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Abstract: A convenient method for the synthesis of lignanamide cannabisin G,
starting from vanillin, was developed. The convergent synthesis was based on
the Stobbe reaction as C—C bond-forming steps to give the skeleton of lignan,
which was condensed with a derivative of tyramine to obtain synthetic canna-
bisin G for thefirst time.

Keywords. synthesis; lignanamide; stobbe reaction; cannabisin G.

INTRODUCTION

Cannabisin G (1) was first isolated from the fruits of Cannabis sativa in
1995.1 C. sativa is an annua plant which belongs to the family Cannabaceae
from Central Asia2 C. sativa has been utilized as an anti-asthma, anticonsti-
pation, anthelminthic drug in traditional Chinese medicine, and these uses are
still well-rooted in folk medicine today.3v4 Cannabinoids, flavonoids, stilbenoids,
terpenoids, akaloids and lignanamides are some of the secondary metabolites
present in C. sativa.®> Cannabisin G belongs to the lignanamide group and is
classified as lignans of the arylnaphthalene derivative type. Natural products of
the lignanamide family displayed interesting and diverse biological activities,
including feeding deterrent activity and insecticidal effects.67 In 2002, it was
first reported that cannabisin G showed cytotoxic activity against human prostate
cancer LNCaP cells.8

A synthetic approach to the lignanamide family has not hitherto been re-
ported. Herein, full details of the total synthesis of the lignanamide cannabisin G
(1) are provided.

In the retrosynthetic analysis (Scheme 1), cannabisin G must be developed
for the coupling of (E,E)-2 with tyramine. The key intermediate (E,E)-2 is ob-
tained by the condensation of vanillin with diethyl succinate.

* Corresponding author. E-mail: xiaym@qust.edu.cn
doi: 10.2298/J5C091016128X
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Scheme 1. In the retrosynthetic analysis, cannabisin G must be devel oped by the coupling of
(E,E)-2 with tyramine. The key intermediate (E,E)-2 was obtained by the condensation of
vanillin and diethyl succinate, involving double Stobbe reactions.

As shown in Scheme 2, the synthesis involved the Stobbe reaction to cons-
truct the skeleton of lignan (Cg-C4-Cg), followed by condensation with tyramine
to obtain cannabisin G (1).
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Scheme 2. Reaction scheme for the preparation of cannabisin G starting from vanillin.
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EXPERIMENTAL
General

Melting points were taken on a Gallenkamp melting point apparatus and were uncor-
rected. The infrared spectra were recorded on a Nicolet Nexus 670 FTIR spectrometer. The
IH-NMR and 13C-NMR spectra were recorded on a Bruker AM—500 MHz spectrometer. The
mass spectra were recorded on a ZAB—HS spectrometer. HRM S were obtained on a Bruker
Daltonics APEXI147e spectrometer. Flash column chromatography was performed on silica
gel (200-300 mesh) and TLC inspections on silica gel GF254 plates.

4-Benzyl oxy-3-methoxybenzal dehyde (3)
A mixture of vanillin (60.8 g, 400 mmol), benzyl bromide (68.4 g, 400 mmol) and an-
hydrous potassium carbonate (55.2 g, 400 mmol) in acetone (200 ml) was stirred overnight at

room temperature. The reaction mixture was filtered, and the solvent was removed in vacuo.
The residue was crystallized from EtOH to give the compound 3 as yellow crystals (92.0 g).
(E)-2-(4-benzyl oxy-3-methoxybenzylidene)succinic acid (4)

Compound 3 (72.6 g, 300 mmol) and diethyl succinate (52.2 g, 300 mmol) were added to
a solution of NaOEt (40.8 g, 600 mmol) in EtOH (500 mL). The mixture was heated under N,
and was refluxed for 4 h, and then the ethanol was removed. The residue was cooled and aci-
dified with HCI (5 mol L™, 60 ml). This was then extracted with EtOAc (3x70 mL). The
EtOAc layer was then re-extracted with saturated NaHCO5 solution (300 mL). Acidification
of the ag. NaHCO; extract with HCI (5 mol L1, 60 ml) provided an oily layer, which was again
extracted with EtOAc (3x70 mL). The combined organic layer was dried over MgSO, and
concentrated in vacuo. This residue was added to a solution of 20 % aqueous NaOH (500 mL)
and refluxed for 3 h. After cooling to room temperature, the mixture was washed with EtOAc
(3%x70 mL). After decolorizing with active carbon, the mixture was acidified with HCl (5 mol
L1, 60 ml) whereby a white solid was obtained. The crude product was crystallized from
EtOH to give the diacid 4 asayellow crystal (120.0 g).

(E)-Dimethyl 2-(4-benzyl oxy-3-methoxybenzylidene)succinate (5)

The diacid 4 (68.4 g, 200 mmol) was added to an ice-cold solution containing an excess
of CH,N, in Et,O. The mixture was stirred for 12 h, and concentrated in vacuo. Flash column
chromatography of the residue gave diester 5 asayellow oil (71.8 g).

(E,E)-2,3-bis(4-benzyl oxy-3-methoxybenzylidene)succinic acid (6)

Diester 5 (37.0 g, 100 mmol) on Stobbe condensation (following the above-mentioned
procedure) with compound 3 (24.2 g, 100 mmol) provided a light-yellow solid which was pu-
rified by recrystallization from MeOH to yield product 6 (42.5 g).
4-Benzyloxybenzal dehyde (7)

A mixture of 4-hydroxybenzaldehyde (24.4 g, 200 mmol), benzyl bromide (34.0 g, 200
mmol) and anhydrous potassium carbonate (27.6 g, 200 mmol) in acetone(100 ml) were stir-
red overnight at room temperature. The reaction mixture was filtered, and the solvent was
removed in vacuo. The residue was crystallized from EtOH to give the compound 7 as yellow
crystals (39.4 g).
1-Benzyl oxy-4-(2-nitroethenyl)benzene (8)

To a mixture of nitromethane (9.2 g, 150 mmol) and compound 7 (31.8 g, 150 mmoal) in

MeOH (200 mL) was added dropwise sodium hydroxide (8.0 g, 200 mmol) in water (200 mL)
under an ice bath. The reaction mixture was stirred for 5 h and then poured into 500 mL of

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




1620 XIA, GUO and WEN

HCl (2 M) in water. The mixture was filtered and the yellow crystalline mass was washed
with water and crystallized from EtOH to give product 8 as yellow crystals (32.1 g).
0-Benzyltyramine (9)

Compound 8 (12.8 g, 50 mmol) in dry Et,O was added to the solution of LiAIH, (5.0 g,
132 mmol) in Et,O. The mixture was heated at reflux for 4 h under nitrogen. Then the reaction
was quenched with ice water and the resulting mixture filtered. The filtrate was dried over an-
hydrous MgSO, and concentrated in vacuo. Flash column chromatography of the residue gave
product 9 (8.8 ).
Cannabisin G (1)

A solution of compound 6 (2.8 g, 5 mmoal) in dry CH,Cl, (20 mL) was added dropwise
to a solution of compound 9 (2.3 g, 10 mmol), N,N'-dicyclohexylcarbodiimideline, DCC (2.1
0, 10 mmoal), and 4-dimethylaminopyridineline, DMAP (1.3 g, 10 mmal), in dry CH,Cl, (100
mL) at 0 °C for 2 h under nitrogen. After stirring the mixture overnight at room temperature,
the reaction mixture was filtrated and the solvent was distilled off. Flash column
chromatography (petroleumether: ethyl acetate = 6:1) of the residue gave product 10 (4.2 g).

Product 10 (3.0 g, 3.0 mmol) was dissolved in 50 mL MeOH and stirred under a hyd-
rogen atmosphere (1 atm) for 7 h in the presence of 5 % Pd/C (1.5 g). The reaction mixture
was filtered through a pad of celite and then the solvent was removed in vacuo. Flash column
chromatography (petroleumether: ethyl acetate = 5:1) of the residue gave an amorphous powder
cannabisin G (1) (1.4 g).

RESULTS AND DISCUSSION

The analytic and spectroscopic data of cannabisin G and the intermediate
products are given below.

4-Benzyl oxy-3-methoxybenzaldehyde (3). Yield: 95 %; m.p. 65-67 °C. IR
(KBr, cmrl): 3014, 2845, 1679, 1671, 1587, 1505, 1466, 1385, 1276, 1134, 1032.
IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 3.84 (3H, s, OCH3), 5.16 (2H, s,
ArCH»0), 6.87-7.54 (8H, m, ArH), 9.85 (1H, s, ArCHO). EI-MS (n/z, (%)):
242 (M*) (12), 214 (7), 151 (2), 91 (100), 67 (13).

(E)-2-(4-Benzyloxy-3-methoxybenzylidene)succinic acid (4). Yield: 83 %;
m.p. 131-133 °C. IR (KBr, cm1): 3250, 3060, 2912, 1709, 1615, 1497, 1484.
IH-NMR (500 MHz, CDCl3, 6 / ppm): 3.57 (2H, s, CHy), 3.86 (3H, s, OCH3),
5.15 (2H, s, ArCH»0), 6.68-7.43 (8H, m, ArH), 7.87 (1H, s, ArCH=C). EI-MS
(m/z, (%)): 342 (M) (26), 324 (12), 297 (27), 175 (16), 91 (100).

(E)-Dimethyl 2-(4-benzyl oxy-3-methoxybenzylidene)succinate (5). Yield: 97 %;
IR (KBr, cm1): 3080, 2908, 1712 (CH,COOCH3), 1641 (COOCH3), 1503,
1465. 1H-NMR (500 MHz, CDCl3, § / ppm): 3.69 (3H, s, COOCH3), 3.78 (3H, s,
COOCH3), 3.83 (3H, s, OCH3), 3.56 (2H, s, CH>,COOCHz3), 5.15 (2H, s,
ArCH»0), 6.68-7.45 (8H, m, ArH), 7.88 (1H, s, ArCH=C). EI-MS (m/z, (%)):
370 (M) (36), 338 (18), 307 (14), 175 (23), 91 (100).

(E,E)-2,3-Bis(4-benzyl oxy-3-methoxybenzylidene)succinic acid (6). Yield: 75 %;
m.p. 151-153 °C. IR (KBr, cm1): 3350, 2900, 1740 (2xCOOCH?3), 1496, 1241,
1042. 1H-NMR (500 MHz, CDCl3, 6 / ppm): 3.78 (6H, s, 2xOCH3), 5.16 (4H, s,
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2xArCH»20), 6.79 (2H, d, ArH, J = 8.5 Hz), 7.07 (2H, dd, ArH, J = 2.0 and 8.5
Hz), 7.19 (2H, d, ArH, J = 2.0 Hz), 7.28-7.40 (10H, m, ArH), 7.96 (2H, s,
2xArCH=C). 13C-NMR (CDCl3, 125 MHz, ¢ / ppm): 55.7 (2xOCHg), 70.7
(2xArCHy), 112.7, 113.1, 123.3, 124.9, 127.2, 127.3, 128.0, 128.6 (2xArCH=C),
136.4 (2xArCH=C), 144.2, 149.2, 150.1, 172.7 (2xC=0). EI-MS (m/z, (%)): 566
(M%) (2.1), 549 (4.3), 325 (11), 175 (35), 151 (5.2), 91 (100). HRMS Calcd. for
Ca4H310g (M+HY): 567.2014, found: 567.2012.

4-Benzyloxybenzaldehyde (7). Yield: 93 %; m.p. 72-74 °C. IR (KBr, cnml):
3034, 2840, 2739, 1690, 1601, 1570, 1510, 1453, 1321, 1262, 1166, 1021. 1H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 5.16 (2H, s, ArCH0), 7.05-7.84 (9H, m,
ArH), 9.88 (1H, s, ArCHO). EI-MS (m/z, (%)): 212 (M™*) (17), 182 (0.8), 151
(1.8), 121 (1.5), 91 (100), 65 (12).

1-Benzyl oxy-4-(2-nitroethenyl)benzene (8). Yield: 84 %; m.p. 113-115 °C. IR
(KBr, cmrl): 3110, 3042, 2960, 1635, 1607, 1550, 1510, 1346, 1265, 1164. 1H-
NMR (500 MHz, CDCl3, ¢ / ppm): 5.15 (2H, s, ArCH50), 7.04 (2H, d, ArH, J =
8.5 Hz), 7.35-7.50 (7H, m, ArH), 7.52 (1H, d, ArCH=CH, J = 13.5 Hz), 7.98
(1H, d, ArCH=CH, J = 13,5 Hz). EI-MS (n/z, (%)): 255 (M*) 1.4), 238 (2.5),
226 (3.2), 151 (2.8), 121 (5.3), 91 (100), 65 (7.1).

o-Benzyltyramine (9). Yield: 78 %; m.p. 203-206 °C. IR (KBr, cmr1): 3285,
3050, 3025, 2932, 2867, 2586, 1615, 1597, 1518, 1460, 1259, 1030. 1H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 2.82-2.85 (2H, m, ArCH>CH>), 2.94-2.98
(2H, m, ArCH>CH>), 5.08 (2H, s, ArCH>0), 6.95 (2H, d, ArH, J= 8.5 Hz), 7.18
(2H, d, ArH, J = 8.5 Hz), 7.31-7.45 (5H, m, ArH). 13C-NMR (125 MHz, CDCl3,
o [ ppm): 32.5 (ArCH>CHy), 39.8 (ArCH>CHy), 69.6 (ArCH20), 115.4, 128.1,
128.3, 128.9, 129.9, 130.2, 137.6, 157.6. EI-MS (m/z, (%)): 227 (M™) (8.7), 198
(1.2), 151 (4.9), 121 (23.6), 91 (100); HRMS Calcd. for C15H1gNO (M+H):
228.1383, found: 228.1389.

4.4 4" 4" -tetrabenzyloxy cannabisin G (10). Yield: 85 %. 1H-NMR (500
MHz, CDCl3, ¢ / ppm): 2.48 (2H, dt, H-7"a, H-7""a, J = 13.5, 7.0 Hz), 2.55 (2H,
dt, H-7p, H-7"", 3 = 13.5 and 7.0 Hz), 3.28 (2H, dt, H-8" ¢, H-8"a, J = 13.5,
7.0 Hz), 3.52 (2H, dt, H-8"p, H-8"'f, J = 13.5, 7.0 Hz), 3.78 (6H, s, 2XOCH3),
5.15 (4H, s, 2xArCHy), 5.21 (4H, s, 2xArCHy), 6.51-7.48 (34H, m, ArH), 7.96
(2H, s, 2xArCH=C). HRMS Calcd. for CggHgsN30g (M+NH,*): 1002.4688,
found: 1002.4683.

Cannabisin G (1). Yield: 75 %. IR (KBr, cmr1): 3356, 2910, 1659, 1615,
1517, 1194. 1H-NMR (500 MHz, CDCl3,  / ppm): 2.43 (2H, dt, H-7"a, H-7""a,
J=13.6, 6.5Hz), 2.51 (2H, dt, H-7"p, H-7"" , J = 13.6, 6.5 Hz), 3.25 (2H, dt, H-
-8a, H-8"a, J = 13.6, 6.5 Hz), 3.50 (2H, dt, H-8"4, H-8""f, J = 13.6, 6.5 Hz),
3.75 (6H, s, 2xOCH3), 6.82-7.31 (14H, m, ArH), 7.89 (2H, s, 2xArCH=C). 13C-
-NMR (125 MHz, CDCl3, ¢ / ppm): 35.6 (C-7", C-7""), 42.7 (C-8"", C-8""), 56.8
(2xOCH3), 113.1, 116.2, 125.4, 127.6, 127.8 (C-8, C-8), 130.2, 130.7, 140.8 (C-7,
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C-7', 148.3, 149.2, 156.5, 166.8 (C-9, C-9'). EI-MS (m/z, (%)): 624 (M) (0.2),
339 (18), 337 (9), 151 (23), 91 (100); HRMS Calcd. for CazgH4oN30g (M+NHz"):
642.2810, found: 642.2814. The data are consistent with the literature.1

As is shown in Scheme 2, vanillin was used as the raw materia and the
4-hydroxy! group of vanillin was protected with benzyl chloride to afford product
3. Compound 3 underwent Stobbe condensation with diethyl succinate in the
presence of sodium ethoxide in ethanol to produce compound 4. The (E)-confi-
guration of the olefinic double bond was evident from the appearance of the de-
shielded vinylic proton at ¢ 7.87 in its 1H-NMR spectrum.® Compound 4 was
methylated with diazomethane in diethyl ether to yield the diester 5. The second
Stobbe condensation of 5 with 3 in methanol in the presence of sodium me-
thoxide yielded the key intermediate 6. The deshielded vinylic proton at ¢ 7.96 in
the IH-NMR spectrum of 6 indicated the (E)-configuration for both oléefinic
double bonds.10.11

4-Hydroxybenzal dehyde was protected with benzyl chloride to give product
7. Condensation of 7 with nitromethane in the presence of sodium hydroxide
gave compound 8, which was followed by reduction with LiAIH4 to afford in-
termediate 9.

The intermediate 6 was condensed with compound 9 in CH»Cl» in the pre-
sence of DCC and DMAP, followed by hydrogenolysis with 5 % palladium on
charcoal catalyst at room temperature to remove the benzyl group and obtain the
target product cannabisin G (1). Although it is possible to affect cleavage of the
benzyl group in the presence of an olefin, in general, the degree of selectivity is
dependent upon the substitution pattern and the level of steric hindrance. Good
selectivity was achieved for hydrogenolysis of a benzyl group in the presence of
atrisubstituted conjugated olefin.12

CONCLUSIONS

In summary, an efficient, high-yielding and convergent synthesis of alignan-
amide cannabisin G with an overall yield of 22.3 % was developed. The syn-
thesis was based on the Stobbe reaction for the C—C bond-formation steps to give
the skeleton of lignan, which afforded the key intermediate diacid, which was
condensed with a derivative of tyramine to obtain the natural product cannabisin
G for the first time. The present method is a new avenue for the synthesis of a
variety of useful and biologically active lignanamides.

Acknowledgements. This work was supported by Shandong Provincial Natural Science
Foundation, China (No. ZR2010HMO023) and Specialized Research Foundation for the
Doctoral Program of Higher Education, China (No. 20093719120004).
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U3BO [
TOTAJIHA CUHTE3A KAHABUCHHA G

YAMU XIA, YINGLAN GUO u YANLING WEN
College of Chemical Engineering, Qingdao University of Science and Technology, Qingdao 266042, P. R. China

PasBujena je morogHa cWHTe3a JTUrHaHaMKIa kKaHabucuHa G, nonazehn on BanmimHa. KoH-
BepreHTHa cHHTe3a 3acHuBa ce Ha CTo0eoBoj peaknuju, y kKojoj ce GopMupa yribeHUK—YTJbEHHUK
Be3a CKeJIeTa JIMTHaHA, KOjU je TIOBe3aH ca JAepuBaTOM THpaMuHa. OBHM MOCTYIKOM NPBH IyT je
nobujen cuHTeTHYKN Kanabucun G.

(ITpumibeno 26. oxroopa 2009, peBuaupano 29. jyna 2010)
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Abstract: 1-(3-Aminophenyl)-4-benzoyl-5-phenyl-1H-pyrazole-3-carboxylic acid
(1) was synthesized according to the literature.l 2-(3-Aminophenyl)-2,6-dihyd-
ro-3,4-diphenyl-7H-pyrazol o[ 3,4-d]pyridazin-7-one (5) was obtained by the
cyclocondensation reaction of 1 with hydrazine hydrate. New pyrazole deri-
vatives of compounds 1 and 5 were synthesized by their reaction with f-diketo-
nes, S-ketoesters, s-naphthol, phenol and various other reagents. The structures

of the synthesized compounds were characterized by 1H-NMR, 13C-NMR, IR
and mass spectroscopy, as well as elemental analysis.

Keywords. pyrazole-3-carboxylic acid; pyridazin; diazonium sdlts; cyclocon-
densation.

INTRODUCTION

It is known that pyrazole derivatives having heteroaryl groups attached as
substituents exhibit significant biological activity and that some pyrazolo-pyri-
dazine compounds containing heteroaryl groups are used to treat many disea
ses.2~4 On the other hand, diazonium salts have been the focus of great interest
for along time since they play a crucial role in organic syntheses and are com-
mercially important coloring agents.>6

Arene diazonium groups not only couple to activated aromatic carbon atoms,
but may also undergo coupling reactions with aliphatic compounds containing
active methylene groups. The facilitated abstraction of the acidic proton in S-di-
ketones and S-ketoesters leads to the formation of a resonance stable anion,
which can, therefore, behave as a good nucleophile. Thus, the coupling of this
anion with aryl diazonium chlorides gives 2-arylazo-hydrazo derivatives, from
which azo-hydrazo substituted heterocyclic compounds can be obtained. These

* Corresponding author. E-mail: rahmikasimoglu@hotmail.com
doi: 10.2298/J5C101018135K
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compounds play a significant role in the dye industry and, in addition, enable the
synthesis of heterocyclic compounds with different biological activities. Hence,
these coupling products are among the most investigated groups of com-
pounds.2 -9

Commencing from these facts, an attempt was made to expand the research
on the preparation of different derivatives of pyrazole carboxylic acid com-
pounds, which are biologically very important and exhibit pharmaceutical acti-
vities.25.7

RESULTS AND DISCUSSION

In this study, first the diazonium salts from compounds 1 and 5, which con-
tain aromatic primary amine groups, were prepared in situ (Schemes 1 and 2).256
For this purpose, compounds 1 and 5 were dissolved in an ethanol—-water mixture (50
%) containing sodium acetate and the temperature was kept constant (0-5 °C).
Three moles of acid were used per mole of the amine compound in the
diazotization reaction.1011 |n the experiments, different pH ranges were tested
and the best yield was observed in the pH range 3.5-4.0.

o 0o
PhyOH
\
Ph /N/N
©\NH

1 2

HCl  |CH,COONa
NaNO, | 0°C
o) o lAr X
R R
0] (0] 0] (o]
Pn OH Ph OH Ph OH
/N
N [\ / \
Ph N oh N/N N/N
(@]
N’N\ R N
! ! N” ar X
2 o” R, 3 4
_2 Ry R,
a| OCHs  CeHs
b| CH, CeHs 3| Ar 4] x
c| OC(CHz); CHs al Br
d| ocHs  CHs a _O_OH b| CN
e| CgHs CeHs OH g (le
] ISe

Scheme 1. The synthesis of compounds 2a—f, 3a—b and 4a—d.
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In this study, as aresult of the coupling reactions of 1 with various S-dicar-
bonyl compounds that contained an active aliphatic C—H group, derivatives 2a—f
were synthesized in 42—86 % yield. In all these compounds, due to the unpaired
electron pairs on the nitrogen atoms, the proton that transferred to the base was
subject to resonance. Thus, the products formed may be in the form of azo
(-N=N-) or hydrazo (-NH-N=C) tautomeric structures.12-17 However, in the
present study, an examination of the IH-NMR and IR spectra clearly revealed
that the signals belonging to compounds 2a—d at 6 11.90-11.20 ppm and in the
range of 3475-3414 cmr1 stem from the hydrogen on the nitrogen in the cor-
responding hydrazo forms (-NH-N=C) (Fig. 1).

o O O 0]
Ph OH Ph OH
Y Y
—— .
Ph N/ — Ph N/
N N
H
"’o/ R, Rs o

Fig. 1. Possible tautomeric structures for compounds 2a—f.

On reaction of compound 1 with phenol and S-naphthol, derivatives 3a (74 %
yield) and 3b (45% yield) were obtained, respectively. The structures of the com-
pounds were verified by their spectral data (see EXPERIMENTAL). An examina
tion of their resonance structures revealed that athough the aryl diazonium ion,
bearing partial positive charges on both nitrogen atoms, exhibits weak electro-
philic character, it normally formed azo compounds in the diazo coupling reac-
tion with the quite active aromatic compounds phenol and f—naphthol, giving the
corresponding diazo compounds 3a and 3b. The mechanism of coupling reac-
tions is the same as those of electrophilic aromatic replacement reactions. In the
first step, the electrophile binds to the carbon of the nucleophilic substrate
through a covalent bond and an intermediate product is formed. Subsequently, a
proton transfer to the base occurs. In the phenol and S-naphthol derivatives,
coupling occurs almost exclusively in the para position if the para position is
free. If the para position is occupied, then coupling occurs in the ortho posi-
tion.18.19

In the syntheses, the Sandmeyer reaction?0 was employed, in which Cu(l)
salts as catalysts together with the potassium salts of Br~ and CN™~ were used to
obtain derivatives 4a and b in 46 and 88 % yield, respectively.20 For replacement
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by I, having a strong nucleophilic character, the K1 alone was sufficient without
any necessity for a catalyst and thus, compound 4c was obtained. On heating the
diazo compound with H2O to 100 °C, derivative 4d was obtained in high yield
(85 %). In addition, the cyclocondensation of compound 1 with anhydrous hyd-
razine hydrate yielded a pyrazolo[3,4-d]pyridazin-7-one (5).121 During the reac-
tion of intermediary 5 with different g-diketones, compounds 6a—c were ob-
tained. Derivatives 7a and 7b were synthesized by the coupling reactions of 5
with phenol and s-naphthol, respectively (Scheme 2).

0 o
mym o’ o’
/ N I\ BY
Ph N/N NHz‘NHz Ph / ’
gl @
NH, NH, NHz
1

5

HCl CH5COONa
NaNO, | p°c
O, (0]
Y'Y Ar
Ri Ry
N—NH o] & Re
Ph 4 o a| CH; CHj N—NH
b | CeHs CeHs ph—< o
c | CHy CeHs

7| Ar Ph N~

@ e g A

7

Scheme 2. The synthesis of compounds 6a—c and 7a—b.

The yields, melting points, anaytic data and spectral data of the prepared
compounds are given below.

4-Benzoyl - 1-(3-(2-(1-benzoyl-2-ethoxy-2-oxoethyli dene) hydr azi nyl ) phenyl) -
-5-phenyl-1H-pyrazole-3-carboxylic acid (2a). Yield: 42 %; m.p. 147-148 °C.
Anal. Calcd. for C34H2gN4Og: C, 69.62; H, 4.47; N, 9.55 %. Found: C, 69.45; H,
4.58; N, 9.50 %. IR (KBr, cm~1): 2500-3500 (COOH), 3060 (Ar CH), 2901 and
2835 (diphatic CH), 1724 and 1666 (C=0), 1607—1463 (Ar C=C and C=N). 1H-
-NMR (400 MHz, DMSO-dg, ¢ / ppm): 12.70 (1H, br s, COOH), 11.90 (1H, br
s, NH-N=C), 7.20-7.90 (19H, m, ArH), 4.30 (2H, g, J = 7.1 Hz, OCHy), 1.30
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(3H, t, J = 7.0 Hz, CH3). 13C-NMR (100 MHz, DMSO—dg, 6 / ppm): 191.65 and
189.27 (benzoyl C=0), 163.46 (ester C=0), 162.75 (acid C=0), 145.60
(NH-N=C), 142.85 (pyrazole C-3), 61.79 (OCHy), 14.33 (CH3), 140.13, 138.34,
137.20, 133.67, 133.08, 130.38, 130.04, 129.83, 129.70, 129.65, 129.57, 129.53,
129.01, 128.96, 128.73, 128.61, 128.36, 128.25, 123.31, 120.35.

4-Benzoyl-1-(3-(2-(1-benzoyl-2-oxopropylidene)hydrazinyl ) phenyl )-5-phe-
nyl-1H-pyrazole-3-carboxylic acid (2b). Yield: 86 %; m.p. 126-128 °C. Anal.
Calcd. for C33H24N4Os: C, 71.21; H, 4.35; N, 10.07 %. Found: C, 69.32; H,
4.65; N, 9.57 %. IR (KBr, cm1): 2600-3500 (COOH), 3061 (Ar CH), 2950
(dliphatic CH), 1680 and 1665 (C=0), 1601-1461 (Ar C=C and C=N). IH-NMR
(400 MHz, DMSO—dg, 0 / ppm): 13.09 (1H, br s, COOH), 11.23 (1H, br s
NH-N=C), 6.90-7.90 (19H, m, ArH), 2.50 (3H, s, CHg). 13C-NMR (100 MHz,
DMSO—dg, 6 / ppm): 196.49 (acetyl C=0), 195.43 and 191.30 (benzoyl C=0),
162.78 (acid C=0), 144.32 (NH-N=C), 143.09 (pyrazole C-3), 25.40 (CH3),
140.13, 139.97, 138.09, 135.93, 133.93, 130.63, 130.02, 129.81, 129.53, 129.33,
129.21, 129.14, 129.04, 128.98, 128.91, 128.40, 128.28, 127.41, 123.50, 112.19;
MS (CI) (m/2): 557.0 (M+1).

4-Benzoyl-1-(3-(2-(1-(tert-butoxycaronyl)-2-oxopr opylidene) hydr azinyl ) phe-
nyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (2¢). Yied: 49 %; m.p. 230-231 °C.
Anal. Calcd. for C31HogN4Og: C, 67.38; H, 5.11; N, 10.14 5. Found: C, 67.25; H,
5.15; N, 10.17 %. IR (KBr, cm™1): 2500-3500 (COOH), 3415 (NH), 3059 (Ar
CH), 2900 and 2835 (aliphatic CH), 1718 and 1666 (C=0), 1605-1461 (Ar C=C
and C=N). 1H-NMR (400 MHz, DMSO-dg,  / ppm): 12.70 (1H, br s, COOH),
11.20 (1H, br s, NH-N=C), 6.90-7.90 (14H, m, ArH), 2.60 (9H, s, OC(CH3)a3),
1.50 (3H, s, CH3). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 195.47 (acetyl
C=0), 191.86 (benzoyl C=0), 185.38 (acid C=0), 163.86 (ester C=0), 146.96
(NH-N=C), 145.31 (pyrazole C-3), 82.63 (OC(CH3z)3), 28.39 (C(CH3)3), 21.58
(CHg), 142.54, 140.18, 138.49, 135.70, 133.52, 130.60, 130.32, 129.97, 129.48,
129.20, 128.95, 128.77, 127.50, 123.19, 121.95, 115.12.

4-Benzoyl-1-(3-(2-(1-(ethoxycar onyl)-2-oxopropylidene) hydr azinyl ) phenyl)-
-5-phenyl-1H-pyrazole-3-carboxylic acid (2d). Yield: 47 %; m.p. 240-242 °C.
Anal. Calcd. for CogH24N4Og: C, 66.41; H, 4.61; N, 10.68 %. Found: C, 66.29;
H, 4.65; N, 10.65 %. IR (KBr, cm~1): 2600-3500 (COOH), 3415 (NH), 3060 (Ar
CH), 2883 (aliphatic CH), 1665 (C=0), 1609-1460 (Ar C=C and C=N). 1H-
-NMR (400 MHz, DMSO-dg, ¢ / ppm): 12.80 (1H, br s, COOH), 11.60 (1H, br
s, NH-N=C), 7.80-7.10 (14H, m, ArH), 4.30 (2H, g, J = 7.1 Hz, OCH>), 2.26
(3H, s, CH3), 1.26 (3H, t, J = 7.1 Hz, OCH,CH3). 13C-NMR (100 MHz, DM SO-d,
o | ppm): 195.47 (acetyl C=0), 191.86 (benzoyl C=0), 185.38 (acid C=0),
163.86 (ester C=0), 145.90 (NH-N=C), 144.21 (pyrazole C-3), 60.93 (OCHp),
24.40 (O=CCH3y), 14.20 (CH2CH3y), 142.35, 139.15, 138.45, 135.50, 134.01,
130.65, 130.40, 130.12, 129.45, 129.32, 128.85, 128.53, 127.60, 123.29, 112.10.
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4-Benzoyl-1-(3-(2-(1-benzoyl-2-oxo-2-phenyl ethylidene) hydr azinyl ) phenyl ) -
5-phenyl-1H-pyrazole-3-carboxylic acid (2€). Yield: 55 %; m.p. 205-206 °C.
Anal. Calcd. for C3gHoeN4Os: C, 73.78; H, 4.24; N, 9.06 %. Found: C, 73.67; H,
4.30; N, 9.11 %. IR (KBr, cm™1): 2500-3500 (COOH), 3422 (NH), 3059 (Ar
CH), 1725 and 1664 (C=0), 1599-1460 (Ar C=C and C=N). 1H-NMR (400
MHz, DMSO—dg, 6 / ppm): 13.70 (1H, br s, COOH), 13.20 (1H, br s, NH-N=C),
7.75-7.15 (24H, m, ArH). 13C-NMR (100 MHz, DMSO—dg, 6 / ppm): 197.46,
196.79 and 191.28 (benzoyl C=0), 162.78 (acid C=0), 143.43 (NH-N=C),
143.21 (pyrazole C-3), 113.60 (pyrazole C—4), 143.12, 142.99, 140.13, 139.96,
138.09, 134.53, 133.94, 130.71, 130.49, 130.11, 130.04, 129.82, 129.57, 129.13,
129.03, 128.97, 128.45, 128.27, 128.18, 123.48, 122.38, 118.30, 116.96.

1-(3-(2-(1-Acetyl-2-oxo-propylidene) hydrazinyl) phenyl )-4-benzoyl -5-phenyl-
-1H-pyrazole-3-carboxylic acid (2f). Yield: 55 %; m.p. 222—-224 °C. Anal. Calcd.
for CogH2oN4Os: C, 68.01; H, 4.48; N, 11.33 %. Found: C, 67.89; H, 4.53; N,
11.35 %. IR (KBr, cm~1): 2500-3500 (COOH), 3422 (NH), 3059 (Ar CH), 1725
and 1664 (C=0), 1599-1460 (Ar C=C and C=N); IH-NMR (400 MHz, DM SO—d,
0 I ppm): 13.75 (1H, br s, COOH), 13.15 (1H, br s, NH-N=C), 7.80-7.20 (14H,
m, ArH), 2.45 and 2.29 (6H, s, 2CH3). 13C-NMR (100 MHz, DM SO-dg, J / ppm):
197.49 and 196.78 (acetyl C=0), 191.25 (benzoyl C=0), 162.70 (acid C=0),
143.43 (NH-N=C), 143.19 (pyrazole C-3), 113.57 (pyrazole C-4), 31.67 and
26.88 (CH3), 142.99, 140.11, 138.06, 134.59, 133.94, 130.72, 130.02, 129.81,
129.54, 129.13, 129.02, 128.16, 123.48, 122.36, 116.96. MS (ClI) (m/2): 495.0
(M+1).

4-Benzoyl-1-(3-((4-hydr oxyphenyl)diazenyl) phenyl )-5-phenyl-1H-pyrazol e-
-3-carboxylic acid (3a). Yidd: 74 %; m.p. 286-288 °C. Ana. Calcd. for
CogHooN4O4: C, 71.30; H, 4.13; N, 11.47 %. Found: C, 71.17; H, 4.18; N, 11.45 %.
IR (KBr, cm1): 2700-3600 (COOH), 3416 (NH), 3060 (Ar CH), 1663 (C=0),
1607—1494 (Ar C=C and C=N), 1354 (ArOH); IH-NMR (400 MHz, DM SO—dg,
o/ ppm): 12.95 (1H, br s, COOH), 7.85-7.15 (18H, m, ArH), 6.95 (1H,d, J=8.7
Hz, ArOH). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 192.38 (benzoyl C=0),
164.92 (acid C=0), 150.13 (C=C—0OH), 149.50 (ArC—N=N), 145.15 (pyrazole
C-3), 96.37 (pyrazole C-4), 143.25, 141.87, 140.34, 138.82, 135.40, 133.24,
130.75, 130.41, 130.15, 129.86, 129.44, 129.18, 128.97, 128.82, 128.40, 122.99,
116.74.

