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lonic liquid 1-butyl-3-methylimidazolium bromide ([bmim]Br):
a green and neutral reaction media for the efficient,
catalyst-free synthesis of quinoxaline derivatives
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Abstract: Quinoxaline derivatives were produced in excellent yields and short
reaction times via the condensation of 1,2-diamines with 1,2-diketones in the
neutral ionic liquid 1-butyl-3-methylimidazolium bromide ([bmim]Br) under
catalyst-free and microwave irradiation conditions.

Keywords. quinoxaline; neutral ionic liquid; catalyst-free; 1,2-diamine; 1,2-di-
ketone; green chemistry.

INTRODUCTION

Currently, catalyst-free reactions are the subject of considerable interest be-
cause of advantages such as ease of the experimental procedure as well as work-
up, low cost, possibility of using acid- or base-sensitive substrates and environ-
mentally benign processes.1-21 This vauable technique has been applied in se-
veral chemical transformations, such as the self-assembly of carbon nanotubes,
carbon nanowires and carbon filaments,! conjugate addition of thiols to electron
deficient alkenes,2 synthesis of dithiocarbamates,3 synthesis of 10-aryl-2,7-dime-
thyl-4,5-dioxo-3,6,9-trioxa-3,4,5,6,9,10-hexahydroanthracenes, synthesis of 2-
-substituted benzimidazoles and bis-benzimidazoles,® synthesis of di- and tri-sub-
stituted thiazoles,® synthesis of 2-aryl/alkyl-4(3H)-quinazolinones,’ regioselec-
tive conversion of epoxides to vicinal halohydrins,8 transesterification of trigly-
cerides,® conversion of aldehydes to acylals,10 synthesis of N-alkyl and N-aryl-
imides, 11 a~amination of nitrogen heterocycles,12 synthesis of 2-aminothiazo-
les,13 N-Boc deprotection of N-Boc-amines,14 condensation of indoles with alde-
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1316 ZAREdal.

hydes,15 synthesis of N-sulfonyl imines,16 dehydration of benzyl alcohols into
(E)-arylalkenes, 17 chemosel ective oxidation of aryl alcohols/acetates, 18 synthesis
of furo[2,3-d]pyrimidine-2,4(1H,3H)-diones,1° synthesis of 3-acetoacetylcouma-
rin derivatives?0 and synthesis of bis-pyrazolo[3,4-b:4’,3'-€]pyridines.21

The elimination of volatile organic solvents in organic synthesis is the most
important goal in green chemistry. One of the most efficient protocols to reach
this aim is the substitution of volatile solvents with ionic liquids.22 In recent
years, ionic liquids have received increasing attention as benign reaction mediain
organic synthesis due to their unique properties, including non-volatility, non-
-flammability, high thermal stability, high polarity because of their ionic nature,
recyclability, non-contaminating nature and ability to dissolve a wide range of
polar and non-polar materials.22 The application of microwave irradiation in syn-
thetic chemistry is a fast-growing research area since this method has opened up
the possibility of realizing the fast synthesis of organic compounds.23 From the
perspective of microwave chemistry, the strong polar nature of ionic liquids makes
them ideal reaction medium in microwave-assisted organic reactions,19.16,22,23
Many interesting studies have recently been published in which the advantages of
microwave irradiation and ionic liquids were combined.1516,22,23

Quinoxalines have attracted great interest as they possess various biological
activities, such as antimycobacterial,24 antibacterial,2> antifungal,2> anthelmin-
tic,26 antidepressant2” and antitumor.28 These compounds have aso been used
for the preparation of various dyes.2® The condensation of 1,2-diamines with 1,2-
-diketones has been used as a useful synthetic route toward quinoxalines. For this
transformation, severa catalysts and reagents have been reported, including o-io-
doxybenzoic acid,30 ceric(IV) ammonium nitrate,31 Y b(OTf)3,32 zirconium tetra-
kis(dodecyl sulfate),33 zeolite,3#4 sulfamic acid/MeOH,3° (NH4)eM 07024-4H20,36
HePoW1g06p-24H50,37 LiBr,38 Zn[L-proling],3° polyaniline-sulfate salt4® and
iodine in DMS0.41 The condensation of 1,2-diamines with 1,2-diketones has
been aso realized using the acidic ionic liquid 1-butylimidazolium tetrafluoro-
borate as the solvent and catalyst.42 However, in this work, a large amount of the
ionic liquid was applied (2 mL of the ionic liquid per mmol of 1,2-diketone).
Furthermore, the catalyst used in this study was similar to most employed ca-
talysts, i.e., an acidic catalyst.42 Quinoxalines have also been prepared from ben-
zene-1,2-diamine and 2-oxo-N-phenylalkane-thioamides using the acidic ionic
liquid N,N,N-trimethyl-3-sulfo-1-propanaminimum hydrogen sulfate bearing two
acidic group. In this work, among the different 1,2-diamines, only benzene-1,2-
-diamine was employed. Moreover, the preparation of the ionic liquid required a
difficult two-steps procedure.43 Other methods which have been applied for the
synthesis of quinoxalines are heteroannulation of the nitroketene N,S-arylimino-
acetals with POCI 3,44 Bi-catalyzed oxidative coupling of epoxides with ene-1,2-
-diamines, 4> cyclization of 1,2-arylimino oximes of 1,2-dicarbonyl compounds?®
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IONIC LIQUID 1-BUTYL-3-METHYLIMIDAZOLIUM BROMIDE 1317

and from o~hydroxy ketones via a tandem oxidation process using Pd(OAc)» or
RuCl,(PPh3)3~-TEMPO.4’ However, many of the synthetic protocols reported so
far suffer from disadvantages such as the use of expensive reagents, the necessity
of anhydrous conditions, prolonged reaction times, unsatisfactory yields, difficult
experimental as well as workup procedures, the use of expensive and detrimental
metal precursors and incompatibility with green chemistry protocols. Moreover,
some methods involve multi-steps procedures. Therefore, development of an ef-
ficient, novel, safe, simple and catalyst-free method for the preparation of quino-
xaline derivativesis desirable.

As a part of our ongoing program to develop the application of catalyst-free
techniques in organic synthesis, 1516 herein, an efficient, green and simple cata-
lyst-free method for the synthesis of quinoxaline derivatives from aromatic and
aliphatic 1,2-diamines and 1,2-diketones in the neutral ionic liquid [bmim]Br un-
der microwave irradiation is presented (Scheme 1). This synthesis represents a
novelty in the synthesis of quinoxalines in a catalyst-free reaction in the neutral
ionic liquid [bmim]Br, which is commercially available or easily prepared.

@:NHZ . O i Catalyst-free _ @[N\ l
NH, 5 [Bmim]Br, MW, 500 W N7
30 min
1a

95%
Scheme 1. The condensation of benzene-1,2-diamine with benzil.

RESULTS AND DISCUSSION

The condensation of benzene-1,2-diamine with benzil was selected as the
model reaction to provide compound 1a, for optimizing the reaction conditions
(Scheme 1). At first, the model reaction was examined in [bmim]Br without a
catalyst in an oil-bath (130 °C). However, under these conditions, the product
was obtained in 69 % yield after 180 min. Changing the temperature or the re-
action time did not increase the yield. Previously, the combination of microwave
irradiation and ionic liquids was applied in severa useful organic transfor-
mations.1516.22.23 Thus, it was decided to use this technique in the catalyst-
-free synthesis of quinoxalines. For this purpose, a mixture of benzene-1,2-di-
amine and benzil in [bmim]Br was irradiated in a microwave oven at a maximum
of 500 W (130 °C). Interestingly, the reaction yield increased to 95 % under these
conditions (Table 1). To determine the most suitable media for the reaction, the
microwave-assisted synthesis of quinoxaline 1a was checked in different ionic li-
quids, 1-methylimidazole (as a precursor of the used ionic liquids) as well as un-
der solvent-free conditions at a maximum of 500 W of microwave power (130
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1318 ZAREdal.

°C). The results are summarized in Table I, from which it can be seen that the
highest yield of 1a was obtained in [bmim]Br. The results showed that Br— was
the best anion part of the ionic liquid for the reaction, and n-butyl was the best
akyl chain of the cation part of the ionic liquid. Moreover, 1-methylimidazole
cannot efficiently promote the reaction.

TABLE I. The condensation of benzene-1,2-diamine with benzil in some ionic liquids and
1-methylimidazole, as well as under solvent-free conditions

Entry Solvent Time, min Yield®, %
[bmim]Br 30 95

2 [bmim]Cl 30 88

3 [bmim]| 30 84

4 [hmim]Br® 30 89

5 [omim]Br° 30 82

6 1-Methylimidazole (25 mol %) 30 73

7 Solvent-free 30 67

3 solated yield; b1—hexy|-3-methylimidazolium bromide; c1—0cty|-3-methy|imidazolium bromide; %increase in
amount of 1-methylimidazole did not improve the yield

To assess the generality and efficiency of the catalyst-free protocol, different
aromatic and aliphatic 1,2-diamines were reacted with structurally diverse 1,2-di-
ketones. The results are given in Table II, from which it can be seen that al re-
actions proceeded efficiently and the desired products were obtained in good to
excellent yields and in short reaction times. It was observed that electron-re-
leasing substituents on the aromatic ring of the aromatic 1,2-diamines had no
significant influence on the reaction results (Table 1, entries 7-12); however,
electron-withdrawing substituents slightly decreased the yields (Table Il, entry
13). Moreover, diphatic 1,2-diamines afforded the corresponding quinoxaline
derivativesin highyields (Table I, entry 16).

TABLE Il. The catalyst-free preparation of quinoxaine derivatives from 1,2-diamines and
1,2-diketones

Entry 1,2-Diamine Product® Time, min  Yied®, % M.p., °C
1 x-NH2 : 30 95 130-131
I N (128-129)*
~ “NH,
N
(1a)
2 o~ _F 30 96 132-134
N Jw (135-137)®
U\ /:]\ éL\ PN

N
(1b) {\)\F
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IONIC LIQUID 1-BUTYL-3-METHYLIMIDAZOLIUM BROMIDE 1319

TABLE Il. Continued

Entry 1,2-Diamine Product® Time, min Yield®, % M.p., °C
3 C[NHZ — . ci 30 94 191-193
(| 195-196)*
NH, || NS ( )
PN \l
(1e) ¢l
4 ‘ Br 32 87 188-190
L
0
(1d) Br
5 N 35 90 75-77
L (18”
N
(1e)
6 |- 30 83 228-230
{2l
(19
7 Me NH, AN 30 96 116-117
@[ Mo~ N_As ! (117-118)%®
NH, DO
|
(1g)
8 o~ Me 35 87 139-140
36
Mo~ N (139-140)
PR
", N &
(.
(1h) Me
9 F 30 95 164-166
Me N_ (163-165)*
i :N/ s
(1i) ZF
10 T 30 86 233-235
T =< (233-235)
e~ )
(13) o
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1320 ZAREdal.

TABLE Il. Continued

Entry 1,2-Diamine Product® Time, min Yied’, % M.p., °C
11 Me \/\'A\I NH, 25 96 176-178
I . 172)%®
Mo PN, Me. -~ _N ; 172)
Me N
(1k)
12 Me N 30 91 301—30333
' ' | (302-304)
Me™ N
(1)
13 ON __~_NH, 30 78 190-192
U\ 02N N (193-194)®
~" “NH2 T3
N
(1m)
14 o~ NHy 7“\‘ 30 92 184-186
L 1 A N /J (187-188)*

ZaN N T N\ N
e (O T
XN N/

&

(1n)
15 : N 40 85 132-134
| | (134)31
NN
(10)
16 _~_NH, N 40 84 168-170
[\ j _~_N L H (168-170)*

N

e O
gt L~

tp)

#The structures of known compounds were identified by comparison of their melting points and spectral data
with those in the authentic samples; %isolated yield

The interesting behavior of ionic liquids lies in the fact that they can be re-
-used after simple washing with a suitable solvent, thus rendering the process
more economical. The yields of compounds 1a (model compound) in the 2™, 3
and 4™ uses of [bmim]Br were amost as high asin the first use.

Selected spectral data of the products
2,3-Diphenylquinoxaline (1a). White solid; yield: 95 %; m.p. 131-132 °C
(1it.30 m.p. 128-129 °C). Anal. Calcd. for CogH14N»: C, 85.08; H, 5.00; N, 9.92

%. Found: C, 85.31; H, 5.16; N, 9.79 %. 1H-NMR (250 MHz, CDCl3, ¢ / ppm):
7.29-7.33 (6H, m), 7.48-7.54 (4H, m), 7.76-7.79 (2H, m), 8.20-8.23 (2H, m).
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IONIC LIQUID 1-BUTYL-3-METHYLIMIDAZOLIUM BROMIDE 1321

13C-NMR (62.5 MHz, CDCl3, 6 / ppm): 128.1, 128.7, 129.1, 129.9, 131.0, 139.6,
141.7, 153.2.

2,3-Bis(4-bromophenyl)quinoxaline (1d). Pale yellow solid; yield: 87 %;
m.p. 188-190 °C. Anal. Calcd. for CogH12BroN»: C, 54.58; H, 2.75; N, 6.36 %.
Found: C, 54.79; H, 2.65; N, 6.25 %. IH-NMR (500 MHz, CDCl3, 6 / ppm): 7.45
(4H, dd, J = 8.5, 2.0 Hz), 7.62 (4H, d, J = 8.5 Hz), 7.88-7.92 (2H, m), 8.15-8.18
(2H, m). 13C-NMR (125 MHz, CDCl3, 6 / ppm): 124.2, 129.7, 130.9, 131.6, 132.2,
138.0, 141.5, 152.9.

Dibenzo[ a,c] phenayine (1f). Pale yellow solid; yield: 83 %; m.p. 228-230
°C. Anal. Cacd. for CogH12N2: C, 85.69; H, 4.31; N, 9.99 %. Found: C, 85.43;
H, 4.19; N, 10.14 %. 1H-NMR (500 MHz, CDCls, 6 / ppm): 7.75-7.7.83 (4H, m),
7.86—7.89 (2H, m), 8.33-8.37 (2H, m), 8.54-8.57 (2H, m), 9.41 (2H, dd, J = 7.9,
1.4 Hz). 13C-NMR (125 MHz, CDCl3, ¢ / ppm): 123.3, 126.7, 128.3, 129.9,
130.2, 130.7, 130.7, 132.4, 142.6, 142.8.

9-Methylacenaphtho[ 1,2-b] quinoxaline (1j). Pale yellow solid; yield: 86 %;
m.p. 233-235 (lit.. 233-235 °C38). Anal. Calcd. for CigH1oNp: C, 85.05; H,
4.51; N, 10.44 %. Found: C, 85.23; H, 4.65; N, 10.32 %. 1H-NMR (500 MHz,
CDCl3, 0 / ppm): 2.60 (3H, s), 7.69 (1H, d, J = 7.8 Hz), 7.93-7.95 (2H, m), 8.00
(1H, ), 8.09-7.12 (1H, m), 8.27-8.31 (2H, m), 8.39-8.42 (2H, m). 13C-NMR
(125 MHz, CDCl3, ¢ / ppm): 22.3, 121.8, 122.3, 129.0, 129.1, 129.2, 129.5,
129.7, 129.7, 130.4, 131.8, 132.4, 136.7, 140.0, 140.1, 141.8, 153.7, 154.3.

9,10-Dimethylacenaphtho[ 1,2-b] quinoxaline (11). Yellow solid; yield: 91 %;
m.p. 301-303 °C (lit.33 m.p. 302-304 °C). Anal. Calcd. for CogH14N»: C, 85.08;
H, 5.00; N, 9.92 %. Found: C, 84.81; H, 5.13; N, 10.09 %; 1H-NMR (250 MHz,
CDCl3, 6 / ppm): 2.51 (6H, s), 7.76-7.80 (2H, m), 7.89 (2H, s), 8.01-8.05 (2H,
m), 8.32-8.36 (2H, m); 13C-NMR (62.5 MHz, CDCls, ¢ / ppm): 20.3, 121.5,
127.8, 128.0, 128.6, 128.9, 129.1, 139.5, 140.00, 148.5, 153.3.

