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Abstract: 3-Arylidene-5-(4-methylphenyl)-2(3H)-furanones 2a—m were prepared
from 3-(4-methyl-benzoyl)propanoic acid 1 and several aromatic aldehydes.
Some of the selected furanones were reacted with ammonia gas and benzyl-
amine to give corresponding 3-arylidene-1,3-dihydro-5-(4-methylphenyl)-2H-pyr-
rol-2-ones 3a-h and 3-arylidene-1-benzyl-1,3-dihydro-5-(4-methylphenyl)-2H-
-pyrrol-2-ones 4af, respectively, which were characterized on the basis of IR,
IH-NMR, mass spectral data and elemental analysis results. These compounds
were tested for their anti-inflammatory and antibacterial activities. The com-
pounds, which showed significant anti-inflammatory activity, were further screen-
ed for their analgesic and ulcerogenic activities. Three new compounds (2e, 2h
and 4d), out of twenty-seven showed very good anti-inflammatory activity in
the carrageenan induced rat paw edema test, with significant analgesic activity
in the acetic acid induced writhing test together with negligible ulcerogenic
action. The antibacterial activity is expressed as the corresponding MIC values.

Keywords: furanone; pyrrolone; anti-inflammatory; analgesic; antibacterial activity.

INTRODUCTION

The chemistry of furanones has attracted more attention in the last few
decades due to their reactivity and novel biological activities. Butenolides, a fa-
mily of ¢,unsaturated lactones, also known as furanones, are ubiquitous chemi-
cal moieties found in many natural products. The furanone system, as present in
many natural compounds, is associated with important biological actions.l Even
the simpler butyrolactone, 3,3-diethylbutyrolactone, shows anticonvulsant acti-
vity.2 While the furanones exhibit antibiotic activity,3 they have been reported4-8
to also have anti-inflammatory, analgesic, anthelmintic, antiviral and anticancer
properties. The reactivity of the ylactone ring present in furanone derivatives has
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104 HUSAIN, MUMTAZ ALAM and SIDDIQUI

been further exploited for the synthesis of nitrogen heterocycles of potential
pharmacological interest.%10

Herein, the syntheses and reactions of 3-arylidene-5-(4-methylphenyl)-2(3H)-
-furanones following the literature procedurel0.11 with a slight modification and
a study of biological activities of the resulting products are reported. Previously,
the anti-inflammatory activity of a number of 2-arylidene-4-substituted phenyl-
-but-3-en-4-olides was studied and the results were encouraging.8.12

3-(4-Methylbenzoyl)propanoic acid 1 is an example of the aroylpropanoic
acid class of non-steroidal anti-inflammatory drugs (NSAIDs). Aroylpropanoic
acids are good anti-inflammatory agents; however, they have been reported13-15
to have gastrointestinal side effects, as do other commonly used NSAIDs. In view
of these observations, it was therefore considered worthwhile to study various
furanone derivatives of 3-(4-methylbenzoyl)propanoic acid for their anti-inflam-
matory, analgesic and ulcerogenic actions. These furanones were further exploit-
ed for the synthesis of nitrogen heterocycles (pyrrolone and benzylpyrrolone). In
view of the reported antimicrobial activity of furanones and pyrrolones, these
compounds were also screened for their antibacterial activity with encouraging
results.

RESULTS AND DISCUSSION

Chemistry

Overall, twenty-seven new compounds (2a—m, 3a—h and 4a—f) were prepa-
red as outlined in Scheme 1. The 3-arylidene-5-(4-methylphenyl)-2(3H)-furano-
nes 2a—m were synthesized from 3-(4-methylbenzoyl)propanoic acid 1 by reac-
ting with aromatic aldehydes in the presence of triethylamine in acetic anhydride
following modified Perkin reaction conditions. The required 3-(4-methylben-
zoyl)propanoic acid was prepared by condensing dry toluene with succinic an-
hydride in presence of anhydrous aluminum chloride, following Friedel-Crafts
acylation reaction conditions. 3-arylidene-1,3-dihydro-5-(4-methylphenyl)-2H-pyr-
rol-2-ones 3a—h were prepared by reacting the furanones with ammonia gas in
absolute ethanol. The 3-arylidene-1-benzyl-1,3-dihydro-5-(4-methylphenyl)-2H-
pyrrol-2-ones 4a—f were synthesized by reacting the appropriate furanone with
benzylamine in dry benzene to give N-benzyl-j)-ketoamides, which were then
cyclized in 6 M HCI to give the corresponding benzylpyrrolones. Calculations of
the o values using incremental parameters for the hydrogen (semicyclic double
bond) seems to suggest the (E)-configuration. The structures assigned to the
compounds are supported by the IR, IH-NMR and mass spectral data and
elemental analysis results given below.

3-(4-Methylbenzoyl)propanoic acid (1).Yield: 65 %; m.p. 106 °C. IH-NMR
(CDCls3, o, ppm): 2.37 (3H, s, CHg), 2.65 and 3.26 (t, each 2xCHy>), 7.27 and
7.85 (d, each AyB», p-substituted phenyl).
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Scheme 1. Protocol for synthesis of furanones (2a-m), pyrrolones (3a-h)
and benzylpyrrolones (4a-f).

3-Benzylidene-5-(4-methylphenyl)-2(3H)-furanone (2a). Yield: 72 %; m.p.
90 °C. Anal. Calcd. for C1gH1405: C, 82.42; H, 5.38. Found: C, 82.35; H, 5.34.
IR (KBr, cm-1): 1772 (lactone C=0), 1611 (ArC=C), 821 (ArC-H). 1H-NMR
(CDCl3, o, ppm): 2.34 (3H, s, CH3), 6.59 (1H, s, furanone ring), 7.28 (1H, s,
olefinic H), 7.3 and 7.56 (d, each A,B», tolyl ring), 7.42 (3H, m, H-3,4,5,
phenyl), 7.61 (2H, m, H-2,6, phenyl). MS (m/z): 262 (M), 119, 91.

3-(2-Methoxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone (2b). Yield:
74 %; m.p. 132-134 °C. Anal. Calcd. for C19H1603: C, 78.06; H, 5.52. Found:
C, 77.88; H, 5.46. IR (KBr, cm™1): 1762 (lactone C=0), 1604 (ArC=C), 812
(ArC-H). 1H-NMR (CDCls, &, ppm): 2.35 (3H, s, CHs), 3.85 (3H, s, OCHj3),
6.83 (1H, s, furanone ring), 6.94 (1H, m, H-3, arylidene ring), 7.29 (1H, s,
olefinic H), 7.11 and 7.53 (d, each A,B», tolyl ring), 7.39 (2H, m, H-4,5,
arylidene ring), 7.67 (1H, dd, H-6, arylidene ring). MS (m/z): 292 (M%), 119, 91.

3-(3-Methoxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone (2c). Yield:
71 %; m.p. 140-142 °C. Anal Calcd. for C19H1603: C, 78.06; H, 5.52. Found: C,
77.75; H, 5.44. IR (KBr, cm1): 1771 (lactone C=0), 1617 (ArC=C), 822 (ArC-H).
1H-NMR (CDCls3, ppm): 2.37 (3H, s, CHz3), 3.88 (3H, s, OCHj3), 6.88 (1H, s,
furanone ring), 7.13 (1H, m, H-4, arylidene ring), 7.49 (3H, m, H-2,5,6 arylidene
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106 HUSAIN, MUMTAZ ALAM and SIDDIQUI

ring), 7.63 (1H, s, olefinic H), 7.26 and 7.59 (d, each A,B>, tolyl ring). MS (m/z):
292 (M%), 119, 107, 91.
3-(4-Methylbenzylidene)-5-(4-methylphenyl)-2(3H)-furanone (2d). Yield: 68 %;
m.p. 122 °C. Anal. Calcd. for C1gH1602: C, 82.58; H, 5.84. Found: C, 82.36; H,
5.78. IR (KBr, cm=1): 1720 (lactone C=0), 1601 (ArC=C), 806 (ArC-H). 1H-NMR
(CDCls3, o, ppm): 2.37 and 2.44 (s, each 2xCHj3), 6.71 (1H, s, furanone ring),
6.97 and 7.25 (d, each A2By, tolyl ring), 7.35 (1H, s, olefinic H), 7.56 (4H, m, H-
2,3,5,6 arylidene ring). MS (m/z): 276 (M%), 119, 91.
5-(4-Methylphenyl)-3-(2,3,4-trimethoxybenzylidene)-2(3H)-furanone (2e).
Yield: 65 %; m.p. 168-170 °C. Anal. Calcd. for Co1HqOs: C, 71.58; H, 5.72.
Found: C, 71.43; H, 5.75. IR (KBr, cm~1): 1766 (lactone C=0), 1611 (ArC=C),
817 (ArC-H). IH-NMR (CDCls, &, ppm): 2.41 (s, CH3), 3.94 (s, 3xOCH3), 6.71
(1H, s, furanone ring), 7.16 and 7.62 (d, each A,B», tolyl ring), 7.35 (1H, s,
olefinic H), 7.69 (2H, m, H-5,6 arylidene ring). MS (m/z): 352 (M), 119, 91.
3-(4-Acetoxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone (2f). Yield: 69 %;
m.p. 156-158 °C. Anal. Calcd. for CogH1604: C, 74.99; H, 5.03. Found: C, 75.10;
H, 5.12. IR (KBr, cm1): 1729 (lactone C=0), 1612 (ArC=C), 819 (ArC-H).
1H-NMR (CDCl3, &, ppm): 2.14 (3H, s, OCOCHj3), 2.31 (3H, s, CH3), 6.98 (1H,
s, furanone ring), 7.02 (2H, m, H-2,6 arylidene ring), 7.28 (1H, s, olefinic H),
7.11 and 7.56 (d, each AsB», tolyl ring), 7.42 and 7.63 (d, each AoB», arylidene
ring). MS (m/z): 320 (M%), 119, 91, 77.
3-(3-Acetoxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone (2g). Yield:
73 %; m.p. 144-146 °C. Anal. Calcd. for CogH504: C, 74.99; H, 5.03. Found: C,
74.86; H, 5.06. IR (KBr, cm1): 1733 (lactone C=0), 1609 (ArC=C), 827 (ArC-H).
1H-NMR (CDCl3, &, ppm): 2.15 (3H, s, OCOCHy3), 2.35 (3H, s, CH3), 6.98 (1H,
s, furanone ring), 7.11 (1H, m, H-4, arylidene ring), 7.53 (3H, m, H-2,5,6, aryli-
dene ring), 7.48 (1H, s, olefinic H), 7.26 and 7.60 (d, each A>B», tolyl ring). MS
(m/z): 320 (M*), 119, 91.
3-(4-Acetoxy-3-ethoxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone  (2h).
Yield: 66 %; m.p. 132-134 °C. Anal. Calcd. for CooH»qOs: C, 72.52; H, 5.53.
Found: C, 72.26; H, 5.38. IR (KBr, cm™1): 1748 (lactone C=0), 1618 (ArC=C),
808 (ArC-H). IH-NMR (CDCls3, &, ppm): 1.45 (3H, t, OCH,CH3), 2.34 (3H, s,
OCOCH3), 2.37 (3H, s, CH3), 4.08 (2H, g, OCH,CH3), 6.94 (1H, s, furanone
ring), 7.19 (2H, m, H-5,6 arylidene ring), 7.31 (1H, m, H-2 arylidene ring), 7.46
(1H, s, olefinic H), 7.17 and 7.66 (d, each A2By, tolyl ring). MS (m/z): 364 (M*),
119, 91.
3-(2-Furanylmethylene)-5-(4-methylphenyl)-2(3H)-furanone (2i). Yield: 63 %;
m.p. 160-162 °C. Anal. Calcd. for C1gH1203: C, 76.18; H, 4.79. Found: C,
75.93; H, 4.66. IR (KBr, cm~1): 1779 (lactone C=0), 1635 (ArC=C), 820 (ArC-H).
IH-NMR (CDClI3 &, ppm): 2.41 (3H, s, CH3), 7.04 (1H, s, furanone ring), 7.43
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(3H, m, furylidene ring), 7.61 (1H, s, olefinic H), 7.18 and 7.72 (d, each A2B>,
tolyl ring). MS (m/z): 252 (M%), 119, 91.
3-(3,4-Methylenedioxybenzylidene)-5-(4-methylphenyl)-2(3H)-furanone  (2j).
Yield: 67 %; m.p. 174-176 °C. Anal. Calcd. for C1gH1404: C, 74.50; H, 4.61.
Found: C, 74.38; H, 4.50. IR (KBr, cm~1): 1755 (lactone C=0), 1616 (ArC=C),
814 (ArC-H). 1H-NMR (CDCls, &, ppm): 2.35 (3H, s, CH3), 4.08 (2H, s, OCH,0),
6.93 (1H, s, furanone ring), 7.16 (2H, m, H-5,6 arylidene ring), 7.33 (1H, m, H-2
arylidene ring), 7.51 (1H, s, olefinic H), 7.12 and 7.67 (d, each A2B>, tolyl ring).
MS (m/z): 306 (M*), 121, 119, 91.
3-(9-Anthrylmethylene)-5-(4-methylphenyl)-2(3H)-furanone (2k). Yield: 72 %;
m.p. 166 °C. Anal. Calcd. for CogH1805: C, 86.17; H, 5.01. Found: C, 85.91; H,
4.96. IR (KBr, cm~1): 1778 (lactone C=0), 1611 (ArC=C), 818 (ArC-H). 1H-NMR
(CDCl3, o, ppm): 2.32 (3H, s, CH3), 6.67 (1H, s, furanone ring), 7.24 (1H, s,
olefinic H), 7.35 and 7.66 (d, each AsB», tolyl ring), 7.53 (4H, m, H-2,3,6,7,
anthryl), 8.05 (4H, m, H-1,4,5,8, anthryl), 8.24 (1H, s, H-10, anthryl). MS (m/z):
362 (M%), 181, 119.
3-[4-(Diethylamino)benzylidene]-5-(4-methylphenyl)-2(3H)-furanone (2I).
Yield: 68 %; m.p. 126-128 °C; Anal. Calcd. for CooHo3NO2: C, 79.25; H, 6.95;
N, 4.20. Found: C, 79.18; H, 7.02; N, 4.16. IR (KBr, cm=1): 1751 (lactone C=0),
1608 (ArC=C), 820 (ArC-H). 1H-NMR (CDCls, &, ppm): 2.33 (3H, s, CHz),
3.35 (6H, s, 2x-CH2CH3), 3.78 (4H, s, 2x-CH>CH3), 7.23 (1H, s, furanone
ring), 7.21 and 7.63 (d, each A2Bo, tolyl ring), 7.32 and 7.56 (d, each AsB>,
arylidene ring), 7.72 (1H, s, olefinic H). MS (m/z): 333 (M%), 119, 91, 77.
3-(Cinnamoylmethylene)-5-(4-methylphenyl)-2(3H)-furanone (2m). Yield:
70 %; m.p. 158 °C. Anal. Calcd. for CygH1502: C, 83.31; H, 5.59. Found: C,
83.16; H, 5.45. IR (KBr, cm~1): 1782 (lactone C=0), 1618 (ArC=C), 819 (ArC-H).
IH-NMR (CDCl3, &, ppm): 2.36 (3H, s, CH3), 6.70 (1H, s, furanone ring), 7.31
and 7.57 (d, each AyB», tolyl ring), 7.64-7.82 (7H, m, arylidene ring + 2 olefinic
protons). MS (m/z): 288 (M%), 119, 91.
3-Benzylidene-1,3-dihydro-5-(4-methylphenyl)-2H-pyrrol-2-one (3a). Yield:
65 %; m.p. 128-130 °C. Anal. Calcd. for C1gH15NO: C, 82.73; H, 5.79; N, 5.36.
Found: C, 82.61; H, 5.66; N, 5.23. IR (KBr, cm~1): 3384 (N-H), 1756 (C=0),
1616 (ArC=C), 799 (ArC-H). 1H-NMR (CDClg, &, ppm): 2.41 (3H, s, CH3), 6.44
(1H, s, pyrrolone ring), 7.33 (1H, s, olefinic H), 7.27 and 7.43 (d, each A;Bo, tolyl
ring), 7.46 (3H, m, H-3,4,5, arylidene ring), 7.62 (2H, m, H-2,6, arylidene ring),
7.97 (1H, s, NH). MS (m/z): 261 (M%), 118, 91, 77.
1,3-Dihydro-3-(2-methoxybenzylidene)-5-(4-methylphenyl)-2H-pyrrol-2-one
(3b). Yield: 68 %; m.p. 174 °C. Anal. Calcd. for C1gH17NO>: C, 78.33; H, 5.88;
N, 4.81. Found: C, 78.08; H, 5.56; N, 4.85; IR (KBr, cm=1): 3445 (N-H), 1699
(C=0), 1509 (ArC=C), 809 (ArC-H). IH-NMR (CDCl3, &, ppm): 2.32 (3H, s,
CH3), 3.77 (3H, s, OCH3), 6.92 (1H, s, pyrrolone ring), 7.09 (1H, m, H-3,
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108 HUSAIN, MUMTAZ ALAM and SIDDIQUI

arylidene ring), 7.27 and 7.54 (d, each AyB», tolyl ring), 7.45 (2H, m, H-4,5, ary-
lidene ring), 7.68 (1H, s, olefinic H), 7.71 (1H, dd, H-6, arylidene ring), 8.11 (1H,
s, NH). MS (m/z): 291 (M*), 118, 91.
1,3-Dihydro-3-(3-methoxybenzylidene)-5-(4-methylphenyl)-2H-pyrrol-2-one
(3c). Yield: 65 %; m.p. 188 °C. Anal. Calcd. for C1gH17NO>: C, 78.33; H, 5.88;
N, 4.81. Found: C, 78.16; H, 5.53; N, 4.78. IR (KBr, cm-1): 3462 (N-H), 1697
(C=0), 1613 (ArC=C), 817 (ArC-H). 1H-NMR (CDCl3, &, ppm): 2.39 (3H, s,
CHs), 3.83 (3H, s, OCHj3), 6.86 (1H, s, pyrrolone ring), 7.19 (1H, m, H-4, ary-
lidene ring), 7.31 and 7.74 (d, each AyB», tolyl ring), 7.53 (3H, m, H-2,5,6, ary-
lidene ring), 7.65 (1H, s, olefinic H), 7.95 (1H, s, NH). MS (m/z): 291 (M), 118, 91.
1,3-Dihydro-3-(4-methoxybenzylidene)-5-(4-methylphenyl)-2H-pyrrol-2-one
(3d). Yield: 62 %; m.p. 156-158 °C. Anal. Calcd. for C1gH17NO: C, 82.88; H,
6.22; N, 5.09. Found: C, 82.50; H, 6.25; N, 4.88. IR (KBr, cm=1): 3471 (N-H),
1725 (C=0), 1616 (ArC=C), 801 (ArC-H). IH-NMR (CDCls, &, ppm): 2.37 and
2.43 (s, each 2xCH3), 6.72 (1H, s, pyrrolone ring), 7.07 and 7.51 (d, each A2Bo,
tolyl ring), 7.62 (1H, s, olefinic H), 7.68 (4H, m, H-2,3,5,6 arylidene ring), 8.11
(1H, s, NH). MS (m/z): 275 (M™), 118, 91.
1,3-Dihydro-5-(4-methylphenyl)-3-(2,3,4-trimethoxybenzylidene)-2H-pyrrol-
2-one (3e). Yield: 64 %. m.p. 172-174 °C. Anal. Calcd. for Co1H21NOg4: C,
71.78; H, 6.02; N, 3.99. Found: C, 71.56; H, 5.83; N, 4.12. IR (KBr, cm~1): 3458
(N-H), 1708 (C=0), 1631 (ArC=C), 813 (ArC-H). IH-NMR (CDCl3, &, ppm):
2.34 (s, CH3), 3.91 (s, 3xOCHp3), 7.41 (1H, s, pyrrolone ring), 7.16 and 7.86 (d,
each AoB,, tolyl ring), 7.51 (1H, s, olefinic H), 7.75 (2H, m, H-5,6 arylidene ring),
8.19 (1H, s, NH). MS (m/z): 351 (M), 118, 91.
1,3-Dihydro-3-(4-hydroxybenzylidene)-5-(4-methylphenyl)-2H-pyrrol-2-one
(3f). Yield: 61 %; m.p. 152-154 °C. Anal. Calcd. for C1gH15NO2: C, 77.96; H,
5.45; N, 5.05. Found: C, 77.78; H, 5.24; N, 5.12. IR (KBr, cm1): 3424 (N-H),
1713 (C=0), 1596 (ArC=C), 830 (ArC-H). IH-NMR (CDCls, &, ppm): 2.41 (3H,
s, CHg), 6.94 (1H, s, pyrrolone ring), 7.64 (1H, s, olefinic H), 7.23 and 7.51 (d,
each, AoB», tolyl ring), 7.37 and 7.68 (d, each, AoB», arylidene ring), 8.18 (s, 1H,
NH). MS (m/z): 277 (M%), 118, 91, 77.
1,3-Dihydro-3-(3-hydroxybenzylidene)-5-(4-methylphenyl)-2H-pyrrol-2-one
(30). Yield: 58 %; m.p. 146-148 °C. Anal. Calcd. for C1gH15NO>: C, 77.96; H,
5.45; N, 5.05. Found: C, 77.82; H, 5.31; N, 5.16. IR (KBr, cm1): 3419 (N-H),
1745 (C=0), 1616 (ArC=C), 821 (ArC-H). IH-NMR (CDCls, &, ppm): 2.28 (s,
3H, CH3), 6.92 (s, 1H, pyrrolone ring), 7.21 (m, 1H, H-5, arylidene ring), 7.22
and 7.61 (d, each, AoB», tolyl ring), 7.73 (s, 1H, olefinic H), 8.03 (m, 1H, H-4,
arylidene ring), 8.15 (d, 1H, H-2, arylidene ring), 8.58 (s, 1H, NH). MS (m/2):
277 (M%), 118, 91.
1,3-Dihydro-3-(4-hydroxy-3-ethoxybenzylidene)-5-(4-methylphenyl)-2H-pyr-
rol-2-one (3h). Yield: 60 %; m.p. 182-184 °C. Anal. Calcd. for CooH1gNO3: C,
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74.75; H, 5.96; N, 4.36. Found: C, 74.60; H, 5.72; N, 4.24. IR (KBr, cm1):
3396(N-H), 1738 (C=0), 1629 (ArC=C), 827 (ArC-H). IH-NMR (CDCl3, 4,
ppm): 1.44 (3H, t, OCH,CH3), 2.35 (3H, s, OCOCHj3), 2.39 (3H, s, CH3), 4.08
(2H, g, OCH>CHg3), 6.95 (1H, s, pyrrolone ring), 7.31(2H, m, H-5,6 arylidene
ring), 7.43 (1H, m, H-2 arylidene ring), 7.18 and 7.88 (d, each A2B», tolyl ring),
7.64 (1H, s, olefinic H), 8.05 (1H, s, NH). MS (m/z): 321 (M%), 118, 91.
1-Benzyl-3-benzylidene-1,3-dihydro-5-(4-methylphenyl)-2H-pyrrol-2-one (4a).
Yield: 65 %; m.p. 122-124 °C. Anal. Calcd. for Co5H21NO: C, 85.44; H, 6.02; N,
3.99. Found: C, 85.38; H, 5.90; N, 4.12. IR (KBr, cm™1): 1750 (C=0), 1616
(ArC=C), 799 (ArC-H). 1H-NMR (CDCl;, &, ppm): 2.34 (3H, s, CH3), 4.85 (2H,
s, CH»), 6.16 (1H, s, pyrrolone ring), 6.97 and 7.63 (d, each A,B», tolyl ring), 7.3
(6H, m, 2xH-3,4,5 benzyl + phenyl), 7.43 (1H, s, olefinic H), 7.27 and 7.43 (d,
each A,By, tolyl ring), 7.5 (4H, m, 2xH-2,6 benzyl + phenyl). MS (m/z): 351
(M™), 260, 118, 91, 77.
1-Benzyl-1,3-dihydro-3-(3-methoxybenzylidene)-5-(4-methylphenyl)-2H-pyr-
rol-2-one (4b). Yield: 67 %; m.p. 132-134 °C. Anal. Calcd. for CogH23NO>: C,
81.86; H, 6.08; N, 3.67. Found: C, 81.65; H, 6.15; N, 3.73; IR (KBr, cm=1): 1729
(C=0), 1598 (ArC=C), 817 (ArC-H). 1H-NMR (CDCl3, &, ppm): 2.39 (3H, s,
CH3), 3.83 (3H, s, OCHj3), 6.86 (1H, s, pyrrolone ring), 7.19 (1H, m, H-4 ary-
lidene ring), 7.31 and 7.74 (d, each AzB», tolyl ring), 7.53 (3H, m, H-2,5,6 aryli-
dene ring), 7.65 (1H, s, olefinic H), 7.95 (1H, s, NH). MS (m/z): 381 (M*), 118, 91.
1-Benzyl-1,3-dihydro-3-(4-methoxybenzylidene)-5-(4-methylphenyl)-2H-pyr-
rol-2-one (4c). Yield: 61 %; m.p. 118-120 °C. Anal. Calcd. for CogH23NO: C,
85.45; H, 6.34; N, 3.83. Found: C, 85.41; H, 6.22; N, 4.02. IR (KBr, cm=1): 1737
(C=0), 1616 (ArC=C), 793 (ArC-H). 1H-NMR (CDCl3, &, ppm): 2.34 (3H, s,
CHs3), 4.85 (2H, s, CH»), 6.16 (1H, s, pyrrolone ring), 6.97 and 7.63 (d, each
AoBo, tolyl ring), 7.3 (6H, m, 2xH-3,4,5 benzyl + phenyl), 7.43 (1H, s, olefinic H),
7.27 and 7.43 (d, each A2Bo, tolyl ring), 7.5 (4H, m, 2xH-2,6 benzyl + phenyl).
MS (m/z): 365 (M%), 274, 118, 91, 77.
1-Benzyl-1,3-dihydro-5-(4-methylphenyl)-3-(2,3,4-trimethoxybenzylidene)-2H-
-pyrrol-2-one (4d). Yield: 58 %; m.p. 138-140 °C. Anal. Calcd. for CogH27NOg:
C, 76.17; H, 6.16; N, 3.17. Found: C, 75.94; H, 6.12; N, 3.10. IR (KBr, cm™1):
1716 (C=0), 1606 (ArC=C), 819 (ArC-H). IH-NMR (CDCls, &, ppm): 2.34 (3H,
s, CH3), 3.68 (s, 3XOCHj3), 4.82 (2H, s, CH»), 6.45 (1H, s, pyrrolone ring), 6.97
and 7.62 (d, each AsBo, tolyl ring), 7.24 (3H, m, H-3,4,5 benzyl), 7.41 (1H, s,
olefinic H), 7.52 (2H, m, H-2,6 benzyl), 7.73 (2H, m, H-5,6 arylidene ring). MS
(m/z): 441 (M*), 118, 91, 77.
1-Benzyl-1,3-dihydro-3-(3,4-methylenedioxybenzylidene)-5-(4-methylphenyl)-
-2H-pyrrol-2-one (4e). Yield: 61 %; m.p. 182-184 °C. Anal. Calcd. for
CosH21NO3: C, 78.97; H, 5.35; N, 3.51. Found: C, 78.83; H, 5.31; N, 3.48. IR
(KBr, cm=1): 1749 (C=0), 1610 (ArC=C), 815 (ArC-H). IH-NMR (CDCls, 4,
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ppm) 4.85 (2H, s, CH»), 6.01 (2H, s, -OCH»0O-), 6.52 (1H, s, pyrrolone ring),
6.95 (1H, d, H-5 arylidene ring), 7.12 and 7.76 (d, each ABo, tolyl, ring) 7.17
(7H, m, 5H phenyl + H-2,6 arylidene), 7.25 (5H, m, benzyl), 7.66 (1H, s, olefinic
H). MS (m/z): 395 (M™), 304, 91, 77.
3-(9-Anthrylmethylene)-1-benzyl-1,3-dihydro-5-(4-methylphenyl)-2H-pyrrol-

-2-one (4f). Yield: 69 %; m.p. 146-148 °C. Anal. Calcd. for C33Hy5NO: C,
87.78; H, 5.58; N, 3.10. Found: C, 87.61; H, 5.50; N, 3.14. IR (KBr, cm-1): 1756
(C=0), 1614 (ArC=C), 821 (ArC-H). IH-NMR (CDCl3, &, ppm): 2.31 (3H, s,
CHs), 6.61 (1H, s, pyrrolone ring), 7.31 and 7.76 (d, each AzB», tolyl ring), 7.24
(1H, s, olefinic H), 7.54 (4H, m, H-2,3,6,7 anthryl), 8.03 (4H, m, H-1,4,5,8
anthryl), 8.23 (1H, s, H-10, anthryl). MS (m/z): 451 (M*), 119, 91.

In general, the infrared spectral data of the furanones 2a—m revealed bands
at 1782-1720 (lactone C=0), 1635-1601 (ArC=C) and 827-806 (ArC-H). The pyr-
rolones 3a—h showed bands at 3471-3384 (pyrrolone N-H), 1745-1697 (C=0),
1631-1596 (ArC=C) and 830-799 (ArC—H). The benzylpyrrolones 4a—f revealed
bands at 1756-1716 (lactam C=0), 1616-1598 (ArC=C) and 821-793 (ArC-H).
In the IH-NMR spectral data, all the compounds showed a singlet of three pro-
tons at around ¢ 2.3 ppm, accounted for by the methyl group of the tolyl ring.
Two singlets of one proton each were present at around ¢6.5 and 7.4 ppm, which
could be assigned to the ring £ H and the olefinic hydrogen of the arylidene
substituent. Other peaks were observed at the appropriate positions. Some points
could be made regarding the fragmentation pattern observed in the electron im-
pact mass spectrum. The 3-arylidene-5-(4-methylphenyl)-2(3H)-furanones 2a-m
gave an M* peak in reasonable intensities. The major fragment appears to be
CH3-CgH4—C=0* (m/z 119), arising from the heterocyclic oxygen and ycarbon
with its substituent. Subsequently, it loses CO to give (C7H7)* (m/z 91). A peak
at m/z 77, corresponding to (CgHs)*, appeared. Occasionally, the aryl ring of the
arylidene moiety also appeared as Ar*. In the case of pyrrolones 3a—h, the major
fragmentation is through CH3-CgHs—C=N*H (m/z 118), which is followed by
loss of HCN to give (C7H7)* (m/z 91). In case of benzylpyrrolones 4a—f, loss of
91 mass units, corresponding to the benzyl moiety from the molecular ion, was
observed together with peaks at m/z 91, 77. The other pathway is via CH3—-CgHy—
—C=N*H (m/z 118), arising from C-2 and its substituent, which appears to be
novel. This also loses HCN to give (C7H7)* (m/z 91).

Biological evaluation

Anti-inflammatory activity. The anti-inflammatory activity test showed that
compound 2h exhibited the maximum anti-inflammatory activity (69.05 % inhi-
bition), two compounds, 2e and 4d, also showed good activity with 61.90 and
64.28 % inhibition, respectively. The standard drug diclofenac exhibited 78.57 %
inhibition. Compound 2b, 2f, 4b, 4c and 4f showed significant activity ranging
from 40.47-54.76 %. The results are presented in Table I.
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The structure activity relationship showed that substitution of the oxygen
atom of the furanone ring with NH (pyrrolones) resulted in a marked decrease in
the anti-inflammatory activity, while substitution of the oxygen atom with the
benzylamine moiety (benzylpyrrolones) markedly increased the activity. Com-
pounds having trimethoxyl functions at the 2,3,4-position of the arylidene moiety
were found to have better anti-inflammatory activity than those having one or no
methoxyl function.

TABLE I. Biological data of the synthesized compounds

Anti-inflammatory activity? Analgesic activity? . .
- — —— - Ulcerogenic activity?
Compd.  Change in edema Inhibition No. of writhing Protection (severity index)
volumeP, mL % episodes? %
2b 0.22+0.01 47.62 16.310.42 27.87 0.50+0.18
2d 0.284+0.02 33.33 nt - nt
2e 0.16+0.02 61.90 7.6+0.36 66.37 0.75+0.11
2f 0.20+0.01 52.38 12.6+0.22 44.24 0.583+0.08
2h 0.134+0.02 69.05 6.310.33 72.27 0.666+0.11
2k 0.27+0.01 35.72 nte - nt
2 0.26+0.02 38.10 nt - nt
3b 0.3440.02 19.05 nt - nt
3d 0.36+0.02 14.28 nt - nt
3e 0.31+0.01 26.19 nt - nt
3f 0.2940.01 30.95 nt - nt
4b 0.19+0.02 54.76 8.310.33 63.28 0.75+0.17
4c 0.24+0.01 42.86 14.510.42 35.84 0.416%0.15
4d 0.15+0.01 64.28 6.6+0.33 70.79 0.83340.16
Af 0.25+0.02 40.47 17.3+0.33 23.31 0.583%0.20
Control 0.42+0.02 - 22.61£0.42 - 0.00
Diclofenac ~ 0.09+0.03 78.57 7.31£0.42 67.69 2.3310.21

aNumber of animals in each group was 6; bvalues as +S.E.M.; nt = not tested

Analgesic activity. The analgesic activity as evaluated by the acetic acid-in-
duced writhing test in albino mice showed that compound 2h exhibited the maxi-
mum analgesic activity (72.27 %) while the standard drug diclofenac showed
67.69 % activity. Compound 2e, 4b and 4d also showed good analgesic activity,
ranging from 63.28-70.79 % (Table I).