4-Benzoyl-1-(3-((2-hydr oxynaphthal en-1-yl)diazenyl ) phenyl )-5-phenyl - 1H-
-pyrazole-3-carboxylic acid (3b). Yield: 45 %; m.p. 261-263 °C. Anal. Calcd. for
Caz3H29N404: C, 73.60; H, 4.12; N, 10.40 %. Found: C, 73.48; H, 4.19; N, 10.47 %.
IR (KBr, cm1): 2500-3600 (COOH), 3415 (NH), 3064 (Ar CH), 1665 (C=0),
1609-1493 (Ar C=C and C=N), 1354 (ArOH). 1H-NMR (400 MHz, DM SO—dg,
o | ppm): 15.54 (1H, s, ArOH), 13.30 (1H, br s, COOH), 8.26-6.86 (20H, m,
ArH). 13C-NMR (100 MHz, DMSO—dg, 6 / ppm): 191.27 (benzoyl C=0), 171.37
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(acid C=0), 162.77 (ArC—OH), 145.47 (pyrazole C-3), 143.47, 143.37, 141.33,
140.28, 138.12, 133.96, 132.93, 130.87, 130.15, 129.92, 129.90, 129.62, 129.35,
129.33, 129.14, 129.05, 128.31, 128.29, 126.67, 124.63, 124.50, 123.64, 121.99,
119.83, 114.90. MS (ClI) (m/2): 539.0 (M+1).
4-Benzoyl-1-(3-bromophenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (4a).
Yield: 46 %; m.p. 273-274 °C. Anal. Calcd. for Co3H15BrN2O3: C, 61.76; H,
3.38; N, 6.26 %. Found: C, 61.55; H, 3.45; N, 6.22 %. IR (KBr, cm™1):
25003500 (COOH), 3062 (Ar CH), 1666 (C=0), 1611-1448 (Ar C=C and
C=N). IH-NMR (400 MHz, DMSO-dg, ¢ / ppm): 13.20 (1H, br s, COOH), 7.82—
—7.21 (14H, m, ArH). 13C-NMR (100 MHz, DMSO—dg, § / ppm): 190.52 (ben-
zoyl C=0), 165.28 (acid C=0), 144.47 (pyrazole C-3), 142.55, 141.30, 139.67,
138.25, 137.64, 134.06, 130.85, 130.26, 129.60, 129.30, 129.25, 129.08, 126.27,
123.75, 123.40, 122.50.
4-Benzoyl-1-(3-cyanophenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (4b).
Yield: 88 %; m.p. 255-256 °C. Anal. Calcd. for Co4H15N303: C, 73.27; H, 3.84;
N, 10.68 %. Found: C, 73.15; H, 3.87; N, 10.74 %. IR (KBr, cm1): 2800-3600
(COOH), 3061 (Ar CH), 2130 (CN), 1661 (C=0), 1601-1426 (Ar C=C and
C=N). 1H-NMR (400 MHz, DMSO-dg, J / ppm): 13.80 (1H, br s, COOH),
7.95-6.70 (14H, m, ArH). 33C-NMR (100 MHz, DMSO—dg, 6 / ppm): 190.52,
(benzoyl C=0), 165.35, (acid C=0), 144.48 (pyrazole C-3), 116.13 (CN),
143.25, 141.12, 139.68, 138.82, 137.63, 134.06, 130.53, 130.27, 129.62, 129.30,
129.08, 128.97, 127.88, 126.26, 123.07, 122.92.
4-Benzoyl-1-(3-iodophenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (4c).
Yield: 70 %; m.p. 265-266 °C. Ana. Calcd. for Co3H15IN2O3: C, 55.89; H,
3.06; N, 5.67 %. Found: C, 55.78; H, 3.11; N, 5.64 %. IR (KBr, cm™1):
2500-3500 (COOH), 3059 (Ar CH), 1664 (C=0), 1608-1427 (Ar C=C and
C=N). IH-NMR (400 MHz, DMSO-dg, J / ppm): 13.10 (1H, br s, COOH),
7.80-7.17 (14H, m, ArH). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 191.28
(benzoyl C=0), 162.79 (acid C=0), 143.38 (pyrazole C-3), 95.20 (ArC-l),
139.96, 138.09, 133.92, 130.49, 130.10, 129.80, 129.56, 129.12, 128.97, 128.28,
127.10, 124.95, 123.44, 118.66, 107.62. MS (Cl) (m/2): 495.0 (M+1).
4-Benzoyl-1-(3-hydroxyphenyl)-5-phenyl- 1H-pyrazole-3-carboxylic acid (4d).
Yield: 85 %; m.p. 235-237 °C. Anal. Calcd. for Co3H16N204: C, 71.87; H, 4.20;
N, 7.29 %. Found: C, 71.79; H, 4.26; N, 7.32 %. IR (KBr, cm~1): 2700-3600
(COOH), 3059 (Ar CH), 1665 (C=0), 1607-1428 (Ar C=C and C=N). 1H-NMR
(400 MHz, DMSO—dg, ¢ / ppm): 12.70 (1H, br s, COOH), 10.15 (1H, br s, Ar—
—OH) 7.74-7.15 (14H, m, ArH). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm):
190.52 (benzoyl C=0), 165.30 (acid C=0), 152.13 (ArC—0OH), 144.48 (pyrazole
C-3), 143.22, 139.70, 137.61, 134.07, 130.55, 130.26, 129.89, 129.77, 129.62,
129.08, 128.91, 127.89, 127.41, 123.08, 114.96.
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2-(3-(2-(1-Acetyl-2-oxopropylidene)hydrazinyl ) phenyl)-2,6-dihydr o-3,4-di-
phenyl-7H-pyrazol of 3,4-d] pyridayin-7-one (6a). Yield: 79 %; m.p. 214-216 °C.
Anal. Calcd. for CogH2oNgO3: C, 68.56; H, 4.52; N, 17.13 %. Found: C, 68.39;
H, 4.54; N, 17.13 %. IR (KBr, cm™1): 3456 and 3155 (NH), 3021 (Ar—CH), 2969
(aliphatic CH), 1740 (acetyl C=0), 1663 (amide C=0), 1608-1476 (Ar C=C and
C=N). IH-NMR (400 MHz, DMSO-dg, § / ppm): 7.31 (1H, br s, NH), 7.56-6.92
(14H, m, ArH), 2.41 and 2.26 (6H, s, 2CH3). 13C-NMR (100 MHz, DMSO-dg, J /
/ ppm): 197.67 and 196.95 (tautomeric acetyl C=0), 156.79 (amide C=0), 144.28
(ArC—NH-N), 143.16 (pyrazole C-3), 140.58 (pyrazole C-5), 31.82 and 27.07
(tautomeric CHg), 134.92, 131.20, 131.17, 129.66, 129.61, 128.96, 128.81,
128.77,128.52, 128.47, 128.41, 128.38, 128.01, 123.17, 117.37, 117.35, 114.30.
2-(3-(2-(1-Benzoyl-2-oxo-2-phenyl ethylidene) hydr azinyl ) phenyl) - 2,6-dihyd-
ro-3,4-diphenyl-7H-pyrazol o] 3,4-d] pyridayin-7-one (6b). Yield: 88 %; m.p. 234~
—236 °C. Anal. Calcd. for C3gHosNgO3: C, 74.25; H, 4.26; N, 13.67 %. Found: C,
74.12; H, 4.28; N, 13.65 %. IR (KBr, cm1): 3461 and 3156 (NH), 3023 (Ar
CH), 1740 (benzoyl C=0), 1670 (amide C=0), 1601-1475 (Ar C=C and C=N).
IH-NMR (400 MHz, DMSO-dg, J / ppm): 11.60 (1H, br s, NH), 8.15-6.82
(24H, m, ArH). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 186.02 (benzoy!
C=0), 156.81 (amide C=0), 144.47 (ArC—NH-N), 144.27 (NH-N=C), 142.78
(pyrazole C-3), 140.88 (pyrazole C-5), 140.32, 135.29, 134.92, 133.69, 133.15,
131.15, 130.76, 130.61, 129.73, 129.61, 129.52, 129.29, 129.17, 128.94, 128.89,
128.79, 128.47, 128.40, 128.31, 128.09, 128.01, 117.37, 93.97.
2-(3-(2-(1-Benzoyl-2-oxopropylidene) hydrazinyl ) phenyl)-2,6-dihydr o-3,4-di-
phenyl-7H-pyrazolo[ 3,4-d] pyridayin-7-one (6¢). Yield: 50 %; m.p. 256-257 °C.
Anal. Calcd. for Ca3Ho4NgO3: C, 71.73; H, 4.38; N, 15.21 %. Found: C, 71.58;
H, 4.41; N, 15.22 %; IR (KBr, cm™1): 3393—-3241 (NH), 3067 and 3028 (Ar CH),
1666 (C=0), 1608-1477 (Ar C=C and C=N). IH-NMR (400 MHz, DMSO-dg, J /
/ ppm): 12.61 (1H, br s, NH), 7.45-6.92 (19H, m, ArH), 2.47 (3H, s, CH3). 13C-
-NMR (100 MHz, DMSO—dg, ¢ / ppm): 199.50 (acetyl C=0), 188.25 (benzoy!
C=0), 156.81 (amide C=0), 144.28 (ArC-NH-N), 142.78 (pyrazole C-3),
140.89 (pyrazole C-5), 20.24 (CH3), 140.33, 134.92, 131.33, 131.17, 130.77,
130.61, 129.61, 129.43, 129.09, 128.94, 128.78, 128.54, 128.47, 128.41, 128.01,
127.60, 123.86, 122.57, 117.37, 95.27.
2,6-Dihydro-2-(3-((4-hydroxyphenyl)diazenyl) phenyl)-3,4-di phenyl - 7H-py-
razolo[ 3,4-d] pyridazin-7-one (7a). Yield: 68 %; m.p. 278-279 °C. Anal. Calcd.
for CogHogNgO2: C, 71.89; H, 4.16; N, 17.35 %. Found: C, 71.78; H, 4.16; N,
17.37 %. IR (KBr, cm~1): 3622 (OH), 3446-3160 (NH), 3062 and 3024 (Ar CH),
1662 (amide C=0), 1608-1476 (Ar C=C and C=N). 1H-NMR (400 MHz,
DMSO—dg, 0 / ppm): 12.54 (1H, br s, NH), 10.31 (1H, s, OH), 7.84-6.91 (18H,
m, ArH). 13C-NMR (100 MHz, DMSO—dg, 6 / ppm): 162.28 (ArC—OH), 156.82
(amide C=0), 153.00 and 145.70, (ArC—N=N), 144.29, 142.90, 141.07, 140.39,
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134.91, 131.29, 130.55, 129.72, 128.98, 128.82, 128.56, 128.38, 128.18, 128.01,
125.86, 124.35, 119.31, 117.41, 116.74.
2,6-Dihydro-2-(3-((2-hydroxynaphthal en- 1-yl)diazenyl ) phenyl)-3,4-diphe-

nyl-7H-pyrazol o 3,4-d] pyridazin-7-one (7b). Yield: 70 %; m.p. 234-235 °C. And.
Calcd. for C33H2oNgO2: C, 74.14; H, 4.15; N, 15.72 %. Found: C, 73.98; H,
4.18; N, 15.73 %. IR (KBr, cm™1): 3362 and 3170 (NH and OH), 3061 and 3027
(Ar CH), 1665 (amide C=0), 1606-1476 (Ar C=C and C=N). 1H-NMR (400
MHz, DMSO—dg, 0 / ppm): 825 (1H, br s, NH), 5.56-5.23 (1H, br s, OH),
7.31-6.90 (20H, m, ArH). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 156.80
(amide C=0), 156.68 (ArC—OH), 156.59 and 144.09 (ArC—N=N), 14254
(pyrazole C-3), 140.66 (pyrazole C-5), 140.29, 140.08, 134.80, 134.67, 131.08,
130.94, 130.87, 130.41, 130.15, 129.75, 129.49, 129.41, 129.23, 128.73, 128.58,
128.26, 128.18, 127.81, 121.95, 122.30, 117.15, 116.84, 113.80.

EXPERIMENTAL

The chemical compounds used in this research were of analytical grade purity and the
solvents were purified using appropriate purifying agents and distillation. All melting points
were measured using a Barnstead Electrothermal 9200 apparatus, and are reported uncor-
rected. The IR spectra of the compounds in KBr pellets were recorded on a Mattson 1000 FT-R
spectrometer. The IH-NMR and 13C-NMR spectra were recorded on Bruker DPX—400, (400
MHZz), and high performance digital FT-NMR (100 MHz) spectrometers. The mass spectra
were obtained using Varian Mat 111 80 eV spectrometer. At the end of the each experiment,
TLC was performed using DC Alufolien Kieselgel 60F/254 Merck and a Camag TLC device.
The elemental analyses were performed on aLeco CHNS-932 instrument.

General procedure for the syntheses of compounds 2a—f, 3a,b, 6a—c and 7a,b

To an agueous solution of sodium acetate (3.0 g, 37 mmol) was added 2 ml HCI and then
1 mmol the required amine compound. Subsequently, ethanol was added until complete disso-
Iution. The prepared solution was cooled to 0 °C on an ice bath. To this solution, a solution of
1.2 mmol NaNO; in 2 ml water was slowly added taking care that the temperature did not ex-
ceed 5 °C. Thus, the diazonium salt solution was prepared.

An aromatic or S-dicarbonyl compound (1 mmol) was dissolved in a sufficient amount of
ethanol, then cooled and added dropwise into the prepared diazonium salt solution. The re-
sulting colored precipitate was filtered under vacuum and the crude product purified by crys-
tallization from an ethanol—-water mixture.

Synthesis of 4-benzoyl-1-(3-bromophenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (4a)

CuBr solution was prepared according to the procedure given in literature” and was
slowly added by stirring continuously into the diazonium salt solution of compound 1 (pre-
pared as described in the genera procedure). The resulting colored precipitate was filtered and
purified by crystalization from ethanol—-water mixture (9:1).

Synthesis of 4-benzoyl-1-(3-cyanophenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (4b)

A CuCN + KCN solution, which had been prepared in accordance with a procedure
given in the literature, 22 was cooled to 0 °C and added dropwise under continuous stirring into
a diazonium salt solution of compound 1 (prepared as described in the general procedure).
Following the addition, the cold mixture is alowed to warm up to room temperature. When
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the temperature reached about 15 °C, the formation of nitrogen gas began. Then the solution
was placed on a steam bath and heated at 50 °C for 15 min to complete the decomposition.
The pH was adjusted to 34 and left for 12 h at room temperature; the resulting precipitate
was filtered under vacuum and dried. The residue was purified by crystallization from an etha-
nol—water mixture (8:2).

Synthesis of 4-benzoyl-1-(3-iodophenyl)-5-phenyl - 1H-pyrazol e-3-carboxylic acid (4c)

KI (0.166 g, 1 mmol) was dissolved in 10 ml water and the solution was cooled to 0 °C.
Then, it was added dropwise under continuous stirring into a diazonium salt solution of com-
pound 1, which had been prepared in accordance with the general procedure. The pH was ad-
justed to 3—4 and after standing for 12 h at room temperature, the resulting colored precipitate
was filtered under vacuum and purified by crystallization from an ethanol-water mixture
(8:2).

Synthesis of 4-benzoyl-1-(3-hydroxyphenyl)-5-phenyl-1H-pyrazol e-3-carboxylic acid (4d)

A diazonium salt solution of 1 was prepared according to the general procedure. This so-
Iution was brought to room temperature and then heated in a steam bath at 100 °C to allow for
the release of nitrogen gas (approximately 15 min). Then some more water was added to the
mixture and the pH adjusted to 4. The solution was kept for about 24 h. The formed yellow-
-colored precipitate was collected by filtration and purified by crystallization from an ethanol—
—water mixture (9:1).
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CHUHTE3A HOBUX NEPUBATA 1-(3-AMUHO-®EHNJI)-4-BEH30M1JI-5-OEHIII-1H-
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Cunresa 4-6enzonn-1-(3-amunodenunn)-5-¢enmn-1H-nupazon-3-kapbokcuine kucenuse (1)
H3BpIIEHA je IPeMa MOCTYIIKY OIUCAHOM Y JII/ITepaTypI/I.l IMpoussoj 2-(3-amunopenmn)-3,4-nude-
uuin-2H-nupason| 3,4-d]uupunaszun-7(6H)-0n (5) mobujeH je HUKIOKOHACH3AHMOHOM PEaKIHjOM
kucenuHe 1 u xuapasuH-xuapara. HoBu mupasoncku aepuBatu nobujenu cy peakiujom 1 u 5 ca f-
-IUKETOHUMA, f-KeTOeCTpruMa, fH-Ha(bTOHOM, ¢denosom u Apyrum pearencuma. JloOujeHa jenumermha
OKapakTepHcaHa cy H-NM R, 3c-NM R, ICu MS criekTpuMa ¥ MUKPOQHAIHU30M.

(TTpumsbero 18. okrobpa, pesuaupato 6. nenembpa 2010)
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Abstract: Moss species of the family Brachytheciaceae, Kindbergia praelonga
(Hedw.) Ochyra and Kindbergia stokesii (Turn.) Ochyra, were preliminarily
analysed for their fatty acid composition with the aim of studying the chemical
relationship of these two entities. Fatty acid methyl esters were examined by
GC and GC-MS in their methanol extracts. Thirteen fatty acids were identified.
It islikely that the mosses are chemically distinguishable and should be treated
as separate entities. However, additional chemical constituents of various moss
samples, such as phenalic acids, their derivatives and flavonoids, must be also
analyzed in order to support the re-examination of the relationship between
these two species.

Keywords: bryophytes; mosses; Kindbergia; fatty acids; chemotaxonomy.

INTRODUCTION

Kindbergia praelonga (Hedw.) Ochyra (typified by Hypnum praelongum
Hedw.) and Kindbergia stokesii (Turn.) Ochyra (typified by Hypnum stokesii
Turn.) belong to the subgenus Oxyrrhynchium. The latter species is now usually
considered as a synonym for or variety of K. praelonga. The genus Kindbergia
Ochyra was recently treated as a separate genus from the Eurhynchium
Schimp.1.2 According to Hill et al.,1 in Europe only one species is present within
the genus: K. praelonga (Hedw.) Ochyra (syn. Eurhynchium praelongum
(Hedw.) Schimp.). The same authors classified Eurhynchium praelongum var.
stokesii (Turner) Dixon and Eurhynchium stokesii (Turner) Schimp. as a syno-

* Corresponding author. E-mail: borispejin@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC100209129P
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nym for K. praelonga. These two entities were separated into the genus Sto-
kesiella (Kindb.) H. Raob., which was later considered as an incorrect homonym
of the algal generic name Sokesiella Lemmerm. Ochyra renamed the genus Kin-
dbergia Ochyra. Now molecular results support this generic independence.3

Worldwide, eleven taxa found at various locations are known, namely K. af-
ricana (Herz.) Ochyra, K. altaica Ignatov, K. arbuscula (Broth.) Ochyra, K. brit-
toniae (Grout) Ochyra, K. dumosa Mitt., K. kenyae (Dix. Ex Tosco & Piovano)
O’ Schea et Ochyra, K. oedogonium (C. Mull.) Ochyra, K. oregana (Sull.) Ochy-
ra, K. praelonga, K. stokesii and K. squarrifolia Broth. ex lishiba.

The main reason for the repeated nomenclatural confusion and the resulting
complications surrounding Oxyrrhynchium is that the name E. praelongum was
widely used with two different meanings. Schimper employed it for E. hians
(syn. Hypnum hians, Oxyrrhynchium hians (Hedw.) Loeske) including the con-
specific E. swartzii Turn. (syn. Hypnum swartzi Turn.) and several closely re-
lated elements) for varietal synonymy, whereas his Eurhynchium stokesii corres-
ponded to E. praelongum, or following the recent nomenclature K. praelonga.
Although many bryologists knew of the problem, frequently the use of the name
E. praelongum, instead of E. hians, continued.# Thus, K. stokesii was often easily
overlooked.

Analyses were performed to test if chemotaxonomy can be helpful in the as-
signment of the two entity species, K. praelonga and K. stokesii.

EXPERIMENTAL

Both moss species, which were available as fresh material, were collected in Germany in
December 2007: Kindbergia praelonga (Hedw.) Ochyra (BEOU4701) in Kologne and Kind-
bergia stokesii (Turn.) Ochyra (BEOU4703) in the surroundings of Bonn. VVoucher specimens
were deposited in the Herbarium of the Institute of Botany, University of Belgrade, Serbia
(bryophyte collection — BEOU).

The moss samples were carefully selected and cleaned from soil and other contaminants.
The gametophyte tips were used for the extraction. Air-dried parts of both mosses were
ground (1 g) and extracted 3 times with 90 % MeOH for 1 h at room temperature. The extracts
were evaporated to dryness and were further transesterified with 5 % H,SO, in MeOH (v/v)
for 4 h at 80 °C. The resulting methyl esters of the fatty acids were analysed by comparing
their GC-FID chromatograms with the chromatogram of a standard mixture (Supelco 37) ob-
tained under the same conditions, and/or by analysis of GC-MS data using NIST 5 and Wiley
7 libraries.

The GC analyses were performed on an Agilent 7890A GC system equipped with a
5975C MSD and an FID, using a DB-23 column (30 mx0.25 mmx0.25 pum). The injection vo-
lume was 1 pL and injector temperature was 220 °C with 10:1 split ratio. The carrier gas was
He at aflow rate 0.9 ml min‘l, while the column temperature was linearly programmed in the
range of 150240 °C at arate of 4 °C min'! and held at 240 °C for 10 min. The transfer line
was maintained at 240 °C. The FID detector temperature was 300 °C. The El mass spectra (70
eV) were acquired in the m/z range 40-500.
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RESULTS

For K. stokesii, 13 fatty acids were identified (Fig. 1): palmitic acid (C16:0,
25.04 %), arachidonic acid (C20:4,n-6, 18.29 %), linolelaidic acid (C18:2,n-6t,
14.57 %), a-linolenic acid (C18:3,n-3, 11.13 %), cis-5,8,11,14,17-eicosapentae-
noic acid (C20:3,n-6, 8.94 %), elaidic acid (C18:1,n-9t, 6.32 %), behenic acid
(C22:0, 3.04 %), lignoceric acid (C24:0, 2.90 %), pamitoleic acid (C16:1, 2.76 %),
stearic acid (C18:0, 2.31 %), myristic acid (C14:0, 1.31 %), oleic acid (C18:1,n-
-9¢, 1.30 %) and arachidic acid (C20:0, 1.28 %). K. praelongum showed less
variety in these constituents. only two fatty acid constituents were found (Fig. 2),
palmitic acid (C16:0, 88.58 %) and stearic acid (C18:0, 11.42 %).
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Fig. 1. Fatty acid methyl ester chromatogram for K. stokesii; myristic acid (RT 10.399 min);
palmitic acid (RT 13.150 min); palmitoleic acid (RT 13.581 min); stearic acid (RT 16.198
min); elaidic acid (RT 16.669 min); oleic acid (RT 16.798 min); linolelaidic acid (RT 17.523
min); a-linolenic acid (RT 18.570 min); arachidic acid (RT 19.273 min); arachidonic acid
(RT 21.495 min); behenic acid (RT 22.234 min); cis-5,8,11,14,17-eicosapentaenoic acid
(RT 22.543 min) and lignoceric acid (RT 25.294 min).
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Fig. 2. Fatty acid methyl ester chromatogram for K. praelongum; palmitic acid
(RT 13.167 min) and stearic acid (RT 16.212 min).
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CONCLUSIONS

The fatty acid composition of the two related and often synonymized Kind-
bergia species strongly suggested that they are chemically distinguishable and,
thus, could be treated as separate entities. This, however, has till to be confirmed
by the analyses of additional chemical constituents, such as phenolic acids and
their derivatives as well as flavonoids,® of various moss samples in order to
support a re-examination of the relationship between them. For a general consi-
deration of the quality of fatty acid profiling for chemotaxonomy, more replicates
and additional specieswould have to be included in afollow-up study.

Acknowledgment. This work was supported by the Ministry of Science and Techno-
logical Development of the Republic of Serbia (Research grants No. 142053 and 143015).

U3BOJ

MPEJIUMUHAPHA AHAJIN3A XEMUJE MACHUX KUCEJIMHA BPCTA Kindbergia
praelonga 1 Kindbergia stokesii (BRACHY THECIACEAE)

BOPHC TIEJUH", JbYBOJIPAT BYJI/ICI/Ile, MAPKO CABOBJ])EBI/ITl3, AHETA CABOBH)EBI/IT13,
BEJIE TEIIEBUR® u BJTATKA BAJC?

'Kaitiedpa 3a opzancky xemujy, Xemujcxu paxyaitiei, Ynusepauidieii y Beozpady, Citiydeniicku iipz 16, 11000
Beozpao, leemﬁap 3a xemujy, MHCIGuitiyit 3a xemujy, iwiexHoa02ujy u meianypzujy, hezowesa 12, 11000 Beozpao
u ‘?I/Ich_mu_tym 3a bomianuky u 6omianuqka bawiia, buoaowku gaxyaitieit,

Ynueepsuitieii y Beozpaoy, Taxoscka 43, 11000 Beozpao

[IpenmuMuHApHO je NCIMTHBAH CAacTaB BUIIMX MAaCHHUX KHUCEJIHHA JJBE MaXOBHHE U3 (haMHIIMje
Brachytheciaceae, Kindbergia praelonga (Hedw.) Ochyra u Kindbergia stokesii (Turn.) Ochyra, ca
XEMOTaKCOHOMCKHM IMJbeM. YKYIHO je uaeHTudukoaHo 13 Bummx macuHux xucennna GC u GC—
—MS ananmzom. Ha ocHOBY 1OOHMjeHHX EKCTIEPUMEHTAHUX pe3yJITaTa ce€ MOKE 3aKJbYUUTH Ja Ce
HaBeJleHe OMJbHE BpCTE 3HAYAJHO XEMHjCKH Pa3NUKYyjy U Ja OM ce MOorjie cMaTpaTH 3aceOHHM eH-
THTETHMa YKOJIUKO C€ TO IOTBPAU U JOJATHUM aHaIn3aMa.

(Mpumsbero 9. pedpyapa, pesuaupano 5. cenremopa 2010)
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Polyphenolic compoundsin seeds from some
grape cultivarsgrown in Serbia
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Abstract: Seed extracts from eight grape cultivars (Vitis vinifera) growing in
Serbia were screened for their polyphenolic composition by means of HPLC/
/PDA/ESI/MS analysis. The study revealed 34 phenolic compounds belonging
to the following groups: flavan-3-ol monomers, proanthocyanidins, flavonols,
hydroxycinnamic acid and hydroxybenzoic acid derivatives. The quantities of
the main constituents were determined using PDA/HPLC. Quadlitative and quan-
titative differences among the cultivars were observed.

Keywords. Vitis vinifera; grape seeds; HPLC/PDA/ESI/MS; flavanol mono-
mers; proanthocyanidins; flavonols; hydroxycinnamic acid; hydroxybenzoic
acid derivatives.

INTRODUCTION

Many agricultural by-products are composed of plant tissues rich in phyto-
chemicals, with valuable chemical and biological properties. Examples are by-
-products from wine processing,1-3 such as marcs, stems, dregs (a sludgy residue
deposited on the bottom of fermentation vats) and grape-seeds, which represent
rich sources of polyphenolics.

Phenols represent the third most abundant constituent in grapes after carbo-
hydrates and fruit acids.# The composition of phenolics depends on whether the
extraction is performed on whole grape, pulp, skin or seeds. The total extractable
phenolicsin grapes are present at only about 10 % or less in pulp, 60-70 % in the
seeds and 28-35 % in the skin. The phenol content of seeds may range from 5 to
8 % by weight.>

* Corresponding author. E-mail: dgodjev@chem.bg.ac.rs
# Serbian Chemical Society member.
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The phenolic compounds in grapes can be divided into two main groups:
phenolic acids (localized mainly in the skin and pulp) and flavonoids. The most
common phenolic acids in grape include cinnamic and benzoic acid derivatives.
Flavonoids include colorless flavan-3-ols, flavonols and red and blue anthocya-
nins.® The most abundant phenolics isolated from grape seeds and skins are fla-
van-3-als (catechin and epicatechin) and their oligomers and polymers (proantho-
cyanidins). The outer seed coat contains the majority of both the monomeric and
polymeric flavan-3-ols (2 to 5 times more than the endosperm).6 Grape skins also
contain anthocyanins which contribute to their red or blue color.”:8

Various conditions (time, solvent, and the manner) for the extraction of poly-
phenols from grape seeds are described in the literature. Due to the acidic lability
of interflavan linkages within proanthocyanidins and the susceptibility of poly-
phenols to oxidation, a valid extraction method should provide for the complete
as possible extraction of the polyphenolics while limiting their degradation.® Me-
thanol/waterl0.11 or acetone/water systemsl? are the common solvents used for
extracting polyphenols from grape seeds. In particular, lower molecular weight
polyphenols, such as phenolic acids, anthocyanins, and flavanol monomers and
oligomers, are well extracted with methanol, while the higher molecular weight
flavanols are better extracted with agueous acetone than with methanol .13-16

Several methods for the analysis of polyphenols have been proposed in the
literature. Most of them are based on high performance liquid chromatography
(HPLC) coupled with either a photodiode array (PDA) detector or a mass spec-
trometer (MS). Reverse phase columns are favorable, using acetonitrile and aci-
dic water solutions as eluents.l” Since UV detection depends upon the chemical
structure of a molecule, several wavelengths could be selected for monitoring.
Red-colored anthocyanins show an absorbance maximum at around 520 nm; yel-
low-colored flavonols display an absorbance maximum at around 360 nm; hyd-
roxycinnamic acids can be specifically detected by their high absorbance around
320 nm. Flavan-3-ols show no specific absorbance and have a maximum around
280 nm, as do all the above-mentioned phenolics.18

Many studies proved that procyanidins and other polyphenolics from grape
seed could be the key compounds responsible for various beneficial effects for
human health.19.20 These effects are mainly associated with the antioxidant acti-
vity of the phenolic compounds, which act as reducing agents by trapping free
radicals, by acting as chelators, by donating hydrogen, and by quenching singlet
oxygen. These highly reactive species are present in biological systems and may
oxidize lipids, proteins, nucleic acids, which may initiate degenerative heart
disease. In addition, grape seed polyphenolics possess various potent biological
effects, such as antitumor, antibacterial, antiviral, anti-inflammatory, enzyme-
inhibiting effects.21-24 Waste products of the winery and grape juice industry
derived from grape seeds represent a rich source of polyphenols.>25 It is well
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known that the concentration of polyphenolic compounds in grapes depends on
the grape cultivar,26.27 and other factors, such as ripening time, climate, soil and
location of growth.28

The aim of this study was to determine the polyphenolic composition of
grape seed extracts from Vitis vinifera L. cv., Smederevka, Prokupac, Serbian
origina varieties, and Italian Riesling, Traminer, Black Burgundy, Gamay Noir,
Muscat Hamburg and Gamay Bojadiser, all grown in the same geographical area
and vintage. Two grape cultivars, Italian Rieding and Traminer, have a yellow-
-green colored grape berry used for production of high-quality white wines. The
cultivar Smederevka is an autochthonous grape cultivar of Serbia, with lightly
yellow and green colored berries. This cultivar is used for production of quality
white wines as well as for all kinds of blending, because the grapes accumulate a
high level of acids. Since the grape is well transportable and the pulp is crispy, it
is also used fresh. Black Burgundy and Gamay Noir are purple-colored grape
cultivars, used in production of high-quality red wines. Muscat Hamburg is the
most widespread table grape in Serbia. This grape can be used fresh aswell asfor
wine and grape brandy production. Prokupac is also an autochthonous grape cul -
tivar of Serbia. Its berries are navy-blue colored with plenty of dots, and it is used
for the production of quality rosé wines. Gamay Bojadiser grapes are full of co-
lored materials, and it is mostly used for blending. An HPLC/PDA/MS method
was used for the polyphenols analysis. The similarities and differences between
the polyphenolic compositions of grape seed extracts from different cultivars are
discussed.

EXPERIMENTAL
Plant material

Seeds from eight grape cultivars, including Italian Riesling, Traminer, Smederevka,
Black Burgundy, Gamay Noir, Muscat Hamburg, Prokupac and Gamay Bojadiser were exa-
mined. All studied cultivars were grown in the vicinity of Belgrade (experimental orchard of
Radmilovac, property of Faculty of Agriculture, University of Belgrade). The experimental
vineyard was raised in 1995 (cultivars Smederevka and Gamay Noir), and 1996 (cultivars Ita-
lian Riedling, Traminer, Black Burgundy, Muscat Hamburg, Prokupac and Gamay Bojadiser).
The distance of sowing was 3x1 m, with two rows support, and the training system was a
“double-branched asymmetrical cordone”,2° the tree being 90 cm high. Approximately 20 clu-
sters (about 5 kg of grape) were collected in late summer 2008, from 10 different plants. All
the samples were collected when the Brix values were in range 22.5-24.5°.

Chemicals

Gallic acid, catechin, epicatechin, caffeic acid, ellagic acid, and rutin were purchased
from Sigma Aldrich (St. Louis, MO, USA). All chemicals and solvents were of anaytica
grade. The HPLC water was purified by a Milli-Q System.

Sample preparation

The seeds from the berries were manually separated from pulp and dried on filter paper.
The samples of whole, dried seeds (20 g) were macerated in 120 mL of 50 % MeOH, and 1
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mL of rutin solution (2.78 mg mL-1 in MeOH, internal standard) was added. The mixtures
were sonicated in an ultrasonic bath for 8 h. The extracts were filtered through filter paper,
evaporated (to 1 mL) at 45 °C under reduced pressure and filtered through a 0.45 mm cellu-
lose filter (Millipore). The filtrate was then transferred into a vial and filled up with 50 %
MeOH to avolume of 1.5 mL.

HPLC/PDA Analysis

HPLC analysis of extracts was performed using an Agilent 1200 chromatograph equip-
ped with a PDA model G1315B, a Bin pump model G1312A, an autosampler model G1313A
and a RR Zorbax Eclipse Plus C18 column (1.8 pm, 150 mmx4.6 mm). The mobile phase A
was 0.2 % formic acid in water and the mobile phase B was acetonitrile. Elution was per-
formed at 0.95 mL min'! with the following gradient program of solvent B: 0-20 min, 5-16 %;
20-28 min, 16-40 %; 28-32 min, 4070 %; 32—36 min, 70-99 %; 3645 min, 99 % and 4546,
min. 99-5 %.30 The injection volume was 10 pL. Wavelengths of 280 nm (for flavan-3-ols
and benzoic acid derivatives) and 360 nm (for flavonols and cinnamic acid derivatives) were
selected for detection.

Quantification of the compounds was realized using calibration curves obtained by HPLC
of pure standards:. gallic acid, caffeic acid, (+)-catechin, (-)-epicatechin, and ellagic acid. Rutin
was used as an internal standard. Some compounds were quantified as equivalents of the most
similar chemical structures: gallic acid for gallic acid glucoside, gentisic acid glucoside, proto-
catechuic acid, p-hydroxybenzoic acid and methyl gallate; caftaric acid as caffeic acid; (+)-
-catechin for proanthocyanidin dimers and trimers and their monogallates; (—)-epicatechin for
epicatechin gallate; ellagic acid for ellagic acid pentoside.

LC/MSanalysis

LC/MS analysis was performed on an Agilent MSD TOF coupled to an Agilent 1200 se-
ries HPLC, using the same column and gradient program as were employed for the HPLC/
/PDA analysis. Mass spectra were acquired using an Agilent ESI-MSD TOF. The drying gas
(N2) flow was 12 L min'L; the nebulizer pressure was 310.264 kPa and the drying gas tempe-
rature was 350 °C. For ES| analysis, the parameters were: capillary voltage, 4000 V; fragmen-
tor, 140 V; skimmer, 60 V; Oct RF V 250 V, for negative modes. The mass range was from
100 to 2000 m/z. Data processing was realized with the software Molecular Feature Extractor
and Mass Profiler.

Satistical analysis

All the experiments were performed in triplicate. Significant differences between the
means were separated by anaysis of variance (ANOVA) followed by Tukey’s test. Compu-
tations were realized using Origin software package version 7.0.

RESULTS AND DISCUSSION

The rapid resolution HPLC column and the appropriate gradient program
afforded the separation of some 34 phenolic compounds in less than 30 min.
Identification of the compounds was based on the UV spectra and molecular for-
mula obtained from accurate mass measurements, both measured on the HPLC/
/PDA/ESI/MS equipment, which also involved comparison of these data with
those of the metabolites previously reported for grape seed extracts.2331 The
identified phenolic compounds could be classified into the following groups:
flavanol monomers (catechin and epicatechin), proanthocyanidins, flavonals,
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hydroxycinnamic acids, and hydroxybenzoic acid derivatives (Table I, Fig. 1.).
However, owing to the unavailability of authentic compounds, with exception of
gdlic acid, ellagic acid, catechin and epicatechin, the peaks could be tentatively
assigned but without determination of stereochemistry.