2,3-Diphenylbenzo[ g] quinoxaline (1n). Yellow solid; yield: 92 %; m.p. 184—
—186 °C (lit.31 m.p. 187-188 °C). Anal. Calcd. for Co4H16No: C, 86.72; H, 4.85;
N, 8.43 %. Found: C, 86.52; H, 4.94; N, 8.31 %. 1H-NMR (250 MHz, CDC13, 6 /
/ ppm): 7.30-7.34 (6H, m), 7.48-7.53 (6H, m), 8.01-8.05 (2H, m), 8.59 (2H, 9).
13C-NMR (62.5 MHz, CDCl3, 6 / ppm): 126.5, 127.4, 128.0, 128.3, 129.0, 129.7,
133.8, 136.9, 139.4, 153.7.

EXPERIMENTAL

All chemicals were purchased from Merck or Fluka Chemical Companies. The ionic li-
quids were prepared according to reported methods.® All reactions were performed using a
laboratory microwave oven (MicroSY NTH, Milestone Company, Italy). The IH-NMR (250 or
500 MHz) and 13C-NMR (62.5 or 125 MHz) measurements were run on a Bruker Avance
DPX-250 FT-NMR spectrometer. The microanalyses were realized on a Perkin-Elmer 240-B
microanalyzer. The melting points were recorded on a Biichi B-545 apparatus in open capil-
lary tubes.
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1322 ZAREdal.

General procedure for the catalyst-free preparation of quinoxalines

To amixture of 1,2-diamine (6 mmol) and 1,2-diketone (6 mmol) in a microwave vessel
was added [bmim]Br (2 g) and mixed carefully with a small rod. The resulting mixture was
irradiated and stirred in a microwave oven at maximum of 500 W. The microwave oven was
programmed to enhance the internal reaction temperature to 130 °C within 5 min, and then
continue suitable irradiation (0-500 W) at this temperature, for the appropriate time. The
combined times are showed in Table Il. Subsequently, the reaction mixture was cooled to
room temperature and extracted with Et,O (3x50 mL). The combined organic extracts were
then washed with brine (2x50 mL) and dried over MgSO,. The solvent was evaporated to af-
ford the pure product without any further purification or the crude product was recrystallized
from EtOH (96 %) when required to give the pure product. After isolation of the product, the
remaining Et,O in [bmim]Br was evaporated and the ionic liquid was successfully employed
for the next run under identical reaction conditions.

Acknowledgement. The authors thank the Payame Noor University (PNU) and the
Persian Gulf University Research Councils for the financial support of this work.

U3BOJ
JOHCKA TEYHOCT 1-BYTWI-3-METWINMHUJIA30JINTYM-BPOMUJ ([bmim]Br):
EKOJIOIIK U HEVTPAJIAH PACTBAPAY 3A EOUKACHY CUHTE3Y JJEPUBATA
XUHOKCAJIMHA BE3 KATAJINM3ATOPA
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JlepuBaTi XMHOKCAIMHA JOOUjEHH Cy Y KPaTKOM PEaKIMOHOM BPEMEHY M y BHCOKOM MPHHO-
cy koHaeHzanujom 1,2-muamunHa u 1,2-muKeToHa y HEYTpalHO] jOHCKOj TEYHOCTH, O€3 KaTanm3a-
TOpAa MO YCIOBUMA 03paynBar-a MUKPOTAIacCHMa.

(Mpumsbeno 14. okrobpa 2009, pesuaupano 12. jyna 2010)
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Abstract: Full details of the total syntheses of erythro-nordihydroguaiaretic acid,
threo-(—)-saururenin and their anal ogues are presented. The syntheses were based
on a unified synthetic strategy involving the Stobbe reaction, akylation to
construct the skeleton of lignans and resolution of the threo- and erythro-iso-
mers. The syntheses were achieved in eight to nine steps from simple aromatic
precursors, and by this route 13 lignans were obtained. Among the synthesized
lignans, seven lignans were natural products, moreover three of the seven natu-
ral products were synthesized for the first time. The effect of 13 lignans was
examined on HIV Tat transactivation in human epithelia cells, HSV-1 gene and
human leukemic, liver, prostate, stomach and breast cancer cell. Bioactivity re-
sults indicated that one product showed activity against the HIV gene and five
compounds exhibited anti-HSV activity.

Keywords. synthesis; bioactivity; NDGA; saururenin.

INTRODUCTION

Lignans are a class of naturally occurring plant phenols that formally arise
biosynthetically from two cinnamic acid (phenylpropanoid) residues, as defined
originally by Howarth in 1936.1 Lignans are found in al parts of plants, inc-
luding the roots, stems, leaves, fruit and seeds, and they exhibit a wide range of
biological activities, including antitumor, anti-inflammatory, immunosuppres-
sive, cardiovascular, neuroprotective, neurotrophic, antioxidant and antiviral ac-
tions.2 There is a growing interest in lignans and their synthetic derivatives due
to applications in cancer chemotherapy and anti-virus therapy.34

Nordihydroguaiaretic acid (NDGA) is a naturally occurring lignan from the
creosote bush (Larrea tridentata). NDGA has been utilized in traditional healing
practices for a wide range of ailments and was licensed for use as a topical

* Corresponding author. E-mail: xiaym@qust.edu.cn
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1325

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

2010 Copyright (CC) SCS




1326 XIA etal.

treatment for actinic keratosis (Actinex, Chemex Pharmaceuticals, Denver,
C0).5>6 NDGA is a known antioxidant, a lipoxygenase inhibitor, and has also
been shown to inhibit P450.7-° (-)-Saururenin is a threo-alkene, but different
from erythro-NDGA, and was isolated from Saururus cernuus L., an aquatic
weed commonly found in the eastern United States.10 Saururus cernuus L. has
been used in folk medicine as a sedative and as poultice for tumors.1l More re-
cently, much of the interest in NDGA, (-)-saururenin and their analogues cen-
tered on their role in anti-virus and anti-tumor activity. Hwu reported that NDGA
and its analogues exhibited activity against HIV, and tetramethyl NDGA was a
stronger anti-HIV agent.12 Cheng et al. showed that in Vero cells, NDGA and its
analogues inhibited the expression of the herpes immediate early gene, which is
essential for HSV replication.13 NDGA, (-)-saururenin and their analogues have
also been shown to have cancer chemopreventive properties.14-16

NDGA, (-)-saururenin and their analogues have stimulated substantial syn-
thetic efforts due to their biological activity. Lieberman et al. used the coupling
of two molecules of 1-piperonyl-1-bromoethane as the key step to give the ske-
leton of NDGA.17 Son et al. developed a modified procedure for the synthesis of
NDGA and related lignans.18 Gezginci and Timmermann reported the synthesis
of meso-nordihydroguaiaretic acid from (3,4-dimethoxyphenyl)acetone using the
low-valent Ti-induced carbonyl-coupling reaction of the ketone as the key step.19
Rao et al. described the synthesis of analogues of (—)-saururenin from Saururus
cernuus, together with (-)-austrobailignan-5 by regioselective cleavage of the
methylenedioxyphenyl groups.20 A synthetic route to NDGA and machilin A in-
volving two Stobbe condensations to give the skeleton of lignan was reported.21

In this paper, an efficient approach for the chiral synthesis of NDGA, (-)-sa-
ururenin and their analogues is presented. By this method, 13 lignans were syn-
thesized, among them, seven lignans were natural products and moreover three of
the seven natural products were synthesized for the first time. The biological ef-
fect of the 13 lignans in their pure form was examined on HIV Tat transactivation
in human epithelia cells, the HSV-1 gene and human leukemic, liver, prostate,
stomach, and breast cancer cells. The bioactivity results indicated that some com-
pounds exhibited better activities against the HIV and herpes virus. Finaly, it
should be emphasized that the bioactivity is affected by the skeleton configu-
ration and functional groups.

RESULTS AND DISCUSSION
Synthesis of compounds

The starting materials were piperonal la and veratraldehyde 1b. Condensa-
tion of 1a or 1b with diethyl succinate in EtONa/EtOH solution afforded the ben-
zylidene half-ester, which was followed by esterification to produce the diester
2a or 2b. Treatment of 2a or 2b in THF with LDA and 3,4-methylenedioxyben-
zyl bromide at —78 °C afforded the diester 3a or 3b. Then the compound 3a or 3b
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was hydrolyzed to form the diacid. At this stage, the diacids were resolved via
the quinine salt. The quinine salt of diacid (-)-4a or (-)-4b crystallized first. Con-
centration of the mother liquors gave a solid, which yielded the quinine salt of
(+)-4a or (+)-4b’. The diacid 4a or 4b was esterified to produce the diester (-)-
-5a or (-)-5b. The diester 5a or 5b was hydrogenated under a H, atmosphere,
following by reduction with LiAIH4 in THF to produce a readily separable mix-
ture (approximately 1:1) of diols threo-(—)-6a and erythro-7a or threo-(-)-6b and
erythro-(-)-7b. 7a was a meso-compound and did not have optical rotation (Sche-
me 1). The spectral data were in agreement with those found in the literature.

1} diethyl succinate, 3,4-methylenedioxybenzyl
R‘D/CHO EtONa, reflux R1mCOOEt bromide
R 2) EtOH/GgHg, H*, reflux Rr? COOEt  LDA, -78°C
1a,1b 2a,2b
R! - COOE R R! - COOH
O 1) NaOH/H20, reflux,
R? COOEt  then H* R? . R2 COOH
O 2) (-)-quinine resolution O
o] o]
o~/
o
3a,3b 4a',ab'

1) Hz, Pd/C(10%})

4aab 2) LiAlH,
CH,0OH
CH,OH

a: R', R OCH,0
O b: R'=R% OCH,
B o}
o) o/

-/
6a,6b 7a,7b

Scheme 1. Synthesis route of the compounds 2—7. The starting materials were piperona (1a)
and veratraldehyde (1b). Condensation of 1a or 1b with diethyl succinate in EtONa/EtOH
solution afforded the benzylidene half-ester, which was followed by esterification to produce
the diester 2a or 2b. Treatment of 2a or 2b in THF with LDA and 3,4-methylenedioxybenzyl
bromide at —78 °C afforded the diester 3a or 3b. Then compound 3a or 3b was hydrolyzed to
form the diacid. At this stage, the diacids were resolved via the quinine salt. The quinine salt
of diacid (-)-4a or (—)-4b crystallized first. Concentration of the mother liquors gave a solid,
which yielded the quinine salt of (+)-4a’ or (+)-4b’. The diacid 4a or 4b was esterified to
produce diester (—)-5a or (—)-5b. The diester 5a or 5b was hydrogenated under an H, at-
mosphere, followed by reduction with LiAIH, in THF to produce areadily separable mixture
(approximately 1:1) of diols threo-(—)-6a and erythro-7a or threo-(-)-6b and erythro-(-)-7b.
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Reaction of diol threo-(-)-6a or threo-(—-)-6b with equimolar amounts of
TsCl in a dilute solution at room temperature gave the corresponding 8a and 8b,
while diol threo-(—)-6a or threo-(—)-6b with TsCl in concentrated solution at 0°C
gave the ditoluenesulfonyl esters, which were reduced with LiAIH4 in THF to
provide 10a and 10b. On the other hand, etherification of 6a or 6b gave the
compounds 9a and 9b. The compounds 11a, 11b, 12a, 12b, 13a and 13b were
prepared in a similar manner. Compound 13a was refluxed with PClg in anhyd-
rous CCly, followed by hydrolysis of the resulting dichloromethylene derivative
with water to provide meso-nordihydroguaiaretic acid 14 (Schemes 2 and 3).

TsCl, pyridine
rt

CHgl, NaH

a: R',R2: OCH,0

1) TsCl, pyridine, 0°C b: R'=R%: OCH3

2) LiAIH,, THF, reflux
o—/
10a,10b
Scheme 2. Synthesis route of the compounds 8-10. Reaction of diol threo-(—)-6a or
threo-(—)-6b with an equimolar amount of TsCl in dilute solution at room temperature
gave the corresponding 8a and 8b, while diol threo-(-)-6a or threo-(—)-6b with TsCl
in concentrated solution at 0 °C gave the ditoluenesulfonyl esters, which were

reduced with LiAlH,4 in THF to provide 10a or 10b. Etherification of
6a or 6b gave the compounds 9a or 9b.

The compounds 6a, 6b, 7b, 10a, 10b, 13a and 14 are natural products while
compounds 7b, 10b and 13a were synthesized for the first time.

Spectroscopic data of the synthesized compounds

The spectral data (Supplementary material) are in agreement with those
already reported.19
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11a, 11b

OCHs

R!
R2 O

OCHsg
CHjl, NaH

a: R', R% OCH,0O
b: R'=R2: OCHg

o]
12a,12b

1) PCls, reflux
2) H20, reflux

I OH

14 ©H

)é(

13a,13b

Scheme 3. Synthesis route of the compounds 11-14. Etherification of 6a or 6b gave the com-
pounds 9a or 9b. Compounds 11a, 11b, 12a, 12b, 13a and 13b were prepared similarly.
Compound 13a was refluxed with PCI5 in anhydrous CCl4, followed by hydrolysis
of the resulting dichloromethylene derivative with water to provide
meso-nordihydroguaiaretic acid (14).

Bioactivity

Antitumor activity. NDGA (14), (-)-saururenin (10b) and their analogues 8a,
8b, 9a, 9b, 10a, 11a, 11b, 12a, 12b, 13a and 13b were evaluated in vitro against
HL-60 human leukemic cells, PC-3MIE8 human prostatic carcinoma cells, BGC-
-823 human stomach cancer cells and MDA-MB-435 human breast cancer cell,
and the assays of the lignans have been previously published.2” The antitumor
test indicated the inhibitory rates of tumor cell were less than 30 %, and the syn-
thesized compounds showed no obvious antitumor activity.

Anti-HIV activity. The synthesized compounds were evaluated for their anti-
-HIV activity by determining their ability to inhibit the HIV Tat transactivation in
vitro. The assay method was described previously.28

The compounds 8a, 8b, 9a, 9b, 10a, 10b, 11a, 11b, 12a, 12b, 13a, 13b and
14 were tested for their activities against the HIV and herpes viruses. The results
showed that 9a has activity against HIV-RT (ICsg = 160 pug mi—1), while the
other tested compounds exhibited no obvious activity.

Anti-HSV activity. The activity of the HSV-1 gene inhibitor was examined
by measuring the extent of the process of Vero cells transfected with HSV-1 in
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vitro. The assays of the compounds NDGA, (-)-saururenin and their analogues
reported here were in agreement with those previously reported.29 The results are
giveninTablel.

TABLE I. Anti-herpes virus activity of some of the synthesized compounds

Sample code TCs/ pgmi* |Cso/ ug mi™ S
10a 143.17 68.71 2.08
12a 231.12 143.10 161
12b 192.45 53.42 3.6
13a 111.11 111.10 10
14 12.35 4.12 3.0
Acyclovir >250 1.66 >150.6

The compounds 10a, 12a, 12b, 13a and 14 showed activity against the
herpes virus. The ICsg values of 10a and 12b were less than 100 pg mi—1, and
compound 14 with an ICgq value of 4.12 ug mi—1 exhibited better bioactivity
against the herpes virus. The results showed that the erythro-structure was good
for antiviral activity; however, the compounds with tetrahydrofuran ring did not
exhibit activity, which showed that the tetrahydrofuran ring appears suitable for
lowering the cytotoxicity. On the other hand, the results showed that the data of S
was much lower. Thus, Sl should be enhanced in a later study on structure—func-
tion relationshipsin order to increase the selectivity of the activity.

EXPERIMENTAL

The melting points were measured on a Gallenkamp melting point apparatus and are un-
corrected. The optical rotation values were determined on a Perkin-Elmer 341 polarimeter. In-
frared spectra were recorded on a Nicolet Nexus 670 FT-IR. The IH-NMR and 13C-NMR
spectra were recorded on Brucker AM—400, Mercury Plus—300 and Avance-200 spectrome-
ters. The mass spectra were recorded on a ZAB—HS spectrometer. The HRM S were obtained
on a Bruker Daltonics APEXI147e spectrometer. Flash column chromatography was perfor-
med on silica gel (200-300 mesh) and TLC inspections on silicagel GF254 plates.