Acute ulcerogenesis. The tested compounds tested a significant reduction in
ulcerogenic activity, ranging from 0.416 to 0.833, whereas the standard drug dic-
lofenac showed a high severity index (2.33). The results indicate that compounds
are almost devoid of ulcerogenic action (Table I).

Antibacterial activity. Compounds 2h, 3e and 3h showed significant activity
against S. aureus with MIC values of 12.5 (2h and 3e) and 6.5 pg/ml (3h) (Table
I1). Of these compounds, compound 3e also showed good activity against E. coli
with MIC value of 15 pug/ml. Compounds 2f, 21, 3b, 3c, 3f, and 4d exhibited
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appreciable antibacterial activity against both the bacterial strains with MIC va-
lues ranging from 20-50 pg/ml. Analyses of the results indicate that the intro-
duction of a NH in place of the oxygen atom in the furanone ring (pyrrolones)
enhanced the antibacterial action whereas the benzylpyrrolones were weak in
their antibacterial action.

TABLE I1. Physical data and in vitro antibacterial screening of the synthesized compounds

Ar

Ar

)

Ar

/o o HC / F=o H.C N~ ©
H
2a-m 3a-h 4a-f b

Compd. Ar I\Cl.p. Mol. formula/M, MIC /g mL l_

C S. aureus E. coli
2a Phenyl' 90 ClgH1402/262.31 -2 -
2b 2-Methoxypheny|- 132-134 CygH1604/292.33  >100 -
2c 3-Methoxyphenyl- 140-142 Cy9H1604/292.33  >100 >100
2d 4-Methylphenyl- 122 C19H160,/276.33 - -
2e 2,3,4-Trimethoxyphenyl- 168-170 CyH»,05/352.38 50 >100
2f 4-Acetoxyphenyl- 156-158 C,H160,4/320.34 50 50
29 3-Acetoxyphenyl- 144-146  CyH160,4/320.34 100 50
2h 4-Acetoxy-3-ethoxyphenyl- 132-134  CxH,,05/364.39 125 25
2i 2-Furyl- 160-162 CyH1,04/252.27 - -
2 3,4-Methylenedioxyphenyl- 174-176  CygH1404/306.32  >100 >100
2k 9-anthryl- 166 CysH150,/362.43 -
2l 4-(Diethylamino)phenyl- 126-128 C,,H,3N0,/333.43 20 25
2m Cinnamoyl- 158 CyoH160,/288.34 - -
3a Phenyl- 128-130 Cy3H1sN0O/261.32 50 >100
3b 2-Methoxypheny|- 174 C19H17NO,/291.35 50 50
3c 3-Methoxyphenyl- 188 C19H17NO,/291.35 25 50
3d 4-Methylphenyl- 156-158 CygH7NO/275.35 >100 -
3e 2,3,4-Trimethoxyphenyl- 172-174 C,H;NO,/351.4 125 15
3f 4-Hydroxyphenyl- 152-154 CygHsNO,/277.32 50 25
39 3-Hydroxphenyl- 146-148 CygHsNO,/277.32  >100 >100
3h 4-Hydroxy-3-ethoxyphenyl- 182-184 C,HgNO4/321.37 6.5 25
4a Phenyl- 122-124 C,H»NO/351.44 - -
4b 3-Methoxypheny|- 132-134 CxH»NO,/381.47 >100 -
4c 4-Methylphenyl- 118-120 C,HxNO/365.47 - -
4d 2,3,4-Trimethoxyphenyl- 138-140 CyH,;NO,/441.52 25 25
de 3,4-Methylenedioxyphenyl- 182-184 CysH,;NO4/395.46 50 >100
Af 9-Anthryl- 146-148 Cgz3H,sNO/451.56 - -
Nitrofurazone - - 125 6.5

8nsignificant antibacterial activity
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EXPERIMENTAL
Chemistry

Melting points were taken in open capillary tubes and are uncorrected. Microanalysis of
the compounds was performed on a Perkin-Elmer model 240 analyzer and the values were
found to be within £0.4 % of the theoretical values. The 1H-NMR spectra were recorded on a
Varian E-360 MHz or a Bruker spectropsin DPX-300 MHz; The chemical shifts, &, are repor-
ted in ppm downfield from tetramethylsilane (TMS), which was used as the internal standard.
The mass spectra were recorded on a Jeol JMS-D 300 instrument fitted with a JMS 2000 data
system at 70 eV. The progress of the reactions was monitored by TLC, which was performed
on silica gel (Merck No. 5554).

Preparation of 3-(4-Methylbenzoyl)propanoic acid (1)

To a mixture of succinic anhydride (0.10 mol) in dry toluene (50 mL) in a round bottom
flask was added, in portions, anhydrous aluminum chloride (0.1125 mol). The reaction mix-
ture was refluxed for two hours after which the excess toluene was removed by steam dis-
tillation. The residue was purified by dissolving in sodium hydroxide solution, filtering, fol-
lowed by addition of hydrochloric acid. The so obtained solid mass was filtered, washed with
cold water, dried and crystallized from methanol to give fine crystals of 1, which gave effer-
vescence with sodium bicarbonate solution, confirming the presence of the carboxylic group.

General procedure for the synthesis of 3-arylidene-5-(4-methylphenyl)-2(3H)-furanones (2a—m)

A solution of 3-(4-methylbenzoyl)propanoic acid (0.71 g, 3.0 mmol) and the required
aromatic aldehyde (equimolar, 3.0 mmol) in acetic anhydride (15 mL) with triethylamine (1-2
drops) was refluxed for 2—4 h under anhydrous conditions. After completion of the reaction,
the contents were poured onto crushed ice in small portions under stirring. A colored solid
mass separated out, which was filtered, washed with water and crystallized from a mixture of
methanol:chloroform (1:1) to give 2a—m.

General procedure for the synthesis of 3-arylidene-1,3-dihydro-5-(4-methylphenyl)-2H-pyrrol-
-2-ones (3a-h)

Dry ammonia gas was passed into an anhydrous ethanolic solution of the required fura-
none (1.0 g) for one hour at room temperature, the ethanol was distilled off under reduced
pressure and the so obtained solid mass was crystallized from methanol/acetone to give 3a-h.
General procedure for the synthesis of 3-arylidene-1-benzyl-1,3-dihydro-5-(4-methylphenyl)-
-2H-pyrrol-2-ones (4a—f)

Synthesis of these compounds involved the following two steps:

The synthesis of N-benzyl-y-ketoamides. The required furanone (3.0 mmol) and benzyl-
amine (4.0 mmol) were refluxed in dry benzene for two hours. On completion of the reaction,
the excess benzene was distilled off and the solid mass so obtained was washed with petro-
leum ether and dried. The compounds obtained were used without crystallization.

Lactamization of the N-benzyl-y-ketoamides. The required N-benzyl-jketoamide (3.0
mmol) was refluxed in 6 M hydrochloric acid (20 ml) for one hour. The contents were then
cooled and the so obtained solid mass was collected, washed with water and crystallized from
methanol to give 4a-f.

Biological evaluation

Anti-inflammatory activity. Some of the selected compounds were evaluated for their in
vivo anti-inflammatory activity by the carrageenan induced rat paw edema method.1® The pro-
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tocol of the animal experiments was approved by the Institutional Animal Ethics Committee
(IAEC). The compounds were tested at 20 mg/kg oral dose and were compared with the stan-
dard drug diclofenac (10 mg/kg). The foot volume of the rats was measured before and after 4 h
of carrageenan injection by a plethysmograph. The percentage inhibition of inflammation was
calculated according to the following formula: Anti-inflammatory activity (% inhibition) =1 —
— Vy/Vx100, where V; and V. are the edema volumes in the drug-treated and the control
groups, respectively.

Analgesic activity. The compounds which showed anti-inflammatory activity > 40 % were
further tested for their analgesic activity. The analgesic activity of the synthesized compounds
2b, 2e, 2f, 2h, 4b, 4c, 4d and 4f was evaluated by the acetic acid induced writhing testl? in
albino mice. A 1.0 % aqueous acetic acid solution (i.p. injection; 0.10 ml) was used as the
writhing induced agent. The compounds were tested at 20 mg/kg oral dose and were com-
pared with the standard drug diclofenac (10 mg/kg). The analgesic activity was expressed in
terms of % protection. Analgesic activity (%) = (n — n’/n)x100 where n = mean number of
writhes of the control group and n” = mean number of writhes of the test group.

Acute ulcerogenesis. The compounds which were tested for analgesic activity were
further screened for their ulcerogenic action. The test was performed according to Cioli et
al.1 The ulcerogenic activity was evaluated after p.o. administration of the test compounds or
diclofenac at a dose of 60 mg/kg.

Antibacterial activity. The antibacterial studies were carried out on the synthesized com-
pounds against the microorganism viz. Staphylococcus aureus and Escherichia coli in meat
peptone agar medium at a concentration of 100 pg/ml by the cup plate method. Compounds in-
hibiting growth of one or more of the above microorganisms were further tested for minimum
inhibitory concentration (MIC). The test was carried out according to the turbidity method.18
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U3BOJ

CHUHTE3A, PEAKITUJE 1 BUOJIOIIKA AKTUBHOCT
3-APWJINJIEH-5-(4-METWJIGEHWIT)-2(3H)-OYPAHOHA

ASIF HUSAIN, M. MUMTAZ ALAM u NADEEM SIDDIQUI

Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Jamia Hamdard
(Hamdard University), New Delhi - 110 062, India

3-Apunnaes-5-(4-mermndennn)-2(3H)-dypanonn 2a—m nobujenu cy u3 3-(4-metninbenso-
WIT)IIPOIIaHCKe KHCceInHe 1 1 HeKOJIMKO apoMaTHiHuX anaexuna. Onabpanu dypaHOHH pearyjy ca
aMOHHMjaYHUM racoM U OemsmnamuHOM rpajaehu oarosapajyhe 3-apunuaen-1,3-auxumpo-5-(4-me-
tiipennn)-2H-mpon-2-one 3a-h, ogHocHo 3-apunuaen-1-6ensui-1,3-auxuapo-5-(4-metundenn)-
-2H-mupon-2-oue 4a—f, xoju cy oxapaxrtepucanu Ha octosy IR, TH-NMR u MS nonaraka, kao u
eneMeHTanHe aHaian3e. OBa jennmermba Cy TeCTUpaHa Ha aHTH-MH(IAMaTOPHY M aHTH-OaKTepHUjcKy
aKTHUBHOCT. Je[IMberba Koja Cy I0Ka3alia 3Ha4YajHy aHTH-MH(IaMaTOpHY aKTUBHOCT Cy 3aTHM Jajbe
TeCTHpaHa Ha aHAJTeTCKY U YJILEPOreHy akTHBHOCT. TpH HOBa jeaumema, 26, 2h u 4d, ox ykymnHO
27, mokazajna cy Bpio A0OpY aHTH-WH(IAMAaTOPHY aKTHBHOCT Yy KapareaHOM-WHIyKOBAaHOM TECTY
eleMa Iuane ranoBa, y3 M3paKeHy aHAIIeTCKy aKTHBHOCT y TECTy I'puU€la HMHAYKOBAHOI CHp-
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heTHOM KHCETMHOM, Kao M 3aHEMAapJbHUBY YILEPOTEHY aKTUBHOCT. AHTHOAKTEpHjCKa aKTHBHOCT
n3paxkeHa je momohy oarosapajyhux MIC Bpenaoctu.
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Abstract: In this study, volatile compounds were analyzed in five samples of
home-made spirit beverage made by the distillation of fermented fruits of cor-
nelian cherry (Cornus mas L.). The major volatile compounds, besides ethanol,
identified and quantified were: methanol, acetaldehyde, 1-propanol, ethyl ace-
tate, 2-methyl-1-propanol, 1-butanol, amyl alcohols, 1-hexanol and 2-phenyl-
ethanol. The minor volatiles were submitted to liquid—liquid extraction with di-
chloromethane and analyzed by gas chromatography and gas chromatography/
/mass spectrometry (GC/MS). A total of 84 compounds were identified. The
most abundant compounds were straight-chain free fatty acids, ethyl esters of
Ce—Cyg acids, limonene, 2-phenylethanol and 4-ethylphenol. Most of the com-
pounds found in the “Drenja” spirits investigated in this study are similar to
those present in other alcoholic beverages.

Keywords: Cornus mas; alcoholic beverage; fruit spirits; Cornelian cherry spi-
rit; volatiles; GC/MS.

INTRODUCTION

Volatile compounds play an important role in the organoleptic characteristics
of alcoholic beverages. In the complex mixture of alcoholic beverages, flavor
compounds are present in small amounts. Several hundred compounds from dif-
ferent families, such as alcohols, esters, aldehydes, ketones, volatile acids, ter-
penes, etc., contribute to the flavor of a spirit. This great variety of volatile com-
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pounds with different polarities, volatilities and wide range of concentration en-
sures that the flavor of a spirit is very complex. The combination of all these
compounds constitutes the character of spirit and differentiates one spirit from
another.

Cornus is a very large genus comprising forty species in the form of shrubs
and trees native to central and southern Europe and parts of western Asia.l Only
a few species are grown for their fruits, with the cornelian cherry (Cornus mas
L.) being the main representative. The sour and sweet juice of Cornelian cherry
fruits contains a high amount of vitamin C. Furthermore, the fruits are rich in su-
gar, organic acids and tannin.2 There are several reports about their use in tra-
ditional medicine and as a food preservative. For example, C. officinalis, a wi-
dely grown Cornus sp., is used in Chinese herbal medicine and is known for its
tonic, analgesic and diuretic activities.3 The fruits from several Cornus spp. are
used to improve liver and kidney functions. It is also reported to have antibac-
terial, antihistamine, anti-allergic, antimicrobial and antimalarial activities.# In Eu-
rope, cornelian cherry fruits are used for food and cosmetic applications.>

The fruits of the cornelian cherry can be dark red, cherry red, pink or yellow.
They can be oval, pear shaped or bottle shaped. The average fruit weight ranges
from 5.0 to 8.0 g. The fruits are eaten fresh, dried, and pickled like olives, or they
are used to produce jam, jelly, marmalade, syrup or wine.® “Drenja” distillate is
the spirit beverage that comes from the distillation of fermented fruits of the
cornelian cherry tree. This spirit is a traditional alcoholic beverage from various
regions of Balkan Peninsula. Although plum, Williams pear, apricot and quince
fruit spirits are by far more known, “Drenja” fruit spirit is worthy of attention by
experts and consumers. “Drenja” fruit spirit has a very impressive and attractive
aroma being luxurious with a little enigmatic velvety sense to the taste. This type
of fruit spirit is quite different in comparison with other fruit brandies. The be-
verage is colorless or colored if maturated in oak vessels.

The objective of this work was to characterize, using the GC and GC/MS te-
chniques, the major and minor volatile compounds of the not yet studied “Dre-
nja” alcoholic beverage, obtained from cornelian cherry fruits.

EXPERIMENTAL
Samples

In order to perform this study, five samples (I-V) of “Drenja” spirit from homemade
sources were analyzed. They were collected directly from the producers and all samples were
produced by the same procedure.

Five samples of “Drenja” distillates were collected in Sipovljane close to the town Drvar
(Bosnia and Herzegovina) in September, 2006. According to the local producers, the fermen-
tation period lasted from 5 to 6 weeks. The household-produced brandies were the result of
the spontaneous fermentation of cornelian cherry fruits with epiphytic microbiota participa-
tion. The distillation was realized using a traditional copper alembic of 80 L, which is a sim-
plified type of the Charentais alembic. The fermented raw material was transferred to the



VOLATILE COMPOUNDS OF “DRENJA” 119

vessel up to 3/4 of its capacity in order to be distilled. Before the beginning of heating, the
alembic was hermetically closed with dough in order to prevent any vapor leakage. First dis-
tillation of the fermented mashes was performed without separation of the head. Redistillation
was performed using the same device, but with the separation of 1 % of head, the heart (the
heart average strength of alcohol was 60 % v/v) and a tail. The heart containing 60 % v/v of
ethanol was diluted with distilled water down to 45 % v/v. All samples were placed in glass
bottles and stored in the dark at 4 °C until they were analyzed. All tested samples were
colorless and distinguished by a characteristic aroma and flavor.

Alcoholic strength

The ethanol content in the distillates was determined using the pycnometric method ac-
cording to the European Union.”

Analysis of volatile compounds in “Drenja”

Analysis of major volatile compounds in “Drenja” appears to correspond to the EU re-
ference method for volatile compounds.” For determination of the major volatile compounds
samples were injected directly into the gas chromatograph. The main components (methanol,
acetaldehyde, 1-propanol, ethyl acetate, 2-methyl-1-propanol, 1-butanol, amyl alcohols, 1-he-
xanol and 2-phenylethanol), were identified by comparing their retention times with those of
authentic compounds. Their concentrations were calculated from peak areas in GC chromato-
grams using 4-methyl-1-pentanol as internal standard.

An internal standard solution (1 mL) containing 5 g/L of 4-methyl-1-pentanol in ethanol
was added to 10 mL sample of “Drenja”. A two microliter aliquot was injected into a Hewlett
Packard 5890 gas chromatograph. The compounds were separated on a Chrompack CP-Wax
52 CB fused silica column (polyethylene glycol stationary phase; 50 mx0.32 mm i.d. with 1.2
pm film thickness). The injection mode was split (1:1), and the injector temperature was 233
°C. The GC oven temperature was programmed from 40 to 222 °C at a rate of 4.3 °C/min with
a final isotherm of 20 min. The carrier gas was hydrogen at a flow rate 1.02 mL/min. Detector
(FID) temperature: 300 °C. H, flow rate: 40 mL/min. Air flow rate: 400 mL/min. Auxiliary
gas (N,) flow rate: 30 mL/min.

Extraction and concentration of minor volatile constituents

Two hundred milliliters of “Drenja” distillate was mixed with 200 mL of ultrapure water
and then extracted with 40 mL of dichloromethane. NaCl (20 g) was added, and the mixture
was stirred magnetically for 30 min. The layers were separated in a separation funnel, and the
organic layer was dried (2 h) over anhydrous sodium sulfate. The extract was concentrated to
1.0 mL under nitrogen and directly analyzed by GC FID and GC/MS.

Gas chromatographic analysis was performed using a gas chromatograph HP 5890 equip-
ped with a flame ionization detector (FID) and a split/splitless injector. The separation was
achieved on a HP-5 fused silica capillary column, 30 mx0.25 mm i.d., 0.25 um film thickness.
The GC oven temperature was programmed from 50 °C (6 min) to 285 °C at a rate of 4.3
°C/min. Hydrogen was used as carrier gas at a flow rate of 1.6 mL/min at 45 °C. The injector
temperature was 250 °C and the detector temperature 280 °C. The injection volume of the
beverage extracts was 1.0 puL using the splitless mode. GC/MS analysis was performed using
an Agilent 6890 gas chromatograph coupled with Agilent 5973 Network mass selective de-
tector (MSD), operating in the positive ion electron impact (EI) mode. The separation was
achieved on an Agilent 19091S-433 HP-5MS fused silica capillary column, 30 mx0.25 mm
i.d., 0.25 um film thickness. The GC oven temperature was programmed from 60 to 285 °C at
a rate of 4.3 °C/min. Helium was used as the carrier gas, with an inlet pressure of 25 kPa and
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flow rate of 1 mL/min at 210 °C. The injector temperature was 250°C, employing the splitless
injection mode. The MS scan conditions were; source temperature: 200 °C; interface tempe-
rature: 250 °C; energy of electron beam: 70 eV; mass scan range: 40-350 amu (atomic mass
units). Identification of the components was based on retention indices and comparison with
reference spectra (Wiley and NIST databases). Percentages (relative) of the identified com-
pounds were computed from the corresponding GC peak areas.
Chemicals and reagents

All standards used in this study were supplied by Sigma-Aldrich (St. Louis, MO). 4-Me-
thyl-1-pentanol was employed as an internal standard. Ethanol, NaCl, anhydrous sodium sul-
fate and dichloromethane were purchased from Merck (Darmstadt, Germany).
Statistical analysis

Each component was present in samples -V and the mean +SE for each value was
calculated. The statistical analysis was performed using Origin software package version 7.0.
The error bars in the figures indicate the standard error of the mean. The statistical signi-
ficance of difference between the data pairs was evaluated by analysis of variance (one-way
Anova) followed by the Tukey test. A statistical difference was considered significant at p <
< 0.01. The concentrations of the volatile components were recalculated on the basis of 100 %
v/v ethanol (AA) and are expressed as g/hL AA.

RESULTS AND DISCUSSION

The main components of the distillate were ethanol and water, with a series
of volatile substances that distil together and comprise a smaller portion of the
spirit. These volatile substances, together with the components that are present in
higher proportions, give distinctive flavor characteristics to the “Drenja”. The
nature and composition of these components depend on the characteristics of the
raw material, and on the fermentation and distillation processes.

A typical chromatogram for the “Drenja” samples is shown in Fig. 1. The
chromatograms of the other samples showed the same pattern as those in Fig. 1,
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o ' e thyl-1-propanol; 7: 1-butanol; 8:
2/3-methyl-1-butanol 9: 4-methyl-
5 10 15 20 25 -1-pentanol (internal standard); 10:

Time, min 1-hexanol; 11: 2-phenylethanol.
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although the peak heights were different in each case. The retention times for the
major compounds and their concentrations are summarized in Table 1. The alco-
hols found were ethanol, methanol, 1-propanol, 2-methyl-1-propanol, 1-butanol,
1-hexanol, 2-phenylethanol and a mixture of 2-methyl-1-butanol and 3-methyl-
-1-butanol. As these isomers can be resolved only under specific chromatogram-
phic conditions, they are usually reported together as 2/3-methyl-1-butanol.

TABLE I. Concentrations of the major volatile compounds in “Drenja” samples (g/hL AA,
unless otherwise indicated)

Sample Average
Compound | I I v Vv SE(yEr+)?
Ethanol (% vol) 45.0 42.6 45.0 46.2 45.0 44.76+0.59
Acetaldehyde 171 31.32 28 28.46 5.31 18.96+6.36
Ethyl acetate 306.6 159.0 205.3 211.2 107.1 197.84+33.01
Methanol 242 752 743 556 772 613+100.6
1-Propanol 30.0 16.9 25.3 13.2 25.3 22.14+3.07
2-Methyl-1-propanol 45.8 112.4 90.2 80.7 144.9 94.8+16.49
1-Butanol 3.2 4.9 4.8 2.8 7.1 4.56+0.76
2/3 Methyl-1-butanol ~ 148.9 238.5 204.2 179.6 263.5 206.94+20.39
1-Hexanol 35.6 125 134 48.5 3.1 22.62+8.39
High alcohols (total) 224.7 372.7 324.5 276.3 440.8 327.80+37.47
2-Phenylethanol 28.6 32.6 36.2 39.1 12.2 29.74+4.72

aStandard error of the predicted y-value for each x in a regression

Comparisons of the differences in pairs of the major components present in
“Drenja” are given in Table Il, from which it can be seen that there are usually
significant statistical differences (p < 0.01; p < 0.05). No significant differences
were found between acetaldehyde and 1-propanol, 1-butanol, 1-hexanol and 2-phe-
nylethanol; between 2-methyl-1-propanol and 1-hexanol and 2-phenylethanol;
between ethyl acetate and 2/3 methyl-1-butanol; between 2/3 methyl-1-butanol
and 1-hexanol; and between 1-hexanol and 2-pheny! ethanol.

Ethanol

The fermentation of fruit mashes relies on the conversion of fruit sugars to
ethanol by yeast. The Embden—Meyerhof-Parnas Pathway (EMP) is a well-known
process for the conversion of sugars to ethanol by yeast. This pathway proceeds
by degrading the sugar to acetaldehyde, which is then reduced to ethanol. The
yield of ethanol is dependent upon the initial concentration of the total sugar pre-
sent in the fruit, which is measured as the total dissolved sugar present in the li-
quid mash. All samples exhibited ethanol contents ranging from 42.6 to 46.2 %
viv. The EC regulation 1576/89 established general manufacturing procedures of
marc distillates and fixed common analytical composition limits, i.e., 86 % v/v of
ethanol as the highest proof for the crude distillate and 37.5 % v/v as the minimal
proof at bottling.8
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Methanol

Methanol is a very important compound in the production of fruit brandies
and it is similar to ethanol in taste and smell; however, it is toxic and potentially
dangerous if present in high concentrations.® Methanol production is associated
with the enzymatic degradation of the methoxy groups of pectin, as well as the
acidic degradation of pectin. The methanol content in the analyzed samples ran-
ged between 242 and 772 g/hL AA (maximum legal limit 1000 g/hL of 100 %
vol. ethanol).8 In comparisons with other fruit pomace distillates (apple, cherry,
pear and plum),10 “Drenja” has a similar level of methanol. Filajdi¢ and Djukovié
found 1.41-8.85 g/hL AA methanol in Yugoslavian plum brandies, with higher
levels occurring in home-made brandies.11 Relatively low methanol concentra-
tions have been determined in grape distillates (0.13-0.67 g/hL AA) owing to the
small amounts of pectins in the raw materials.12

Acetaldehyde

The most common aldehyde present in distilled fruit spirits is acetaldehyde.
It is a compound arising from the fermented raw materials, and its level increases
during distillation and aging.13 It is also considered to be mainly the result of
spontaneous or microbial-mediated oxidation. In cornelian cherry spirits, as with
other distilled fruit spirits, acetaldehyde is usually seen as an undesirable aroma
and discarded with the head fraction. European-style spirits are defined by law;
however, the regulation provides no limits for acetaldehyde for any of the distil-
led spirits, which are manufactured by fermentation with retention of the organo-
leptic properties of their raw materials (e.g., rum, whisky, brandy and fruit spirit).
The concentration of acetaldehyde was found to range from 1.71 to 31.32 g/hL
AA (Table I). Other spirit beverages usually contain very different acetaldehyde
levels, ranging from 153-1073 mg/ hL AA in some grape brandies, e.g., Greek
Tsipouro and Portuguese Bagaceiras (1330 mg/ hL AA).12.14

Ethyl acetate

Ethyl acetate is one of the most important esters due to its unpleasant flavor
at higher concentrations. High ethyl acetate concentrations are indicative of pro-
longed storage of the raw material and probable acetic bacterial spoilage. It was
generally found at higher levels than the usual values for Tsipouro,12 melon,15
and Mezcal,16 but lower than Bagaceirasl4 and Orujo.17 Filajdi¢ and Djukovi¢
found a very high ethyl acetate content (4648 mg/ hL AA) in home-made plum
brandies.11

Higher alcohols

Higher alcohols (also known as fusel alcohols) are secondary yeast metabo-
lites, which can have both positive and negative impacts on the aroma and flavor
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of a spirit. Excessive concentrations of higher alcohols can result in a strong, pun-
gent smell and taste, whereas optimal levels impart fruity characters (Table I).
Higher alcohols are present in alcoholic beverages and are formed in small
amounts by yeast, from sugars and from amino acids metabolism (Ehrlich me-
chanism) during the alcoholic fermentation process. The most common fusel al-
cohols in distilled spirits include: 2-butanol, isobutanol, 1-butanol, 1-propanol
and amyl alcohols. Branched-chain higher alcohols, amyl alcohol, active amyl
alcohol and isobutanol were the main fusel alcohols in “Drenja”. The amyl alco-
hols (2/3 methyl-1-butanol) content of the analyzed samples was in the range of
148.9-263.5 g/hL AA. 2-Methyl-1-propanol concentrations were in the range of
45.8-144.9 g/hL AA. The content of higher alcohols in the studied samples was
similar to that of various distillates, such as Bagaceiras,14 Tsipourol2 and Mou-
ro.18 The minimum of total higher alcohols are fixed by the Regulating Com-
mission at 200 g/ hL AA of pure alcohol and all samples were within these limits.

1-Propanol

1-Propanol has a pleasant, sweetish odor, but excessive concentrations will
introduce solvent notes that mask all the positive notes in distillates.1® The con-
centration of 1-propanol was found to range from 13.2 to 30.0 g/hL AA (Table I).