TABLE |. LC/MS Data of grape seed extracts (GSESs)

Peak R Compound Class of a Amax Species Mass Molecular

min compound nm formula

1 3.2 Gallic acid HB 220, 272 M-H, 170.0215 C;HgOs
2M-H

2 4,0 Proanthocyanidin PC 200, 218, 228sh, M—2H, 866.2058 CysHz501
trimer 236sh, 280 M-H

3 4.3 Gadlic acid glucoside HB 218, 256 M-H, 332.0744 Cy3H:604
2M-H

4 5.0 Gentisic acid HB 216, 252 M-H, 316.0794 C;3H:60q
glucoside 2M-H

5 5.8 Protocatechuic acid HB 218, 260, 292sh M-H, 154.0266 C;HiO,
2M-H

6 7.3 Caftaric acid HC 300sh, 324 M-H, 312.0481 C;3H:,0q
2M-H

7 8.2 p-Hydroxybenzoic HB 278, 312 M-H, 138.0317 C;Hg¢Os
acid 2M-H

8 8.3  Proanthocyanidin PC 200, 216, M-H, 578.1424 C3H, 01,
dimer 228sh,280 2M-H

9 9.5  Proanthocyanidin PC 200, 216, M—-H, 578.1424 Cg3Hy5012
dimer 228sh,280 2M-H

10 98 Methyl gallate HB 220, 272 M-H, 184.0372 CgHgOs
2M-H

11 101 (+)-Catechin FM 200, 218, M-H, 290.0790 C;sH1404
226sh,278  2M-H

12 109 Proanthocyanidin PC 200, 218, 228sh, M—2H, 866.2058 CysHz501s
trimer 236sh, 280 M—H

13 11.3 Proanthocyanidin PC 200, 218, 228sh, M—2H, 866.2058 CysHz501s
trimer 236sh, 280 M—H

14 11.7 Proanthocyanidin PC 200, 216, M-H, 578.1424 C3H,01,
dimer 228sh,280 2M-H

15 118 Caffeic acid HC 246, 298sh, 326 M—H 180.0423 CyHgO,

16 12.7 Proanthocyanidin PC 200, 216, M-H, 578.1424 CyH0s
dimer 228sh,280 2M-H

17 139 Proanthocyanidin PC/HB 200, 218,278 M-2H, 1018.2168 Cs5;H4,0,
trimer monogallate M—H

18 143  (-)-Epicatechin FM 200, 218, M-H, 290.0790 C;sH1404

226sh, 278  2M-H
19 154 Proanthocyanidin PC/HB 200, 218, M-H, 730.1534 Cg;H30s6

dimer monogallate 278 2M-H
20 158 Proanthocyanidin PC 200, 218, 228sh, M—2H, 866.2058 CysHz504s
trimer 236sh, 280 M-H
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TABLE I. Continued

Peak R Compound Class of a #max Species Mass Molecular
min compound nm formula

21 165 Proanthocyanidin PC 200, 218, 228sh, M—2H, 866.2058 C,sH35018
trimer 236sh, 280 M—H

22 17.4 Proanthocyanidin PC/HB 200, 218, M—-H, 730.1534 Cg3H3046
dimer monogallate 278 2M-H

23 175 Syringic acid HB 276 M—H, 198.0528 CgH;1oOs
2M—H

24 206 Ellagic acid HB 254,300sh, M-H, 434.0485 CygH1401»
pentoside 360 2M-H

25 219 Ellagic acid HB 254, 298sh, 368 M—H 302.0063 C;;,H60g

26 219 (-)-Epicatechin FM/HB 200, 218, M-H, 442.0900 C,H1504¢
gallate 278 2M-H

27 220 Taxifolin FL 232, 254, M-H, 304.0583 C;sH;,0;
290, 330sh  2M-H

28 227  Quercetin-3-O- FL 256, 264sh,  M-H, 478.0747 C,H15013
glucuronide 356 2M-H

29 231 Astilbin FL 292, 326sh M-H, 450.1162 CyH0i
2M—H

30 229  Quercetin-3-O- FL 256, 268sh, M-H, 464.0955 CyH501»
glucoside 300sh, 360 2M-H

31 238 Kaempferol FL 266, 320sh, M-H 594.1585 CyH30i5

rutinoside 350

32 247 Isorhamnetin-3-O- FL 256, 266sh, M-H, 478.1111 C,Hx»0y
glucoside 302sh,350 2M-H

33 243  Quercetin 3-O- FL 256, 266sh,  M-H, 448.1006 CyH5,011
rhamnoside 302sh, 350 2M-H

34 274 Quercetin FL 256, 268sh,  M-H, 302.0427 CisH100;

300sh, 370 2M-H

®HB - hydroxybenzoic acid derivative, FM — flavanol monomers, PC — proanthocyanidins, FL — flavonols, HC
— hydroxycinnamic acids

All the identified compounds exhibited quasi-molecular ion [M—H]~, as the
dominant ion species in the mass spectrum. The exception were procyanidin
trimers, where doubly charged [M—2H]2~ species were dominant. Cluster ions,
such as [2M—H]—, were al so observed for most of the compounds.

The amounts of phenolic compounds are presented in Tables Il and I11. The
range of free gallic acid varied from 4 to 23 mg per 100 g of grape seeds. While
white grape cultivars (Italian Riesling, Traminer and Smederevka) showed high
gallic acid contents (over 17 mg per 100 g), the colored cultivars possessed sig-
nificantly lower contents (below 10 mg per 100 g). This is in accordance with
data published for some white and red grape varieties from Spain.32 Except in
Italian Riedling, glucosides of gallic acid were found in all the studied cultivars.
In addition, protocatechuic acid was detected in the white grape cultivars and
Gamay Noir. The presence of ellagic acid or ellagic acid glycoside was con-
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firmed in Muscat Hamburg and Prokupac seeds. This finding is surprising be-
cause it was hitherto believed that the presence of ellagic acid is unique for mus-
cadine grapes (Vitis rotundifolia) among the Vitis varieties. 33,34

1 IS o
Gamay bojadiser
3 8 g 4o M 18 22

1 IS

11 Prokupac
18 21

IS
1 )\18 Muscat Hamburg
11 i
IS Gamay Noir
1 9 w18 2
k 3 8 10 3
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Time, min

Fig. 1. LC/UV Chromatograms of grape seed extracts (4 = 280 nm).

In comparison with other classes of polyphenolic compounds, hydroxycin-
namic acid derivatives were present in lower amounts in the seeds. Thisisin ac-
cordance with data from the literature claiming that hydroxycinnamic acids are
localized mainly in the skin and pulp.®> No hydroxycinnamic acids derivatives
were detected in the cultivar Smederevka, while caftaric acid (ester of caffeic
acid with tartaric acid) was found in the remaining cultivars. Underivatized caf-
feic acid was only found in the seeds of Traminer.

The presence of taxifolin (dihydroquercetin) and its glycoside astilbin was
confirmed in Italian Riesling and Traminer cultivars, while in Black Burgundy
only astilbin was detected. It should be noted that the presence of such types of
flavonols is very rare in grape extracts.3> Kaempferol rutinoside, quercetin or
their glycosides were found in al the studied cultivars. | sorhamnetin-3-O-gluco-
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side was detected only in Gamay Bojadiser (Table I1). Such flavonols have been
already reported in grapes extracts.32:36

The most abundant phenolic compounds in the grape seed extracts were mo-
nomeric flavan-3-ols and proanthocyanidins, as found by other authors.26:32,37
Generally, the content of flavan-3-ol monomers (catechin and epicatechin) was
higher in the colored than in the white grape cultivars (Table 111). Only Smede-
revka and Gamay Bojadiser possessed greater amounts of epicatechin than cate-
chin, while the catechin/epicatechin ratio for most cultivars was between 1 and 2.
The exception was Black Burgundy which contained more than two times more
catechin than epicatechin. Muscat Hamburg, Gamay Bojadiser, Italian Riesling
and Gamay Noir were the richest in proanthocyanidin dimers, while Italian Ries-
ling possessed a high amount of galloylated proantocyanidins. On the other hand,
Smederevka possessed a very low amount of proanthocyanidin dimers and gallo-
ylated proanthocyanidins.

CONCLUSIONS

Statistically significant difference in the contents of some polyphenolic com-
pounds between the studied cultivars was noticed. From these findings, it may be
concluded that the amounts and distribution of various phenolic compounds in
grape seeds depend directly on the cultivar, as the other factors, such as ripening
time, climate, soil and location of growth, were the same for al the studied
cultivars. This is the first time the presence of ellagic acid or ellagic acid glyco-
side in some Vitis vinifera cultivars was evidenced. The variation of the com-
position of the phenolic compounds from certain cultivar could be used in indus-
try to make specific food additives or dietary supplements.

U3BOJ

MOJINPEHOJIHA JEAUBEBA 113 CEMEHKU OCAM COPTU
I'POXXDBA 'AJEHUX Y CPBMIU

JIEJAH FOT)EBAL[I, BEJIE TEIHEBI/Ile, MMWJIOBAH BEHI/I‘JKOBI/ITP, JbYBOJPAT BYJI/ICI/Ile,
BJIATKA BAIC! u CJIOBOJJAH MUJIOCABJLEBUR?
' Wncmuimyin 3a xemujy, exnoaozujy u meiianypzujy, Hjezoweea 12, 11000, Beozpad, *Xemujcku paxyaitieid,
Ciuyoentuicku wwipz 16, 11000, Beozpao u Jﬂomoﬁpuspebnu chaxyaiuein, Hemarsuna 6, 11080, 3emyn

IMomohy HPLC/PDA/ESI/MS ananuse je ucnutal nojn(eHOIHN CacTaB eKCTpaKaTa CEMEHKU
ocam coptu rpoxha (Vitis vinifera) rajeanx y Cpouju. YBpheno je npucycrso 34 denosHa jeau-
Beba Koja pHunajajy ciaeaehnm rpymnaMa: GpraBaHOJICKH MOHOMEPH, IIPOAHTOIMjaHUANHH, (IIaBo-
HOJH, IEPUBATH XUAPOKCUIIMMETHE U ICPHBATH XUAPOKCHOEH30eBe KucenuHe. KBaHTuTaTnBHE Cca-
Jprkaj rmaBHUX cacTojaka je oapehen y3 momoh PDA/HPLC. Tlpumehene cy KBaTuTaTHBHE U KBaH-
THTAaTHBHE pa3iuKe u3Mely NojeanHux CopTH.

(Mpumsbeno 19. maja, peBuaupano 26. jyna 2010)
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Volatiles of Pleurospermum austriacum (L.) Hoffm. (Apiaceae)
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Abstract: This work presents the first results of detailed GC and GC-MS ana-
lyses of the volatile constituents from the fresh leaves, fruits and stalks of an
endangered plant species Pleurospermum austriacum (L.) Hoffm. (Apiaceae).
Sesquiterpene hydrocarbons made up ca. 4/5 of the oils obtained in low yield
(0.003-0.086 %, w/w). The major volatiles detected were germacrene D (66.5,
62.4 and 49.0 % in fruits, leaves and stalks, respectively), S-caryophyllene
(3.1-5.7 %), o-cadinene (3.6-5.0 %) and (E)-Sfarnesene (1.0-1.5 %).

Keywords: Pleurospermum austriacum; A piaceae; essential oil; germacrene D.

INTRODUCTION

Pleurospermum Hoffm. (Apiaceae) is a widespread, heterogeneous genus of
complex and controversia taxonomy.1=3 Russian authors3 delimit Pleurosper-
mum sensu stricto by only two species, P. austriacum (that is according to the
Flora Europaea a sub-boreal Euroasian floral elementl2), and P. uralense, re-
ferring the other species to Aulacospermum, Hymenidium, Hymenolaena, Physo-
spermopsis and Pterocyclus. Other morphologically similar genera, where ge-
neric boundaries become indistinct, include Trachydium and Pseudotrachydium
Pimenov and Kljuykov.3 As yet, this rather radical classification has not gained
widespread acceptance, and the proponents admit that this is a taxonomic hy-
pothesis, and (particularly for some groups) a more natural classification will
only be possible following critical revision in the field, herbarium3 and possibly a
more general approach, including the use of chemical markers as principium
divisionis.

Phytochemically speaking, Pleurospermum taxa were investigated on a few
occasions. The chemistry regarding the volatile compounds of these taxa has
been neglected (essential oil investigations), and only P. lindleyanum was studied

* Corresponding author. E-mail: vangelis0703@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC100323127R
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in this sense.4 Most of the phytochemical work realized in this field resulted in
the isolation of a number of coumarins (mono-, di-, and trimers) and related phe-
nylpropanoids and concerned only the non-volatile compounds. Some of these
molecules were found for the first time as naturally occurring metabolites.>-14
Surprisingly, the previously mentioned analyses? of the oil of P. lindleyanum re-
sulted in the identification of certain anthropogenic compounds as oil consti-
tuents.

The aim of this work was to provide the very first and detailed GC and GC-
—MS analyses of the volatile constituents from the leaves, fruits and stalks of the
endangered plant species Pleurospermum austriacum (L.) Hoffm.1®

EXPERIMENTAL
Plant material

Fresh plants (fruits, leaves and stalks) were collected in July, 2007 at the mountain Stara
planina (Babin zub), at an altitude of 1707 m above sea level. The plant was identified by Ni-
ko Radulovi¢. A voucher specimen (number 200705) is deposited at the Herbarium of the Fa-
culty of Science and Mathematics, NisS.

Extraction of essential oils

Fresh plant material (three batches of about 250 g of each sample) was subjected to
hydrodistillation with ca. 2 L of distilled water for 2.5 h using an original Clevenger-type ap-
paratus. Due to the small sample size of the isolated essential oils, which were not completely
liquid, the volume of the oils was not measured, and hence the yields are expressed as weight
of essential oils per weight of plant material. The obtained oils were separated by extraction
with freshly distilled diethyl ether (Merck, Germany) and dried over anhydrous magnesium
sulfate (Aldrich, USA). The solvent was evaporated under a gentle stream of nitrogen at room
temperature, in order to exclude any loss of the essential oils, and stored at 4 °C until anal-
yzed. When the oil yields were determined, after the bulk of the ether had been removed under
a stream of N2, the residue was exposed to vacuum at room temperature for a short period to
eliminate the solvent completely. The pure oil was then measured on an analytical balance and
multiple gravimetric measurements were taken during 24 h to ensure that all of the solvent
had evaporated.

GC-MS

The chemical composition of the oils was investigated by GC and GC-MS. The GC-MS
analyses (three repetitions) were realized using a Hewlett-Packard 6890N gas chromatograph
equipped with a fused silica capillary column HP-5MS (5 % phenylmethylsiloxane, 30
mx0.25 mm, film thickness 0.25 um, Agilent Technologies, USA) and coupled with a 5975B
mass sel ective detector from the same company. The injector and interface operated at 250 °C
and 300 °C, respectively. The oven temperature was increased from 70-290 °C at a heating
rate of 5.0 °C min! and then isothermally held for 10 min. Helium at a flow rate of 1.0 ml
min'l was used as the carrier gas. The sample, 1 ul of the oil solution in diethyl ether (1:100),
was injected in a pulsed split mode (the flow was 1.5 ml min'® for the first 0.5 min and then
set to 1.0 ml min'? throughout the remainder of the analysis; split ratio 40:1). The MS con-
ditions were as follows: ionization voltage of 70 eV, acquisition mass range 35-500, scan time
0.32s.
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Gas chromatographic analyses were performed using an HP 5890 gas chromatograph
equipped with a flame ionization detector (FID) and a split/splitless injector (Agilent Techno-
logies, USA). The separation was achieved using a HP-5 (5 % diphenyl- and 95 % dimethyl-
polysiloxane) fused silica capillary column, 30 mx0.25 mm i.d., 0.25 um film thickness. The
GC oven temperature was programmed from 70 to 290 °C at a rate of 5.0 °C/min. Hydrogen
was used as the 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 mode was splitless. The per-
centage composition of the oils was computed from the GC (FID) peak areas without any cor-
rections. The relative standard deviation (RSD) of repeated measurements (independent samp-
le preparation and GC—FID) was for all substances below 1 %. The only exceptions which had
higher RSD were minor components such as methyl salicylate, o~cubebene, 1-hexyl isovale-
rate, bicycloelemene and germacrene A, for the RSD was 2, 3, 5, 9 and 10 %, respectively.

Qil constituents were identified by comparison of their linear retention indices (relative
to C,—Cyo alkanes!® on the HP-5MS column) with literature values'” and their mass spectra
with those of authentic standards, as well as those from Wiley 6, NIST02, MassFinder 2.3,
and a homemade MS library with the spectra corresponding to pure substances and compo-
nents of known oils, and wherever possible, by co-injection with an authentic sample.

RESULTS AND DISCUSSION

Hydrodistillation of fresh plant material yielded 0.003 % (w/w, based on
weight of fresh plant material) of essential oil in the stalks, 0.012 % (w/w) in the
leaves and 0.086 % (w/w) in the fruits. The chemica compositions of the es-
sential oils from different parts of P. austriacum are reported in Table I, together
with a summation of the compounds according to their respective compound
class (percentage and number of detected constituents). Two hundred and five
different constituents were identified in the volatile fraction of P. austriacum
(156 in fruits, 116 in leaves, 117 in stalks) amounting to 94.5-98.6 % of the total
oils. In al samples, the sesquiterpenoid fractions were the most abundant (85.7—
—90.5 %). About one half of all the identified components belonged to this class,
with hydrocarbons in a greater number compared to the oxygenated derivatives.
Within this class, the germacranes and related sesquiterpenoids (SGE) were the
major ones (71.9 % in the fruits, 63.2 % in the leaves and 52.2 % in the stalks).
The major components detected were germacrene D (66.5 % in the fruits, 62.4 %
in the leaves and 49.0 % in the stalks), A-caryophyllene (3.1-5.7 %), J-cadinene
(3.6-5.0 %) and (E)-f-farnesene (1.0-1.5 %). Additional worth mentioning cons-
tituents were: (Z)-3-hexen-1-ol (8.8 %), 1-hexanol (1.3 %) and epi-cubebol (2.4
%) in the leaf ail, fphellandrene (2.3 %), bicyclogermacrene (3.3 %) in the fruit
oil and humulene (1.4 %), a-cadinol (3.0 %) and hexadecanoic acid (5.2 %) in
the stalk oil. Shyobunol (0.3 %), a-phellandrene (0.3 %), cis-muurola-3,5-diene
(0.1 %), aristolone (0.1 %) and cinnamyl valerate (0.1 %) were found only in the
fruit oil, while 1-phenylethyl 3-methylbutanoate (0.2 %) was only detected in the
leaf oil. y-Muurolene (0.8 %), gossonorol (0.3 %), cis-calamenen-10-ol (0.5 %),
a-bisabolol (0.9 %), tetradecanoic acid (0.5 %) and 14-hydroxy-J-cadinene (0.4
%) were present only in the stalk oil and were completely absent from the other
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two oils. An additional dissimilarity between these oils was the content of “green
leaf”18 (G) volatiles (volatile aliphatic aldehydes, alcohols, and their esters
formed through the hydroperoxide lyase pathway of oxylipin metabolism, plants
start to form Gs after disruption of their tissues and after suffering biotic or abio-
tic stresses), being predominant in the leaf oil (10.9 %), as expected.

TABLE I. Percentage composition of Pleurospermum austriacum oils’

RI Component Fruitoil  Leaf oil Stalk oil Class Method®
861 (2)-3-Hexen-1-0l 0.2 8.8 14 G ab
863 1-Hexanol tr 1.3 0.4 G abc
1034 S-Phellandrene 2.3 tr - M ab
1383 a-Copaene 1.0 1.0 0.7 SCO ab
1428 S-Caryophyllene 31 57 49 SC ab,c
1460 (E)-p-Farnesene 1.0 12 15 SA ab
1462 Humulene 0.4 0.6 1.4 SC abc
1498 Germacrene D 66.5 62.4 490 SGE ab,c
1504 epi-Cubebol tr 24 tr SCA ab
1507 Bicyclogermacrene 33 tr 23 SGE ab
1511 (E,E)-a-Farnesene 0.6 13 1.7 SA ab
1514 S-Bisabolene - 0.5 1.0 SBl ab,c
1532 J-Cadinene 39 3.6 5.0 SCA ab
1650 z-Muurolol (syn.® epi-a-muurolol) 0.5 0.3 10 SCA ab
1664 a-Cadinol 14 0.9 3.0 SCA ab
1962 Hexadecanoic acid tr - 52 O ab,c
2027 | sopropyl hexadecanoate 0.3 - 1.0 O abc
Total identified 95.1 98.6 94.5

Number of identified comounds 156 116 117

Monoterpenoids 2827  tr(8) tr (5)

Hydrocarbons 2.8 (15) tr (6) tr (3)

Oxygenated derivatives tr (12) tr (2) tr (2)
Sesquiterpenoids 90.5(66) 85.7(58) 85.7 (67)

Hydrocarbons 85.8(40) 79.5(37) 72.6(36)

Oxygenates derivatives 47(26) 6.2(21) 13.1(31)

Acyclic sesguiterpene (SA) 1.8(7) 26(7) 418

Bisabolanes (SBI) 0.5(5) 20(7) 4.3(10)
Caryophyllanes and related (SC) 383 6.8 (3) 72(3)

Cadinanes and related (SCA) 81(25 86(19) 14.6(24)

Copaanes and related (SCO) 1.3(3) 1.3(3) 1.1(3)

Germacranes and related (SGE) 71.9(5) 632(5) 5223

Other unclassified sesquiterpenes (S) 31(18) 12(14) 22(16)

Diterpenes (DT) 0.1(2) 0.9 (5 tr (2)

“Green leaf” volatiles (G) 0.7(27) 109(24) 1.8(16)

Others (O) 10(334) 11(21) 7.0(27)

&The remainder of the identified constituents (minor, that have not reached 1 % in any of the samples) of the
investigated essential oils are summarized in the following format bellow: RI, Component name, Relative per-
centage of the com(snonent in the fruit ail, Leaf oil and stalk ail, Class of the constituent, Method of identification; -
743, pyridine, -, tr", -, O, a, b, c; 744, (E)-2-pentendl, -, tr, -, G, a, b; 762, 1-pentanal, -, -, tr, G, &, b, c; 765, (2)-
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2-penten-1-0l, tr, 0.2, tr, G, &, b; 780, (+)-2,3-butandial, -, -, tr, O, g, b; 785, meso-2,3-butandial, -, -, tr, O, &, b;
801, hexand, tr, tr, tr, G, a, b; 834, furfural, tr, tr, tr, O, a, b, c; 852, (E)-3-hexen-1-al, -, 0.1, tr, G, a, b; 885, 2-
-butylfuran, tr, tr, tr, G, a, b; 895, (2E,42)-2,4-hexadiend,, tr, -, -, G, & 900, nonane, tr, -, tr, O, & b, c; 903,
cyclohexanone, -, tr, -, O, a, b, ¢; 913, (2E,4E)-2,4-hexadiend, -, tr, -, G, a, b; 930, a-thujene, tr, -, -, M, a, b;
939, a-pinene, 0.1, -, tr, M, g, b, ¢; 955, camphene, tr, -, -, M, a, b, c; 957, (E)-2-heptend, tr, tr, -, G, & b; 967,
benzaldehyde, tr, tr, tr, O, & b, c; 978, sabinene, 0.1, tr, tr, M, a, b; 984, S-pinene, tr, -, -, M, &, b, ¢; 993,
myrcene, tr, -, -, M, g, b, ¢; 995, 2-pentylfuran, tr, tr, tr, G, a, b; 999, 2,4,6-trimethylpyridine, -, tr, -, O, a, b, ¢;
1001, mesitylene, tr, -, -, O, &, b, ¢; 1005, octandl, tr, tr, tr, G, a, b; 1008, (E)-3-hexenyl acetate, 0.1, 0.2, tr, G, a,
b; 1010, a-phellandrene, 0.3, -, -, M, a, b; 1013, 1-hexyl acetate, -, tr, -, G, a, b, c¢; 1014, (2E,4E)-2,4-hep-
tadienal, -, tr, tr, G, a b; 1021, a-terpinene, tr, -, -, M, &, b, ¢; 1029, p-cymene, tr, tr, tr, M, @, b, c; 1033,
limonene, tr, tr, -, M, @, b, ¢; 1044, p-isophorone, tr, -, -, O, &, b, ¢; 1048, phenylacetaldehyde, tr, 0.2, tr, O, a, b,
c; 1048, (E)-p-ocymene, tr, -, -, M, &, b; 1059, (2)-2-octend, tr, -, -, G, a, b; 1062, y-terpinene, tr, tr, -, M, a, b;
1062, artemisia ketone, tr, -, -, M, &, b, ¢; 1070, 1-octanal, -, tr, -, G, a, b, ¢; 1072, acetophenone, -, -, tr, O, a, b,
¢c; 1077, cis-linaool oxide (furanoid), tr, -, -, M, a, b, c; 1094, terpinolene, tr, -, -, M, a, b; 1094, trans-linal ool
oxide (furanoid), tr, -, -, M, a, b, c; 1098, 3-isopropyl-2-methoxypyrazine, tr, -, -, O, a, b; 1100, undecane, tr, tr,
tr, O, a b, c; 1103, lindoal, tr, tr, tr, M, g, b, ¢; 1107, nonand, 0.1, 0.1, -, G, a, b; 1107, hotrienal, tr, -, -, M, &
b; 1109, 2-methylbutyl isovalerate, tr, -, -, O, & b; 1118, 3-methyl-3-butenyl 3-methylbutanoate, tr, -, -, O, &, b;
1120, endo-fenchal, tr, -, -, M, a, b; 1127, dehydrosabina ketone, tr, -, -, M, a, b; 1127, a-isophorone, tr, -, -, O,
a, b; 1162, (E)-2-nonendl, tr, -, -, G, a, b; 1184, terpinen-4-ol, tr, -, -, M, a, b, ¢; 1191, naphthalene, tr, -, -, O, a,
b, c; 1194, cryptone, tr, -, -, M, &, b; 1199, (2)-4-decendl, tr, -, -, G, g, b; 1201, methyl salicylate, tr, 0.2, tr, O, a,
b, ¢; 1208, decandl, tr, tr, -, G, a, b, ¢; 1225, endo-fenchyl acetate, tr, tr, -, M, a, b; 1227, p-cyclocitral, -, tr, -, O,
a, b, ¢; 1227, (2E,4E)-2,4-nonadien-1-al, tr, -, -, G, a, b; 1234, (2)-3-hexenyl 2-methylbutanoate, tr, tr, -, G, a, b;
1238, (Z)-3-hexenyl 3-methylbutanoate, 0.1, 0.2, tr, G, a, b; 1238, 1-hexyl 2-methylbutanoate, tr, -, -, G, a, b;
1238, methyl thymol , tr, -, -, M, &, b, c; 1243, 1-hexyl isovalerate, 0.2, tr, tr, G, g, b; 1248, methyl carvacral, tr,
-, -, M, a, b, ¢; 1265, (E)-2-decendl, tr, -, -, G, a b; 1294, 1-tridecene, tr, -, -, O, a b; 1297, (2E,42)-2,4-
decadiendl, tr, -, -, G, a, b; 1300, tridecane, tr, tr, -, O, g, b, ¢; 1300, 2-methylnaphtalene, tr, -, -, O, a, b; 1309,
undecand, tr, -, -, G, a, b; 1317, (E)-3-hexenyl tiglate, tr, tr, -, G, a, b; 1319, p-vinylguaiacol, -, tr, -, O, a, b;
1321, (2E,4E)-2,4-decadiend, tr, tr, tr, G, a, b; 1323, 1-hexyl senecioate (hexyl 2-methyl-2-butenoate), tr, tr, -,
G, & b; 1325, (E)-9-undecendl, -, -, tr, G, a, b; 1343, bicycloelemene, 0.1, tr, -, S, a, b; 1355, a-cubebene, 0.1, tr,
tr, S, a, b; 1374, cyclosativene, tr, -, -, S, a, b; 1378, a-ylangene, tr, tr, tr, S, a b; 1390, geranyl acetate, tr, tr, tr,
M, &, b, ¢; 1392, g-bourbonene, tr, tr, tr, S, a b; 1397, f-cubebene, 0.6, 0.8, 0.6, S, a, b; 1398, s-elemene, 0.5, tr,
tr, S, a b; 1411, dodecand, tr, tr, tr, G, g b; 1419, a-gurjunene, 0.2, tr, -, S, a, b; 1421, cis-a-bergamotene, -, -,
tr, SBI, a, b; 1437, f-copaene, 0.3, 0.3, 0.4, SCO, a, b; 1441, trans-a-bergamotene, -, tr, tr, SBI, a, b; 1443, -
-gurjunene, 0.8, tr, tr, S, a, b; 1448, aromadendrene, tr, tr, -, S, @, b; 1454, cis-muurola-3,5-diene, 0.1, -, -, SCA,
a, b; 1472, cismuurola-4(14),5-diene, 0.3, 0.2, 0.3, SCA, a, b; 1484, y-muurolene, -, -, 0.8, SCA, a, b; 1485, y-
-curcumene, -, -, tr, SBI, g, b; 1488, herbertene, -, -, tr, SBI, a, b; 1496, 1-phenylethyl 3-methylbutanoate, -, 0.2,
-, O, a, b; 1498, 10,11-epoxy-calamenene, -, -, tr, SCA, & b; 1500, p-selinene, tr, -, 0.2, S, a, b; 1502, a-zin-
giberene, tr, 0.4, -, SBI, a, b; 1503, trans-muurola-4(14),5-diene, 0.4, tr, 0.6, SCA, a, b; 1507, a-muurolene, tr,
tr, tr, SCA, a, b; 1511, a-cuprenene, tr, tr, tr, SBI, a, b; 1515, germacrene A, 0.6, tr, -, SGE, a, b; 1515, -amor-
phene, tr, -, -, SCA, a, b; 1517, p-curcumene, 0.2, 0.4, 0.8, SBI, a, b; 1523, y-cadinene, 0.5, 0.3, 0.5, SCA, a, b;
1524, cubebal, tr, tr, -, SCA, &, b; 1538, (E)-y-bisabolene, 0.2, 0.4, 0.7, SBI, a, b; 1540, trans-cadina-1,4-diene,
0.1, tr, tr, SCA, a b; 1546, a-cadinene, 0.1, tr, tr, SCA, a, b; 1552, a-calacorene, tr, tr, 0.2, SCA, a, b; 1557, cis-
-muurola-5-en-44-al, tr, -, -, SCA, a, b; 1557, dodecanoic acid, -, -, tr, O, a, b, ¢; 1564, cis-cadinene ether, tr, -, -,
SCA, &, b; 1565, cis-muurola-5-en-4o-0l, tr, -, -, SCA, a, b; 1568, (E)-nerolidal, 0.1, 0.1, 0.5, SA, g, b; 1571, -
-calacorene, tr, tr, tr, SCA, a, b; 1574, y-undecalactone, tr, -, -, O, a, b; 1576, mint oxide, 0.1, 0.1, 0.3, S, a, b;
1582, (E)-dendrolasin, tr, tr, tr, SA, a, b; 1584, germacrene D-4-ol, 0.9, 0.3, -, SGE, a, b; 1587, spathulenal, tr,
0.1, 0.2, S, a b, c; 1590, 10-epi-junenal, -, -, tr, S, a, b; 1593, caryophyllene oxide, 0.3, 0.5, 0.9, SC, a, b, c;
1595, B-copaen-4a-al, tr, -, -, SCO, & b; 1597, cis-f-elemenone, -, -, tr, S, a b; 1603, salvial-4(14)-en-1-one,
0.1, tr, tr, S, g b; 1610, 3-phenylpropyl 2-methylbutanoate, tr, -, -, O, & b; 1611, rosifoliol, -, -, tr, S, a, b; 1613,
3-phenylpropyl 3-methylbutanoate, tr, -, -, O, a, b; 1615, tetradecanal, 0.1, 0.3, 0.3, O, a, b, ¢; 1623, 1,10-di-epi-
-cubenoal, tr, tr, 0.5, SCA, a, b; 1629, junenal, 0.2, 0.1, 0.6, S, a, b; 1630, a-corocalene, -, -, tr, SCA, a, b; 1632,
nor-copaanone, -, tr, tr, SCO, a, b; 1637, 1-epi-cubenal, 0.1, 0.2, 0.2, SCA, a, b; 1645, gossonoral, -, -, 0.3, S, a,
b; 1650, z-cadinol (syn.® epi-a-cadinol), 0.5, 0.3, 0.9, SCA, a, b; 1650, z-muurolol (syn. epi-a-muurolal), 0.5,
0.3, 1.0, SCA, a, b; 1655, a-muurolol, 0.2, 0.2, 0.7, SCA, a, b; 1667, cis-calamenen-10-al, -, -, 0.5, SCA, a, b;
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1678, trans-calamenen-10-al, tr, 0.2, tr, SCA, a, b; 1688, cinnamyl valerate (correct isomer not determined),
0.1, -, -, O, & 1690, epi-a-bisabolal, 0.1, 0.3, 0.9, SBI, a, b; 1692, a-bisabolal, -, -, 0.9, SBI, a, b, c; 1696,
germacra-4(15),5,10(14)-trien-1¢-ol, 0.6, 0.5, 0.9, SGE, a, b; 1701, shyobunol, 0.3, -, -, S, a b; 1701, 3-
phenylpropyl hexanoate (correct isomer not determined), tr, -, -, O, & 1705, (2Z,62)-farnesal, -, -, tr, SA, g b;
1713, amorpha-4,9-dien-2a-0l, tr, -, tr, SCA, g, b; 1717, pentadecand, tr, -, tr, O, a, b; 1720, (2E,62)-farnesd, tr,
tr, tr, SA, g, b; 1727, (2Z,6E)-farnesol, 0.1, tr, 0.4, SA, a, b; 1747, (2E,6E)-farnesal, tr, tr, tr, SA, @, b; 1749,
mint sulfide, tr, 0.1, tr, S, a, b; 1763, tetradecanoic acid, -, -, 0.5, O, a, b, ¢; 1772, aristolone, 0.1, -, -, S, a, b;
1782, 14-hydroxy-a-muurolene, tr, tr, tr, SCA, a, b; 1811, 14-hydroxy-é-cadinene, -, -, 0.4, SCA, a, b; 1818,
hexadecandl, tr, tr, tr, O, &, b, c; 1841, neophytadiene, isomer 11, 0.1, 0.8, tr, DT, a, b; 1862, pentadecanoic acid,
-, -, tr, O, a, b; 1900, nonadecane, tr, -, -, O, &, b, ¢; 1928, methyl hexadecanoate, -, -, tr, O, &, b, ¢; 1944, (2)-9-
-hexedecenoic acid (palmitoleic acid), -, -, tr, O, a, b, ¢; 1950, isophytol, -, tr, -, DT, a, b; 1971, (Z,2)-geranyl
linalool, -, tr, -, DT, &, b; 1996, ethyl hexadecanoate, -, -, tr, O, a, b, c; 2000, eicosane, tr, -, -, O, a, b, c; 2034,
(E,E)-geranyl linalool, tr, 0.1, tr, DT, a, b; 2083, 1-octadecanal, -, -, tr, O, & b, c; 2100, heneicosane, 0.1, tr, -,
O, a, b, c; 2117, (E)-phytol, -, tr, -, DT, a, b; 2200, docosane, tr, tr, -, O, & b, ¢; 2281, 1-eicosanal, tr, -, -, O, a,
b, c¢; 2300, tricosane, 0.2, 0.1, tr, O, &, b, c; 2396, 1-tetracosene, -, tr, tr, O, a, b; 2400, tetracosane, tr, tr, tr, O, a,
b, ¢; 2500, pentacosane, 0.2, 0.1, tr, O, &, b, ¢; 2600, hexacosane, -, -, tr, O, & b, ¢; 2700, heptacosane, -, tr, -, O,
a, b, c; 2833, (al E)-squalene, -, -, tr, O, a, b,; bexperimentally determined retention indices by co-injection of a
homologous series of n-alkanes (C;—Cyg); a — constituent identified by mass spectra comparison, b —
constituent identified by retention index matching, ¢ — constituent identity confirmed by co-injection of an
authentic sample; drace (<0.05 %); Csynonym; fthe value in brackets represents the number of identified
compounds belonging to this specific class; M — monoterpenoids, SA — acyclic sesquiterpenes;, SBI —
bisabolanes; SC — caryophyllanes and related sesquiterpenoids; SCA — cadinanes and related sesguiterpenoids;
SCO — copaanes and related sesquiterpenoids; SGE — germacranes and related sesquiterpenoids; S — other
unclassified sesquiterpenes; DT — diterpenes; G — “green leaf” volatiles (aliphatic aldehydes, acohols, and their
esters formed as the plants response after suffering biotic or abiotic stresses); O — other unclassified constituents

The only previously published investigated essential oil from a Pleuro-
spermum species was the one from P. lindleyanum (according to Pimenov and
Kljuykov,3 this taxon is transferred to the genus Hymenidium (H. stellatum)).4
The authors state that 73 oil constituents were identified, and among them were:
1-propoxy-2-propanol, myristicin, 1,2,3-trimethoxy-5-(2-propenyl)-benzene, cis-
-asarone, n-hexane, apiol, dimethyl ether, 1,2-dimethoxy-4-(2-propenyl)benzene,
ethyl acetate, spathulenol, a,o’,4-trimethyl-benzenemethanol, trans-methyl iso-
eugenol, and f-phellandrene. Apparently a number of the listed compounds
represent either misidentifications or identification of a solvent contaminant in-
troduced during the work-up of the essential oil sample (1-propoxy-2-propanol,
dimethyl ether, n-hexane, ethyl acetate). Apart from this, the authors refer to the
content (20.77 %) of cycloserine “as the highest” in conjunction with the es-
sential oil.# The compounds in common with the present P. austriacum oil were
spathulenol and g-phellandrene.