Diethyl 2-(3,4-methylenedioxybenzylidene)succinate (2a)

Piperonal (1a) (15.0 g, 100 mmol) and diethyl succinate (17.4 g, 200 mmol) were added
to a solution of NaOEt (13.6 g, 200 mmol) in EtOH (200 ml). After refluxing for 4 h, the
EtOH was removed. The residue was cooled and acidified with HCl (5 M). The mixture was
extracted with EtOAc (3x80 ml). The EtOAc layer was then re-extracted with a saturated
NaHCO; solution (100 ml). The NaHCO; extract was acidified with HCl and the pH value
was adjusted to 2. Then the obtained oily layer was again extracted with AcOEt (3x100 ml).
The combined organic layer was dried and concentrated in vacuo. This residue was then ad-
ded to a mixture of EtOH (250 ml), benzene (100 ml), and H,SO, (2 ml), then refluxed in a
Dean Stark apparatus for 24 h. The mixture was concentrated in vacuo and extracted with
EtOAc (200 ml), then washed with a saturated NaHCO5 solution (3x50 ml). The extract was
dried over MgSO, and concentrated in vacuo. Flash column chromatography of the residue
afforded compound 2a as ayellow oil (28.2 g). Yield: 92 %.
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Diethyl 2-(3,4-dimethoxybenzylidene)succinate (2b)
Following the procedure described for the preparation of 2a but starting with veratral-

dehyde (1b) (16.6 g, 100 mmol), compound 2b was obtained as a yellow oil (29.6 g). Yield:
92 %.
Diethyl 2-(3,4-methyl enedioxybenzyl)-3-(3,4-methyl enedioxybenzylidene)succinate (3a)

To awell-stirred solution of 2a (24.5 g, 80 mmol) in THF (100 ml) was added dropwise
asolution of LDA (80 mmol, 2 M) in THF at —78 °C under a N, atmosphere. The mixture was
stirred at this temperature for 20 min, then 3,4-methylenedioxybenzyl bromide (17.2 g, 80
mmol) in THF (50 ml) was added. The mixture was stirred at —78 °C for 2 h. The mixture was
guenched with a saturated NH4Cl solution (100 ml). After warming to room temperature, the
mixture was extracted with CH,Cl, (3x80 ml) and the organic layer was dried over MgSO,
and concentrated in vacuo. Flash chromatography of the residue over silica gel gave com-
pound 3a as white crystals (31.6 g). Yield: 90 %.

Diethyl 2-(3,4-dimethoxybenzylidene)-3-(3,4-methyl enedioxybenzyl)succinate (3b)

Following the procedure described for the preparation of 3a but starting with 2b (25.8 g,
80 mmol), compound 3b was obtained as a yellowish ail (31.7 g). Yield: 87 %.
(-)-2-(3,4-Methyl enedi oxybenzyl)-3-(3,4-methyl enedi oxybenzylidene)succi-nic acid (4a)

Diester 3a (26.4 g, 60 mmol) was added to a 20 % agueous solution of NaOH (250 ml)
and refluxed for 3 h. After cooling to room temperature, the mixture was washed with EtOAc
(3%x30 ml). After decolorizing with active carbon, the mixture was acidified with HCI (2 M)
whereby white solids were obtained. The crude product was crystallized from HOACc to give
the (z)-diacid 4a. The (z)-diacid 4a and (-)-quinine (38.9 g, 120 mmol) in ethanol (120 ml)
were refluxed for 1 h. The reaction mixture was allowed to cool slowly to room temperature,
whereby fine white crystals were obtained. After two recrystallizations from ethanol, the solid
was added to a solution of HCI (2 M, 100 ml) and stirred for 1 h. The mixture was extracted
with EtOAc (3x80 ml) and the extract was dried over MgSO, and the solvent evaporated. The
white solid was recrystallized from EtOAc to yield the (—)-diacid 4a as white crystals (10.1 g).
Yield: 44 %.

The white solids obtained by concentrating the mother liquors were recrystallized twice
from methanol and water to yield the (+)-diacid 4a’ as white crystals (9.0 g). Yield: 39 %.
(-)-2-(3,4-Dimethoxybenzylidene)-3-(3,4-methyl enedi oxybenzyl )succinic acid (4b)

Following the procedure described for the preparation of 4a but starting with the diester
3b (27.4 g, 60 mmol), the (-)-diacid 4b was obtained as white crystals (10.8 g). Yield: 45%.

The (+)-diacid 4b’ was obtained as white crystals (9.2 g). Yield: 38 %.

(-)-Diethyl 2-(3,4-methyl enedioxybenzyl)-3-(3,4-methyl enedioxybenzylidene)succinate (5a)

To 151 ml of a mixture of EtOH:benzene:H,SO, (100:50:1) was added 4a (7.7 g, 20
mmol). The mixture was refluxed in a Dean—Stark apparatus for 36 h to remove the water.
The reaction mixture was concentrated in vacuo, extracted with EtOAc (100 ml) and then
neutralized with a saturated NaHCOj; solution (3x30 ml). The extract was dried over MgSO,
and concentrated in vacuo. Flash column chromatography of the residue gave the (-)-diester
5a asacolorlessoil (8.0 g). Yield: 91 %.

(-)-Diethyl 2-(3,4-methyl enedioxybenzyl)-3-(3,4-dimethoxybenzylidene)succinate (5b)

Following the procedure described for the preparation of 5a but starting with the diester
4b (8.0 g, 20 mmol), the diacid 5b was obtained as a colorless ail (8.2 g). Yield: 90 %.
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(9)-Dihydrocubebin (6a) and meso-2,3-Bis(3,4-methylenedioxybenzyl)butane-1,4-diol (7a)

The (-)-diester 5a (7.1 g, 16 mmol) in ethyl acetate (200 ml) was stirred under a hydro-
gen atmosphere for 12 h in the presence of 10 % Pd/C (0.7 g). The reaction mixture was fil-
tered through a pad of Celite and the solvent was removed in vacuo to give awhite solid. The
solid was dissolved in dry THF (80 ml) and added to a stirred suspension of LiAlH, (1.4 g, 36
mmol). The mixture was stirred for 10 h. Then the reaction was quenched by ice water and
filtered. The filtrate was dried over MgSO, and concentrated in vacuo. Flash column chroma-
tography of the residue gave threo-(—)-6a (2.7 g, yield: 47 %) as white crystals and erythro-7a
(2.6 g, yield: 46 %) asacolorless ail.
(2R,3R)-2-(3,4-Dimethoxybenzyl)-3-(3,4-methyl enedioxybenzyl)- 1,4-butanediol (6b) and
(2R,39)-2-(3,4-Dimethoxybenzyl)-3-(3,4-methylenedioxybenzyl)- 1,4-butanediol (7b)

Following the procedure described for the preparation of 6a and 7a but starting with the
diester 5b (7.3 g, 16 mmol), 6b (2.6 g, yield: 44 %) and 7b (2.9 g, yield: 48 %) were obtained
as colorless qils.

(—)-Dehydroxycubebin (8a)

To a solution of (—)-diol 6a (0.36 g, 1 mmol) and pyridine (0.08 g, 1 mmoal) in CH,Cl,
(25 ml) was added TsClI (0.19 g, 1 mmol) in CH,Cl, (20 ml) at room temperature. The mix-
ture was stirred for 24 h, quenched with HCI (2 M) and extracted with CH,Cl, (3x20 ml). The
organic layer was dried over MgSO, and concentrated in vacuo. Flash column chromategra-
phy of the residue gave (-)-dehydroxycubebin (8a) as a colorless ail (0.26 g). Yield: 76 %.
(9)-5-{[ (3R,4R)-4-(3,4-Dimethoxybenzyl)-tetrahydr o-3-furanyl] methyl}- 1,3-benzodioxol e (8b)

Following the procedure described for the preparation of (-)-dehydroxycubebin (8a) but
starting with 6b (0.37 g, 1.0 mmol), compound 8b was obtained as a colorless oil (0.27 g).
Yield: 75 %.

(+)-5.5"-[(2R,3R)-2,3-Bis(methoxymethyl)- 1,4-butanediyl] bis(1,3-dioxol€) (9a)

To amixture of NaH (1 mmol) and 6a (0.36g, 1 mmol) in THF (30 ml) was added CHl
(2 mmol). The mixture was stirred for 7 h at room temperature, quenched with a saturated
NH,4CI solution (20 ml) and then extracted with CH,Cl, (3x20 ml). The organic layer was
dried over MgSO, and concentrated in vacuo. Flash column chromatography of the residue
gave 9a asacolorlessoil (0.33 g). Yield: 85 %;

(+)-5-[ (2-(2R,3R)-4-(3,4-Dimethoxybenzyl )-2,3-bi s(methoxymethyl )-butyl ] -1,3-benzodioxol e (9b)

Following the procedure described for the preparation of 9a but starting with 6b (0.37 g,
1 mmol), compound 9b was obtained as a colorless ail (0.35 g). Yield: 88 %.
(-)-Austrobailignan-5 (10a)

To asolution of (—-)-diol 6a (0.72 g, 2.0 mmol) in pyridine (2.5 ml) was added TsCl (0.76
g, 4 mmol) at 0 °C The mixture was stirred at this temperature for 4 h, acidified with HCI (2
M, 20 ml) and extracted with EtOAc (3x20 ml). The organic layer was washed with a satu-
rated NaCl solution (20 ml), dried over MgSO, and concentrated in vacuo to give the crude
ditoluenesulfonyl ester. A mixture of this ditoluenesulfonyl ester and LiAlIH, (0.20 g, 5.0 mmol)
in dry THF (30 ml) was refluxed for 6 h, the mixture quenched with ice-water, filtered and
then concentrated in vacuo. Flash column chromatography of the residue gave 10a as white
crystals (0.56 g). Yield: 86 %.
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(-)-Saururenin (10b)

Following the procedure described for the preparation of 10a but starting with the diester
6b (0.75 g, 2 mmol), compound 10b was obtained as a colorless oil (0.6 g). Yield: 87 %.
meso-5,5' -[ (Tetrahydro-3,4-furandiyl)bis(methyl ene)] bis(1,3-benzodioxol€) (11a)

Following the procedure described for the preparation of 8a, compound 7a (0.36 g, 1

mmol) was used as the starting material to give compound 11a as a colorless ail (0.25 g).
Yield: 74 %.

(+)-5{[ (3S,4R)-4-[ (3,4-Dimethoxyphenyl)methyl] tetrahydr o-3-furanyl] methyl }-1,3-
-benzodioxole (11b)

Following the procedure described for the preparation of 8a but starting with 7b (0.37 g,
1 mmol), compound 11b was obtained as a colorless oil (0.26 g). Yield: 72 %
meso-5,5' -[ Bis(methoxymethyl)-1,4-butanediyl] bis(1,3-benzodioxol€) (12a)

Following the procedure described for the preparation of 9a but starting with 7a (0.36 g,
1 mmol), compound 12a was obtained as a colorless oil (0.32 g). Yield: 82 %.

(+)-5-{[ (3S,4R)-4-[ (3,4-Dimethoxyphenyl)-2,3-bi s(methoxymetyl ) butyl] - 1,3-benzodioxol e (12b)

Following the procedure described for the preparation of 9a but starting with 7b (0.37 g,
1 mmol), compound 12b was obtained as a colorless dil (0.34 g). Yield: 85 %.
meso-Machilin A (13a)

Following the procedure described for the preparation of 10a, compound 7a (1.07 g, 3
mmol) was used as starting material to give meso-machilin A (4) as white crystals (0.87 g).
Yield: 89 %.

(—)-Isosaururenin (13b)

Following the procedure described for the preparation of 10a but starting with 7b (0.75
g, 2 mmol), compound 13b was obtained as a colorless il (0.55 g). Yield: 81 %.
meso-Nordihydroguaiaretic acid (14)

Compound 13a (0.65 g, 2 mmol) was dissolved in dry CCl, (50 ml), PCl5 (2.50 g, 12
mmol) was then added. The mixture was refluxed for 10 h under a nitrogen atmosphere. The
amber-colored solution was concentrated in vacuo and then ice water (15 ml) was added
slowly into the residue and refluxed for 5 h under a nitrogen atmosphere. A white solid ap-

peared slowly in the solution, which was collected, washed with water and crystallized from
ethanol to give meso-nordihydroguaiaretic acid (14) as white crystals (0.51 g). Yield: 85 %.

CONCLUSIONS

In summary, an efficient chiral synthetic method was developed to give
NDGA, (-)-saururenin and their analogues. With cheap materials, short experi-
mental procedures, mild conditions and simple operations, the route will exhibit
more potential value in the future.

SUPPLEMENTARY MATERIAL

Spectroscopic data of the synthesized compounds are available electronically from http://

/lwww.shd.org.r/JSCS/, or from the corresponding author on request.
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U3BO/

CHHTES3A 1 BUOJIOIIKA AKTUBHOCT erythro-HOPANXUJIPOT BAJAPETUYHE
KHCEJIMHE, threo-CAYPYPEHNHA 1 lbUXOBUX AHAJIOT'A

YAMU XIAL, YUANYUAN ZHANG!, WEI WANG, YINING DING® u RUI HE?

lCollege of Chemical Engineering, Qingdao University of Science and Technology, Qingdao 266042 u 2College
of Mathematics and Physics, Qingdao University of Science and Technology, Qingdao 266042, P. R. China

VY pany je nar AeTasbaH NpUKa3 TOTalHE CHHTe3e €ythro-HopamxuaporajapeTHyHe KHce-
nmure, threo-(-)-caypypennna u muxoBux anamora. Ommra CHHTETHYKa CTpaTermja Koja je
npUMecHA 3acHHBa ce Ha Stobbe-OBOj peakiiuju, alKWIOBabY y LHJbY H3TPAlibe JTUTHAHCKOT
cKkenera M pasaBajamby threo- u erythro-msomepa. Cunresa 13 nurHaHa je octBapeHa y 8-9
CHUHTETHUKNX (aza kopuinhemeM jeHOCTaBHHX apoMaTH4HHX Ipekypcopa. On nobujeHnx
JIMTHAHA CeJlaM Cy MPHPOIHU HPOM3BOIM O] KOjHX je 3a TpH ypaleHa IpBa CHHTE3a Yy OBOM pajy.
HcnmtaH je yrumaj cBux no6ujenux auraana Ha HIV Tal TpancakTuBanujy y XyMaHUM CTIUTEITHIM
henmmjama, HSV-1 ren u henuje xymaHe neykemuje, paka jeTpe, IpocTare, JKelyna u Jaojke. Pesyi-
TaTu GHOJIOIKNX HCIUTHBAakha YKa3yjy Ja jeqaH Mpou3Bo/ mokasyje aktuBHocT npema HIV-y a mer
jenumema nocenyjy antu-HSV aktuBHOCT.

(Mpumsbeno 10. anpuna, pesuaupano 11. jyna 2010)
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Supplementary material

SUPPLEMENTARY MATERIAL TO
Synthesis and bioactivity of erythro-nordihydroguaiar etic acid,
threo-(—)-saururenin and their analogues

YAMU XIAY, YUANYUAN ZHANG!, WEI WANG!, YINING DING! and RUI HE?

1College of Chemical Engineering, Qingdao University of Science and Technology, Qingdao
266042 and 2College of Mathematics and Physics, Qingdao University of Science
and Technology, Qingdao 266042, P. R. China

J. Serb. Chem. Soc. 75 (10) (2010) 1325-1335

SPECTROSCOPIC DATA OF THE SYNTHESIZED COMPOUNDS

Diethyl 2-(3,4-methylenedioxybenzylidene)succinate (2a). 1H-NMR (200
MHz, CDCl3, ¢ / ppm): 1.22 (3H, t, J = 7.3 Hz), 1.29 (3H, t, J = 7.3 Hz,)), 351
(2H, 9), 4.16 (2H, q, J = 7.3 Hz), 4.27 (2H, q, J = 7.3 Hz), 5.96 (2H, 9),
6.76-6.87 (3H, m), 7.76 (1H, s). EI-MS (m/z, %): 306 (M*, 70), 261 (20), 232
(34), 203 (52), 175 (59), 159 (100).

