
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where £ is the rate, Z the net charge, r the effective radius and r* the radius of the
activated species. A plot of log kops versus 1/& was nonlinear in all the studied
aqua—organic solvent mixtures. A representative plot is shown in Fig. 2, from
which it is evident that in the TNAN mixture, the rate of the reaction decreased
curvi-linearily with decreasing relative permittivity of the medium. However, in
the case of TAP and TNAP mixture, with decreasing relative permittivity, the
rate of the reaction initially decreased and after a certain point, it increases.
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. N
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Fig. 1. Plot of log kgps vs. mole fraction of the ) - )
co-solvent, x», for the oxidation of Fig. 2. Plot of log kgps vs. 1/¢, for the studied

methionine by QFC. aqua/organic mixtures.

The solvent effect was also analyzed using the Reichardt solvent parameter
E1(30), which is defined as the solvent micropolarity.!8 Plots of log kqps versus
ET(30) for all the water/organic co-solvent mixtures were also nonlinear. This
observation, together with the dependence of the rate on the relative permittivity
of the medium is parallel to the previously discussed variation of the rate with
GE. These results indicate that the correlations between log kops and the macro-
scopic solvent parameters, such as relative permittivity and micropolarity, are
poor, i.e., no single solvent parameters can completely explain the effect of the
solvent on the reactivity.

The simplicity of idealized electrostatic models for the description of solva-
tion of ions and dipolar molecules, considering solvents as non-structured conti-
nua, has led to the use of physical constants, such as relative permittivity, &, re-
fractive index, n, and functions thereof, as macroscopic solvent parameters for
the evaluation of medium effects. However, solute—solvent interactions occur on
a molecular microscopic level within a structured discontinuum consisting of in-
dividual solvent molecules, capable of mutual solvent—solvent interactions. For
this reason and because they neglect specific solute—solvent interactions, the ele-
ctrostatic approach to medium effects often failed in the correlation of the ob-
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served solvent effects with physical solvent parameters. In reality, satisfactory
quantitative descriptions of medium effects have taken into account all non-spe-
cific and specific solvent—solvent—solute interactions. The separation of the sol-
vent polarity into the non-specific and specific solvent—solvent—solute interaction
mechanism is purely formal, but, if this separation can be reasonably realised, the
resultant parameters may be used to interpret solvent effects through such mul-
tiple correlations, thus providing information about the type and magnitude of the
interactions with the solvent.!8

This kind of dual dependency of the reactivity on the solvent composition is
illustrated by the Kamlet-Taft solvatochromic comparison method.!9 This me-
thod may be used to unravel, quantify, correlate and rationalize multiple inter-
acting solvent effects on reactivity. Thus, the rate data were correlated with sol-
vatochromic parameters in the form of the following linear solvation energy re-
lationship (LSER):

log k= Ay +sa*+aa+ bp 2)

where 7* is an index of the solvent dipolarity/polarizability, which measures the
ability of the solvent to stabilize a charge or a dipole by virtue of its dielectric
effect, a is the solvent hydrogen bond donor (HBD) acidity, which describes the
ability of the solvent to donate a proton, £ is the solvent hydrogen bond acceptor
(HBA) basicity, which provides a measure of the ability of the solvent to accept a
proton (donate an electron pair), in a solute to solvent hydrogen bond, and Ay is
the regression value of the solute property in the reference solvent cyclohexane.
The regression coefficients, s, a and b, measure the relative susceptibilities of the
solvent dependent solute property log kqps to the indicated solvent parameter. These
solvatochromic parameters for the aqueous organic mixtures used in the present
study were obtained from the literature.20 The rate of oxidation in the solvent
mixture studied show good correlations with solvent via the above LSER. The
correlation results obtained are given below.
In water/DMF mixtures:

log kops = —2.806+1.92 — (0.414£0.55) 7* + (0.888+0.45)x — (2.468+1.72)
(N=8; R=0.999; R2=0.998; Sd = 0.02; Py, = 24 %; Pp= 65 %; Pyx =11 %)
In water/1,4-dioxane mixtures:
log kobs = —0.874£0.83 — (1.33020.89) 7* + (0.12240.72)x — (1.889+0.85) 5
(N=8; R=0.974; R2=0.953; Sd = 0.04; P, = 4.0 %; Pp=5T%; Ppx =39 %)
In water/acetone mixtures:
log kops = —2.04120.78 — (0.782+0.25) 7% + (0.007+£0.21)x — (0.911£0.58) 5
(N=8; R=0.945; R2=0.894; Sd = 0.01; Py, = 0 %; Pp= 54 %; Ppx =46 %)

In water/-BuOH mixtures:
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log kops =—3.16510.01 — (0.121£0.05) 7* — (0.023£0.04) ¢ — (0.09610.03) 8
(N=8; R=0.997; R2=0.994; Sd = 0.002; Py, = 10 %; Pp=40 %; Ppx= 50 %)
In water/MeCN mixtures:
log kops = —2.64510.20 — (0.028+0.22) 7* — (0.252+0.25) — (0.84710.26) 8
(N=8; R=0.940; R2 = 0.882; Sd = 0.02; Py, = 22 %; Pp="16 %; Ppx=2.0 %)

Such good correlations, with an explained variance of 94-99 % in the aqua—
—organic solvent mixtures, indicate the existence of non-specific and specific sol-
vent—solute interactions. From the values of the regression coefficients, the con-
tribution of each parameter (P,), on a percentage basis, to the reactivity were
calculated.2! The following conclusions were drawn from the systematic correla-
tion studies:

i) In all the investigated solvent mixtures, except MeCN, the contribution of
both specific and non-specific solute—solvent interactions play dominant roles, as
indicated by the percentage contributions of the «, £ and 7* terms. In case of
MeCN, the contribution of the specific property is dominant.

ii) The contribution of the solvent HBA term is dominant in all the mixtures,
except --BuOH, as indicated by the percentage contributions of this term, Pz com-
pared to Py and Pr+. This may be because all the co-solvents are typical HBA
solvents. Hence, increasing the mole fraction of these solvents in the mixture in-
creases the solute—solvent interactions through the HBA property.

iii) The sign of the coefficient of the « term is positive in the water/DMF,
water/1,4-dioxane and water/acetone mixtures, suggesting that the transition sta-
te—solvent interactions, through specific HBD property, dominate over the reac-
tant—solvent interactions.

iv) In water/r~-BuOH and water/MeCN mixtures, the sign of the coefficient of
the « term is negative, indicating the reactants are solvated through HBD pro-
perty to a larger extent than the transition state.

v) The sign of the coefficient of the f and z* terms in all the investigated
mixtures is negative, indicating the reactants are solvated to a larger extent than
the transition state through the HBA and dipolarity/polarizability properties.

Therefore, it is concluded that both specific (microscopic) and non-specific
(macroscopic) solute—solvent—solvent interactions play a dominant role in gover-
ning the reactivity of the substrate under investigation.

Mechanism

Under the experimental conditions employed in the present study, methio-
nine is oxidized to the corresponding sulphoxide stage only. Based on the above
kinetic observations, i.e., the first order dependence on c(Met), c(QFC) and c(Acid),
the following mechanism is proposed for the oxidation of methionine by QFC.
The linear increase in the rate with acidity suggests the involvement of proto-
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nated QFC in the rate-determining step. In the first step, QFC becomes proto-
nated. The protonated QFC attacks the substrate to form a complex, in a pre-equi-
librium step, which subsequently decomposes to give the products in a slow step.
The proposed scheme envisages an oxygen atom transfer from the oxidant, which
is in agreement with earlier observations involving the oxidation of sulphur-con-
taining compounds with halochromates. The electrophilic attack on the sulphide
sulphur can be viewed as an SN2 reaction. An Sn2-like transition state (more hy-
drophobic) is supported by the observed solvent effects:

H*

\ \ / N ‘ | N\ HO\(; /o
= = -o/ \F

o
N o) HO. O,
oS B o >c<s<

S
= -o/ \F AN = 0 a
]k
kobs

The above mechanism leads to the following rate law:
Rate = kc(Complex)
c(Complex) = k'c(Met)c(QFCH™)
¢(QFCH™) = k"c¢(QFCH)c(H")
c¢(Complex) = k'k"c(Met)c(QFCH)c(H™)
—dc(QFCH)/dt = kk'k"c(Met)c(QFCH)c(H™)

The rate law in its final form accounts for the observed kinetics. The nega-
tive entropy of activation suggests complex formation in the transition state. The
linear increase in rate with acidity suggests the involvement of protonated QFC
in the rate-determining step.