The sesquiterpenoid fraction of the oils of P. austriacum was mostly com-
prised of germacranes and highly related types of compounds (Table I) that are
the first steps in the biosynthesis pathway of sesquiterpenes from farnesyl di-
phosphate. Sesquiterpene biosynthesis seems to be complex since the formation
via either pathway (mevalonic or methylerythrytol) or a combination of both has
been reported.1® However, these appear to be omnipresent in plant taxa and some
insects, and is related to the cytosol-mitochondria. A previous investigation showed
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adirect correlation between the amount and chemical composition of the essen-
tial oils.18 The results of these statistical analyses strongly suggest that the main
volatiles of essential oil-poor species (yields less than 0.1 %) are fatty acid- and
carotenoid-derived compounds, while the essential oil rich taxa (essentia oil
yields much higher than 0.1 %) are generally characterized by the specific pro-
duction of monotepenoids and/or phenylpropanoids.18 Two facts, the monoterpe-
nes that accounted only for 0.0-2.8 % and that the yield of each oil was quite low
(0.003-0.086 %, w/w), corroborate the previously introduced hypothesis con-
cerning a possible link between the ail yield and the corresponding oil com-
position. It is, then, directly possible to conclude that if some plant is rich in oil,
it will probably have a big portion of monoterpenes, or the phenylpropanoids are
predominant. A related hypothesis concerning a possible link between oil yield
and composition was aready proposed.20 Lawrence suggested that the oil-poor
species of the family Lamiaceae produce essentia oils rich in hydrocarbons, with
germacrene D often being one of the predominant components.20 This does not
seem to stand for the Lamiaceae alone. For example, in the oil-poor (0.18-0.57
%) aeria parts of Tamarix boveana (Tamaricaceae), germacrene D (7.69-31.43
%) with its congeners represented the predominant class of volatile com-
pounds.21 In some previous investigations of Lippia alba (Verbenaceae), possible
connections between the morphological characteristics and chemotypes were
discussed, and a large content of germacrene D was a feature of one of the che-
motypes.22 More strikingly, a study on Artemisia annua showed that the gland-
less leaves were estimated to contain more than twice as much total sesquiter-
penes per unit of fresh weight as the glanded leaves. In this way, the absence of
monoterpenes in the steam-distilled oil of the glandless biotype is a good indi-
cation that the monoterpenes accumulate exclusively in specialized tissue struc-
tures, the glandular trichomes.23 Thus, one may expect to find germacrene D
and/or its hydrocarbon congeners as major constituents of essential oil in plant
species not possessing an elaborate biosynthetic apparatus for the production of
volatile monoterpenes or phenylpropanoids, as P. austriacum.

Acknowledgements. The financial support of this work by the Ministry of Science and
Technological Development of the Republic of Serbiais gratefully acknowledged (Project No.
172061).

M3BOJ

NCTTIAPJBUBU CACTOJIU BUJBHE BPCTE Pleurospermum austriacum (L.) Hoffm.
(APIACEAE)

HUKO C. PAAYJIOBUR, HEBEHKA . BOPBEBUH u PAIOCAB M. ITAJINh
Oocex 3a xemujy, [Ipupoono-maitiemaitiuuxu paxyaivieit, Yrnueepauitiem y Huwy, Buwezpaocka 33, 18000 Huw

Pesynraru nerasbaux GC u GC-MS ananu3a ucnapsbUBUX CacTOjaka CBEXKHX JINCTOBA, CTab-
JbHKA M IJI0/I0Ba yrpokeHe OuibHe Bpete Pleurospermum austriacum (L.) Hoffm. (Apiaceae) npu-
Ka3aHH Cy y OBOM pajy no npsu myT. Oko 4/5 yiba, nobujenux y auckom npuHocy (0,003-0,086
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mas. %), je 610 CauMILEHO O] CECKBUTEPIICHCKHUX YIJbOBOJOHHUKA. [ JlaBHE KOMIIOHEHTE, UICHTH-
¢uxoBane y yspuma, cy repmakpes Il (66,5 % y miony, 62,4 % y mumthy u 49,0 % y crabssuim),
S-xapuodunen (3,1-5,7 %), J-kaguuen (3,6-5,0 %) u (E)-S-dpapuesen (1,0-1,5 %).
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The composition and antibacterial activity of the essential oil
of Levisticum officinale Koch flowersand fruits at different
developmental stages
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Abstract: The composition and antibacterial activity of the essentia oil of Le-
visticum officinale Koch at different developmental stages (flower, immature
fruit, green mature fruit and ripened fruit) is reported. The essentia oils were
obtained by hydrodistillation of air-dried samples and their antibacterial acti-
vities were tested against seven bacteria. The yield of oil (w/w %) in different
stages was in the order: immature fruit (1.5 %) > green mature fruit (1.0 %) >
> ripened fruit (0.6 %) > flower (0.1 %). The essential oils were analyzed by
GC and GC-MS. In total, 27, 31, 28 and 26 constituents were identified and
quantified in the mentioned samples, respectively. Monoterpene hydrocarbons
were the main group of compounds in the green mature fruit (79.2 %), im-
mature fruit (78.4 %), ripened fruit (75.2 %) and flower (44.0 %). The anti-
bacterial activity of the oils was evaluated by the disk diffusion method using
Miller—Hinton agar and determination of inhibition zones. The results of the
bioassays showed some variations between the three tested oils in their inhi-
bitory activity against the tested bacteria at a 10 pl disc! concentration. The
oils from mature and ripened fruit exhibited potent antibacterial activity against
Bacillus subtilis, with minimum inhibitory concentration (MIC) values of 0.90
mg mi~L in mature and ripened fruits.

Keywords. Levisticum officinale Koch; Apiaceae; essentia oil; antibacterial
activity; reproductive stage.
INTRODUCTION

Lovage (Levisticum officinale Koch) is a perennial herbaceous plant from
the Apiaceae family with origins in Iran and Afghanistan; it can now be found
throughout the world.1# The plant has been alternatively classified as Ligus-

* Corresponding author. E-mail: m-mirjalili@sbu.ac.ir
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ticum levisticum L., Hipposelinum levisticum Britt. and Angelica levisticum Bail-
lon.® The essential oil of roots, seeds and leaves of lovage are used in a wide va-
riety of applications including food flavoring, medicinal preparations, aromathe-
rapy, perfumery and industrial fragrances.26.” Moreover, the plant is used in
Iranian folk medicine for the treatment of several gastrointestinal, nervous and
rheumatic disorders.28 The essential oil composition of the plant was previously
studied in different countries and more than 190 compounds were reported in its
root, seed or leaf 0il.9 It was found that the chemical compositions of the es-
sential oils distilled from separate botanical parts of this plant are rather diffe-
rent.10-12 The chemical constituents of lovage root oil are mainly phthalides in-
cluding n-butylidene phthalide and n-butyl-phthalide, sedanonic anhydride, ter-
penoids such as a-terpineol, carvacrol, phenylpropanoids such as eugenol and
volatile acids.®>13.14 Polyacetylenes as antimycobacterial compounds have also
been reported from the plant.1® The effect of harvesting time, plant age, cutting
frequency and the method of plantation establishment on the essential oil yield
and components in different parts of L. officinale was investigated previous-
ly.711,16,17 |t was found that the flowers and seeds produced the highest yields of
the oil with S-phellandrene (40.8 and 61.5 %, respectively) as the main con-
stituent, while a-terpinyl acetate (=70.0 %) was reported as the principal con-
stituent of the leaves and stems oils.” In another study, the oil of lovage fruits
contained S-phellandrene (69.3 %), o~terpinenyl acetate (4.2 %) and a-terpineol
(2.1 %) as the major components.12 It was reported that the essential oil content
was similar in roots, stems, petioles, leaves and inflorescence, while the highest
content was found in seeds (1.9 %).18 Seasonal variations in the composition of
headspace volatiles were also determined,10 of which, g-phellandrene was the
most abundant component in all plant parts except for root. Samiee et al. reported
terpinyl acetate (40.5 %) and S-phellandrene (16.7 %) as the main constituentsin
the essential oil and S-phellandrene (23.0 %), naphthalene (20.6 %) and y-ter-
pinene (12.1 %) as the major components in the methanol extract of the plant
from Iran.19 Recently, (2)-falcarinol, n-octanal, palmitic acid, (2)-ligustilide, (2)-
-3-butylidenephthalide, trans-S-farnesene have been reported as the main com-
pounds of the essential oil of hairy root cultures of L. officinale.20-22 Variations
in the essentia oil composition of roots and leaves of L. officinale from different
European countries have also been studied. Ten compounds, including trans-p-
-mentha-2,8-dien-1-ol, iso-thujyl acohol, p-mentha-1,5-dien-8-ol, bicyclo[3.2.0]-
heptan-3-ol, 2-methylene-6,6-dimethyl, trans-carveol, perillaldehyde, sabinyl ace-
tate, perillyl alcohol, the methyl ester of methylpentadecanoic acid and methyl-
hexadecadienoic acid, were introduced for the first time.23 To the best of our
knowledge, there is no previous report on the essential oil analysis and antibac-
terial activity of L. officinale at different developmental stages. Thus, in this pa-

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




ESSENTIAL OIL OF Levisticum officinale Koch 1663

per, the composition and antibacteria activity of the essential oils of this plant at
different stages of its development are reported.

EXPERIMENTAL
Plant material

These experiments were conducted during 2007—2009 at the field of the Medicinal Plants
and Drugs Research Institute of Shahid Beheshti University, located in Evin (35°48" N,
51°23' E at an dtitude of 1785 m) in the north of Tehran, Iran. The plant seeds were obtained
from the seed bank of the Medicinal Plants and Natural Products Research Institute, Iranian
Academic Center for Education, Culture and Research (ACECR) and were sown in a
greenhouse in the last week of February, 2007. Nine-week-old seedlings were transplanted at
50 cm row-to-row and 30 cm plant-to-plant spacing in the experimental field in May, 2007.
The sampling was realized from a 2-year-old cultivated population by the random collection
of 10 individuals for each developmental stage. For the collection of the flowers, all of them
on the inflorescence were opened. The samples at the fruiting stage were collected at three
different times of fruit maturation, i.e. immature (infructescence with young fruits 15 days
after flowering), mature (infructescence with solid and dark green colored fruit) and ripened
(infructescence with yellowish fruits just in the deciduous time). Voucher specimens (No.
200364-7) representative of each sample were deposited at the Medicinal Plants and Drugs
Research I nstitute Herbarium (MPH), Shahid Beheshti University of Tehran.

Essential oil isolation procedure

The essential oil of air-dried samples (100 g) of each stage was isolated by hydrodistil-
lation for 3 h, using a Clevenger-type apparatus according to the method recommended in
British Pharmacopoeia (1993).24 The isolated oils were dried over anhydrous sodium sulfate
and stored in dark tightly closed vidls at 4 °C until analysis.

Essential oil analysis procedure

GC analysis was conducted using a Varian CP-3800 instrument equipped with a DB-1
fused silica capillary column (25 mx0.25 mmi.d., film thickness 0.25 um). Nitrogen was used
asthe carrier gas at a constant flow rate of 1.1 ml minL. The oven temperature was held at 60
°C for 1 min, then programmed to 250 °C at arate of 4 °C min', and then held for 10 min.
The injector and detector (FID) temperatures were kept at 250 and 280 °C, respectively. GC/
/MS analysis was realized on a Thermoquest-Finnigan Trace GC/MS instrument equipped
with a DB-1 fused silica column (60 mx0.25 mm i.d., film thickness 0.25 um). The oven tem-
perature was raised from 60 to 250 °C at a rate of 5 °C min'l and then held at 250 °C for 10
min; the transfer line temperature was 250 °C. Helium was used as the carrier gas at a flow
rate of 1.1 ml min%; the split ratio was 1/50. The quadrupole mass spectrometer was scanned
over the 45-465 amu range with an ionizing voltage of 70 €V and an ionization current of 150 pA.

Identification and quantification of the oil components

The congtituents of the essential oils were identified by calculation of their retention
indices under temperature-programmed conditions for n-alkanes (C6-C24) and the oil on a
DB-1 column under the same chromatographic condition. Identification of individual com-
pounds was made by comparison of their mass spectra with those of the interna reference
mass spectra library or with authentic compounds and confirmed by comparison of their
retention indices with authentic compounds (purchased from Sigma-Aldrich and Merck) or
with those reported in the literature.2> For quantification purpose, the relative area percentages
obtained by FID were used without the use of correction factors.
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Antibacterial activity

The antibacterial activity of the oils was evaluated by the disk diffusion method using
Miiller-Hinton agar?® and determination of the inhibition zones. The essential oils were tested
at a concentration of 10 ul per disk. The microorganisms used were as follows. Bacillus sub-
tilis ATCC 9372, Enterococcus faecalis ATCC 15753, Staphylococcus aureus ATCC 25923,
Saphylococcus epidermidis ATCC 12228, Escherichia coli ATCC 25922, Pseudomonas ae-
ruginosa ATCC 27852, and Klebsiella pneumoniae ATCC 3583. For the determination of the
minimum inhibitory concentration (MIC), a microdilution broth susceptibility assay was used,
as recommended by NCCLS.2” The technical data were described previously.28 Ampicillin
was used as the standard reference for the positive control.

RESULTS AND DISCUSSION
Essential oil analysis

The essentia oils had alight yellow color with distinct sharp odor. Theyield
of the essential oils (w/w %) of the plant at different developmental stages were
in the order: immature fruit (1.5 %) > green mature fruit (1.0 %) > ripened fruit
(0.6 %) > flower (0.1 %). The qualitative and quantitative analytical results are
listed in Table | together with the retention indices of the identified compounds,
where al the constituents are arranged in order of their elution on the DB-1 co-
lumn. In total 27, 31, 28 and 26 constituents, respectively, were identified and
quantified in the studied samples representing 95.9, 99.9, 98.7 and 92.7 % of the
total oil, respectively. A comparison among the composition of the essential oils
revealed both quantitative and qualitative differences. The GC and GC-MS ana-
lyses showed that the distribution of saturated hydrocarbons of the oil from flo-
wer was remarkably different from that of the oils at the fruiting stage. The re-
sults revealed that the saturated hydrocarbons from the flower (12.3 %) were
present in higher amount than in the other samples. Heneicosane (6.0 %) and tri-
cosane (3.0 %) were found only in the ail of the flower. The major constituent of
the ail of the flower was S-pinene (17.7 %), but it was found that this compound
decreased gradually in subsequent developmental stages. The S-pinene and a-pi-
nene contents were highest in the essentia oil of the first harvest and decreased
with progressive maturation of the fruit. On the contrary, f-phellandrene was
found as the principal component of the oil after fruit initiation, i.e., it constituted
11.7 % of the oil of the flower but increased remarkably in the fruit oils, con-
stituting 62.4, 60.5 and 56.4 % of the green mature, immature and ripened fruit
oils, respectively. -Phellandrene has already been reported as the main consti-
tuent in the essential oil from the flowers and fruits in previous reports.”.10,12
S-Gurjunene (2.8 %), globulol (0.7 %) and geranyl acetate (3.3 %) were found
only in the oil of the flower. a-Phellandrene, J-elemene and germacrene-D were
absent completely in the oil of flower but were present in trace or low amountsin
the other samples. The essentia oil obtained from immature fruit contained the
highest contents of sabinene (2.3 %), isomenthol (5.6 %), cis-dihydrocarvon (0.6
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%), germacrene-D (0.6 %), elemol (0.5 %) and trans-nerolidol (1.6 %) compared
with the other samples.

TABLE |. Composition of the essentia oil of Levisticum officinale at different developmental
stages

RI® Compound From flowers In fruiting stages, % | dentification
% Immature Mature Ripened methods
0935 a-Pinene 5.3 46 43 29 RI,MS’, Col®
0969 Sabinene 1.7 2.3 15 11 RI, MS
0976 S-Pinene 17.7 115 4.1 2.9 RI, MS, Col
0982 Myrcene 13 t¢ t t RI, MS
1002 o-Phellandrene - t t t RI, MS
1010 6-3-Carene 3.0 2.8 5.7 6.8 RI, MS
1017 ortho-Cymene 14 t t t RI, MS
1026 S-Phellandrene 11.7 56.4 62.4 60.5 RI, MS
1038 cis-Ocimene 1.9 0.8 0.8 0.8 RI, MS
1083 Terpinolene - - 04 0.2 RI, MS, Col
1111  cis-p-Menth-2-en-1-ol - 0.3 - 0.2 RI, MS
1162 Isomenthol 18 5.6 39 21 RI, MS
1166 4-Terpineol 05 0.6 - - RI, MS
1168 cis-Dihydrocarvone - 0.6 - - RI, MS
1217 Cuminyl aldehyde - 0.5 t - RI, MS
1265 p-Cymene-7-ol - 04 t - RI, MS
1339 o-Elemene - 0.4 0.3 0.3 RI, MS
1358 Geranyl acetate 33 - - - RI, MS, Col
1385 a-Copaene 13 0.3 0.3 0.2 RI, MS
1392 S-Elemene 1.0 1.2 13 13 RI, MS
1433 o-Humulene 0.9 0.4 0.3 0.2 RI, MS
1436 S-Gurjunene 2.8 - - - RI, MS
1446 (2)-p-Farnesene 43 0.2 0.2 0.2 RI, MS
1473 y-Curcumene 8.0 0.2 0.2 0.3 RI, MS
1484 Germacrene-D - 0.6 0.3 t RI, MS
1489 Zingiberene 0.8 0.5 0.8 t RI,MS
1500 Germacrene-B 0.8 1.6 t 1.2 RI, MS
1503 p-Bisabolene 1.6 0.8 18 - RI, MS
1518  B-Sesguiphellandrene 21 12 24 51 RI, MS
1541 Elemol - 05 - - RI, MS
1548 trans-Nerolidol 0.8 16 - - RI, MS
1562 y-Elemene - 0.8 0.8 12 RI, MS
1574 Spathulenol 8.9 11 19 2.7 RI, MS
1593 Globulol 0.7 - - - RI, MS
1601 Hexadecane 33 2.1 25 22 RI, MS
1691 3-iso-Thujopsanone - - 25 0.3 RI, MS
2097 Heneicosane 6.0 - - - RI, MS
2301 Tricosane 3.0 - - - RI, MS
Monoterpene 44.0 78.4 79.2 75.3 -
B hydrocarbons
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TABLE I. Continued

RI® Compound From flowers In fruiting stages, % | dentification
% Immature Mature Ripened methods
Oxygenated 8.9 80 35 23
B monoterpenes
Sesquiterpene 20.3 9.0 9.1 10.7
- hydrocarbons
Oxygenated 104 24 44 22
- sesquiterpenes
— Other 12.3 2.1 25 2.2
Total identified 95.9 99.9 98.7 92.7

®Retention indices rglative to Cs—C,4 n-alkanes on a DB-1 column; Prmass spectroscopy; Cco-injec:tion with au-
thentic compounds; “trace, less than 0.1 %

The classification of the identified compounds based on functional groupsis
summarized at the end of Table | and shows that monoterpene hydrocarbons
were the main group of compounds in all samples. The monoterpene hydrocar-
bons content was the lowest in the flower and increased with subsequent harvest-
ing times to reach maximum in the mature fruit and then decreased in the ripened
fruit. In this study, the oil from green mature fruit contained S-phellandrene in
higher amount (62.4 %) than the oils from ripened fruit (60.5 %), immature fruit
(56.4 %) and flower (11.7 %). The other major monoterpene hydrocarbons which
were found in al samples were -pinene, a-pinene and J-3-carene, while in ano-
ther study, o-terpinenyl acetate, a-terpineol, limonene and myrcene were reported
as the major monoterpenes.12 Monoterpene hydrocarbons identified in the oil of
flower were present in lower amount than in the oil of other stages. On the other
hand, in the essential il of flower, sesquiterpenes were one of the dominant frac-
tion with spathulenol (8.9 %) as the magjor compound and their percentage de-
creased with progressive fruit maturation.

Antibacterial activity

The disk diffusion method, used in preliminary screening of the antibacterial
activity, showed that the oils from the three different fruiting stages of L. offici-
nale were active against all the tested bacteria. Moreover, the oils proved to be
highly active against the tested Gram-positive bacteria, especially B. subtilis that
was more sensitive than others, and the Gram-negative bacterium, E. coli (Table
I1). The oils were moderately active against K. pneumoniae and P. aeruginosa.
The antibacterial activities of the oils were also determined using the microtiter
96-well dilution method, by measuring the minimal inhibitory concentration (MIC)
against the tested bacteria (Table 11). The essential oils of mature and ripened
fruits exhibited the highest activity against B. subtilis with an MIC value of 0.90
mg mi=L. In addition, the highest activity of the oil of mature fruit was observed
against S. epidermidis, with an MIC value of 0.90 mg ml~1. The oils showed the
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lowest activity against K. pneumoniae and P. aeruginosa, with the MIC values
ranging from 14.4 to 15.2 mg mi-1,

TABLE II. Antibacterial activity of L. officinale essential oil at different fruiting stages
Essential oil®

- b

Microorganism [mmature Mature Ripened Ampicillin
DD¢ Mmic? DD MIC DD MIC DD

B. subtilis 25.0£0.9 38 36005 09 350:t04 09 14.0+0.7
E. faecalis 19.0+0.7 152 17.0+04 75 13.0£04 7.2 11.0+04
S aureus 17.0£0.5 38 21.0+05 37 16.0¢05 36 13.0+0.6
S epidermidis  23.0£0.7 19 26.0+05 09 250+06 18 19.0+0.5
E. coli 19.0+06 152 180+04 72 150+0.7 7.2 12.0£0.5

K.pneumoniae  10.0+0.8 >15.2 10.0+0.7 >144 9.0£04 >144 -
P. aeruginosa 11.0+0.7 >152 8.0+0.6 >144 9.0+05 >144 9.7+0.7

#Tested at aconcentration of 10 ul disc'l; Ptested at a concentration of 10 ug di sc'l; “diameter of inhi bitiog zone
(mm) including disk diameter of 6 mm: inactive (-), moderately active (7—14) and highly active (>14); “mini-
mum inhibitory concentration, values as mg ml oil”

CONCLUSIONS

The study of a plant as a source of aromatic and flavoring compounds re-
quires the analysis of not only the whole plant but also itsindividual parts at their
different developmental stages. While the best harvesting time of lovage to ob-
tain sharp odorant compounds such as a- and S-pinene is the flowering stage,
p-phellandrene as the main compound of the plant with a peppery-minty and
dightly citrusy odor was achieved at the fruiting stage. Chemical characterization
and antibacterial screening studies on the plant-based essential oils could also
lead to the discovery of new natural antibacterial agents. In addition to perfume
and tobacco products, the essentia oil of lovage is used as aflavor agent in major
food products, such as beverages, frozen dairy desserts, candy, gelatins and pud-
ding, and meat and its products. Although the antimycobacteria activity of poly-
acetylenes, such as falcarinol and falcarindiol, from the plant has recently been
studied, 1> the present study is the first report on the antibacterial activity of the
essential oil from fruits of L. officinale at different developmental stages. The oils
showed promising antibacterial activity against, B. subtilis and S. epidermidis.
The present results revealed that the essential oils tested represent an inexpensive
source of natural antibacterial substances for use in pathogenic systems to pre-
vent the growth of bacteria and extend the shelf life of processed food.
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U3BOA

CACTAB 1 AHTUBAKTEPUICKA AKTUBHOCT ETAPCKOI" YJbA IIBETA U ITJIOJA
BUJBKE Levisticum officinale Koch V PABJIMYUTUM PA3BOJHUM ®A3AMA

MOHAMMAD HOSSEIN MIRJALILIY, PEYMAN SALEHI*, ALI SONBOLI*, JAVAD HADIAN?,
SAMAD NEJAD EBRAHIMI* u MORTEZA YOUSEFZADI?

"Medicinal Plants and Drugs Research Institute, Shahid Beheshti University,G. C., Evin, Tehran u 2Department
of Marine Biology, Faculty of Science, Hormozgan University, Bandar Abbas, Iran

OpnpehuBan je cactaB ¥ aHTHOAKTEPHjCKA aKTUBHOCT €TApCKOr yiba Oribke Levisticum offici-
nale Koch y pasznuuntuMm pa3BojHEM (asama: IBET, HE3peo IUIOJ, 3eJCHH 3pe0 IUIOJ U IOTIyHO
3peo mwioj. ETapcko yiee je 100MjeHO U3 CyBHX y30paka JECTHIIAIMjOM BOJICHOM IapoM, a aHTH-
OakTepHjcKa akTHBHOCT je oapeluBana cipam cemam Bpcra O6akrepuja. [Ipunoc yipa (Macenu %) y
pasznnuntiM (asama je 6uo craenehu: Hespeo miox (1,5 %) > senenu 3peo mwiox (1,0 %) > mornyHo
3peo mwiof (0,6 %) > user (0,1 %). Cacras erapckor yiba je oapehusan metogama GC u GC-MS. V
OBa YCTHPH y30pKa je uaeHTH(HUKOBAHO U KBaHTH(UKOBaHO penoM 27, 31, 28 u 26 cacrojaka. Mo-
HOTEPIEHCKH yIJbOBOJOHHIM Cy YNHWIIH [JIaBHY IPYIy jequmberba: 79,2 % y 3eeHOM 3pesioM ILIo-
ny, 78,4 % y uespenoM miony, 75,2 % y notmyHo 3penom mwiony u 44,0 % y nsery. AHTHOaKTe-
pHjcKa akKTUBHOCT yJba je oapehuBana MetonoMm npcrenacre audysuje y Musep-XuHTOHOBOM ara-
py Mepehu 3ony napubumje. Kopuuthero je 10x10 pl yipa 3a vHXUOUIHK]Y U pe3yaTaTi Cy GHIA
pa3nuuuTH 3a yijba J00HjeHa u3 OMJbKe y pasiMuuTUM pa3BojHuM ¢a3ama. Hajjaua antubaxre-
pHjcKa akTMBHOCT je mcniosbena cpam Bacillus subtilis. MIC Bpeanocr je 6ua 0,90 mg mi™ ca
yJbEM MOTITYHO 3pEJIOr IJI0/a.

(Mpumsbero 24. maja, pesuanpano 9. jyna 2010)
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Consistent forcefield for metallopor phyrins
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Abstract: Molecular mechanics (MM) calculations to analyze the puckering of
metalloporphyrins isolated and adsorbed on a graphite layer (0001) as a func-
tion of metal ion size and the peripheral substitution are presented. The Consis-
tent Force Field (CFF) program was used with new parameters for metallopor-
phyrins, which included an out-of-plane bending function. Normal-coordinate
structural decomposition (NSD) analysis was performed on the equilibrium
structures obtained by the MM calculations. The conformers were also stereo-
chemically characterized and compared with available experimental data and
with conformers obtained in a previous MM study.

Keywords. porphyrins; graphite (0001) surface; molecular mechanics; non-pla-
nar conformations.

INTRODUCTION

Metalloporphyrins not only have important biological functions, but they can
also be applied in many different industries. Among other applications, they were
successfully employed for olefin epoxidation and alkane hydroxylation reactions
asremarkably effective catalysts.

It iswell known that the porphyrins macrocycle displays a range of distorted
non-planar shapes.2-> The non-planarity of the porphyrin core has profound con-
sequences on the spectral, electrochemical and other properties of porphyrins,
including functionality.® It was revealed that factors which induce non-planarity
can be divided into at least four categories. peripheral substitution, the central
metal, axial ligation and the environment of the porphyrin.” Previous studies
showed that the type and degree of non-planar deformation can be controlled by
the peripheral substitution pattern, the steric bulkiness of substituents and the size

* Corresponding author. E-mail: gmaja@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100701095A
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of central metal ion of the macrocycle.8® Furthermore, it was also shown that
adsorption of metalloporphyrins on a graphite layer influences conformational
changes of the porphyrin core.10

Theoretically, the complete set of normal coordinates for a macrocycle forms
a basis for describing any distortion of a porphyrin core. For a porphyrin of Dgp
symmetry, the distortion can be divided into in-plane and out-of-plane deforma-
tions. Only a few of the lowest frequency modes are required to adequately des-
cribe the out-of-plane distortions.1! These are: ruffing (ruf, Bq), saddling (sad,
B2u), doming (dom, Azy), two wavings (wavy, wavy, Eg) and propellering (pro,
Ayy), which are shown in Fig. 1. Many experimental techniques have been used
for distinguishing the magnitude of non-planar distortion, athough distinguishing
the different types of distortion (ruf, sad, dom, wav and pro) has proved to be more
challenging.12 Molecular modeling, developed for the investigation of non-planar
porphyrins, provides information about the energetics of non-planar distortions,
aswell as, additiona structura information.13 In this work, molecular mechanics
(MM) calculations were used to study the effects of peripheral substitution, the
nature of the central metal atom and the influence of the graphite (0001) surface
on the non-planar distortions of metalloporphyrins. Although, some of the porphy-
rin molecules mentioned in this paper have aready been analyzed, recently force
field was supplemented with a new function and hence, al parameters were
reoptimized in order to improve their reliability, in other words, to improve their
accuracy in producing a physically meaningful potential energy surface.

ruf (B)

dom (A,)

Fig. 1. Non-planar porphyrin-core con-
formations. Bold and dashed lines re-
present core fragments lying below and
above the mean plane, respectively.
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COMPUTATIONAL DETAILS

Molecular mechanics calculations were performed with the 2007/PC version of the Con-
sistent force field (CFF) conformational program.4 Conformational energy was defined in the
usual way asgivenin Eq. (1):

Etot = z Ep+ z Eo+ z E(p + Z EE]igtramol.Hntermol ) + Z Egntramol.+intermol ) + z Eoop (l)

where the terms on the right-hand side represent bond-stretching, angle-bending, torsional,
non-bonded, Coulomb, and out-of-plane bending contributions, respectively. Bond-stretching
and angle-bending contributions were treated with simple harmonic functions (Eq. (2)). Tor-
sional contributions were represented as Fourier series that accounts for all four torsions in-
volving a double bond, or nine torsions involving a single bond.

Non-bonded intramolecular van der Waals interactions were modeled using the Lennard-
-Jones “12-6" potentia function with parameters which were chosen by extrapolation based
on the available parameter sets, imposing their consistency with the original force field.1516

Non-bonded intramolecular electrostatic contributions were modeled with the Coulomb
function.

Point charges were obtained from ab-initio calculations (Gaussian 98).17

Out-of-plane bending was defined by using the height of the pyramid formed by the four
atoms (Fig. 2, Eq. (2)). This function was added to the CFF conformational program where
hoop is the perpendicular distance of atom i from the plane defined by atoms jkI, and koop is
the force constant.18

1 2 1 2 1 2 (Y2 (re)®
B _,0 st _ 0 —(1 Zeol — —el —
Bkl gkt 00 +°°W)+§Lg( - -7 % @
9,9 1
+z#+zkooph(2)op+zzisqi(eTaje)
ij Eijlij ijori
Intermolecular van der Waals interactions between the porphyrin macrocycle and the
graphite C atoms were treated with the Lennard-Jones “12-6" type function, with the same
parameters as for intramolecular potential.

Modeling of the graphite layer was described in a previous paper.10

Fig. 2. Out-of-plane bending functions:
NC.CsC,, C,HC;C; and C,HC,Cy,.
Atom types used in defining the force
field parameters for the molecular me-
chanics calculation.
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Intermolecular electrostatic interactions were treated as monopol e-quadrupole interac-
tions between point charges located on the atomic positions of all metalloporphyrin atoms and
uniaxial quadrupoles defined on each C atom of the graphite layer:

Q= _zzrigqi (e"se) €)
i

where g; is the point charge on the i-th porphyrin atom; rj; is the interatomic distance; e is the
unit vector along rjj; € is the quadrupole moment tensor of the j-th C atom on the graphite
layer (Eg. (3)).1°

Non-bonded cut-off was treated with a cubic spline switching function with the spline-on
distance of 7 A and the spline width of 2 A.

Geometry optimizations were realized using combinations of the steepest-descent, Da-
vidon—Fletcher—Powell and Newton-Raphson methods.1* Geometry optimizations were per-
formed to the energy rms gradient of < 10 kJmol-t AL,

For each of the equilibrium structures obtained by the energy minimization procedure,
normal-coordinate structural decomposition (NSD) analysis was performed using the software
available at http://jasheln.unm.edu/. The NSD method provides a unique way for characte-
rizing the distortions of the macrocycle and gives detailed analysis of the type of deformations
present in the calculated porphyrin structures.

Forcefield parametrization

In this work, new function which describes out-of-plane bending interaction was added
in the CFF conformational program for the first time and hence all the force field parameters
on the available X-ray structures of Ni(Il)porphyrin, Ni(Il)mono-tert-butylporphyrin, Ni(ll)di-
-tert-butyl porphyrin, Ni(ll)tetraphenylporphyrin and Ni(Il)octaethyl-tetraphenylporphyrin were
reoptimized by adjusting the appropriate parameters on a trial-and-error basis until the RMSD
values between the calculated and crystallographically observed bond lengths and valence
angelswere < 0.03 A and < 3°, respectively.

The force field was parametrized based the four different types of carbon atoms (o and g
pyrrole carbons, meso carbon of the porphyrin ring, aromatic carbon of the phenyl substituents
and sp3-hybridized C atom of the alkyl substituents), one type of hydrogen and of nitrogen,
central metal atoms and the halogen substituents (chlorine and bromine).

The aim of involving the out-of-plane bending function was to assure persistency of pla-
narity of selected fragments of metalloporphyrinsin the optimized structures, asisindicated in
Fig. 2. In earlier works, higher values of the torsional parameters were used in order to keep
planarity of selected fragments in the porphyrin molecules, giving better agreement with the
X-ray data. Hence, there was a need to introduce a new function in the CFF conformational
program so that the torsional parameters could approach more realistic lower values.

The conformers obtained by MM cal culations were stereochemically characterized, com-
pared with available X-ray crystal structures, analyzed by the NSD method and also compared
to the results obtained in a previous MM study without the out-of-plane bending function.
Comparison of selected structural data for the molecules used in parametrization are given in
Table |. These results indicate better agreement between calculated and X-ray structures, in
comparison with previous results, establishing the reliability of the present force field, but did
not affect any of previous conclusions.