Diethyl 2-(3,4-dimethoxybenzylidene)succinate (2b). 1H-NMR (200 MHz,
CDCl3, ¢ / ppm): 1.33 (3H, t, J=7.3 Hz), 1.26 (3H, t, J = 7.2 Hz), 3.58 (2H, s),
3.87 (3H, ), 3.90 (3H, 9), 4.21 (2H, q, J = 7.3 Hz), 4.27 (2H, g, J = 7.3 H2),
6.86-7.00 (3H, m), 7.84 (1H, s). EI-MS (m/z, %): 322 (M*, 42), 276 (14), 249
(16), 175 (100).

Diethyl 2-(3,4-methylenedioxybenzyl)-3-(3,4-methyl enedi oxybenzylidene)suc-
cinate (3a). m.p. 58-59 °C. IH-NMR (200 MHz, CDCl3, § / ppm): 1.26 (3H, t,
J=7.2Hz CHg), 1.34 (3H, t, J = 7.2 Hz, CH3), 2.85 (1H, dd, J = 10.0, 14.2 Hz,
H-7"¢), 3.34 (1H, dd, J = 5.0, 14.2 Hz, H-7" ), 3.98 (1H, dd, J = 5.0, 10.0 Hz,
H-3), 4.15-4.32 (4H, m, 2xCH>CH3), 5.88 (2H, s, OCH>0), 5.97 (2H, s, OCH>0),
6.35-6.73 (6H, m, ArH), 7.66 (1H, s, H-7"). 13C-NMR (50 MHz, CDCl3, § /
/ ppm): 14.4 (2xCH2CH3), 36.0 (C-3), 45.8 (C-7"), 61.2 (2xOCH>CH3), 100.9
(OCH20), 101.4 (OCH»0), 108.1 (C-5"), 108.4 (C-5"), 108.7 (C-2), 109.7 (C-
-2"), 122.4 (C-6'), 122.7 (C-6"), 129.3 (C-1'), 130.1 (C-1"), 133.2 (C-2), 142.5
(C-7), 146.1(C-4"), 1475 (C-4), 1478 (C-3, C-3’), 166.9 (C=0), 1729
(C=0). EI-MS (m/z, %): 440 (M*, 4), 395 (1), 306 (5), 231 (40), 137 (100);
HRMS Calcd. for Co4Ho50g (M+HY): 441.1544. Found: 441.1538.

* Corresponding author. E-mail: xiaym@qust.edu.cn
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Diethyl 2-(3,4-dimethoxybenzylidene)-3-(3,4-methyl enedi oxybenzyl)succina-
te (3b). IH-NMR (200 MHz, CDCl3, 6 / ppm): 1.26 (3H, t, J = 7.2 Hz, CH3),
1.35(3H,t, J=7.2 Hz, CH3), 291 (1H, dd, J = 9.8, 14.2 Hz, H- 7"’ @), 3.34 (1H,
dd, J=5.0, 14.2 Hz, H-7"" ), 3.78 (3H, s, OCH3), 3.88 (3H, s, OCH3), 4.10 (1H,
dd, J=5.0, 9.8 Hz, H-3), 4.18 (2H, q, J = 7.2 Hz, CH>CH3), 4.30 (2H, q, J= 7.2
Hz, CH2CHg), 5.85 (2H, s, OCH»0), 6.35-6.80 (6H, m, ArH), 7.71 (1H, s, H-7").
13C-NMR (50 MHz, CDCl3, d / ppm): 14.1 (CH>CH3), 14.2 (CHoCHg), 35.7 (C-
-3), 455 (C-7’), 55.7 (OCHg), 55.8 (OCHg3), 60.9 (2 x CHyCHg), 100.7
(OCH»0), 107.7 (C-5), 109.4 (C-5""), 110.7 (C-2'), 1114 (C-2""), 121.1 (C-6),
122.0 (C-6""), 127.9 (C-1'), 129.5 (C-1""), 132.9 (C-2), 142.3 (C-7"), 145.7 (C-4),
147.2 (C-4'"), 148.6 (C-3'), 149.1 (C-3"), 166.7 (C=0), 172.7 (C=0). EI-MS
(m/z, %): 456 (M*, 3), 411 (1), 382 (1), 322 (4), 247 (51), 137 (100). HRMS
Calcd. for CogH9Og (M+H?Y): 457.1857. Found: 457.1856.

(9)-2-(3,4-Methyl enedioxybenzyl)-3-(3,4-methyl enedi oxybenzylidene)succi-
nic acid (4a). M.p. 98-99 °C. 1H-NMR (200 MHz, DMSO-dg, § / ppm): 2.85
(1H, dd, J=10.2, 13.8 Hz, H-7"" @), 3.25 (1H, dd, J = 4.4, 13.8 Hz, H-7"’ /§), 3.93
(1H, dd, J = 4.4, 10.2 Hz, H-3), 5.92 (2H, s, OCH»0), 6.04 (2H, s, OCH-0),
6.37—6.90 (6H, m, ArH), 7.53 (1H, s, H-7"). EI-MS (m/z, %): 384 (M*, 1), 366
(1), 244 (1), 203 (3), 159 (2), 135 (100). [¢]p16 = —95.3 (c 1.0, EtOH).

(+)-2-(3,4-Methyl enedioxybenzyl )-3-(3,4-methyl enedi oxybenzylidene)succi-
nic acid (4a’). M.p. 96-97 °C. [a]p6 = +94.8 (c 0.8, EtOH). The 'H-NMR, IR
and MS data of 4a’ were in agreement with those of 4a.

(9)-2-(3,4-Dimethoxybenzylidene)-3-(3,4-methyl enedi oxybenzyl )succinic
acid (4b). M.p. 159-160 °C. IH-NMR (200 MHz, DM SO-dg, 6 / ppm): 2.83 (1H,
dd, J=10.2, 14.0 Hz, H-7"" @), 3.18 (1H, dd, J = 4.8, 14.0 Hz, H-7"’ j), 3.64 (3H,
s, OCH3), 3.73 (3H, s, OCH3), 3.95 (1H, dd, J = 4.8, 10.2 Hz, H-3), 5.87 (2H, d,
J = 8.2 Hz, OCH0), 6.35-6.89 (6H, m, ArH), 7.52 (1H, s, H-7’). EI-MS (m/z,
%): 400 (M*, 1), 382 (17), 260 (5), 219 (12), 175 (26), 135 (100); HRMS Calcd.
for Cp1Hp10g (M+H™*): 401.1231. Found: 401.1239. [a]pl6 = —143.2 (c 0.7,
EtOH).

(+)-2-(3,4-Dimethoxybenzylidene)-3-(3,4-methyl enedi oxybenzyl )succinic
acid (4b’). M.p. 89-91 °C; [«]p16 = +142.6 (c 0.6, EtOH). The 1H-NMR, IR and
MS of 4b’ were in agreement with those of 4b.

(-)-Diethyl 2-(3,4-methyl enedi oxybenzyl)- 3-(3,4-methyl enedi oxybenzyl -
idene)succinate (5a). [a]pl® = —68.4 (¢ 1.0, CHCI3). The '*H-NMR, IR, MS and
HRMS data of 5a were in agreement with those of 3a.

(-)-Diethyl 2-(3,4-methylenedioxybenzyl)-3-(3,4-dimethoxybenzylidene)suc-
cinate (5b). [a]p16 = —170.1 (c 1.0, CHCI3). The IH-NMR, IR, MS and HRMS
data of 5b were in agreement with those of 3b.

()-Dihydrocubebin (6a). M.p. 112-113 °C. 'H-NMR (200 MHz, CDCl3, 6 /
/ ppm): 1.80-1.84 (2H, m, H-2, H-3), 2.55-2.81 (4H, m, 2xArCH>), 3.48 (2H, d,
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J = 11.2 Hz, CH,0H), 3.72 (2H, s, 2xOH), 3.74 (2H, d, J = 11.2 Hz, CH,0H),
5.91 (4H, s, 2xOCH>0), 6.58-6.73 (6H, m, ArH). 13C-NMR (100 MHz, CDCl3,
o/ ppm): 35.8 (C-2, C-3), 44.2 (C-7", C-7""), 59.9 (C-1, C-4), 100.7 (2xOCH>0),
108.1 (C-5', C-5"), 109.2 (C-2', C-2""), 121.8 (C-6", C-6""), 134.3 (C-1', C-1"),
145.6 (C-4', C-4"), 1475 (C-3, C-3"). EI-MS (m/z, %): 358 (M*, 2), 340 (0.1),
204 (0.3), 161 (3), 135 (100); HRMS Calcd. for CogH2eNOg (M+NH4"):
376.1755. Found: 376.1760. [a]pl® = —41.9 (c 0.8, CHCIs3). The spectral data are
in agreement with the literature.22

(2R,3R)-2-(3,4-Dimethoxybenzyl)-3-(3,4-methyl enedioxybenzyl)- 1,4-butane-
diol (6b). TH-NMR (200 MHz, CDCl3, 6 / ppm): 1.85-1.87 (2H, m, H-2, H-3),
2.60-2.80 (4H, m, 2xH-7", 2xH-7""), 3.50 (2H, d, J = 11.6 Hz, CH,>0OH), 3.56
(2H, s, 2<0OH), 3.80 (2H, d, J = 11.6 Hz, CH,0OH), 3.82 (3H, s, OCH3), 3.84
(3H, s, OCH3), 5.90 (2H, s, OCH0), 6.57-6.80 (6H, m, ArH). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 35.7 (C-2), 35.9 (C-3), 43.9 (C-7'), 44.1 (C-7"), 55.8
(OCH3), 55.9 (OCH3y), 60.2 (C-1), 60.3 (C-4), 100.7 (OCH»20), 108.0 (C-5"),
109.3 (C-5"), 111.2 (C-2'), 112.1 (C-2""), 121.0 (C-6'), 121.8 (C-6'"), 133.1 (C-
1), 134.3 (C-1""), 145.7 (C-4'), 147.3 (C-4""), 1475 (C-3'), 148.8 (C-3"). EI-
-MS (mV/z, %): 374 (M*, 4), 356 (0.4), 220 (3), 203 (3), 151 (100). HRMS Calcd.
for Co1H30NOg (M+NH4*): 392.2068. Found: 392.2063. [a]p16 = —36.8 (c 0.5,
CHCI3). The spectral data are in agreement with the literature.23

meso-2,3-Bis(3,4-methyl enedioxybenzyl)butane-1,4-diol (7a). 1H-NMR (200
MHz, CDCl3, ¢ / ppm): 1.99-2.05 (2H, m, H-2, H-3), 2.49-2.63 (4H, m,
2xArCHy), 3.45-3.61 (4H, m, 2xCH>0H), 3.71 (2H, s, 2xOH), 5.92 (4H, s,
2x0OCH>0), 6.61-6.76 (6H, m, ArH). 13C-NMR (50 MHz, CDCl3, 6 / ppm): 33.4
(C-2,C-3),45.2 (C-7", C-7""), 62.9 (C-1, C-4), 100.8 (2xOCH50), 108.1 (C-5,
C-5"),109.2 (C-2/,C-2"),121.8 (C-6',C-6""), 134.1 (C-1', C-1"), 145.8 (C-4,
C-4"), 1476 (C-3, C-3"). EI-MS (m/z, %): 358 (M*, 3), 340 (0.3), 204 (0.8),
161 (4), 135 (100); HRMS Calcd. for CogHogNOg (M+NH4*): 376.1755. Found:
376.1760.

(2R,39)-2-(3,4-Dimethoxybenzyl)-3-(3,4-methyl enedioxybenzyl)- 1,4-butane-
diol (7b). IH-NMR (200 MHz, CDCl3, 6 / ppm): 1.84-1.86 (2H, m, H-2, H-3),
2.56-2.82 (4H, m, 2xH-7", 2xH-7""), 3.50 (2H, d, J = 11.0 Hz, CH,0OH), 3.75
(2H, d, J = 11.0 Hz, CH20H), 3.81 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.95
(2H, s, 2xOH), 5.89 (2H, s, OCH,0), 6.56-6.78 (6H, m, ArH). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 33.1 (C-2), 33.4 (C-3), 45.0 (C-7"), 45.2 (C-7""), 55.8
(OCH3j), 55.9 (OCH3), 62.9 (C-1), 63.0 (C-4), 100.8 (OCH0), 108.1 (C-5),
109.3 (C-5"), 111.2 (C-2), 112.1 (C-2""), 121.0 (C-6"), 121.8 (C-6""), 133.0 (C-
-1'), 134.2 (C-1"), 145.8 (C-4), 147.3 (C-4"’"), 147.6 (C-3'), 148.8 (C-3"). EI-
-MS (m/z, %): 374 (M*, 4.7), 356 (0.23), 220 (1.8), 203 (2.5), 151 (100). HRMS
Calcd. for Co1H3gNOg (M+NH4*): 392.2068. Found: 392.2063. [a]pl6 = -1.7 (c
0.3, CHCI3). The spectral datawere in agreement with the literature.24
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(-)-Dehydroxycubebin (8a). 1H-NMR (200 MHz, CDCl3, 6 / ppm): 2.07—
—2.18 (2H, m, H-3, H-4), 2.42-2.59 (4H, m, 2xArCH>), 3.49 (2H, dd, J=5.8, 8.6
Hz, 2xH-2), 3.89 (2H, dd, J = 6.8, 8.8 Hz, 2xH-5), 5.91 (4H, s, 2xOCH>0),
6.51-6.75 (6H, m, ArH). 13C-NMR (100 MHz, CDCl3, § / ppm): 39.1 (C-3, C-4),
46.4 (C-7,C-7'"), 73.2 (C-2, C-5), 100.7 (2xOCH>»0), 107.9 (C-5', C-5""), 108.9
(C-2,C-2"),121.4 (C-6', C-6""), 134.0 (C-1', C-1""), 145.7 (C-4', C-4"), 147.5
(C-3, C-3"’). EI-MS (m/z, %): 340 (M*, 11), 204 (2), 187 (3), 161 (2), 136
(100). [a]p16 = -54.2 (c 0.8, CHCl3).

(9)-5-{[ (3R,4R)-4-(3,4-Dimethoxybenzyl)-tetrahydro-3-furanyl] methyl }-1,3-
-benzodioxole (8b). IH-NMR (200 MHz, CDCl3, 6 / ppm): 2.15-2.18 (2H, m, H-
3, H-4), 2.45-2.59 (4H, m, 2 x ArCH>), 3.46-3.54 (2H, m, 2 x H-2), 3.84 (3H, s,
OCH3), 3.85 (3H, s, OCH3), 3.89-3.93 (2H, m, 2xH-5), 5.91 (2H, s, OCH»0),
6.51-6.78 (6H, m, ArH). 13C-NMR (50 MHz, CDCl3, 6 / ppm): 39.0 (C-3), 39.1
(C-4), 465 (C-7"), 46.6 (C-7""), 55.7 (OCH3), 55.8 (OCH3), 73.2 (C-2), 73.3 (C-
-5), 100.8 (OCH-0), 108.0 (C-5"), 108.9 (C-5""), 111.1 (C-2'), 111.8 (C-2'), 120.5
(C-6"), 1214 (C-6""), 1329 (C-1'), 134.1 (C-1"), 145.8 (C-4'), 147.4 (C-4"),
147.6 (C-3'), 148.8 (C-3""). EI-MS (m/z, %): 356 (M, 15), 220 (3), 177 (6), 151
(100). HRMS Calcd. for Cp1Ho505 (M+H): 357.1697. Found: 357.1701. [a]pl6
=-104.7 (c 0.6, CHCl3).

(+)-5.5"-[ (2R,3R)-2,3-Bis(methoxymethyl)-1,4-butanediyl] bis(1,3-dioxol €)
(9a). IH-NMR (300 MHz, CDClz, ¢ / ppm): 2.00-2.03 (2H, m, H-2, H-3),
2.52-2.69 (4H, m, 2xArCHy), 3.28 (10H, s, 2xOCHg3, 2xH-1, 2xH-4), 5.92
(4H, s, 2xOCH0), 6.55-6.71 (6H, m, ArH). 13C-NMR (75 MHz, CDCl3, J /
/ ppm): 35.1 (C-2, C-3), 41.2 (C-7", C-7""), 58.9 (C-7", C-7""), 72.7 (C-1, C-
-4), 100.9 (2xOCH0), 108.2 (C-5', C-5'"), 109.7 (C-2', C-2""), 122.1 (C-6', C-
-6"’"), 135.1 (C-1', C-1"), 145.8 (C-4, C-4"), 147.7 (C-3, C-3"). EI-MS (m/z,
%): 386 (M*, 5), 354 (7), 218 (9), 187 (19), 161 (8), 135 (100). [«]p16 +12.3 (c
0.5, CHCl3).