1-Hexanol

1-Hexanol is not an alcoholic fermentation product. When the fruits are not
ripe enough, high 1-hexanol concentrations in spirits are observed.29 The 1-hexa-
nol concentrations in the studied samples ranged between 3.1 and 48.5 g/hL AA.
Previous studies revealed much lower 1-hexanol contents (20-83 mg/hL AA) in
Yugoslavian plum brandies.!l However, high hexanol concentrations (64-316
mg/hL AA) were determined in Portuguese Bagaceiras, as well as in apple, pear
and grape pomace spirits (102-154 mg/hL AA).14

2-Phenylethanol

2-Phenylethanol introduces a pleasant aroma, resembling that of roses, to dis-
tillates and derives from L-phenylalanine through the metabolic reaction of Sac-
charomyces cerevisiae during carbonic anaerobiosis.?l The high concentrations
of 2-phenylethanol (12.2-39.1 g/hL AA) imparts a positive influence on the
“Drenja” aroma. High levels of 2-phenylethanol have been found in, e.g., Greek
Tsipouro 12 (28-234 mg/hL AA) and spirits produced from blueberries, probably
resulting from a high concentration of phenylalanine in the raw material.18

Minor compounds in “Drenja”

The minor volatile compounds identified in these spirits are presented in
Table Ill. A total of 84 free aroma compounds were identified, including al-
cohols, esters, monoterpenes, carbonyl compounds, lactones, free acids, volatile
phenols and acetals.
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TABLE IlI. Relative percentages of the minor volatile compounds in “Drenja” samples (1-V)

Compound RI2 | I 11 v \Y/
Ethyl lactate 810.5 trb tr tr

Butyl acetate 812 tr tr

Furfural 830 1.14 1.89 1.85 1.22 5.49
1.1-Diethoxybutane 0.54 tr
Hex-3-(2)-en-1-ol 847 tr tr

Isopentyl acetate 876 2.03 3.70 0.62 1.06 1.73
Acetic acid, pentyl ester 847 0.82

Hexan-1-ol 859 5.14 3.34 3.05 6.78 2.75
1.1-Diethoxy-3-methyl propane 0.28 0.77

2-Methyl-butyric acid 1.56
Phenylethyl acetate 0.33 0.22 tr
Ethyl pentanoate 900 1.28

Methyl hexanoate 925 0.70 0.43
1.1-Diethoxy-3-methylbutane 955 0.65 161
1.1-Diethoxypentane 0.54 0.83 1.68 1.32 1.24
Butyl propionate 0.90 0.65
Oct-1-en-3-ol 978 1.73 tr 2.67 4.62 1.28
Benzaldehyde 961 151 0.77

Ethyl hexanoate 996 1.28 1.96 1.47 1.68 1.90
p-Cymene 1026 0.87 tr 0.53 2.20
Limonene 1031 2.33 1.00 2.74 6.85 3.24
1.1-Diethoxyhexane 0.43 0.17

Benzyl alcohol 1032 0.90 tr 1.20 1.37
Nonanal 1075 0.11 0.87 0.16
2-Phenylacetaldehyde 1042 0.21 tr 0.23 0.13
Octanol 1070 0.32 0.82 0.12 0.78 0.88
cis-Linalool oxide 1074 1.12 0.12 0.32 0.13 1.10
trans-Linalool oxide 1088 1.10 0.59 1.23 0.76 0.64
Linalool 1096 111 0.26 1.32 1.52 0.76
Nonanal 1098 0.13

Methyl benzoate 1098 0.32 0.43 0.34
2-Phenylethanol 1110 10.64 8.86 9.16 8.82 16.00
Methyl octanoate 1125 0.21 0.30

Nerol oxide 1153 0.52 0.26 0.56 0.31 0.76
Benzyl acetate 1163 tr 0.76 0.34
1-Nonanol 1171 0.18 tr 0.34 0.21 0.64
4-Ethylphenol 0.60 3.44 3.21 3.65 1.78
Diethyl succinate 247 0.54 0.34 0.65
Ethyl benzoate 1170 4.81 0.85 1.05 0.99
Octanoic Acid 1175 3.48 10.17 3.58 2.13 4.21
Ethyl octanoate 1195 3.24 5.82 5.68 7.58 10.53
o-Terpineol 1189 0.93 0.67 0.77 0.54 0.98
Decanal 1204 0.21 0.14 0.21 0.11 0.11
Ethyl phenylacetate 1244 0.68 0.43 0.33 0.31 0.76
Phenylethyl acetate 1256 2.39 0.12 0.43 0.13 0.88
Methyl salicylate 1190 0.85 0.21 0.12 0.34 0.12
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Compound RI2 | I 1] v \Y
Ethyl salicylate 1267 0.48 0.23 0.12 0.32 0.15
Decan-1-ol 1272 0.21 tr 0.11

Nonanoic acid 1275 1.02 2.59

Methyl decanoate 1326 0.76 tr 0.87 1.09
Eugenol 1356 0.23 0.76 0.11 0.66
Ethyl (4E)-decenoate 1382 tr

Decanoic acid 3.47 4.25 591 4.28
Ethyl decanoate 1394 2.20 18.40 5.13 6.37 10.72
Caryophyllene 1418 0.64 0.44 0.65 0.56 0.34
Vanillin 1391 0.22 tr 0.17 0.12
Isoamyl octanoate 1446 0.39

Ethyl (Z)-cinnamate 1466 0.89 0.48 0.87 0.39 0.76
o-Humulene 1454 tr

1-Dodecanol 1473 0.12 0.14 0.11
a-Muurolene 1499 0.14

Methyl dodecanoate 1527 0.13 0.16 0.23
o-Cadinene 1524 0.56 0.55 0.32 0.54 0.65
Nerolidol 1534 0.54 0.34 0.33 0.23
Dodecanoic acid 1568 2.28 1.35 1.89 1.56 1.21
Ethyl dodecanoate 1576 2.60 7.48 5.33 3.51 4.36
3-Methylbutyl pentadecanoate 1642 0.14 0.12 0.22 0.10 0.13
o-Cadinol 1653 0.23 0.33

Tetradecan-1-ol 1676 0.21 tr

Farnesol(2Z,6E) 1694 0.33 0.13

Methyl tetradecanoate 1727 0.32 0.26 2.94 0.21 5.27
Tetradecanoic acid 0.44 0.49 0.11 0.32 0.21
Ethyl tetradecanoate 1793 0.58 0.94 2.00 0.66 0.88
Isopropy! miristate 1809 0.22 tr 0.57

Phenethyl octanoate 1849 0.12 0.18

Methyl hexadecanoate 1927 1.22 1.46 1.34 1.20 1.86
Hexadecanoic acid 1968 1.00 0.54 0.87 0.65 0.76
Ethyl hexadecanoate 1993 3.90 1.90 3.74 1.15 3.42
Methyl linoleate 2092 0.18 0.24 0.54 0.21

Methyl oleate 2093 1.22 0.46 0.21 0.33
9.12-Octadecadienoic acid 2094 0.51 0.40 0.11 0.32

Ethyl linoleate 2177 6.50 3.22 6.06 2.40 4.34
Ethyl oleate 2180 2.80 2.41 4.60 3.10 2.77
Ethyl stearate 2194 0.35

Total 89.70 93.41 92.02 90.31 90.89

@Retention index on DB-5 according to n-paraffins; Btrace (less than 0.1 %)

Ethyl esters and fatty acids are the main components of “Drenja” aroma and
have an important sensorial influence in these distilled alcoholic beverages. Ethyl
esters contribute to the flavor with a pleasant fruity and flowery smell,21 indi-
cative of the quality of the spirit.22:23 Ethyl hexanoate supplies the aroma of fruit
(banana, green apple, etc.) and its presence, along with other ethyl esters, is bene-
ficial for the spirit. The ethyl esters, hexanoate, octanoate, decanoate and dodeca-
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noate, which are produced during the fermentation, pass into the spirits and their
content increases during aging.24 The dominant esters are the ethyl esters of fatty
acids and acetates of higher alcohols. Ethyl hexanoate and ethyl octanoate predo-
minated in the analyzed “Drenja” distillates. Long-chain fatty acids, octanoic, no-
nanoic, dodecanoic, tetradecanoic and hexadecanoic acid, have a smaller influence
on the flavor of distillates.23.25 Table 111 shows that the most abundant among the
present acids were octanoic, nonanoic, decanoic, dodecanoic and hexadecanoic acid.

The terpene profile was similar in all the distillates. Six monoterpenes were
detected in the “Drenja” distillates: limonene, cis- and trans-linalool oxide, lina-
lool, nerol oxide and a-terpineol. Of these, only limonene was previously repor-
ted as a constituent of the volatile fraction of cornelian cherry fruit.22 The terpene
profile of the “Drenja” distillates may be the result of heat-catalyzed, acid hyd-
rolysis of glycosylated terpenol precursors during distillation.

CONCLUSIONS

In the “Drenja” distillates, volatile compounds that pose health hazards or or-
ganoleptic faults, such as methanol or acetaldehyde, were found at levels lower
than those established by the EU. Quantitatively, the higher alcohols were the
largest group of the volatile composition in the “Drenja” distillates. There were
statistically significant differences (p < 0.01; p < 0.05) in the major components
present in the studied “Drenja” compared with ethanol. The ethyl esters and fatty
acids formed enzymatically during the fermentation process constitute important
groups of aroma compounds that contribute to the “fruity” note to the sensory
properties of “Drenja” distillates. Moreover, the compounds that contribute to the
typical flavor characteristics of the “Drenja” distillate, such as 2-phenylethanol,
limonene and 4-ethylphenol, are desirable for this specific distillate. It seems that
the complex and luxurious aroma of “Drenja” spirits depends on the subtle ba-
lance of the various mentioned functionalized compounds.

Acknowledgments. This research was supported by a grant from the Ministry of Science
and Technological Development of the Republic of Serbia (Project No. 142053).

U3BOJ

KAPAKTEPU3ALINIJA NCITAPJbBMBUX KOMIIOHEHTH «/IPEBE», AJIKOXOJIHOT' IINhA
JOBUJEHOT 13 TNIOAOBA APEBUHE (Cornus mas)

BEJIE TELIEBURY, HUHOCJIAB HUKWREBURZ, CJIOBOJAH MIJIOCABJLEBIRY, JAHUIIA BAJUES,
BJIATKA BAJC3, IBAH BYUKOBUR?, JbYBOJIPAT BYJUCURS, UPUC BOPBEBUR?,
MUPOCJIABA CTAHKOBITR® 1 MIJIOBAH BEJTHUKOBITR?

YXemujcku paxyaitieim, Yuusepsuitieiti y Beozpady, Citiydeniticku @ipZ 16, 11000 Beozpad, 2Ilomoiipuspednu
akyaiiei, Yrnusepauiieii y Beozpady, Hemarouna 6, 11080 3emyn, SHucliuiliyil 3a xemujy, TexHOA0ZUjy U
meitianypzujy, YHusep3auitieiti y beozpaoy, Bhezowesa 12, 11000 Beozpao, Atbaxyﬂzitem 3a geltiepuHapcke
Hayke, Ynusepauitieili y Beozpady, Byaesap ocaobobersa, 11000 Beozpad u °Uucitiuiiyit 3a
HyKkaeaphe nayke “Bunua”, Jlabopaiuopuja 3a pusuuiy xemujy, 11000 Beozpao

V pany cy aHanu3upaHe MCHAp/bMBE KOMIIOHECHTE y TET y30paKa ajlKOXONHUX muha, pomahe
uspaje, A00MjeHnX JeCTHIarjoM (GepMeHTrCaHuX IuiogoBa japemude (Cornus mas L.). Tinasua
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HCTIapJbHBA jeIUbEHa, Koja cy onpeheHa u kBaHTH(UKOBaHA, Cy: METaHOI, 1-ponaHo, eTui-ame-
TaT, 2-MeTwi-1-npomnanon, 1-OyTaHoMn, M30aMIII-aIKOXO0NH, 1-xekcaHod u 2-peHumneraHon. Mame
3aCTYIUbCHA MCIAPJbUBA jEIHICH-A Cy €KCTPaxOBaHa IMXJIOPMETAHOM M aHAIM3MpaHa KOMOWHa-
HjoM racHe xpomarorpaduje u macere crekrpomerpuje (GC/MS). UnenTndukoBana cy yKymHO
84 jemumema. Haj3actymbennja jennmema Omna cy etmn ectpu macHuX kucenmHa ca Cg—Cyg,
cno0o1He MacHe KUCENNHe, JUMOHEH, 2-QpeHmneTanon u 4-etmndenon. Behnna jenumema Halena
y “Apemu” cy CITMYHA OHUMA KOja Cy TIPUCYTHA M Y IPYTHM alKOXOJIHHM Nuhnma.
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Secondary metabolites of Hypericum monogynum from Pakistan
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Abstract: 4-Chlorobenzoic acid (1), quercitrin (2), astilbin (3), along with f-si-
tosterol, y-sitosterol, friedelin and S-amyrin were isolated from the aerial parts
of Hypericum monogynum. Whereas compound 1 was isolated for the first time
from natural sources, flavanonol 3 was not found before in these species.

Keywords: Hypericum monogynum; Clusiaceae; 4-chlorobenzoic acid; querci-
trin; astilbin.

INTRODUCTION

The genus Hypericum L. (family Clusiaceae) comprises about 460 species
distributed worldwide in temperate regions. Hypericum species were already known
to ancient communities as useful medicinal plants. The best known among them
is Hypericum perforatum (St. John’s wort), the use of which as a remedy was de-
scribed and recommended throughout the Middle Ages. Several groups of bioac-
tive natural products, e.g., naphthodianthrones, phloroglucinols, phenylpropano-
ids, flavonol glycosides, biflavones, tannins, proanthocyanidins and xanthones
have been identified from the genus. Biological tests of the flavonoids isolated
from the genus Hypericum demonstrated inhibition of lipoxigenase,! antidepres-
sant2 and scavenging? activity, while the flavonoid glycoside exhibited antifun-
gal activity.4 In Pakistan, twenty species of this genus are known. Hypericum
monogynum Miller (Syn. Hypericum chinense L.) is distributed mainly in S.E.
China and Taiwan. It is cultivated in many parts of the world, including the
plains of W. Pakistan. This species is used in traditional medicine as an alterna-
tive, antidote and astringent, as well as in the treatment of miasmatic diseases.®

* Corresponding author. E-mail: m_arfan@upesh.edu.pk
# Serbian Chemical Society member.
doi: 10.2298/JSC0902129A
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Continuing our chemical examination of the flora of the North-West region of
Pakistan and the search for compounds of pharmacological interest, an exami-
nation of the aerial parts of H. monogynum Miller, originating from Peshawar is
now reported.

Previous examinations of H. monogynum involved the constituents of the
aerial parts® and volatiles.” In a sample from China, Wang et al.5 identified 10
compounds: quercetin, quercitrin, hyperoside, rutin, (-)-epicatechin, 3,5-dihydro-
xy-1-methoxyxanthone, 3,4-O-isopropylidene shikimic acid, shikimic acid, dau-
costerol and oleanolic acid.

RESULTS AND DISCUSSION

A combination of different preparative chromatographic techniques and
selective extractions with different solvents applied on the MeOH extract of the
aerial parts of H. monogynum afforded seven compounds: 4-chlorobenzoic acid
(1),8 quercitrin (2),° astilbin (3) (Fig. 1),10 g-sitosterol,11 y-sitosterol,12 friedelin
and ﬁ—amyrin.13 The occurrence of 2, also found in the same species before,® as
well as flavanonol rhamnoside 3, detected previously in several species of the ge-
nus, among them H. perforatum,14 is not unexpected. Quercitrin (2) was demon-
strated to be a potent antileishmanial compound, with a low toxicity profile and
exhibited antioxidant activity in the DPPH test.1®> The co-occurring flavanonol 3
was shown to exhibit diverse biological activities, such as lipolytic, anti-oxida-
tive, anti-allergic, anti-inflammatory and insecticidal.16 To the best of our know-
ledge, p-chlorobenzoic acid has not been found from plant sources before. As
shown in an investigation of the plant-growth activity of substituted benzoic and
phenoxyacetic acids, including 1,10 benzoic acids substituted with an electrone-
gative atom capable of displacement by an electron-rich plant substrate exhibit

plant-growth activity.1?
OH
OH
HO 0.2.

COOH
3
OH O
H
0
Me
a OH
HO OH
1 2 2,3 Dehydro
3

Fig. 1. Structures of 4-chlorobenzoic acid (1), quercitrin (2) and astilbin (3).
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EXPERIMENTAL
General

The spectra were recorded with the following instruments: UV, Cintra 40, GBC UV-Vis
spectrometer; IR, Perkin-Elmer FT-IR spectrometer 1725X; 1H- and 3C-NMR, Bruker DMX
600 (600 MHz for 1H) in CD;0D with TMS as the internal reference; DCI MS (150 eV, iso-
butane), Finnigan MAT mass spectrometer 8230, double focusing (BE geometry). Silica gel
60 and polyamide SCgq were used for column chromatography. Silica gel 60 F,54 and RP-8
Fos4s precoated aluminum sheets (0.25 mm, Merck) were used for TLC control.

Plant material

The aerial parts of Hypericum monogynum were collected at the University of Peshawar
campus during the flowering stage in July 2004 and the taxonomic identification was perfor-
med by Professor Abdul Rasheed. A voucher specimen (No. 29304-PUP) is deposited in the
Herbarium of the Department of Botany, University of Peshawar.

Extraction and isolation

Air dried, powdered aerial parts (1 kg) were extracted by percolation with methanol at
room temperature. The residue (180 g) obtained after solvent removal under reduced pressure
was successively extracted with n-hexane and ethyl acetate to yield the HE-extract (40 g) and
EA-extract (12 g) after evaporation of the solvents. Aliquot of the EA-extract (12 g) was chro-
matographed on silica gel column with chloroform, gradually increasing polarity by succes-
sive addition of methanol. The fraction eluted with chloroform/methanol = 7/1, after recrystal-
lization from methanol/water gave p-chlorobenzoic acid (1, 60 mg), identified by the identity
of its spectral data to those from the SDBS library.8 The fraction eluted with chloroform/me-
thanol = 7/2, upon crystallization from methanol/water afforded a mixture of two flavonoids
(FF, 1.59).

An aliquot of FF (122 mg) was chromatographed on polyamide SCg with MeOH/H,0 =
= 1:1 to afford astilbin (3, 41 mg) and quercitrin (2, 56 mg).The progress of the elution was
monitored by TLC (RP-8 Fs5y); the developing system was MeOH/H,0 = 1:1.

Repeated silica gel chromatography of the n-hexane extract residue (40 g) yielded g-si-
tosterol (20 mg), y-sitosterol (17 mg), friedelin (24 mg) and g-amyrin (25 mg).

CONCLUSIONS

The plant constituents quercitrin and astilbin make a different flavonol pro-
file of the Hypericum monogynum from Pakistan, compared with the H. monogy-
num from China, which contains quercitrin and its aglycone quercetin. Substi-
tuted phenoxyacetic and benzoic acids, such as p-chlorobenzoic acid, capable of
displacement by an electron-rich plant substrate, could exhibit plant-growth acti-
vity. This is the first time p-chlorobenzoic acid has been found from plant sources.

Acknowledgement. The authors from Serbia acknowledge their gratitude to the Ministry
of Science and Technological Development of the Republic of Serbia for financial support,
Project No. 142053.
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U3BOA

CEKYHJAPHU METABOJINTU BUJBHE BPCTE Hypericum monogynum U3 ITAKMCTAHA

MOHAMMAD ARFAN!, NAILA RAZIQY, IBAHA AJbAHUNR? 1 CJIOBOJJAH MUJIOCABJbEBU RS
Lnstitute of Chemical Science, Peshawar University, 25000 Peshawar, Pakistan, 2Hucitiuiaiyit sa xemujy,

HiexHoA0ZUfy U mettianyp2ujy, Ynueepauitieiii y beozpaoy, Bhezouesa 12, 11000 Beozpao u 3Xemujcxu ¢hakyaitieit,

Ynusepsuitein y beozpady, Ciiyoeniicku wuipz 16, 11000 Beozpao

4-Xnopo6ensoesa kucenuna (1), ksepuutpun (2), acrunbus (3), Kao u S-CUTOCTEPOI, J- CH-

TOCTepos, QpHACIUH U f-aMUPHH H30JI0BaHU Cy U3 HAJ3eMHHX JeloBa OwbHe Bpcre Hypericum
monogynum. ITo npBu nmyT jenumemne 1 je n30710BaHO U3 MIPUPOJHUX U3BOPa, AOK (h1aBaHOHOT 3 10
cajJia HHje H30JI0BaH U3 OB OMJbHE BPCTE.
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(TTpumsbeno 26. maja, pesnaunpato 15. okroGpa 2008)
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Comparison of the antibacterial activity, volatiles and fatty acid
composition of lipids of Phycopsis species collected at different
locations from the Bay of Bengal (Orissa coast)
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Abstract: The fatty acid composition as well as the volatiles and an antibac-
terial screening of the total lipids isolated from marine sponge Phycopsis sp.
collected at two different locations from the Bay of Bengal of the Orissa coast
having different morphological features were studied. The content of linear sa-
turated acids was 30.25 % in Phycopsis sp. 1, while their content reached 50.33 %
in Phycopsis sp. 2. The amount of monobranched, saturated acids was 44.87 %
in Phycopsis sp.1 and 38.83 % in Phycopsis sp. 2. There was more phytanic
acid (7.92 %) in Phycopsis sp. 2 than in Phycopsis sp. 1 (4.06 %). The amount
of 5,9-pentacosadienoic acid was found to be 5.54 % in Phycopsis sp. 1, while
it was absent in Phycopsis sp. 2. Both species showed differences in their fatty
acid composition and volatiles as well as in the antibacterial screening of their
lipid extracts.

Keywords: sponges; Phycopsis sp.; fatty acids; volatiles; antibacterial.

INTRODUCTION

Over the past decade, marine sponges from the class Demospongiae have
attracted growing interest because of their unique chemical composition and bio-
logical activity. A number of biologically active secondary metabolites have been
found in sponges.! Some unusual fatty acids (FAs) of sponges also exhibit biolo-
gical activity.2 Many new FAs were identified in sponge lipids, such as unsatu-
rated FAs with an unusual distribution of the double bonds,3 branched chain
FAs# and FAs with unusual substituents in the carbon chain, such as the cyclo-
propane group,® methoxy group,® acetoxy group,’ etc.

The bioactivity of the sponge Phycopsis sp. was already studied by Venkate-
swarlu et al. in 1995.8 A CH,Clo—MeOH extract of this organism exhibited an-
tibacterial activity against E. coli and B. subtilis and a prenylated aromatic com-

*Corresponding author. E-mail: pravatmanjari@yahoo.co.in
doi: 10.2298/JSC0902133M
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pound, phycopsisenone, was isolated from this extract. This paper presents the
fatty acid composition, volatiles and antibacterial screening of lipid extracts against
different pathogens of the two Phycopsis species having different morphological
features, which were collected from the same depth but at different locations
from the Bay of Bengal.

EXPERIMENTAL

Sponge material

Sponge specimens Phycopsis sp. 1 and 2 (Class: Demospongiae Sollas, order: Halichon-
drida Vosmaer, Family: Axinellidae Ridley and Dendy ) were collected from 25 m depth from
the Bay of Bengal of the Orissa coast during February—March, 2006 from a newly found ridge
lineation (sp. 1 — 18° 57.294° N, 84° 44.057°E; sp. 2 — 18° 57.717°N, 84° 44.410’E).%10 The
two samples were identified to genus level by Dr. P.A. Thomas, Ex-Emeritus Scientist
(ICAR), Trivandrum, Kerala.
Extraction

Sponges were thoroughly washed and air-dried. Ten grams of each species was homoge-
nised and successively extracted three times with chloroform—methanol (2:1, v/v) to isolate
the lipids.1! The crude lipid extracts were purified by a “folch wash”12 to remove non-lipid
contaminants. The chloroform phase was separated from the combined extract, dried over
anhydrous sodium sulphate and concentrated under a nitrogen atmosphere. The yield of lipids
was 4.0 % of the dry weight of the sponges.
Preparation of fatty acid methyl esters

The fatty acids so obtained were converted to the corresponding methyl esters. Fatty
acids (10 mg) were dissolved in 4 ml of 5 % hydrochloric acid in methanol and 0.5 ml ben-
zene and then the mixture was refluxed in a silicone bath at 80-100 °C for 2 h. After cooling,
the methyl esters were extracted with petroleum ether, simultaneously neutralized and dried
over a sodium sulphate-sodium bicarbonate mixture. The solvent was evaporated to dryness
under reduced pressure at 40 °C in a water bath. These fatty acid methyl esters (FAME) were
then analysed by GC/MS for identification.
Isolation and analysis of the volatile compounds

Part of the crude lipophilic extract (100 mg) was subjected to a 4-h distillation—extraction
in a Lickens—Nickerson apparatus.1® The volatiles were extracted from the distillate with di-
ethyl ether (yield: 3 mg) and investigated using a Shimadzu QP-5000 GC-MS with a 25 mx
%x0.25 mm, 0.25 pum film thickness, WCOT column coated with 5 % diphenyl siloxane, sup-
plied by J & W (DB-5). Helium was used as the carrier gas at a flow rate of 1.2 ml/min, at a
column pressure of 42 kPa. The column temperature was programmed from 40 to 280 °C at a
rate of 4 °C/min. The ionization voltage (El) was 70 eV.
Antibiotic activity testing of lipid extracts of the Phycopsis species

The antibacterial assay of the crude lipid extracts of Phycopsis sp. 1 and 2 (200 pug/6 mm
disc) were performed against five fish pathogens (Edwardsiella tarda, Staphylococcus aureus,
Micrococcus sp., Pseudomonas aeruginosa and Escherichia coli) and two human pathogens
(S. aureus and Salmonella typhi), including three MDR (multi drug resistant) strains (Staphy-
lococcus pyogenes, Acinetobacter sp. and S. typhi), by the disc-assay method.14

The test bacterial fish pathogen cultures were obtained from the stock cultures maintain-
ed in the Pathology Laboratory of Central Institute of Fresh Water Aquaculture, ICAR, Bhu-
baneswar.
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Fatty acid methyl esters, FAME, analysis

FAME analyses were performed on a Shimadzu QP-5000 GCMS equipped with a mass
selective detector and a 25 mx0.25 mm, 0.25 pum film thickness, WCOT column coated with 5 %
diphenyl siloxane, supplied by J & W (DB-5). Helium was used as the carrier gas at a flow
rate of 1.2 ml/min, at a column pressure of 42 KPa. The column temperature was programmed
for fatty acid methyl esters (FAMEs) from 120-300 °C at a heating rate of 2 °C/min and 300 °C
for 10 min, with a total run time of 100 min. An ionization voltage (El) of 70 eV was used.
Peak identification was performed by comparison of their mass spectra with those available in
the Nist and Wiley libraries.

RESULTS AND DISCUSSION

Both Phycopsis species 1 and 2, collected at two different locations from a
depth of 25 m from the Bay of Bengal of the Orissa coast, had different morpho-
logical features. Phycopsis sp. 1 was light orange in colour and had a finger-like
structure (Fig. 1), while Phycopsis sp. 2 was light yellowish orange in colour with a
rough body and soft structure (Fig. 2). The aim was to determine the difference in
the fatty acid composition of the total lipids of two species of the same genus but
having a different structural pattern. Phycopsis sp. 1 contained a greater number
of fatty acids in comparison to Phycopsis sp. 2 (see Table I).

M20 sp3

Fig. 1. Phycopsis sp. 1. Fig. 2. Phycopsis sp. 2.

The whole series of linear saturated fatty acids from C14 up to C32 were
revealed in the lipid composition of the sponges. The content of linear saturated
fatty acid was 30.25 % in Phycopsis sp. 1, while the content was 50.33 % in Phy-
copsis sp. 2. All acids from C14:0 to C23:0 were found in Phycopsis sp. 1, except
C19 and C22:0, among which C16:0 and C18:0 were dominant (11.76 and 9.29 %,
respectively), while in Phycopsis sp. 2, except for C17:0, C19:0 and C22:0, all
acids were present from C14:0-C23:0, among which C16:0, C18:0 dominated
(8.95 and 8.88 %, respectively). The content of C21:0 was only 3.89 % in Phy-
copsis sp. 1, while in Phycopsis sp. 2, it was present in a reasonable amount (7.63
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%). The total amount of tricosanoic acid was only 0.53 % in Phycopsis sp. 1, while
its amount in Phycopsis sp. 2 was 6.02 %.

TABLE I. GC/MS analysis of the FAME of the total lipid of Phycopsis sp. collected at two
different locations

Acid Retention time Acid content, %

cl min Phycopsis sp. 1 Phycopsis sp. 2
Tridecanoic acid, 3-methyl (C13:0, br&) 421 2.24 -
Nonanoic acid (C9:0) 5.52 - 4.18
Tetradecanoic acid (C14:0) 7.75 2.35 2.64
Pentadecanoic acid (C15:0) 8.73 7.64 9.39
Tetradecanoic acid, 12-methyl (C14:0, br) 8.85 2.81 -
9-Hexadecenoic acid (C16:1) 10.55 1.14 -
Hexadecanoic acid (C16:0) 10.89 11.76 8.95
2-Hexylcyclopropaneoctanoic acid 11.49 5.34 6.68
14-Methylhexadecanoic acid (C16:0, br) 11.56 7.92 -
Heptadecanoic acid (C17:0) 11.87 2.58 -
3,7,11,15-Tetramethylhexadecanoic acid 13.45 4.06 7.92
15-Octadecenoic acid (C18:1) 13.62 - 2.86
10-Octadecenoic acid (C18:1) 13.63 3.77 -
Octadecanoic acid (C18:0) 13.94 9.92 8.88
11-Methyloctadecanoic acid 14.52 - 24.96
17-Methyloctadecanoic acid 14.55 25.03 -
2-Octylcyclopropaneoctanoic acid 15.20 1.53 -
Eicosanoic acid (C20:0) 16.79 1.90 2.64
16-Methylheptadecanoic acid 17.65 - 7.19
Heneicosanoic acid (C21:0) 17.79 3.89 7.63
Tricosanoic acid (C23:0) 20.26 0.53 6.02
5,9-Pentacosadienoic acid (C25:2) 2221 5.54 -
@Branched

The total content of monobranched, saturated acids was 44.87 % of total FA
content in Phycopsis sp. 1, while its amount was less in Phycopsis sp. 2 (38.83 %).

17-Methyloctadecanoic acid represented 25.03 % of the total monobranched
FAs in Phycopsis sp. 1, while in Phycopsis sp. 2 11-methyloctadecanoic acid was
dominant in the total monobranched FAs (24.96 %). 14-Methylhexadecanoic acid
was also present in Phycopsis sp. 1 in a significant amount (7.92 %), while in
Phycopsis sp. 2, 16-methylheptadecanoic acid was present in a significant amount
(7.19 %). The amount of 2-hexylcyclopropaneoctanoic acid was found to be 5.34
% in Phycopsis sp. 1, while in Phycopsis sp. 2 it was 6.68 %. 2-Octylcyclopropa-
neoctanoic acid, was found in Phycopsis sp. 1, while it was absent in Phycopsis
sp. 2.

The polymethyl branched saturated FAs of the sponges were represented by
the usual isoprenoid FAs, 4,8,12-trimethyltridecanoic acid, phytanic acid and
pristanic acids, their contents varying from 0.5 up to 20 % of the total FAs. Only



LIPIDS OF Phycopsis SPECIES 137

one isoprenoid fatty acid, i.e., phytanic acid, was found in both species (4.06 and
7.92 % in species 1 and 2, respectively).

Monoenes are reported to vary from 2 to 50 % of the FA total content in va-
rious sponge species.1> However, only two monoenes were found in Phycopsis
sp. 1 and only one in Phycopsis sp. 2. Among the six isomers of the C16:1 acid,
C16:1A9 prevailed in most of the species and its relative content was about 3-5 %
on average.1® In Phycopsis sp. 1, the C16:1A9 content was 1.14 % but it was not
found in Phycopsis sp. 2. The content of C18:1A10 was found to be 3.77 % in
Phycopsis sp. 1, but it was also absent in Phycopsis sp. 2. In Phycopsis sp. 2 only
one monoenic acid was found and that was C18:1A15 (2.86 % of the total FA
content), but it was absent in Phycopsis sp. 1.

In some species of sponges, polyenic FAs are represented exclusively by di-
enes. Thus, the ratio of dienes can reach 6-12 % of the FA total, e.g., in the spon-
ges Agelas dispar, Anthosigmella varians and Chondrilla nucula.18 The amount of
5,9-pentacosadienoic acid was found to be 5.54 % in Phycopsis sp. 1 but it was
absent in Phycopsis sp. 2.

Volatile compounds

Volatile compounds often possess valuable biological activities. They serve
as allelochemicals defending the organism from bacteria, fungi and viruses. Ana-
logous to other investigated sponges,17.18 the volatiles in both Phycopsis sp. 1
and 2 appeared to be relatively simple (see Table Il). Phycopsis sp. 2 contained
no saturated n-hydrocarbons, while the amount of saturated n-hydrocarbons was
16.55 % in Phycopsis sp. 1. A number of saturated aliphatic aldehydes were
found in Phycopsis sp. 2, whereas no such aldehydes were found in Phycopsis sp. 1.
Significant concentrations of these compounds are an indication for the partici-
pation of bacteria (coming from the diet or associated with the tissues) in their
formation.18 1,2-Benzenedicarboxylic acid, dioctyl ester constituted 89.49 % of
the total volatiles content of Phycopsis sp. 2, which was absent in Phycopsis sp. 1.
Only one ketone, i.e., (E)-hept-3-en-2-one, was found in Phycopsis sp. 2, which
was absent in Phycopsis sp. 1. Dodecan-1-ol was the only alcohol found in Phy-
copsis sp. 1, whereas trans-2-decenol, an unsaturated alcohol, was found in Phy-
copsis sp. 2. The volatiles in both the species collected at two different locations
were found to differ significantly from each other.

Antibacterial activity

Antibacterial screening of the lipid extract of both species Phycopsis sp. 1
and Phycopsis sp. 2 were performed against different pathogens. The lipid extract
of Phycopsis sp. 1 exhibited trace activity against only Escherichia coli (fish pa-
thogen), while that of Phycopsis sp. 2 showed trace activity against four patho-
gens, i.e., Staphylococcus aureus (human pathogen), S. aureus (fish pathogen),
Micrococcus sp. and E. coli (Fish pathogen).
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TABLE Il. Composition of the volatile compounds in Phycopsis sp. collected at two different
locations

Content, %

Volatiles

Phycopsis sp. 1 Phycopsis sp. 2
Pentanal - 0.28
Hexanal 2.2 0.72
(E)-Hept-3-en-2-one - 5.31
Heptanal - 1.48
Undecane 11.24 -
Undecanal 1.98 -
Dodecane 5.31 -
Dodec-1-ene 16.08 1.25
trans-2-Decenol 1.24 -
Dodecan-1-ol 29.39 -
Non-2-enal 1.53 -
Nonanal - 291
1,2-Dichlorohexane 7.43 -
1,2- Benzenedicarboxylic acid, dioctyl ester - 89.49
Butane, 1-(2,2-dichloro-3-ethylcyclopropyl) - 3.79
Dihydrocitronellol 18.62 -

CONCLUSIONS

From the above studies, it can be concluded that the two specimens of the
Phycopsis genus, collected from same depth but at different locations and having
different morphological features, differ in their volatiles and composition of fatty
acids, as well as in the antibacterial activity of their lipid extracts.
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INOPEBEHE AHTUBAKTEPUICKE AKTUBHOCTU U CAZIPXKAJA NCITAPJBMBUX
MATEPUJA U MACHUX KUCEJIMHA YV MACTHUMA BPCTA Phycopsis
CAKVYIIJBEHUX HA PA3JIMUYUTUM JIOKAITUJAMA BEHI'AJICKOTI" 3AJIMBA
(OBAJIA JIPXXABE OPUCA, MHANJA)

PRAVAT MANJARI MISHRA u A. SREE

Natural Product Department, Institute of Minerals & Materials Technology (Formerly RRL),
Bhubaneswar-751013, Orissa, India

WcnuTHBaH je cajapkaj MaCHHX KHCEJIHMHA M MCIapJbUBUX MaTepHja, Kao M aHTHOAKTepHjcKa
aKTHBHOCT YKYNHHX MacTH H30J0BaHHMX M3 MOpPCKHX cyHBhepa Phycopsis sp. pasmuuuTux Mop-
(bOJIOIIKMX KapaKTepPUCTHKA, CaKyMJ/bEHUX Ha JIBE PassIMIMTE JoKanuje y beHranckom 3anuBy, oba-
na npxase Opuca, Unauja. Canpikaj nuHeapHux 3acuhenux kucenuna y Phycopsis sp. 1 uzHocno
je 30,25 %, mok muxoB canpxkaj y Phycopsis sp. 2 moctmxe 50,33 %. Caapikaj MOHOpa3rpaHaTHX
3acuhenux kucenuna y Phycopsis sp. 1 u sp. 2 usnocuo je 44,87%, onnocuo 38,83 %. Canpxaj
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¢urancke kucenune 6wo je Behm y Phycopsis sp. 2 (7,92 %) uero y Phycopsis sp. 1 (4,06 %).
Komumunna 5,9-nmenrako3aanencke kucenune usnocuna je 5,54 % y Phycopsis sp. 1, mok y Phy-
copsis sp. 2 oBa kucennHa Huje Haljena. OBe BPCTE Pas3iMKyjy je MO CaapkKajy MaCHHX KUCEIHHA K
HCHapJbHBUX MaTepHja, Kao U 10 aHTHOAKTEPUjCKOj aKTHBHOCTH JIMIIUAHUX CKCTpaKaTa.
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Abstract: New series of organotin(IVV) complexes of aniline derivatives, R,SnL,
and R3SnL [where R = Me, n-Bu, Ph, n-Oct] have been synthesized by the
reaction of HL! and HL? with respective organotin halides or oxides. Experi-
mental details for the preparation and characterization (including elemental
analysis, IR and multinuclear NMR (H-, 13C- and 119Sn-) spectra in CDCl5 and
El mass spectra of both series are provided. The binding sites of the ligands
were identified by means of FTIR spectroscopic measurements. It was found
that in all cases the organotin(l\VV) moiety reacts with the oxygen of COO~ group
to form new complexes. In the diorganotin complexes, the COO~ group is co-
ordinated to the organotin(IV) centres in a bidentate manner in the solid state.
The 119Sn NMR data and the "J(13C-119117Sn) coupling constant support the
tetrahedral coordination geometry of the organotin complexes in non-coordi-
nating solvents. Biological activities (antibacterial, antifungal, cytotoxicity, an-
tileishmanial and insecticidal) of these compounds are also reported.