A list of all forcefield parametersisgiven in Table S-1 in the Supplementary material.
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TABLE |. Selected average bond lengths (A), valence and torsion angles (°) for the equilib-
rium metalloporphyrins structures and for available crystal structures. Missing values are not
reported (—) in the cited sources

Method  Ni-N C,C, C,C, N-C, N-Ni-N C,.N—C, N-C,—C,~C; N—C,—C,-C,

NiP
X-Ray* 1951 1347 1371 1379 1793 1043 0.3 0.8
MM® 1912 1336 1366 1377 1799 10338 0.02 0.0
MM 1945 1340 1375 1375 1800 1055 0.9 1.2
NiMtBuP
X-Ray® 1901 1.342 1380 1380 1789 1063 30 111
MM? 1917 1338 1372 1377 1773 1052 45 14.3
MM 1944 1338 1377 1376 1773 1035 0.86 1.19
NiDtBuP
X-Ray®(0a0) 1900 1.353 1.394 1.383 1770  106.2 2.9 14.8
MM%ce 1900 1.341 1379 1373 1776  106.0 5.4 25.1
MMaa 1934 1338 1380 1376 1768  106.3 8.8 236
MM%pB 1910 1.337 1378 1377 1799 1039 6.1 19.1
MMap 1934 1340 1379 1375 1772 1033 18.26 21.02
NiTPP
X-Ray’ 1931 1.340 1.383 1377 1800 1049 26 96
MMP 1930 1337 1370 1377 1800 1049 1.4 11.8
MM 1964 1334 1376 1378 1762 1063 4.2 8.7
NiOEtTPP
X-ray® 1906 1.365 1395 1381 906 1059 - -
MmP 1875 1341 1375 1375 904 1063 - -
MM 1924 1347 1348 1376 906 1082 - -

Aw. Jentzen, |. Turowska-Tyrk, W. R. Scheidt, J. A. Schelnutt, Inorg. Chem. 35 (1996) 3559; bM. Gruden-Pav-
lovi¢, S. Grubi&i¢, S. R. Niketi¢, J. Inorg. Biochem. 98 (2004) 1293; ©X.-Z. Song, W. Jentzen, L. Jaguinod, R.
G. Khoury, C. J. Medforth, S.-L. Jia, J-G. Ma, K. M. Smith, J. A. Shelnutt, Inorg. Chem. 37 (1998) 2117, dm,
Gruden, S. Grubii¢, A. G. Coutsolelos, S. R. Niketi¢, J. Mol. Struct. 595 (2001) 209; €X. Z. Song, W. Jentzen,
S. L. Jig, L. Jaquinod, D. J. Nurco, C. J. Medforth, K. M. Smith, J. A. Shelnutt, J. Am. Chem. Soc. 118 (1996)
12975; fA. L. MacLean, G. J. Foran, B. J. Kennedy, P. Turner, T. W. Hambley Austral. J. Chem. 49 (1996)
1273; 9K. M. Barkigia, M. W. Renner, L. R. Furenlid, C. J. Medforth, K. M. Smith, J. Fgjer, J. Am. Chem. Soc.
115 (1993) 3627; hUnpublished work

RESULTS AND DISCUSSION

The effects of peripheral substitution of various substituents, coordination of
central metal ions of different radii and adsorption of molecules on the graphite
layer (0001) on the conformations of porphyrin macrocycle of octa- and
tetrahalogenated (chloro and bromo) tetraphenylporphyrin (TPP) derivates with
Ni(I1) an Th(l1l) metal ions were studied. Ni(ll) metal ion and Tb(lll) metal ion
were chosen to represent central metal atoms with a relatively small and large
radius, respectively. As in a previous study, the initial structures for tetra-
halogeno TPP were chosen based on the most symmetrical substitution pattern of
the halogens and comprised: 2,8,12,18-tetrahalogeno-TPP (trans-trans, or tt)
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isomer; 2,3,12,13-tetrahalogeno-TPP (cis-trans, or ct); 2,7,12,17-tetrahalogeno-
TPP (windmill, or wm) isomer.

All the stable conformers for the series of porphyrins were obtained by
energy minimization starting from five (plan, sad, ruf, dom, wav) initia struc-
tures. Furthermore, for the porphyrin macrocycles adsorbed on the graphite
surface, two different positions of the metal (one with the metal atom directly
above a given graphite carbon atom and the other with the metal located above
the hole of the graphite hexagon) and various intermolecular distances (3-8 A, in
steps of 0.5 A) were considered.

It is noteworthy that the geometrical optimization resulted in one unique
equilibrium conformation for all the investigated porphyrin structures, regardiess
of theinitial structures that were started with.

Isolated structures

The structural parameters for the energy-minimized conformers, as well as a
comparison with the available crystal structures, are given in Table IlI; the

TABLE 1. Selected average bond lengths (A), valence and torsion angles (°) for the equilib-
rium, isolated metalloporphyrins structures and for crystal structures

Method M—N N-C, CC;, C—C, X*C; N-MN CN-C,
Ni(I1)Br,TPP
X-RayP 1900 1380 1340 1380 1870 1685 1066
Brg 1924 1374 1349 1384 1911 1665 1087
ct-Br, 1951 1337 1334 1379 1903 90.8 1053
tt-Br, 1944 1376 1340 1380 1898 90.4 106.7
wm-Br, 1948 1376 1339 1379  189% 90.5 107.6
Ni(I1)CI, TPP
X-Ray® 1904 1384 1348 1394 1705 9.3 107.3
Clg 1932 1376 1345 1383 1737 90.7 108.3
ct-Cl, 1953 1378 1338 1378 1733 90.6 105.8
tt-Cl, 1947 1376 1338 1379 1730 90.4 107.3
wm-Cl, 1950 1377 1338 1379 1730 90.4 1075
Tb(111)Br,TPP
Brg 2311 1377 1342 138  1.899 86.1 105.2
ct-Br, 2309 1378 1340 138  1.902 86.7 105.9
tt-Br, 2307 1376 1341 1387  1.901 85.6 106.6
wm-Br, 2308 1377 1340 138  1.8% 86.1 107.3
Tb(I11)CI, TPP
Clg 2304 1376 1346 1388  1.738 85.1 107.1
ct-Cl, 2308 1376 1342 138 1733 85.3 108.4
tt-Cl, 2308 1377 1340 1387 1732 85.7 106.8
wm-Cl, 2308 1377 1340 138 1729 86.1 107.3

Br,Cl; bX—Ra&y data of Ni(l1)BrsTPP, L. M. Henling, W. P. Schaefer, J. A. Hodge, M. E. Hughes, H. B. Gray,
Acta Cryst. C 49 (1993) 1743; °X-Ray data of Ni(I1)ClsTPP Ni, G. A. Spyroulias, A. P. Despotopoulos, C .P.
Raptopoulou, A. Terzis, D. de Montauzon, R. Poilblance, A. G. Coutsolelos, Org. Chem. 41 (2002) 2648
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calculated energy distributions are listed in Table 111 and the results of the NSD
analysisfor all the optimized molecules are presented in Table 1V.

TABLE IIl. Energy contributions (in kcal mol1) for the isolated, equilibrium TPP confor-
mations

SDECi €s Etot Ebond Eangle Etorsi on Eoop Evdw Ec Enb
Ni(1)Br,TPP

Brg 55.28 472 15.55 18.83 1.39 2653 1174 14.79

ct-Bry 35.83 197 9.99 16.14 1.32 1795 -11.55 6.40

tt-Bry 35.51 1.90 8.56 16.71 142 1868 -11.76 6.93

wm-Bry 33.81 1.80 8.90 14.83 151 1848 -11.72 6.76
Ni(11)CI,TPP

Clg 54.09 3.05 12.36 17.83 161 23.53 —4.29 19.24

ct-Cly 36.32 1.68 8.64 14.90 125 18.59 —-8.73 9.86

tt-Cly 34.64 1.70 8.11 15.98 1.37 19.19 -11.70 7.48

wnCl, 3291 161 836 1451 149 1884 -1190 695
Tb(111)Br,TPP

Brg 7517 520 2230 3821 455 1383 892 491
ct-Br, 5607 497 201 2197 206 1573 875 698
tt-Br, 6121 539 2418 1859 261 1925 879 1045
wmBr, 5748 492 2301 1908 252 1674 878 796
Th(I11)CI,TPP
Clg 8493 6583 3106 1959 294 2531 081 2450
ct-Cl, 6469 530 257 1610 251 2025 516 1509
tt-Cl, 6008 511 2356 1746 249 197 824 1146

wm-Cl, 56.7 4.79 22.59 17.98 2.38 17.33 —8.36 8.97

The NSD analysis revealed that the structure of Ni(l1)Br8TPP is pure saddle
and it shows the largest deviation from planarity (Table 1V). The ct-
-isomer of Ni(I1)Br4TPP is a mixture of sad and dom non-planar deformations,
the tt-isomer is almost pure saddle with a minor contribution of the pro mode,
while the optimized structure of the wm-isomer indicated that it consisted of sad
and a smal amount of ruf deformations. For the tetrabromo-TPP—Ni(ll)
complexes, the wm-isomer is the most stable one (Table l11).

The Ni(I1)CI8TPP complex is also highly puckered, and the NSD analysis
indicated an almost pure saddled macrocycle. All three isomers of Ni(II)CI4TPP
possess sad as the dominant deformation, with contributions of dom, pro and ruf
distortionsfor ct-, tt- and wm-isomer, respectively.

For the octa- and tetrabromo substituted structures with the very large
Th(l1l) ion, the dom deformation was present in all structures as was expected
(Table 1V). The NSD analysis revealed that the structure of the Tb(I11)Br8TPP
complex is amixture of dom, sad, ruf and pro deformations. In the case of the ct-
isomer of Tb(lI1)Br4TPP, the metal ion favors dom distortion, and saddling is
favored by the substituents. An aimost equal ratio of sad and dom deformations
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was found in the tt-isomer and in the case of wm-isomer, the sad distortion
dominates. The ct-isomer is the most stable one, but the difference between total
energy of the ct- and wm-isomer is not so significant (Table IIl).

TABLE IV. Results of the normal-coordinate structural decomposition (NSD) analysis for the
equilibrium, isolated TPP conformations. Do, is the total out-of-plane distortion (in A)

Species Doop sad ruf dom wav(x) wav(y) pro
Ni(1)Br, TPP

Brg 3.7365 3.7365 0.0083 0.0057 0.0057 0.0084 0.0030

ct-Br, 2.5544 2.3495 0.0171 1.0021 0.0153 0.0144 1.0100

tt-Br, 2.4576 2.4426 0.0058 0.0105 0.0091 0.0143 0.2704

wm-Br, 2.3550 2.3236 0.3825 0.0164 0.0080 0.0162 0.0028
Ni(INCI,TPP

Clg 3.3397 3.3397 0.0065 0.0057 0.0059 0.0080 0.0037

ct-Cl, 2.2829 21277 0.0141 0.8270 0.0115 0.0121 0.0079

tt-Cl, 2.3360 2.3253 0.0053 0.0102 0.0084 0.0138 0.2219

wmCl, 21913 21475 04354 00147 00074 00151  0.0022
Th(111)Br,TPP

Brg 22838 14672 05068 16167 00446 00322  0.4353
ct-Br, 1.8914 07306 00156 17440 00311 00225  0.0206
tt-Br, 19571 14579 00341 12637 00121 00027  0.3263
wm-Br, 30589 27552 00416 13281 00139 00033  0.0088
Th(I11)CI,TPP
Clg 30589 27552 00416 13281 00139 00033  0.0088
ct-Cl, 15314 09842 00115 11732 00087 00066  0.0053
tt-Cl, 29150 21099 05525 11933 05995 13628  0.3152

wm-Cl, 3.0589 2.7552 0.0416 1.3281 0.0139 0.0033 0.0088

In optimized structure of the Th(l11)CISTPP complex, sad and dom normal
modes were observed (Table 1V). The NSD analysis of the ct-isomer of
Th(lI1)CI4TPP shows an aimost equa ratio of dom and sad distortions. The
shape of optimized conformation of the tt-isomer is a combination of the five
most commonly observed distortions, with domination of the sad deformation
mode. In the case of the wm-isomer, the ratio of the sad and dom deformationsis
almost the same as for the wm-isomer of Tb(I11)Br4TPP. As in the case of the
tetrachloro substituted TPP isomers, the wm isomer is the most stable (Table I11).

Adsorbed structures

The structural parameters for the energy-minimized conformers are pre-
sented in Table V, the calculated energy distributions are listed in Table VI and
the results of NSD analysis for al the investigated porphyrins adsorbed on a
graphite layer arelisted in Table VII.
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TABLE V. Selected average bond lengths (A), valence and torsion angles (°) for the equilib-
rium, adsorbed metalloporphyrins structures

Species M-N N-C, GGy C.—Cn Xa—CB N-M-N C,—N-C,
Ni(11)Br,TPP
Brg 1.925 1.375 1.348 1.385 1.911 166.7 108.80
ct-Bry 1.962 1.379 1.338 1.378 1.902 90.02 107.54
tt-Br, 1.968 1.376 1.335 1.376 1.901 90.42 106.80
wm-Br, 1.971 1.376 1.334 1.374 1.899 89.98 107.54
Ni(I1)CI,TPP
Clg 1.945 1.378 1.341 1.384 1.739 90.6 108.60
ct-Cl, 1.972 1.379 1.334 1.376 1.733 89.98 106.89
tt-Cl, 1.965 1.376 1.334 1.374 1.735 90.51 106.82
wm-Cl, 1.971 1.380 1.334 1.372 1.738 90.23 106.72
Th(111)Br,TPP
Brg 2.300 1.377 1.344 1.392 1.899 86.5 108.9
ct-Bry 2.303 1.376 1.340 1.392 1.901 86.8 109.7
tt-Br, 2.303 1.375 1.339 1.388 1.902 86.2 109.8
wm-Br, 2.302 1.378 1.340 1.388 1.899 86.3 109.7
Tb(I11)CL,TPP
Clg 2.300 1.382 1.343 1.396 1.740 86.6 112.3
ct-Cl, 2.303 1.379 1.343 1.389 1.737 85.9 109.6
tt-Cl, 2.300 1.378 1.339 1.390 1.731 85.5 108.5
wm-Cl, 2.302 1.379 1.342 1.388 1.740 85.6 109.2
Br,Cl

NSD Pattern for structure of Ni(lI)Br8TPP adsorbed on graphite surface is
amost the same as for isolated molecule, because there is no significant
intermolecular interaction (Table V1).

Distance of Ni(ll) ion from graphite is approximately 6 A. Large distance is
explained by the presence of bulky groups and repulsive interaction between
negative charges, hence the porphyrin macrocycle can not approach more closely
to the graphite layer. Geometry optimization for three isomers of Ni(I1)Br4TPP
leads to parallel orientation of porphyrin macrocycle on graphite, where in al
cases the meta ion is above the center of C—C bond. In comparison to the
isolated structures, al three isomers adsorbed on a graphite layer are less
puckered (Tables IV and VII). In the ct-isomer, an aimost equal ratio of dom and
sad distortions is observed (Table VII). The ruf and dom deformations dominate
in the tt-isomer, with presence of the pro deformation mode, while the wm-
isomer can be described with dom deformation and a small contribution of pro
distortion.

After geometry optimization of the various initia conformations of the
adsorbed molecule Ni(11)CI8TPP, starting from the various distances from the
graphite layer and different initial positions of metal ion in relation to graphite,
the end result was a unique conformation, very similar to the isolated structure,
with the sad mode as dominant, and with a small contribution of the dom dis-
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tortion. Final position of the metal ion is exactly above center of the C—C bond of
the graphite layer. The position of the metal ion in relation to the graphite layer
of the three isomers of Ni(I1)CI4TPP is the same as in the case of the tetrabromo
derivatives. NSD analysis reveded that all three isomers are more planar in
comparison to the isolated structures (Tables 1V and VII), which enhance the
flattening n-stacking interactions. NSD analysis shows that in the ct-isomer, dom
and sad deformations dominate. Almost all of the five most commonly observed
distortions occur in the equilibrium conformation of the tt-isomer with
domination of the ruf and dom modes. In the case of the wm-isomer, dom
deformation is the dominant one, with a small contribution of pro distortion
(Table VII).

TABLE VI. Energy contributions (in kcal mol-1) for the equilibrium, adsorbed metallopor-
phyrins conformations

SpeCIGS Etot Ebond Eangle Etorsion Eoop Evdw Ec Enb Eintervdw Einterc Eintemb
Ni(11)Br,TPP
Brg 46.33 461 16.15 1836 1.26 27.11 -11.74 1537 583 -359 -942
ct-Br, -3.80 294 994 20.01 2.20 24.29 -11.11 13.17 -19.72 -32.33 -52.06
tt-Bry 232 250 1236 24.62 231 21.58 -11.28 10.29 -18.64 -31.12 -49.77
wm-Br, 540 222 11.83 19.67 2.09 20.92 1117 9.76 -2041 -32.71 53.11
Ni(11)CI,TPP
Clg 2348 365 1654 1744 140 3253 —4.00 2852 -29.81 -14.28 -44.09
ct-Cl, -1641 258 10.35 19.16 2.12 2316 -7.58 15.58 —20.07 -46.13 —66.21
tt-Cl, -15.74 226 1208 25.1 213 27.76 -10.54 10.22 -18.25 -49.29 —67.55
wm-Cl, -17.69 2.09 1324 2242 1.88 20.81 -10.79 10.01 -19.7 -47.65 —67.35
Th(I11)Br,TPP
Brg 1266 6.2 2428 3549 3.03 1381 -866 515 -29.81 -31.67 6148
ct-Br, 16.84 10.35 29.84 19.09 148 2051 -8.87 11.65 —-19.55 -36.02 -55.57
tt-Br, 16.04 7.59 25.64 21.26 2.02 1468 -8.84 584 -17.68 -28.64 —46.32
wm-Br, 1228 9.23 30.76 17.01 128 175 -894 856 -19.88 —34.68 -54.56
Th(I11)CI,TPP
Clg 36.32 881 36.07 2357 2.89 35.05 -0.08 35.07 -19.71 -50.39 —70.09
ct-Cl, 448 532 30.33 22.05 3.15 19.01 -3.81 15.19 -17.88 —62.65 —80.54
tt-Cl;, —4.84 500 3245 255 294 1729 -6.89 10.39 -17.24 -63.89 -81.14
wm-Cl, —7.54 4.82 31.75 2444 277 16.17 -7.11 9.06 -18.37 —62.02 —80.39

NSD Analysis of the adsorbed octa- and tetra-halogeno TPP derivates with
the Tb(lll) ion indicates that al the optimized porphyrin macrocycle
conformations are less puckered in comparison to the isolated structures, with
domination of the dom distortion mode, as is expected from the metal ion size
(Tables IV and VII). In all cases of tetrahalogeno substituted Th(l11) complexes,
the metal is located exactly above the hole of the graphite hexagon, at a very
small distance, which is explained by the strong attractive M—r interactions.
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TABLE VII. Results of the normal-coordinate structural decomposition (NSD) analysis for
the equilibrium, adsorbed metalloporphyrins conformations. Do, iS the total out-of-plane dis-
tortion (in A)

Species Doop sad ruf dom wav(x)  wav(y) pro
Ni(11)Br,TPP
Brg 3.7438 37419 0.0109 01210 0.0046 0.0070  0.0037
ct-Br, 0.9487 0.6100 0.0244 07253 0.0212 0.0258 0.0120
tt-Bry 1.0535 0.0218 08121 05954 0.0085 0.0072 0.3083
wm-Bry 0.7426  0.0140 0.0250 0.6912 0.0251 0.0144  0.2683
Ni(IDCI, TPP
Clg 32494 32282 0.0127 03700 0.0077 0.0145 0.0035
ct-Cly 0.8474 05568 0.0264 06379 0.0138 0.0122 0.0152
tt-Cl, 1.0333 0.0812 07823 06282 0.0145 0.0109 0.2326
wm-Cl, 0.7060 0.0142 0.0331 06283 0.0279 0.0129 0.3186
Tb(11)Br,TPP
Brg 17730 04255 02486 16281 0.3444 0.2889 0.2185
ct-Br, 1.0064 0.3849 00166 09108 0.0140 0.1859 0.0043
tt-Bry 11030 0.0035 03914 1.0310 0.0146 0.0138 0.0067
wm-Br, 1.0332 0.0081 00173 10159 0.0161 0.0086  0.1865
Tb(1)CI, TPP
Clg 09799 03491 0.0067 08116 04237 0.0078 0.0112
ct-Cly 11660 0.3334 00179 11171 0.0101 0.0057 0.0127
tt-Cl, 12808 0.0147 04852 11894 0.0092 0.0077 0.0223
wm-Cl, 0.7344 0.0382 0.0075 07097 0.0147 0.0074 0.1841

Again, the octahalogeno derivates of Tb(lll) cannot approach close to the
graphite surface, resulting in a similar conformation of the porphyrin core in
comparison to the isolated structures.

CONCLUSIONS

The main goal of this study was the development of a new force field for
metalloporphyrins using the CFF conformational program. This means that the
previous force field was supplemented with a new function which describes the
deviation of the atoms from planarity, i.e., an out-of-plane bending function. This
function was parameterized and all other parameters were reoptimized in order to
improve the consistency of the entire force field. The force field was para
meterized on planar and highly puckered complexes, whereby the obtained struc-
tural results are in good agreement with the published MM results and with the
available crystal structures.8-10 The very good agreement between the cal-
culated and experimental structures is the best indicator of the successful
augmentation of the new function and the valid reoptimization of the force field.
With essentialy the same force field, the effects of the peripheral substitution
and the nature of the central metal atom as well as the influence of a presence of
graphite (0001) surface on the non-planar distortions of octa- and tetrahalogeno
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TPP derivates with Ni(l1) and Th(l1l) ions were analyzed. It was shown that both
metallation and peripheral substitution determine the type and degree of non-
planar deformations of porphyrin macrocycle, as a result of various strain-
relieving mechanisms. An increase of the radius of the centra metal atom en-
hances the doming of the porphyrin macrocycle, thus dom deformation is present
in al of the isomers of the Th(lIl) ion. Dodeca-substituted porphyrins showed a
large deviation from planarity and relieved their strain predominantly by saddling
of the porphyrin core, irrespective of the size of the central metal atom and the
nature of the halogeno substituents. The position of the four halogeno atoms in
the tetrahalogeno TPP structures has profound consequences on the mode and
amount of normal distortions. In almost all cases, the wm isomer is the most
stable one, except for the tetrabromo TPP Th(l11) species, when the ct isomer was
found to be the most stable, but the energy difference between this and the wm
isomer is small. Octahalogeno TPP derivates of Ni(ll) and Tb(Ill) adsorbed on a
graphite layer have similar conformations of porphyrin core in comparison to the
isolated structures, because they cannot approach close to the graphite surface.
All tetrahalogeno TPP structures are more planar in comparison to the isolated
structures, as the result of n-stacking interactions. NSD analysis revealed that
dom distortion is present in amost all of the structures adsorbed on a graphite
layer and the origin of this distorsion can be explained by M—r interactions. If an
analyzed molecule is closer to the substrate, doming is more significant. These
results indicate that changes of physical and chemical properties of porphyrin
adsorbed on a surface (in the present case a graphite layer) can be explained not
only by the adsorption process, but aso by specific conformational changes.

SUPPLEMENTARY MATERIAL

CFF parameters for metalloporphyrins are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
KOH3UCTEHTHO ITOJLE CHUJIA 3A METAJIOIIOP®UPUHE

JbYBULIA AHBEJIKOBIR', COFbA TPYBUIINR', UBAHA BOPBEBHR', MATHJA 3JTATAP?,
CBETO3AP HUKETUR' 1 MAJA TPYIEH-TIABJIOBUR

!Henitiap 3a xemujy, Mnciliuiliyi@i 3a Xemujy, iexHoa0Zujy u meilianypzujy, Yuusepauitieii y Beozpady,
Hjezowesa 12, 11001 Beozpad u’Xemujcku daxyaitieisi, Ynusepsuiiemi y Beozpady, 11001 Beozpad

Kowusucrenrno nosse cuia (CFF) 3a monekyrncko monenupame Meranonopdupuna, Koje
yKJbydyje HOBOyBezieHy Out-Of-plane dbymkimjy, mapaMeTpr30BaHo je Ha OCHOBY KPHUCTAITHUX CTPY-
krypa Ni(ll)-mopdupuna, aukan(ll)-mono-repubyrunmnopdupuna, vukai(ll)-au-repudbyrunmopdu-
puna, uukan(ll)-rerpapenunnoppupuna u uukan(ll)-oxkracrun-rerpapenunnoppupuna. OHO je
ynoTpebJbCHO 3a MPOyyYaBame YTUIlaja BETMYUHE [CHTPAITHOT METAIHOT jOHA, nepu(epHe CYNCTH-
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Tyl{je Kao W yTHIaja IPUCYTHOT CyTICTpaTa Ha KOHpOpMaIuje MopGUPHHCKOT je3rpa KOJI OKTa- U
terpaxanoreno-rerpadenmnmmopdupuna ca Ni(ll) u Th(lll). JenurcTBeHe paBHOTEXKHE CTPYKTYype,
J00HMjeHe Ha OCHOBY MOJIEKYJICKO-MEXaHHYKHX IpOpadyHa BEJIHMKOT Opoja MOYETHHX CTPYKTypa
HOKa3yjy 100po cllarame ca KPUCTATHHM CTPYKTypaMa, Kao U ca IPETXOIHO My OJIMKOBaHUM pe3yJl-
TaTUMa, He caMO Yy METPHYKHM Tojanuma, Beh n y HaunHy Habupamwa nopdupuHckor jesrpa. Me-
TOJI HOpMaJIHE-KoOpIuHaTHE cTpyKTypHe nekomnosuuuje (NSD) omoryhasa fa ce Ha jeqHO3Ha4YaH
Ha4MH OIHIIIE CBaka ONTUMH30BaHa KOH(pOpMaIja 1001jeHa MOJIEKYJICKO-MEXaHUIKIM MPOpadyHIMa.

ounhrwpd P

~

10.
11
12.

13.
14.

15.
16.

17.
18.

(Mpumssero 1. jyma 2010)
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CFF PARAMETERS FOR METALLOPORPHYRINS

TABLE S-I. Bond stretching parameters

Bond k /kca mol"A*  ro/A | Bond k /kca molt A% ry/ A
Ni—N 359.50 1.940 Cy—Cl 487.48 1.720
Th-N 359.50 2.360 Cs—Br 355.86 1.881
N-C, 1594.74 1375 | G, 1380.48 1.394
C—Cs 1380.48 1.337 C,H 661.80 1.084
Cy—H 661.00 1.101 C—Cn 632.72 1.497
Cas—Cop3 633.72 1523 | C,~C, 1409.24 1.370
CesH 661.48 1113 | CyCqg 1409.29 1.470
TABLE S-1. Angle bending parameters

Angle ke/ kcal mol™ rad® 6,/rad | Angle ke/ kcal mol™ rad® 6,/ rad
N—M—N(cis) 5.00 1571 | CqeCqosH 20.84 1.902
N-M—N(trans) 30.32 3146 | HCgs—H 46.08 1.902
M-N-C, 129.60 2182 | C,N-C, 61.92 1.832
C—CyH 129.60 2182 | C,C,H 51.84 2.094
Cy—Cy—H 129.60 2182 | CCyCn 61.92 2.094
N-C,—C; 129.60 2182 | C,—C.C. 61.92 2.120
C.—Ci—C; 129.60 2182 | N-CC, 61.92 2.175
CiC.—Cs 129.60 2182 | CCyCl 134.00 2.094
Cy—Cs—Cl 129.60 2182 | CC;C, 61.92 2.094
C—Cw G, 129.60 2182 | C—Cy-Br 109.90 2.094
C.~C,—Br 109.90 2.094 | Cy—Cy—Caqs 134.00 2.094
Co5Csq3Cqs 61.92 2.094 | Ci—Cq3—Cgys 80.80 1.902

* Corresponding author. E-mail: gmaja@chem.bg.ac.rs
# Serbian Chemical Society member.
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TABLE SI1I. Torsion angle parameters

Angle ke / kcal mol™ n Angle ks / kcal mol™ n

C.—C.—N-M 1.57 2.0 C—Cs—C,—C, 10.00 —2.0
C,~C~C-C, 3.00 20 | H-C~Cy—H 3.00 20
H-C,—C,—C. 3.00 20 | CCiCiCs 10.00 20
C,C,—CuC. 0.50 20 | CC,CsC, 7.50 20
C.—C—CH 7.50 20 | H-C,-C,—H 7.50 20
Cl—C4—C,—Cl 3.00 20 | Cl-CCyC., 3.00 20
Cl-C,—CyH? 3.00 20 | H-C~C,-C, 3.00 20
C,N-CC, 3.00 —2.0 H—Cq3Cs3—Cn 0.50 3.0
H—Cops—Cups—Ceps 0.00 00 | Cl-C—C,—CI® 3.00 20
H-CorCeC, 0.50 30 | H-CouCiC; 0.24 6.0

Af the substituent is Br, the torsion angle parameters are the same

TABLE S-IV. Out-of-plane bending parameters

Conformation k,/ kcal mol™
N—C,—Cn.C, 10

C,~H-C,.C,, )

Cy-H-C,.C; 10

Co— CCo.Cn 90

C,~Ca—C.Cin 90

CyX—C..Cy 10

TABLE S-V. Van der Waals parameters (all types of C atomsin C—Br)

Bond e/ keal mol™ r* | A Bond e/ kcal mol™ r* | A
M-C; 0.130 3.24 M-H 0.134 2.70
M-C,, 0.130 3.24 M—Cl 0.115 3.28
M-C, 0.130 3.24 N-H 0.051 3.32
N-C; 0.049 3.76 N-C, 0.049 3.76
M-C,, 0.049 3.76 H-H 0.047 3.00
C—C; 0.044 3.88 C.—C, 0.044 3.88
C—C; 0.044 3.88 C.—H 0.046 3.34
C.—C, 0.046 3.88 CiC; 0.046 3.88
C—C, 0.044 3.88 N—CI 0.115 3.85
H-C; 0.046 3.34 H-C, 0.046 3.34
Cl-C; 0.103 3.97 Cl-C, 0.103 3.97
Cl-Cl 0.240 4.00 H-CI 0.106 3.53
Cl-C, 0.103 3.97 N-N 0.055 3.64
H-C, 0.046 3.34 CC, 0.044 3.88
C—Cn 0.044 3.88 C.—C, 0.044 3.88
CoCs 0.044 3.88 CN 0.049 3.74
c—Cl 0.103 3.97 2 Br 0.119 412
Br-Br 0.320 4.36 M-Br 0.349 3.38
N-Br 0.133 4.00 H-Br 0.122 3.68
CysH 0.046 3.34 Ceps—Cas 0.044 3.88
Ce5Cin 0.044 3.88 CosCs 0.044 3.88
CarM 0131 310 CaN 0.049 372
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TABLE S-VI. Electrostatic parameters

Species Esu

M 0.543
cl -0.315
C, 0.285
C —-0.080
Br 0.032
N —0.665
Cn 0.334
Cs 0.285
H 0.285
H? 0.070

#This value was used for CFF calculation of Br-substituted TPP molecules
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Voltammetric determination of dopaminein the presence of
uric acid using a 2-hydr oxy-1-(1-hydr oxynaphthyl-2-azo)-
-naphthalin-4-sulfonic acid modified glassy carbon electrode
ALI ASGHAR ENSAFI*, SAMIRA DADKHAH-TEHRANI and BEHZAD REZAEI
Department of Chemistry, Isfahan University of Technology, Isfahan 84156-83111, Iran
(Received 11 March, revised 30 July 2010)

Abstract: A polymerized film of 2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naph-
thalin-4-sulfonic acid (HHNANSA) was prepared at the surface of a glassy car-
bon electrode by el ectropolymerization. The modified electrode was used for
the simultaneous determination of dopamine (DA) and uric acid (UA). The
electrochemical behaviors of the compounds at the surface of the modified
electrode were studied using cyclic voltammetry, chronoamperometry, and
sgquare wave voltammetry (SWV). The experimental results indicated that the
modified electrode exhibited an efficient electrocatalytic activity towards the
oxidation of DA and UA, with a peak separation of about 140 mV at pH 5.0.
Using chronoamperometry, the catalytic reaction rate constant was measured
and found to equal to 1.23x10* mol-1 L s1. At pH 5.0, the catalytic peak cur-
rents linearly depended on the DA and/or UA concentrations in the range of
1.0-300 pumol L1 DA (two linear segments with different sopes) and 6.7-20
umol L1 UA, using SWV. The detection limits for DA and UA were 0.25 and
1.17 umol L1, respectively. The RSD % for 40.0 and 140.0 umol L1 DA were
1.9 and 2.2 %, respectively, whereas for 10.0 and 20.0 umol L1 UA, they were
1.8 and 1.2 %, respectively. The modified electrode showed good sensitivity,
selectivity, and stability. It was successfully applied for the determination of
DA and UA in real samples, such as drugs and urine.

Keywords. 2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid;
simultaneous determination; dopamine and uric acid; voltammetry.

INTRODUCTION

Dihydroxyphenylethylamine, also commonly known as dopamine (DA), is
one of the most significant catecholamines and is an important neurotransmitter
in the mammalian central nervous system. It is currently the subject of intensive
research by neuroscientists and chemists and rapid and ssmple methods for the

* Corresponding author. E-mail: ensafi@cc.iut.ac.ir
doi: 10.2298/JSC100311134E
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determination of its concentration are sought.1=3 It has also been suggested that
DA plays arolein drug addiction and some manifestations of HIV.4-6 Dopamine
is not just a precursor of norepinephrine (noradrenaline) and epinephrine (adre-
naline) but a neurotransmitter as well. Therefore, the determination of this com-
pound is very necessary.

Uric acid (2,6,8-trihydroxypurine, UA) is a compound of great biomedical
interests and has important roles in human metabolism. UA, the end metabolic
product of purine’ via the liver, is present in blood and urine. Monitoring UA in
blood or urine can be used as an indicator for an early warning sign of kidney
diseases. Abnormal UA level in a human body could be caused by several disea
ses, such as hyperuricemia, gout, cardiovascular disorder, Lesch—Nyan syndro-
me, and chronic renal disease. DA and UA are co-present in biological fluids,
such as urine and blood. Therefore, it is important to develop new techniques for
the selective detection of DA in the presence of UA in aroutine assay. The direct
electro-oxidation of DA and UA at bare electrodes requires high overpotentials.
In addition, they have overlapped signas because the oxidation peaks of DA and
UA at a bare electrode are at nearly the same potential, making their discri-
mination very difficult.8.9

Severa papers have reported using modified electrodes for the simultaneous
determination of DA and UA.10-17.21 Recently, polymer film modified electro-
des have been used as electrochemical sensors in the wide application fields of
chemical sensors and biosensors.18-21 Comparisons of the proposed method with
the similar electrochemical methods are presented in Table I. Although, previous
studied based on poly(3-(5-chloro-2-hydroxyphenylazo)-4,5-dihydroxynaphtha:
lene-2,7-disulfonic acidl’ and sulfonazo 111 film21 modified electrodes have bet-
ter limits of detection, the proposed modified electrode based on 2-hydroxy-1-(1-

TABLE . A comparison of the efficiency of some modified electrodes in the determination of
DA and UA

Sensitivity Limit of detection Linear dynamic range
pA pmol™ L umol L™ umol L™ Ref.
DA UA DA UA DA UA
0.3316 0.0929 0.075 0.021 0.2-45.8 0.06-166.0 10
1.0728 0.0910 0.02 1.0 0.1-200 10.0-130.0 11
Not reported 17.00 0.0027 0.2 0.0-6.0 0.5-100.0 12
Not reported Not reported 1.0 1.0 2.0-1500 2.0-220 13
1.0 Not reported 0.5 Not reported 2.0-10.0 Not reported 14
1741 0.7360 0.12 0.6 0.2-80.8 1.2-100.0 15
Not reported Not reported Not reported 5.0 Not reported  5.0-53.0 16
0.0808 0.1013 0.03 0.11 0.05470 0.2-100 17
0.0572 0.3533 0.29 0.016 50280 0.1-18.0 21
1.5659 1.1707 0.25 117 1.0-20 6.7-20  Thiswork
0.0856 — — — 20-300 — This work
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-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid has a longer linear dynamic
range and is free from interference by aspirin.

To the best of our knowledge, no work has been reported on the use of
2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid (HHNANSA,
Scheme 1) modified glassy carbon electrode (HHNANSA-GCE) for the electro-
catalytic determination of DA and UA. Consequently, in this study, a GCE was
modified with a HHNANSA polymer film and then the electrochemical behavior
of DA and UA at the surface of the modified electrode was studied. Using the
modified electrode, a sensitive and selective method was established for the
simultaneous determination of DA and UA.

Q/O e Q/O ha*
Scheme 1. Structure of 2—hydroxy-l—(l—hydroxynaphthyl -2-az0)-naphthalin-4-sulfonic acid.

EXPERIMENTAL
Chemicals

All chemicals were of analytical reagent grade and used without further purification.
Doubly distilled water was used throughout the experiments. Uric acid was purchased from
Sigma-Aldrich. Dopamine was obtained from Merck.

Phosphate buffer solutions (PBS) with different pH values were prepared by mixing 0.10
mol L1 Nap;HPO, and 0.10 mol L1 NaH,PO,. The pH values were adjusted by addition of 1.0
mol L1 H3PO, and/or NaOH solution.

A stock solution of dopamine (0.010 mol L) was prepared daily by dissolving dopa-
mine in water. Uric acid solution (0.010 mol L-1) was prepared by dissolving the solid in a
small volume of 0.1 mol L1 NaOH solution and diluted with water to obtain the desired con-
centration. Other dilute standard solutions were prepared by appropriate dilution of the stock
solutionsin PBS, pH 5.0.