(+)-5-[(2-(2R,3R)-4-(3,4-Dimethoxybenzyl)- 2,3-bis(methoxymethyl )-butyl] -
-1,3-benzodioxole (9b). IH-NMR (300 MHz, CDCl3, 6 / ppm): 2.00-2.03 (2H, m,
H-2, H-3), 2.61-2.64 (4H, m, 2xArCHj»), 3.29 (10H, s, 2xOCH3, 2xH-1, 2xH-4),
3.82 (3H, s, ArOCH3), 3.86 (3H, s, ArOCH3), 592 (2H, s, 2xOCH»0),
6.55-6.78 (6H, m, ArH). 13C-NMR (75 MHz, CDCl3, 6 / ppm): 34.8 (C-2), 34.9
(C-3), 40.7 (C-7"), 40.9 (C-7""), 55.7 (OCH3), 55.9 (OCH3), 58.7 (ArOCH3), 58.8
(ArOCHzgy), 72.4 (C-1), 72.6 (C-4), 100.7 (OCH>0), 107.9 (C-5'), 109.4 (C-5"),
110.9 (C-2'), 111.9 (C-2'), 121.1 (C-6), 121.9 (C-6'"), 133.5 (C-1"), 134.9 (C-
-1), 1455 (C-4'), 147.1 (C-4"), 147.4 (C-3'), 148.7 (C-3"). EI-MS (m/z, %):
402 (M*, 21), 370 (6), 203 (17), 151 (100). [¢] 16 = +14.8 (c 0.6, CHCl5).

(9)-Austrobailignan-5 (10a). M.p. 4445 °C. IH-NMR (200 MHz, CDCl3, 6 /
/ ppm): 0.81 (6H, d, J = 6.8 Hz, 2xCH3), 1.67-1.77 (2H, m, H-2, H-3), 2.33 (2H,
dd, J=8.2, 13.6 Hz, ArCHy), 2.55 (2H, dd, J = 6.0, 13.6 Hz, ArCH>), 5.92 (4H,
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s, 2xOCH>0), 6.52-6.75 (6H, m, ArH). 13C-NMR (100 MHz, CDCl3,  / ppm):
13.9 (C-1, C-4), 38.2 (C-2, C-3), 41.2 (C-7", C-7""), 100.7 (2xOCH»0), 107.9
(C-5,C-5"),109.3 (C-2,C-2"), 121.8 (C-6', C-6""), 1355 (C-1', C-1""), 145.5
(C-4, C-4"), 1474 (C-3, C-3"). EI-MS (m/z, %): 326 (M*, 1), 135 (20), 123
(100). [¢]p16 = —36.3 (c 0.5, CHCI3). The spectral data are in agreement with the
literature.2>

(-)-Saururenin (10b). IH-NMR (200 MHz, CDCl3, 6 / ppm): 0.82 (6H, d,
J = 6.6 Hz, 2xCH3), 1.71-1.77 (2H, m, H-2, H-3), 2.30-2.42 (2H, m, ArCH>),
2.49-2.59 (2H, m, ArCHy), 3.83 (3H, s, OCH3), 3.85 (3H, s, OCH3), 5.90 (2H, s,
OCH>0), 6.51-6.78 (6H, m, ArH). 13C-NMR (50 MHz, CDCl3, ¢ / ppm): 13.7
(C-1), 13.8(C-4), 37.7 (C-2), 37.9(C-3), 40.9 (C-7"), 41.1 (C-7'"), 55.7 (OCHa3),
55.8 (OCH3), 100.6 (OCH»0), 107.8 (C-5'), 109.2 (C-5""), 111.0 (C-2'), 112.0
(C-2"), 120.8 (C-6'), 121.7 (C-6'"), 134.1 (C-1'), 135.4 (C-1""), 145.4 (C-4),
147.0 (C-4), 147.3 (C-3'), 148.7 (C-3""). EI-MS (nVz, %): 342 (M*, 8), 206(2),
151 (100). [a]p16 = —33.0 (c 0.8, CHCI3). The spectral data were in agreement
with the literature.10

meso-5,5' -[ (Tetrahydro-3,4-furandiyl)bi s(methylene)] bis(1,3-benzodioxol €)
(11a). IH-NMR (200 MHz, CDClz, 6 / ppm): 2.49-2.53 (4H, m, H-3, H-4,
ArCHy), 2.75-2.84 (2H, m, ArCHy), 3.62 (2H, dd, J = 5.6, 8.2 Hz, 2xH-2), 3.79
(2H, dd, J = 5.6, 8.2 Hz, 2xH-5), 5.95 (4H, s, 2xOCH0), 6.57-6.78 (6H, m,
ArH). 13C-NMR (50 MHz, CDCl3, 6 / ppm): 33.2 (C-3, C-4), 43.6 (C-7", C-7"),
71.9 (C-2, C-5), 100.8 (2xOCH>0), 108.2 (C-5, C-5"), 1089 (C-2', C-2"),
121.5(C-6',C-6""), 134.3 (C-1’, C-1"), 1458 (C-4',C-4"), 147.7 (C-3, C-3").
EI-MS (m/z, %): 340 (M*, 9), 204 (5), 187(2), 161 (5), 136 (100). HRMS Calcd.
for CooH24NOs (M+NHz*): 358.1649. Found: 358.1648. [«]pl6 = 0 (c 0.8,
CHCl3).

(+)-5{[(3S,4R)-4-[ (3,4-Dimethoxyphenyl )methyl] tetr ahydr o-3-furanyl] me-
thyl}-1,3-benzodioxole (11b). H-NMR (200 MHz, CDCl3, 6 / ppm): 2.15-2.18
(2H, m, H-3, H-4), 2.45-2.59 (4H, m, 2xArCH»), 3.46-3.54 (2H, m, 2xH-2),
3.84 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.89-3.93 (2H, m, 2xH-5), 5.91 (2H, s,
OCH0), 6.51-6.78 (6H, m, ArH). 13C-NMR (50 MHz, CDCls, 6 / ppm): 39.0
(C-3),39.1(C-4), 46,5 (C-7), 46.6 (C-7""), 55.7 (OCH3), 55.8 (OCH3), 73.2 (C-
-2), 73.3 (C-5), 100.8 (OCH»0), 108.0 (C-5'), 108.9 (C-5"), 111.1 (C-2'), 111.8
(C-2), 1205 (C-6'), 1214 (C-6"), 1329 (C-1'), 134.1 (C-1"), 145.8 (C-4),
147.4 (C-4"), 147.6 (C-3'), 148.8 (C-3""). EI-MS (n/z, %): 356 (M*, 15), 220
(3), 177 (6), 151 (100); HRMS Calcd. for Co1Ho505 (M+HY): 357.1697. Found:
357.1695. [a]pl6 = +2.5 (c 0.8, CHCl3).

meso-5,5' -[ Bis(methoxymethyl)-1,4-butanediyl] bis(1,3-benzodioxole) (12a).
IH-NMR (300 MHz, CDCl3, 6 / ppm): 2.04-2.08 (2H, m, H-2, H-3), 2.51-2.69
(4H, m, 2xArCH>), 3.26 (6H, s, 2xOCH3), 3.26-3.38 (4H, m, H-1, H-4), 5.92 (4H, s,
2x0OCH0), 6.58-6.74 (6H, m, ArH). 13C-NMR (75 MHz, CDCl3, 6 / ppm): 34.4
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(C-2, C-3), 409 (C-7", C-7""), 8.6 (C-7", C-7""), 72.7 (C-1, C-4), 100.7
(2xOCH»0), 107.9 (C-5', C-5""), 109.3 (C-2’, C-2""), 121.8 (C-6", C-6""), 134.9
(C-1,C-1"),1456 (C-4, C-4"), 1475 (C-3, C-3"). EI-MS, (m/z, %): 386 (M,
5), 354 (5), 322 (3), 218 (11), 187 (21), 173 (12), 135 (100). HRMS Calcd. for
CooH2706 (M+H): 387.1802. Found: 387.1812. [a]p® = 0 (c 0.4, CHCI5).

(+)-5-{[ (3S,4R)-4-[ (3,4-Dimethoxyphenyl)-2,3-bis(methoxymetyl ) butyl] - 1,3-
-benzodioxole (12b). 1H-NMR (300 MHz, CDCl3, 6 / ppm): 2.07-2.11 (2H, m, H-
-2, H-3), 2.58-2.66 (4H, m, 2xArCHy), 3.29 (6H, s, 2xOCH3), 3.26-3.38 (4H, m,
2xArCHy), 3.85 (3H, s, ArOCHg), 3.86 (3H, s, ArOCHg), 5.92 (2H, s,
2x0OCH>0), 6.60-6.80 (6H, m, ArH). 13C-NMR (75 MHz, CDCl3, 6 / ppm): 34.8
(C-2), 34.9 (C-3), 40.7 (C-7"), 40.8 (C-7""), 55.6 (OCH3), 55.8 (OCH3), 58.7
(ArOCHzgy), 58.8 (ArOCH3), 72.4 (C-1), 72.6 (C-4), 100.7 (OCH>0), 107.8 (C-5),
109.4 (C-5'"), 110.9 (C-2), 120.0 (C-2'), 121.0 (C-6'), 121.9 (C-6""), 133.5 (C-
-1'), 134.8 (C-1""), 1455 (C-4'), 147.1 (C-4"), 147.4 (C-3'), 148.7 (C-3").
HRMS Calcd. for Co3Hz4NOg (M+NH4*): 420.2381. Found: 420.2384. [a]pl6 =
=+2.7 (c 0.8, CHCl3).

meso-Machilin A (13a). M.p. 47-48 °C. 1H-NMR (200 MHz, CDCl3, ¢ /
/ ppm): 0.83 (6H, d, J = 6.6 Hz, 2xCH3), 1.72-1.76 (2H, m, H-2, H-3), 2.26 (2H,
dd, J = 9.4, 13.4 Hz, ArCH»), 2.72 (2H, dd, J = 4.8, 13.4 Hz, ArCH>), 5.93 (4H,
s, 2xOCH>0), 6.58-6.76 (6H, m, ArH). 13C-NMR (100 MHz, CDCl3, J / ppm):
16.1 (C-1, C-4), 39.0 (C-2, C-3), 39.3 (C-7", C-7""), 100.6 (2xOCH20), 107.9
(C-5,C-5"),109.2 (C-2,C-2"), 121.8 (C-6', C-6""), 135.6 (C-1', C-1""), 145.4
(C-4, C-4"), 1474 (C-3, C-3"). EI-MS (m/z, %): 326 (M*, 3), 135(58), 123
(100). [e]p16 = 0 (c 0.4, CHCI3). The spectral data are in agreement with the
literature.26

(9)-Isosaururenin (13b). IH-NMR (200 MHz, CDCl3, ¢ / ppm): 0.82 (3H, d,
J = 6.6 Hz, CH3), 0.85 (3H, d, J = 6.6 Hz, CH3), 1.62-1.79 (2H, m, H-2, H-3),
2.20-2.35 (2H, m, ArCH>), 2.68-2.78 (2H, m, ArCHy), 3.86 (6H, s, 2xOCH3),
5.90 (2H, s, OCH,0), 6.59-6.81 (6H, m, ArH). 13C-NMR (50 MHz, CDCl3, ¢ /
/ ppm): 16.0 (C-1), 16.2 (C-4), 38.7 (C-2), 39.0 (C-3), 39.1 (C-7"), 39.3 (C-7""),
55.7 (OCH3j), 55.9 (OCH3), 100.6 (OCH20), 107.9 (C-5), 109.3 (C-5""), 111.0
(C-2), 112.2 (C-2"), 120.9 (C-6"), 121.7 (C-6""), 134.4 (C-1'), 135.6 (C-1""),
145.4 (C-4), 147.0 (C-4""), 147.4 (C-3), 148.7 (C-3"). EI-MS (m/z, %): 342
(M™, 6), 206(10), 151 (100). [«] 516 = —1.9 (c 0.8, CHCl53).

meso-Nordihydroguaiaretic acid (14). M.p. 184-185 °C. 'H-NMR (300
MHz, acetone-dg, ¢ / ppm): 0.86 (6H, d, J = 6.3 Hz, 2xCH3), 1.80-1.85 (2H, m,
H-2, H-3), 2.49 (2H, dd, J = 9.6, 12.9 Hz, ArCHy), 2.96 (2H, dd, J = 5.4, 12.9
Hz, ArCHy), 7.14-7.33 (6H, m, ArH). 13C-NMR (75 MHz, acetone-dg, J / ppm):
16.1 (C-1, C-4), 395 (C-2, C-3), 40.3 (C-7", C-7""), 1106 (C-5, C-5"), 1115
(C-2,C-27),126.1 (C-6',C-6""), 140.2 (C-1', C-1"), 142.4 (C-4, C-4'"), 144.3
(C-3,C-3"). EI-MS (m/z, %): 302 (M™, 4), 178 (1), 151 (2), 137 (4), 123 (100).
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Abstract: Thisisthe first report of n-alkanesin needle epicuticular waxes of the
variety Bosnian pine, Pinus heldreichii var. panci¢i. n-Hexane extracts of
needle samples, originating from seven isolated localities in Serbia, were ana-
lysed by gas chromatography (GC) and gas chromatography—mass spectro-
metry (GC-MS). The results evidenced n-alkanes ranging from Cqg to Cs3 in
epicuticular waxes. The most abundant alkanes were C,7, Cy3, Cys and Cyg
(12.53 %, 12.46 %, 12.00 % and 10.38 % on average, respectively). The carbon
preference index (CPlyyy) Of Pinus heldreichii var. panci¢i ranged from 1.1 to
2.1 (1.6 on average), while the average chain length (ACLyy) ranged from
25.0t0 25.8 (25.3 on average). A high level of individual quantitative variation
in al of these hydrocarbon parameters was also found. The obtained results
were compared with the bibliographic references for Pinus heldreichii var.
leucodermis and other species of the Pinus genus.

Keywords. Bosnian pine; Pinaceae; needles; n-alkanes.

INTRODUCTION

Bosnian pine, Pinus heldreichii Christ. (Pinaceae family), isarelict and sub-
endemic tree species naturally distributed in fragmented areas in Italy, Bosnia
and Herzegovina, Serbia, Montenegro, Albania, Macedonia, Bulgaria and Greece.
The Bosnian pines, which grow in southwestern Serbia and northern Monteneg-
ro, are regarded as Pinus heldreichii var. panci¢i Fukarek.1=3 These trees grow
individually or in smaller groups, in relict and geographically isolated popula-
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tions (mainly up to 10 trees). Concerning the site and morphology of the bran-
ches, needles and/or cones, var. pancici is similar to Pinus nigra Arn. and par-
tialy to two natural hybrids: Pinus x mugodermis Fukarek4 and Pinus x nigra-
dermis Fukarek and Vidakovi¢,® and one intermedial form, Pinus nigra f. leuco-
dermoides Fukarek and Nikoli¢,6 but differs clearly from other Pinus heldreichii
varieties: Pinus heldreichii var. typica Markgraf, Pinus heldreichii var. leuco-
dermis (Ant.) Markgraf and Pinus heldreichii var. longiseminis Papaioannou.l
Differences between populations of Bosnian Pine from Serbia and Montenegro
(regarded as Pinus heldreichii var. panciéi and Pinus heldreichii var. leucoder-
mis,2 respectively) in the compositions of the essential oil have also been no-
ticed.’

n-Alkanes are among the most common hydrocarbons in cuticular waxes of
numerous higher plants. In leaf waxes, they show abundances up to 73 %.8 In
waxes of conifers, polar lipids are dominant (above 90 %), whereas there is often
asmall percentage of non-polar lipids, particularly leaf n-alkanes (up to 4.5 %),9
with the exception of Wollemia nobilis Jones, Hill and Allen (up to 22 %).10

Hitherto, the research of n-alkanes has most frequently been used in chemo-
taxonomic studies of treest1-16 and herbaceous plants.1/=22 n-Alkanes in plants,
in combination with other chemical markers, are also valuable objects for analy-
ses in other fields: phylogenetic studies,23 hybrid detection,24 air pollution stu-
dies, 2526 studies of nutrition,27:28 etc.