N3BO [
YTULIAJ BUILIKA THBCOBE EEHPI'MJE PACTBAPAYA HA OKCUIALINTY METUOHHUHA
XUHOJIMHNYM-®JTYOPOXPOMATOM. UCITMTUBAKBE KUHETHUKE PEAKIIUJE
D. S. BHUVANESHWARI u K. P. ELANGO
Department of Chemistry, Gandhigram Rural University, Gandhigram-624302, Tamilnadu, India

Oxcupaanuja METHOHIHA XUHOIHHIjyM-(iryopoxpomaroM (QFC) ncrimtusaHna je y IpucycTBy
XJI0p-cupheTHe KHUCENUHE, y CMEIIH BOJE M OPTaHCKHX pacTBapaya ca pasinduTHM (QyHKIHjama
BHIKa MoJjapHe [ mbcoBe enepruje. Peakuuja je mpBor pena y onHocy Ha QFC u kucenuny. bp3una
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peakuuje je ogpeheHa Ha pa3nUUNUTEM TemIlepaTypama M H3padyHATH Cy MapaMeTpH aKTHBALHje.
IMopmauy 3a Gp3MHY peakiyje KOPEIHCaHH Cy ca Pa3INYMTHM HapaMeTpuMa pacTBapaya METOJIOM
JIMHeapHe BUlecTpyke perpecuje. Ha ocHOBy pesyntara nobujene cy nHdopmaryje 0 MHTEpaK-
I[MjaMa pacTBapau—peaKkTaHTH U PacTBApPau—IIPEIa3HO CTambe.
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Synthesis of biomorphic SiC and SiO; ceramics
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Abstract: Coniferous wood (fir) was transformed by pyrolysis into carbon pre-
forms, which were subsequently converted into biomorphic ceramics by the
pressure infiltration technique with colloidal silica. An in situ reaction between
the silica and the carbon template occurred in the cellular wall at a high sinte-
ring temperature. Depending on the employed atmosphere, non-oxide (SiC) or
oxide (SiO,) ceramics were obtained. The morphology of the resulting porous
ceramics and their phase composition were investigated by scanning electron
microscopy (SEM/EDX) and X-ray diffraction (XRD). The experimental re-
sults showed that the biomorphic cellular morphology of the wood maintained
in both the SiC and silica ceramics, which consisted of only the #SiC phase
and SiO,, respectively.

Keywords: biomimetic synthesis; celular SiC; porous ceramics.

INTRODUCTION

The term "ecoceramics" denotes a class of ceramics made of wood-based pro-
ducts. Wood is a natural composite material composed of biopolymeric consti-
tuents, such as cellulose, hemicellulose and lignin.! Cellulose is the basic struc-
tural component of all wood cell walls.2 Chemically speaking, it is a long chain
linear polysaccharide composed of glucose (CgH10Os),. The cellulose superstruc-
ture has a matrix of lower molecular weight polysaccharides, named hemicellu-
loses. Lignin is a three-dimensional polyphenolic molecule with a highly bran-
ched structure and high molecular weight. Since it permeates cell walls and the
intercellular region, lignin acts as glue, which bonds all wood cells giving the wood
its hardness. Wood exhibits a hierarchical architecture with a cellular microstruc-
ture of high porosity due to specific functions of living cells, transportation (tra-
cheidal), storage (parenchimal) and mechanical strengthening (libriformal) cells, res-
pectively. The microstructural features of wood are tracheidal cells which are res-
ponsible for liquid transportation and they form a pore channel system with a pre-

* Corresponding author. E-mail: mato@yvin.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0807745E
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ferential orientation in the axial direction. This feature offers the possibility to use
liquid infiltration techniques to transform the hierarchical cellular structure of wood
into inorganic materials with the preservation of the original cellular structure.3-6

Single phase, porous biomorphic SiC ceramics were manufactured using Si-con-
taining vapors as reactants. The Si-containing vapors were forced to penetrate the
pores of the carbon template and react with the biocarbon to form SiC. Different
reactive Si vapor sources, such as Si,” SiO% and CH;3SiCl3 (methyltrichloro-
silane)? were applied. Also, Si-melt!® and TEOS (tetraethyl orthosilicate)!1-13
were used, resulting in biomorphous SiC ceramics. In the other hand, there are
only a few investigations about biomorphous oxide-based ceramics. SiO»-, Al,O3-,
TiO,- and ZrO;- ceramics were prepared from pine wood, as well as from cellu-
lose fiber performs, via a sol-gel process with metal-alkoxides.!4-16 However, it
seems that no work has been performed to-date on the synthesis of biomorphic
ceramics using colloidal silica. Hence, the present work was focused on the syn-
thesis of porous SiC and SiO; ceramics by the annealing of premineralized wood
with colloidal silica under an argon or ambient atmosphere, respectively.

EXPERIMENTAL

Fir wood was used as the biological template structure. Fir is a coniferous wood which
exhibits a monomodal pore distribution with a mean pore diameter of about 20 um. Colloidal
silica was used as the precursor for infiltration. The infiltration/annealing process is described
by the schematic diagram in Fig. 1. The fir wood was shaped (10x5x5 mm?) and dried at 70 °C

Wood samples,
cutting and drying

!

Leaching out lignin
1.0 M HCI (60 °C for 48 h)

!

Infiltration
Silica sol

l

C/SiO, composites

v v
Calcination Calcination
Ar, 1000 °C for 1 h 0,, 800 °C for 1 h
Carbothermal High temperature
reduction treatment
Woodlike SiC ceramics Woodlike SiO, ceramics Fig. 1. Flow chart for the manufacture
of biomorphic SiC and SiO, ceramics.
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for 48 h. The dry wood pieces were soaked at 60 °C for 48 h in 1.0 M HCI solution to leach
out the lignin and again dried at 60 °C for 48 h. Pieces of treated wood were placed in an
infiltration vessel and then backfilled with silica sol, followed by raising the pressure in the
vessel up to 5.0 bar. The wood/silica samples were then dried at 110 °C for 8 h.

Two types of experiments were performed. In the first ones, samples were calcinated at
1000 °C under an Ar atmosphere for 1 h. The final thermal treatment was accomplished in a
graphite-heated furnace (Astro, USA) under a 0.10 MPa Ar atmosphere at a heating rate of 10
°C min’! to 1450 °C and maintained at this temperature. The samples were cooled down to
room temperature under Ar. In the second experiments, the samples were calcinated under
ambient atmosphere up to 1300 °C.

Scanning electron microscopy (SEM/EDX) analyses were performed on the "as ob-
tained" surfaces using a JEOL 6300F microscope at 3.0 kV accelerating voltage.

The crystalline phases were identified by X-ray diffraction (XRD) analysis using filtered
CuKa radiation (Siemens D5000). For this purpose, the carbon from the samples of experi-
ment one was burnt out at 700 °C in air.

RESULTS AND DISCUSSION

The XRD pattern of the infiltrated wood sample after calcination at 1000 °C
for 1 h shows that the obtained C/SiO; composite was amorphous (Fig. 2). Two
broad peaks centered at around 25 and 44° correspond to the (002) and (004) peaks
of carbon.1?