Apparatus

A Corning pH-meter, Model 140, with a glass electrode (conjugated with an Ag/AgCl
reference electrode, Model 6.0232.100) was used to determine the pH of the solutions.

Voltammograms were obtained using an EG & G instrument, Model 384B processor,
with three electrodes consisting of a platinum wire as the auxiliary electrode, a HHNANSA—
—GCE as the working electrode and Ag/AgCl (3 mol L1 KCI) as the reference electrode.
Preparation of the poly-2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid
film-modified GC electrode

Prior to each experiment, the glassy carbon electrode (GCE) was polished with 0.05 pum
aluminain a water surrey using a polishing cloth. The GCE was subsequently sonicated in a
mixture of water/ethanol (90/10 v/v) after each polishing step to be electrochemically pre-
treated later by cycling at a scan rate of 200 mV s1 10 timesin 0.1 mol L1 H,SO, solution in
the potentia range of —0.40 to 1.50 V, to obtain a stable background current. Subsequently,
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the electrode was placed in a solution containing 0.2 mol L-1 NaOH and 10.0 mmol L1 2-hyd-
roxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid (HHNANSA) and a cyclic po-
tential sweep was applied in the range of —0.10 to 1.00 at a scan rate of 33 mV s for 30 times
(the anodic peak potential and current tended to be stable after 25 scans). After the polyme-
rization, the modified electrode was washed with water and scan cycled 5 times at pH 5.0
(PBS) between 0.00 and 1.00 V to eliminate untreated HHNANSA monomer, and thus in-
crease its reproducibility and stability.

Procedure

Five milliliters of the buffer solution (pH 5.0) were transferred into the electrochemical
cell using the three-electrode system. Then, the SW voltammogram was recorded from 0.00 to
1.00 V at afreguency of 100 Hz and a pulse height of 20 mV with a potential scan rate of 33
mV sl The peak current was measured and recorded as the blank signal (Igp). After the
background voltammogram had been obtained, aliquots of the sample solution containing DA,
and/or UA were introduced into the cell. Then, the SW voltammogram was recorded as des-
cribed above to give the sample peak current. The peak current was measured and recorded as
the sample signal (lps). All the data were obtained at room temperature. The difference in the
currents (I ;s — 15,) Was considered as a net signal (Al) for each of the experiments. Calibration
graphs were prepared by plotting the net peak currents vs. the DA and/or UA concentrationsin
the solution.

Real sample preparation

Dopamine hydrochloride injection solution (40 mg mL"Y) was analyzed directly after
diluting 100 times with water. 0.10 mL of the diluted solution was injected into a 10-mL vo-
lumetric flask and made up to volume with buffer solution (pH 5.0). The test solution was
then transferred into the electrochemical cell and the DA content was measured according to
the recommended procedure.

Urine samples were analyzed directly after diluting 25 times with buffer solution (pH
5.0) without any further pretreatment. Then, 5 mL of this test solution was transferred into the
electrochemical cell and the DA and UA contents were determined according to the recom-
mended procedure.

RESULTS AND DISCUSSION

Electrochemical properties of the poly (2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-
-naphthalin-4-sulfonic acid) film-modified GCE

The behavior of poly(2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-
-sulfonic acid) (PHHNANSA) at the surface of a GCE is shown in Fig. 1. Ascan
be seen in the cyclic voltammograms, an anodic peak appeared at about 0.10 V
due to the oxidation of HHNANSA monomer with cycles, whereas on the re-
versed scan, a cathodic wave formed at a potential of —0.10 V. These anodic and
cathodic peak potentials tended to be stable after 25 scans. This suggest that the
initially-formed PHHNANSA film underwent a leaching process during the scan
cycles up to 25 cycles, which may imply a self-adjustment of the polymer film
thickness at the GCE.

The electrochemical properties of the modified electrode were studied by
cyclic voltammetry (CV) in the buffer solution (pH 5.0). The CVs of the mo-
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Fig. 1. Electropolymerization graph of HHNANSA in 0.2 mol L-1 NaOH and
10 mmol L' HHNANSA at a scan rate of 100 mV s1.

dified electrode at various scan rates (10-100 mV s-1) are shown in the inset to
Fig. 2. The experimental results show well-defined and reproducible anodic and
cathodic peaks, with a peak separation potential of about AE, (Epa — Epc) = 200
mV. These CVs were used to examine the variation of the peak currents vs.
potential scan rates. The plot of the anodic peak currents was linearly dependent
on v with a correlation coefficient of 0.9966 at all scan rates (Fig. 2A). Therefore,
the peak current must be related to the surface concentration of electroactive
species, I, by:

Ip=n2F2AIV/ART 1)

where n represents the number of electrons involved in the reaction (n = 1), Ais
the surface area of the electrode (0.031 cm?), Ip is the peak current, I” represents
the surface coverage concentration (mol cm—2), and v is the scan rate. From the
slope of the anodic peak currents vs. the scan rate, the calculated surface con-
centration of 2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid
was 4.46x10-8 mol cm2. The cyclic voltammograms of the bare GCE in PBS
(pH 5.0) at various scan rates (between 10 to 110 mV s1) are shown in Fig. 2B.

The electrochemical response of the HHNANSA-GCE depended on the pH
value of the supporting electrolyte solution. By increasing the pH of the sup-
porting electrolyte (from 2.0 to 7.0), the redox and oxidation peak potentials
shifted negatively and the anodic peak potential (Epg) depended linearly on the
pH vaue.

Electro-oxidation of DA and UA at the surface of the HHNANSA-GCE

The oxidations of DA and UA at the surface of a bare GCE and HHNANSA—
—GCE in two different concentrations are shown in Fig. 3. The results showed
that both compounds were oxidized with well-defined and distinguishable sharp
peaks potential at the HHNANSA-GCE. On the other hand, the indistinguishable
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Fig. 2. A) Dependence of peak current on the scan rate for the poly(HHNANSA)-modified
GCE in PBS (pH 5.0). Inset: cyclic voltammograms of the poly(HHNANSA)-modified GCE
in PBS (pH 5.0) at various scan rates: a) 10; b) 30; ¢) 50; d) 70; €) 90; f) 100 mV s1;

B) Cyclic voltammograms of the bare GCE in PBS (pH 5.0) at various scan rates:

a) 10; b) 30; ¢) 50; d) 70; €) 80; f) 100; g) 110 mV s1.

and broad peak potentials at the bare GCE indicate slow kinetics of electron
transfer. The oxidation peak potentials of DA and UA at the modified electrode
separated completely into two well-defined peaks at 0.32 and 0.46 V vs. Ag/AgCl,
respectively, whereas at the bare GCE, the oxidation peak potentials were at
about 0.40 and 0.50 V for DA and UA, respectively at pH 5.0. In addition, both
the two peaks potential at the HHNANSA-GCE exhibited negative potential
shifts. These shifts in the oxidation peaks potential and enhanced currents of the
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Fig. 3. Cyclic voltammograms of: A) 20.0 and 80.0 pmol L-1 DA; B) 7.0 and 9.0 pmol L1
UA at the surface of a) the modified and b) a bare glassy carbon electrode.

oxidation peaks potential with the HHNANSA—-GCE indicate that the modified
electrode had a catalytic effect on the oxidation of DA and UA. Moreover, the
oxidation current of DA increased linearly with the square root of the scan rate,
which demonstrates a diffusion controlled electrochemical process (Fig. 4).

The influence of solution pH on the DA and UA peaks current were studied
with 50.0 umol L1 DA and 50.0 umol L—1 UA. The results showed that the UA
peak current increased when the solution pH increased from 2.0 to 5.0, whereas
at higher pH values, the peak current decreased. For DA, the peak current in-
creased sharply on increasing the pH to 5.0, then leveled off up to pH 7.0 and
then decreased at higher pH values. As is known, the pK, values of R—-SO3H
(R = aryl group) are usually about 4; therefore, the -SO3Na of the poly(2-hyd-
roxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid) film could disso-
ciate favorably into the negatively charged —SO3~ group under akaline con-
ditions. The alkaline -NH»> group of DA (pK, 8.9) could obtain a proton and
form positive DA ions. These have a great affinity toward the poly(2-hydroxy-1-
-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid) film.
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Fig. 4. Variation of electrocatalytic current (1,) with square scan rate. Inset: cyclic voltam-
mograms of poly(HHNANSA) modified GCE in PBS (pH 5.0) containing
100.0 umol L1 DA at different scan rates. The number of 1 to 7 corresponds to
10, 30, 70, 90, 100, 120 and 150 mV s, respectively.

Chornoamperometric studies

For the determination of the diffusion coefficient of DA, single potential step
chronoamperometry was used with the HHNANSA—-GCE. The current-time cur-
ves of the HHNANSA-GCE obtained by setting the electrode potential at 270
mV (vs. Ag|AgCI|KClgy) for different concentrations of DA are shown in Fig. 5.
The linearity of the electrocatalytic current vs. v/2 showed that the current is
controlled by diffusion of DA from the bulk solution toward the surface of the

4.07
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:
J 0.8 K =0.9997
3.5 ¥=2.5409% +0.0608
R =0.9998
3.0' 0.6 ¥=1.9635X+ 0,037
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~ 2.0- R’=0.9978
— 0.2
1.5 0.0 +———————
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Fig. 5. Chronoamperograms of the poly(HHNANSA) modified GCE in PBS (pH 5.0) in the
presence of (in direction of I-axis): 0.0; 60.0; 100.0; 160.0; 260.0 and 300.0 umol L1 of DA.
Inset shows Cottrell plots derived from the chronoamperometric data.
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electrode, which caused near Cottrellian behavior. The slope of the linear region
of a Cottrell plot can be used to estimate the diffusion coefficients. A plot of | vs.
t=1/2 at the HHNANSA-GCE in the presence of DA gave a straight line, the slo-
pe of which can be used to estimate the diffusion coefficient (D) of DA in the
range of 60 to 300 pmol L—1. The mean value of the D for DA was found to be
1.30x10~° cm2 s71 (Fig. 5, inset A). This value is different to the previously ob-
tained value of 6.40x10-6 cm? s71).17 Thisis due to difference in the solution pH,
which affects the net charge of DA in the solutions and hence affects the
diffusion coefficient.

In addition, chronoamperometry can be performed to evaluate the rate of an
electrocatalyzed oxidation. The rate constant for the chemical reaction between
DA and redox cites of 2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sul-
fonic acid can be evaluated according to the method of Galus:22

Ic/IL = yY2(ml2 erf (y12) + exp (=)1yY2) )

where I¢ is the catalytic current of the HHNANSA-GCE in the presence of DA,
IL is the limited current in the absence of DA and y = knCpt (Cy is the bulk
concentration of DA, mol L-1) is the argument of the error function. In cases
where y exceeds 2, the error function is aimost equal to 1 and Eg. (2) can be
reduced to:

I/l = nV2yl2 = g2 (k,Cyt) V2 (3)

where ky, and t are the catalytic rate constant (mol—1 L s1) and time elapsed,
respectively. Equation (3) can be used to calculate the rate constant of the ca-
talytic process, kn. From the slope of 1/, vs. tY2, the value of ki can be simply
calculated for a given concentration of the substrate. The calculated value of kp,
was equal to 1.23x10% mol-1 L s, This value of ky, explains the sharp feature of
the catalytic peak observed for the catalytic oxidation of DA at HHNANSA—
—GCE. These methods have aready been used for an estimation of D and k, for
some compounds,23-26

S multaneous deter mination of DA and UA

As the obtained results showed, the HHNANSA—GCE possessed excellent
electrocatalytic activity for the oxidation of DA and UA. The difference in the
oxidation peak potentials for DA—UA was 140 mV, which is large enough to
allow for the simultaneous determination of DA and UA in a mixture. The elec-
tro-oxidation processes of DA and UA in the mixture were evaluated by varying
the concentration of the individual analytic species. The result showed two linear
segments with different slopes for the DA concentration; namely, for 1.0-20.0
umol L-1 DA with a regression equation of lp (MA) = (1.566£0.050)cpa —
—(0.4211+0.0080) (r2 = 0.9944, n = 8) (Fig. 6A), while for 20.0-300.0 pmol L1
DA, the regression equation was Ip (LA) = (0.0856+0.0050)cpa + (31.019+
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+0.090) (r2 = 0.9897, n = 7) (Fig. 6B). In addition, for 6.7-20.0 pmol L1 UA,
the regression equation was I (MA) = (1.1707+0.05021)cya — (3.3652+0.07010)
(r2 = 0.9920, n = 5) (Fig. 6C), where c is the concentration of the substance
(umol L-1) and Ip is the net peak current (the sample peak current minus the
blank peak current).
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Fig. 6. A) Plot of the oxidation current vs. the concentration of DA in the range of 1.0-20.0
umol L1; B) asa(A), in the range of 20-300 pmol L1 using SWV; C) calibration curve for
UA in the range of 6.7—20.0 pmol L1 using SWV.

The detection limits were determined at 0.25 and 1.17 umol L1 for DA and
UA, respectively, according to the definition of Y, op = Yg+30.27

In order to check for the presence of any intermolecular effects between DA
and UA, two different experiments were performed under the optimum condi-
tions at pH 5.0. In each experiment, the concentration of one of the two com-
pounds was changed while the concentration of the other compound was kept
constant. The results are shown in Figs. 7A and 7B. The results showed no any
intermolecular interactions during the oxidation of the compounds at the surface
of the HHNANSA-GCE.

The sensitivities towards DA in the absence and presence of UA were found
to be 0.0856+0.005 pA umol L1 (in the absence of UA) and 0.0960+0.006 pA
umol L1 (in the presence of UA) (Fig. 8A). However, for UA, the obtained sen-
sitivities were 1.1707+0.0901 (in the absence of DA) and 1.1691+0.0240 pA
umol L1 (in the presence of DA) (Fig. 8B). It is interesting to note that the
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sensitivities of the HHNANSA—-GCE to DA and UA in the absence and presence
of the other compound were very similar, which indicates that the oxidation pro-
cesses of DA and UA at the HHNANSA-GCE were independent. Therefore, the
simultaneous or independent measurements of the two analytes are possible with-
out any interference.

90
801 4 5
70
60
Sso
~
™ 40
30‘; 1
20 1
101
(] .
036 056 0.6
E/V
70 -
B
60
50
<
3.
~ 40
oy
30 6
204 Fig. 7. A) SWV of: 1) 20.0; 2) 50.0; 3) 110.0; 4)
) 160.0; 5) 220.0 umol L1 DA in the presence of 60.0
10 . . : . umol L'LUA; B) SWV of: 1) 8.0; 2) 10.0; 3) 12.0; 4)
0.1 0.3 05 07 09 150;5)17.0; 6) 19.0 umol L1 UA in the presence of
E/V 100.0 umol L1 DA.
Interference study

The influence of various substances as compounds that could potentially
interfere with the determination of DA and UA were studied under the optimum
conditions with 100.0 pmol L—1 DA and 14.0 pmol L-1 UA at pH 5.0. The po-
tentially interfering substances were chosen from substances commonly found
with DA and UA in pharmaceuticals and/or in biological fluids. The tolerance li-
mit was defined as the maximum concentration of the interfering substance that
caused an error of less than +5 % for the determination of DA and UA. The re-
sults are presented in Table I1. These results showed the high selectivity of the
HHNANSA—-GCE for the determination of DA and UA.
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Fig. 8. A) Plot of different concentrations of DA in the presence of afixed amount of UA;
B) Plot of different concentrations of UA in the presence of a fixed amount of DA.

Table 1. Interference of some foreign substances on the determination of 100.0 pmol L1 DA
and 14.0 umol L-1 UA under the optimized conditions

Species w(substance)/w(DA) w(substance)/w(UA)
Glucose, sucrose, urea, fructose 400 1000

Citric acid 100 1000

ca®, Mg®, F, CI', Na', K*, SO~ 100 800
Carbonate 200 600
Tryosin, aspirin 20 100
Histidine, cysteine, ascorbic acid 2 100

Real sample analysis

In order to evaluate the applicability of the proposed method for the deter-
mination of DA and UA in real samples, the utility of the developed method was
tested by analysis of these compounds in mixed synthetic and in real samples
using standard addition methods. The results are summarized in Table Ill. The
good recoveries of the mixture samples indicate the successful application of the
proposed method for the simultaneous determination of DA and UA. For further
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investigation, the recovery of DA was determined for dopamine injection. The
dopamine injection solution (specified content of DA was 40.0 mg mL~1) was di-
luted to 100 mL with water, then a different amount of the diluted solution was
transferred into each of a series of 10-mL volumetric flasks and diluted to the
mark with phosphate buffer. Then, 10 mL aliquot of this test solution was placed
in the electrochemical cell and the DA content was measured by the proposed
method. This procedure was repeated five times and the relative standard de-
viation was found as 1.6 %. Different standard concentrations of DA were added
to the diluted DA injection solution, with recoveries between 96.5 and 103.2 %
for five measurements (Table l11).

Tablelll. Determination of DA and UA in human urine and DA injection samples

Sample Added, umol L™ Found, pmol L™ Recovery, %
DA UA DA UA DA UA
1 20.0 10.0 20.9+0.8 9.9+0.2 104.6 99.0
2 50.0 14.0 51.6x0.6 13.4+0.5 103.1 96.1
3 70.0 20.0 67.9£0.7 19.4+0.4 97.1 97.1
DA injection
4 10.0 - 9.6+0.5 - 96.5 -
5 15.0 — 15.1+0.7 - 100.8 -
6 50.0 — 51.6+0.6 — 103.2 —
CONCLUSIONS

In this study, the electrochemical behavior of DA and UA at a glassy carbon
electrode modified with a polymerized film of 2-hydroxy-1-(1-hydroxynaphthyl-
-2-azo)-naphthalin-4-sulfonic acid was investigated using cyclic voltammetry
and square wave voltammetry. The modified electrode separated the anodic oxi-
dation peak potential of DA and UA with a well-defined peak separation in the
presence of each other to measure DA and/or UA separately or simultaneously
without any intermolecular effects. The catalytic reaction rate constant, kn was
calculated (1.23x104 mol—1 L s1) using chronoamperometry. The sensitivity of
the proposed material was higher than those of reported results.10.11,14,17,21
Moreover, the proposed method was successfully applied for the determination
of these compounds in real samples.
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U3BOA

BOJITAMETPUICKO OAPEBUBAIE JIOITAMUHA V ITPUCYCTBY MOKPARHE
KHCEJIMHE HA EJIEKTPOJU OJ] CTAKJIACTOI" YI'JbBEHUKA MOJUONKOBAHOI
2-XNPOKCHU-1(1-XUJPOKCU HA®TUJI-2-A30)-HADTAJINH-4-CYJI®OHCKOM
KHNCEJIMHOM

ALI ASGHAR ENSAFI, SAMIRA DADKHAH-TEHRANI u B. REZAEI
Department of Chemistry, Isfahan University of Technology, |sfahan 84156-83111, Iran

Tonumepru dunm 2-xunpokcu-(1-xuapokcunadTui-2-a30)-Hadranua-4-cynpoHcKe KUCEITH-
He je popMUpaH Ha ENeKTPOIM O CTAKJIACTOT YIJbEHHKA MOCTYNKOM eJIEKTPOXEMH]jCKE MOJMMEPH-
3anuje. Tako MoaudUKOBaHA eNeKTposa je KopuinheHa 3a MCTOBPEMEHO oapehuBame jJornaMuHa
(TA) u mokpahue kucenune (MK). EnekTpoXeMHjcKO MOHAIIAKE OBHX jeIHECEHa HAa MOIU(HUKO-
BaHOj €JIEKTPO/IH je UCIIUTHBAHO IIMKIMYHOM BOJITAMETPHjOM, XPOHOAMIIEPOMETPHjOM U BOJITAMET-
pHjOM ca MPaBOYraOHHM CUTHaJIOM. EKCIIEpHMEHTAIHH pe3yiTaTH IMOoKaszyjy Ja Moau(HKOBaHA
eJIeKTpo/ia npecTaBiba eukacan Karaiausarop 3a okcunauujy JA u MK y3 cenapaiujy nukoBa oz
oko 140 mV npu pH 5,0. Koxcranra 6p3uHe katanu3oBaHe peakiyje oapeleHa je MeToaoM XpoHo-
ammepomerpuje i m3nocu 1,23x10* mol™ L s™. V meperuma BonramMerpijoM ca IpaBoyraoHuM
curHajioM y pactBopy pH 5,0 cTpyjHH NHKOBH Cy IOKa3ald JHHEApPHY 3aBUCHOCT OJf KOHICH-
tparje JA u/um MK y oncery 1,0-300 pmol L™ JTA (uBe muneapre o61acTs ca pasmHauTHM Ha-
rubmma) u 6,7-20 umol L™ MK. I'pannne nerexumje 3a JA 1 MK cy 6mre 0,25 i 1,17 pmol L2,
penom. Cranpapaua aesujaruja 3a 140,0 pmol L™ JIA je usnocuna 1,9 u 2,2%, a 3a 10,0 u 20,0
pmol L™ MK 1,8 u 1,2%, penom. Moau(ukoBaHa eIeKTpoja je oKasana BUCOKY OCETIBHBOCT,
CENIEKTHBHOCT U cTabmiHocT. Takohe je ycrnenHo npumMemeHa u 3a oapehusame JIA u MK y peain-
HHM y30pLIMMa Kao LITO Cy JICKOBU U yPHH.

(MTpumsbero 11. mapra, pesuaupano 30. jyna 2010)

REFERENCES
1. N. Q. Ja Z. Y. Wang, G. F. Yang, H. B. Shen, L. Z. Zhu, Electrochem Commun. 9
(2007) 233
2. J.W. Mo, B. Ogorevc, Anal. Chem. 73 (2001) 1196
3. R. M. Wightman, C. Amatorh, R. C. Engstrom, P. D. Hale, E. W. Kristensen, W. G.

Kuhr, L. J. May, Neuroscience 25 (1998) 513
R. M. Wightman, L. J. May, A. C. Michael, Anal. Chem. 60 (1988) 769
A. Heinz, H. Przuntek, G. Winterer, A. Pietzcker, Nervenarzt 66 (1995) 662
F. M. Benes, Trends Pharmacol. Sci. 22 (2001) 46.
J. K. Baillie, M. G. Bates, A. A. Thompson, W. S. Waring, R. W. Partridge, M. F.
Schnopp, A. Simpson, F. Gulliver-Sloan, S. R. Maxwell, D. J. Webb, Chest 131 (2007) 1473
Y.Y.Sun, K. B.Wu, S. S. Hu, Chem. J. Chin. Universities 23 (2002) 2067
9. M. Mazloum-Ardakani, H. Beitollahi, B. Ganjipour, H. Naeimi, M. Nejati, Bioelectro-
chem. 75 (2009) 1
10. A. A. Ensdfi, M. Taei, T. Khayamian, Int. J. Electrochem. Sci. 5 (2010) 116
11. H.Yao, Y. Sun, X. Lin, Y. Tang, L. Huang, Electrochim. Acta 52 (2007) 6165
12. J M. Zen, P. J. Chen, Anal. Chem. 69 (1997) 5087
13. A. Safavi, N. Maleki, O. Moradlou, F. Tgjabadi, Anal. Biochem. 359 (2006) 224
14. A.Baamurugan, S. M. Chen, Anal. Chim. Acta 596 (2007) 92
15. P. Wang, Y. Li, X. Huang, L. Wang, Talanta 73 (2007) 431

No oA~

©

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

VOLTAMMETRIC DETERMINATION OF DOPAMINE 1699

P. Ramesh, S. Sampath, Electroanalysis 16 (2004) 866

A. A. Ensafi, M. Tael, T. Khayamian, A. Arabzadeh, Sens. Actuators B 147 (2010) 213

J. B. Raoof , R. Qjani, S. Rashid-Nadimi, Electrochim. Acta 50 (2005) 4694

H. Zhao, Y. Zhang, Y. Yuan, Analyst 126 (2001) 358

T. Selvargju, R. Ramarg], Electrochem. Comm. 5 (2003) 667

A. A. Ensafi, M. Tael, T. Khayamian, J. Electroanal. Chem. 633 (2009) 212

Z. Galus, Fundumentals of Electrochemical Analysis, Ellis Horwood, New Y ork, 1999

E. Mirmomtaz, A. A. Ensafi, H. Karimi-Maleh, Electroanalysis 20 (2008) 1973

H. Karimi-Maleh, A. A. Ensafi, H. R. Ensafi, J. Braz. Chem. Soc. 20 (2009) 880

H. Karimi-Maleh, A. A. Ensafi. A. R Allafchian, J. Solid State Electrochem. 14 (2010) 9
H. Yghoubian, H. Karimi-Maleh, M. A. Khalilzadeh, F. Karimi, J. Serb. Chem. Soc. 74
(2009) 1443

J. N. Miller, J. C. Miller, Satistics and Chemometrics for Analytical Chemistry, 4" ed.,
Pearson Education Ltd., Harlow, Essex, 2000.

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS







Journal of

the Serbian
£ . O
S Chemical Society
RQ111\oie JSCS-info@ w
00071« iy -info(@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (12) 1701-1709 (2010) UDC 663.2+543.421:546.72+
JSCS4089 546.56+546.47(497.11)

Original scientific paper

The concentrations of Fe, Cu and Zn in selected wines
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Abstract: Fruits and vegetables constitute the cheapest source of essential trace
elements for the mgjority of people living in developing countries. The Cu, Fe
and Zn contents in twenty selected wine samples produced in the South-East
region of Serbia were determined by flame atomic absorption spectrometry.
The Cu concentrations varied from 0.07 to 0.57 ppm in wines, and the Fe con-
centrations fluctuated from 2.93 to 36.2 ppm, while the Zn levels were in the
range from 0.21 to 0.67 ppm. The established contents of Cu and Zn showed
that wines from this part of the world could serve as good dietary sources of the
essential trace metals, and the determined values were within the allowed me-
talslevelsin wines for human consumption.

Keywords: AAS; Fe, Cu and Zn contents; South-East Serbian wines; wine
analysis.

INTRODUCTION

Severa spectroscopy techniques can be commonly used for the evaluation of
food and/or drink qualityl as well as of pharmaceutical samples.2 Wine is a po-
pular and worldwide consumed alcoholic beverage, which has been well-known
since the early periods of civilization. The moderate consumption of wine, espe-
cialy red wines, was shown to improve health and longevity.34 From an anal-
ytical chemical point of view, wine is referred to as a complex matrix with a
varying content of inorganic compounds (e.g., traces of dissolved akaline and
akaline earth elements, and transition metas), as well as organic substances (e.g.,
polyphenoals, polyhydroxy alcohols, proteins, amino acids, and polysaccharides)
dissolved and/or dispersed in an agueous solution of ethanol .

* Corresponding author. E-mail: zarubica2000@yahoo.com
# Serbian Chemical Society member.
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Scientific discussions concerning human exposure to the trace metals con-
tents of various beverages and dietary products, including wines, have received
raising attention, since the consumption of wines, especially reasonably large vo-
lumes, may significantly contribute to the daily dietary intake of trace elements
by humans.® Moreover, some of these trace elements (e.g., Cu, Fe, and Mn) have
an organoleptic effect, and also contribute to the haze and taste of wines.6 The
regional variations of the content trace metal in wines can aso be used for iden-
tification purposes, i.e. to verify authenticity.” Considering all the above points,
the determination of toxic (e.g., As, Cd and Pb) and essential trace elements (e.g.,
Cu) in wines appears to be an important and challenging analytical task, which
requires multi-element methods of good selectivity, sensitivity, and robustness.
The origin of Cu in winesis associated with copper-based vineyard sprays, whereas
the As, Cd and Pb contents reflect differences in grape variety, environmental
factors (e.g., soil and climate), and the wine-processing method (an anthropo-
genic impact).®

However, nutritional metals such as Cu and Zn occur naturally in fruits and
vegetables, as essential trace elements necessary for good health, but they could
be toxic when their concentrations exceed limits of safe exposure.34:8 In addition
to toxicity problems, Cu and Zn deficiency may also be experienced; hence, as
stated earlier,3 knowledge of heavy metal contents in crops is important for the
identification of adequate, sub-adequate and marginal intake levels for humans
and animals, so that diseases related to trace element deficiency can be overcome.
A large number of symptoms/ailments, comprising anemia, depressed growth,
dermatitis, dwarfism, electrolyte-imbalance, gastro-intestina and neurological
disorders, lethargy and nausea, have been associated with Cu and Zn deficiency
in humans, as well as with toxicity due to excessive intake.6:8-11 Furthermore,
the presence of trace elements in fruits and vegetables has been ascribed to their
absorption from the soil and sources such as fertilizer, agricultural chemicals and
contaminants.812 Other sources of heavy metals contamination of most food-
stuffs may aso include agricultural mechanization procedures, sprays, seed pre-
servatives,13 and components from the global pollution process. Hence, the need
to determine and/or monitor the Cu and Zn contents of fruits and vegetables have
become imperative due to their principal role as essential or detrimental trace
elements. A survey of the literature indicates that such a study is scarce, parti-
cularly in the southeast region of Serbia.

Trace elements in wine samples can be measured by different techniques,
such as stripping voltammetry,4-5.8-13 instrumental neutron activation analysis,14
ICP-AES, ICP-MS15-17 and/or UV-Vis spectrophotometry.18-21

However, the official methods for the determination of heavy metalsin wine
established by the Office International de la Vigne et du Vin and the American
Society of Enologists are essentially based on atomic absorption spectrometry
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(AAS).22 Similarly, Flame-AAS is the official method of analysis for the deter-
mination of Na, K, Mg, Ca, Fe, Ag and Zn in wine according to EU regulations.!
Some elements with relatively high concentrations in wine could be analyzed by
flame atomic absorption spectrometry (FAAS).23-25 However, for some elements
present in wine in low concentrations, hydride generation techniques using FAAS
(HG-AAS)26-28 or mostly electrothermal atomic absorption spectrometry
(ETAAS)2931 are used. The ETAAS method was applied in order to directly
determine some trace elements (or using simple dilution) in wine.32:33

Flame-AAS is largely employed in wine analysis mainly due to the low cost
of instrumentation, which makes the technique easily accessible to most oeno-
logical laboratories. Considering the compromise between the cost and sensitivity
required, flame-AAS can be considered as the technique of choice for determi-
nation for alkaline and alkali-earth metal in wine. It is also well suited for Cu, Fe,
Mn and Zn determinations, with respect to the concentration ranges of these
metals in wines. On the other hand, it is not suitable for the determination of
toxic or undesirable elements, such as As, Cd, Cr, and Hg and Pb, with the ex-
ception of highly contaminated samples and/or application of preconcentration
procedures.

The analysis precision was usually very good, being on average above 1 %
for all the elements considered at the mg L1 concentration level 1415

In the present study, a scheme was developed for the determination of Fe, Cu
and Zn in different wine fractions. Flame and electrothermal (ET) atomic ab-
sorption spectrometry were used for the quantitative determination of the metals,
depending on their levels 4-6.8-1334

EXPERIMENTAL
Reagents and materials

All reagents used were of analytical grade (Merck, Germany). Stock standard solutions
were prepared daily by the appropriate dilution of Titrisol standards (Merck) containing 1000
mg L1 Fe, Cu or Zn. High purity water from a Milli-Q apparatus was used to prepare the
standard solutions.

Sample preparation

Severa types of wine samples were investigated: Serbian wine samples were given from
vineries and only filtered in the further procedure. Several other commercialy bottled wines
(Serbian wines) were purchased from the market. Labels descriptions of the analyzed wine
samples are presented in Table I. In each case, aiquots of samples were withdrawn with a
glass pipette 10 cm below surface level of the liquid.

An aliquot of 5 ml of wine sample was mixed with 1.0 mL of 2 M HCI solution and
further diluted to 10 mL with distilled water, and then directly nebulized in an air—acetylene
flame under the optimal instrumental parameters (background correction for zinc was re-
quired). Fe, Cu and Zn were determined by AAS in the air-acetylene flame using standard
calibration curves. All determinations were performed on untreated wine samples; only nitric
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acid was added to lower the pH (1.0 mL of concentrated acid to 100 mL sample, the resulting
pH being 1.5).

TABLE |. Label description of the wine samples

Sample No Sample label Y ear Vinery
1 Vranac 2001 Zupa
2 Rubinovaruzica 2002 Rubin
3 Cabernet Sauvignon 2001 Rubin
4 As 2003 Zupa
5 Merlot 2005 Navip
6 Car Lazar 2001 Rubin
7 Medveda krv 2006 Rubin
8 Pinot Noir 2006 Rubin
9 Kratodja 2003 Zupa
10 Medas crni 2004 Zupa
11 Zupski rizling 2006 Zupa
12 Medas beli 2001 Zupa
13 Vranac 2004 Rubin
14 Navipovo crno Roja 2001 Navip
15 Rubinovo crno 2003 Rubin
16 GraSevina 2005 Rubin
17 Pinot Noir 2001 Navip
18 TerraLazarica 2006 Navip
19 Jagodinska RuZica 2004 Navip
20 Rose 2002 Zupa
Apparatus/analysis

The atomic absorption measurements were realized with a Varian Spectra A 10 atomic
absorption spectrometer equipped with a deuterium background corrector and single element
hollow cathode lamp of Cu, Fe and Zn. An air—acetylene flame was utilized for all the ele-
ments. The calibration range, wavelengths and dlit values are reported in Table 1.

TABLE II. Cdlibration range, wavelength and slit value

Characteristics of analysis Fe Zn Cu
Wavelength, nm 248.3 213.9 324.8
Slit, nm 0.2 1.0 0.5
Calibration range, mg L™ 0.06-15.0 0.01-2.0 0.03-10.0

RESULTS AND DISCUSSION

The determined concentrations of heavy metals in the examined wine samp-
les originating from the southeast region of Serbia are reported in Table l11.

The measured concentrations of iron (Table I11) show that these varied in
range from 2.93 (“Cabernet Sauvignon”) to 11.21 mg L1 (“Rose’) with the
exception being the wine sample named as “As’. This wine sample had an iron
content of 36.2 mg L—1. The concentrations of copper in the different wines also
differed alot, i.e., from 0.07 mg L~ (GraSevina and Zupski rizling) to 0.57 mg
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L-1 (“Merlot”), while the zinc concentrations covered a somewhat narrower
range, from 0.21 (“Navipovo crno Royal”) to 0.67 mg L1 (“Cabernet Sauvi-
gnon”).

TABLE I1l. Average content of Fe, Cu and Zn in the examined wine samples (ia — inaccuracy
of measurement (standard deviation at the 95 % confidence level))

cxia/mgL™

Sample No. Sample b Fe(lll) cu(ln Zn(l)

1 Vranac 6.40+0.19 0.40+0.008 0.48+0.03
2 Rubinovaruzica 5.84+0.17 0.39+0.007 0.65+0.04
3 Cabernet Sauvignon 2.93+0.09 0.11+0.002 0.67+0.01
4 As 36.2+1.08 0.14+0.003 0.57+0.03
5 Merlot 6.62+0.19 0.57+0.011 0.62+0.04
6 Car Lazar 4.69+0.14 0.12+0.002 0.61+0.04
7 Medvedakrv 3.17+0.09 0.10+0.001 0.54+0.03
8 Pinot Noir 4.62+0.14 0.17+0.003 0.55+0.03
9 KratoSija 9.78+0.29 0.12+0.002 0.55+0.03
10 Medas crni 5.03£0.15 0.10+0.001 0.57+0.03
11 Zupski rizling 5.37+0.16 0.07+0.001 0.38+0.02
12 Medas beli 6.82+0.20 0.08+0.001 0.52+0.03
13 Vranac 3.69+0.11 0.16+0.003 0.49+0.03
14 Navipovo crno Royal 4.17+0.12 0.19+0.004 0.21+0.01
15 Rubinovo crno 3.53+0.10 0.22+0.004 0.57+0.03
16 GraSevina 4.75+0.14 0.07+0.001 0.47+0.03
17 Pinot Noir 4.22+0.13 0.44+0.009 0.35+0.02
18 TerralLazarica 6.60+0.19 0.32+0.006 0.64+0.04
19 Jagodinska Ruzica 5.51+0.16 0.26+0.005 0.31+0.02
20 Rose 11.21+0.34 0.26+0.005 0.49+0.03

The alowed levels of meta in wines are defined by standards. The esta-
blished allowed values of the standards differ from country to country, even though
there are common standards prescribed by the International Office for Grapes
and Wines.3 An insight into the accepted limits of the content of metals in wines
in different countries and also those given by the Office International de laVigne
et duVin (OIV) arelisted in Table V.