Keywords: organotin(IV) carboxylates; IR; multinuclear NMR (*H, 13C and 119Sn);
mass spectrometry; biological activity.

INTRODUCTION

The chemistry of organotin(IVV) complexes has developed considerably du-
ring the last 30 years, highlighting the syntheses of a number of complexes with
interesting properties.1-3 Organotin carboxylates are widely used owing to their
potential biocidal activity4 and cytotoxicity,® as well as to their industrial and
agricultural applications.6-10 In general, the biocidal activity of organotin com-
plexes is greatly influenced by the molecular structures and coordination number

of the tin atom.11

* Corresponding author. E-mail: drsa54@yahoo.com

doi: 10.2298/JSC0902141S
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The environmental and biological chemistry of organotin(IV) carboxylates
have been the subject of interest for some time, due to their increasingly wide-
spread use in industry and agriculture.12-16 Qur current interest focuses on the
synthesis, characterization and biological studies of different aniline derivatives
of carboxylic acids.

EXPERIMENTAL
Physical measurements

Melting points were determined in capillary tubes using a MP-D Mitamura Riken Kogyo
(Japan) electrothermal melting point apparatus and are uncorrected. Infrared absorption spec-
tra (4000-400 cm-1) were recorded as KBr pellets on a Bio-rad FTIR spectrophotometer.

1H-, 13C- and 119Sn-NMR spectra were recorded on a Bruker AM 250 spectrometer (Ger-
many), using CDClj as an internal reference (6 *H(CDCl3) = 7.25 and 6 13C(CDCls) = 77.0).
Coupling constants (in H,) are given in brackets. 119Sn-NMR spectra were obtained with
Me,Sn as the external reference (8 (Sn) = 37.290665). The numbering schemes for the orga-
notin(1V) derivatives of HL! and HL? are given in Schemes 1 and 2, respectively.

Mass spectral data were measured on a MAT 8500 Finnigan 70 eV mass spectrometer
(Germany).

Materials and chemicals

Organotin compounds are moisture and air sensitive; hence, the reactions were perfor-
med under an inert atmosphere. All the glass apparatus with standard quick fit joints used
throughout the work were cleaned and dried at 120 °C. Di- and tri-organotin(IV) salts were
purchased from Aldrich. All other reagents were of the purest grade available. Solvents were
purified as in previously published methods.}” The anhydrides and 2,4-dinitroaniline were
commercial products and used without further purification.

General procedure for the synthesis of the ligands (HL?, HL2)

A solution of anhydride (1 mmol) in acetic acid (300 ml) was added to a solution of 2,4-
-dinitroaniline (1 mmol) in acetic acid (150 ml) and the mixture was stirred at room tem-
perature overnight. The coloured precipitates formed were filtered off, washed with cold dis-
tilled H,0 (200 ml) and air-dried. The general chemical reaction is given by Egs. (1) and (2).

For HL®:
O
R—NH, + _/<O D GIaCiaI.aceti(_: éCid > R—NH—yJ—CH=CH—é|J—OH
_< ii) Overnight stirring 1)
¢]
For HLZ:

0]
Il

C , - 0 0
\ i) Glacial acetic acid [ I
R—NH, + 0 - " » R—NH—C C—OH
o’ i) Ovemight stirring @ 2)
I
(0]
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where
NO,

R= O,N

General procedure for the synthesis of the di/tri-organotin(IV) complexes

The ligand (5 mmol) was suspended in dry toluene (100 ml) and treated with triethyl-
amine (0.59 ml, 5 mmol). The mixture was refluxed for 2—4 h. To a reaction mixture, diorga-
notin dichloride or triorganotin chloride (2.5 mmol/5 mmol) was added as a solid to the re-
action flask under constant stirring and then refluxed for 8-10 h. The reaction mixture con-
taining EtsNHCI was filtered off such that the filtrate contained the organotin(lV) derivative.
The solvent was removed under reduced pressure using a rotary evaporation (Egs. (3) and (4)).
However, for Oct,Sn(LY/L2),, 5 mmol of the ligand HLY/HLZ2 was suspended in dry toluene
(100 ml), solid Oct,SnO (2.5 mmol) was added under constant stirring and refluxed for 8-10 h.
The formed water was removed via a Dean-Stark trap. After cooling to room temperature, the
solvent was removed under reduced pressure using a rotary evaporator (Eq. (5)).

The general chemical reactions for the synthesis of the di/triorganotin compounds are
given by Egs. (3)-(5).

R,SnCl, + 2HL 2EN > R,SnL, + 2Et;NHCI 3
Et:N o 4
RsSNCI + HL ™ R4SnL + Et;NHCI (4)
R,SnO + 2HL — R,SnL, + H,O (5)
NO, 1
R -CH,
A 8 9l / ooz 13 4
NH—C—CH=CH—C—O—Sn\—R -CH,-CH,-CH,-CH,4
R’ 11 12 13 1415 16 17 18

-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CHj,
R =R for triorganotin JE
1
R = L'for diorganotin @ 14
Scheme 1. NMR numbering scheme for the organotin(lV) derivatives of
4-[(2,4-dinitrophenyl)amino]-4-oxo-2-butenoic acid (HLY).

Biological activity
Antibacterial activities. The antibacterial activities were determined using the agar well
diffusion method.18 Wells (diameter, 25 mm) were made in the media with a sterile borer and
an eight-hour-old bacterial inoculum containing ca. 10*~10° colony forming units (CFU)/mL
was spread on the surface of the nutrient agar using a sterile cotton swab. The recommended
concentration of the test sample (2 mg/mL in DMSO) was introduced into the respective
wells. Other wells containing DMSO and the reference antibacterial drug served as negative
and positive controls, respectively. The plates were incubated immediately at 37 °C for 20 h.
The activity was determined by measuring the diameter (in mm) of the inhibition zone
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showing complete inhibition. Growth inhibition was calculated with reference to the positive
control.

LDs, data of the compounds were determined by the brine-shrimp assay method.!8

Insecticidal activity. The insects were exposed to the test compounds by the contact
method?® using filter paper. Different concentrations of every compound (1 ml) were applied
by micropipette to 90 mm diameter filter papers, which were then placed in petri dishes.
Subsequently, four adult insects of the same size and age of each batch were transferred to the
petri dishes. A control batch was treated with solvent for the determination of the environ-
mental effects. Another batch was supplemented with reference insecticides, i.e., Coopex and
Decis (synthetic pyrethroids). All batches were kept without food throughout the 24 h expo-
sure period, after which the mortality counts were determined.

Antileishmanial activity. Leishmania promastigotes were grown in bulk early in a liquid
medium RPMI-1640 supplemented with 10 % foetal calf serum. At the log phase, the
parasites were centrifuged at 2000 rpm for 10 min and the old medium was discarded. The
parasites were diluted with fresh culture medium to a final density of 106 cells mlI-1. 100 pl of
the culture was added in all the wells, except the first column, which received 180 pl. The last
two rows of the microtiter plate were control containing varying concentrations of standard
antileishmanial compounds, e.g., amphotericin B or pentmidine.

The samples were prepared by dissolving 1.0 mg of the experimental compounds/crude
extract (test sample) in 50 pl of DMSO and diluted up to 1.0 ml with complete medium con-
taining antibiotics.

The method of addition and serial dilution of the samples was applied. Thus, 20 pl of a
solubilised compound was added in to the first well (duplicate or triplicate) and mixed well
with the micropipette. 100 pl of sample was removed and added into the next well, mixed
well, 100 pl removed and added into the next well until the 81" well was reached. The re-
maining 100 pl was discarded. In this manner, the first well received a final concentration of
100 ug ml-L, and the last 0.78 pg ml” of the compound/crude extract to be tested. The plate
was incubated in the dark at 25 °C for 3-5 days (preferably on an orbital shaker).

After 5 days exposure, the drug activity was assessed microscopically using an improved
Neubauer chamber (hemocytometer). Thus, using a micropipette, 10 pl of the culture was re-
moved and transferred to both chambers of the hemocytometer. Starting with chamber “0” of
the hemocytometer, the cells were counted in the 1 mm centre square and the four 1 mm cor-
ner square at a magnification of 40x. The number of cells/ml was determined using the fol-
lowing formula: cells per ml = the average count per squarex10? e.g., if the average counts
per large square was 45 cells, then there were 4.5x10° cells/ml.

The average number of parasites were counted in several negative control wells.19 The
parasites exposed to varying concentration of the test compounds were counted and the % mor-
tality was calculated by the following formula: % survival = (no. of parasites test)x100/(no. of
parasites negative control).

RESULTS AND DISCUSSION

The synthesized complexes were obtained pure in good yields and were air
stable. They were characterized by elemental analysis, IR, multinuclear NMR spec-
troscopy and mass spectrometry and screened to check their biological activity.
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Analytical and spectral characterization

Ligand (HL1). Yield: 85 %; m.p. 127 °C. Anal. Calcd. for C1gH7N307
(M.W. 281): C, 42.70; H, 2.48; N, 14.94 %. Found: C, 42.74; H, 2.50; N, 14.51 %.
IR (KBr, cm~1): 2850 (-OH), 3336 (-NH), 1769 (C=0), 1530 (COO)asym, 1314
(COO)sym, 216 (AV). H-NMR (CDClz, & ppm): 9.15 (d, [2.7] (N2Os-
—CgH3), 4.35 (s, -NH), 8.24 (d, [2.6]), 8.27 (d, [2.6], -CH=CH), 9.10 (s, —OH).
13C-NMR (CDCls, &, ppm): 142.9 (Cq), 132.4 (C5), 118.8 (C3), 129.8 (Cy), 123.8
(Cs), 128.6 (Cg), 163.2 (C7), 152.6 (Cg), 160.2 (Cg), 172.0 (C1g). EIMS (m/z,
(relative abundance, %)): 183 (100) [CgH5N304]*, 99 (20) [C4H303]", 72 (100)
[C3H402]*, 55 (25) [CoHNO], 45 (62) [CHO,]*.

MeoSn(L1), (1). Yield: 75 %; m.p. 119 °C. Anal. Calcd. for CooH1gNgO14Sn
(M.W. 709): C, 37.23; H, 2.53; N, 11.84 %. Found: C, 37.27; H, 2.49; N, 11.80 %.
IR (KBr, cm-1): 3334 (-NH), 1765 (C=0), 1578 (COO)asym, 1452 (COO)sym,
126 (Av), 526 (Sn—C), 408 (Sn-0). IH-NMR (CDCl3, &, ppm): 9.14 (d, [2.4],
N2O4—CgH3), 4.35 (s, -NH), 8.21 (d, [2.8]), 8.24 (d, [2.8], -CH=CH), 0.91 (s
(Sn—CH3). 13C-NMR (CDCl3, &, ppm): 142.0 (C1), 131.1 (C»), 119.0 (C3), 129.4
(Cs), 123.9 (Cs), 128.7 (Cg), 162.2 (C7), 152.4 (Cg), 161.5 (Cg), 176.1 (C1g), 6.4
[535] (C11). EIMS (m/z, (relative abundance, %)): 709 (55) [RoSn(OOCR’),]* or
[M*], 696 (45) [RSn(OOCR’),]*, 183 (82) [CeHsN304]*, 149 (45) [RoSN]*, 134
(55) [RSNn]*, 123 (70) [CeHsNO2]*, 120 (15) [Sn]*, 91 (100) [CgH5N]*, 57 (80)
[CoHoNO].

BuoSn(LL), (2). Yield: 72 %; m.p. 142 °C. Anal. Calcd. for CogH3oNgO14Sn
(M.W. 795): C, 42.26; H, 4.02; N, 10.56 %. Found: C, 42.22; H, 4.06; N, 10.60 %.
IR (KBr, cm=1): 3341 (-NH), 1762 (C=0), 1565 (COO)asym, 1435 (COO)sym,
130 (Av), 538 (Sn-C), 420 (Sn-0). 1H-NMR (CDCl3, &, ppm): 9.08 (d, [2.5],
N2O4—CgH3z), 4.35 (s, -NH), 8.18 (d, [2.6]), 8.48 (d, [2.6], -CH=CH), 0.92 (t)
1.26-1.36 (m), 1.39 (t, Sn—C4Hg). 13C-NMR (CDCls, &, ppm): 142.6 (C1), 131.2
(Cp), 119.4 (C3), 129.5 (Cy), 123.8 (Cs), 128.2 (Cg), 169.5 (C7), 152.1 (Csg),
161.6 (Cg), 175.0 (C1p), 13.5 (C11), 26.3 (C12), 26.9 (C13), 29.6 (C14). 119Sn-NMR
(6, ppm): —138.5. EIMS (m/z, (relative abundance, %)): 711 (55) [R2Sn(OOCR"),]*,
696 (45) [RSn(OOCR"),]*, 149 (45) [R2Sn]*, 134 (55) [RSn]*, 120 (15) [Sn]*,
86 (100) [C4HgO2]*, 57 (90) [C4H0]*.

OctoSn(LY), (3). Yield: 68 %; m.p. 185 °C. Anal. Calcd. for C3gHagNgO14Sn
(M.W. 907): C, 47.62; H, 5.29; N, 9.26 %. Found: C, 47.66; H, 5.34; N, 9.30 %.
IR (KBr, cm~1): 3342 (-NH), 1763 (C=0), 1591 (COO)asym, 1442 (COO)sym, 149
(Av), 536 (Sn-C), 422 (Sn-0). IH-NMR (CDCls, &, ppm): 9.11 (d, [2.6], NoOg—
—CgH3), 4.35 (s, -NH), 8.19 (d, [2.6]), 8.52 (d, [2.6], -CH=CH), 0.89 (t), 1.75-1.80
(m, Sn-CgH13). 13C-NMR (CDCl3, &, ppm): 142.7 (Cy), 131.1 (Cy), 119.0 (C3),
129.7 (Cy), 123.5 (Cs), 128.4 (Cg), 165.6 (C7), 152.5 (Cg), 161.7 (Co), 177.9
(C10), 14.0 (C11), 24.8 (C12), 26.3 (C13), 27.0 (C14), 29.1 (C15), 29.6 (C1p), 31.8
(C17), 37.0 (C1g). 119Sn-NMR (&, ppm): —=127.4. EIMS (m/z, (relative abundance,
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%)): 907 (45) [R2Sn(OOCR")7]*, 794 (35) [R2Sn(OOCR")2]*, 345 (40) [RoSn]t,
232 (25) [RSn]*, 183 (78) [CgH5N304], 120 (12) [Sn]*, 86 (60) [C4HEO2]" 57
(100) [CoH2NO]*, 43 (70) [C2H30]™.

MezSnLl (4). Yield: 78 %; m.p. 101 °C. Anal. Calcd. for C13H16N307Sn
(M.W. 445): C, 35.05; H, 3.59; N, 9.43 %. Found: C, 35.01; H, 3.63; N, 9.39 %.
IR (KBr, cm1): 3332 (-NH), 1774 (C=0), 1589 (COO)asym, 1462 (COO)sym, 127
(Av), 532 (Sn-C), 418 (Sn-0). IH-NMR (CDCls, &, ppm): 9.12 (d, [2.6], NoOg—
CgH3), 4.35 (s, -NH), 8.18 (d, [2.5], 8.94 (d, [2.5], -CH=CH), 0.65 (s, [57, 60],
(Sn—CH3). 13C-NMR (CDCl3, &, ppm): 148.6 (C1), 131.8 (C»), 119.1 (C3), 129.7
(Cy), 123.7 (Cs), 128.9 (Cg), 169.5 (C7), 152.6 (Cg), 161.4 (Cg), 178.2 (C1p), -1.4
[382,394] (C11). 119Sn-NMR (&, ppm): 144.7. EIMS (m/z, (relative abundance,
%)): 445 (50) [R3SNOOCR’]*, 430 (40) [R2.SnOOCR’]*, 415 (60) [RSNOOCR'TY,
183 (75) [CeHs5N304]", 164 (35) [R3Sn]*, 149 (38) [R2Sn]t, 120 (10) [Sn]*, 154
(80) [CgH1003]™, 57 (100) [C2H2NO]Y, 43 (76) [CoH30]™ .

BusSnL1 (5). Yield: 70 %; m.p. = 165 °C. Anal. Calcd. for CooH34N307Sn
(M.W. 571): C, 46.23; H, 5.95; N, 7.35 %. Found: C, 46.27; H, 5.90; N, 7.39 %.
IR (KBr, cm~1): 3330 (-NH), 1760 (C=0), 1545 (COO)asym, 1416 (COO)sym, 129
(AV), 540 (Sn-C), 426 (Sn-0). IH-NMR (CDCls, &, ppm): 9.11 (d, [2.5], NoOg—
CgH3), 4.35 (s, -NH), 8.19 (d, [2.6]), 8.46 (d, [2.6], -CH=CH), 0.93 (t), 1.27-1.36
(m), 1.63 (t, Sn-C4Hg). 13C-NMR (CDCl3, &, ppm): 142.2 (C4), 132.3 (Cy), 119.2
(C3), 129.7 (Cy), 123.9 (Cs), 128.3 (Cg), 169.3 (C7), 152.3 (Cg), 161.2 (Cy),
175.6 (Cqq), 17.4 [325, 341] (C11), 26.8 [22.4] (C12), 27.8 [62.6, 65.2] (C13),
29.6 (C14). 119Sn-NMR (&, ppm): 152.2. EIMS (m/z, (relative abundance, %)):
571 (20) [R3SNOOCR’]*, 514 (40) [R2SNOOCR’T*, 290 (35) [R3Sn]*, 233 (45)
[RoSN]*, 183 (75) [CeHs5N304]*, 120 (25) [Sn]t, 86 (55) [C4HgO-]*, 57 (100)
[CoHoNO]H, 43 (76) [CoH30]™ .

PhsSnL1 (6). Yield: 72 %; m.p. 95 °C. Anal. Calcd. for CogH2oN307Sn (MW,
779): C, 43.13; H, 2.82; N, 5.39. Found: C, 43.17; H, 2.78; N, 5.34. IR (KBr,
cm-1): 3339 (-NH), 1772 (C=0), 1555 (COO)asym, 1420 (COO)sym, 135 (A¥), 411
(Sn-0). 1H-NMR (CDCl3, &, ppm): 9.12 (d, [2.6], NoO4—~CgH3), 4.35 (s, —NH),
8.15 (d, [2.5]), 8.38 (d, [2.6], -CH=CH), 7.48-7.75 (m, Sn—CgHs); 13C-NMR
(CDCls3, o6, ppm): 142.2 (C1), 130.3 (Cp), 119.1 (C3), 129.5 (Cy), 124.0 (Cs),
128.5 (Cg), 169.5 (C7), 152.4 (Cg), 161.3 (Cg), 176.4 (C1p), 137.4 (C11), 136.1
(C12), 129.0 (C13), 128.7 (Cy4). 119Sn-NMR (5, ppm): -52.4. EIMS (m/z,
(relative abundance, %)): 631 (30) [R3SnOOCR’T*, 554 (20) [R2SnOOCR']Y,
350 (45) [R3Sn]*, 273 (50) [RoSn]*, 196 (45) [RSn]*, 120 (15) [Sn]*, 154 (80)
[CgH1003]t, 57 (100) [CoH3NO]*.

Ligand (HL2). Yield: 84 %; m.p. 138 °C. Anal. Calcd. for C14HgN3O7
(M.W. 331): C, 50.75; H, 2.71; N, 12.68 %. Found: C, 51.71; H, 2.67; N, 12.64
%. IR (KBr, cm™1): 3189 (-OH), 3325 (-NH), 1790 (C=0), 1584 (COO)asym.
1328 (COO)sym, 256 (Av). IH-NMR (CDCl3, &, ppm): 7.94 (m, N2O4—CgHz),
4.12 (s, -NH), 8.04 (m, -CO-CgH4s—CO), 8.26 (s, —OH). 13C-NMR (CDCls3, 4,
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ppm): 162.7 (C1), 118.9 (Cp), 129.9 (C3), 123.9 (C4), 128.5 (Cs), 131.3 (Cg),
142.0 (C7), 129.1 (Cg), 152.5 (Cyg), 136.0 (C10,10°), 129.7 (C11,11°), 170.5 (Cq2).
EIMS (m/z, (relative abundance, %)): 183 (100) [CgH3N3O4]*, 153 (24)
[CsH5NO4]T, 107 (16) [C7H70]t, 91 (25) [CgHsN]*.

NO, 3
3 2 ? (I? R -CH,
4 1 7 8 9 12 / 34 1516
O,N NH—C- CRO—SH—R . Ch-Cr,eCH,

5 6 13 14 15 16 17 18 19 20
-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CHj;
‘ . . 14_1s
R = R for triorganotin s
R = L*or diorganotin 0

Scheme 2. NMR numbering scheme for organotin(lIV) derivatives of
2-{[(2,4-dinitrophenyl)amino)]carbonyl}benzoic acid (HL?).

MeoSn(L2), (7). Yield: 65 %; m.p. 148 °C. Anal. Calcd. for C3gH24NgO14Sn
(M.W. 811): C, 44.38; H, 2.95; N, 10.35 %. Found: C, 44.42; H, 2.91; N, 10.31 %.
IR (KBr, cm1): 3318 (-NH), 1791 (C=0), 1581 (COO)asym, 1422 (COO)sym,
159 (Av), 522 (Sn-C), 416 (Sn—0). 1H-NMR (CDCl3, &, ppm): 7.74 (m, NoOg4—
CgH3), 4.11 (s, -NH), 8.33 (m, -CO-CgH4s—CO), 1.26 (s, Sn—CHs). 13C-NMR
(CDCl3, o, ppm): 142.5 (Cyq), 119.7 (Cp), 129.2 (Cg3), 123.7 (Cy4), 128.4 (Cs),
131.5 (Cg), 165.0 (C7), 128.4 (Cg), 152.6 (Cy), 137.3 (C10,10°), 127.2 (C11.117),
172.7 (C12), 8.4 [532] (C13). 119Sn-NMR (8, ppm): —185.6. EIMS (m/z, (relative
abundance, %)): 167 (52) [CeH3N2Og]*, 149 (6) [SnR2]*, 121 (8) [SnH]*, 91
(84) [CeHsN] ™, 86 (90) [CaHgO2]", 84 (100) [C4H402]*, 77 (8) [CeHs] ™.

Bu,Sn(L2), (8). Yield: 79 %; m.p. 179 °C. Anal. Calcd. for C3gH3gNgO14Sn
(M.W. 895): C, 48.26; H, 4.02; N, 9.38 %. Found: C, 48.22; H, 4.06; N, 9.42. IR
(KBr, cm=1): 3323 (-NH), 1783 (C=0), 1578 (COO)asym, 1430 (COO)sym, 148 (A ),
528 (Sn-C), 412 (Sn-0). IH-NMR (CDCl3, &, ppm): 7.91 (m, NpO4—CgH3), 4.10
(s, —-NH), 8.03 (m, -CO-CgH4—CO), 1.35 — 1.38 (m), 1.93 (t, Sn—C4Hg); 13C-NMR
(CDCls3, 6, ppm): 142.6 (C1), 121.3 (Cp), 129.5 (C3), 123.9 (Cy), 128.2 (Cs),
131.1 (Cs), 167.2 (C7), 128.2 (Cg), 152.4 (Cy), 136.2 (C10.10°), 124.5 (C11.11"),
176.2 (C12), 14.0 (C13), 22.6 (C14), 29.3 (C15), 31.8 (C16). 119Sn-NMR (5, ppm):
-137.5. EIMS (m/z, (relative abundance, %)): 267 (100) [CeH3N2>Og]*, 233 (8)
[SnR2]*, 176 (9) [SnR]*, 77 (67) [CeH5]*, 57 (84) [CaHo]*.

OctoSn(L2); (9). Yield: 66 %; m.p.135 °C. Anal. Calcd. for C44Hs5NgO14Sn
(M.W. 1007): C, 52.43; H, 5.16; N, 8.34 %. Found: C, 52.47; H, 5.12; N, 8.38 %.
IR (KBr, cm~1): 3320 (-NH), 1793 (C=0), 1569 (COO)asym, 1428 (COO)sym, 141
(Av), 530 (Sn—-C), 418 (Sn-0). IH-NMR (CDCls, &, ppm): 7.93 (m, NoO4—~CgH3),
4.12 (s, -NH), 8.02 (m, -CO-CgH4—CO), 0.90, 1.17 — 1.28 (m), 1.72-1.78 (m,
Sn—CgH13). 13C-NMR (CDCl3, &, ppm): 142.2 (C4), 118.9 (Cp), 129.1 (Cy3),
123.7 (Cy), 128.4 (Cs), 131.4 (Cg), 167.4 (Cy), 128.4 (Cg), 152.9 (Cq), 136.5
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(C1010), 124.6 (C11.11), 177.4 (Cy1p), 14.1 (Cy3), 22.6 (C14), 25.8 (C15), 26.2
(C16), 29.3 (C17), 29.3 (C1g), 31.8 (C19), 33.4 [101] (Cy). 119Sn-NMR (&, ppm):
-139.2. EIMS (m/z, (relative abundance, %)): 345 (4) [SnR>]*, 232 (3) [SnR]™,
167 (67) [CeH3N204]*, 91 (18) [CeHsN]*, 85 (56) [C4H50,]*, 57 (100) [C4Ho]*.

Me3SnL2 (10). Yield; 72 %; m.p. 101 °C. Anal. Calcd. for C17H1gN307Sn
(M.W. 495): C, 41.21; H, 3.63; N, 8.48 %. Found: C, 41.25; H, 3.67; N, 8.52 %.
IR (KBr, cm~1): 3326 (-NH), 1780 (C=0), 1593 (COO)asym, 1415 (COO)sym, 178
(Av), 542 (Sn—C), 422 (Sn-0). IH-NMR (CDCls, &, ppm): 7.92 (m, NoO4—~CgH3),
4.11 (s, -NH), 8.66 (m, —-CO-CgH4—CO), 0.88 (s, [57], Sn—CHj3). 13C-NMR
(CDCl3, o, ppm): 142.6 (C1), 119.6 (C»), 129.4 (C3), 123.6 (C4), 128.0 (Cs),
131.5 (Cg), 165.2 (C7), 128.0 (Cg), 152.4 (Cy), 136.2 (C10,10"), 125.2 (C11.11"),
171.4 (C19), -1.6 [383,395] (C13). 119Sn-NMR (&, ppm): 111.6. EIMS (m/z, (re-
lative abundance, %)):166 (22) [CgH2N204]*, 164 (16) [SnR3]*t, 149 (28) [SnRo]*,
134 (6) [SnR]*, 120 (7) [Sn]*, 91 (11) [CeH5N]*, 77 (37) [CeHs]t, 57 (100)
[C4Ho]™.

Ph3SnL2 (11). Yield: 55 %; m.p. 163 °C; Anal. Calcd. for CzpH24N307Sn
(M.W. 681): C, 56.38; H, 3.52; N, 6.16 %. Found: C, 56.34; H, 3.48; N, 6.20 %.
IR (KBr, cm~1): 3324 (-NH), 1788 (C=0), 1572 (COO)asym, 1410 (COO)sym, 162
(AV), 425 (Sn-0). 1H-NMR (CDCl3, &, ppm): 7.95 (m, NoO4—CgHz3), 4.13 (s,
-NH), 8.65 (m, -CO-CgH4-CO), 7.28-7.59 (m, Sn—CgHs). 13C-NMR (CDCl3, &
[117/1195n-13C], ppm): 142.1 (Cq), 118.2 (Cy), 129.5 (C3), 123.7 (Cy), 128.4
(Cs), 131.2 (Cg), 168.8 (C7), 128.4 (Cg), 152.7 (Cg), 136.4 (C10,10"), 125.5
(C11,117), 182.1 (Cyp), 136.2 [46, 48] (Cy3), 135.8 (C14), 128.0 [62, 65] (C15),
127.5 [13] (C16). 119Sn-NMR (8, ppm): —109.75.; EIMS (m/z, (relative abundan-
ce, %)): 350 (4) [SnR3]*, 315 (10) [C14HgN306]*, 309 (95) [CogH2503]*, 273
(5) [SnR2]*, 196 (7) [SnPh]*, 154 (100) [CgH100Os]*, 120 (10) [Sn]*, 77 (20)
[CeHs]™.

Infrared spectra

The FTIR data are consistent with the formation of compounds with the
composition RoSnL, and R3SnL. The carboxylate groups of the ligand coordi-
nate to the metal ion in different modes as shown in Scheme 3.20 The disap-
pearance of a broad band in the spectra of the complexes in the region 3200-
—-2800 cm~1, which was present in the free ligands, suggests deprotonation of the
free COOH group upon complexation. The bonding of the tin(IV) to the ligand
was confirmed by the presence of Sn—O bands in the range of 426-408 cm-1.21
Sn—C absorption bands in the region of 542-520 cm~1 were observed in all com-
plexes.

Based on the difference between COO)sym and NCOO)asym and the cor-
responding band position, it is proposed that the carboxylate group acts as bi-
dentate in all these complexes in the solid state.22 According to Lebl et al.,23 the
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values Av (Av = v (COO)asym — UCOO)sym) can be divided into three groups:
(a) when AV(COO) > 350, the compounds contain, with a high probability, a mo-
nodentate carboxylate group. However, other very weak intra- and intermolecular
interactions cannot be excluded; (b) when AYCOO) < 200, the carboxylate groups
of these compounds can be considered to be practically bidentate; (c) compounds
where AWCOO) is between 350 and 200 are considered as intermediate between
monodentate and bidentate, which is called anisobidentate. It has also been sug-
gested that the AY{COOQ) value in the chelating mode is less than A1{CQOOQ) in the
bridging mode.20 Some characteristic vibrational frequencies of different groups
fall within the range {C=0) 1793-1762 cm* and (N-H) 3342-3320 cm~_.

M—O 0 M-0
‘c—R M Sc—r Y—R
Vi N 7 o
0] 0 M—0
1 2 3

Scheme 3. Possible coordination modes of the carboxylate group to the metal.

1H-NMR spectra

The 1H-NMR spectra for the investigated compounds were recorded in deu-
terated chloroform at room temperature. Different protons were assigned based
on their multiplicity and intensity patterns. The integration of the spectra was in
accordance with the number of protons proposed for each molecular fragment.
The 1H-NMR spectra of the complexes exhibited useful features.