The phase evolution of the C/SiO;, composite during heat treatment under an
argon atmosphere is depicted in Fig. 3. At 1250 °C there was no evidence of SiC
peaks but many weak peaks of SiO; (crystobalite) appeared, suggesting that the
amorphous silica recrystallized at this temperature. Simultaneously, the baseline
line was still high, indicating a rather large amount of amorphous carbon and
silica. At 1350 °C, the peaks of the S-SiC phase at 26 = 35.68 and 60.00° were
observed, suggesting that carbothermal reduction of silica occurred with the for-
mation of SiC. This was confirmed at 1450 °C, when the high baseline line and
the peaks of crystobalite nearly completely disappeared and only the £SiC peaks
existed. Thus, the carbothermal reduction reaction was nearly completed after
annealing at 1450 °C for 4 h.

The SEM micrographs of a composite prepared from fir charcoal impreg-
nated with SiO; sol and calcinated at 1000 °C as well as the corresponding SiC
ceramics obtained at 1450 °C are shown in Fig. 4. In both cases, the porous mor-
phology retains the same structural features as those of fir wood. It was found
that the thickness of the SiC-cell wall material, i.e., struts, were less than 1 um.
Cellular SiC ceramic has preferentially oriented pores of diameter up to 5 pum.
Energy dispersive spectroscopy (EDS) analysis of the obtained SiC material re-
vealed the peak of Si without O, confirming the results of the measurements.
Thus, the porous C/SiO; composite was completely converted into SiC ceramic
with a similar microstructure.

On the other hand, the C/SiO, composite heat treated under an ambient at-
mosphere at 800 °C was shown by XRD analysis to be still amorphous. How-
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ever, weak peaks of SiO; (tridimite) appeared, indicating crystallization of the
amorphous material. The XRD pattern of the composite treated at higher tem-
peratures exhibited sharp peaks of crystalobalite (SiO,) and small ones of tridi-
mite (SiO3). Thus, the XRD analysis showed that after calcination of the infil-
trated wood sample under an ambient atmosphere, the carbon was evaporated and
the amorphous SiO, was transformed into crystalline phases (Fig. 5).

® - sic
- S0,
*
*
fU45° °c
Mt ‘ | 1360°C
m 1250 °C
r T T T T T T T T T VT
10 20 30 40 50 60

*
N L
20 30 40 50 60 70
20/° 20/°
Fig. 2. XRD Pattern of the C/SiO, composite.  Fig. 3. XRD Patterns of the products obtained
from C/SiO2 composites under an argon
atmosphere at different temperatures for 4 h.

o Fig. 4. SEM Microphotographs of the
A microstructure of an as infiltrated C/SiO,
composite (a), an SiC ceramic obtained

- at 1450 °C for 4 h (b) and EDS ana-
05ev e 15eV ZeV 25V eV 35eV eV lySiS of the SiC material (C)
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Cr
c
1300°C v o v Cr cr /\' -
—M_..lf) L—MJAJ\/\._AN«
800 °C Tr Fig. 5. XRD Patterns of the products

W obtained from an C/SiO, composite

: = - . . . . : = = . under an ambient atmosphere annea-
10 20 30 40 50 60 led for 4 h (Cr — crystobalite, Tr — tri-

2061° dymite).

The SEM micrographs of the resulting SiO, ceramics are shown in Fig. 6. Its
morphology in the tangential direction depicts a structure similar to that of the
starting wood sample. In comparison with the microstructure of the SiC cera-
mics, the SiO; ceramics possess small pits of 2-3 pum in diameter (Fig. 6b). They
were formed during carbon evaporation. The cross sections, perpendicular to the
axial direction (Fig. 6¢), reveal tracheidal pore channels of diameter up to 10 um.

b)

Sum B88015 L

Fig. 6. SEM Photomicrographs of fir template
biomorphic SiO, ceramics obtained at 1300 °C
(a) tangential direction, (b) detailed of the pits
morphology and c) cross-section direction.
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The mechanism of SiC ceramics formation can be explained by the reaction
of SiO vapor, obtained during the reduction of silica, and the carbon wall under
an inert protective atmosphere.!8 In contrast, the SiO; ceramics with a wood-like
structure depend on stable films of infiltrated colloidal silica onto the carbon
template,!9-20 which remain after heat treatment and loss of carbon.

CONCLUSIONS

This study demonstrated the conversion of biological cellular tissues struc-
tures into a porous ceramic. This porous ceramic with a wood-like microstructure
was prepared by sol infiltration and carbothermal reduction techniques using col-
loidal silica and fir wood as the starting materials. A SiC ceramic was obtained at
1450 °C under an argon atmosphere. XRD Analysis reveals $-SiC as the only
phase present in the cellular SiC product. A SiO; ceramic was formed at 1300 °C
with crystalobalite as the principal phase, after annealing under an ambient at-
mosphere. This technique provides promising future applications for advanced
materials design.

Acknowledgement. This project was financially supported by the Ministry of Science of
The Republic of Serbia (Project number: 142016).

M3BOJ
CHUHTE3A BMOMOP®HE SiC U SiO, KEPAMUKE

AJIEJIA ETEJBA ', JEJIEHA I'YJIMLIOBCKU!, AJIEKCAHJIAP JIEBEYEPCKU', BUJbAHA BABUR!,
MUPOCJIAB MUJBKOBIRZ, CHEXKAHA BOILIKOBUR! 1 BPAHKO MATOBUR!

! HHciniuitiyit 3a HykaeapHe Hayke Bunua, beozpao u ZLleHLTmp 3a eaeKiUpOHCKY MUKpOcKoiiujy, Yrueep3auitieit y Huuty

Kap6onu3zoBano 1pBo jesie je HHQUITPUPAHO MOJ MPUTUCKOM ca KojouguuM SiO,, a 3aTuM
xoHBepToBaHo y 6rnomopduy SiC u SiO, xepamuky in situ peakuujom m3mely Si u C Ha BUCOKO]
Temneparypu. Mopdonoruja u Ga3Hu cacTaB pe3ynTyjyhe OKCHIHE/HEOKCHIHE KEpaMHKE HCIIH-
THBaHH Cy ckeHHpajyhom emexTpoHckoM MmukpockomnujoM (SEM/EDX) n peHAreHO-CTpyKTypHOM
anamm3oM (XRD). Pesynratu cy nmokasanu na ce ocHoBHa henmjcka mopdonoruja apsera y SiC u
Si0, kepaMuIy odyBaia ¥ MociIe TpeTMaHa Ha BUCOKUM TeMIIepaTypama.

(Ipumsbeno 23. oktobpa 2007, peBuaupano 21. anpuna 2008)
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The ionic equilibrium in the CuSO4—H;SO4-H,0 system and
the formation of the honeycomb-like structure
during copper electrodeposition
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Abstract: The ionic equilibrium of the species in the CuSO4—H,SO,4—H,0 sys-
tem was employed to systematize the conditions of copper electrodeposition
leading to the formation of the honeycomb-like structure. The reason why CuSO,
concentrations higher than 0.15 M are unsuitable for the formation of honey-
comb-like structures is shown. The range of H,SO,4 concentrations enabling the
formation of this type of structure was also determined. The conditions leading
to the formation of the honeycomb-like structures are: electrodeposition from
solutions with lower concentrations of Cu(Il) ions (0.15 M CuSO, and less) in
a concentration range from 0.25 to 1.0 M H,SO,, at a temperature of 18.0+£1.0 °C
and at overpotentials outside the plateau of the limiting diffusion current den-
sity at which hydrogen evolution is vigorous enough to change the hydrodyna-
mic conditions in the near-electrode layer.

Keywords: electrolysis; hydrodynamics; morphology; hydrogen; copper.