TABLE IV. The accepted limits of the metals content, mg L, in winesin different countries

Country Al As Cd Cu Na Pb Ti Zn

Australia - 0.10 0.05 5.00 - 0.20 - 5.00
Germany 8.00 0.10 0.01 5.00 - 0.30 1.00 5.00
Italy — - - 10.00 - 0.30 - 5.00
olv — 0.20 0.01 1.00 60.00 0.20 — 5.00

The results obtained in the current study are comparable with previously
reported values showing high degree of agreement.8 Here, the estimated data
(Table 111) demonstrate that the contents of the major metal, i.e., Fe, and the
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selected trace elements, i.e., Cu and Zn, in wine samples from different parts of
Serbia are considerably smaller than the maximum concentrations allowed ac-
cording to the OIV, Tables 11l and IV. In addition, the contents of these trace me-
tals in the studied Serbian wines were significantly lower than in some European
wines, but similar to those found in some Slovenian and Hungarian wines.34.35
Namely, it was reported earlier that the contents of Cu and Zn in some selected
Slovenian red wine labels are up to 1.0 and 0.6 mg L1, respectively.3> It is
obvious that determined metal levels in the present study are completely
comparable to the ones in the Slovenian wine samples, whereby the contents of
Zn are especialy similar, Table Ill. The estimated concentrations of Zn in Ser-
bian wines are al so analogous to those discussed formerly in literature data.36

The Hungarian national legislation according to OIV recommendations al-
lows a maximum level of 1 mg L= Cu in wines and other food products.34 The
corresponding Cu contents varied in the range from 0.02 to 0.64 mg L1 being
greatly below the cited limit in al the studied Hungarian wine samples.34 The
results of the present study evidenced fluctuation of Cu contents over a similar
range as in Hungarian wines, whereas these contents reported to be a bit higher in
the case of later wines. On the contrary, in German red wines,37 the Cu content
was found to be even five times higher than the highest concentration of this ele-
ment in Hungarian wines and almost the same as in Serbian wines. Similarly, for
Australian wines,38 but white ones, the Cu content ranged within limits almost
four times higher than in the selected Serbian wines. Unexpectedly, the Cu level
ranged from 0.03 to 0.17 mg L~1 in Russian and Italian red and white wines, as
well,39 being noticeably lower than the Cu content in wines originating from
other European countries, including Serbian wines. On the other hand, in Russian
and Italian wines,3° the Zn content was reported to be between 0.14 and 0.76 mg
L-1, which is completely in accordance to values found in wines produced from
other European regions. Opposed to other papers, one review articlel reported
very wide ranges of the Fe, Cu and Zn contents in Italian wines. Somewhat cu-
rious i/are the highest/higher value/values of the Fe content/s in selected Serbian
wines (Table I11), being even higher than all reported values in the review article
concerning Canadian wines.

Wine samples from Jordan show relatively high values of metal contents,40
especialy the maximal determined levels, but most of the estimated values were
below the toxic limit in food (Swiss Standard, 1993). This may be explained by
the homemade production procedure applied.

The presence of some other trace metals, such as: lead, manganese, cadmium
and nickel, was not detected in the examined wine samples.

The concentration of metals in alcoholic beverages may vary widely depend-
ing on the plant origin and the technology used (home-made or by an official pro-
ducer). Moreover, it was recently reported that some home-produced alcohalic
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beverages and spirits contain rather high concentrations of metals.® In addition; it
was observed that alcoholic beverages from Africa, India and Canada possess
higher metal concentrations, i.e., 58, 68 and 245 mg L1 of Cu, Zn and Fe,
respectively.41

The concentrations of metals and trace metals in wines depend on the metal
content in the vineyard soil, which primarily determines the degree of metal up-
take by the grape plant. In addition, anthropogenic impact plays a vital role in
determining the metal content in wines. Namely, as was stated above before, some
home-made wines showed a higher trace element content, probably due to con-
tamination during the wine-making process and/or the mixing/storage procedure,
and also additives used.

It is worth emphasizing that the allowed limits for metal contents in alco-
holic beverages are higher than those imposed for water envisaged for human
consumption.8 This may be related to the lower predicted intake of alcoholic
beverages.

The variation of the discussed levels of metals concentrations in the present
study as well as those reported earlier by other authors suggest a necessity for the
establishment of common limits.

CONCLUSIONS

Different metals occur in wines at the mg L—1 and/or ug L1 level not di-
rectly influencing the taste of the end product. Nevertheless, their content should
be determined because excess is undesirable due to potential toxicity and risks to
human health, consequently imposing the maximal allowed values and/or prohi-
bited limits. The contents of the investigated metals (Fe, Cu and Zn) in wine
samples from different areas of Serbia are considerably lower than the maximum
concentrations allowed according to the OIV. The contents of selected trace me-
tals were significantly lower than those of some European wines, but similar to
the values found in some Slovenian and Hungarian wines. Additionally, these
contents were compared with known literature values. Somewhat curious is the
relatively high Fe content in the selected Serbian wines (“As’” and “Rose”). The
variation in the metal content in the studied Serbian wines may be related to the
metal content in the vineyard soil, i.e., soil type, and/or an anthropogenic impact
arising from the wine-making process and/or storage procedure.
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U3BO [
KOHIEHTPALIMJA Fe, Cull Zn' Y OJJABPAHVM BUHUMA JYTOUCTOYHE CPBUJE

JAHUJEJIA KOCTUR, CHEXKAHA MUTWR, TOPAAHA MWIETHR, CALIA JECIIOTOBUR
n AJIEKCAH/IPA 3APYBUIIA

IpupooHo-maitiemaitiuuku gpaxyaitieiti, Yuusep3auitieiti y Huwy, 18000 Huwt

Bohe u moBphe npezncrasspajy HajjehTHHHjU U3BOP €CEHIMjaTHAX METalla, KOjU ce jaBJbajy y

TparoBuma, 3a Hajehu neo craHoBHUIITBa pasBujeHor ceera. Caapikaj Cu, Fe u Zn je ompehen
IUIAMEHOM aTOMCKO allCOPIIMOHOM CIIEKTPOMETPHjOM Y JIBAaIECET y30paka oJa0paHuX BHHA, I1O-
pekiiom u3 peruona Jyrouctoune Cp6uje. Konnenrpamuja Cu Bapupa ox 0,07 no 0,57 ppm y
HCIMTUBaHUM BHHUMA, TBOxkha ox 2,93 mo 36,2 ppm, 1ok je HuBO ZNn 'y uHTepBany ox 0,21 no 0,67
ppm. YcranossbeH caapkaj Cu n Zn mokasyje a BHHA U3 OBOT JieJa CBETa MOTY OHWTH xodap au-
JETETCKH M3BOP €CEHIMjaTHUX METaja, 3aCTYIUbEHUX y TparoBuMma; oapelenu canpxkaju Metana cy
y TPaHUIIaMa JJO3BOEBCHUX BPEIHOCTH Y JbY/ICKO] HCXPAHH.
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Abstract: The general literature procedure for the preparation of the reversible
addition—fragmentation chain transfer (RAFT) agent 2-(2-cyanopropy!)-dithio-
benzoate (CPDB) was modified by omitting the recrystallisation of the inter-
mediate di(thiobenzoyl)disulphide. The yield of the CPDB in the simplified
synthesis was increased four times compared to the standard one. The be-
haviour of the CPDB obtained by the modified procedure and by the standard
one in the polymerisation of methyl methacrylate was investigated. The CPDB
synthesized by the simplified procedure showed itself to be a good RAFT
agent, giving excellent control over the polymerisation of methyl methacrylate
and it behaved in the same manner as the CPDB prepared by the literature me-
thod. The obtained poly(methyl methacrylate) had a narrow molecular weight
distibution (PD = 1.1).

Keywords. 2-(2-cyanopropyl)-dithiobenzoate; preparation; reversible addition—
—fragmentation chain transfer; poly(methyl methacrylate).

INTRODUCTION

In recent years, much effort has been focused on the synthesis of polymers
with controlled molar masses and very narrow molar mass distributions. With the
development of several methods of controlled radical polymerisation, well-de-
fined polymers with complex architectures, including block,12 graft3 and star4°
structures, could be prepared. The development of these methods was promoted
by the growing need for truly living radical polymerisation systems that would
offer all the benefits of ionic polymerisations without the serious disadvantages
inherent to such systems. Among them, RAFT (reversible addition—fragmen-

* Corresponding author. E-mail: Lynne@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100628082M
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tation chain transfer) polymerisation has proven itself to be the most versatile
one, sinceit is applicable to awide range of monomers and can be performed in a
wide variety of solvents over a broad range of experimental conditions. RAFT
polymerisations are now being used successfully by an ever-growing number of
research groups around the world. The key to successful RAFT polymerisations
is the presence of a highly efficient dithioester chain transfer agent. Among nu-
merous RAFT agents, only a few are commercialy available (carboxymethyl
dithiobenzoate, for example). Regarding the importance of the synthesis of RAFT
agents of different structures, a large number of procedures for the synthesis of
dithioester compounds have been developed. As the syntheses of these RAFT
agents are usually costly and require multi-step reactions, the loss of polymeri-
sation mediator throughout the RAFT polymerisation process may be an issue
when scaling-up the process. A simple reaction that leads to the full removal of
the thiocarbonyl-thio end group from the polymeric chains and recovery of the
chain transfer agent has already been reported.6 In addition, simplifications of the
syntheses of RAFT agents would promote scaling-up the RAFT polymerisation
processes.

This study focused on the synthesis of 2-(2-cyanopropyl)-dithiobenzoate
(CPDB) which, together with cumyl dithiobenzoate, is one of the most frequently
employed RAFT agents. CPDB was reported to be an efficient RAFT agent in
the polymerisation of a number of monomers.”10 2-(2-Cyanopropy!)-dithioben-
zoate can be synthesized in two ways. One method is a single-step procedure, by
reaction of Davy reagent or P4S1g with benzoic acid. The obtained CPDB was
used to control in situ the free-radical polymerisation of styrene and alkyl
(meth)acrylates.1l The isolation of pure CPDB demands a multi-step proce-
dure.12 One of the steps in this preparation is the synthesis of dithiobenzoic acid.
Dithiobenzoic acid is unstable and should be stored at low temperatures (< —20
°C)13 or used immediately. For this reason, it is usualy transferred into di(thio-
benzoyl)disulphide. Di(thiobenzoyl)disulphide is used not only for the synthesis
of CPDB, but also for the syntheses of many different RAFT agents.14

In the present study, the standard procedure for the preparation of CPDB was
modified and ssimplified by omitting the intermediate step of the recrystallisation
of di(thiobenzoyl)disulphide in order to avoid great loss of material in this step.
The behaviour of the CPDB synthesized by the simplified procedure in the po-
lymerisation of methyl methacrylate was investigated and compared with that of
the CPDB synthesized by the standard method.

EXPERIMENTAL

Methyl methacrylate, MMA, (Fluka) was distilled under reduced pressure after removal
of the inhibitor with a 10 % aqueous NaOH solution. Azobis(isobutyronitrile), AIBN, (Ald-
rich), was purified by recrystallisation from methanol. Benzene, thiophene free, (Fluka) was
distilled before use.
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The RAFT agent, 2-(2-cyanopropy!)-dithiobenzoate (CPDB), was prepared by a standard
method described in the literature.® To a thoroughly dried, three-necked round-bottomed flask
equipped with a magnetic bar, addition funnel, thermometer and condenser was added ele-
mental sulphur (6.4 g, 0.20 mal), 25 % sodium methoxide solution in methanol (40 g) and
anhydrous methanol (40 g). Benzy! chloride (12.6 g, 0.10 mol) was the added dropwise via an
addition funnel over a period of 90 min at room temperature. The resulting violet-brown so-
Iution was then heated and allowed to reflux overnight. After cooling to room temperature, the
mixture was filtered to remove the white solid (sodium chloride) which was formed as a by-
-product during the reaction. The methanol was removed by rotary evaporation at 40 °C. The
resulting violet-brown solid was then re-dissolved in distilled water (100 ml) and transferred
to a separation funnel. The crude sodium dithiobenzoate solution was washed with diethyl
ether (3x50 ml). A final layer of ether (50 ml) was added to the solution and the two-phase
mixture was then acidified with 32 % aqueous HCI until the aqueous layer lost its characte-
ristic violet-brown colour and the top, ether, layer was deep purple. The ether layer containing
dithiobenzoic acid was extracted. Deionized water (120 ml) and 1.0 M NaOH (240 ml) were
added, and sodium dithiobenzoate was extracted into the agueous layer. This washing process
was repeated two times more to yield afinal solution containing sodium dithiobenzoate (360 ml).

The next step was the synthesis of di(thiobenzoyl)disulphide. Potassium ferricyanide
(13.17 g, 0.040 mol) was dissolved in deionized water (200 ml). Potassium ferricyanide so-
lution (140 ml) was transferred to a conical flask equipped with a magnetic bar. Potassium fer-
ricyanide solution was added dropwise to the sodium dithiobenzoate via an addition funnel
over a period of 1 h under vigorous stirring. The red precipitate was filtered and washed with
deionized water until the washings become colourless. The solid was dried under vacuum at
room temperature. The product was recrystallized from anhydrous ethanol.

The target compound was prepared in the reaction of di(thiobenzoyl)disulphide with
azobisisobutyronitrile (AIBN). A solution of AIBN (2.90 g, 0.018 mol) and di(thiobenzoyl)di-
sulphide (3.60 g, 0.012 mol) in ethyl acetate (70 ml) was heated at reflux for 18 h. The ethyl
acetate was removed under vacuum. The crude product, CPDB-1, was subjected to column
chromatography on a 25x2.6 cm column filled with silica gel (Woelm mesh size 0.063-0.2
mm, ICN Pharmaceuticals, Germany) as the stationary phase and ethyl acetate: n-hexane
(0.2:0.98) asthe eluent, at aflow rate of 1.0 mL min1,

Due to the large loss of di(thiobenzoyl)disulphide in the recrystallisation step, the syn-
thesis of di(thiobenzoy!)disulphide was repeated but this time it was used in the subsequent re-
action without recrystallisation to yield CPDB-2.

The structure of the CPDB from the both synthesis was confirmed by 13C-NMR spec-
troscopy using a Varian-Gemini-200 (200 MHz) instrument.

In order to determine whether CPDB-2 was equally effective as a RAFT agent as CPDB-1,
methyl methacrylate was polymerised using both RAFT agents.

The polymerisations of methyl methacrylate, MMA, were performed in a three-necked
round-bottomed flask equipped with a magnetic stirring bar, a condenser, a thermometer, an
inlet for nitrogen and a rubber septum for removing samples. The flask was charged with
MMA (30 ml, 0.28 mol), benzene (10 ml, 0.11 mol), AIBN (40 mg, 0.24 mmol) and CPDB
(104 mg, 0.470 mmol). Nitrogen was bubbled through the reaction mixture for 15 min at room
temperature before starting the polymerisation, while during the polymerisation the nitrogen
stream was directed over the top of the condenser, thus keeping the reaction mixture under a
nitrogen atmosphere. A preheated oil bath was employed to commence the polymerisations.
The polymerisations were performed at 60 °C. Samples were removed from the flask every 2 h
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1714 MILOVANOVIC et al.

via a needle and syringe and precipitated into methanol. The polymer samples were repreci-
pitated from chloroform solution into methanol and dried to constant mass at room tempe-
rature under vacuum. _ _

The number and weight average molar masses, Mn and Mw | respectively, and the po-
lydispersity index, PD, of the obtained polymers were determined at 30 °C by gel permeation
chromatography, SEC, using a Waters instrument fitted with four analytical columns (Waters
HR 2, HR 3, HR 4 and HR 5E) and arefractive index detector. THF was used as the solvent at
aflow rate of 1.0 ml min'l. The obtained chromatograms were analyzed with Waters Breeze
software using a calibration curve of narrow molar mass distribution PMMA standards (PSS
Polymer Standards Service GmbH, Mainz, Germany).

RESULTS AND DISCUSSION

The RAFT agent, CPDB, was prepared in two syntheses which differed in
the recrystallisation of the intermediate di(thiobenzoyl)disulphide. The final pro-
ducts (CPDB1 and CPDB2, with and without recrystallisation, respectively) from
both syntheses were subjected to column chromatography with silica gel as the
stationary phase and ethyl acetate:n-hexane (0.20:0.98) as eluent. The crude pro-
duct made from the di(thiobenzoyl)disulphide recrystallized in ethanol gave se-
ven fractions: green (which did not enter the column), yellow and pink which
stayed on the column, and yellow (eluted first), pink, red and purple which eluted
last. The main purple fraction gave 2-(2-cyanopropyl)-dithiobenzoate as a red-
-purple liquid after evaporation of the eluent. The yield of the CPDB-1 was ex-
tremely low when the pure substance was obtained (5 % of the theoretical yield).

The crude product from the second synthesis made from the di(thiobenzoyl)-
disulphide without recrystallisation was reddish coloured, but after the column
chromatography it gave the characteristic purple coloured fraction as the main
product. The crude product from this synthesis gave four fractions: yellow and
orange, which stayed on the column, and yellow and the main purple one, which
eluted last. After evaporation of the eluent, the main purple fraction from the se-
cond synthesis gave CPDB-2 as ared-purple liquid.

The fact that more fractions were obtained during the column chromato-
graphy of CPDB-1 than during the chromatography of CPDB-2 indicates that
during recrystalisation not only was di(thiobenzoyl)disulphide inherently lost,
but also that it decomposed. It was observed that a resinous material was formed
during the recrystallisation, which when removed was insoluble in ethanol. This
could be the explanation of the green fraction which did not enter the column.

The 13C-NMR spectrum and the numbering of the C atoms of the prepared
CPDB-1 and CPDB-2 are shown in Figs. 1 and 2, respectively, from which it can
be seen that all the expected peaks were present. One additional peak was found
in the spectrum of the CPDB2 (at 23 ppm). This could arise by the recombination
of primary radicals from the decomposition of AIBN, used in the last step of the
synthesis. It was reported1? that the highest level of impurity found in CPDB
could be attributed to recombined radicals arising from the decomposition of
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AIBN. This recombination compound was found to be difficult to remove from
the RAFT agent, even after column chromatography, but it isinert to any radica
reaction. The peak of the carbon atoms from the four equivalent CH3 groups of
such a compound is expected at 23 ppm in a 13C-NMR spectrum. It is important
to emphasise that the yield of the CPDB in the second synthesis was increased to
20 % of theoretical yield, which isfour times more compared to the first one.

7

7 2
23 5 CHs 3
| | s
1 : csz—s—gcl;—CH3
CH
2 3 7 3 1
CHCIl3 6
5 4 8 |
N [ M | 4
v T T T v T v T T 1
200 150 100 50 0

5/ ppm
Fig. 1. 13C-NMR Spectrum of CPDB-1 (inset: structure of CPDB with C atoms numbered).

2 7
;
23 s CHs 3
| | s
1 g %—S'_écl_CH;s
CH 1
2 3 73
CHCI 6
5 4 8 3 ‘ \
| L | l
T T T T T 1
200 150 100 50 0
§/ppm

Fig. 2. 13C-NMR Spectrum of CPDB-2 (inset structure of CPDB with C atoms numbered).

A change in the standard method of preparation of CPDB was previously
reported in the literature.16 The alteration concerned of the same step in the
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procedure of CPDB synthesis to which attention was paid in this study. The pu-
rification di(thiobenzoyl)disulphide by the recrystallisation in ethanol was substi-
tuted by column chromatography using ethyl acetate/petroleum ether (1:1) as the
eluent. The yield of CPDB was 50 % of the theoretical one, which is 2.5 times
larger than one obtained in the present study. However, it must be emphasised
that the purification di(thiobenzoyl)disulphide was completely avoided in syn-
thesis procedure employed in this study, which is extremely important for labora-
tory or industrial scale-ups.

Two RAFT polymerisation of methyl methacrylate were performed using
CPDB from the two different syntheses. Samples were taken from the reaction
flask every 2 h. The polymer obtained after the RAFT polymerisation was pink
due to the attachment of CPDB to the chain ends. Two series of PMMA samples
were obtained: PMMA-1 from the polymerisation using the CPDB-1 and PMMA-2
from the polymerisation using the CPDB-2. The number and weight average mo-
lar masses, Mn and Mw, and the polydispersity index, PD, of the obtained
polymers are given in Table I. The polymerisations mediated by CPDB-1 and
CPDB-2 exhibited very similar kinetics, i.e., the polymerisation rates were very
similar (Fig. 3a).

TABLE I. Number and weight average molar mass and polydispersidity index, PD, of the
PMMA-1 and PMMA-2 samples

. PMMA-1 PMMA-2
Time, h Mn/gmol* Mw/gmol® PD Mn/gmol* Mw/gmol* PD
2 16625 18415 1.108 15161 16674 1.100
4 19481 21676 1112 20872 23001 1.102
6 25126 27972 1113 26071 28901 1.109
8 30436 34062 1.119 31958 35648 1.115
10 37271 41800 1.122 39412 44310 1.124

A comparison of Mw of PMMA-1 and PMMA-2 samples as a function of
polymerisation time is shown in Fig. 3b, from which it can be seen that the molar
mass increased with polymerisation time, asis to be expected for RAFT-control-
led polymerisations, and that the rate of increases were very similar. The SEC
chromatograms revealed good control of the CPDB-mediated polymerisations
with narrow molar mass distributions. The comparison of An SEC chromatogram
of aPMMA sample obtained using CPDB-2, is compared with that of the corres-
ponding PMMA sample prepared using CPDB-1, in Fig. 4. As can be seen, the
chromatograms are very similar.

The polydispersities of the PMMA samples from both series (Table |) were
also very similar for the same polymerisation time, indicating that CPDB-1 and
CPDB-2 affected the same polymerisations.
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As can be seen, the CPDB obtained by the simplified procedure exerted the
same effects in the polymerisation of PMMA as that obtained by the literature
procedure.

CONCLUSIONS

The procedure of CPDB preparation was modified and simplified by omit-
ting the recrystallisation of the intermediate di(thiobenzoyl)disulphide. The yield
of the CPDB in the simplified synthesis was increased by a factor of four com-
paring to the literature method. The CPDB synthesized by the simplified proce-
dure provided very good control of the polymerisation of methyl methacrylate,
yielding PMMA samples with narrow molar mass distibutions, and behaved in
the same manner as the CPDB prepared by the standard literature procedure. The
simplification of the synthesis of CPDB introduced in this study is very important
from the points of view of time, scale-up and amounts of solvents necessary.
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M3BOJ

TMTOJEJTHOCTABJBEISE ITOCTYIIKA CUHTE3E RAFT ATEHCA
2-(2-1TUJAHOITPOIIIIT)-TUTUOBEH30ATA

MUJIOLL b. MUJIOBAHOBURY, MIJIEHA ABPAMOBIUR? LYNNE KATSIKAS? 1 UBAHKA T. [IOTIOBUR?

! Unciuuiniyii 3a xemujy, iiexnonozujy u meitiaaypujy, Yuueepauitieii y beozpady, beozpad
2Texnonouko-meiianypuiku gaxyaitieits, Ynueep3auitieini y beozpady, beozpad

Crangapanau mocTymnak cuarese 2-(2-umjanonponun)-autrnobenszoara (CPDB) arenca u3 mu-
Teparype 3a RAFT nonumepu3aniijy, 0ZHOCHO 3a PeBep3UOIIIHY aIliOHO-()parMeHTalOHY TpaHC-
¢bep nonumepusauyjy, je Moan(HKOBaH H30CTaBIbAKEM MPEKPHUCTANU3annje Melynpon3Boaa Ouc-
(tro6ensomn)aucyndua. [punoc CPDB-a cuHTETHCAHOT M0jeJHOCTABILEHUM IIOCTYIIKOM j€ He-
THpH IyTa Behn y ogHocy Ha npuHoc CPDB-a cuHTeTHCaHOT CTaHAapJHAM MocTyIKoM. Mcnurano
je nonamame CPDB-a nobujeHor Moan(uKOBaHIM U OHOT JOOHjEHOT CTAaHJAPIHUM IIOCTYIIKOM Y
nonuMepu3anju MeTia Merakpmwiata. CPDB no0ujeH mojeqHOCTaB/beHUM MOCTYIIKOM TI0Ka3a0 ce
kao nobap RAFT areHc koju ycrocTaBba OUIMYHY KOHTPOJY MOJMMEpU3alUje METUII METaKpH-
jata ¥ KOju ce ToHama Ha uctd HauuH kao CPDB cunTeTHcan cranmapaHuMm moctynkom. JJoou-

jeHu moy(MeTHI METAKPUIIAT) UMa YCKY IIMPHHY pacnojere Mojickux maca (PD = 1.1).

(MTpumsbeno 30. jyna 2010)
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Studies of viscous antagonism, excess molar volumes, viscosity
deviation and isentropic compressibility of ternary mixtures
containing N,N-dimethylfor mamide, benzene
and some ethersat 298.15 K
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Abstract: The densities (p) and viscosities (77) for ternary liquid mixtures of
N,N-dimethylformamide + benzene + an ether were measured as a function of
composition at 298.15 K. From experimental measurements, the excess molar
volumes (VE), viscosity deviation (A7), antagonic interaction index (1) and
Gibbs free energy of activation for viscous flow (AG*E) were evaluated. The
speeds of sound were also measured and excess isentropic compressibilities
(KE) were calculated at the experimental temperature. The results are dis-
cussed and interpreted in terms of molecular package and specific interaction
predominated by hydrogen bonding.

Keywords. viscous antagonism; viscosity deviations; excess molar volumes;
isentropic; compressibility; molecular interactions.

INTRODUCTION

The grouping of solvents into classes is often based on the nature of inter-
molecular forces because the manner in which solvent molecules are associated
with each other has a marked effect on the resulting properties. Rheology is the
branch of science! that studies material deformation and flow, and isincreasingly
applied to analyze the viscous behaviors of many pharmaceutical products,2 and
to establish their stability and even bio-availability, since it has been firmly
established that viscosity influences the absorption rate of adrug in the body. The
increasing use of the solvents: N,N-dimethylformamide (DMF), benzene, 1,3-di-
oxolane, 1,4-dioxane, tetrahydrofuran, 1,2-dimethoxyethane, di-isopropyl ether,
diethyl ether, 2-methoxyethanol and 2-ethoxyethanol and their mixtures in many
industrial processes, such as battery, pharmaceutical and cosmetics, has greatly
stimulated the need for extensive information on their various properties. Hence,
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1722 CHANDA, BANERJEE and NATH ROY

the present study gives extensive information on the various properties when
these ethers are taken with DMF and benzene as mixed solvent systems.1~7 The
determination of density, viscosity and speed of sound are valuable tools to learn
about the liquid state8.® because of the close connection between liquid structure
and macroscopic properties.

The viscosity and density of these ternary liquid mixtures were used to
understand the molecular interactions between the components of the mixture to
develop new theoretica models and also for engineering applications. 1011 |n
systematic investigations, the viscosities, densities and speeds of sound of diffe-
rent solvents and their mixtures were reported in previous papers.12-18

The present work contributes and extends the study of density (p), viscosity
deviations (A), viscous antagonism, excess molar volumes (VE) and isentropic
compressibility (KsE) to mixtures of DMF and benzene with some ethers, where
DMF isrepresented as A, benzene as B and the ethers as C.

EXPERIMENTAL

DMF (C3H;NO) was obtained from Merck and LR, and further purified by standard
methods.1® Benzene (S. D. Fine Chemicals, purity > 99 %) was further purified by means of a
simple distillation technique with the first and last 20 % of the distillate being discarded?0-22
and finally the density and viscosity value were compared with the literature.23 The final pu-
rities of the obtained solvents were >99.5 %.

The experimenta ethers, namely 1,3-dioxolane (1,3-DO), 1,4-dioxane (1,4-DO), tetra-
hydrofuran (THF), 1,2-dimethoxyethane(1,2-DME), di-isopropyl ether (DIE), diethyl ether
(DEE), 2-methoxy ethanol (2-ME) and 2-ethoxyethanol (2-EE) were obtained from Merck
and LR. These were further purified by standard methods.24-27 The purities of the liquids was
ascertained by GLC and aso by comparing the experimental values of densities, viscosities
and sound velocities with those reported in the literature,2427-35 as listed in Table I. The pu-
rities of the finally obtained solvents were >99 %.

TABLE |. Physical properties of the pure solvents at 298.15 K

ol plgem? 7/ mPas u/ms*

vent Experimental Literature Experimental Literature Experimental Literature
DME 0.94609  0.9447°  0.8586 0.802 % 1465.2  1465.07
Benzene 0.8735 0.87352 05920 05920% 12527 -
1,3-Dioxolane 1.0577 10586 05878  0.5873* 13382  1338.8%
1,4-Dioxane 1.0287 1.0279%  1.1779 1.196% 13444  13455%

Tetrahydrofuran 0.8807  0.8811°  0.463 0.460% 12922 1294.0%
1,2-Dimethoxy 0.8615  0.8611* 04089  04089*  1146.2 -
ethane

Di-isopropy! 07250  0.7250*  0.379 0.3791*  1050.1 -
ether

Diethyl ether 07134 07134 0224 022404  1080.8 -
2-Methoxy 0.95979  0.9600* 1543 15414% 13394 -
ethanol

2-Ethoxy ethanol ~ 0.92497  0.9256%°  1.8277 1.851% 13080  1308.07
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Densities (p) were measured with an Ostwald—Sprengel type pycnometer having a bulb
volume of 25 cm? and an internal diameter of the capillary of about 0.1 cm. The pycnometer
was calibrated at the experimental temperature with triply distilled water and DMF. The mea-
surements were realized in a thermostated water bath controlled to +0.01 K.2 The weighings
were performed on a Mettler electronic balance (AG-285) with a precision of +0.01 mg. The
viscosities (77) were measured by means of a suspended Ubbelohde type viscometer’, which
was calibrated at the desired temperature with triply distilled water and purified methanol
using density and viscosity values from the literature. The ultrasonic speeds (u) were deter-
mined using a single-crystal variable path ultrasonic interferometer (Mittal Enterprises, New
Delhi) working at 5 MHz,3236 which was calibrated with water, methanol and benzene. The
temperature stability was maintained within £0.01 K by circulating thermostatic water around
the cell with a circulating pump. The solutions were prepared by mixing known volumes of
pure liquids in air-tight stoppered bottles at 298.15 K. The precisions of the speed of sound,
density and viscosity measurements were 0.2 m s, +3x104 g cm3 and +2x10™* mPa s, res-
pectively. The estimated uncertainty for the excess molar volume (VE), viscosity deviation
(An), antagonic interaction index (1) and excess isentropic compressibilities (KE) were
+0.5x104 m3 mol1, +0.0004 mPas, +0.002 and 0.2 Pa'l, respectively.

RESULTS AND DISCUSSION

The measured density (p), viscosity (77) and the speeds of sound (u) data for
mixtures of (DMF) (A), benzene (B), and the ethers (C), i.e., 1,3-dioxolane, 1,4-
-dioxane, tetrahydrofuran, 1,2-dimethoxyethane, di-isopropy! ether, diethyl ether,
2-methoxy ethanol and 2-ethoxyethanol were used to calculate the excess molar
volume (VE), viscosity deviation (A7) and excess isentropic compressibility (K<E).

Viscous antagonism is the term used in respect to the interaction between the
components of a system that cause the total viscosity of the latter to be less than
the sum of the viscosities of the individual components in the system. The me-
thod compares the viscosity of the system determined experimentally, 7jexp, With
that expected in the absence of interaction, 77cgcg. Viscous antagonism is exists
when, 7exp < Tlcalcd- This procedure is used when Newtonian fluids are in-
volved.37

Quantitatively, as per the absolute reaction rates theory,38 the deviations of
viscosities from the ideal mixture values for a three-component system can be
calculated as:

3
A =n- X xin (D
=

where 77 is the viscosity of the mixture, x; and 7; are the mole fraction and
viscosity of the pure components, respectively. The An values for al the studied
ternaries were found to be negative over the whole composition range at 298.15 K,
as depicted by a representative plot in Fig. 1 as a function of the mole fraction of
both DMF (xa) and benzene (xg). The An values for the ternary mixtures (A) +
(B) + 1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE (C) are
plotted against the mole fraction of DMF (xa) in Fig. 2, from which it can be
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observed that A7 increases as the mole fraction of DMF increases. The mixtures
have a tendency of maximization, indicating a strong specific interaction between
the unlike molecules. From the values of A7, given in Table II, it can be con-
cluded that the affinity of the molecules of the ethers towards benzene molecules
in the presence of DMF is enhanced in the following order:
A + B + 2-EE > 2-ME > DEE > DIE > 1,2-DME > THF >1,4-DO > 1,3-DO
Here, dispersion and dipolar interactions between the DMF, benzene and
1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE molecules are ope-
rative, resulting in negative An but with the increasing xa, the dipolar inter-
actions dominate giving rise to less negative values of A7.31

Fig. 1. 3D mesh plots of viscosity de-
viations (A7) of DMF (A) + benzene (B)
+ 1,3-DO (C) mixtures with mole frac-
tion of DMF (xa) and benzene (xg) at
298.15K.