In the studied complexes, the COOH resonance of the ligands was absent,
which suggests the replacement of the carboxylic proton by the organotin(1V)
moiety. Charge donation from the COO- donor to the tin atom decreased the
electron density and resulted in a deshielding of the ligand protons. Singlets and
multiplets were observed in the case of the methyl and phenyl groups, respec-
tively. Simultaneously, the signals of the aromatic protons were shifted down-
field because of the ring current effect. The aromatic protons of the phenyl group
and the benzoate group were assigned with difficulty due to the narrow range on
the NMR scale, hence the phenyl group gave a multiplet due to a complex
pattern. The alkyl groups bonded to tin were assigned in their characteristic ran-
ge. The NJ(119Sn,1H) for the dimethyl and trimethyltin(1V) derivatives had appro-
ximately the same value, confirming a tetrahedral environment in solution, i.e.,
the carboxylate groups act as monodentate in solution. The "J(1H,1H) values for
the different compounds suggest that the protons of the ethylene group (HC=HC)
were in the cis-position.24 In all diorganotin(1V) and triorganotin(IV) derivatives,
the —NH resonance was observed as a broad or a sharp weak signal. The aromatic
proton resonances were assigned by comparing the experimental chemical shifts
with those calculated by the incremental method.2® In triorganotin carboxylates,
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the 2J[119Sn,1H] values for the triorganotin compounds suggest tetrahedral geo-
metry (Fig. 1(a)) of the tin atom.

Unlike the triorganotin carboxylates in solution, the geometry of diorganotin
dicarboxylates cannot be defined with certainty because of dynamic processes
involving different modes of coordination of the carboxylate oxygens to the tin
atom.26 However, in the solid state, the tin atom is mostly hexa-coordinated in
such systems (Fig.1(b)).2”

0 T‘ 0 l‘{ 0
d S N e
n d
R R R
(a) (b)

Fig. 1. Suggested structures of the complexes.

13C-NMR spectra

The 13C-NMR spectra of the organotin(IV) derivatives are consistent with
the following observations:

According to 13C-NMR data, the involvement of the carboxylate group in
the bonding to Sn was confirmed by the resonance of the carboxylic carbon in all
the compounds, which exhibited a lower shift after coordination as compared
with the ligands, suggesting the coordination of the ligand through a carboxylic
oxygen to the organotin(lV) moiety. The remaining carbons did not shift signi-
ficantly after complexation.

The carbon of the phenyl and alkyl groups attached to tin were observed at
almost similar positions as calculated by the incremental method24 and reported
in the literature.28-32 Two resonances were observed in the expected range for
the carboxyl and amide groups.

The tributyltin and trimethyltin complexes of the present investigation ex-
hibit 1J(13C,117/1198n) coupling satellites in the range 325-363 Hz in CDCl3
solution, suggesting that the tin atom is four-coordinated in solution.33-36

1195n-NMR spectra

The 119Sn chemical shifts of the organotin compounds covered a range
0+600. As the electron releasing power of the alkyl group bonded to tin in-
creases, the tin atom becomes progressively more shielded and the §119Sn) value
moves to a higher field.37 It was reported earlier that 119Sn-NMR is also a po-
werful technique and the value of &119Sn) is directly linked to the coordination
number of the central tin atom.38

In all the complexes, the 119Sn spectra show only a sharp singlet, indicating
the formation of single species. In general, the 119Sn chemical shifts move to
lower frequency with increasing coordination number, although the shift ranges
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are somewhat dependent on the nature of the substituents at the tin atom. In all
the complexes, the 119Sn chemical shift values for the triorganotin complexes
agree well with a tetrahedral environment around the tin atom in non-coordinated
solvents, whereas those of the diorganotin complexes indicate penta coordina-tion,
i.e., the tendency towards increased coordination number decreases as the num-
ber of R groups increases. However, in solution, such structures appear four-co-
ordinate, the additional coordination from the carbonyl oxygen to tin being lost.39

Mass spectrometry

Mass spectra for the investigated compounds were recorded at 70 eV for all
di- and tri-organotin(1V) derivatives. Molecular ion peaks of very low intensity
are observed in few complexes.40 In the di- and tri-organotin(IV) derivatives, a
rather similar pattern of fragmentation was observed. In both cases, primary frag-
mentation was due to the successive loss of R groups followed by the elimination
of CO, from the ligand and then the remaining part of the ligand, which leaves
Sn* or SnH* as the end product. The second route of fragmentation was the loss
of CO; and other neutral species, which ultimately gives [CgHs]™* in the first step.
Another possible route is the disintegration of the ligand and stepwise elimina-
tion of R groups to Sn* or SnH* as the residue.

Biological activity

The results of the antibacterial activities are given in Table I. The screening
tests show that the phenyltin carboxylates were the most potent candidates
against the tested bacteria. The activity of the other derivatives varies according
to their R groups.

TABLE I. Antibacterial activity data for R,Sn(L1),/R,Sn(L2), and R3SnL1/R5SnL2
Zone of inhibition, mm

Bacterium Compound number

1 2 3 4 5 6 7 8 9 10 11
Escherichia coli 0 - 10 14 14 20 - - 16 - 10
Bacillus subtilis 0 - 12 - 14 10 - - 27 - 10
Shigella flexenari 0 - 14 14 - - - - 18 - -
Staphylococcus aureus - - 14 20 - - - - 14 - -
Pseudomonas aeruginosa — - - - 14 16 - - 18 - 16
Salmonella typhi 10 - 14 10 - - - - 20 - 18

The LDsg data are summarized in Table 11. A previous report4l showed that
the nature of the organic group is responsible for the toxicity of organotin com-
pounds. Compound 5 did not show any toxicity at all.

The insecticidal activity data of the compounds are given in Table Ill. The
trimethyltin(1V) carboxylate of HL2 was inactive against the tested insects, while
the other organotin(lIV) carboxylates exhibited activity. This can be explained as
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follows: as the length or number of the R group increases, the activity also in-
creases.

TABLE Il. Cytotoxicity data for R,Sn(L1),/R,Sn(L?), and R3SnLY/R3SnL2 (standard drug:
etoposide, LDg = 7.4625 pg/ml)

Compound 1 2 3 4 5 6 7 8 9 10 11
LDsp/pugmlt 864 914 800 799 - 518 16.89 16.89 13.92 14.29 18.19

TABLE IlI. Insecticidal data for R,Sn(L1),/R,Sn(L2), and R3SnL1/R3SnL2. Concentration of
samples: 1571.2 pg/ml. Standard drug: Permethrin (235.7 ug/ml)

Compound 1 2 3 4 5 6 7 8 9 10 11
ICs/ug/ml 6212 — 6571 6450 6480 — 60 65 67.8 655 65

Leishmaniases is a class of diseases caused by protozoan haemoflagellates of
the genus Leishmania. The disease is transmitted by female sandflies (Phlebo-
tomus or Lutzomya) that feed on the blood of an animal or human host. The
disease occurs in most tropical and sub-tropical areas of the world. The anti-
leishmanial activity data of the complexes are given in Table V. All the com-
pounds showed antileishmanial activity with a few exceptions.

TABLE IV. Antileishmanial activity data for R,Sn(L1),/R,Sn(L2), and R3SnL1/R3SnL2. Test
Organism-Leishmanial major (DESTO). Standard drug: Amphotericin B (0.19 ug/ml)

Compound
Insect
1 2 3 4 5 6 7 8 9 10 11
Tribolium castaneum 25 25 25 25 25 25 40 20 25 - 20
Sitophilus oryzae 25 25 25 25 25 25 - - 25 - 20
Rhyzoperthadominia 50 50 20 25 - 25 25 - 25 - -
Callosbruchus analis 25 25 25 25 25 22 25 - 60 - 40

CONCLUSIONS

The synthesis of RoSnLo and R3SnL resulted in compounds with a 1:1 or 1:2
metal-to-ligand ratio in good yield. The FTIR data evidenced the formation of
well-defined complexes by the appearance of the Sn—O band. The NMR data
were analyzed and almost all their signals were assigned. The di- and tri-orga-
notin complexes were proposed to have penta- and tetra-coordinated geometry
around tin atom in solution, confirmed by the 13C,117/1199 satellites, as well as
1H- and 119Sn-NMR data. The results demonstrated that the effect of different
alkyl groups was minor. The screening results show that the reported complexes
1-11 exhibited good biological activity with a few exceptions.

Acknowledgement. S. A. is grateful to Pakistan Science Foundation for the grant No. PSF/R
& D/C-QU/Chem (270).
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U3BOA

CUHTE3A, KOOPAUHAITUJA 1 BUOJIOLLIKY ACITIEKTU OPTAHOKAJIAJ(IV) AEPUBATA
4-[(2,4-AUHUTPOD®EHNIT)AMUHO]-4-OKCO-2-BY TEHCKE AKPUJIHE KVUCEJIMHE U
2-{[(2,4-TMHUTPODPEHUNIT)AMNHO]KAPEOHNJT} BEH30EBE KUCEJIMHE

KHADIJA SHAHID?, SAIRA SHAHZADI? u SAQIB ALI

1Department of Chemistry, Quaid-i-Azam University, Islamabad — 45320 « 2Department of Chemistry,
GC University, Faisalabad, Pakistan

CunrerncaHa je HoBa cepuja opranokainaj(lV) kommiekca aHWIMHCKUX JepuBata, RoSnl, u
RsSNL [rze je R = Me, n-Bu, Ph, n-Oct], peakumjor HL! u HL? ca omrosapajyhum opraxo-
KaJlajHUM XaJOTCHHANMA WM OKcHauMa. JlaTH Cy eKCIIepUMEHTAlHH JeTajbl 3a Ho0Hjame U Ka-
paxTepmsauujy (ykibyayjyhu enementanny ananusy, IR u mynruaykieapay NMR (1H, 13C u 1199n
ciektpu y CDCl3) u El macene criektpe) obe cepuje. Besyjyha mecra nuranaga cy naeHTH(UKO-
Bana nomohy FTIR crekrpockonckux Mepema, n Hal)eHo je Ja y CBUM CllydajeBuMa opraHoKanaj-
uu(IV) neo pearyije ca kuceonnkom COO™ rpyrie rpaiehn HOBe KOMILIEKCE. Y THOPraHOKAIajHUM KOM-
iekcuMa y upcrom crary COO™ rpyna je koopauHoBaHa 3a opranokanaj(lV) uentpe kao oumueH-
ar. 11°Sn-NMR nopamu u "J(23C-119117Sn) koncranTa kymmosama y ckIamy Cy ca TeTpaciap-
CKOM KOOPJHHAIHOHOM T€OMETPUjOM OpraHOKalajHHX KOMIUIEKCAa y pacTBapadnMa KOju Hemajy
KOOpAMHAIMOHA CBOjCTBa. Takohe je oOjaBibeHa GHOIOIIKA aKTHBHOCT OBUX jeNIberhba (aHTHOAK-
TEepHjCKa, aHTH(YHIATHA, HHCEKTUIIMHA, IIMTOTOKCHYHOCT | IIPOTHB MPOTO30a U3 poja Leishmania).

(Mpumiseno 29. pebpyapa, pesuaupano 13. jyna 2008)
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SHORT COMMUNICATION
Stability order of isomeric benzenoid hydrocarbons
and Kekulé structure count
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Abstract: The commonly accepted opinion that the thermodynamic stability of
isomeric benzenoid hydrocarbons (assessed by their total n-electron energy and
various resonance energies) increases with increasing number of Kekulé struc-
tures is shown to be violated in numerous cases. The smallest examples of such
anomalous behavior are two hexacyclic pericondensed benzenoids of formula
C,4H14 and several pairs of heptacyclic catacondensed benzenoids of formula
CaoHys.

Keywords: total n-electron energy; Kekulé structures; benzenoid hydrocarbons.

INTRODUCTION

One of the basic postulates of resonance theory?! is that the thermodynamic
stability of isomeric conjugated molecules increases with the number K of Ke-
kulé structural formulas. In the early days of quantum chemistry,2-4 it was dis-
covered that concepts from resonance theory occur also within the molecular or-
bital theory of benzenoid hydrocarbons. Knowing this, it was then natural to anti-
cipate that the (molecular orbital) total n-electron energy (E) and the various
(molecular-orbital-based) resonance energies of benzenoid hydrocarbons are all
somehow proportional to K. The first approximation in which E was related with
K was put forward® already in the 1940s, and was eventually followed by a large
number of other researches in the same direction. Of these are especially relevant
those of Hall (claiming that the relation between E and K is linear),6.7 of Cio-
slowski (claiming that the parameter influencing E is K2/, where n is the number
of carbon atoms)8-12 and of some other authors13-15 (according to whom E de-
pends on K in a logarithmic manner). After painstaking studies,16-21 the linear
Hall rule has prevailed, although later work22-26 required its significant modi-
fication. Details of the examination of the (E/K) dependence in benzenoid sys-

*Corresponding author. E-mail: gutman@kg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0902155R
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tems are found in the reviews27.28 and references quoted therein. For some recent
related investigations along these lines see the papers.29-34

All the earlier numerical studies on the (E/K) dependencel8,20,22-26,29-31,33
were performed on large sets of benzenoid isomers, and the conclusions drawn
were based on statistical inferences. It is remarkable that until now nobody
checked if the simple relation:

K(A) > K(B) = E(A) > E(B) 1)

holds for all pairs A,B of benzenoid isomers. In this study, this checking was per-
formed and it was found that Condition (1) is violated in a large number of cases.

It should be noted that the Requirement (1) is weaker than any of the assu-
med and previously considered approximate analytical relations between E and
K. Thus, if (1) is violated, then each of these relations between E and K is vio-
lated. A violation of (1) was reported3® already in the 1970s, but for acyclic sys-
tems (for which the Kekulé structure count is either 1 or 0).

VIOLATIONS FROM CONDITION (1)

The present systematic numerical testing revealed that Condition (1) is, in-
deed, satisfied by all catacondensed benzenoid hydrocarbons with six and fewer
hexagons and by all pericondensed benzenoids with five and fewer hexagons.
This fact, combined with the a priori expectations originating from the resonance
theory, was probably the reason for overlooking the violations from (1) until
now. Anyway, the two smallest benzenoid hydrocarbons violating Condition (1)
are benzo[b]perylene and dibenzo[de,gr]naphthacene, depicted in Fig. 1. This is
the only such pair with six hexagons that was found.

1 2

E =34.0059 E=34.0070
K=16 K=15
Fig. 1. Dibenzo[de,qr]naphthacene (1) and benzo[b]perylene (2), both with the formula
Co4H14, are the smallest pair of benzenoid isomers for which Condition (1) is violated;
E = HMO total n-electron energy;228 K = Kekulé structure count. The energy
difference of 1 and 2 of ca. 0.001 g-units implies that their heats of formation
should differ by 0.15 kd/mol; for details see in the book.36

Among the heptacyclic benzenoids, violations from Condition (1) are quite
numerous. In the set of heptacyclic catacondensed benzenoids, C3gH1g, already
69 pairs that violate (1) were found. There are a total of 118 such benzenoid hyd-
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rocarbons, forming 6903 pairs. Thus, roughly 1 % of these violate Condition (1).
A characteristic example is shown in Fig. 2.

Among the 62 heptacyclic Kekuléan pericondensed benzenoids of formula
CogH1g, 30 pairs were found that violate Condition (1), which is around 1.5 % of
the total number of pairs (= 1891). Among the 9 heptacyclic Kekuléan pericon-
densed benzenoids of formula CogH14, there is not a single violation from Con-
dition (1). Details can be obtained from the authors, upon request.

3 4 5
E=42.2356 E=42.2609 E=422613
K=25 K=26 K=24
Fig. 2. Three catacondensed benzenoid systems that violate Condition (1): benzo[2,1-a:3,4-a’]-
dianthracene (3), anthra[1,2-a]benz[h]anthracene (4), and phenanthro[9,10-a]naphthacene
(5), all with the formula CzoH1g; E and K are the same as in Fig. 1. Note that the difference
between the heats of formation of 3 and 5 was estimated3® to be 3.5 kJ/mol. In fact,
because of the non-planarity of 3 and steric strain, the stability difference
between 3 and 5 should be even greater (in favor of 5).

CONCLUDING REMARKS

The often repeated claim that “the greater is the Kekulé structure count, the
greater is the (thermodynamic) stability of a benzenoid hydrocarbon” is simply
not true. What is true is that within sets of isomeric benzenoid hydrocarbons
there is a (statistically significant) trend that the thermodynamic stability in-
creases with the number of Kekulé structures, but this does not mean that each
member of the set with a greater Kekulé structure count is more stable than each
member with a smaller Kekulé structure count.

Most remarkable in the above stated “discovery” is that is was not stated in
the 1960s or 1970s, but only at the beginning of the 215t century.

U3BOJ
CTABMJIHOCT M30MEPHUX BEH3EHOU/IHUX YT JbOBOJJOHUKA
1 BPOJ KEKULE-OBUX CTPYKTYPA
CJIABKO PAJIEHKOBWH n UBAH T'YTMAH
TpupooHo—maitiemaitiuuku pakyaitieiti Ynusep3auitieitia y Kpazyjesuy, ii.ip. 60, 34000 Kpazyjesay,

IToka3zaHo je Ja O] OIIITE YCBOJEHOT CXBaTama Ja je TEPMOANHAMHYKA CTaOMIHOCT H30Mep-
HUX GEH3EHOMIHUX YrJbOBOAOHHKA (KOja ce MpPOLEHYje HAa OCHOBY YKYIIHE T-€JIEKTPOHCKE €Hep-
r'Hje U pa3sHUX eHepruja pe3oHaniumje) TuM Beha o je Behu 6poj Kekulé-oux crpykrypa, mocroje
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OpojHa oacTynama. HajMamyi npuMepr OBaKBOT aHOMAJIHOT ITOHAIIAkha Cy 1Ba XCKCALMKINYHA T1e-
puKoHAeH30BaHA OeHzeHomaHa cuctema (opmyine CouHiy 1 Behm Opoj mapoBa XeNTAIMKIMIHUX
KaTaKOHJEeH30BaHNX OeH3eHouIHKX cucTema popmyie CagHyg.
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Spectrophotometric determination of the acidity constants of
calcon in water and mixed water—organic solvents
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Abstract: The acid-base properties of calcon (1-(2-hydroxy-1-naphthylazo)-2-
-naphthol-4-sulfonic acid) in water and mixed water—organic solvents at 25 °C
at an ionic strength of 0.10 M are studied by a multiwavelength spectrophoto-
metric method. The organic solvents used were the amphiprotic (methanol),
dipolar aprotic (dimethylsulfoxide), and low basic aprotic (acetonitrile). To eva-
luate the pH absorbance data, a resolution method based on the combination of
soft- and hard-modeling was applied. The acidity constants of all related equi-
libria were estimated using the whole spectral fitting of the collected data to an
established factor analysis model. The data analysis program Datan was ap-
plied for determination of the acidity constants. The corresponding pK, values
were determined in water and mixed water—organic solvents. Linear relation-
ship between the acidity constants and the mole fraction of the different sol-
vents in the mixtures exist. The effect of solvent properties on acid—base be-
havior is discussed.

Keywords: calcon; Datan; spectrophotometry; organic solvents; acidity cons-
tants.

INTRODUCTION

The accurate determination of acidity constant values is often required in va-
rious chemical and biochemical areas. These are of vital importance in under-
standing the distribution, transport behavior, binding to receptors and mechanism
of action of certain pharmaceutical preparation.1.2 The acidity constants of orga-
nic reagents play a very fundamental role in many analytical procedures, such as
acid-base titrations, solvent extractions and complex formation. However, in de-
termining of acidity constants of these molecules, several drawbacks, such as low

*Corresponding author. E-mail: mazloum@yazduni.ac.ir

doi: 10.2298/JSC0902159M
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solubility in aqueous solutions and the low values of the acidity constants, are
encountered. Therefore, in order to enhance the acidity constants on the one hand
and to increase the solubility on the other, mixed solvents have to be employed.

The widespread application of anionic azo compounds as dyes, acid—bases,
drugs, metallochrome indicators and histological stains have attracted many re-
searchers to study their acid-base and complex formation properties. However,
the literature lacks studies on the acid—base properties or medium effects on the
acid dissociation constants of these compounds, which are thought to be of spe-
cial interest owing to their biological and therapeutic importance.3-/ In continua-
tion of our studies on the acid-base properties of these compounds,18 the me-
dium effect on the ionization constants of calcon (see Scheme 1 for structure) as
a good representative was studied by the study of the electronic spectra of the
compound in aqueous buffer solutions containing varying proportions of organic
solvents of different polarities, i.e., methanol, acetonitrile and dimethylsulfoxide.
The pKj values have been determined and discussed in terms of solvent charac-
teristics.

The solvation of a solute in a mixed solvent is much more complex than the
that in a neat single solvent and the literature offers several theories and models
for this process.9 In general, they agree in that when a solute is dissolved in a
mixed solvent, specific solvation effects determine that the proportion of the sol-
vents in the solute sphere of solvation is different from that in the bulk solvent.
The solute interacts more strongly with one or more solvents of the mixture and it
is preferentially solvated by these solvents. Solute properties, such as pK, value,
depend on the composition and properties of this solvation sphere and therefore
they are very sensitive to preferential solvation.

The spectroscopic instrumentation employed today almost invariably has the
capacity to collect data over the full spectral range. Using a single or a few wave-
lengths discards most of the information in the collected spectra and requires
both the presence and knowledge of such suitable wavelengths. However, in
many cases, the spectral responses of the components overlap and analysis is no
longer straightforward.10.11 A predefined model, known as hard-modeling ana-
lysis, cannot be applied if crucial information is missing. Soft modeling or model
free approaches are based on much more general prerequisites, such as positive
molar absorbance, positive concentration of all species, unimodality of the con-
centration profiles and closure (concentration of all species are the same for all
solutions). Naturally, if the strengths of hard- and soft-modeling methodologies
are combined, a much more powerful method of data analysis can be expec-
ted.12-20

Data analysis performed by the Datan package developed by the Kubista
group,11.20 which is called a physical constraints approach, provides a unique so-
lution by requiring that the calculated concentrations obey an assumed equilib-
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rium expression. It was demonstrated by application to the determination of the
acidity constants of two and four protolytic forms of fluorescein. A possible ad-
vantage of the Kubista et al."* method is that it mixes a soft-modeling approach
with a hard-modeling approach. This might be a better and more general strategy,
since it can handle different situations, with only a partial knowledge of the che-
mistry of the system. The physical constraints method calculates spectral profiles,
concentrations, and equilibrium constants by utilizing equilibrium expressions
that are related to the components. The theory and application of the physical
constraints method has been discussed by Kubista et al. in several papers.21-29

In this work, the physical constraints approach was applied to determine the
acidity constants of calcon in pure water and in different binary acetonitrile and
methanol-water mixtures. Data analysis was performed in the Matlab version of
the Data analysis (Datan) program developed by the Kubista group.

Theory

The theory and application of the physical constraints method was discussed
by Kubista et al. in several papers.29-29 Nevertheless, the general principal will
be outlined briefly.

Spectra of calcon at different pH values are digitized and arranged in a data
matrix A, which is decomposed into an orthonormal basis set by Nipals or any
equivalent method:11

r
A=TpT +E=~Tp" = t;pf 1)
i=1

T has the same dimensions as c; its column are referred to as target vectors, and
they are orthogonal linear combinations of the columns in ¢, where the ortho-
gonal target vectors tj and orthonormal projection vectors p; are mathematical
constructs that cannot be directly related to the component spectra and concen-
trations, r is the number of independent spectroscopic components, which corres-
ponds to the number of light-absorbing chemical species. It is determined by vi-
sual inspection of the t and pT vectors or by performing statistical methods, such
as, the y2-test.30-32 E is an error matrix. By assuming linear responses, the spec-
tra in matrix A are linear combinations of the concentrations, ¢, and spectral

responses, V, of the chemical components:
A=cV+E=cV 2
If the spectral profiles of the components are known, the concentration of
each component can easily be calculated, for example, by least squares minimi-
zation. If standards are not available, the common belief is that the spectral res-
ponses of the components cannot be separated, which precludes their identify-
cation. This is due to ambiguity in determining the rotation matrix, R, in the



162 MAZLOUM-ARDAKANI et al.

following Equations; from Egs. (1) and (2), it follows that there is a square ma-
trix R (rxr) that satisfies:
T=cR (33)
p=R1lv (3b)
Since A =cV =c¢(RR1)V =cRR IV =TpT
If R can be determined, the spectral responses V and concentrations c of the
components can be calculated from the target T and the projection pT matrices:
c=TR1 (4a)
V =RpT (4b)
The thermodynamic expression that describes the concentration of the com-
ponents is the main constraint used to determine R, from which the thermodyna-
mic parameters, and the spectral responses and concentrations of the components
are calculated. Therefore, the strategy for determining the rotation matrix R is as
follows. The concentrations of the chemical species are calculated from the equi-
librium expressions for various trial values of the equilibrium constants, and are
fitted to the calculated target vectors according to Eq. (3a). The accuracy of this
fit depends crucially on the trial values of the equilibrium constants and the best
fit determines their values and the elements of matrix R.

EXPERIMENTAL
Materials

Calcon, methanol, acetonitrile, dimethylsulfoxide, hydrochloric acid, sodium hydroxide
and potassium nitrate were commercial analytical grade products (Merck, Germany). These
reagents were used without further purification. A standard stock solution of 7.0x104 M of
calcon was prepared by dissolving the appropriate amount of calcon in water. Stock solutions
of the other materials were prepared by dissolving weighed amounts of the substances in the
appropriate amounts of water. All the solutions were prepared in deionized water.

Instrumentation

A Scinco S-2000 (Korea) spectrophotometer controlled by a computer and equipped with
a 1 cm path length quartz cell was used for acquisition of the UV-Vis spectra. The spectra
were acquired between 350 and 765 nm. The pH values were measured using a Metrohm
CH-9101 pH-meter (Switzerland) furnished with combined glass-saturated calomel electrode.
To precalibrate the pH meter in the various employed binary organic + water mixtures, 0.01 M
solutions of oxalate and succinate buffers were employed.

Computer hardware and software

All absorption spectra were digitized at ten data points per nanometer in the wavelength
range 350-765 nm and transferred to an AMD 2000 XP (256 Mb RAM) computer for sub-
sequent analysis by Matlab software, version 6.5 (The MathWorks) or for processing using
the Datan package.

Spectrophotometric titrations

For the titrations of calcon (1.5x10* M) in pure water and (2.1x10"4 M) in water—organic
mixtures, the absorption spectra were measured with a titration set-up consisting of a com-



ACIDITY CONSTANTS OF CALCON 163

puter interfaced to the spectrophotometer. Control of the pH was achieved using a modified
universal buffer solution. To account for differences in acidity, basicity and ion activities for
the organic—water solvent mixture relative to pure water, in which the pH-meter was standar-
dization using aqueous buffers, the pH values in the organic—water solvent mixtures were cor-
rected using the equation pH* = pH(R) — J, where pH* is the corrected reading and pH(R) is
the reading of the pH-meter obtained in a partially aqueous organic solvent, determined by
Douheret.33:34 After each pH adjustment, the solution was transferred to a cuvette and the ab-
sorption spectra were recorded. The ionic strength was maintained at 0.10 M by adding ap-
propriate amounts of KNO; (0.10 M). All measurements were performed at a temperature of
25 °C.

RESULTS AND DISCUSSION

The absorption spectra of calcon in water and mixed water—organic solvents
at various pH values in the interval 350-765 nm were recorded. Sample spectra
of calcon at different pH values in pure water with the pH ranging from 0.73 to
13.76 and in water containing 30 % (w/v) of an organic solvent (methanol, ace-
tonitrile, and dimethylsulfoxide with the pH ranging from 0.52 to 13.92, from 0.48
to 13.95 and from 0.49 to 13.85, respectively) at 0.10 M KNO3 are shown in
Figs. 1 and 2, respectively. Principal component analysis of all absorption data
matrices obtained at various pH shows at least four significant factors, which is
also supported by the statistical indicators of Elbergali et al.,24 which predicted
four distinguishable components in the samples. These factors could be attributed
to the three dissociation equilibria of a triprotic acid such as calcon. This may not
be concluded by inspection of the visible spectra of calcon.

Absorbance

Fig. 1. Absorption spectra of calcon in pure
Wavelength water at 0.10 M KNOj at different pH values.

The pKjy values of calcon were investigated spectrophotometrically in diffe-
rent methanol, acetonitrile, and dimethylsulfoxide + water binary mixtures at 25 °C
at an ionic strength of 0.10 M. The acidity constants of calcon in several mixtures
were evaluated using the computer program Datan and the corresponding spectral
absorption—-pH data. From inspection of the experimental spectra, it is hard to
guess even the number of protolytic species involved. The four calculated most
significant projection vectors, pT, with clear spectral features (as compared to
noise) indicate the presence of three spectroscopically distinguishable compo-
nents. Their profiles or shapes show some order of ambiguity, (i.e., they are
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clearly physically meaningless and cannot be directly related to the spectral res-
ponse of the four protolytic forms). After rigorous curve resolution computatio-
nal steps according to a combination of hard and soft-modeling, the outputs of
the program are the pK, values and their standard deviation (derived from the
error analysis plot of the program), the number of principal components, pro-
jection vectors (loadings), concentration distribution diagrams and the pure spec-
trum of each assumed species.

Absorbance
Absorbance

—
~

Wavelength

Fig. 2. Absorption spectra of calcon in 30 wt. %
methanol in water (a), 30 wt. % acetonitrile
in water (b) and 30 wt. % dimethylsulfoxide
in water (c) at 0.10 M KNO; at different pH
Wav elength values.

Absorbance

The obtained pKj values are listed in Table I. The previous reported values
of the acidity constants were mainly in pure water.3%:36 The obtained values in
pure water are in good agreement with the previous values, which are also listed
in Table | for comparison. The differences observed between the pK, values are
not only within the margins of experimental error but also due to the different
computational strategy of the univariate methods and of newer chemometrics
based methods. The manner in which noise or measurement error treatment are
performed on the absorption spectra in a multivariate sense which uses the whole
spectral domain, reduces considerably the level of noise and results in more pre-
cise final information. Hence, the obtained acidity constants are more reliable and
precise than those obtained by previous methods. The pK, values correspond to
the pH-dependent variation of absorption spectra in all solvents mixtures. One of
the very important outputs of the Datan program is the calculated spectrum of the
different forms of calcon in each solvent mixture. Sample spectra of the calcula-
ted pure spectral profiles of all species in water and different organic sol-
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vents/water mixtures are shown in Fig. 3. As the mole fraction of organic sol-
vents increased, the absorption intensity changed differently for each species of
calcon. It is interesting to note that the nature and the composition of the solvent
have a fundamental effect on each pure spectrum. As is clear from Fig. 3, this
effect is greater for HaL and L3~ than for HoL~ and HL2-. The spectrum of the
L3~ species has a larger Amax than the other species which shows a splitting pat-
tern in high weight percents of methanol, acetonitrile and dimethylsulfoxide. The
splitting of the absorption peak at Amax Of L3~ is more obvious than that of the
other species. This can be described using the non-electrostatic (H-bonding) pro-
perty of the stabilization and/or destabilization of the ground and excited states of
the n —» n* and = — «* transitions. The appearance and disappearance of some
shoulder and absorption peaks of each species is related to the type and mass
percent of the organic solvent.

TABLE I. Acidity constants of calcon in pure water and in different percentage of MeOH,
AN, DMSO (w/v) at 25 °C and at constant ionic strength (0.10 M KNO3)

Wi % Methanol Acetonitrile Dimethylsulfoxide
. /0
pKy pK; pKs pKy pKz pKs3 pKy pK2 pKs
0 1.05 7.21 13..43 - - - - - -
02 1 7.3 13.5 - - - - - -
10 0.96 7.38 13.55 0.93 7.45 13.58 0.91 7.12 13.45
20 0.88 7.54 13.68 0.79 7.61 13.71 0.77 7.50 13.54
30 0.69 7.76 13.76 0.62 7.90 13.83 0.61 7.68 13.61
aRef. 35
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Fig. 3. Components absorption spectra of different forms of
calcon in pure water (a), 30 wt. % methanol in water (b),
30 wt. % acetonitrile in water (c) and 30 wt. % dimethylsul-
w0 40 sen  wen 7 TOXide in water (d) at 0.10 M KNOs at differrent pH values;
Navekngth HsL (1), HoL- (2), HL? (3) and L3 (4).