INTRODUCTION

Aqueous solutions of sulfuric acid and cupric sulfate are frequently found in
copper hydrometallurgical processes, such as leaching, solvent extraction, elec-
trowinning and electrorefining.! Irregular deposits, such as powder deposits2~>
and open and porous structures with an extremely high surface area,® denoted as
honeycomb-like ones,’~ are most often formed by electrodeposition from these
solutions. The main species present in aqueous sulfuric acid solutions containing
Cu(Il) are: bisulfate ions (HSO3 ), cupric ions (Cu?™), aqueous cupric sulfate
(CuSO4(aq)), hydrogen ions (H") and sulfate ions (SOZ‘ ).1 In an aqueous so-

* Corresponding author. E-mail: nnikolic@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0807753N
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lution of sulfuric acid and cupric sulfate, two weak electrolytes, HSOz and
CuSOy(aq) are formed and the equilibriums between HSOgz , H" and SO%‘ ions,
as well as between CuSOy4(aq), Cu?* and SO%_ species are constituted.!
Electrochemical processes dealing with the formation of irregular deposits
are very suitable for the analysis of the ionic equilibrium in the CuSO4—H»>SO4—
—H,0 system, due to the hydrogen evolution reaction which occurs parallel to
copper electrodeposition. The first report which investigated the effect of this io-
nic equilibrium on the formation of these deposits was reported recently.!0 Con-
sidering the high technological significance of honeycomb-like structures as pos-
sible electrodes in many electrochemical devices, such as fuel cells, batteries and
sensors,® a detailed analysis of the ionic equilibrium in the CuSO4~H,SO4-H,0
system on the formation of this type of deposit was until this study necessary.

EXPERIMENTAL

Copper was potentiostatically deposited from the following solutions: 0.075 M CuSO4 +
+0.50 M H,SOy, 0.30 M CuSOy4 + 0.50 M H,SOy4, 0.60 M CuSO,4 + 0.50 M H,SO,4 and 0.15
M CuSOy + 0.125 M H,S0;,.

The electrodepositions were performed in an open cell at a temperature of 18.0+1.0 °C
using a Wenking 7103 Girh potentiostat. Doubly distilled water and analytical grade che-
micals were used for the preparation of the solutions for the electrodeposition of copper.

The electrodepositions of copper were performed at an overpotential of 1000 mV onto
cylindrical copper cathodes previously covered by a thin copper film.

The counter electrode was a copper foil placed close to the walls of the cell; the working
electrode was placed in the middle of the cell, while the overpotential was adjusted vs. a cop-
per electrode which was positioned at a distance of 0.2 cm from the surface of the working
electrode.

For the determination of the average current efficiency of hydrogen evolution, an electro-
chemical cell with the same arrangement of copper electrodes as that used for the preparation
of the copper deposits for SEM analysis was employed. The electrodes were situated under a
burette with the surface facing up so that the total amount of hydrogen evolved during the
electrodeposition processes went into the burette. During the electrodeposition process, the
volume of evolved hydrogen, V(H»), and the current of the electrodeposition, /, after a time, ¢,
were recorded. Then, after graphical integration /¢, the average current efficiency for hydro-
gen evolution in a time ¢, 777,,(H2), was determined according to Eq. (1):

nFV(H,)
t

771,av(H2): (1)

Vj Idt
0

where nF is the number of Faradays per mole of consumed ions and /' is the molar volume of
a gas under normal conditions (i.e., 22.400 dm?).

The average current efficiency for hydrogen evolution, 7,,(H,), is defined as the average
value of the7; ,,(H,) values over the total electrolysis time.

A detailed procedure for the determination of the average current efficiency of hydrogen
evolution has already been given.”
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SEM Microphotographs corresponding to morphologies of copper deposits, obtained
with a quantity of electricity of 10.0 mA h cm™, were recorded on scanning electron
microscope (SEM) JOEL, model T20, and a Tescan Digital Microscope.

RESULTS AND DISCUSSION

The copper deposits obtained at an overpotential of 1000 mV from 0.075,
0.30 and 0.60 M CuSOg4 in 0.50 M H»SO4 are shown in Fig. 1. For all these
solutions, an overpotential of 1000 mV is for 250 mV higher than the plateaus of
the limiting diffusion current density.!! As can be seen from Fig. 1, holes formed
due to attached hydrogen bubbles were the main morphological form obtained
under these electrodeposition conditions. The shape of the obtained holes chan-
ged with increasing CuSO4 concentration, from those forming a honeycomb-like
structure to dish-like ones and the mechanism of their formation has been widely
studied.”-8:11

Fig. 1. Copper deposits obtained at an over-
potential of 1000 mV from: a) 0.075, b) 0.30
and c¢) 0.60 M CuSOy, in 0.50 M H,SOy.
Quantity of electricity, Q: 10.0 mA h cm™2.

The average current efficiencies of hydrogen evolution, 7,v(Hy), obtained
under these electrodeposition conditions were 68.7, 16.0 and 4.6 % from 0.075,
0.30 and 0.60 M CuSOy4 in 0.50 M H,SOy, respectively.!! These values were
derived from the dependences of the current of electrodeposition and the volume
of evolved hydrogen on the electrodeposition time, as shown in Fig. 2. It can be
seen from Fig. 2 that increasing the concentration of CuSQOy led to a decrease of
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the quantity of evolved hydrogen and, hence, the average current efficiencies of
hydrogen evolution. At the first sight, this was unexpected because the concen-
tration of HySO4 was the same in all the solutions. The explanation for it can be
obtained by analysis of the ionic equilibrium of the species in the CuSO4—H,SO4—
—H50 system. The dependence of the relative concentration of hydrogen ions
(H") on the HySOy4 concentration for different concentrations of copper ions is
shown in Fig. 3. According to this equilibrium, increasing the copper ion concen-
tration produces a sharp decrease in the hydrogen ion concentration, while in-
creasing the concentration of sulfuric acid produces an increase in the hydrogen
ion concentration.! The reason for this is that the addition of sulfuric acid to the
solution decreases the concentration of free sulfate ions due to the formation of
bisulfate ions, while the addition of cupric sulfate to the solution increases the
concentration of bisulfate ions and decreases the concentration of hydrogen ions.
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Fig. 2. The dependences of the current of copper electrodeposition and the volume of evolved
hydrogen on the electrodeposition time (a) and the average current efficiencies for hydrogen
evolution reaction on the quantity of used electricity (b) for copper electrodeposition at
1000 mV from 0.075 (O,m), 0.30 (O,®) and 0.60 M (A,A) CuSOy in 0.50 M H,SOy4.

It is very clear that the decrease of the quantity of evolved hydrogen, and
consequently, the average current efficiencies of hydrogen evolution (Fig. 2) is
the result of decreasing the hydrogen ion concentration with the increasing cop-
per concentration. Moreover, the acceleration of the electrochemical processes
with increasing CuSOg4 concentration had an unfavorable effect on the formation of
the honeycomb-like structures. It was found!? that the maximum CuSOy4 concen-
tration (in 0.50 M H;SO4) which allowed the formation of the honeycomb-like
structure was 0.15 M. Hydrogen evolution, which leads to the formation of the
honeycomb-like structures, was vigorous enough to change the hydrodynamic con-
ditions in the near-electrode layer. For copper sulfate solutions containing 0.15 M



IONIC EQUILIBRIUM AND HONEYCOMB-LIKE Cu DEPOSITS 757

CuSOy4 and less, in 0.50 M H»SOy4, the critical quantity of evolved hydrogen
leading to a change in the hydrodynamic conditions was estimated to correspond
to 77ay(Hp) of 10.0 %.12 This was attained by electrodeposition at an overpo-
tential of 800 mV from 0.15 M CuSOj4 in 0.50 M H»SO4.”

Vigorous hydrogen evolution is only one of the possible ways of changing
the hydrodynamic conditions in the near-electrode layer. For example, a change in
the hydrodynamic conditions can also be realized under imposed magnetic field
(magnetohydrodynamic effects),!3715 in an ultrasonic field!® or by rotating the
electrode.!”

The above analysis of the electrodeposition processes with the different CuSOg4
concentrations and the same H»SO4 concentration corresponds to a vertical ana-
lysis of the ionic equilibrium of the species in the CuSO4—H>SO4—H»O system.
Horizontal analysis of this ionic equilibrium can be performed by analysis of the
electrodeposition processes with a constant CuSO4 concentration and different
H»SO4 concentrations.