The parameters which are often used for the description of the n-alkane dis-
tribution patterns are: abundance of long-chain n-alkanes (LNAS), carbon prefe-
rence index (CPI)2° and average chain length (ACL).30 They can be used as
chemotaxonomic markers at the genus level 31 in environmental studies,30 in pa-
laeoenvironmental reconstructions,32 etc.

The n-alkanes in conifer trees have been most extensively researched in Pi-
ceall33 and Pinus!! genera. The n-alkanes in pines are present as mixtures with
chain lengths ranging from 18 to 34 carbon atoms, whereby odd-numbered al-
kanes are dominant.11

The composition of the epicuticular wax of needles of Pinus heldreichii var.
leucodermis has already been studied!! but, to the best of our knowledge, thisis
the first report of the composition and variability of n-alkanes in the needles of
Bosnian pine from natural populations. In addition, this is the first report of the
composition of pine needle epicuticulal wax from the variety pancici.

EXPERIMENTAL

Plant material

The population density of Bosnian pine in Serbia is low, ca. 200 trees, which are very
old (up to 400 years) and tall (10-20 m). These trees grow individually or in small groups,?
mainly on difficult to access terrains. In order to cover the altitudinal range of Bosnian pinein
Serbia, seven trees were selected from seven natural sites, i.e., from Mt. Zlatibor to Mt. Pedter,
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at the following localities: 1) Negbina (village, Mt. Zlatibor), 2) Sjenista (village, Mt. Zla-
tibor), 3) Kamena gora (Mt. near Prijepolje), 4) Lastva (Milakovi¢i village near Brodarevo,
Mt. Ozren), 5) Trijebine (Prijevorac village, located between Mt. Ozren and Mt. Giljeva), 6)
Bare (Krajinovi¢i village, Mt. Giljeva), and 7) Lokva (Krajinovi¢i Village, Mt. Giljeva) (Tab-
lel).

TABLE I. Geographic and geologic characteristics of the study area of Pinus heldreichii var.
pancidi

i, Negbina SjeniSta Kamenagora Lastva Trijebine Bare  Lokva
Localities 1 2 3 4 5 6 7
Latitude (N)  43°32 43°32 43°20° 43°16°  43°16 43°10°  43°10
Longitude (E) 19°47 19°47 19°33 19°42 19°55' 19°52"  19°52
Altitude, m 1206 982 1273 1430 1313 1360 1335
Exposition SE NE E SW E SW S
Geological Lime-stone Serpen- Limestone Serpen- Neogene Limestone Serpen-
substratum tinite tinite sediments horno- tinite

stone tuff

Two-year-old needles were collected at the end of the photosynthetic active season,
around the lower third of the unshaded tree crown, to ensure comparability of the sample
collections. The second, more practical reason for this kind of plant collection, is the fact that
climbing and collecting of needles from the higher parts of crown could be very difficult and
unsafe, since many of the investigated trees from natural populations were located on difficult
to access terrains. The needles were kept in polyethylene bags (with the |abels of the sample
plot, date of collection and age of the needles) in a hand fridge and transported to a freezer
(—20°C).

Extraction and isolation of needle wax

The total wax of each sample was extracted by immersing 3 g of needles in 10 ml of
n-hexane for 45 s. After extraction, the solvent was removed under vacuum at 60 °C. The
concentrated extracts were chromatographed on a small-scale column using a Pasteur pipette
filled with silica gel 60, previously activated at 120 °C.34 The wax was obtained by elution
with 5 ml of n-hexane. The wax samples were stored at —20 °C until further analysis.

Chemicals and reagents

n-Hexane (HPLC grade) and silica gel 60 (0.2-0.5 mm) were purchased from Merck
(Darmstadt, Germany).
GC and GC-MSanalysis

Gas chromatography (GC) and gas chromatography—mass spectrometric (GC-MS)
analyses were performed using an Agilent 7890A GC equipped with an inert 5975C XL EI/CI
mass spectrometer detector (MSD) and flame ionisation detector (FID) connected by capillary
flow technology 2-way splitter with make-up. A HP-5MS capillary column (30 mx0.25
mmx0.25 um) was used. The GC oven temperature was programmed from 60 to 300 °C at a
rate of 3 °C min! and held for 10 min. Helium was used as the carrier gas at 16.255 psi
(constant pressure mode). An auto-injection system (Agilent 7683B Series Injector) was
employed to inject 1 uL of sample. The sample was analysed in the splitless mode. The in-
jector temperature was 250 °C and the detector temperature 300 °C. M S data was acquired in
the EI mode with scan range 30-550 m/z, source temperature 230 °C, and quadrupole tem-
perature 150 °C; the solvent delay was 3 min.
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The components were identified based on their retention index and comparison with
reference spectra (Wiley and NIST databases) as well as by the retention time locking (RTL)
method and the RTL Adams database. The retention indices were experimentally determined
using the standard method of Van Den Dool and Kratz3 involving retention times of n-al-
kanes, injected after the sample under the same chromatographic conditions. The relative
abundance of the n-akanes (Table Il) was calculated from the signal intensities of the
homologues in the GC-FID traces.

Calculations of the CPl and ACL values

Carbon preference index of total odd-numbered and even-numbered LNAS (CPl ) Was
calculated by formula of Mazurek and Simoneit36 (Table 111). The average chain length of the
total odd-numbered and even-numbered LNAs (ACL;q4) Was calculated by the Poynter and
Eglington method.3” In order to compare the obtained results with those from literature sour-
€es,938.39 CPl 5 33, CPlyg.36, CPlys.01 and CPl,s 3, Were also calculated using the formula of
Bray and Evans, %0 as well as ACL .55 value using the formula of Poynter and Eglington.3” The
relative proportions of short, mid and long chain n-alkanes®® (n-Cyg 20, N-Co1.24 and N-Cog 33,
respectively) were also calculated.

RESULTS AND DISCUSSION

In the epicuticular waxes of two-year old needles of Pinus heldreichii var.
panciéi, the n-alkanes ranged from Cqg to C33 (Fig. 1, Tables 1l and I11). It can be
noticed that the trees at the northernmost sites, Neghina (No. 1) and Senista (No.
2), had a narrower range of n-alkanes (C1g to Cgz1), as well as Pinus heldreichii
var. leucodermis.11 Some pines from the section Sylvester (Pinus sylvestris L.,
Pinus sylvestris var. iberica Svoboda, Pinus mugo var. pumilio (Haenke) Zenari,
Pinus mugo Haenke, Pinus thunbergii Parl., Pinus engelmannii Carr. and Pinus
montezumae Lamb.) and the section Strobus (Pinus cembra L. and Pinus wal-
lichiana A. B. Jacks.).911.38 also had the same or a narrower range of needle
n-alkanes than Pinus heldreichii var. pancici.

1.8

£ 47 c23 c25 cz7
= 1.
3 C29
£
o
Z
[7]
c c24
g 16 c22
- C26
c21
Cc20
15 C18
c19
4000 45.00 50.00 55.00 60.00 65.00 70,00 75.00 '
Time, min

Fig. 1. n-Alkanes in needle wax of Pinus heldreichii var. pancici, Lastvalocality (No. 4).
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TABLE II. Chemica composition of needle n-alkanes of Pinus heldreichii var. pancici

Alk Localities Statistical parameters
n-Alkane = 2 3 2 5 6 7 X °
C 241 421 436 319 658 394 484 422 132
o 000 000 131 089 124 123 08 079 057
Ca 000 710 390 403 528 38 363 397 214
Cn 448 477 491 521 622 590 451 514 0.68
C 911 1040 720 780 894 1057 849 893 1.25
Co 1343 1150 951 1444 1090 1423 1321  12.46 1.85
Co 858 074 885 817 673 715 757 811 1.04
Co 1312 1090 1045 1403 913 1276 1364  12.00 1.85
Con 489 541 708 510 455 457 437 514 0.93
C 1516 1093 11.39 1249 1140 1261 1376 1253 1.50
Con 376 456 577 351 397 353 383 413 0.80
Cos 1250 810 1011 977 1213 959 1047  10.38 152
Ca 249 321 414 231 286 219 251 282 0.68
Ca 504 490 559 547 554 490 541 539 0.38
Ca 150 199 266 153 164 146 116 171 0.49
Cas 263 228 277 206 289 154 172 227 052

Mean val ue; bstandard deviation

In Pinus heldreichii var. panci¢i needles, the most abundant alkanes were the
four odd-numbered n-alkanes. Cy7, Ca3, Cog and Cog (12.53, 12.46, 12.00 and
10.38 % on average, respectively, Tablell). Most trees had a maximal abundance
at Co3 (four trees). n-Alkane Cy7 was first-ranked at the localities Kamena gora
and Lokva (No. 3 and No. 7, respectively). n-Alkane Cyg was first-ranked only in
the tree which grows in the southernmost part of the research altitudinal range
(Trijebine, No. 5). Two even-numbered n-alkanes, Co, and Co4, Were also abun-
dant (8.93 and 8.11 % on average, respectively). Variation of each n-alkaneislis-
ted as the value of the standard deviation (SD, Table Il). The most variable were
Co0, Co3, Cos, Cog and Cy7 (SD values: 2.14, 1.85, 1.85, 1.52 and 1.50, respec-
tively). According to literature sources, other pine species are often rich only in
one n-alkane, Cz1,11 rarely Cz3.2 However, in Pinus heldreichii var. pancici, no
correlation between the Crax values of needle n-alkanes and the distances of the
trees from villages or adjacent roads was found.

For the calculation of the CPI and ACL values of n-alkanes of Pinus held-
reichii var. panci¢i (Table Ill), the relative values from Table Il were used.
CPligtg Of Pinus heldreichii var. panciéi (from 1.1 to 2.1; 1.6 on average) was a
little higher than in wood smoke particular matter of Pinus elliottii Engelm.41
The maximum CPI values of long chain n-alkanes of Pinus heldreichii var. pan-
cid¢i (Table 111) were 2.2 (CPl2g_36), 3.0 (CPl25_31) and 3.1 (CPls_33), while the
short chain n-alkanes (CPl15_21) ranged from 0.3 to 1.1 (0.6 on average) and
exhibited an even/odd predominance (EOP) (because CPI < 1 indicates EOP,
CPI > 1 denotes OEP39). The ACLqtg Values of Pinus heldreichii var. panciéi
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ranged from 25.0 to 25.8 and the ACL»3 35 values ranged from 26.4 to 27.9
(Tablelll).

The relative proportion of short chain n-alkanes of Pinus heldreichii var.
pancié¢i (n-Cig00 = 9.0 %) is significant (Table 111) and similar to that in the
leaves of Acacia sp. (C14-20 = 10.1 %).40 There is no great dominance of long
chain (n-Cos_33 = 56.4 %) over mid chain n-alkkanes (n-Co1_24 = 34.6 %), which
could explain lower CPI and ACL values of Pinus heldreichii var. pancic¢i (Table
[11) compared to those of some other species of the section Pinus.9:38

The differences in the composition, abundance, Cmax vaues and other cha
racteristics of n-alkanes between Pinus heldreichii var. panci¢i and other pines
from the literature can be the consequence of the time of the needle sampling. In
this research, the needles were sampled in the autumn, whereas some authors
sampled the needles in the spring.911.38 The crown exposition and illumination
can also be a cause of the differences between Pinus heldreichii var. panci¢i and
other pines. A large number of factors including light intensity, humidity, use of
recycled CO», osmotic stress, CO» concentration, temperature, atitude and plant
age influence the carbon isotopic composition of n-alkanes,32:42:43 which is often
regarded together with ACL values.43 Trends to longer n-alkane chains and less
negative carbon isotopic values are evident from rain forest over C3 savanna to
Cy4 vegetation.®3 Lipids from inner shade leaves of Quercus robur L. and Fagus
sylvatica L. were consistently more depleted in 13C than those from the corres-
ponding sun-lit leaves.32 In contrast, in the case of Quercus castaneifolia C. A.
Mey., the concentrations of Cy7 and C31 n-alkanes remained at constant levels
throughout the whole growing season.44 As the amount of seasonal variation is
unknown for Pinus needles, the influence of different sampling season on sample
comparison is unknown.

It is important to emphasize that in many other studies, chloroform® and not
n-hexane was used as the dissolving agent.

CONCLUSIONS

According to the dominant n-alkanes, Pinus heldreichii var. panci¢i differs
clearly from Pinus heldreichii var. leucodermis. The fact that n-alkanes can be
successfully used in the determination of the variety of conifers has already been
proved for Juniperus communis L.16 and Picea omorika (Pan¢i¢) Purkyne. 4>

According to several alkane patterns, it was found that Pinus heldreichii var.
panciéi is more similar to some pines from subsections Ponderosae (section Pi-
nus), Cembrae and Strobi (section Strobus) than to some of closely related pines
(subsection Sylvestres, section Pinus).9:11,38,39,41 | ow values of odd/even predo-
minance of Pinus heldreichii var. panciéi leaf n-alkanes as well as low CPI and
ACL values are the consequence of large amounts of short and mid chain n-al-
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kanes, which are not typical for most pines and other C3 gymnosperm and angyo-
sperm plants, where long-chain n-alkanes strongly dominate.46

Populations adapted to warmer and more arid conditions have higher pro-
portions of alkanes with longer chains in their waxes than those adapted to cooler
and more humid conditions.47 It is presumed that a strong genetic influence on
the adaptation of hydrocarbons to environmental conditions exists (in the Cupres-
saceae family).48 Similarly to the composition and variability of essential oils,’
the specific profile of n-alkanes of Pinus heldreichii var. pancié¢i could also be
explained by the relict character of this species, the variability and genetic adap-
tation of which was expressed during great tectonic changes and glaciations.

Although in this paper the composition of alkanesin Pinus heldreichii on the
different natural sites were analysed for the first time, the study of a small num-
ber of samples cannot give the complete picture on the variability at the species
level, but only a picture of its variety panciéi. Due to this fact, more detailed po-
pulation research is recommended to be conducted in the future outside the bor-
ders of Serbia

Acknowledgment. This research was supported by a grant from the Ministry of Science
and Technologica Development of the Republic of Serbia.

NU3BO A
n-AJIKAHU Y BOCKOBUMA UTIJIMIIA Pinus heldreichii var. pancici

BUJbAHA HI/IKOHI/ITll, BEJIE TEHIEBI/IEZ, HPUC T)OPT)EBI/I'BB, MMIJIKA JA[LPAHI/IH4,
MAPHUHA TOI[OCI/IJEBI/IT]4, CPBAH BOJOBI/IT15 u IIETAP ]I MAPI/IH6

"Mncmuimyim 3a wymapcimieo, Knesa Buwecaasa 3, 11000 Beozpad, >Xemujcku (paxyaifieisi, Yrueepauitieid y
Beozpaody, Ciuyoeniicku wwipz 16, 11000 beozpao, 3<I>ar<y/lmeu7 seltiepunapcke meouyune, Yuusepauitein y beozpaoy,
Byaesap ocaobobersa 18, 11000 Beozpad, *Muciiuiiyimi 3a xemujy, lexHoa0Zujy 1 mei@aaypaujy, Ynusepauimei y
Beozpady, bezouresa 12, 11000 Beozpad, > Muciliuiiyiti 3a 6uoaouka uciiparcusarsa Cunuia Ciiankosuh”, Byaesap
Oeciioftia Ciliepana 142, 11000 Beozpad u Buoaowku daxyaiieisi, Mnciiuitiyi 3a 6oiianuxy u Boiianuuxa 6auitia
“Jespemosay”, Citiyoeniticku iwipz 16, 11000 Beozpao

OBoO je mpBO CaomIUITeHE O N-aJIKaHHMa y BOCKOBUMA HIJIMIA BapHjerera MyHHKe, Pinus hel-
dreichii var. panciéi. n-XekcaHCKu eKCTpaKTH y30paKa UTJIMIA KOjH MOTHYY Ca CellaM H30JO0BaHUX
nokanutera y CpOuju aHanusupanu cy racHoM xpomarorpadujom (GC) u racHOM xpomarorpa-
¢dujom—macerom crekrpomerpujom (GC-MS). Pesynratu cy mokasaiu ja ce N-ajKaHW Hauase y
oricery o1 Cig 10 Caz. Melyy wuma cy najoouauju Cyz, Coz, Cos 1 Cog (12,53, 12,46, 12,00 u 10,38
% y mpoceky, pexom). YribeHnuHu npedepeHuujanau uaaekc (CPlyyy) Pinus heldreichii var.
pancié¢i je 6uo y omcery on 1,1 no 2,1 (mpoceyno 1,6), a myxuHa HH3a YIJbEHHKOBHX aroma
(ACLygta) y omcery ox 25,0 mo 25,8 (mpoceuno 25,3). Takolje je yTBpher BUCOK HUBO HHAWBHIYAI-
HE KBAaHTHUTaTHBHE BapHjaOWIHOCTH y CBHM aHAJIW3MPAHHM [apaMeTpUMa OBHX YIJbOBOJOHHKA.
HoGujenu pesynratu ¢y ynopeheHu ca IuTepaTypHHM MojJaluMa Koju ce oxHoce Ha Pinus held-
reichii var. leucodermis u npyre Bpcre poxa Pinus.