0f
0.3




166 MAZLOUM-ARDAKANI et al.

The most important features of the distribution diagrams are the pH limit of
the evolution and disappearance of the components. Hence, according to distri-
bution diagrams, it could be concluded that the spectra at pH lower than 1 is
attributable to the H3L form because this form is dominant in this pH range. In
the pH 1.0-7.0 interval, the HoL~ form is dominant and, hence, the spectra are
mostly attributed to this form. The HL2- and L3~ forms appeared in the pH
intervals 7.0-13.5 and pH > 13.5, respectively. Samples of the obtained distribu-
tion diagrams are shown in Figs. 4 and 5. The data shown in Table | clearly
illustrate the important influence of the nature of the solvent on the dissociation
reaction. The acidity constants of the second and third dissociation steps of cal-
con decreased with increasing the mole fraction of methanol in the mixed sol-
vents. It has been shown that the solvating ability37 (as expressed by the Gut-
mann donicity scale) and dielectric constant of the solvent play a fundamental
role in dissociation reactions. Water is a solvent of high solvating ability (i.e.,
donor number DN = 33, dielectric constant ¢ = 87.3), which can dissociate the
acid and stabilize the produced anion and hydrogen ion. Thus, it is expected that
addition of methanol (DN = 19, ¢ =32.6), acetonitrile (DN = 14, ¢ =36), and
dimethylsulfoxide (DN = 26.5, ¢ = 46.6) with lower donor numbers and dielectric
constants relative to water decreases the extent of interaction between the acid
anion and proton with the solvent, which decreases the acidity constants of calcon.

2

1 3
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Ratie 08 4 4
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4
0z o
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0.4 28 44 6.4 24 0.5 124

pH
Fig.4. Distribution of major species of calcon, 1) HsL, 2) H,L", 3) HLZ and 4) L%,
as a function of pH for the spectral data in Fig. 1.

It is interesting to note that there is actually a linear relationship between the
pKj of the three dissociation steps (the first step decreases whereas the second
and third steps increase) and the mole fraction of methanol (Xsgjvent) in the em-
ployed binary mixed solvents, as can be seen in Fig. 6.

It is clear that the dissociation of an uncharged acid in a solvent requires the
separation of two ions of opposite charges. The work required to separate these
charges is inversely proportional to the dielectric constant of the solvent. The
energy required for dissociation is supplied by solvation of the ions and also pro-
ton transfer from the acid to the solvent molecule supplies additional energy. If
the dielectric constant and the solvating ability of the solvent are decreased, more
energy will be required to separate the anion and cation and, consequently, the
extent of dissociation of the acid will be lowered. Therefore, the increase in first
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step and the decrease in second and third steps of the dissociation constants are
due to the increasing mole fraction of methanol, acetonitrile and dimethylsul-
foxide in the binary mixed solvents.

o5 25 5 a5 BS 0% 125

M olr Ra

Molr Rath

05 25 LS G5 8.5 0.5 125

Fig. 5. Distribution of major species of calcon, 1) HsL, 2) H,L", 3) HLZ and 4) L%, as a
function of pH for the spectral data in Fig. 2.
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Fig.6. Variation of the values of the acidity constants of calcon
with mole ratio of different organic solvents.
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CONCLUSIONS

In this study, the acidity constants of calcon in different and mixed solvents
were determined. The Data Analysis (Datan) program was employed to analyze
correlated spectroscopic data. The pK, values of calcon were determined in me-
thanol, acetonitrile and dimethylsulfoxide—water mixtures. The pKj, values corres-
pond to the pH-dependent variation of the absorption spectra in all solvent mix-
tures. A linear relationship was found between the pK; values of the three disso-
ciation steps (the first step decreases and the second and third steps increase) and
the mole fraction of the organic solvents in the binary mixed solvents.
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CIIEKPO®OTOMETPHICKO OJIPEBUMBAIBE KOHCTAHTE KHCEJIOCTU KAJIKOHA V
BOJAEHUM 1 BOJA-OPI'’AHCKHUM PACTBAPAUYUMA
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Kuceno—6asna cBojcrBa kankona (1-(2-xuapokcu-1-Hadtinazo)-2-Hapron-4-cynpoHcke Kuce-
JIMHE) Y BOAW M PacTBOpUMA BOja—Oprancku pacteapaud Ha 25 °C npu jorckoj jaunnu 0,10 M cy
ucnutuBaHa crekrpodoroMerpujcku. KopuiuhieHH cy Oprancku pacTBapadyd METaHOJ, JUMETHII-
cynpokena u aneToHUTpHiI. KOHCTaHTEe KHUCEIOCTH Y Cly4ajy CBUX PaBHOTEKHHX CHCTEMa Cy Ofi-
pehuBane y 1eIOM CIIEKTPaTHOM PETHOHY KopuIIhemeM (akTOpcKe aHalN3e IPUMEHOM Iporpama
Datan. Oxroeapajyhe Bpeanoctu pK, cy oapelene y Boau 1 pacTBOpuMa BOAa—OPraHCKU pacTBapad.
DoGujeHa je nuHEepHa 3aBHCHOCT KHCEIOCTH W MOJICKE (pakifje pa3invuTHX pacTBapaya.
DuckyToBaH je yTHIlaj CBOjcTaBa pacTBapaya Ha KHCelI0—0a3Ha CBOjCTBA.

(Mpumsbeno 27. woemOpa 2007, pesuaupano 19. jyma 2008)
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Abstract: The kinetics of the oxidation of aldonitrones (nitrone) by quinolinium
chlorochromate (QCC) was determined in 50 % DMF-water in the absence and
presence of oxalic acid in order to study the effect of oxalic acid. It was
considered worthwhile to investigate whether it undergoes co-oxidation or just
functions as a catalyst in the reaction. The reaction was followed iodometri-
cally. Under the employed experimental conditions, the reaction is first order
each with respect to concentration of nitrone, QCC, and oxalic acid and frac-
tional order with respect to H* concentration. There was no discernible effect
with increasing in ionic strength but the rate of oxidation decreased with de-
creasing dielectric constant of the medium. Addition of MnSO, had a signi-
ficant and acrylonitrile no effect on the reaction rate. A mechanism involving
protonated nitrone and QCC as the reactive oxidant is proposed. The activation
parameters were calculated and are presented.

Keywords: aldonitrones; quinolinium chlorochromate; isokinetic plot; entropy;
enthalpy; free energy; oxalic acid.

INTRODUCTION

The use of quinolinium chlorochromate (QCC) as an oxidant is well docu-
mented for the oxidation of primary and secondary alcohols,1-3 organic sulphi-
des,4° substituted benzaldehydes,5:7 benzyl alcohols,® aromatic anils,® lactic and
glycolic acids,10 methionine,!! D-fructose,'2 D-mannose,13 an unsaturated orga-
nic substrate,14 acrylic acid,15 2-furaldehyde,16 D-galatacose,1 etc. Quinolinium
chlorochromate exists as a stable yellowish brown crystalline solid. It is freely
soluble in water and aqueous solutions of QCC are stable for quite a long period.

*Corresponding author. E-mail: pvtal998@yahoo.co.in

doi: 10.2298/JSC0902171R
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Oxalic acid was found to catalyse the oxidation of organic substrates by Cr(V1).18-20
A survey of the literature showed that there are only a few reports on the kinetic
studies with nitrones (nitrone).21-26 There is no report on a mechanistic study of
the oxidation of nitrones by QCC. Thus, in order to explore the mechanism of
oxidation by QCC, the title reaction was studied in aqueous DMF medium.

EXPERIMENTAL
Materials and methods

All the chemicals used were of high purity of mostly either AR or GR grade. Double
distilled water was used throughout the work. Aldonitrones?” and quinoline chlorochromate
(QCC)28 were prepared by known methods and recrystallized from water. The purity of the
prepared QCC was checked by the iodometric method (assay 99 %). Nitrone solutions were
prepared by dissolving appropriate amount of a recrystallized sample in DMF. The aqueous
solution of QCC was obtained by dissolving the compound in double distilled water. Experi-
ments were conducted in a thermostated bath which could maintain the temperature with an
accuracy of £ 0.1 °C.

Kinetic studies

The Kinetic studies were carried out in 50 % (v/v) DMF-water medium under pseudo-
-first order conditions, keeping c(nitrone) >>¢(QCC). The course of the reaction was followed
by estimating the unreacted QCC iodometrically. The reaction was followed at four different
temperatures. Pseudo-first order rate constants were evaluated from the slopes of the linear
plots of log c(QCC) versus time. The rate constant, k, was calculated using the relation k, =
= kops/c(nitrone). The reaction mixtures containing excess of QCC over nitrone in absence and
presence of oxalic acid were kept for one day. The estimation of the unreacted QCC indicated
that one mole of QCC was consumed for one mole of nitrone:

- +
PhCH=N—Ph+ C4H,;NHCrO4Cl ——s PhCHO+ PhNO+ CgH;NHCI+Cro,

)

The reaction mixture was extracted with chloroform from an actual kinetic run after
completion of the reaction. The reaction mixture was monitored by Co-TLC along with au-
thentic samples of N, a-diphenylnitrone, benzaldehyde and nitrosobenzene. Then, the products
were separated into individual components by column chromatography (silica gel 60-120
mesh) with benzene—chloroform as the eluent. The melting point of the solid product obtained
was found to be 67 °C, which is almost identical with the melting point of the nitrosobenzene
dimmer, m.p. 67.5-68 °C.2% The IR spectrum was recorded in a KBr pellet, using a model
Jasco 700 instrument, in the range 400-4000 cm™. Nitrosobenzene exhibits three bands at
1625, 1500 and 1019 cm1, attributed to the stretching of C-N; one sharp band at 1452 cm,
due to the stretching vibration of N-O, and one band at 530 cm?, due to ring deformation and
C-N-O bending vibrations.?® The liquid product was confirmed to be benzaldehyde by its
semicarbazone (m.p. 221 °C; literature data: 222 °C3%) and 2,4-dinitrophenylhydrazone (m.p.
238 °C; literature data: 239 °C39) derivatives.

RESULTS AND DISCUSSION

The kinetics of oxidation of nitrones by QCC was performed in 50 % aque-
ous DMF in the absence and presence of oxalic acid in order to study the be-
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haviour of oxalic acid. It was considered worthwhile to investigate whether it un-
dergoes co-oxidation or just functions as a catalyst in the reaction.18-20 The reac-
tion was followed iodometrically. In both the cases, i.e., in the absence and pre-
sence of oxalic acid, the reaction is first order with respect to QCC. Furthermore,
the pseudo-first order rate constant kqpg Was found to be independent of the initial
concentration of QCC.

The substrate, aldonitrone, was varied in the concentration range of 5x10-3
to 15x10-3 mol dm=3 at 308 K in the absence of oxalic acid and 5x10-3 to
20x10-3 mol dm=3 at 308 K in the presence of oxalic acid, keeping all other con-
stituents and conditions constant (Tables I and Il). The kqps values increased with
increasing concentration of nitrones. The plot of log kops versus log c(nitrone)
was a straight line with a slope of unity and a plot of kops~! versus c(nitrone)~1
was also linear (r = 0.999), passing through the origin, which indicates a first
order dependence on c(substrate). No complex formation occurred before the
rate-determining step in absence of oxalic acid, whereas complex formation oc-
curred before rate-determining step in its presence.

TABLE |. Effect of the variation of ¢c(QCC), c(nitrone) and c(H*) on the oxidation of nitrones
by QCC in the absence oxalic acid at 308 K

c(QCC)x103 c(nitrone)x102 c(HCIO,)x103 Kopsx103
mol dm™3 mol dm™3 mol dm3 % DMF (Vv) sl
0.50 1.00 6.00 50 1.530
0.75 1.00 6.00 50 1.480
1.00 1.00 6.00 50 1.527
1.25 1.00 6.00 50 1.519
1.50 1.00 6.00 50 1.536
1.00 0.50 6.00 50 0.756
1.00 0.75 6.00 50 1.141
1.00 1.00 6.00 50 1.529
1.00 1.25 6.00 50 1.918
1.00 1.50 6.00 50 2.308
1.00 1.00 1.50 50 1.184
1.00 1.00 3.00 50 1.364
1.00 1.00 6.00 50 1.529
1.00 1.00 7.50 50 1.705
1.00 1.00 9.00 50 1.852
1.00 1.00 6.00 30 1.650
1.00 1.00 6.00 40 1.592
1.00 1.00 6.00 50 1.529
1.00 1.00 6.00 60 0.844
1.00 1.00 6.00 70 0.642
1.00 1.00 6.00 80 0.546

The influence of H* on the reaction rate was studied by varying the acidity
from 1.5x10-3 to 9x10-3 mol dm=3 while maintaining the ionic strength constant
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at # = 0.10 mol dm=3 with sodium perchlorate. The concentration of hydrogen
ions was found to increase the reaction rate (Tables | and Il). It was previously
observed that the reaction showed a fractional order dependence on the hydrogen
ion concentration in the presence and absence of oxalic acid.31:32

TABLE II. Effect of the variation of c(QCC), c(nitrone), c(H*) and c(H,C,0O,4) on the oxida-
tion of nitrones by QCC in the presence of oxalic acid at 308 K

c(QCC)x10%  ¢(nitrone)x10%2 ¢(HCIO4)x103 ¢(H,C,0,) x102

kObSX]-Os

mol dm™ mol dm™3 mol dm3 mol dm™3 % DMF (vv) sl

0.50 1.00 6.00 1.00 50 2.325
0.75 1.00 6.00 1.00 50 2.285
1.00 1.00 6.00 1.00 50 2.323
1.25 1.00 6.00 1.00 50 2.310
1.50 1.00 6.00 1.00 50 2.245
1.00 0.50 6.00 1.00 50 1.080
1.00 0.75 6.00 1.00 50 1.751
1.00 1.00 6.00 1.00 50 2.323
1.00 1.25 6.00 1.00 50 2.657
1.00 1.50 6.00 1.00 50 3.645
1.00 2.00 6.00 1.00 50 4621
1.00 1.00 3.00 1.00 50 2.140
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 7.50 1.00 50 2.450
1.00 1.00 8.50 1.00 50 2.608
1.00 1.00 9.01 1.00 50 2.725
1.00 1.00 6.00 0.50 50 1.108
1.00 1.00 6.00 0.75 50 1.821
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 6.00 1.50 50 3.550
1.00 1.00 6.00 2.00 50 4712
1.00 1.00 6.00 1.00 40 2.640
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 6.00 1.00 60 2.102
1.00 1.00 6.00 1.00 70 1.848
1.00 1.00 6.00 1.00 80 1.624

The effect of oxalic acid on the reaction at 308 K was studied by varying its
concentration from 5x10-3 to 20x10-3 mol dm=3 at constant concentrations of
QCC, nitrone and HCIO4. The reaction rate increased with increasing concen-
tration of oxalic acid. The results are collected in Table Il. The plot of log Kgps
versus log ¢(HoC>04) was linear with a slope of unity (ca. 1.03; r = 0.998) and
the order with respect to oxalic acid was one. When the experiment was repeated
with oxalic acid in the absence of nitrone, there was no oxidation of oxalic acid
under these experimental conditions. However, the addition of oxalic acid enhan-
ced the rate of oxidation of nitrone. This observation clearly establishes that oxa-
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lic acid does not undergo co-oxidation under the experimental conditions em-
ployed in this investigation and that it acts only as a catalyst.

Effect of ionic strength was studied by varying the sodium perchlorate con-
centration from 0 to 0.15 mol dm=3. There was no discernible effect with in-
creasing c(NaClOy) (Table I11).

TABLE IIl. Effect of ionic strength on the oxidation of nitrone by QCC in the presence/ab-

sence of oxalic acid (c(QCC) = 1.0x10-3 mol dm3; ¢(nitrone) = 1.0x10-2 mol dm=3; ¢c(H*) =
6.0x1073 mol dm3; ¢(H,C,04) = 1.0x102 mol dm-3; 50 % v/v DMF)

c¢(NaClOy) / mol dm3 A psx103 / 571 Pkopsx103 / 571
0.00 1.529 2.323
0.050 1.439 2.001
0.075 1.387 1.800
0.100 1.256 1.743
0.125 1.100 1.525
0.150 0.918 1.304

8Absence of oxalic acid; bpresence of oxalic acid

A variation in c(Mn(Il)) in both systems decreased the rate of reduction of
Cr(VI) in the HCIO4 medium. The values of kgps are listed in Table 1V. Manga-
nese(11) has an inhibitory,33 catalytic34 or no effect3%:36 in the redox chemistry of
Cr(V1) in the presence of organic reductants. The decrease in the rate of Cr(VI)
reduction on addition of Mn(ll) was attributed to the removal of Cr(IV) by re-
action with Mn(l1):37

Cr(1V) + Mn(I1) — Cr(1H1) + Mn(l11)
Thus, the observed inhibitory effect was due to the one-step, two-electron
reduction of Cr(VI).

TABLE 1V. Effect of c(MnSQO,) on the oxidation of nitrone by QCC in the presence/absence
of oxalic acid (c(QCC) = 1.0x10-3 mol dm-3; c(nitrone) = 1.0x10-2 mol dm3; ¢(H*) = 6.0x103
mol dm3; ¢(H,C,0,) = 1.0x10-2 mol dm-3; 50 % v/v DMF)

¢(MnS0O,)x103 / mol dm3 3 ex103 /st Pkopsx103 / 51
0.00 1.529 2.323
1.00 1.248 2.014
2.00 1.093 1.921
3.00 0.973 1.850
4.00 0.856 1.542

8Absence of oxalic acid; bpresence of oxalic acid

Acrylonitrile added to both the reaction mixtures did not show any poly-
merization, thereby ruling out the possibility of a free radical mechanism.38 The
effect of dielectric constant on the rate of oxidation was also studied and the rate
decreased moderately with decreasing dielectric constant of the medium. This re-
sult also supports the involvement of an ion—dipole species in the slow step.3°
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The reactions were also performed at four different temperatures (303, 308,
313 and 318 K) in the absence and presence of oxalic acid (298, 303, 308 and
313 K). The thermodynamic parameters, namely the entropy and enthalpy of
activation,40 were calculated from the linear plot of In (ko/T) versus 1/T. The
calculated values are summarized in Tables V and VI.

TABLE V. Rate constants and activation parameters for the oxidation of nitrones with QCC in
the absence of oxalic acid (c(QCC) = 1.0x10-® mol dm-3; ¢(nitrone) = 1.0x102 mol dm3;
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c(H*) = 6.0x1073 mol dm3; ¢(NaClO,) = 0.100 mol dm3; 50 % v/v DMF)

kyx102 / dm3 mol-1 g1

AH* —AS* AG*
R T/K -1 1 -1 1 r
303 308 313 18 kd mol™ J K+ mol* kJmol
H 10.90 1530 19.84 24.63 40.82 129.38 80.67 0.996
p-Me 11.18 18.39 23.66 30.29 49.49 99.40 80.10 0.984
p-OMe 1245 1894 2495 3330 49.18 90.71 79.92 0.995
p-F 831 1420 18.23 24.63 53.76 87.77 80.79 0.985
p-Cl 8.09 1379 16.47 2325 51.09 96.79 80.91 0.980
p-Br 7.92 1294 1526 22.43 50.15 100.26 80.03 0.983
p-NO, 4.67 843 1121 1396 54.80 88.88 82.17 0.973
m-F 533 10.12 1423 18.63 63.21 60.03 81.70 0.960
m-Cl 591 10.77 1447 18.99 58.42 75.04 81.53 0.980
m-Br 544 1091 1423 18.43 60.54 68.47 81.63 0.966
m-NO, 4.93 853 1223 1480 56.61 83.92 82.45 0.978

TABLE VI. Second-order rate constants and activation parameters for the oxidation of nitro-
nes by QCC in the presence of oxalic acid (c(QCC) = 1.0x10- mol dm'3; c(nitrone) = 1.0x102
mol dm3; ¢(H*) = 6.0x10-3 mol dm3; ¢(H,C,0,4) = 1.0x102 mol dm3; ¢(NaClO,) = 0.100
mol dm3; 50 % v/v DMF)

kyx102 / dm3 mol-t st

AH* —AS* AG#
R T/K 1 1 1 1 r
208 303 308 13 kJ mol™ JK*mol* kJmol
H 16.17 18.77 23.23 26.66 24.30 179.50 79.57 0.996
p-Me 16.24 1894 23,65 27.06 26.17 172.32 79.23 0.997
p-OMe 16.37 19.23 2432 28.88 27.50 167.78 79.17 0.997
p-F 16.08 18.70 22.16 25.87 22.21 185.64 79.39 0.999
p-Cl 15,70 18.12 2140 2483 21.36 188.69 79.48 0.999
p-Br 15.44 18.44 2042 2437 20.27 192.39 79.53 0.993
p-NO, 1484 1581 16.59 19.07 9.83 227.92 79.74 0.950




TABLE VI. Continued

OXIDATION OF SUBSTITUTED ALDONITRONES

177

k,x102 / dm3 molt st

AH* —AS* AG#
R T/K kImol* JK1molt kimolt '
298 303 308 313
m-F 15.80 16.50 1854 20.71 16.83 200.37 73.53 0.973
m-ClI 1558 16.20 18.44 20.35 11.86 220.77 79.86 0.970
m-Br 15.63 16.00 18.26 20.27 11.56 221.81 79.88 0.953
m-NO, 1498 1592 18.13 19.32 11.31 222.84 79.94 0.983

Mechanism and rate law

The kinetics of oxidation of nitrones by QCC was investigated in 50 %
DMF-water in the absence of oxalic acid. The reaction was found to be first
order with respect to both ¢(QCC) and c(nitrone). The reaction was catalysed by
H*. The addition of the radical scavenger acrylonitrile had no effect on the rate.
The observed salt and solvent effects shows that the rate determining step of did
not involve ionic species. Due to the above reasons, the nitrone can be protonated
before the rate determining step and it can then react with QCC in the slow step.
A plausible mechanism is given below:

|
Ph—CH=N—Ph +H"

HO

_
Ph—CH=—N—Ph + QuH+0—C|3|':

)

X +Cr(V) ———=Cr(lll) + Products

o-

Cl

Ky

k.
0 ———>Ph—
Slow

Qu = CgH7N
ph?\-j_OH ——> PhNO + H'

fast

fast

HO

Cr(IV) + Cr(Vl) ——= 2Cr(V)

fast

The rate law for the suggested mechanism is:
_ dc(QCC) _ Kikpc(QCC)e(S)e(H™)
1+ Kyc(H)

where ¢(S) = c(nitrone).

|
Ph—CH=—N—Ph
+

dt

kobs

_ Kykoo(S)e(H*)

1+ Kyc(H)

+
CHO + PhNOH + QuHCI+ cro,

(1)

()

3)

(4)

)
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Presence of oxalic acid

The increase in the oxidation rate with acidity suggests the participation of
protonated nitrone prior to the rate-limiting step. No polymerisation of acrylo-
nitrile was observed, indicating that free radicals were not involved in the reac-
tion. The order with respect to c(substrate) and c(H2C»04) was found to be unity.
The following mechanism is proposed to explain the observations:

o~ HO
| + K |
Ph—CH:QI—Ph +H Ph—CH=—N—Ph (6)
+
0
| K,
QuI-TO—CIZr:O + OxH, Complex (C,) @)
Cl
o
| Kq + (8)
Ph—CH==N—Ph + C; > Ph—CHO + PhNOH+ C0; + QUHCI + OXH,
N K phno+ HY
— —
PAN—OH ——= (9)

The rate law for the mechanism is:
_ dc(QCC) _ KyKkse(QCC)e(S)e(H ™ )c(HC,04)

(10)
dt 1+ Kyc(H™)
K1K,ksc(S)e(H*)c(H,C,0
Kops = 1K2k3e(S)c( )+(224) (1)
1+ Kic(HM)

where ¢(S) = c(nitrone).
Effect of substituents

The rate of oxidation of a number of m- and p-(a-phenyl)-substituted N, o~di-
phenylnitrones was studied at different temperatures in the presence and absence
of oxalic acid and the activation parameters were calculated (Tables V and VI).
The electron releasing groups enhanced and the electron with-drawing groups re-
tarded the oxidation rate. The log ko values were plotted against the o values in a
Hammett plot (Fig. 1). The small negative p values obtained indicate only a small
structural influence on the rate. The negative p value (Table VII) was attributed
to the development of a positively charged transition state. The entropies of acti-
vation were largely negative, as expected for bimolecular reactions.41 The vari-
ation in AH* should be linearly related to the change in AS* (AH# = AHg +
+ BAS?).42 A plot of AH# versus AS* gave a straight line with a good correlation
coefficient (r = 0.994, g = 332 K) in the absence of oxalic acid. The isokinetic
temperature lies above the experimental temperature, showing thereby that these
oxidations are enthalpy controlled and £ = 296 K, r = 0.990, SD = 0.07 in the
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presence of oxalic acid. The isokinetic temperature lies within the experimental
temperature showing thereby that these oxidations are entropy controlled. If this
linearity between enthalpies and entropies is true, it should predict a meaningful
correlation between log ko and 0:43

log ko(T2) =a + b log ko(T1) (12)
1.6 =
—e—Presence of Oxalic acid
—eo— Absence of Oxalic acid
1.4 4
3
&
o 121
o
+
N
14
0.8 T
0.3 0 0.3 0.6 0.9
c
1.H, 2. p-Me, 3. p-OMe, 4. p-F, 5. p-Cl, 6. p-Br
7.p-NO2  8.m-F 9. m-Cl 10. m-Br 11. m-NO2

Fig. 1. Hammett plot of (2 + log k»(308 K)) versus o.

TABLE VII. Reaction constants for the oxidation of N,a~diphenylnitrones by QCC in the ab-
sence and presence of oxalic acid

TIK Absence of oxalic acid Presence of oxalic acid
Reaction constant (o) r SD Reactionconstant (o~ ) r SD
298 - - - 0.041 0.966  0.03
303 0.441 0.940 0.05 0.096 0.900 0.01
308 0.361 0974 0.03 0.161 0.950 0.02
313 0.333 0.980 0.02 0.195 0.944 0.02
318 0.356 0.984 0.02 - - -

Using Equation (12), a good correlation coefficient for QCC (r = 0.980) was
obtained when log ky(T2) was plotted against log ko(T:) (Fig. 2).44 This shows
that the reaction under investigation follows a common mechanism. The AG*
values were almost constant for all the investigated substituted nitrones, which
confirmed the operation of a common mechanism. Irregularity in the values of
either AH# or AS* may be due to solute — solvent interactions, which could affect
both AH* and AS* in a compensating manner. A negative value of entropy of ac-
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tivation (AS™) suggests the formation of an activated complex with a reduction in
the degree of freedom of the reacting molecules.4°

1.6 9
—e—Presence of Oxalic acid
—e— Absence of Oxalic acid
1.4 4
<
]
>
&
=]
o
+
~N
1.2 4
1
0.6 0.7 0.8 0.9 1
2+ log k(303 k)
1. H, 2. p-Me, 3. p-OMe, 4. p-F, 5. p-Cl, 6. p-Br
7.p-NO>  8.m-F 9. m-Cl 10. m-Br 11. m-NO2

Fig. 2. Exner plot of (2 + log k, (313 K)) versus (2 + log k, (303 K)).
CONCLUSIONS

Based on the above facts, it is concluded that all the studied substituted
nitrones follow the same mechanism when subjected to QCC oxidation in the
presence and absence of oxalic acid under the conditions employed in the present
study. The overall rate of reaction was greater in the presence than in the absence

of oxalic acid.

U3BO [
KNMHETHUKA 1 MEXAHU3AM OKCUJALIMIE HEKUX CYBCTUTYNCAHUX

AJIJJOHUTPOHA CA XMHOJIMHUIYM-XJIOPXPOMATOM V IIPUCYCTBY
U OACYCTBY OKCAJIHE KMCEJIMHE Y BOAEHVUM DMF CPEANHAMA

GOVINDASAMY RAJARAJANY, NATESAN JAYACHANDRAMANI?, SUBRAMANIAN MANIVARMAN?,
JAYARAMAN JAYABHARATHI! 1 VENUGOPAL THANIKACHALAM®

1Department of Chemistry, Annamalai University, Annamalainagar- 608 002, Tamil Nadu « 2Department of
Chemistry, Pachaiyappa’s College, Chennai- 600 030, India
Kunernka okcupanyje algoHuTpoHa (HUTpoHa) xuHoauHHjyM-xitopxpomatoM (QCC) je mpa-
hena y 50 % DMF y Bogu y mpucCycTBY M OACYCTBY OKcaiHe kucenuHe. McnutuBaHo je ma ian
OKCaJiHa KHCEIMHA UMa KaTaJUTHYKH eeKaT Win je KookcuaaHnc. Peaknuja je mpahena jomomer-
pujcku. Peakuuja je mpBor pena y 0IHOCY Ha HUTPOH U OKCAJHY KHUCEJIHMHY, a Pa3IOMJBCHOT pela y
onnocy Ha H*. Huje youen mopact 6p3uHe peakuuje ca IOPAcTOM jOHCKE jadMHE pacTBOpa, a
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Op3uHa OMa/Ia ca CMamEHhEeM AUEIEKTPUIHE KOHCTaHTe pacTBopa. JJogatak MnSO,4 3HavajHO yTHUE
Ha Op3uHY peakiyje, IOK JOJaTaK aKpIJIOHUTpHIa HeMa yTunaja. [IpeamocraBibeH je MeXaHu3aM
Koju yKJbyuyje npoTtonusaunjy nurpona 1 QCC kao okcumauuoHor cpeacTsa. M3padyHatu cy ak-
TUBALOHN NApaMeTPH Peakuuje.
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Hydrogen storage in complex metal hydrides
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Abstract: Complex metal hydrides such as sodium aluminohydride (NaAIH,)
and sodium borohydride (NaBH,) are solid-state hydrogen-storage materials with
high hydrogen capacities. They can be used in combination with fuel cells as a
hydrogen source thus enabling longer operation times compared with classical
metal hydrides. The most important point for a wide application of these mate-
rials is the reversibility under moderate technical conditions. At present, only
NaAlH, has favourable thermodynamic properties and can be employed as a ther-
mally reversible means of hydrogen storage. By contrast, NaBHj is a typical non-
-reversible complex metal hydride; it reacts with water to produce hydrogen.

Keywords: complex hydrides; sodium alanate; sodium aluminohydride; sodium
borohydride; hydrogen storage.
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1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) is currently one of the
most promising alternatives to internal-combustion engines on the way to zero-
-emission vehicles. Probably, the most crucial problem in the large-scale applica-
tion of fuel cells for mobile applications is the onboard storage of hydrogen.
Apart from the classical techniques, cryostorage in liquid form at —254 °C or ga-
seous storage under high pressure (desirable pressure: 70 MPa), chemical storage
in solid-state absorbers is a well-investigated alternative. The most promising
systems are the hydride complexes of borane (M(BHj),) and alane (M(AIHg)p).
The advantages of these so-called complex metal hydrides (also known as com-
plex chemical hydrides) are their high storage capacities and rather mild decom-
position temperatures and pressures.1-7

The storage of hydrogen can be irreversible or reversible. Irreversible sto-
rage materials liberate the hydrogen by thermolysis or hydrolysis. Irreversible
storage is problematic for mobile applications since the whole storage material
must be exchanged for refuelling. By contrast, reversible storage materials can be
refuelled with pressurized hydrogen. To comply with this requirement, these lat-
ter materials need to have an equilibrium pressure of around 0.1 MPa at ambient
temperature and at least 0.5 MPa at 90 °C, which is the operating temperature of
PEMFCs (targets set by the Department of Energy (DOE), USA). This restricts
the flexibility of enthalpy changes for reversible storage materials. The entropy
of the dehydrogenation reaction is dominated by that of gaseous hydrogen (= 40
kJ mol-1), so the decomposition enthalpy of the material needs to be around 40
kJ per mol Hy in order to result in a free enthalpy of zero at ambient temperature
and pressure. An overview of the hydrogen contents of the known complex metal
hydrides together with the hydrogen content of the reversible ones are given in
Table I. The only complex hydrides with decomposition enthalpies approaching
the required value, and are therefore reversible hydrogen storage materials, are
NaAlH4 and KAIH4. NaAIH4 with a AH for the first decomposition step of 37 kJ

TABLE I. Hydrogenation properties of complex metal hydrides

Molecular weight Hydrogen content Reversible H,

Hydride g molL W% Reversibility content, wt.%
LiBH, 21.78 18.5 + Unknown?®
NaBH, 37.83 10.7 - -
KBH, 53.90 7.4 - -
LiAIH, 37.95 10.6 - -
NaAIlH, 54.00 7.4 + 4,0-4.95
KAIH, 70.11 5.7 + >3.57
Mg(AlH,), 86.33 9.3 - -
Ca(AlHy), 102.01 7.8 - -
LiMg(AlH,)3 124.28 9.7 - -
NazAlHg 102.00 5.9 + 2.1-2.38
Na,LiAlHg 85.95 6.3 + 2.2-2.48
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mol-1 is presently the most promising of the reversible complex hydrides for hy-
drogen storage. It has been widely studied during the last decade! and thus this
contribution will have as its main focus recent developments concerning this
material.