For the horizontal analysis, 0.15 M CuSO4 was selected, while the selected
H»SO4 concentrations were higher (1.0 M) and lower (0.125 and 0.25 M) than
0.50 M. According to the ionic equilibrium shown in Fig. 3, the H" concentration
is higher for these solutions (the position of the Cu2" concentration of 0.15 M can
easily be calculated) than for copper solutions containing 0.30 and 0.60 M CuSOq4
in 0.50 M H»SOg4. This was confirmed by the higher average current efficiencies
of hydrogen evolution obtained at an overpotential of 1000 mV from these
solutions than those obtained from 0.30 and 0.60 M CuSOy4 in 0.50 M H,SOg4.
The average current efficiencies of hydrogen evolution, 77,v(Hp) were: 20.3 %
from 0.15 M CuSOy4 in 0.125 M H3SOy, 26.4 % from 0.15 M CuSO4 in 0.25 M
H,SO4 and 45.7 % from 0.15 M CuSOy4 in 1.0 M HSO4.18 Based on the ob-
tained values, it was expected that honeycomb-like structures would be obtained
by electrodeposition from these solutions. However, honeycomb-like structures
were only formed from 0.15 M CuSQOy in both 1.0 M and 0.25 M HSO4 but not
from 0.15 M CuSOy in 0.125 M H,S04.18 The copper deposit obtained at an
overpotential of 1000 mV from 0.15 M CuSOy4 in 0.125 M H3SOy4 is shown in
Fig. 4. Analysis of this copper deposit identified the presence of holes with
shoulders of degenerated dendrites, and irregular channels formed by evolved
hydrogen around the dendritic and cauliflower-like particles. The appearing of
these morphological forms clearly indicates that the hydrodynamic conditions in
the near-electrode layer remained unchanged during electrodeposition from this
solution. This was very surprising owing to the very high average current effici-
ency of hydrogen evolution under which this deposit was formed. This indicates
that the quantity of evolved hydrogen is not the only parameter responsible for a
change in the hydrodynamic conditions in the near-electrode layer. Therefore, the
recognition of the properties of the electrodeposition solutions, such as density
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and surface tension, is very important.!8 The addition of H,SO4 to an electro-
plating solution increases the density!®:19 and decreases the surface tension of an
electroplating solution.!8 An increase of the density and a lowering of the surface
tension of the solution decreases the break-off diameter of a hydrogen bubble!8:20
and, consequently, reduces the time required to achieve the critical size for its
detachment from the electrode surface. Electrodeposition processes from such
solutions will produce an sufficient amount of hydrogen bubbles which can cause
an effective stirring of solution in the near-electrode layer and change the hydro-
dynamic conditions. This can be confirmed by the analysis of number of holes
formed per mm? of surface area of the copper electrodes and the average dia-
meter of holes obtained from 0.15 M CuSOy4 in 0.50 M H»SO4 at 800 mV (the
formed honeycomb-like structure with a 77,,(H>) of 10.8 %; changed hydrodyna-
mic conditions in the near-electrode layer) and from 0.15 M CuSOy4 in 0.125 M
H»>SO4 at 1000 mV (the honeycomb-like structure was not formed with a 77,v(H»)
of 20.3 %; insufficient change of the hydrodynamic conditions in the near-elec-
trode layer). The number of holes formed due to the attached hydrogen bubbles
from 0.15 M CuSOy4 in 0.50 M H»SO4 at 800 mV was 10 per mm? of surface area
of the copper electrode,” while their average diameter was 98.7 pm. This number
was for about 40 % larger than the number of holes formed from 0.15 M CuSO4
in 0.125 M H5SOy4 at 1000 mV. The average diameter of the holes formed from
0.15 M CuSOg4 in 0.125 M H5SO4 at 1000 mV was about 20 % larger than the
average diameter of those formed from 0.15 M CuSO4 in 0.50 M H;SO4 at 800 mV.
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ions as function of sulfuric acid and total Fig. 4. The copper deposit obtained at an
copper concentrations, at 25 °C overpotential of 1000 mV from 0.15 M CuSO,4
(cry+ = [H')/[HT]) (Reprinted in 0.125 M H,SOy. Quantity of

with permission of Elsevier).! electricity: 10.0 mA h cm2.
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The acceleration of electrochemical processes through increasing the tem-
perature of electrolysis had an unfavorable effect on the formation of honey-
comb-like structures.2! Increasing the temperature led to a decrease in the num-
ber of holes because of the effect of temperature on some properties of the solu-
tions, such as viscosity and surface tension.20-22

Horizontal and vertical analysis of the ionic equilibrium in the CuSO4—
—H»S0O4—H»0 system enabled the electrodeposition conditions leading to the for-
mation of honeycomb-like structures to be systematized. It explained why CuSOy4
concentrations higher than 0.15 M are unsuitable for the formation of this type of
structures. The minimal HpSO4 concentration of 0.25 M H»SO4 (for 0.15 M
CuSOQy) allowing the formation of honeycomb-like structures was also determined.

CONCLUSIONS

Systematization of the electrodeposition conditions allowing the formation
of honeycomb-like copper structures from acid sulfate solutions was made by
analyzing the ionic equilibrium in the CuSO4—H;SO4—H»O system. The honey-
comb-like structures can be formed by electrodeposition from solutions with low
concentrations of Cu(Il) ions (0.15 M CuSOg4 and less) in an HSO4 con-
centration in the range from 0.25 to 1.0 M, at a temperature of 18.0+1.0 °C, and
at overpotentials positive with respect to the plateau of the limiting diffusion cur-
rent density at which hydrogen evolution is vigorous enough to change the hy-
drodynamic conditions in the near-electrode layer.

Acknowledgement. The work was supported by the Ministry of Science of the Republic
of Serbia under the research project: “Deposition of ultrafine powders of metals and alloys
and nanostructured surfaces by electrochemical techniques” (No. 142032G).

N3BOJ

JOHCKA PABHOTEXA Y CUCTEMY CuSO4-H,S0,~H,0 1 ®OPMHNPAKE CTPYKTYPE
IMYEJIMBET CARA EJIEKTPOXEMUJCKUM TAJIOKEWHLEM BAKPA

HEBOJIIA JI. HUKOJIWR!, JbYBULIA J. [IABJIOBUR', TOPAH BPAHKOBUR?,
MUOMUP T. [TABJIOBUR! 1 KOHCTAHTHH 1. [IOTIOB'~

TUXTM — Llenitiap 3a eaexilipoxemujy, Yuueepauiieii y beozpady, ezowesa 12, Beozpad,  Huciiudiyiti sa
MyaiuOucyuiAuHapHa uciiipaxcusarea, Knesa Buwecaasa 1a, Beozpad u 3 Texrnoaouko—meimiaaypuiku
pakyaitieiti, Yuusepsuitieiti y Beozpaoy, Kaprezujesa 4, Beozpad