(MTpumsbeno 22. mapra, pesuaupano 14. jyna 2010)
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Abstract: GC and GC/MS analyses of the diethyl ether and ethyl acetate ex-
tracts obtained from the aeria parts of Sachys germanica subsp. heldreichii
(Boiss) Hayek, Stachys iva Griseb., Stachys plumosa Griseb. and Stachys
scardica Griseb., Balkan peninsula endemics, were performed. One hundred
and seventy-nine constituents, accounting for 88.8-98.1% of the total compo-
sition of the extracts, were identified. The common feature of the diethyl ether
extracts was the high content of terpenoids and fatty acid-derived compounds,
while the common feature of the ethyl acetate extracts was the prevalence of
fatty acid-derived compounds. A disk diffusion method was used for the eva-
luation of the antimicrobial activities of the extracts against a panel of micro-
organisms (bacteria: Staphylococcus aureus, Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, and Salmonella enteritidis; fungi: Aspergil-
lus niger and Candida albicans). The total antioxidant capacity of the extracts
was evaluated by the phosphomolybdenum method. The preliminary bioassay
results indicated that the diethyl ether extract of S. plumosa could be a possible
source of antioxidant and antimicrobial compounds.

Keywords: Stachys; Lamiaceae; diethyl ether and ethyl acetate extracts; anti-
microbial activity, antioxidant capacity.

INTRODUCTION

Sachys L., one of the largest genera of the Lamiaceae family, contains more
than 270 species. This sub-cosmopolitan genus has two main centers of diversity
in the Old World area.l One is confined to S. and E. Anatolia, Caucasia, N.W.

* Corresponding author. E-mail: jelena217@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC100601117L
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Iran and N. Irag, and the other to the Balkan Peninsula. Serbiais an area that is
moderately rich in taxa belonging to the genus (seventeen species are acknow-
ledged), however, eight species are recognized as endemic to the Balkans, or
even narrower regions.2

Although genus Stachys is considered to be one of the largest generain the
Lamiaceae family, little attention has been paid to the elucidation of its pharma-
cological properties. These facts stand as a surprise, especially when it is known
that data exist concerning the traditional application of many Sachys species for
genital and inflammatory tumors, cancerous ulcers and sclerosis of the spleen.3
Teas prepared from the whole part or leaves are used in phytotherapy, possessing
sedative, antispasmodic, diuretic and emmenagogue activities. In Turkish folk
medicine, species of the Stachys genus are used in the same way as sage.4 Se-
veral Stachys species are recognized in Iranian folk medicine,® especialy S. inf-
lata which is used to treat various inflammatory disorders.® In hitherto under-
taken pharmacological studies, Sachys species showed a variety of effects (anti-
-alergic,” anti-anoxic,8 antibacterial,%-12 anxiolytic,13 anti-inflammatory,614 an-
tingphritic,15 antioxidant,16-19 antihepatitis and choleretic20.21), confirming a wide
spectrum of application and an extensive range of traditional usage. The compo-
sitions of essentia oils, as well as the preliminary screening using disk diffusion
method for the Stachys species under study (S. germanica subsp. heldreichii
(Boiss) Hayek, S. iva Griseb., S. plumosa Griseb. and S. scardica Griseb.) have
been the subject of several previous publications,10.22-25 put to the best of our
knowledge, the chemical composition of extracts and the evaluation of their anti-
microbial and antioxidant activities have never been studied previously (except
for the antioxidant activities of a methanol extract of S. plumosal®).

In view of the growing interest in the application of natural products in the
food, cosmetics and pharmaceutical industries and bearing in mind the scarcity of
previous work on the bioassay of Balkan Stachys species, the subject of this
study was to determine the chemical composition of diethyl ether and ethyl ace-
tate extracts and to evaluate the antimicrobial and antioxidant activities of four
Balkan endemic Stachys species: S. germanica subsp. heldreichii (Boiss) Hayek,
S iva Griseb., S. plumosa Griseb. and S. scardica Griseb.

EXPERIMENTAL
Plant material

The plant material of the four species was collected in June 2003 from natural popu-
lations, in the blooming stage as follows: S. germanica subsp. heldreichii, Gali¢ica Mountain
pastures at an atitude of 1600 m, Former Y ugoslavian Republic of Macedonia; S. iva, Bislim-
Kumanovo, the slopes of the Ptinja Gorge, Former Yugoslavian Republic of Macedonia; S.
plumosa, aong the road side Bosilegrad—zvor, Serbia and S scardica, Kozjak Mountain,
Former Y ugoslavian Republic of Macedonia. The material was air-dried until constant weight.
Voucher specimens are deposited in the Herbarium of the Faculty of Biology, University of
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Belgrade, under the accession numbers: BEOU 16024, 16017, 16018 and 16063, respectively.
The plant species were identified by Dr Vladimir Randelovi¢, Department of Biology and
Ecology, Faculty of Science and Mathematics, University of Nis.

Preparation of the extracts

Ground samples of air-dried aerial parts (50 g per extract preparation) were extracted in
sealed vessels with 250 ml of the appropriate solvent (diethyl ether or ethyl acetate) in an
ultrasonic bath (Bandelin Electronics, Germany) for 5 h at room temperature. The obtained
extracts were gravity filtered through small columns packed with 1 g of Celite® (Merck,
Germany) in order to remove all the insoluble material and then concentrated to 10 mL using
a steam of nitrogen before GC and GC/MS analysis. The yields of the dry extracts (% wi/w,
dry plant material), obtained by complete evaporation of the solvents in vacuo are given in
Table I-S in the Supplementary material. The dried extracts were dissolved in the solvents
used for extraction to a final concentration of 1 mg mL— and used as such for the antimic-
robial and antioxidant testing.

Gas chromatography and gas chromatography/mass spectrometry

The GC/MS analyses (three repetitions for each sample) were preformed using a Hewlett
Packard gas chromatograph, Model 5890, Series |1 equipped with an SPB-1 capillary column
(Supelco Inc., Bellfonte, PA; 30 mx0.25 mm, film thickness 0.25 um) directly coupled to a
mass selective detector MSD 5971A of the same company operated in the EI mode (70 €V).
Helium was used as the carrier gas at a flow rate of 1 mL minL. The operating conditions
were injector temperature 250 °C and the oven temperature program: isothermal at 50 °C for 3
min, then ramped to 250 °C at a rate of 5 °C min, and finally isothermal at 250 °C for 15
min. The injection volume for all sampleswas 1 uL (prepared as mentioned previously), and
the injector split ratio was 1:10. The extract constituents were identified by comparison of
their linear retention indices (relative to C8—-C31 alkanes?® on the SPB-1 column) with lite-
rature values?’ and their mass spectra with those of authentic standard, as well as those from
Wiley 6, NIST02, MassFinder 2.3 and a home-made M S library with spectra corresponding to
pure substances and components of known oils. Wherever possible, the identity of the cons-
tituents was verified by co-injection with an authentic sample. GC (FID) analysis was
performed under the same experimental conditions using the same column as described for the
GC/MS measurements, except that H, was used as the carrier gas. The FID temperature was
300 °C. Percentage area values were obtained electronically from the GC—FID response,
without the use of an internal standard or correction factors.

Antimicrobial activity

The in vitro antimicrobial activity of the extracts against a panel of laboratory control
strains belonging to the American Type Culture Collections, Maryland, USA; Gram-positive;
Saphylococcus aureus (ATCC 6538), Gram-negative: Klebsiella pneumoniae (ATCC 10031),
Pseudomonas aeruginosa (ATCC 9027), Salmonella enteritidis (ATCC 13076); fungal orga-
nisms Aspergillus niger (ATCC 16404) and Candida albicans (ATCC 10231) and the Gram-
negative bacteria Escherichia coli 95 (Institute of Immunology and Virology “Torlak”,
Serbia) was determined using the disc diffusion assay recommended by NCCL S.28

The following nutrition media were used: Antibiotic Medium 1 (Difco Laboratories,
Detroit, MI, USA) for growing the Gram-positive and Gram-negative bacteria and Tripton soy
agar (TSA, Torlak, Belgrade, Serbiad) for A. niger and C. albicans. The nutrition media were
prepared according to the instructions of the manufacturers. All agar plates were prepared in
90 mm Petri dishes with 22 mL of agar, giving the final depth of 4 mm. A suspension of the
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tested microorganisms (0.1 mL, 108 cells per mL) was spread on the solid media plates.
Sterile filter paper disks (“Antibiotica Test Bléttchen”, Schleicher and Schuell, Dassel,
Germany, 6 mm in diameter) were impregnated with 20 uL of the extracts and placed on the
inoculated plates. These plates, after standing at 4 °C for 2 h, were incubated at 37 °C for 24 h
for the bacteria, and at 30 °C for 48 h for the fungi. Standard disks of tetracycline, gentamicin,
ampicillin and nystatin (Institute of Immunology and Virology “Torlak”, 30 pg of the active
component, diameter 6 mm) were individually used as the positive controls, while disks im-
bued with 20 pL of pure diethyl ether or ethyl acetate were used as the negative controls. The
diameters of the inhibition zones were measured in millimeters using a “Fisher-Lilly An-
tibiotic Zone Reader” (Fisher Scientific Co., USA). Each test was performed in triplicate.
Mean values are presented.
Antioxidant capacity

The total antioxidant capacity of the extracts was evaluated by the method of Prieto,
Pineda, and Aguilar.2? The antioxidant capacity of the extracts was measured spectrophoto-
metrically using the phosphomolybdenum method, based on the reduction of Mo(VI) to
Mo(V) by the sample analyte and the subsequent formation of green phosphate/Mo(V)
compounds with a maximum absorption at A = 695 nm. A 0.1 mL aliquot of sample solution
(100 ug mL—1) was combined in an Eppendorf tube with 1 mL of the reagent solution (0.6 M
sulfuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdate). The tubes were
capped and incubated in a boiling water bath at 95 °C for 90 min. After the samples had
cooled to room temperature, the absorbance of each agueous solution was measured at 695 nm
against a blank solution, using a Perkin-Elmer Lambda 15 UV-VIS spectrophotometer. A ty-
pical blank solution contained 1 mL of reagent solution and 0.1 mL of the solvent used for the
extraction (diethyl ether or ethyl acetate), which was incubated under the same conditions as
for the other samples. Stock solutions of o-tocopherol acetate were prepared in diethyl ether
and in ethyl acetate just prior to use. The total antioxidant capacity is expressed as equivalents
of a-tocopherol acetate (I pmol g1 of extract) using a standard curve at five concentrations
covering the range 50-1.600 umol. The exact concentrations were determined spectropho-
tometrically based on the absorption coefficients from the literature. The determination of the
total antioxidant capacity was performed in triplicate.

RESULTS AND DISCUSSION

The GC and GC/MS analyses of the diethyl ether (DE) and ethyl acetate
(EA) extracts of S germanica subsp. heldreichii, S iva, S plumosa and S
scardica enabled the overal identification of 179 components, listed in Table I-S
(Supplementary material). In each instance, the fraction of extracted compounds
consisted of a complex mixture of different classes of compounds the identities
of which are presented as a separate column in Tables | and I-S. Generaly, two
main classes dominated the composition of the DE extract: terpenoids (from 36.5
to 64.9%) and fatty acid derived compounds (FADs, from 33.3 to 59.9 %). The
main characteristic of the EA extracts was the prevalence of FADs (from 68.4 to
85.9 %) among other classes. The common feature of the DE extracts was a
relatively high content of oxygenated sesguiterpenes (from 12.2 to 33.1 %,
except for S plumosa, 2.1 %) and n-alkanes (from 14.1 to 39.3 %). n-Alkanes
(ranging from 43.2 to 79.3 %), together with branched alkanes (from 5.9 to
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17.0%) constitute considerable portions of the EA extracts. (2)-Nuciferyl
isobutyrate (S. iva DE, 15.3 %), spathulenol and caryophyllene oxide (3.8 % DE
and 4.3 % EA for S. germanica, and 3.8 % DE and 3.6 % EA S. iva, respectively)
and abieta-8,11,13-triene (13.6 % DE and 17.8 % EA for S. plumosa and 5.0 %
DE S scardica, Table ) were compounds of terpenoid origin detected in signi-
ficant amounts. Monoterpenoids, aliphatic alcohols and adehydes represented
residual portions of the analyzed extracts, or were not even detected.

TABLE |. Chemica composition (%) of four Stachys species extracts
S S S S

RI? Compounds’ Class Method® germanica iva plumosa scardica
DE° EA° DE EA DE EA DE EA
T

47 o-Pinene T abc - - 01 01 14 01 -
1375 B-Bourbonene T ab 22 - - - - = 02 -
1409 B-Caryophyllene T abc 07 - 09 tw® 01 - 13 tr
1459 vy-Muurolene T ab 06 - - - - = 20 -
1464 Germacrene D T abc 15 - 03 - - - - -
1491 v-Cadinene T ab - - - - - =20 -
1498 6-Cadinene T ab - - 27 - 02 - 14 -
1563 Spathulenol T abc 38 - 38 - - - 04 -
1571  Caryophylleneoxide T abc 43 - 36 01 07 - 31 -
1580 4(14)-Salviden-1-one T ab 14 - - - - =13 -
1583 Viridiflorol T ab 25 - 1.1 - - - - =
1601 Copaborneol T ab - - 20 - - - - -
1623 I sospathulenol T ab - - - - - =19 -
1625 1-epi-Cubenol T ab - - 12 - - - - -
1637 T-Muurolol T ab 03 - 12 - 03 - 16 -
1651 o-Cadinol T ab 05 - - - 02 - 21 -
1669 Valeranone T ab 21 - 14 01 - - - -
1678 Cadalene T ab - - - - - =19 -
1692 3-Hydroxy-5,6-epoxy- CR ab 15 - - - 05 - - -
-B-ionone
1731 7,8-Dihydro-3- CR ab 10 - - - - =03 -
-0xo-o-ionol
1844 Neophytadiene, isomer T ab - 11 14 03 27 06 26 28
|
1845 Hexahydrofarne- CR ab 35 - - - = = = -
sylacetone
1900 Nonadecane FAD abc 12 - 03 - 01 - 02 -
1910 Methyl hexadeca-noste FAD ab 12 02 01 - 03 - 05 -

(syn." methyl palmitate)

1929 1-Methylphenantrene O ab - - - - - 12 - -

1944 (2)-Nuciferyl T ab 45 02 153 12 01 - - -
isobutyrate

1968 n-Hexadecanoicacid FAD abc - - - - 60 - - -
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TABLE I. Continued