An/mPas

X

4

Fig. 2. Viscosity deviations (A7) of: m) DMF (A) + benzene (B) + 1,3-DO (C); A) DMF (A)
+ benzene (B) + 1,4-DO (C); ¢) DMF (A) + benzene (B) + THF (C); o) DMF (A) + benzene
(B) + 1,2-DME (C); o) DMF (A) + benzene (B) + DIE (C); o) DMF (A) + benzene (B) +
DEE (C); +) DMF (A) + benzene (B)+ 2-ME (C); A) DMF (A)+ benzene (B) + 2-EE (C)
mixtures with mole fraction of DMF (xa) at 298.15 K.
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TABLE Il. Experimental density (p), viscosity (77), viscosity deviations (A7), antagonic in-
teraction index (1), excess molar volumes (VE), Gibbs energy of activation (AG*E) of viscous
flow, experimental sound velocities (u), isentropic compressibility (Ks) and excess isentropic
compressibility (KE) of N,N-dimethylformamide (A) + benzene (B) + 1,3-DO, 1,4-DO, THF,
1,2-DME, DIE, DEE, 2-ME and 2-EE (C) at 298.15 K

P n AR | VE AGXE u Ks K
gcm® mPas mPas A em®mol? Jmol?t ms! 102 pal 102 Pat
N,N-Dimethylformamide (A) + benzene (B) + 1,3-DO (C)
0.0000 0.4868 0.9584 0.3650 —0.2248 0.38118 -0.1310 -1174.47 1302.1 6154 340.2
0.1036 0.4363 0.9583 0.4296 —0.1881 0.30349 -0.2120 -871.83 1326.2 593.3 301.0
0.2064 0.3863 0.9578 0.4859 —0.1594 0.24506 —0.2630 —665.66 1336.7 584.3 275.0
0.3083 0.3367 0.9568 0.5393 —0.1334 0.19566 —0.2690 -504.20 1339.8 582.2 256.0
0.4095 0.2874 0.9557 0.5862 —0.1137 0.15942 -0.2600 -393.34 1339.8 583.0 240.0
0.5099 0.2386 0.9542 0.6320 —0.0949 0.12741 -0.2290 -301.30 13389 584.6 225.0
0.6094 0.1901 0.9527 0.6775 —-0.0761 0.09797 -0.1890 -222.05 1344.1 581.0 205.0
0.7082 0.1420 0.9509 0.7235 —0.0567 0.07006 -0.1310 -151.39 1359.0 569.4 177.0
0.8062 0.0943 0.9492 0.7682 —0.0383 0.04552 —0.0840 -94.27 1387.0 547.6 139.0
0.9035 0.0470 0.9476 0.8148 —0.0179 0.02040 —-0.0360 -39.35 1444.6 505.7 81.0
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000 0.00 1465.2 440.7 0.0
N,N-Dimethylformamide (A) + benzene (B) + 1,4-DO (C)
0.0000 0.5301 0.9472 0.6569 —0.2104 0.25767 -0.2210 -548.86 1097.5 876.5 314.0
0.1118 0.4708 0.9479 0.6990 -0.1674 0.20782 -0.2770 —408.52 1130.9 824.9 276.0
0.2207 0.4131 0.9486 0.7290 -0.1364 0.17129 -0.3170 -317.23 1157.7 786.6 251.0
0.3268 0.3568 0.9487 0.7539 —0.1106 0.14044 -0.3130 -245.96 1181.8 754.7 232.0
0.4303 0.3020 0.9486 0.7750 —0.0886 0.11372 -0.2940 -189.09 1204.9 726.1 216.0
0.5311 0.2485 0.9484 0.7900 —0.0727 0.09381 -0.2540 -152.49 1226.6 700.8 203.0
0.6295 0.1964 0.9479 0.8027 -0.0591 0.07641 -0.2000 -123.44 1263.5 660.8 175.0
0.7255 0.1455 0.9474 0.8180 —0.0430 0.05598 -0.1430 —-87.32 13015 623.1 149.0
0.8192 0.0958 0.9469 0.8329 —0.0273 0.03588 -0.0860 -53.23 1350.9 578.7 116.0
0.9107 0.0473 0.9464 0.8483 —0.0111 0.01500 -0.0380 -18.61 14358 512.6 61.0
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000  0.00 1465.2 440.7 0.0
N,N-Dimethylformamide (A) + benzene (B) + THF (C)
0.0000 0.4800 0.8797 0.4022 —0.1227 0.23749 -0.2530 -645.90 1165.1 837.5 296
0.1023 0.4309 0.8868 0.4507 —0.1084 0.19612 -0.3150 -491.81 1210.0 770.1 268
0.2041 0.3820 0.8939 0.4957 —0.0973 0.16504 -0.3570 -382.37 1238.0 729.9 244
0.3054 0.3334 0.9009 0.5413 —0.0855 0.13641 -0.3840 -290.26 1263.2 695.7 226
0.4061 0.2851 0.9078 0.5843 —0.0761 0.11455 -0.3900 —-225.66 1290.5 661.5 210
0.5064 0.2370 0.9145 0.6285 —0.0654 0.09315 -0.3790 -169.18 1322.2 625.4 190
0.6061 0.1891 0.9211 0.6744 —0.0528 0.07132 -0.3360 -117.21 1357.2 589.4 168
0.7053 0.1414 0.9276 0.7191 —0.0412 0.05294 -0.2860 -80.15 1392.0 556.4 140
0.8041 0.0941 0.9338 0.7681 —0.0251 0.03062 -0.2000 -37.14 1430.3 5234 104
0.9023 0.0469 0.9400 0.8153 -0.0107 0.01235 -0.1090 -9.35 1484.8 4825 58
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000 0.00 1465.2 440.7 0
N,N-Dimethylformamide (A) + benzene (B) + 1,2-DME (C)
0.0000 0.5357 0.8702 0.3970 —0.1100 0.20674 -0.3050 -564.64 1137.8 887.7 285.0
0.1128 0.4752 0.8782 0.4473 —0.0994 0.16596 -0.3780 -418.36 1176.0 8234 239.0
0.2225 0.4165 0.8862 0.4939 —0.0913 0.13661 -0.4290 -318.28 1203.8 778.6 212.0

Xa X
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TABLE Il. Continued

P n AR | VE AG*E u Ks KE
gcm?® mPas mPas A em®mol™ Jmol? ms? 102 pat 102 pPat
N,N-Dimethylformamide (A) + benzene (B) + 1,2-DME (C)
0.3291 0.3594 0.8943 0.5376 —0.0851 0.11561 -0.4650 -250.96 1228.2 741.3 192.0
0.4329 0.3038 0.9022 0.5813 —0.0779 0.09698 -0.4760 -196.86 1243.8 716.5 184.0
0.5338 0.2498 0.9100 0.6257 —0.0690 0.07926 -0.4690 -150.92 1264.5 687.2 171.0
0.6320 0.1971 0.9177 0.6735 —0.0557 0.05849 -0.4320 -101.41 1282.7 662.3 162.0
0.7276 0.1459 0.9251 0.7155 —0.0473 0.04743 -0.3600 -81.04 1319.6 620.8 136.0
0.8208 0.0960 0.9324 0.7593 —0.0363 0.03519 -0.2690 —60.68 1367.3 573.7 104.0
0.9115 0.0474 0.9395 0.8061 —0.0214 0.02029 -0.1600 -36.31 1437.6 515.0 60.0
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000 0.00 1465.2 440.7 0.0
N,N-Dimethylformamide (A) + benzene (B) + DIE (C)
0.0000 0.5668 0.7958 0.3997 —0.1000 0.17669 -0.4880 —441.50 1219.2 8453 261.0
0.1186 0.4995 0.8103 0.4506 —0.0917 0.13814 -0.6450 -306.30 1261.7 775.3 208.0
0.2324 0.4350 0.8248 0.4975 —0.0856 0.11174 -0.7330 -217.97 1287.0 732.0 181.0
0.3417 0.3731 0.8394 0.5424 —0.0800 0.09219 -0.7680 -157.51 1301.5 703.3 168.0
0.4467 0.3136 0.8541 0.5858 —0.0742 0.07703 -0.7550 -115.90 1305.3 687.2 167.0
0.5478 0.2563 0.8690 0.6274 —0.0689 0.06644 -0.7070 -92.30 1312.8 667.7 162.0
0.6450 0.2012 0.8840 0.6700 —0.0612 0.05550 -0.6140 —72.20 1326.7 642.7 151.0
0.7386 0.1481 0.8993 0.7161 —0.0487 0.04100 -0.5050 —47.43 1351.0 609.2 131.0
0.8289 0.0970 0.9145 0.7608 —0.0364 0.02957 -0.3430 —-33.58 13945 562.3 97.0
0.9160 0.0476 0.9302 0.8069 —0.0215 0.01747 -0.1810 -21.97 1450.8 510.8 58.0
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000  0.00 1465.2 440.7 0.0
N,N-Dimethylformamide (A) + benzene(B) + DEE (C)
0.0000 0.4869 0.7902 0.3396 —0.0636 0.16770 -0.5930 -149.83 1231.1 835.0 232.0
0.1036 0.4364 0.8051 0.3936 —0.0568 0.13130 -0.7240 -6.68 1273.2 766.2 180.0
0.2064 0.3864 0.8201 0.4449 —0.0523 0.10686 -0.8030 76.39 12929 7295 160.0
0.3084 0.3367 0.8353 0.4944 —0.0492 0.08974 -0.8420 11897 1308.8 6989 146.0
0.4096 0.2875 0.8508 0.5420 —0.0477 0.07860 -0.8510 128.90 1321.0 6735 137.0
0.5099 0.2386 0.8662 0.5884 —0.0470 0.07088 -0.7940 117.13 1321.3 661.2 141.0
0.6095 0.1901 0.8819 0.6353 —0.0455 0.06354 -0.7110 92.89 13320 639.1 135.0
0.7083 0.1420 0.8978 0.6863 —0.0394 0.05125 -0.5970 71.94 13479 613.0 125.0
0.8063 0.0943 0.9137 0.7364 —0.0340 0.04178 -0.4260 35.94 13771 577.1 105.0
0.9035 0.0470 0.9298 0.7947 —0.0200 0.02321 -0.2290 15.69 14335 5234 67.0
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000  0.00 14652 440.7 0.0
N,N-Dimethylformamide (A) + benzene (B) + 2-ME (C)
0.0000 0.4932 0.9229 1.0157 —0.0583 0.04851 -0.7550 116.78 1228.2 7183 172.6
0.1048 0.4415 0.9269 1.0006 —0.0508 0.04393 -0.8290 107.22 12674 671.7 137.0
0.2085 0.3903 0.9306 0.9806 —0.0485 0.04400 -0.8770 84.83 1305.2 630.8 107.0
0.3111 0.3397 0.9343 0.9593 —0.0477 0.04532 -0.9170 57.87 1325.7 609.0 96.0
0.4127 0.2896 0.9375 0.9336 —0.0515 0.05114 -0.9120 18.99 1340.8 5934 91.0
0.5131 0.2401 0.9402 0.9105 —0.0530 0.05459 -0.8690 -14.16 1349.7 583.8 92.0
0.6125 0.1911 0.9427 0.8891 —0.0530 0.05636 -0.8030 —43.84 1360.2 5734 92.0
0.7109 0.1426 0.9444 0.8743 —0.0466 0.05101 -0.6720 -54.50 1376.2 559.0 88.0
0.8083 0.0946 0.9457 0.8623 —0.0376 0.04229 -0.5090 -57.14 14035 536.8 76.0
0.9046 0.0470 0.9462 0.8597 —0.0194 0.02245 -0.2770 -31.15 1460.1 4957 45.0

Xa X
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TABLE Il. Continued

P n AR | VE AG*E u Ks KE
gcm?® mPas mPas A em®mol™ Jmol? ms? 102 pat 102 pPat
N,N-Dimethylformamide (A) + benzene (B) + 2-ME (C)
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000 0.00 1465.2 440.7 0.0
N,N-Dimethylformamide (A) + benzene (B) + 2-EE (C)
0.0000 0.5354 0.9066 1.1640 —0.0022 0.03794 -0.8320 357.25 1280.9 6723 123.1
0.1128 0.4750 0.9139 1.1302 —0.0013 0.03793 -1.0870 323.16 1315.6 632.2 95.2
0.2224 0.4163 0.9202 1.0944 —0.0033 0.03962 -1.2200 28341 1342.6 602.9 77.8
0.3290 0.3592 0.9252 1.0574 —0.0076 0.04265 -1.2330 238.98 1362.6 582.1 68.6
0.4327 0.3037 0.9297 1.0205 —0.0126 0.04571 -1.1800 191.86 1371.6 571.8 69.5
0.5336 0.2497 0.9331 0.9855 —0.0165 0.04707 -1.0320 147.35 13835 559.9 68.6
0.6318 0.1971 0.9361 0.9526 —0.0192 0.04651 -0.8560 104.14 1394.6 549.2 68.6
0.7275 0.1459 0.9390 0.9222 —0.0202 0.04333 -0.6680 63.44 14154 531.6 61.3
0.8207 0.0960 0.9414 0.8968 —0.0170 0.03456 -0.4490 33.23 14413 5114 51.2
0.9115 0.0474 0.9437 0.8744 —0.0114 0.02160 -0.2200 8.82 1483.6 4814 311
1.0000 0.0000 0.9461 0.8586 0.0000 0.00000 0.0000  0.00 1465.2 440.7 0.0

Xa X

In order to secure more comparable viscous antagonic results, the so called
antagonic interaction index (I 5), introduced by Howell,37 was taken into account:

la =i —Nexp)  Mcal 2

The antagonic interaction index (1) values at 298.15 K for the ternary mix-
tures (A) + (B)+ 1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE
(C) are plotted against xa in Fig. 3. It was found that each mixture had a maxi-

0.4

0.3

0.1+

0.0 T T
0.0 02 0.4 086 0.8 1.0

Fig. 3. Antagonic Index (1») of: m) DMF (A) + benzene (B) + 1,3-DO (C); A) DMF (A) +

benzene (B) + 1,4-DO (C); ¢) DMF (A) + benzene (B) + THF (C); o) DMF (A) + benzene

(B) + 1,2-DME (C); o) DMF (A) + benzene (B) + DIE (C); o) DMF (A) + benzene (B) +

DEE (C); +) DMF (A) + benzene (B) + 2-ME (C); A) DMF (A) + benzene (B)+ 2-EE (C)
mixtures with mole fraction of DMF (xa) at 298.15 K.
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1728 CHANDA, BANERJEE and NATH ROY

mum at xa = 0.0, which then decreased with increasing xa. A perusal of Table Il
shows that the experimentally determined viscosities, 77exp for all mixtures for
various mole fractions at the experimental temperature are lower than those of
their calculated values, 7cqcd, Which demonstrates viscous antagonism in the
eight mixtures studied herein. The explanation of this behavior is based on the
known phenomenon of molecular dissociation, as a consequence of the weak-
ening of the non-covalent bonding formed between the molecules, causing a de-
crease in the size of the molecular package, which logically implies an increase
in 14.112 The maxima observed indicate strong specific interaction between the
unlike molecules, which is predominated by non-covalent interaction. Thus, the
molecular package increases gradually with the addition of DMF to the mixtures,
which impliesadecreasein | a.

The excess molar volumes, VE were calculated from the density data ac-
cording to the following equation:3°

3
vE= .lei Mi (Y p-1 p;) 3)
1=

where M;, and p; are the molar mass and density of the pure components, res-
pectively, and p is the density of the mixture. For the ternary systems, in general,
the VE values were found to be negative over the whole composition range under
study at 298.15 K, which is depicted as a representative plot in Fig. 4 as a func-
tion of the mole fraction of both DMF (xa) and benzene (xg). The VE values for
the eight ternary mixtures under examination are presented in Fig. 5. The values
at first decreases to minima and then increase with increasing xa. The eight ter-
nary mixtures show minima at the same point, i.e., at xa =0.3. Thetrend is:

(A)+(B)+1,3-DO > 1,4-DO > THF >1,2-DME > DIE > DEE > 2-ME > 2-EE

i
R
R
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e
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\\\\‘\\\\\‘\\\\‘\\\\\\‘\\\\‘\\\.\“\\\\\“\‘\\“‘\\\“\\\*‘
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Fig. 4. 3D mesh plots of excess molar
volumes (VE) of: DMF (A) + benzene (B)
+ 1,3-DO (C) mixtures with mole frac-

: tion of DMF (x,) and benzene (xg) at
X o ° 298.15 K.

The negative values of VE indicate the presence of strong molecular in-
teraction between the components of the mixture. Volume changes for a mixed
system result from changes in the free volume of the liquids, since the bond
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lengths and bond distances in the molecules themselves do not change. The
optimum packing condition is directly related to differences in molecular sizes
and intermolecular attractions, in particular when hydrogen bonding occurs be-
tween unlike molecules creating association complexes, as well as being effected
by the breaking of interactions between like molecules.32 Several effects contri-
bute to the value of VE, such as: dipolar interaction, interstitial accommodation
and possible hydrogen bonded interactions between unlike molecules. 49 The ac-
tual volume change would, therefore, depend on the relative strength of these
three effects. Similar results have been reported earlier.41.42

0.0

-0.2

-0.4

-0.6

3 -1
VE / en’ mol

T T T T
0.0 0.2 04 086 0.8 1.0

Xy

Fig. 5. Excess molar volumes (VE) of: m) DMF (A) + benzene (B) + 1,3-DO (C); A) DMF
(A) + benzene (B) + 1,4-DO (C); ¢) DMF (A) + benzene (B) + THF (C); o) DMF (A) +
benzene (B) + 1,2-DME (C); o) DMF (A) + benzene (B) + DIE (C); o) DMF (A) + benzene
(B) + DEE (C); (+), DMF (A) + benzene (B) + 2-ME (C); A) DMF (A) + benzene (B) +
2-EE (C) mixtures with mole fraction of DMF (x,) at 298.15 K.

Based on the theory of absolute reaction rates,38 the excess Gibbs energy,
AG*E, of viscous flow for aternary system was calculated from:

3
AG*E =RT In(7M/p)-RT ¥ x; In(n;mi/ p;) “)
i=1

where M and M; are the molar mass of the mixture and of the pure componentsii.
According to the literature, positive AG*E values indicate specific interactions,
while negative values indicate the dominance of dispersion forces.4344 From the
AG*E values recorded in Table I1, it can be seen that for all the ternary mixtures,
these values are negative or positive keeping similarity with the An values and
thereby supports the conclusion drawn from the VE and A7 considerations.
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1730 CHANDA, BANERJEE and NATH ROY

Table Il contains the sound velocity (u), the isentropic compressibility (Kg)
and excess isentropic compressibility (K<F) data for the observed mixtures, which
were calculated using the following equations: *°

-1

Ks=(u?Pexp) 5)
3

K§= Ks= 2 xiKsi (6)
i=

where, Kgj gives the isentropic compressibility for the pure components of the
mixture.

Figure 6 predicts the curves for the ternary mixtures of KE. The values are
positive in all the cases and decreases as the mole fraction of DMF increases.
There is a parallel in the qualitative behavior of the K& and VE curves. The KE
values follow the sequence:

(A)+(B)+1,3-DO > 1,4-DO > THF >1,2-DME > DIE > DEE > 2-ME > 2-EE

300

K"X107/Pa”
[
8

100

Fig. 6. Excess isentropic compressibility (KsF) of: m) DMF (A) + benzene (B) + 1,3-DO (C);
A) DMF (A) + benzene (B) + 1,4-DO (C); ¢) DMF (A) + benzene (B) + THF (C); o) DMF
(A) + benzene (B) + 1,2-DME (C); o) DMF (A) + benzene (B) + DIE (C); o) DMF (A) +
benzene (B) + DEE (C); (+), DMF (A) + benzene (B) + 2-ME (C); A) DMF (A) + benzene (B)
+ 2-EE (C) mixtures with mole fraction of DMF (X,) at 298.15 K.

The positive KsE values are due to the breaking of interactions and the cor-
responding disruption of molecular order in the pure components.24 The donor—
—acceptor interaction between the component molecule plays an important part
for the mixtures containing open chain ethers, especialy those having a hydroxyl
group, where there is strong specific interaction between the component molecu-
les leading to lower value of K. Interactions between the molecules of DMF,
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benzene or ethers are broken in the mixing process; the breaking leads to positive
K<E values for the mixture containing cyclic ethers as compared to the open chain
ethers. Similar results were reported earlier by some authors.24:32

CONCLUSIONS

After a thorough study of the behavior of ethers in N,N-dimethylformamide
+ benzene mixtures, a clear idea about the type and amount of molecular inter-
actions between them was obtained and an idea about antagonism was given. The
similarity in the working formula of the antagonic interaction index and viscosity
deviation would probably indicate that the two properties are similar but a close
comparison between these two parameters gave a clear distinction.
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U3BOA

HNCIIMTUBABE BUCKO3HOCTH, JOITYHCKE MOJIAPHE 3ATIPEMUHE, ITPOMEHE
BHUCKO3HOCTHU U UBEHTPOIICKE KOMITPECUBMJIHOCTU TEPHEPHUX CUCTEMA
N,N-IJUMETUJII®OPMAMUJIA, BEH3EHA U ETAPA HA 298,15 K

RIJU CHANDA, ASHIS BANERJEE 1 MAHENDRA NATH ROY
Department of Chemistry, North Bengal University,Darjeeling-734013, India

WsBpiieHa cy Mepema ryctuHa (p©) u BUcKo3HOCTH (77) TepHepHux cmema N,N-mumerw-
¢dbopmamup + Gensen + erap, y pyHKIuju cacraBa u Ha Temrepatypu ox 298,15 K. 13 excriepiumen-
TAITHHX TI0JIaTaKa Cy H3padyHaTe BPEAHOCTH IOMyHCKe MomapHe sanpemute (VE), mpoMene BrcKo3-
noctu (A7), unrepakumonn unnekc (1a) u TuGcoBy cnobouny emeprujy axrusauuje (AGXE). Ta-
kolje, Ha TeMIepaTypy Ha K0joj Cy M3BpIICHH CKCICPUMEHTH, MEPEHE Cy U Op3uHE 3ByKa U H3pa-
dyHATe JOMyHCKE H3eHTporcke kommpecuomtnoctr (Ko). J0BHjeH: pesyTaTn Cy aHANH3HPaHH Y
(YHKIUjH MOJIEKYJICKOT TMAKOBamka W CHCHU(PHYHUX HHTEPAKIHja MPOY3POKABAHUX MPUCYCTBOM
BOJOHHYHHUX BE3a.

(ITpumsseno 6. asrycra 2009, pesuaupano 27. asrycra 2010)
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Abstract: This paper presents the results of calculations of the composition of
composite concentrates used as the charge in the Copper Smelter in Bor, from
the aspect of the behavior of zinc, lead, arsenic, cadmium and mercury. These
elements have extremely harmful effects on the environment and human hedlth;
hence it is crucial to comply with legal values of their emission into the envi-
ronment.

Keywords. copper smelting; impurities; concentrate; ecology; distribution.

INTRODUCTION

Zinc, lead, arsenic, cadmium and mercury are toxic for most living orga-
nisms on the Earth. Even very small concentrations of these elements (expressed
in ppm) have serious toxic effects.l The behavior and distribution of harmful
elements in the production process in the Copper Smelter in Bor, have been ob-
served for many years by the experts of Copper Ingtitute (now Mining and Metal-
lurgy Institute Bor).1 These elements are major pollutants in the environment and
have negative effect on the quality of the produced copper and sulfuric acid,
which necessitates the continuous monitoring of their content in the starting raw
materials. Based on previous studies in the Copper Smelter from the
reverberatory furnace, with the gas phase, more than 50 % arsenic, 40-50 % lead
and 41 % zinc present in starting charge are emitted into the atmosphere, while
the rest is deposited in the slag.2 During smelter treatment of concentrate, 48.7 %
of the mercury is emitted with gases during roasting, and 47.3 % into the gases
during smelting.2

Marin with a lot of impurities presents a demanding charge that could be
treated using the existing technology in the reverberatory furnace only if the
allowed limits of any harmful elements in starting mixture are not exceed. In this
way, the risk of environmental accidents would be reduced to a minimum.

* Corresponding author. E-mail: Igomidzel ovic@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC090714085G
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1734 GOMIDZELOVIC, POZEGA and TRUJIC

The increased industriaization has been followed al over the world by the
extraction and redistribution of mineral substances from their natural deposits.
Passing through the processes of treatment and use, the mineral raw materials
arrive via waste water, gases, dust and waste dumps into the air, water and land,
and, thus, indirectly into the food chain.3

Lead is a typica accumulative poison. It causes the prevention of hemo-
globin synthesis, neurological problems (aggressive and destructive behavior),
kidney damage and even permanent brain damage.4

Zinc is one of the micro-elements necessary for the proper functioning of the
body functioning, but in excessive doses can lead to problems in growth and
reproduction.t

Arsenic, a metaloid that can enter into the body through the lungs and gas-
trointestinal tract, has negative influence on the process of protein coagulation,
and could form complex compounds with co-enzymes.®

Cadmium is aso an accumulative toxin that adversely affects important en-
zymes; causes bone disease and kidney damage. Inhalation of dust and gases
containing cadmium leads to lung failure due to the accumulation of water in
them.6-8

Mercury enters into the body by ingestion and inhalation and transfers via
the blood to the brain where could pass through the blood-brain barrier and
causes insomnia, depression and irritability. It also leads to kidney damage.® It is
only temporarily deposited in the body and a large part is eliminated through the
digestive system.

The sampling method for copper concentrates is defined by the SRPS Stan-
dard BG-3:451.

The technological analysis of a concentrate includes the determination of
content the required elements for process optimization and technological process
management, while the environmental analysis involves the determination of the
contents of Pb, Zn, As, Sb, Cd, Se, Hg and Cl, which are used to perform an
environmental assessment of the concentrate.

Lead and zinc are usually present in the copper ore in the form of PbS and
ZnS, arsenic is present in the form of CusAsSy, FeAsS and CuzAsS, minerals,10
while mercury is present in the form of HgS and cadmium in the form of CdS.

The associated elements in a copper concentrate are distributed during smelt-
ing according to their physico—chemical properties and are concentrated in the
intermediates and products of the pyrometallurgical treatment. The behavior of
each element depends on severa factors, the most important of which are: the
form in which they are present in the raw materials, the technological parameters
of the applied process, their inter-relationship with other elements, the concen-
tration of certain elements, etc. The parameters of the distribution each element
can only be reliably determined by raw material treatment using the specific
technology. 11
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POLYMETALLIC CONCENTRATE COKA MARIN 1735

A block diagram of copper concentrate treatment, including treatment of the
off-gases and sulfuric acid production, isgivenin Fig. 1.

o 30-40 %
10 & 1%
h=100m % =150 .
! L m h=150 A: EMISSION
AEROPOLLUTION
Concentrate r
| ACID
SMELTER PLANTS
_4 to river
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WATERS
H,S0,
] [ELECTROLYSIS
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C: DEGRADATION AND
Slag Product: 51 yrioN OF sSOIL
(dump) Cu, Au, Ag, Se... :

Fig. 1. Block diagram of copper concentrate treatment with pollution sources (1 — roasting;
2 —smélting; 3 — converting; 4 — flame refinement).

The distributions of zinc, lead and arsenic in the output products (anode cop-
per, slag, sludge and water, gas) were calculated based on their emission in the
period from 1991 to 1997.12

For the cadmium and mercury distribution, there are no available data about
their emission, hence a critical analysis of the available data on their distribution
through the output products of the copper concentrate treatment2313 was
performed. The obtained distributions of Zn, Pb, As, Cd and Hg, determined as
given above, are presented in Table .

TABLE I. Distribution of Pb, Zn, Hg, Cd and Asin the reverberatory furnace in %

Phase Pb Zn Hg Cd As
Batch 100 100 100 100 100
Anode copper 1.95 0.05 0 137 244
Slag 63.76 54.39 5 8.45 12.06
Sludge and water 4.73 4.49 31.6 5.18 34.31
Gas 29.63 41.08 63.4 85 51.19

RESULTS AND DISCUSSION
Monitoring of the contents of impurities in the raw mixture

Using the polymetallic ore from the deposit “Coka Marin”, the collective
concentrate (7.92 % Cu, 26 g t-1 Au, 127.2 g -1 Ag, 3.92 % Zn, 1.1 % Pb, 0.98
% As, 0.0011 % Cd, 12.1 g t1 Hg) is produced. This concentrate should be
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1736 GOMIDZELOVIC, POZEGA and TRUJIC

combined with the already used concentrates for the preparation the mixture in
reverberatory furnace (the composition in relation to the contents of the impu-
ritiesis given in Table 1), in such a way that the composition of obtained con-
centrate mixture meets the alowed limits for the content of zinc, lead, arsenic,
cadmium and mercury. The compositions of used imported concentrates (1-
-ASSAREL and 2-ELATZITE) are given in Table I11. The allowed limits for the
contents of zinc, lead, arsenic, cadmium and mercury, estimated based on the
prescribed contents of these metals in the output gases of Copper Smelter, are
listed in Table 1V, from which it is possible to conclude that these impuritiesin
the composite concentrate have to be significantly lower than in the concentrates
delivered in the reverberatory furnace and used for the preparation of the mixture.

TABLE II. Input contents of impurities in the copper concentrate formed from the mixture
(the amount of concentrate Coka Marin was varied within the limits of 0—10 wt. %)

. Content, %
Concentrate  Weight (dmt) 7n == AS Ca Hg
Bor 36050 0.68 0.15 0.19 0.0025 0.000104
Krivel 86265 0.06 0.009 0.012 0.0027 0.000018
Majdanpek 47510 0.52 0.16 0.01 0.0026 0.000023
Import 30000 0.03 0.2 0.02 0.0025 0.00008
CokaMarin - 3.92 1.1 0.98 0.011 0.00121

TABLE 11l Composition of the used import concentrates (ratio 1:1)

0,
Concentrate Content, %
Zn Pb As Cd Hg
1 0.04 0.4 0.009 0.0025 0.00006
2 0.02 0.03 0.03 0.0025 0.0001

TABLE IV Allowed limits of the contents of heavy metals (Zn, Pb, As, Cd and Hg; interna
limits applied in the Copper Smelter in Bor, based on the alowed values of these elementsin
the output gases)

Element Individual concentrate, % Composite concentrate, %
Zn+Pb 3 15

As 0.2 0.1

Cd 0.01 0.0025

Hg 0.0005 0.0002

Using the percentage amounts and the weight of the concentrates from Table
11, the calculation was realized based on the obtained data for the contents of Zn,
As, Pb, Cd and Hg in the domestic and imported concentrates. A detailed
analysis of theresultsis shown in Figs. 2a-2d.

The changes in the contents of zinc and lead in the concentrate mixture con-
taining varying amounts of Coka Marin concentrate, within the limits 0-10 %,
are presented in Fig. 2a. Analyzing this figure, it is possible to conclude that the
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combined contents of these two metals did not exceed the allowed limit of 1.5 %
(Zn+Pb), even when the maximum 10 % of Coka Marin concentrate was present
in the mixture.

a) b)

27 —e-Zn+Pbin mixture

-B-(imits

——As in mixture
& limits

0 —— . — 0 ——————————————————
0 2 4 6 8 10 0 2 4 6 8 10
Cemb 1% Cemb 1%
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0.005 - -
—-Cd in mixture 00003 —e-Hgin mixture
0004 { % limits -&-limits
X : : : 00002 —=—=—= === = =1
~. 0.003 o
s )
< f o
0.002 - dﬁ
0.0001
0.001
4
0 2 4 6 8 10 0 2 4 6 8 10
Cemb 1% Cemb 1%

Fig. 2. Change of impurities content in the concentrate mixture depending on the varying
contents of Coka Marin concentrate (a— Zn+Pb; b — As; ¢ — Cd and d — Hg); Ccmb — per-
centage of concentrate Coka Marin in batch; Cz,. pp — percentage of zinc and lead in
concentrate mixture; Cas — percentage of arsenic in concentrate mixture; Ccq — percentage
of cadmium in concentrate mixture; Cyg — percentage of mercury in concentrate mixture.

The change in the content of arsenic in the concentrate mixture containing
varying amounts of Coka Marin concentrate, within the limits 0-10 % is shown
in Fig. 2b. Analyzing this figure, it is possible to conclude that the content of this
element exceeds the prescribed limit of 0.1 % when the amount of Coka Marin
concentrate in the mixture exceeded about 6 %.

The change in the content of cadmium in the concentrate mixture containing
varying amounts of Coka Marin concentrate, within the limits 0-10 %, is pre-
sented in Fig. 2c. Analyzing this figure, it is possible to conclude that content of
this metal is above the alowed limit of 0.0025 % Cd when more than 2 % of
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1738 GOMIDZELOVIC, POZEGA and TRUJIC

Coka Marin concentrate was added to the mixture. Concentrate mixtures con-
taining less than 2.5 % Coka Marin concentrate met the given ecological con-
ditions for their use.

The change of the content mercury in the concentrate mixture containing
varying amounts of Coka Marin concentrate, within the limits 0-10 %, is shown
in Fig. 2d. Analyzing this figure, it is possible to conclude that content of this
metal in the mixture did not exceed the allowed limit of 0.0002 % Hg, even when
the amount of Coka Marin concentrate was the maximum of 10 %.

Monitoring the content of impurities through the anode copper
and pollution sources

Taking into account the data listed in Table I, which considers only the con-
tent of impurities in the mixture, the origina calculations are extended. Addi-
tionally, the obtained results included a distribution of impurities between the
anode copper and the by-products (slag, sludge and water and gas) from the
smelting of the copper concentrate, which cause different types of pollution.
These are shown in Fig. 3.

The distribution of zinc between the anode copper and the by-products (slag,
sludge and water, gas) obtained during the processing of mixtures composed of
the copper concentrates listed in Table Il is presented in Fig. 3a. Analyzing this
Figure, it is possible to conclude that the largest amount of zinc from the process
is contained in the slag and, in second place, in the gas phase. The anode copper
contains a negligible quantity of zinc.

The distribution of arsenic between the anode copper and the by-products
(dag, sludge and water, gas) obtained during the processing of mixtures com-
posed of the copper concentrates listed in Table Il is presented in Fig. 3b. Maxi-
mum amount of arsenic from process exits in the gas phase and the rest mostly in
waste water, while the slag bonds a small amount of this element. The anode
copper contains 2.44 % As (Tablel).

The distribution of cadmium between the anode copper and the by-products
(dag, sludge and water, gas) obtained during the processing of mixtures com-
posed of the copper concentrates listed in Table Il is shown in Fig. 3c. The lar-
gest part of cadmium from the process exits in the gas phase, while the other by
products contain smaller amounts of this element; about 1 %. remains in the ano-
de copper.

The distribution of mercury between the anode copper and the by-products
(dag, dudge and water, gas) obtained during the processing of mixtures
composed of the copper concentrates listed in Table Il is shown in Fig. 3d.
Mercury is completely removed from the anode copper and the largest part of
this element exits with the gases and waste water.
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Fig. 3. Distribution of impurities (a—2Zn, b —
—As, ¢ —Cd, d - Hg and e — Pb) between the
anode copper and the by-products (slag, slud-
ge and water, gas); Ccmb — percentage of
concentrate Coka Marin in the batch; Cye —
— content of Me (Me = Zn, As, Cd, Hg and
Pb) in the concentrate mixture and the pro-
ducts (copper, slag, gas, sludge and water).

The distribution of lead between the anode copper and the by-products (sl ag,

sludge and water, gas) obtained during
the copper concentrates listed in Table

the processing of mixtures composed of
Il is presented in Fig. 3e. For the most
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1740 GOMIDZELOVIC, POZEGA and TRUJIC

part, lead remains in the slag, but a significant portion exits in the gas phase,
while about 2 % is contained in the anode copper.

Based on the calculation results in the first part of this study, it can be seen
that the content of cadmium is the main problem, if the set limits for the contents
of impurities are to be met. The use of 0 to 10 % Coka Marin concentrate in the
mixture is not limited by the emission of zinc, lead or mercury into the atmos-
phere.

Arsenic alows the use of Coka Marin concentrate up to about 6 % in the
mixture.

The cadmium in the Coka Marin concentrate allows the participation of this
concentrate in the mixture only up to about 2.5 %, which limits its practical use
and does not alow the high profitability its gold content to be expressed.

The use of Coka Marin concentrate in the existing process is also limited by
the cumulative increase of the content of impurities in the atmosphere during the
exploitation. This indicates that the use of this concentrate in other modern pro-
cesses may be possible under strict control.

Based on the results obtained in this part of the work, the distribution of the
impurities (As, Pb, Zn, Cd and Hg) can be monitored through the anode copper
and the by-products (slag, sludge and water, gas).

Based on the obtained results, it could be concluded that significant amounts
of Zn, As, Cd, Hg and Pb exits with gases and for this reason, special attention
should be to paid to the process of capture and purification of the gases and aso
to the provision of a hermetic gasline.

The waste water carries significant amounts of As and Hg, which neces-
sitates the employment of suitable procedures for its purification.

With the slag, larger quantities of Zn and Pb are removed that necessitates
the determination of the form in which these elements exist and that regulations
are adhered to for the postponement of such material, to reduce soil degradation.

CONCLUSIONS

Taking into account al the mentioned influences of zinc, lead, arsenic,
cadmium and mercury and their content in possible mixtures for smelting in the
reverberatory furnace, such a solution cannot be recommended. For the heath
reasons, it would be better to export this type of concentrate to alow it to be
smelted now using appropriate contemporary technology, or to wait for the
installation of new technology in the RTB Bor Smelter Plant.
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U3BOA

MOI'VRHOCT KOPUIIREKA ITOJIMMETAJIMYHOI' KOHLIEHTPATA YOKA MAPHH CA

ACIIEKTA YTULAJA CAJIPX)KAJA IITETHUX EJIEMEHATA HA OKOJIMHY
JIMUJA . TOMUIIEJIOBUR, EMUHA 1. IIOXET'A u BIACTUMMP K. TPYJUh
Hncinuitiyiti 3a pyoapcitiso u meitianyp2ujy, 3eaenu 6yaesap 33, 19210 bop

vy paay Cy HU3JI0KCHU PE3YJITaTH IIPpOpadyHa caCTaBa KOMIIO3BUTHUX KOHIEHTpAaTa KOjI/I CC KO-

pucre kao mapxka y Tormonuiu 6akpa y bopy ca acriekra nmoHamarma IITETHAX e/leMEHarTa: [INHKa,
0JI0Ba, apceHa, KaaMujyma ¥ xuBe. OBU eIeMEeHTH M0Ka3yjy BeoMa IITETHO [EjCTBO Ha OKOJHHY U
31paBibe JbYIM, TAKO Ja j€ O M3Y3eTHE BAKHOCTH Ja CC HCIOLITY]y 3aKOHOM MOPITHCAHE BPEA-
HOCTH FbUXOBE CMHCH]E Y OKOJIUHY.
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Pseudocapacitance, 1413

Pseudomonas aeruginosa, protease from,
1041

Pt nanoparticles, 1435, 1559

Pullulanase, debranching of, 449
Pyrazole-3-carboxylic acid, synthesis of,
1625

Pyridopyrimidine, as synthone for
heterotricycles, 11

Pyridazin, 1625
Pyridopyrimidopyrimidine, 11

pyridoxa S-methylisothiosemicarbazone,
asligand, 1063

Pyrolytic carbon, 271

Quantitative structure—retention
relationship, 513

Quantitative structure—property
relationship, 1391

Quaternary complexes, of bivalent
transition metals, 75

Quinoxaline derivatives, synthesis of,
1315

Rapid quenched magnetic material, 1271
Relative acidity scale, 1575
Resistant starch, yield of, 449

Reversible addition—fragmentation chain
transfer, 1711

River water, pollution of, 1291
Rhododendron aureum, essential oil of,
209

RNA Isolation, 1053

Rutin, 875, 1421

Salicylaldoxime ligand, 1231
Salicylic acid, asligand, 75
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