AHamm3upana je joHcka paBHoTexa y cucremy CuSO4—H,SO4~H,0 nma 6u ce cucremarnso-
BaJIM YCJIOBU EJICKTPOXEMHUJCKOT TalloXkKeha Oakpa Koju 70Boje 10 hopMupama CTPYKType MUesn-
wer caha. [Tokazano je na cy xonuenrparumje CuSO, Behe ox 0,15 M Henoroaue 3a Gopmupame
cTpykType muenumer caha. Onpelen je u oncer konuentpanuja H,SO4 y xojeM ce ¢popmupa oBa-
KBa CTPYKTypa. YCIOBH KOjU HOBOIE 10 (OpMHpama CTPyKType Imuenumer caha cy: enexTpo-
XEMHjCKO TaJloXkeme M3 pacTBopa ca konmneHtpamujom Cu(ll) ox majsume 0,15 M u oncerom
koHuenTpanuja H,SO4 ox 0,25 mo 1,0 M, temmepatype ox 18,0+1,0 °C, u Ha mpeHaneTocTIMa
MO3UTUBHUJHM O] OHHX KOjH OJroBapajy IuiaToy rpaHudHe audy3roHe TyCTHHE CTpyje, Ha KojuMa
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je u3/Bajame BOJOHHKA JOBOJHO MHTECH3MBHO J1a MPOMEHH XMAPOJMHAMUYKE YCIIOBE Y INpPHUKa-
TOIHOM CJOjy.
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Abstract: Four mixed-ligand cobalt(IIl) complexes (1-4) of the general formula
[Co(Rdtc)cyclam](ClOy), and [Co(Rac)cyclam](ClO,), (cyclam = 1,4,8,11-tetra-
azacyclotetradecane; Rdtc = thiomorpholine-(Timdtc) or 2-methylpiperidine-
-(2-Mepipdtc) dithiocarbamates; Rac = 1,1,1,5,5,5-hexafluoro-2,4-pentanedio-
nato (Hfac) or 2,2,6,6-tetramethyl-3,5-heptanedionato (Tmhd), respectively) were
electrochemically examined on a glassy carbon and an iron electrode in perchlo-
ric acid solution. The obtained results showed the influence of these complexes
on hydrogen evolution, the oxygen reduction reaction and iron dissolution. The
exhibited effects of the complexes on these reactions depend on structure rela-
ted to the bidentate dithiocarbamato or fdiketonato ligand. The electrochemical
properties of the complexes were correlated with molecular structure and para-
meters derived from spectral analysis and molecular modeling.

Keywords: cobalt(IlT) complexes; cyclam; dithiocarbamato ligands; A-diketo-
nato ligands; MOT.

INTRODUCTION

In many respects, tetraazamacrocycles have attracted considerable attention
as biomimetic and catalytic systems.! They can sequestrate many transition metal
ions to form complexes which exhibit various chemical and physical properties,
such as molecular recognition of DNA and RNA,2:3 electro- or photo-activation
of CO,,%3 and can act as metalloenzyme models,%7 depending on the coordi-
nation properties of the pendant donor group. Furthermore, among these series,
some complexes have found application in medical and pharmaceutical fields as
contrast-enhancing agents.9 11

The macrocyclic [14]ane-N4 ligand cyclam is prone to coordinate the metal
in a pseudo planar geometry due to its flexibility, which induces favored con-

* Corresponding author. E-mail: vlad@tmf.bg.ac.yu
§ Present address: Baker Petrolite Corp., 12645 W. Airport Blvd., Sugar Land, TX 77478, USA.
# Serbian Chemical Society member.
doi: 10.2298/JSC0807761B
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figurations.!2~15 However, the topology of the bidentate extracyclic ligand direc-
tly influences the size of the cavity and the coordination parameters. This paper is
focused on a model study of previously synthesized cobalt(Ill)—cyclam comple-
xes containing dithiocarbamato!4 or S-diketonato ligands.!5 There is, indeed, an
interest in elucidating the role played by dithiocarbamato as well as f-diketonato
ligands, since similar complexes exhibit certain electrochemical proper-
ties.12.16,19 It is interesting to point out the relation between structural parameters
and the results obtained from electrochemical measurements, i.e., electrocatalysis
and inhibition studies. In this respect, the ability to predict and hence to interpret
principal modes of interactions of structurally diverse compounds will help to
develop a parallel route to analogues.

EXPERIMENTAL

All the employed chemicals were commercial products of analytical reagent grade. The
corresponding cobalt(II)—cyclam complexes were obtained according to the procedures des-
cribed in the literature.!13

The complexes were examined on a glassy carbon (GC) and an iron electrode in 0.10 M
HCIO4 and 0.10 M NaClOy solution. A GC disc (Sigardur-Sigri Electrographite, GmbH, Ger-
many) was used as the working electrode for the characterization of the complexes. The elec-
trode surface was mechanically treated with emery paper of decreasing grain size, polished
with alumina (0.5 um particle size) and cleaned in double-distilled deionized water in an ultra-
sonic bath. The GC electrode was tested in blank electrolyte by cyclic voltammetry (CV)
before the substance was added to the solution. The reduction of oxygen in the presence of the
[Co(Rdtc)cyclam](ClO4), complexes was examined in 0.10 M HCIO, saturated with O, at a
rotating GC electrode at a sweep rate of 5.0 mV s'! and a rotation rate 900 rpm.

The iron rod electrode (Puratronic 99.99 %, Johnson Matthey Company) used for the cor-
rosion tests was mechanically finished with emery paper. The electrode was immersed in elec-
trolyte solution for 1 h before commencing the measurements. The inhibiting effect of the com-
plexes was studied by potentiodynamic measurements in an oxygenated atmosphere. The mea-
surements were performed using a Potentiostat/Galvanostat/ZRA, Gamry Instruments, and data
were processed using Elchem Analyst software. The current—potential curves were obtained
by changing the electrode potential automatically from —250 to 250 mVgcg at a scan rate of
1.0mV sl

The solutions were prepared from analytical grade reagents using double-distilled deioni-
zed water. All of the experiments were performed at room temperature in a three-electrode
compartment electrochemical cell. The counter electrode was a Pt wire and saturated calomel
electrode (SCE) was used as the reference. All potentials are given vs. SCE.

For molecular modeling, a quantum-mechanical Hyperchem program was used (Hyper-
cube Inc., Version 7). The molecular orbital (MO) calculations were based on the semi-em-
pirical self-consistent field (SCF) method. A full optimization of all geometrical variables
without any symmetry constraint was performed using the Zindo/1 method.

RESULTS AND DISCUSSION

The analytical results confirmed the proposed compositions of the complexes.
[Co(Timdtc)cyclam J(CIOy); (1). Anal. Calcd. (%) for C;sH33Clo,CoNsOgS3
(636.47): C, 28.66; H, 5.27; N, 10.62. Found: C, 28.31; H, 5.07; N, 11.00.
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[Co(2-Mepipdtc)cyclam J([CIO4); (2). Anal. Calcd. (%) for C17H36ClL,CoN50gS,
(632.46): C, 32.17; H, 5.80; N, 11.22. Found: C, 32.28; H, 5.74; N, 11.07.

[Co(Hfac)cyclam [(ClOy4); (3). Anal. Calcd. (%) for C15H5CloCoNgO1Fg
(665.20): C, 27.08; H, 3.79; N, 8.42. Found: C, 27.33; H, 3.93; N, 8.82.

[Co(Tmhd)cyclam J(ClOy), (4). Anal. Calcd. (%) for Cp1Hy3Cl,CoNgO1g
(641.51): C,39.32; H, 6.76; N, 8.73. Found: C, 39.36; H, 6.89; N, 8.95.

Dithiocarbamato-Co(lll)cyclam complexes

The [Co(Rdtc)cyclam](ClO4), complexes were electrochemically characteri-
zed on a GC electrode in 0.10 M NaClO4. A 0.10 M perchloric acid solution was
used to study their possible effects on oxygen reduction and corrosion inhibition.
The cyclic voltammograms recorded for the complexes in 0.10 M HCIO4 are
presented in Fig. 1. The recorded voltammograms are similar for both complexes
with a redox peak pair in the negative potential region and a less pronounced
peak pair in the positive potential region. The redox pair in the positive region is
a characteristic of the electrode material itself in acidic solutions, i.e., it corres-
ponds to glassy carbon.20 The potential values of the redox pair in the negative
region do not depend on pH, being the same in NaClO4 and HCIO4 solution. This
pair of peaks was recorded only on the CVs of the complexes and was not pre-
sent on the voltammograms of either of the ligands.!® Thus, this pair of redox
peaks marks the redox reaction of the central metal ion in the complex, i.e., it
belongs to the Co(II1)/Co(Il) couple. As can be seen from Fig. 1, the potential
values depend on the structural nature of the chelate-S,S’ ligands, being more ne-
gative in the presence of [Co(2-Mepip)cyclam](ClOy4);. The CV data also indi-
cate the influence of the complexes on hydrogen evolution in perchloric acid, by
shifting its potential cathodically (Fig. 1). The higher potential shift in case of the
[Co(2-Mepipdtc)cyclam](ClO4), complex shows its larger influence on the ca-
thodic reaction.