2. SYNTHESIS OF COMPLEX METAL HYDRIDES

The two commercially most important complex hydrides are NaBH4 and
LiAlH4, both of which are used mainly as selective reducing agents in organic
chemistry. For NaBHg4, over 100 methods of preparation have been described,
but only two have reached practical significance.

In the Schlesinger process, trimethyl borate [B(OCH3)3] is boiled together
with sodium hydride (NaH) in hydrocarbon oil at 250 °C, Eq. (1):

4NaH + B(OCHg3)3 — NaBH4 + 3NaOCH3 Q)

The addition of water hydrolyzes the NaOCH3 to sodium hydroxide and me-
thanol and causes the separation from the hydrocarbon oil. Methanol is recovered
by distillation and recycled to form trimethyl borate. The NaBHg4 left in the so-
dium hydroxide solution is extracted with isopropyl amine.

The Bayer process employs the borosilicate NaoB407-7Si02, which is pro-
duced by the fusion of borax and silica. The borosilicate is reacted with sodium
in an atmosphere of 0.30 MPa of hydrogen at 400-500 °C. Extraction with liquid
ammonia under pressure yields NaBHg.

Sodium borohydride is the starting compound for the synthesis of all other
borane-based complex hydrides. Ball-milling with lithium chloride or bromide
leads to the formation of LiBH4. The side product, i.e., the corresponding sodium
halide, is the thermodynamic driving force for the reaction. For the production of
KBH4, NaBHj is reacted with potassium hydroxide in an aqueous solution; again,
the formation of side product, sodium hydroxide, is the driving force.

LiAlH4 is industrially produced from lithium hydride (LiH) and aluminium
trichloride (AICI3) in ether solution, Eq. (2):

4LiH + AICI3 — 3LICl + LiAlIH, 2

Alternatively, it can be obtained metathetically from NaAlH4 and LiCl by ball-
-milling. In addition, here, the formation of the side-product, sodium chloride, a
thermodynamic sink, makes the procedure applicable to most of the other alanates.

Sodium aluminohydride is usually synthesized from the elements at 100-200 °C
and under 10-20 MPa of hydrogen pressure in a hydrocarbon solvent using tri-
ethyl aluminium as a catalyst.

3. COMPLEX METAL ALUMINOHYDRIDES (ALANATES)
3.1. Sodium aluminohydride

As mentioned above, sodium aluminohydride (NaAlHjy) is presently the most
promising reversible complex hydride for hydrogen storage. It has a reversible
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storage capacity of 5.5 wt.%, whereas its total hydrogen content amounts to 7.4

wt.%. Reversible thermal dissociation occurs in two steps via hexahydridoalumi-

nate (NagzAlHg) as an intermediate to sodium hydride [NaH] and aluminium, Egs.
(3) and (4).

3NaAlHs == NazAlHg + 2Al + 3H, (3)

NaszAlHg == 3NaH + Al + 1.5H, 4)

Both steps are reversible, while a third possible step, the decomposition of
NaH, is possible only at much higher temperatures.

Doped sodium alanate exhibits in the first dissociation step an equilibrium
pressure of 0.10 MPa at =~ 36 °C (37 kJ/mol) and in the second at ~ 116 °C (47
kJ/mol). Thus, NaAlHy4 is a typical low-temperature hydride, whereas NazAlHg
is classified as mid-temperature hydride.8.°

Although NaAlH, is the only known alanate with reasonable thermodyna-
mics for use in combination with PEMFCs, it was not considered as a potential
hydrogen storage material for a long time. The reported conditions for the rehyd-
rogenation (200-400 °C, 10-40 MPa) were simply to severe, while the Kinetics
were far to slow. This situation changed in 1997 with the discovery of Bogdano-
vi¢ and Schwickardi89 that doping NaAlH4 with small amounts of titanium al-
lowed rehydrogenation of the material under much milder conditions (see be-
low). This initiated an intensive research of the material and especially the search
for more efficient dopants or doping methods.

3.2. Doping agents and methods

Nowadays, titanium trichloride (TiCl3) is generally the standard doping agent
for NaAlH4 and high-energy ball-milling, introduced in 1999, appears to be the
prevalent method.10 The doping of NaAlH4 with TiCls is expressed by Eq. (5):

3NaAlH4 + TiCly — 3Al + Ti + 3NaCl + 6H» 5)

Titanium and aluminium are both reduced to the zero-valent state by the hy-
dride species, which results in irreversible hydrogen evolution. For this reason,
apart from the additional dead weight of the dopant, the theoretical capacity of
5.5 wt.% cannot be attained with doped samples. Therefore, the optimum doping
amount is always a compromise. The more dopant that is added, the higher are
the Kkinetic rates, but the lower is the capacity. Usually, doping levels of 2-4 mol%
are considered as reasonable.

The beneficial effect of titanium on the desorption rates of alanates had been
known for a long time, i.e., for LiAlHg4, but research on alternative doping ma-
terials or methods was almost non-existent. Screening of different elements as
doping agents commenced only after the disclosure of the efficacy of titanium.
The most investigated alternative dopants were iron and zirconium. For a long
time, titanium seemed to be the most favourable doping element, as regards kine-
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tics and storage capacities, so research focused mainly on different titanium pre-
cursors and doping procedures.1112 In the original work, a wet chemical method
was adopted and employed titanium butoxide in THF solution but today high-ener-
gy ball-milling has been demonstrated to be the more convenient preparation
route and also to deliver materials with more favourable properties. For instance,
the Kinetic rates of NaAlH4 doped with TiCl3 by ball-milling are about one order
of magnitude higher than those of NaAlH, wet chemically doped with Ti butoxide.

Therefore, apart from the doping procedure, also the nature of the titanium
precursor is important for the performance of the material. Titanium halides show
more favourable kinetic behaviours than those of titanium alkoxides. Titanium
trifluoride shows the highest storage capacities of these halides, since the added
dead weight is the lowest but, for cost reasons, titanium trichloride has emerged
as the standard material. Since the use of cationic titanium sources incurs the pro-
blem that reduction to the zero valent state consumes hydrogen, which decreases
the storage capacity drastically, Ti sources have been investigated. Tiy3 clusters,
stabilized by THF, are the most prominent candidates;13 NaAlH4 doped with these
clusters has indeed a very high capacity and, more interestingly, extremely fast
kinetics. Unfortunately, the rates decrease drastically after about five cycles and
then the materials do not show any superior properties over TiClz-doped mate-
rials. In addition, the high costs of the clusters disqualify them for large-scale
applications.

According to recent results compounds of elements other than titanium have
shown good prospects as doping agents; ScClz and CeClg are prime examples.14
Sodium aluminohydride doped with scandium (Fig. 1) has higher kinetic rates
than the titanium-doped equivalent, and also provides higher storage capacities
(4.0-4.9 wt.%).
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Fig. 1. Hydrogenation curves of a Sc-doped NaAlH, cycle test (10 MPa, 120 °C).14
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With sodium aluminohydride doped with scandium (4 mol%), hydrogena-
tions are accomplished in 4-12 min.14 The thus attained hydrogenation times
approach those required for the refuelling of the future hydrogen powered fuel
cell cars of 3 min. In order to check the cycle stability of the Ce-doped material, a
sample (2.1 g) was tested in a 95 cycles test at 60-150 °C and 5-10 MPa (Fig. 2)
and proved to be stable during this treatment. It should, however, be pointed out
that removal of the hydrogenation heat by cooling in such a short time represents
a tremendous technical challenge.15 In any event, both materials (Sc- and Ce-do-
ped NaAlHg4) are extremely more expensive than titanium, hence, most probably,
they will not be employed in industrial-scale applications. Accordingly, in most
of the studies, TiClz remains the standard doping agent.
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Fig. 2. Course of a 83-cycle test of Ce-doped NaAlH,.14
3.2.1. State of titanium in doped NaAlH,

The exact nature of titanium and its catalytic properties in the Ti-NaAlHy
system are still not fully understood. It is even unclear whether Ti acts as a true
catalyst. Nevertheless, many facts have been clarified that help to compose a
clear picture of the system.

Measurements of the hydrogen evolved during ball-milling of several do-
pants with sodium alanate show clearly that the dopants are reduced to the zero-
-valent state, as formulated in Eq. (5). This finding is supported by several XRD
and XAS studies. Similar studies with stoichiometric mixtures of LiAlH4 with
TiCl3z and TiCl4 demonstrated the formation of Ti—Al alloys. Although these al-
loys could not be clearly identified for NaAlH4 reacted with TiCls in sub-stoi-
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chiometric amounts, some supporting evidence exists. The aluminium reflection
in XRD patterns of dehydrogenated Ti-doped NaAlH4 samples show a slight shoul-
der, which suggests the existence of an Al3Ti alloy. In addition, if the remaining
NaAlH, is leached out after ball-milling with THF and the remaining solid is
treated at elevated temperatures, Al3Ti can be detected by XRD analysis. This re-
sult corresponds to the findings from XAS experiments. Analysis of the XANES
and EXAFS region of the spectra suggests an AlsTi-like local environment of
titanium in freshly ball-milled, dehydrogenated and hydrogenated samples.16-18
Thus, even if an Al-Ti alloy is not formed during the doping process, probably
on account of too low a temperature, there is substantial information to indicate
that the titanium is reduced and dispersed into the aluminium phase and does not
affect the alanate lattice. Such behaviour is also supported by XRD measure-
ments, the NaAlH4 lattice parameters remain exactly the same for doped and un-
doped materials. Additionally, TEM-EDX measurements confirm that titanium is
only associated with the aluminium phase in the dehydrogenated material — hyd-
rogenated materials would be decomposed by the electron beam and therefore
cannot be evaluated by TEM. In summary, it can be concluded that titanium is
reduced to the zero-valent state during doping and is dispersed in the aluminium
phase. This ‘solid solution’ is a separate phase from the NaAlH4 lattice, which is
thereby unaffected by the presence of titanium.

3.2.2. Mechanistic aspects of titanium doping

Although the location of the titanium and its oxidation state in the system
has been investigated very thoroughly, the mechanism of the facilitated hydrogen
uptake and release has yet to be fully elucidated. The first problem in under-
standing the processes occurring is the spatial distance between the active spe-
cies, the Ti—Al solid solution and the hydrogen-storage material (NaAlH,). Trans-
mission electron micrographs (TEM) of dehydrogenated samples show micro-
meter-sized aluminium particles decorated with NaH crystallites (Fig. 3). Since a

Fig. 3. TEM Microphotograph of decomposed titanium-
-doped sodium alanate.
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complete hydrogenation of the sample takes about 5 min in optimized samples,
mass transfer of sodium and/or aluminium must occur over micrometer distances
during the same period of time.

Transportation via mobile AIH3 was proposed as another possible explana-
tion for the enhanced transfer rates. Indeed, inelastic neutron scattering spectros-
copy experiments have shown that a volatile molecular aluminium hydride is for-
med during the early stage of hydrogen uptake by dehydrogenated titanium-do-
ped NaAlH,.19

3.3. Other alanates

3.3.1. Lithium aluminohydride

Lithium aluminohydride (LiAIH4), which has been studied extensively as a
selective hydriding agent in organic chemistry, is an irreversible hydrogen sto-
rage material. This, together with the high cost of lithium, disqualifies the mate-
rial for large-scale storage applications despite the fact that its theoretical capa-
city of 7.9 wt.% over the first two decomposition steps is extraordinarily high.

The alanate is thermodynamically unstable and decomposes below room tem-
perature. The decomposition of LiAIHg4 is Kinetically hindered, however, so that
it is metastable at room temperature, even when ball-milled.20 Interestingly, ball-
-milling with titanium compounds leads to a partial release of hydrogen during
the doping procedure itself. This implies that the catalytic effect of titanium on
the decomposition of alanates is restricted not only to NaAIH,4 but seems to be a
more general phenomenon. It is deduced, therefore, that titanium acts predomi-
nantly on the (AlHz)~ or (AlHg)3- species.

3.3.2. Potassium aluminohydride

Like NaAlH4, potassium aluminohydride (KAIH,) is a reversible hydrogen-
-storage material.” It even takes up and releases hydrogen without any aid of an
external catalyst. This is significantly different from the reaction mechanism of
NaAlH4 or LiAIH4. Nevertheless, the decomposition proceeds via the same path-
way. The hexahydride (K3AlHg) is formed in the first decomposition step, which
further decomposes to KH and finally to potassium metal. As with the NaAlH4
system, the last step is not reversible. The theoretical storage capacity over the
first two decomposition steps of KAIH4 amounts to 4.3 wt.%, which is only 77 %
of the value for NaAlH;.

The conditions for the dehydrogenation and rehydrogenation reactions also
differ significantly from NaAIlH,4. The hydrogen pressures for both steps are lo-
wer than 1 MPa, which makes the system easier to handle, but the required tem-
peratures are in the range of 300-350 °C. A possible lowering of these tempera-
tures by the addition of catalysts has not been reported.
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3.3.3. Magnesium aluminohydride

Magnesium alanate can be easily prepared by a metathesis reaction starting
from MgCl, and two moles of NaAlH,:21

MgCl, + 2NaAlHg4 — Mg(AlH4), + 2NaCl (6)

The reaction can be performed in the solid state through ball-milling or in
ether solution as a wet chemical reaction. In the latter case, etherates are the final
products, which decompose at elevated temperatures under vacuum to the com-
plex hydride. Magnesium alanate is a complex metal hydride with a high hydro-
gen content (7.0 wt.%) for the decomposition reaction expressed by Eq. (7):

Mg(AlHz)2 — MgH> + 2Al + 3H>» @)

At temperatures around 130 °C, three moles of hydrogen are released in a
one-step mechanism.

Compared with the alkaline alanates LiAlH4, NaAlH4 and KAIH4 no hexa-
hydride intermediate can be observed. The final products of the thermal decom-
position are MgH> and aluminium metal. The decomposition enthalpy of Mg(AlH4)»
is around 0 kJ mol=L, which means that the equilibrium pressure of Mg(AlH4); is
extremely high (calculated from the Van’t Hoff equation). This alanate is there-
fore too unstable for reversible de- and re-hydrogenation reactions and cannot be
used under technical conditions in combination with a PEMFC.

3.3.4. Calcium aluminohydride

The metathesis reaction between CaCl, and two moles of NaAlH4 can be
employed for the preparation of calcium alanate, Ca(AlHg),. Ball-milling produ-
ces the alanate in combination with NaCl as a by-product. Wet-chemical prepara-
tion in ether solution produces the etherate product, which decomposes at eleva-
ted temperatures under vacuum to the pure alanate.2?2 Three moles of hydrogen
are released during the first two decomposition steps according to Eq. (8):

Ca(AlHg), — CaAlHs + Al + 1.5H, = CaHy + Al + 1.5H, (8)

During both decomposition steps, 1.5 moles of hydrogen are released. The
intermediate product CaAlHs has an octahedral structure, which is interconnected
over two corners producing long chains (see Fig. 4).23 From thermodynamic
measurements, it has been shown that the first decomposition step of Ca(AlHj)»
is exothermic and cannot be used in reversible re- and de-hydrogenation reac-
tions. The second step is endothermic and, in principle, is reversible under accep-
table technical conditions.

4. COMPLEX METAL BOROHYDRIDES

Complex metal borohydrides,24 of which the most commonly used is NaBHj,
are materials with a high hydrogen content (10.8 wt.% for NaBHg4, see Table 1),
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but they mainly show unfavourable thermodynamics and can, therefore, not be
used as reversible hydrogen-storage materials. The thermal decomposition reac-
tion is different compared to the complex metal aluminohydrides and no hexa-
hydride intermediate product has been observed. The final products of the de-
composition are a binary metal hydride and elemental boron metal, Eq. (9):

NaBHs —2%°C 5 NaH + B + 1.5H, 9)

I H"“.__ - Ll
Y
: "\
r,ﬂ-h\ Fig. 4. Crystal structure of interconnected
. octahedral AlHg units in CaAlHs.

The thermal decomposition temperature of NaBHg4 is around 400 °C, i.e.,
much too high for PEMFC applications. Traces of boron hydrogen compounds
(BxHy) produced during the thermal decomposition are problematic because they
can poison the fuel cell catalyst and also damage the membrane. Therefore, com-
plex borohydrides are used for the production of hydrogen via a hydrolysis reac-
tion with water.25 In the presence of a ruthenium catalyst, dissolved NaBH, de-
composes into hydrogen with the production of sodium metaborate, NaBO», as
the final product. Half of the evolved hydrogen comes from the water and thus
increases the storage capacity of the system (Eqg. (10)). In principle, only two mo-
les of water are required for a complete decomposition of NaBHg4 but, in practice,
the solubilities of NaBH,4 and, more importantly, of NaBO, are the limiting
factors of the storage capacity. Sodium metaborate has a solubility of only 26 g
per 100 ml in water at 20 °C. To prevent precipitation from the solution and the
blocking of the active sites of the catalyst, the NaBH4 concentration must be
lower than the maximum solubility of the metaborate. A typical composition of a
commercial NaBH4 aqueous solution is 20 wt.% NaBH4 and 1 wt.% NaOH for
stabilization of the solution. This reduces the storage capacity to 4 wt.% for the
whole hydride system.
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NaBHy + 2H,0 — 4H, + NaBO; (10)

The operation of a commercial NaBHy4 solution and PEMFC system is shown
schematically in Fig. 5. The NaBH4 solution is stored in a tank and converted
into hydrogen when required in the catalyst chamber. The amount of hydrogen
produced can be controlled by the flow of the fuel solution into the catalyst cham-
ber. The hydrogen gas and the decomposition product (NaBOy) are separated in
the gas-liquid separator. After separation from the sodium metaborate by-pro-
duct, which is stored in a second fuel tank, the hydrogen is fully humidified and
can be used for the production of energy in the fuel cell. The amount of hydrogen
depends on the quantity of NaBH,4 solution that is pumped into the catalyst cham-
ber and on the electric power demanded from the fuel cell.
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Fig. 5. Operating scheme of a commercial NaBH,~PEMFC system (Millennium-Cell).

Significant barriers for a broad introduction of NaBH4 as a hydrogen-relea-
sing material are the high price for the desorbed hydrogen and the regeneration of
the hydride from the metaborate solution outside the fuel cell system. Different
methods have been described in the literature but several technical points have
still to be resolved. Nevertheless, the storage in, and release of hydrogen from,
NaBHy, solutions is interesting for a wide range of applications.

One other borohydride with a high hydrogen content is LiBH4, which has a
capacity of more than 18 wt.% H,.26 Again, the decomposition temperature
(= 380 °C) is too high for usage with a PEMFC and the material is not reversible
under acceptable practical conditions. With the addition of a second material to
the lithium borohydride, the decomposition pathway may be changed together
with the thermodynamics of the system (thermodynamic tailoring).

2LiBH4 + MgH» < 2LiH + MgB> + 4H» (11)
A reaction mixture of two moles LiBH4 and one mole MgH>, Eq. (11), has a
theoretical hydrogen storage capacity of 11.4 wt.%. This is lower than that for
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pure LiBH4 but the decomposed mixture can be re-hydrogenated at temperatures
of 230-250 °C under a hydrogen pressure of 10 MPa. Unlike LiBHg4, where ele-
mentary boron is the final product of the decomposition, the final product of the
LiBHz—MgH»> mixture is magnesium boride MgB». This different reaction path-
way stabilizes the right side of the reaction, which means that the left side is de-
stabilized and the reaction becomes reversible. It has been shown that such a
mixture could reversibly store up to 8 wt.% of hydrogen.2’ The hydrogenation
conditions are far removed from technical requirements, but these experiments
show that thermodynamic properties can be changed by the addition of a second
component to the complex metal hydride.

5. CONCLUDING REMARKS

The advances in the research on complex metal hydrides for hydrogen sto-
rage over the last couple of years are remarkable. The properties of some systems
are approaching the requirements for large-scale applications, set as targets by
the DOE (Department of Energy).

Today, doped NaAlHg4 is still the most promising material to meet most of
these targets. It decomposes sufficiently quickly to provide adequate hydrogen
during all operation states of the fuel cell, which include peak power demand.
The temperature required for the decomposition rates is low enough to be provi-
ded for by the waste heat of the fuel cell. In addition, the kinetics for the refuel-
ling meets the DOE-targets; re-hydrogenation times of less than five minutes
have been measured for optimized systems. Additionally, the cycle stability of
doped NaAlHy is high — no changes in performance and capacity could be obser-
ved in over 100 measured cycles.

Considering the rate of progress over recent years, a further increase of the
limits is to be expected. It must be recognized, however, that the theoretical li-
mits cannot be shifted. The theoretical hydrogen storage capacity of 5.5 wt.% is
definitely considered by various organizations and industrial companies to be too
low for large-scale applications. In addition, the requirements for cooling during
refuelling due to the thermodynamics of the re-hydrogenation are too severe.
Therefore, realistically, even NaAlHg4, which is presently the most promising
candidate material, will not meet all the criteria necessary to provide a practical
means of hydrogen storage. For reversible storage capacities over 5 wt. %, other
options will have to be explored.
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U3BO [
CKIIAJJUIOTEBE BOJOHUKA Y KOMITJIEKCHUM METAJIHUM XUAPUJVIMA

BOPUCJIAB BOI' JAHOBUR, MICHAEL FELDERHOFF u GUIDO STREUKENS
Max-Planck-Institut fur Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Miilheim a. d. Ruhr, Germany

KoMIuieKkcHE MeTalHi XUIPHIM, Kao MTO ¢y HaTpujyM-aayMuaujyM-xuapun (NaAlH,) u Ha-
TpujyM-60p-xunpuy (NaBH,), cy 4BpcTH MaTepujaiu 3a CKIAIUIITCHE¢ BOJOHIKA Ca BUCOKUM Ka-
nanureroM. OHM ce MOTY KOPHCTHTH Y KOMOWHAIMjH ca TOPUBHM CHPErOBHMa Kao HU3BOP BOJO-
HUKa, YuMe ce 00e30ehyje ayu paa Hero ca KIacHYHUM METAJHUM XHIPHIMMA. 3a IIHPOKY MpH-
MEHY OBHX MaTepHjajia HajBayKHHUja je pEeBEP3UMOMITHOCT Y YMEPEHUM yCIIoBIUMa KopHiihema. 3a caja
jemuno NaAlH, nma 3amoBosbaBajyhie TepMOAHHAMHYKE OCOOMHE U MOXKE CE TIPUMEHUTH Kao Tep-
MOJIMHAMHYKH PEBEP3HOMIIaH BUJ CKIAIUIITeHa BogoHnka. Hacynpor memy, NaBH, je Tumuyan
HpPEeBEeP3NOMITHN KOMIUIEKCHI METAITHH XUIPUJ; OH pearyje ca BOJOM U IIPOU3BOIH BOJTOHUK.

(Mpumsbeno 16. jyna, peuaupano 16. okro6pa 2008)
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Mapping the concentration changes during the dynamic
processes of crevice corrosion by digital
holographic reconstruction
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Abstract: The dynamic process of crevice corrosion during anodic dissolution
of a crevice electrode in a 5.0 mmol dm-3 NaCl solution has been studied by di-
gital holographic reconstruction. Digital holographic reconstruction has been
proved to be an effective and in situ technique to detect the changes in the solu-
tion concentration because useful and direct information can be obtained from
the three-dimensional images. It provides a valuable method for a better under-
standing of the mechanism of crevice corrosion by studying the dynamic pro-
cesses of changes in the solution concentration at the interface of crevice corrosion.

Keywords: digital holography; crevice corrosion; numerical reconstruction; phase
difference; concentration change.

INTRODUCTION

Crevice corrosion is a common and dangerous type of localized corrosion,
which occurs within crevices or other occlusive areas on metal surfaces exposed
to a corrosive environment. A crevice can be formed between metallic parts or a
non-metallic part and a metallic part. For certain corrosive environments, espe-
cially in NaCl solution, crevice corrosion could be fatal to the metal.1-3

Various experimental techniques and mathematical models have been pre-
sented to study crevice corrosion in the past few decades.4-8 Digital holography
has been proved to be a versatile and rapid technique to detect concentration
changes in a solution because of its non-contact, non-breakage and high preci-
sion. It has also been successfully applied in chemistry,® biology10.11 and other

* Corresponding author. E-mail: shchen@sdu.edu.cn
doi: 10.2298/J5C0902197J
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fields. In our laboratory, experiments were performed by digital holography to
study dynamic electrochemical processes.

The principle of the experiments were based on the relationship between the
phase of an object wave (Ag), the refractive index of the solution (An) and
solution concentration (Ac), which was formulated as:12

Ac = kAN = (Ky Ao / 2nd ) Ag (1)

Thus, measurement of the concentration change can be transformed into
measurement of the phase difference. In the present study, the phase difference
was recorded on and stored in a computer in the form of holograms. After nume-
rical reconstruction by the Fourier analysis method, the holograms were transfor-
med into three-dimensional images. Details about numerical reconstruction can
be found in literature.12.13 In this study, numerical reconstruction was used to
study the process of crevice corrosion.

EXPERIMENTAL
Electrochemical system

The electrochemical cell consisted of a three-electrode system. A carbon steel electrode
(0.17 % C, 1.18 % Mn, 0.008 % P, 0.008 % S, 0.04 % Cr, 0.04 % Mo, 0.27 % Si ), 1.6 mmx
x3.7 mm in size, with a central 0.1 mm wide crevice was used as the working electrode. The
electrode was carefully sealed in a glass tube with a thin layer of epoxy resin, leaving only the
surface area with the crevice exposed to the solution. The crevice was positioned parallel to
the laser. A large sheet of platinum was used as the counter electrode. The reference electrode
was a saturated calomel electrode (SCE) with a Luggin capillary tip set 2 mm from the wor-
king electrode surface. All potentials in the experiments were measured with respect to the
SCE. The electrolyte was a 5.0 mmol dm= NaCl solution. The I-t curve measurement was
performed using a CHI660B electrochemical station. All experiments were performed at room
temperature.

Holography recording system

The experimental setup of the in-line holographic recording system, which was described
earlier,? is shown in Fig. 1. The video signals were captured and stored in the computer. The

| I - AN
N
laser M /= reference wa\ic BS

SF

Fig. 1. Experimental setup of the

L& ) in-line holographic recording sys-
o)) object wave tem. M — mirror; BS — beam-
T -splitter; SF — spatial filter; L1,
= i M L2 and L3 — lenses; O — object;
computer BS cube L2 OL3 SF BS Cube — beam-splitter cube;
H R A W - working electrode; R — re-

Z.
z | light wave @}_}J ference electrode; A — counter
X HE electrode; EL - electrolyte.
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holograms were processed by the reconstruction algorithm and the information was transfor-
med into three-dimensional images.

RESULTS AND DISCUSSION

The j—t curve of the crevice electrode in 5.0 mmol dm=3 NaCl solution at
0.20 V is illustrated in Fig. 2. The distribution of the phase difference in com-
parison with the starting time during the reaction corresponding to the points a—g
in Fig. 2 are shown in Figs. 3a—3g, respectively. As shown in the images, the left
sides are the solution parts and the right sides are the electrode parts, between
which are the interfaces obtained by the edge detection algorithm. The color va-
riation reflects the change of the concentration. A green area indicates that the
phase difference, i.e., concentration change, is zero or almost zero, while the yel-
low and red areas indicate that the phase differences are positive with the concen-
tration changes increasing from yellow to red. The value of Z (phase difference)
reflects how much the phase has changed. The larger is the value of Z (phase
difference), the more evident are the color changes, that is to say, the more seve-
rely the concentration changes.

0.012 -

0.011 A

E=020V

0.010 H

-2

0.009 A

j/ Acm

0.008

0.007 4

0.006

* I % I I I ' |
0 20 40 60 80 100
tl's

Fig. 2. The j—t curve of the crevice electrode in 5.0 mmol dm- NaCl solution,
with the electrode potential controlled at 0.20 V.

Figure 3a shows the distribution of the phase difference at 2 s, in which a
change at the interface can hardly be seen. With increasing time, the appearance
of a yellow area in Fig. 3b at a time of 4 s indicates that the concentration had in-
creased. This change can be clearly seen in Fig. 3c at 6 s. It can also be observed
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from Fig. 3c that the change of the concentration at the interface was not uniform
and the concentration change at the crevice mouth is most obvious. This pheno-

Y/om 00 04 X /um Y/mn™ 07 94 % /um

1]
-

1.2
0.4 0 08

Y/mm 0o 4 X/mm

Fig. 3 Reconstructed images of the electro-
de/solution interface obtained at different points
a—g illustrated in Fig. 2. The X-axis is in the
horizontal direction from the electrode surface
toward the bulk electrolyte, while the Y-axis
in the vertical direction is parallel to the elec-
trode surface.
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menon becomes more visible in Fig. 3d at 8 s, with the first appearance of a red
area at the crevice mouth, which indicates that phase difference or concentration
continued increasing. The red area in Figs. 3e, 3f and 3g are very evident. This
proves that many more ions had been produced in the crevice and transported out.
Metal ions produced in the crevice moved to the bottom of the electrode because
of gravity, which is in accordance with the red areas in Figs. 3e, 3f and 3g.

CONCLUSIONS

Digital holographic reconstruction was employed to study the change of the
concentration at the interface of crevice corrosion. The reconstructed images pro-
vide visual results, from which more useful information about the change of con-
centration at the interface can be obtained. The results show that the changes of
concentration at the interface are not uniform and that the concentration increase
at the crevice mouth was the most obvious. The reconstructed images supply
more visual information for a better analyzes and understanding of the dynamic
processes of solution concentration change.

Acknowledgement. The authors thank the Special Funds for the Major State Basic Re-
search Projects (No. 2006CB605004).

U3BOJ

MAIIMPAKBE ITPOMEHE KOHIIEHTPAITMJE TOKOM JTMHAMUYKOI [TPOLIECA
KOPO3UIJE ¥V ITYKOTUHAMA KOPUITHELEM JIUTUTAJIHE
XOJIOI'PA®CKE PEKOHCTPYKIIUJE

HENGLEI JIAL, SHENHAO CHEN'# BOYU YUANZ CHAO WANG>* 1 LIANG LI3

!Department of Chemistry, Shandong University, Jinan 25010089, 2Department of Physics, Xuzhou Normal
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JlnHaMuuKy TIpoliec Kopo3wje y MyKOTHHaMa TOKOM aHOIHOT pacTBapama y pacTtBopy 5,0
mmol dm3 NaCl npahew je aururamHoM xonorpadckoM pekoHCTpyKImjoM. Jururanna xomnorpad-
CKa PEeKOHCTPYKIIMja ce MoKa3ana Kao epukacHa in Situ TeXHHKa 3a IETEKLHjy MPOMEHE KOHIICHTPa-
yje, jep Jaje KOpUCHE U AUpeKTHe HHpopMaIuje y BUAY TPOAUMEH3HOHUX cirka. OHa oMmoryhasa
0o0Jbe pasyMeBame MEXaHN3Ma KOpO3Hje y MMyKOTHHAMa HCIIUTHBAbEM JHHAMUKE IPOMEHE KOHIICH-
Tpaluje pacTBopa y3 MOBPILIKHY IyKOTHHE.

(TTpumsbeno 7. jyma, peuaupano 27. arycra 2008)
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Titanium diffusion coatings on austenitic steel
obtained by the pack cementation method
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Abstract: The surface of specimens made of 316L austenitic steel was modified
by titanium diffusion. The diffusion coatings were obtained by packing in a
powder mixture consisting of titanium powder, NH,CI and Al,O3 powder. The
procedure required high temperatures, over 900 °C, and long durations. Atomic
titanium was formed in the muffle during the process. Titanium atoms from the
metallic part surfaces diffuse towards the interior and a diffusion layer is for-
med as a function of the steel composition. Titanium diffusion into the surface
of 316L austenitic steel determines the formation of a complex coating: a thin
layer of TiN at the exterior and a layer consisting of compounds containing Ti,
Ni and Fe in the interior of the coating. The obtained coatings were continuous,
adherent and had a hardness higher than that of the substrate material. The
diffusion coatings were investigated by optical and electron microscopy, X-ray

diffraction and Vickers microhardness tests.

Keywords: titanium diffusion coatings on 316L austenitic steel; pack cemen-

tation method.