Preliminary examinations of oxygen reduction in the presence of the dithio-
carbamato Co(Ill)—cyclam complexes showed a possible catalytic effect on the re-
action in acidic media (Fig. 2). The obtained results illustrate that the complexes
influence oxygen reduction by shifting the potential in the anodic direction. In this
case, a larger effect was observed with the [Co(Timdtc)cyclam](ClO4), complex.

Corrosion tests on an iron electrode in the presence of either of the dithio-
carbamato complexes showed their inhibiting effect in acidic solution, influencing
both the anodic and cathodic reaction. Both complexes demonstrate a strong effect
on the hydrogen evolution reaction. The polarization curves (Fig. 3) indicate the
influence of the [Co(Timdtc)cyclam](ClO4)> complex on the anodic reaction in
comparison with the free acid, although, the [Co(2-Mepipdtc)cyclam](ClOg4),
complex showed a greater cathodic protection and a higher inhibitor efficiency.
Thus, the complex that suppresses hydrogen evolution more was found to be a
better corrosion inhibitor.
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----0.10 M HCIO, + 10* M [Co"(Timdtc)cyclam]™
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E IV vs. SCE
Fig. 1. Cyclic voltammograms at a GC
electrode in 0.10 M HCIO,4 without and
with 104 M [CollI(Rdtc)cyclam](ClO,),
complexes (sweep rate: 50 mV s1).

E /Vvs. SCE

Fig. 2. Oxygen reduction curves at a GC
electrode in 0.10 M HCIO,4 without and with
10* M [CollI(Rdtc)cyclam](ClO,), com-
plexes (sweep rate: 5.0 mV s'L,w= 900 rpm).

-03 F —— Blank, 0.10 M HCIO,
- --- 10" M [Co(Timdtc)eyclam]* in 0.10 M HCIO,
- 10" M [Co(2-Mepipditc)cyciam]*” in 0.10 M HCIO,
0.4 - e
0.5 -
w
o
w
b4
< -06f
w
07 -
Fig. 3. Polarization curves for iron in 0.10
M HCIO, and in the presence of 104 M

o1 ' [Co(IID)(Rdtc)cyclam](ClOy4), complexes
j 1 mA om? (sweep rate: 1.0 mV s1).

The position of the methyl group on the piperidine ring and/or the presence
of a heteroatom in the ring is reflected in a shift of the CN bond frequencies in
the part of the Rdtc™ ligand in the IR spectra.!3:14 Selected IR spectral data of the
examined complexes are given in Table I. The data show that the YC=—==== N) in
the [Co(2-Mepipdtc)cyclam](ClO4)> complex was shifted to lower energies due
to the positive inductive effect of the methyl group in the complex. On the other
hand, the heteroatom in the [Co(Timdtc)cyclam](ClOg4); complex influenced the
C===: N bond frequency, YC=—==== N), by shifting it to higher energies. Elec-
tronic effects, as noticed, consequently affect the potential shift of the cobalt re-

i 1
1E-3 0.01
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dox reaction and electrochemical reactions. Accordingly, with a stronger CN bond,
the potentials will be shifted to more negative values.

TABLE L. Selected IR spectral data (cm™!) of the [Co(Rdtc)cyclam](ClO,), complexes

Complex v(C——= N) v(C——=—= S)
[Co(Timdtc)cyclam](ClOy4), (1) 1528, 1013,
[Co(2-Mepipdtc)cyclam](ClOy), (2) 1438, 954,

ys: Very strong; s: strong

The chemical shifts in 13C-NMR spectra of the >NCS; group on the Rdtc™ li-
gands showed slight differences between the complexes in the same order as was
established from the electrochemical data. The deshielding effect on these resonan-
ces is an indication of the stronger metal-ligand bond?! and greater electron den-
sity of the ligating group. As the effect was greater for the [Co(2-Mepipdtc)cyclam]2*
than for the [Co(Timdtc)cyclam]?* complex, its inhibiting effect on iron corro-
sion was also bigger. In general, the adsorption of the complexes on the metal
surface is most likely realized through a coordinate type of bond formed due to
electron transfer from the inhibitor molecule to the metal. The coordinated Rdtc™
ligand with a higher density towards the >NCS, group results in a stronger Co—li-
gand bond. The stronger metal-ligand bond in the complex leads to a higher elec-
tron density on the adsorption part of the molecule and, thus, greater inhibittion.
Therefore, a greater adsorption and larger inhibition efficiency should be expec-
ted for those compounds with a greater electron density at the adsorption centre.

Molecular modeling calculations were used to correlate the structural proper-
ties of the complex species and their inhibition efficiency.!7:18 According to the
known crystal data,!222 the complex molecules are in a distorted octahedron geo-
metry with the typical conformational flexibility of a large cyclic ring with a mi-
nimum steric constrains and with significant delocalization along the >NCS; group
of the Rdtc™ ligand. The Zindo/1 optimized structure for the [Co(Timdtc)cyclam](ClOg4);
complex is shown in Fig. 4.

The Homo (highest occupied MO) energy is often associated with the elec-
tron donating ability of a molecule. The presence of a methyl group on the hete-
rocyclic ring decreases the ionization potential (/ = —Erjomo) and the energy gap
(AE = ELumo — Egomo; ELumo is the lowest unoccupied MO), which is reflec-
ted in a stronger chemisorption bond and perhaps a greater inhibitor efficiency.
In addition, the presence of a methyl group on the Rdtc™ ligand intensifies the
ligand field strengths and amine basicities, and thus affects the inhibitor effici-
ency. These facts can be used to show that small differences in the inhibiting be-
havior of the complexes are a consequence of their electronic and structural ef-
fects, together with conjugation of the double bonds through the >NCS; group of
the dithiocarbamato ligand.
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Fig. 4. Zindo/1 optimized structure for the
complex [Co(Timdtc)cyclam]?*.

B-Diketonato-Co(lll)cyclam complexes

The CVs of the [Co(Rac)cyclam](ClOg4), complexes examined at a GC elec-
trode in aqueous NaClQOy4 solution are presented in Fig. 5. A single quasi-rever-
sible redox wave in the range —250 to —400 mV, depending on the diketonato
Rac™ ligand, with a peak-to-peak separation of about 100 mV, was recorded on
both voltammograms. This pair of peaks should present the Co(IlI)/Co(II) redox
reaction. Such a redox pair, as previously found, characterizes [Co(Rdtc)cyclam]?*
complexes (at about —700 mV) as well as the [Co(ox)cyclam]™ complex (at about
—400 mV).!2 Therefore, the anodic shift of the redox potential, in the order of the
bidentates Rac™ > ox2~ > Rdtc™, is most likely related to the - and m-ligand
donor properties.

The CVs in aqueous NaClOy4 solutions (Fig. 5) show that, in the presence of
the complexes, the cathodic hydrogen evolution reaction was influenced as evi-
denced by the shift of the potential to more negative values. The effect depends
on the structural nature of the A-diketonato ligands, being more pronounced in
presence of the [Co(Tmhd)cyclam](CIO4), complex.

The inhibiting effect of the [Co(Rac)cyclam](ClO4), complexes was studied
on the corrosion of iron in perchloric acid solution. The results of the polarization
measurements are presented in Fig. 6. According to the electrochemical results,
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the cobalt(IIl) complexes exhibit anticorrosion properties. Compared with an in-
hibitor-free solution, these inhibitors decrease the corrosion current. A similar range
of inhibitor efficiency was found for the complex with Tmhd > Hfac ligand.