INTRODUCTION

In addition to a very broad field of other applications, 316L austenitic steel
with a high content of chromium (16-18 wt. %) and nickel (10-14 wt. %)? is em-
ployed for the manufacture of bone implants, such as hip, knee and femur pros-
theses. This type of steel is well tolerated by the human organism but after a long
period of time in contact with human fluids metallic ions leach from the pros-
theses. It has been proved that hexavalent chromium ions are very toxic or even
cancerous.23 Such a drawback can be overcome if the surface of the implant is
coated with a biovitroceramic layer. The biovitroceramic material previously stu-

* Corresponding author. E-mail: iuliab40@yahoo.com
doi: 10.2298/JSC0902203B
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died4> possessed a thermal dilatation coefficient much lower than that of 316L
austenitic steel and close to that of TiN (a= 90x10~7 °C-1).6

In order to achieve a better adherence between the previously studied biovit-
roceramic and the steel, the thermal dilatation coefficients of the two materials
have to be as similar to each other as possible. This can be achieved by modi-
fying the composition and the surface structure of samples made of 316L aus-
tenitic steel by diffusion layers. As a function of covering elements and substrate
material, the surface layers obtained by diffusion processes can be of the solid
solution type with wide miscibility domains or, otherwise, a sequence of phases
can be formed progressively according to the equilibrium diagrams. Two concur-
rent diffusion processes occur, i.e., the diffusion of the covering element or ele-
ments towards the bulk of the metallic substrate is accompanied by the diffusion
towards the surface of elements from the substrate material. Within the layer, the
mass transport is characterized by the diffusion coefficients, while layer increase
occurs according to kinetic laws specific to each phase.” Formation of these lay-
ers offers several advantages, i.e., very good adherence to the substrate, chemical
and mechanical properties superior to those of the substrate material and only
minimal dimensional changes occur. There are several methods for obtaining dif-
fusion layers. The one employed in this work, much studied in previous papers, is
that of powder packing using ammonium chloride as an activator.8-10 Using the
pack cementation method, diffusion coatings with different elements, Cr,11-13
V1314 A 15-17 B 18 Cr-\/,12,1319 A|_Cr,20-22 Cr—S;j 23,24 and Ti,25-28 can be
obtained.

Diffusion layers are formed in two different stages. In the first stage, the
diffusive element is brought in contact with the surface of the substrate material
and in the second one, the diffusion process which follows consists of the gradual
adsorption of the diffusive element into the base material network of the sub-
strate. In the case of the powder mixture packing method with NH4Cl as the
activator, the diffusive element is formed as a result of a chemical reaction in the
gaseous state. In general, the mechanism for supplying the diffusive element is as
follows. The gaseous phase consists of halides, especially chlorides. Several
types of reactions can occur in which a BX» halide of a metal frees the diffusive
element B so that it can diffuse into the substrate metal A. These reactions can be
represented schematically as:10
Change reaction:

A+ BXpg) == AX,+B 1)
Reducing reaction:
BX2g) + Ho==2HX +B (2
Thermal decomposition reaction:
BXy; - B+ Xy 3
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The change reaction implies the removal or displacement of an A atom from
the surface of the base material for each deposited B atom. For A and B atoms
with similar atomic masses, this reaction produces only minimal changes of the
sample weight regardless of the thickness of the diffusion layer. The other two
reactions lead to a weight increase of the treated material. The possibility for
these reactions to occur can be inferred from some thermodynamic
considerations. The concentration of the B element deposited on the metallic
substrate A depends on the partial pressure of the gaseous compounds at the
treatment temperature, Pj, and activities, a;, of both the deposited material B and
the base metal A. If the equilibrium condition for free energy, AG®, is applied:

AG® =-2.303RT log K (4)

for the formation of BCl, and ACI, halides, reactions (5) and (6), then the
equilibrium constants, er, are:

p
B + Cl, <= BCl, Kg =—oz )
agPcl,
p
A+ Cl, == ACl, Ka =2 6)
aaPcy,
and for the interchange reaction (1):
agp
BClL+ A5 ACh+B K1 =22 = K& [KSs )
aa Pecl,
Log K51 = log Kga — log Kg's (8)

For layers where aa ~ ag at the surface, a difference of —1 units in equation
(8) means that ~ 10 % of the metal chloride vapors are converted into the co-
vering metal in an atomic state. A difference of —2 units represents a conversion
of =~ 1 %, which is the minimum for a practical interchange reaction.10

The goal of this work was to obtain titanium diffusion layers on the surface
of 316L austenitic steel specimens by the pack cementation procedure. The dif-
fusion layers obtained in this manner modify the surface properties of the steel.

EXPERIMENTAL

The 316L austenitic steel samples used as substrates were in the form of small plates with
dimensions of 10 mmx10 mmx3 mm. The chemical composition of 316L steel is given in
Table 1. Prior to the thermochemical treatment, all the plates were ground on a set of 240-280
mesh emery papers and degreased in acetone. There were weighted before and after the treat-
ment with a precision to the fourth decimal (10 g).

The powder mixtures consisted of the following substances: 99.9 % (Merck purity) tita-
nium powder with a 150 um granulation, 99.5 % aluminum oxide with a 125 um granulation
and p. a. ammonium chloride. The ammonium chloride was dehydrated and finely ground be-
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fore preparation of the mixtures. 3 wt. % NH,CI was used in all the experiments. The titanium
and aluminum oxide powders were employed in various concentrations. The working condi-
tions for the sample treatment are shown in Table II.

TABLE I. Composition and thermal dilatation coefficients of 316L austenitic steel

Composition C Cr Ni Mn Mo Si P S N Fe
wt. % 0.03 16-18 10-14 20 2-3 0.75 0.045 0.03 0.10 Upto 100
Thermal 159 (0-100 °C)
dilatation 162 (0-315 °C)

coefficient, 175 (0-538 °C)

ax107 / °C1

TABLE I1. Working conditions for different treatments
Powder mixture composition, wt. %
Ti Al,O4 NH,4CI
77 20 3 1000; 1125; 1150; 1200 2;5;75

t/°C t/h

Powder mixtures together with the samples were placed in refractory steel crucibles with
a 25 mm diameter and 50 mm height. Only one sample, placed exactly in the middle of the
crucible, was treated at a time. The powder mixture was compacted carefully around the sample
so that the latter was uniformly covered. The crucible was filled up to the upper end, covered
with a metallic lid and placed in a ceramic crucible in order to protect the ceramic wall of the
furnace. A L-1206 M type furnace with a horizontal hearth and a Kanthal electrical resistance
provided with a Chromel-Alumel thermocouple with a precision of the maintaining the tem-
perature in a stability regime of £2 °C was employed.

After treatment, the samples were cleaned, degreased in acetone and prepared for exami-
nation. They were mounted in methacrylate in the cross section and ground on 240-1200
mesh emery papers and a felt impregnated with Al,O5 emulsion (0.75 and 0.25 um). The sur-
faces prepared in such a manner were etched with Vilella reagent (1.0 g picric acid, 5.0 cm?3
concentrated HCI and 95 cm3 ethanol).

Optical microphotographs were taken by means of an optical M.C.1.M. microscope
provided with an Exacta VVares camera.

An SEM Hitachi-S 2600 instrument equipped with a dispersive energy spectroscope (EDS)
was used for qualitative and quantitative analysis. Images of secondary electrons (SEM) and
XKa-rays for Ti, Cr, Ni and Fe were obtained.

In order to identify the phases and compounds formed within the diffusion layer, the
samples were examined by X-ray diffraction with a DRON-20 instrument using CuKal
radiation (1 = 1.54178 A).

Vickers microhardness values of both the layer and the metal substrate were measured
with a Hannemann hardness meter provided with a diamond pyramid with an angle of 136°
between the facets?® and calculated using the Relation:

P
HV, =1854.4— ©)

where P is the penetration force (in the present case, P = 100 gf), ¢ is a transforming factor (a
micrometric division is equal to 0.2907 wm) and d represents the number of micrometric di-
visions corresponding to the microhardness indent diagonal. The values of the Vickers micro-
hardness, HVp, are expressed in Kgf/mmz2,
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RESULTS AND DISCUSSION

The samples titanized under conditions when the powder mixture contained
77 wt. % titanium and treated at temperatures of 1000, 1150 and 1200 °C for 5 h
are shown in Figs. 1-3, respectively. The diffusion layers were continuous, uni-
form, very adherent to the metallic substrate and had a thickness between 30 and
350 pm.

Fig. 1. Optical microphotograph of a cross
section of a sample titanized in a powder
mixture with 77 wt. % Ti at 1000 °C for 5
h; Vilella metallographic etchant.

Fig. 2. Optical microphotograph of a cross
section of a sample titanized in a powder
mixture with 77 wt. % Ti at 1150 °C for 5
h; Vilella metallographic etchant.

Fig. 3. Optical microphotograph of a cross section of a
sample titanized in a powder mixture with 77 wt. % Ti at
1200 °C for 5 h; Vilella metallographic etchant.
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The variation of the layer thickness with temperature is shown in Fig. 4,
from which it can be seen that the variation follows an exponential law typical
for a diffusion process. The variation of the layer thickness with time at a con-
stant temperature, 1000 °C, follows a parabolic law, as can be seen from Fig. 5,
this being another proof for the fact that the layers formed with the participation
of a diffusion process.

Rank 1 Eqn 1320 Iny=a+bx®+cx%%

r?=1 DF Adjr?=1 FitStdErr=5.7956533e-06 Fstat=8.4698842e+14
a=-12.058402 b=8.6109796e-10

350 ‘/

300 /

250 /

200 /

150 /
100 /

50
0

Thickness, um

Fig. 4. Variation of the layer thick-
0 250 500 750 1000 1250 Ness with temperature (diffusion time
Temperature, °C 5 h; 77 wt. % Ti).
Rank 2 Eqn 8104 [Form2_] y=a(1-1/{1+abx))

r?=1 DF Adj r’=1 FitStdEr=1.767587e-15 Fstat=2.6138654e+32
a=66.666667

100
a0

80
70
60
50 —
40
30
20 ¥a
1g Fig. 5. Variation of the layer thick-
0 2 4 6 3 40  nhess with time (temperature 1000 °C;
Time. h 77 wt. % Ti).

Thickness, um

Vickers microhardness measurements are listed in Table I1l. The indent size
on the layers was much smaller than that on the austenitic steel substrate (Fig. 6).

The distribution of titanium within the layer and the main elements, Cr, Ni
and Fe, that underwent thermochemical treatment of the sample at 1150 °C for 5 h
was well evidenced by SEM and EDS (Figs. 7-11).

From Fig. 7, it can be seen that titanium diffused not only into the coating,
but, in a lower concentration, also into the substrate.
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TABLE Ill. Vickers microhardness (average of at least 5 measurements) of different layers
and substrate (77 wt. % Ti; 1200 °C; 5 h)

Zone HVp / Kgf mm-2 (P = 100 gf)
Layer (exterior zone, thin, light color) 849
Layer (interior zone, thicker) 475
Substrate of 316L austenitic steel 158
Untreated 316L austenitic steel 203
-
316L
substrate

Fig. 6. Vickers microhardness
imprints on a cross section coating—
substrate, penetration force P = 100 gf
(77 wt. % Ti; 1200 °C; 5h).

100 pm

Fig. 7. SEM Secondary electron image
of a cross section of a sample titanized
in a powder mixture with 77 wt. % Ti
at 1150 °C for 5 h.

On

Fig. 8. Image of X- ray KaTi; x1200; Fig. 9. Image of X- ray KaCr; x1200;
(77 wt. % Ti; 1150 °C; 5h). (77 wt. % Ti; 1150 °C; 5h).



210 BRITCHl et al.

[ i ' . Fe
Fig.10. Image of X- ray KaNi; x1200; Fig. 11. Image of X- ray KaFe; x1200;
(77 wt. % Ti; 1150 °C; 5h). (77 wt. % Ti; 1150 °C; 5h).

It may be seen by examining Figs. 8 and 9 that titanium almost replaced
chromium in the coating. Figure 10 shows that nickel concentrates in the inner
layer. The distributions of iron in the coating and substrate do not differ signi-
ficantly (Fig. 11).

The X-ray diffraction analysis of the surfaces of the samples proved the for-
mation of the TiN compound (Fig. 12), a fact that is in concordance with the high
Vickers hardness value, HVp = 100 gf = 849 Kgf/mm2, obtained for the exterior
layer which was formed by diffusion with the reaction process. The TiN com-
pound was distributed into the matrix of the layer. If the exterior layer would be
formed only of the TiN compound, it would be thinner and much harder. The in-
ner layer is much thicker and possesses a Vickers hardness lower than that of the
outer one, but higher than that of the metallic substrate (Table Il1). The value of
the hardness was constant through the entire thickness of the inner layer. This
fact proved that this layer was formed also by diffusion with the reaction process.

TiN
2 ASTM 6 - 642
d=2.111 i
2.12 - 100 {200) a=4.223
a=4222
TiN
36.90
193 ey |
& 1.496 -55 (220) 2.144-27159(111) ‘_
g a=4.223 : ‘
k| TiN ‘
- TiN
T 4 7 ‘
i l
. ! [
b w @ :5 T a7 ’i |. ‘f\?‘ o M * : I_! \. ¥ i » a6 ]
J‘ A f ‘! \ |
i A A A iy 1k |
: : 4 : v wndpn paspery
= o R '\—// s et v Wt P luk-w.JJJ\' Wl
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Figure 12. Diffractogram of the exterior layer of a sample titanized at 1150 °C for 5 h;
77 wt. % Ti. (dand ain A).
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The nature of the compound was different from that in the outer layer. By cor-
roborating the data of the optical micrograph (Fig. 2), electron micrographs (Figs.
8-11) and the microhardness measurements (Fig. 6), it was concluded that the
interior layer is formed of a Ti-Ni—Fe compound.

CONCLUSIONS

1. Specimens of 316L austenitic steel used in implantology for manufactu-
ring prostheses were subjected to thermochemical treatment by titanium diffusion
in order to obtain surface coatings.

2. As a function of the variation of the process parameters, temperature and
duration, diffusion layers with a thickness between 30 and 350 um were obtained.

3. All coatings obtained at temperatures higher than 900 °C consisted of two
Zones:

— an exterior zone, thin and lightly colored, formed of TiN and with a hard-
ness approximately 5 times higher than that of the metallic substrate;

— a thicker inner zone formed of a Ti-Ni—Fe compound. The hardness value
of this layer was approximately 3 times higher than that of the metallic substrate
with the constant value throughout the whole thickness.

Acknowledgement. The authors thank Mr. Gabriel Dumitrescu for performing the optical
and electron photo images.

U3BOJ

IMMPEBJIAKE HA AYCTEHUTHOM YEJIUKY HACTAJIE JU®Y3UJOM TUTAHA
IMAKYJYROM HEMEHTAIITMJOM

MIRELA BRITCHIY, NICULAE ENE?, MIRCEA OLTEANU! 1 CONSTANTIN RADOVICI?

'Romanian Academy, Institute of Physical Chemistry ““Ilie Murgulescu”, Splaiul Independentei, 202,
Bucharest « 2ICECHIM, Splaiul Independentei, 202, Bucharest, Romania

[loBpmmHa y3opaka aycTeHUTHOT dennka 316L momudukoBana je nudysujom tutana. [Ipe-
BJIake HacTaje audy3ujoM Io0HjeHe Cy MaKOBamkEeM M3 CMeEIIe paxoBa Koja ce cacTojana of mpa-
xoBa turana, NH4Cl and Al,O3. TIpouenypa je ayrorpajHa u 3axTeBa BUCOKE TEMepaType, MPEeKo
900 °C. Ha nouetky nporeca Gopmupa ce aTOMCKH TUTAH. ATOMH THTaHa TUQYHIY]y U3 METATHUX
JIeJIOBA MOBPILIKMHE Ka YHYTpPALIKHOCTH, YiMe ce GopMupa Iudy3HOHH CII0j y 3aBHCHOCTH O] cac-
TaBa yenuka. Judysuja TuTaHa y NOBPIIMHY ayCTEHUTHOT Yenuka oapelyje popMupame KOMIIIeK-
cHe npeBnake: TaHak cinoj TIN y MOBPIIMHCKAM JeJI0BHMA MPEBJIAKe U CII0j Y YHYTPAIIBOCTH Mpe-
BJIaKe KOJU CE€ CaCTOjHU OJ1 jeauiberba Koja caapxe Ti, Ni u Fe. JloGujeHe npesnake Cy KOHTHHYaJI-
He, 100po npujamajyhe u TBpaohe koja je Beha ox oHe kojy uMma matepujan nojiore. Judysuone
HpEBJIaKe Cy UCHHUTHBAHE ONTHYKOM M CJICKTPOHCKOM MHKPOCKOIHjOM, IU(PPAKIHjOM X-3paka W
Vickers-oBum Tectom MEKpoTBpIohe.

(Mpumuseno 21. mapra, peBuaupano 25. jyna 2008)
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Abstract: Copper was precipitated using a sodium sulphide solution as the pre-
cipitation agent from an acid solution containing 17 g/l copper and 350 g/l sul-
phuric acid. The particle size of nearly 1 pm in the sulphide sludge sample was
detected by optical microscopy. Based on chemica and X-ray diffraction analy-
ses, covellite was detected as the magjor sulphide mineral. The batch bioleach
amenability test was performed at 32 °C on the Tk31 mine mesophilic mixed
culture using a residence time of 28 days. The dissolution of copper sulphide
by direct catalytic leaching of the sulphides with bacteria attached to the par-
ticles was found to be worthy, although a small quantity of ferrousions had to
be added to raise the activity of the bacteria and the redox potential of the cul-
ture medium. Throughout the 22-day period of the bioleach test, copper reco-
very based on residue analysis indicated a copper extraction of 95 %, with cop-
per concentration in the bioleach solution of 15 g/l. The slope of the straight
line tangential to the exponential part of the extraction curve gave a copper so-
lubilisation rate of 1.1 g/l per day. This suggests that a copper extraction of 95 %
for the period of bioleach test of 13.6 days may be attained in a three-stage

bioreactor system.

Keywords: copper; acid solutions; hydrogen sulphide; sulphide sludge; bio-

leaching.

INTRODUCTION

The ecological hazards caused by uncontrolled release of the Bor mining and
metallurgical effluent streams have not been addressed for a long time. Acidic
effluent streams from industrial activities are traditionally treated by the process
of lime neutralization. This treatment method is expensive, and produces a gyp-
sum sludge which requires dewatering and disposal .1

* Corresponding author. E-mail: vladimirc@ibb-bor.co.yu

# Serbian Chemical Society member.
doi: 10.2298/JSC0902213C
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Over the course of time, the Bor Mining and Metallurgical Company has
developed severa projects for copper extraction and neutralization of the mine
water and acid solutions, but not one of them gave a sufficiently good result.
These processes were as follows: copper sulphate production from tank house
bleed electrolyte, copper cementation from mine water, improvement of cemen-
tation on scrap iron,23 neutralization of mine acid water in a tailing pond#° and
electrowinning of copper from acid solutions.6-8

The low recovery and the low grade of the copper produced in these plants
meant that further smelting was required, which is often not economically jus-
tified. The present situation in the mining and metallurgical complex Bor is that
copper losses with mine water are nearly 300 tons per year, with a concentration
of copper from 0.3 to 1 g/l and a pH ranging from 1.8 to 3.5. Moreover, loses
with metalurgical acid solutions are nearly 50 tons per year, with a concentration
of Cu of 3to 20 g/l with that of sulphuric acid ranging between 20 to 400 g/l.

Successful treatment of tank house acid solution was performed by the Cerro
Copper Product, which includes solvent extraction, electrowinning, evaporation,
crystallization and filtration processes for copper and nicke! sulphate production.®

The object of this study was to attempt to solve the problem of copper re-
covery from acid effluent streams by new biohydrometallurgical processes and,
at the same time, to decrease the environmenta hazards in the area of East Ser-
bia. It has already been demonstrated that the particle size distribution can dra-
matically affect the bioleaching efficiency when using extreme thermophilic bac-
teria. 10-12 The sulphide sludge was produced from metallurgical effluent streams
(tank house, copper sulphate plant, copper powder plant and dore plant) by con-
ventional hydrogen sulphide precipitation followed by mesophilic leaching, sol-
vent extraction and electrowinning of the obtained |each solution.

EXPERIMENTAL
Bacterial inoculum

A mesophilic acidophiles culture provided by Mining and Smelting Company Bor was
used as the inoculum. This culture (named Tk31) originates from the underground copper
mine Tilva Ros. The bacterial strains were identified as a mixed culture of acidithiobacillus
ferrooxidans and acidithiobacillus thiooxidans. Their optimum growth temperature was in the
range between 30 and 35 °C, and their tolerance to copper and iron was attained naturaly in
the existing underground copper mine.13

Sulphide materials

The laboratory scale study was performed using copper sulphide sludge obtained by con-
ventional hydrogen sulphide precipitation from an acid solution received from the copper sul-
phate plant.

A sodium sulphide solution was used as the precipitation agent from an acid solution
with a copper content of 17 g/l and a concentration of sulphuric acid of 350 g/l.
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Mineralogical analysis

The relative proportions of the minerals present in a sample were determined by the X-
ray diffraction analysis.
Nutrient

The composition of the nutrition medium used during the test was (in g/l): (NH4)»SO,,
3.0; KCl, 0.10; K,HPO,, 0.50; MgSO,4- 7H,0, 0.50; Ca(NOs), 4H,0, 0.010 and ferrousirons, 2.2.

Batch bioleach test

The laboratory-scale unit consisted of 4-litre glass reactors with 2.9 | of culture media.
The operating temperature was maintained at around 32 °C. The bioleach culture medium
consisted of sulphide sludge with a low solids concentration, concentrated nutritive medium
(1.5x) and Tk31 inoculum, which was stirred with a magnetic stirrer. The operating conditions
were as follows:. solids concentration 3 % (w/w), air flow 20 NI/h, with a 21 % (v/v) oxygen
content and a 0.03 % (v/v) carbon dioxide content, and a residence time of 28 days. Existence
of free bacteria in leach solution was detected using sample of bioleach medium as inoculum
in 9 K solution. The pH value was maintained at approximately 1.7 by adjusting the pH of the
culture medium during the leach test.

At the end of the bioleach test, after centrifugation of the solution at 3000 rpm for 5 min,
microscopic observations revealed a high amount of mesophilic acidophiles.

Analytical technique

The copper and total iron concentrations in the solution were measured by atomic ab-
sorption spectrophotometry, PE-403. The pH of the leach solution was measured with a com-
bined glass electrode at ambient temperature. The copper dissolution rates and final copper
recovery were calculated by material balance using the copper concentrations in the culture
medium and in the sludge residue.

RESULTS AND DISCUSSION

The results of the chemical analysis of the sulphide sludge sample are given
inTablel.

TABLE I. Chemical analyses of the sulphide sludge

Element Content (w/w)
Cu 62.10
Fe 0.18
s 24.00
Mg 0.02
Ca 0.03
Zn 0.01
Pb 0.02
Ni 0.02

A particle size of the sludge was ~ 1 um as detected by optical microscopy.

The result of X-ray analysis, presented in Fig. 1, shows covellite (CuS) as
the mgjor phase in the sample.

The sulphide mineral component of the sulphide sludge was ~ 99 %. Accor-
ding to the chemical and X-ray analyses of the sample, the extent of copper sul-
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phides was about 98 %, the rest were traces of other metal sulphides. It should be
noted that the X-ray analysis could not distinguish between covellite and chal co-
cite (CusS), due to their finely intergrown nature. Consequently, these two spe-
cies are designated as Cu-sulphides in which, according to chemical analysis, due
to lower content of sulphur, the amount of covellite and chalcocite was approxi-
mately 65 and 35 %, respectively. The fine material was used as the feed material
in the test work programme.
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Fig. 1. X-Ray diffraction pattern of the sample (C — covellite).

The variation of pH monitored in the culture medium during the test is pre-
sented in Fig. 2. The pH, initially adjusted to 1.7 with sulphuric acid, aways at-
tained a value over 2 because of the neutralization of some quantity of sodium
remaining in sample and the chemical dissolution of copper generated during the
direct bioleaching of chalcocite.
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Fig. 2. pH Vaues as afunction of time.
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The results of copper extraction obtained in terms of biochemical leaching of
the sample are presented in Fig. 3 as a plot of the copper content vs. time. The
plot shows a pronounced “ S’ -shaped curve. The section of this curve corresponds
to the lag, exponential and asymptotic growth regions, respectively. Through a
series of inoculations, the bacteria will adapt to the sulphide sludge, and the lag
phase will be considerably decreased, and the bacterial growth and leaching rate
increased.14

Throughout the 22-day bioleach test, the copper recovery based on residue
analysis indicated a copper extraction of 95 %, with copper concentration in the
bioleach solution of 15 g/l (corresponding to the maximum content of copper in
Fig. 3, representing the highest value of copper in g/l). The bioleach solution
obtained of 15 g/l and pH 1.7 is convenient for down stream processes, which
includes three stages of extraction, two stages of stripping and electrowinning for
cathodic copper production.
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Time (days)

Fig. 3. Content of Cu as afunction of time.

A summary of the extractions based on residue analysisis presented in Table 1.
TABLE II. Summary of the results obtained from the batch bioleach test during 22 days

Element Amount extracted, %
Cu 95
S 96

Gerickel® suggested that in a multi-stage reactor system, an acceptable cop-
per solubilisation rate should be achievable in line with those demonstrated by
the mesophilic batch bioleach test. The slope of the straight line tangential to the
exponential part of the curve, which is a measure of the copper solubilisation
rate, was 1.1 g/l per day. Thisindicates that at a high redox potential it is possible
to achieve a copper extraction of 95 % for the period of bioleach test of 13.6 days
in athree-stage bioreactor system.

The dissolution of a copper sulphide sludge by bacteria involves direct and
indirect leaching. Recently, some authorsl® disregarded the difference between
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the direct and indirect leaching, combining these mechanisms into a single pro-
cess. For the present purposes, the direct/indirect model is still useful for the in-
troduction of the basic chemical reactions arising in the process.

It is supposed that the dissolution of covellite and chalcosite by bacteria was
involved in the direct leaching; the bacteria attached to the particles catalyse the
oxidation of the covellite and chalcosite crystals into soluble sulphates, thereby
dissolving copper in the sulphuric acid solution.1’~19 Direct leaching includes the
oxidation by T. ferrooxidans of covellite into copper sulphate (CuSOg), and chal-
cosite (Cu,S) into copper sulphate and copper. These processes are illustrated by
the following chemical Reactions:

CuS + 2H* + 1/20, — T. ferrooxidans — Cu2* + S+ H,0 (1)
Cu,S + 2H* + 1/205 — T. ferrooxidans — Cu?t + S+ H,O + Cu 2

Moreover, according to the electrochemical principle, it is necessary for the
dissolution of amineral that a distinct difference between the redox potential (Ey,)
of the medium solution and the electrostatic potential of the sulphide minera
condition should exist.20

In the present work, in order to improve the bioleaching process, a small
quantity of 2.5 g/l of ferrous ions was added to the leach solution. A better opti-
mization of the culture conditions by adding different oxidants, such as pure py-
rite or a higher content of ferric ions, as well as nutrient requirements and carbon
dioxide, would improve the overall bioleaching performances.

The variation of the iron content in the culture mediaisillustrated in Fig. 4.
Initially, the added 2.5 g/l of ferrous iron was oxidized during the bioleaching
process to ferric iron, increasing the Fe3t/Fe2* ratio, i.e., the redox potentia of
the culture medium up to approximately 18 g/l.
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. ?Fe
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Fig. 4. Ferric/ferrous ratio as afunction of time.
Direct bacterial oxidation of ferrous iron (Fe2+) compounds present in the

leach solution to ferric iron (Fe3+) may be described by the following chemical
Reaction:
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4Fe2t + Oy + 4H — T. ferrooxidans — 4Fe3+ + 2H,0 (3)

In the indirect leaching, the oxidation of the metal sulphide crystalsis media-
ted by ferric iron (Fe3t) originating from the direct bacterial oxidation of ferrous
iron (Fe2t) compounds present in the culture medium, as shown in Eq. (3). Thus,
the ferric iron produced in Eq. (3) can leach copper as copper sulphate from co-
vellite and copper and copper sulphide (covellite) from chal cocite, as shown below:

CuS + 2Fe3+ — chemical oxidation — Cu2t + S+ 2Fe2t (4)
CupS + 2Fe3+ — chemical oxidation — Cu + 2Fe2t + CuS (5)
Cu + 1/205 + 2H* — chemical oxidation — Cu2+ + 2H,0 (6)

The sulphur resulting from Eq. (4) can, in turn, be recycled by T. thiooxidans
into sulphuric acid, Eq. (7), where sulphuric acid is used as a reactant in Eq. (3)
when only ferrous sulphate is available in the process for the generation of ferric
sulphate;

2S5 + 302 + 2H20 — T. thiooxidans — 2H2S04 @)

The Cu extraction data (based on the residue analyses) presented in Table |1
indicates that the amounts of copper and sulphur extracted from the copper sul-
phide sludge over a period of 22 days were 95 of 96 %, respectively.

An ongoing batch amenability ferric leach test at 70 °C that a 95 % copper
recovery was attained with a 3-day residence time, i.e., the result attainable in
tests with thermophilic bacteria.

CONCLUSIONS

The starting point of this study was to provide appropriate operating para-
meters for the industrial application and to increase the copper recovery from se-
condary raw materials and improve environmenta protection. The result achieved
during the mesophilic bioleaching of sulphide sludge that the dissolution of sul-
phide copper from the sulphide sludge with mesophilic mixed culture is techni-
cally feasible. Over the period of the batch bioleach amenability test of 22 days,
copper recovery (based on residue analysis) indicated a copper extraction of 95 %,
with a copper concentration in the leach solution of 15 g/l. In a three-stage re-
actor system, an acceptable copper solubilisation rate should be achievable in line
with those demonstrated by the mesophilic batch bioleach test. The slope of the
straight line tangential to the exponential part of the curve, which is a measure of
the copper solubilisation rate of 1.1 g/l per day, indicates a copper extraction of
95 % over the period of 13.6 days in the three-stage bioreactor system. Better
optimization of the culture conditions by the addition of different oxidants, such
as pure pyrite or higher amounts of ferric ions, as well as nutrient requirements
and carbon dioxide, would improve the overall bioleaching performances.
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U3BOJ
JIYXKEBE BAKAP-CYJIOUJHOI MYJbA ME3O®UJIHUM FAKTEPUJAMA

BJIAIUMUP b. L[BETKOBCKI/Il, BECHAT. I_IOHI/I"Bl, MIJIOBAH BYKOBHR2 1 MAJIEHA B. LIBETKOBCKA3

114Hctﬁuu7yu7 3a 6akap, bop, 2Texnuuku ¢haxyainieiti y bopy, Ynueepauitieini y beozpady
u 3Xemujcku paxyaimieimi, Ynusepsuitiein y Beozpady

IMperunuranuja 6akpa ocTBapeHa je ynorpeboM BOACHOI pacTBOpa HaTpHjyM-cyiduiaa pea-
reHca 3a npeuunuranyjy 6akpa u3 pactsopa koju caapxu 17 g/l 6akpa u 350 g/l cymmnopHe kuce-
nuHe. BennunHa gectuma y y30pKy, Koja ce kperana oko 1 pm, oapelheHa je onTHIKOM MHKpPOCKO-
mujoM. XeMHjCKOM H PEHATCHO AN(PPAKINOHOM aHAIN30M YCTaHOBJHCHO je NMPHCYCTBO KOBEIMHA
Kao riaBHOT cyiadunHor MuHepaia. JlabopaTopijcku GHOYKHH TECT je OCTBApEH Ha TeMIIepaTypu
on 32 °C kopuntheweMm Tk31 pynapcke mezoduinae KyiType. PacTBapame cynduna 6akpa je ocTa-
PEHO MPEKTHHM KaTaJIUTHYKHM pacTBapameM cyidua ca OakreprjaMa Ha MOBPIIMHH YECTHIIA,
any je He3HaTHA KolW4nHa (hepo-joHa JofaTa y pacTBOp y IWJBY pa3Boja OakTepHja U PEHOKC I10-
TeHIHjana. Y 1abopaTopujckoM OHOTYKHOM €KCIIEpUMEHTY y MEpUoay of 22 AaHa, pacTBOPEHO je
95 % Gakpa, 1 Ipu TOME OCTBapeH caapxaj 6akpa y iyxaom pactBopy 15 ¢/l. Ha ocHoBy Harnba
IpaBe JIMHHUje, Tj. TAHTeHTE Ha SKCIOHCHIIMjaJIHN JIe0 KPUBE pacTBapama 0akpa, Koja Mpe/CcTaBiba
Op3uny pacrtapama Gakpa ox 1,1 g/l Ha man, onpeheno je pacrapame 95 % Gakpa y GHOIYKHOM
eKCIIepUMeHTY 3a BpeMe oJ 13,6 aHa y cucteMy KOHTHHYAHOT pajia TpU OHopeaTopa y CepHju.

(Mpumsbeno 16. maja, peBuanpano 24. jyxna 2008)
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