00814 g1m NaClo, 7020
[ -4 U 2+ 1
0.06 - 2-0.1 M NaCIO, + 104 M [Com(Tmhd)cycIanE L do1s
| 3-01M NaClO, + 10™ M [Co" (Hfac)cyclam] A i
0.04 )l 0.10
£ 0.02 0.05 €
[&] o
< <
£ 0.00 000 E
= | =1
-0.02 -0.05
-0.04 -0.10  Fig. 5. Cyclic voltammograms
0.06 r 1 o1 at a GC electrode in 0.10 M
0oeF % Nacioy without and with 104 M
45 10 05 00 05 10 15 20 [Colll(Rac)cyclam](ClO,), com-
E/V vs. SCE plexes (sweep rate: 50 mV s'!).
-0.2 ~
| —— Blank, 0.10 M HCIO,
- - --10™ M [Co(Hfac)cyclam]™" in 0.10 M HCIO,
03 10 M [Co(Tmhd)cyclam] in 0.10 M HCIO,
04 |
3]
Q 05t
2
Z o6l
w
07}
0.8 - Fig. 6. Polarization curves for iron
el sl ol el ool 0 0,10 M HCIO, and in the presence
1E-4 1E-3 0.01 0.1 1

10" of 10 M [CollI(Rac)cyclam](ClOy),
jImAcm® complexes (sweep rate: 1.0 mV s!).

IR Spectroscopy data of the [Co(Rac)cyclam](ClO4), complexes are sum-
marized in Table II. Based on the spectral data, it was observed that R groups on
the f-diketone influence the v(C=—==== C) and v(C—==== 0O) band frequencies, due
to different resonance and inductive effects along the conjugated double bonds
through the Rac™ anion, in the order Hfac > Tmhd ligand. The presence of the
trifluoromethyl group, due to the electron-withdrawing effect, decreases the elec-
tronic density and consequently shifts CC and CO bands toward higher frequen-
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cies. On the contrary, due to the positive inductive effect of the methyl group, the
other complex showed strong but opposite effects in its IR spectrum. SDiketo-
nato protons have an “aromatic” character and the chemical shifts in the NMR
spectra are under the direct influence of the R groups. The powerful efficacy of
the six fluor atoms of the Hfac ligand moves the chemical shifts strongly downfield.

TABLE II. Selected IR spectral data (cm!) of the [Co(Rac)cyclam](ClO,), complexes

Complex v(C—==== C) v(C—==== 0)
[Co(Tmhd)cyclam](ClO,), (3) 1560,* 1507,
1549,
[Co(Hfac)cyclam](ClOy4), (4) 1627, 1530,
1576,

ds: Strong; m: medium; w: weak

Some molecular parameters were calculated within the framework of SCF-MO
using the Zindo/1 method. The optimized structure for the complex that exhibits
the better inhibiting effect on iron corrosion is presented in Fig. 7. The total charge
density of the molecules is displayed typically on and around the central metal
ion and the delocalized part of the molecule, typically the oxygen atom. Orien-
tation of such a large complex molecules towards the metal surface is important
and, therefore, it is an electronic effect.

Fig. 7: Zindo/1 optimized structure for
the complex [Co(Tmhd)cyclam]*"; total
charge density.

Based on MO calculations, some global reactivity parameters can be establi-
shed. For the compound with a large dipole moment, a chemical bond with a
metal surface may be stronger than that for adsorbed water. If this is the case then
the inhibitor might displace the water molecules and adsorb via electrostatic bon-
ding. As calculated by the Zindo/1 method, the [Co(Tmhd)cyclam](ClOg4); com-
plex has a dipole moment of 12.76 D, as well as high global softness and elec-
trophilicity. This complex exhibits a high inhibition effect. This criterion aids in
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the understanding of the mechanism of inhibitor function, although it cannot be
used as a general principle for such a complex entity because the reactivity of the
molecule is defined not only by global indexes but also by the local selectivity of
every atom of the molecule when it participates in the corrosion process.23

CONCLUSIONS

Based on the obtained results, some conclusions and correlations between the
structure and electrochemical properties of the examined complexes can be made.

The electrochemical behavior depends on the bidentate dithiocarbamato or
[-diketonato ligand. The effects of the complexes manifested themselves on the
evolution of hydrogen and the dissolution of iron, with the Rdtc™ ligand as
2-Mepipdtc > Timdtc and with the Rac™ ligand as Tmhd > Hfac.

The [Co(2-Mepipdtc)cyclam](ClO4); complex is a weaker catalyst for oxy-
gen reduction than the [Co(Timdtc)cyclam](CIO4)> complex but is more efficient
as a corrosion inhibitor. The presence of the methyl group results in the v(CN)
bond frequencies being shifted to lower energies. The deshielding effect on the
>NCS; resonances indicates a stronger metal-ligand bond due to the inductive
effect of the methyl group. The stronger metal-ligand bond in the complex leads
to a higher electron density on the adsorption part of the molecule and, thus, to
higher inhibition. Regarding the molecular parameters, a lower ionization poten-
tial and energy gap reflects in a stronger chemisorption and perhaps a greater
inhibitor efficiency.

In case of the diketonato ligands, the [Co(Tmhd)cyclam](ClO4)> complex
influence the hydrogen evolution reaction more, thus exhibiting a higher inhi-
bition effect on the corrosion of iron. As calculated by the Zindo/1 method, its
higher dipole moment, as well as high global softness and electrophilicity are in
correlation with its inhibitor properties.
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N3BOJ

KOPEJIAIIMJA MOJIEKYJICKE CTPYKTVYPE U EJIEKTPOXEMUJICKUX CBOJCTABA
KOBAJIT(1IT) KOMIIIEKCA CA MEIIOBUTUM JINTTAHIUMA

K. BABUR-CAMAPIIMIA', B. M. JOBAHOBUR? u C. I1. COBUJB’

IRice University, Chemistry Department, 6100 Main St., Houston, TX 77005, USA?Yuueepsuitieii y Beozpady,
HUXTM — Lenitiap 3a eaexitpoxemujy, . up. 473, 11 001 Beozpao u 3 Ynusepauitieit y Beozpaoy,
Xemujcku gpaxyaitieid, i. ip. 158, 11001 Beozpao

Yetnpu Mmeropuro-uranaaa kobdant(Ill) kommiekca omure dopmyne [Co(Rdtc)cyclam](ClOy4),
u [Co(Rac)cyclam](ClOy), (cyclam = 1,4,8,11-reTpaasauuknorerpanekad; Rdtc = Tnomopdomnun-
-(timdtc) mnu 2-merunnunepuant-(2-mepipdtc) qurrokapbamart; Rac = 1,1,1,5,5,5-xexcadyopo-
-2,4-nentanequonato (hfac) mmm 2,2,6,6-terpamernin-3,5-xentanequonaro (tmhd)) mucrnurana cy
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CNIEKTPOXEMH]CKH Ha EJIEKTpoJamMa O] CTaKJIacTOI yIJbeHHKa U TBOXKha y pacTBOpy mepxyiopara.
JobujeHn pe3ynTaT ykasyjy Ha TO Aa OBH KOMIUIEKCH YTHUY Ha U3/Baja-¢ BOIOHHUKA, PEAYKLH]Y
KHCEOHHKAa Kao M Ha pacTBapame raokha. EnekTpoxeMmjcko HOHAlIame 3aBUCH Ofl CTPYKTYpE
KOOPAMHOBAHOT OMIEHTATHOT JAUTHOKApOaMaTo WIHM S-TUKETOHATO JIMraHna. MoJeKyJicka CTpyK-
Typa KOMILUIEKCHUX jeIUbema ojpeheHa je Ha OCHOBY CIHEKTPOCKONCKHX aHaJIN3a U MOJIEKYJICKOT
MOJIeIOBamka. ENeKkTpokaTaIuTuiky 1 HHXHOUTOPCKU edeKaT MoBe3aH je ca MOJEKYJICKOM CTPYyK-
TYPOM KOMILJIEKCA.
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