S S S S
RI? Compounds” Class Method® germanica iva plumosa scardica
DE' EA° DE EA DE EA DE EA
1979 Ethyl hexadecanoate FAD ab 1.7 01 03 - 61 - 48 -
(syn. ethyl palmitate)
2000 Eicosane FAD abc 05 - - - - =19 -
2007  13-epi-Manoyl oxide T ab - - - - 24 - - -
2039 Abieta-8,11,13-triene T ab 03 - 01 - 136178 50 08
2073 Methyl-(Z,Z,2)- FAD ab 15 - 01 - 11 - 08 -
-9,12,15-octadecatri-
enoate (syn. methyl
linolenate)
2083 (2)-9-Octadecencic FAD  ab - 06 - - 17 - 02 05
acid (syn. oleic acid)
2084  Methyl-(2)-9-octaa FAD ab 10 - 02 - - - 04 -
decenoate
(syn. methyl oleate)
2093 I soabienol T ab - - 36 12 - - - -
2100 Heneicosane FAD abc 22 04 - 04 02 - 05 01
2105 trans-Phytol T ab 52 07 40 08 79 - 38 09
2127 Methyl octadecanoate FAD ab 15 - 32 - 04 09 04 01
(syn. methy!| stearate)
2140  Ethyl (Z2)-912-0cc FAD ab 14 - 03 - 29 - 04 -
tadecadienoate (syn.
ethyl linoleate)
2145 Ethyl (2,2,2-912,15- FAD ab 05 - 03 - 44 - 02 -
-octadecatrienoate (syn.
ethyl linolenate)
2170 Thunbergol T ab - - - - 23 - 09 -
2178  Ethyl octadecanoaste FAD ab 02 - 02 - 15 - 04 -
2200 Docosane FAD abc 16 06 03 tr - - 06 02
2209 Sclareol T ab - - 0301 - 15 - -
2223 cis-Totarol T ab - - - 09 30 - - -
2270 Dehydroabietal T ab - - - - 35 - 09 -
2271 1-Eicosanol FAD ab 28 04 - - - - - -
2300 Tricosane FAD abc 55 18 38 05 66 - 176 14
2328 11-Methyltricosane  FAD  ab - - - - - = = 44
2338  Dehydroabietic acid T ab - - - - 28 - 14 12
methy| ester
2347 Dehydroabietol T ab - - - - 13 62 - -
2361 Butyl octadecanoate FAD ab - - 05 02 14 - 08 -
2378 Ethyl eicosanoate @ FAD ab 06 - tr - 04 - 21 -
2398 Labd-13(E)-en- T ab - - 143 - - - - -
-8a,15-diol
2400 Tetracosane FAD abc 10 06 tr - 09 - 08 05
2431 Methyl neoabietate T ab - - 03 96 02 - - -
2468 1-Docosanol FAD ab 12 04 - - - - - -
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TABLE I. Continued

S S S S

RI? Compounds” Class Method® germanica iva plumosa scardica

DE’ EA° DE EA DE EA DE EA
2500 Pentacosane FAD abc 36 25 06 08 12 26 13 14
2564  2-Methylpentacosane FAD ab 01 - - - - 132 - -
2573  3-Methylpentacosane FAD  ab - 03 - 15 - - - =
2576 Ethyl docosanoate = FAD ab - - - - 08 61 02 -
2700 Heptacosane FAD abc 49 72 29 53 43 277 43 50
2771 3-Methylheptacosane FAD ab 02 10 - 01 01 - - -
2800 Octacosane FAD abc 08 19 08 14 05 28 03 11
2808 Squalene T ab 08 11 01 02 02 - 05 16
2859 10-Demethylsgualene T ab 01 02 05 - 03 - 10 04
2900 Nonacosane FAD abc 170 369 180283 - 65 3.6 193
2934  10-Methylnonacosane FAD  ab - 27 - 120 - - - =
2973  3-Methylnonacosane FAD  ab - 03 - - - 32 - 06
3000 Triacontane FAD abc 06 21 - 21 - 36 80 59
3100 Hentriacontane FAD ab - 209 - 233 - — — 437
Total 96.4 88.8 98.1 93.2 91.9 96.7 97.5 94.7
Yield, % (w/w) 14 100 15 40 14 80 15 58

Grouped components

Terpenoids (T) 365 39 64.7 14.7 47.3 28.343.0 88
Monoterpene hydrocarbons - - tr 01 06 22 03 -
Oxygenated monoterpenes 04 - - - 25 - 01 -
Sesquiterpene hydrocarbons 65 - 60 tr 08 - 126 tr
Oxygenated sesquiterpenes 225 02 329 14 21 - 127 01
Diterpenes 6.0 24 252 13.0 40.8 26.1 15.7 65
Triterpenes 11 13 06 02 05 - 21 22
Fatty acid derived compounds 59.9 849 334 78.5 44.6 68.4 54.5 85.9
(FAD)
n-Alkanes 39.2 749 269 62.1 14.1 43.2 39.3 79.3
Branched alkanes 03 71 - 154 0.2 170 0.8 5.9
Alcoholes 40 08 - - - - - -
Aldehydes - - tr 01 05 - - 01
Fatty acids and fatty acid esters 104 17 64 09 283 7.0 138 0.6
Carotenoid derived compounds 60 04 01 - 13 - 03 -
Others (O) — — - - 02 12 03 -

#Components listed in order of elution from SPB-1 column (RI — experimentally determined retention indices
on the mentioned column by co-injection of a homologous series of n-alkanes Cg—Cs); bma’ or components are
given in Table | (components having relative abundances >1.0 % in at least one sample), while the other iden-
tified components (minor) can be found in Supplementary material (see Supplementary material for detail
composition on extracted volatiles); “a — constituent identified by retention index matching; b — constituent
identified by mass spectra comparison; ¢ — constituent identified by co-injection of an authentic sample; ddiethyl
ether extract; ®ethyl acetate extract; 'not detected; %race (<0.05 %); "synonym

As aready mentioned, an interesting feature of the extracts was the occur-
rence of branched alkanes, detected in relatively significant amounts in the EA
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extracts (from 5.9 to 17.0 %) and as minor constituents in the DE extract (from
0.2 to 0.4 %). Until now, branched alkanes were considered to have limited oc-
currence in the plant kingdom, and their distribution was assumed to be a charac-
teristic of evolutionary primitive and old higher plant taxa.30 However, it might
be just as possible that these compounds may be taken into account as common
constituents of epicuticular waxes of evolutionary and philogenetically more com-
plex plants, although present in lower amounts (distribution of long chain n-al-
kanes is dominant31). Publications dealing with other members of the Lamiaceae
family, i.e., Marrubium,32 Micromeria33 and Scutellaria,3* aso reported the
identification of branched alkenes among the components detected during analy-
ses of epidermal tissue hydrocarbons. This provides more reason to speculate and
employ this observation as a hypothesis for future work (extending analyzes to
related families).

An additional characteristic of the analyzed extracts was the ubiquitous pre-
sence of diterpenoids in all samples. Among the samples analysed, S. plumosa
contained the highest portion (DE 40.8 % and EA 26.1 %), while S, germanica
(DE 6 % and EA 2.4 %) had the smallest portion of the diterpene moieties de-
tected. The distribution of the extractable compounds within the diterpenoid
fraction was in favor of abietanes, labdanes and phytanes. Conservation of the
diterpenoid skeleton has proven to be useful in reflecting chemotaxonomic
features within the Lamiaceae family.3536 Concerning the taxonomical problems
within the Stachys genus and several papers dealing this matter,37-40 it might be
valuable to perceive if diterpenes (and if, which of the skeletal types is the most
prominent one) can be considered as biomarkers reflecting potential infrageneric
chemotaxonomic relations.

Comparing the composition of the obtained extracts (DE and EA, present
study) with previously published results for the essential oils?2 of the Stachys
species under study (collected from the same localities), it can be observed that
FAD constituents were present in high amounts in the extracts (Table 1), while
only in the oil of S germanica subsp. heldreichii were FADs identified (n-al-
kanes 0.2 %).

The results of the antimicrobia assay showed that the DE extracts of Sachys
inhibited the growth of al the tested bacteria (Table I1), but only S. plumosa ex-
hibited significant antimicrobial activity against the most persistent human patho-
gens E. coli, P. aeruginosa and S. aureus (comparable to antibiotics used as the
positive controls). The obtained results seem to be in agreement with the activity
that can be expected when referring to the chemical composition of the extracts,
since S. plumosa DE components (oxygenated [3.1.1] bicyclic (pinane type)
monoterpenoides cis/trans-verbenol, myrtenal, pinocarvone) have been shown to
act as good antimicrobial agents.41 However, concerning the hitherto reported
publications, diterpenes (identified in the present extracts in significant amounts,
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1356 LAZAREVIC et al.

Table 1) might be acting as antimicrobial agents in these plants as well.42:43
Labdane type diterpenes detected in the DE extracts of S. iva and S. plumosa, 13-
-epi-manoyl oxide (S plumosa DE, Table 1) and labd-13(E)-ene-8«,15-diol (S
iva DE, Table I), have been tested previously and found to possess significant
antimicrobial activity.#445 However, athough S iva contained significant amount
of labd-13(E)-ene-8a,15-diol (14.3 %), the activity of the extract was a selective
one and affected the growth of K. pneumoniae only. The EA extracts exhibited
no significant antimicrobial activity. The low activity could be correlated with
the high content of alkane fraction (alkanes are known as substances that are not
active against microorganisms).

The results of the total antioxidant capacity assay (Table I11) showed that the
extracts possessed antioxidant activity. The antioxidant capacity of the DE ex-
tracts was approximately ten times higher than the capacity of the EA extracts.
The values for the capacity of EA extracts were comparable for all species under
study, ranging between 4 and 5 umol g1 of the EA extracts (expressed as equi-
valents of a-tocopherol acetate, rounded numbers). The highest antioxidant capa-
city was measured for the DE extract of S. plumosa, and was approximately two
times higher than the activity of DE extracts of the other examined species (Table
I1). A previously published paper reported significant antioxidant activities for
the methanol extract of S plumosa (tested for its ferric reducing antioxidant
power assay, 1,1-diphenyl-2-picryl-hydrazyl free radical and OH radical sca
venging activity, and in lipid peroxidation assays), which were attributed to the
large amount of total phenolics in the methanol extract of the examined species
(reported in this paper as well).16 The value obtained in the total antioxidant
capacity assay for the DE extract of S plumosa (present work, no polyphenols
detected) indicates that apart from polyphenols, this species might be having other

TABLE Il. The total antioxidant capacity of the extracts of Sachys species from the Balkans
expressed as equivalents of o-tocopherol acetate (umol g of extract)

Antioxidant activity (the mean valuestSD

Sample of five experiments)
S iva
DE 38.1+0.35
EA 4.4+0.77
S germanica

DE 47.0+£0.31

EA 4.0+0.11
S plumosa

DE 75.3+1.94

EA 5.1+0.59
S scardica

DE 34.0+0.54

EA 4.9+0.51
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compound(s) that could act as antioxidant agent(s). However, due to the comple-
xity of the extract analyzed (more than 80 compounds detected), it seems diffi-
cult to explain which component of this complex mixture may be responsible for
the expressed activity.

CONCLUSIONS

The performed GC and GC/MS analyses enabled the identification of 179
components obtained from four Balkan endemic Sachys species (S germanica
subsp. heldreichii (Boiss) Hayek, S. iva Griseb.,, S plumosa Griseb. and S
scardica Griseb) extracts. Terpenoids (from 36.5 to 64.9 %) and fatty acid de-
rived-compounds (FADs from 33.4 to 59.9 %) were the main compound classes
detected among the extractable matter obtained when diethyl ether was used as
the extracting solvent. The main characteristic of the ethyl acetate extracts was
the prevalence of FADs (from 68.4 to 85.9 %), with its most dominant sub-
fraction represented by n- and branched alkanes. An additional characteristic of
the analyzed extracts was the presence of diterpenoids in all samples (from 40.8
to 2.4 %). The results of the antimicrobia assay showed that DE extracts of Sa-
chys inhibited the growth of all tested bacteria (S plumosa activity was compa-
rable to those of the antibiotics used as positive controls), while the activities of
the EA extracts could be considered weak. The results of the total antioxidant ca-
pacity assay showed that the studied species possessed antioxidant activity, which
was found to be the greatest in the case of the DE extract of S. plumosa.

In conclusion, the DE extract of S. plumosa exhibited good antimicrobial and
antioxidant activity and could be considered as a good candidate for raw material
phyto-preparations.

SUPPLEMENTARY MATERIAL

The yields of the dry extracts of plant material are available electronicaly
from http://www.shd.org.r/JSCS/, or from the corresponding author on request.
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M3BOJ

XEMUJCKH CACTAB, AHTUMHWKPOBHA 1 AHTUOKCUJAHTHA AKTUBHOCT
EKCTPAKATA OJABPAHUX BUJBHUX BPCTA POJIA Stachys

JEJIEHA C. JIA3BAPEBUR?, PAZIOCAB M. ITAJITRZ, HUKO C. PATYJIOBUR?,
HOBHUIIA P. PUCTUR® 1 TOPIIAHA C. CTOJAHOBUR?

100cex Dapmayuja, Meouyurcku akyaitieits, Yrnueepauitiei y Huuty, Bya. [p. 3opana Bunbuha 81, 18000 Huw,
200cex 3a Xemujy, lpupoono-maiiemaiiuuki (axyaimieim, Yuusepauiteid y Huuty, Buwezpadcka 33, 18000 Huw u
300cex 3a Xemujy, [Ipupoono-maitiemaitiuyxu axyaitiein, Ynusepauinein y [puwitiunu ca
ceouwitiem y Kocosckoj Muiiposuyu, Kocoscka Muitiposuya

):[I/ICTI/IJ'I-eTapCKI/I U CTWI-al€TaTHU CKCTPAKTH HAJA3EMHUX A€JI0Ba €HACMUYHUX OaJIKaHCKHX
oupHMX Bpcra, Stachys germanica ssp. heldreichii (Boiss) Hayek, Stachys iva Griseb., Stachys
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plumosa Griseb. u Stachys scardica Griseb, ananusupanu cy kombunammjom GC u GC/MS. V uc-
MMUTHBAaHUM €KCTPAaKTUMa MICHTU(PHKOBAHO je yKymHO 179 xommoHeHara, koje cy unHmie on 88,8
10 98,1 % excrpakara. ETapcku ekcTpakTy aHaIM3MpaHuX OUJbaka cajipyke BHCOK MPOLCHAT TepIie-
nouza (ox 36,5 10 64,7 %) u nepusara macuux kucenuna (ox 33,4 1o 59,9 %), 1ok cy ce eTu-ane-
TaTHY OJJIMKOBAJIM BUCOKHMM MPOIEHTOM JiepiBaTa MacHuX kuceiuHa (on 68,4 no 85,9 %). Auru-
MHUKpOOHA aKTHBHOCT JOOHjEHIX E€KCTpaKaTa UCIHTAaHa je TUCK AU(y3HOHOM METOJIOM KopucTtehu
nmabopaTopujcKu KOHTponucaHe cojeBe 6akrepuja (Staphylococcus aureus, Escherichia coli, Kleb-
siella pneumonia, Pseudomonas aeruginosa u Salmonella enteritidis) u rosuBuma (Aspergillus ni-
ger u Candida albicans). AHTHOKCHIaHTHH KamanuTeT ekcrpakara oapehen je pochomonndaeH-
cKoM MeTo/1oM. [IpenuMuHapHH pe3yarati in Vitro cpoBeaeHnx OHOTECTOBA yKa3yjy Ha 3HaYajHY
QHTUMHKPOOHY aKTHBHOCT M AHTHOKCHIAHTHH KallallUTET €TApCKOr eKCTpakra OusbHE BpcTe S
plumosa, Te 1a oBy GHIbHY BpcTy Tpeba y3eTH y 003up 3a Jajba HCIUTHBAKA y LUIbY NMPAKTHYHE
MPUMEHE.

(TMpumsbeno 3. jyna, pesuaunpasno 24. arycra 2010)

REFERENCES

D. J. Mabberly, The Plant Book, Cambridge University Press, Cambridge, 1997, p. 678
N. R. Diklic, in Flora of SR Serbia, M. Josifovi¢, Ed., SANU, Belgrade, 1974, p. 408 (in
Serbian)
3. H.D.Skaltsa, D. M. Lazari, |. B. Chinou, A. E. Loukis, Planta Med. 65 (1999) 255
4. E. Sezik, A. Bascaran, J. Fac. Pharm. 21 (1985) 98
5. A. Zargari, Medicinal Plants, Val. 4, Teheran University Publications, Teheran, 1990, p.
123
6. N. Maleki, A. Garjani, H. Nazemiyah, N. Nilfouroushan, A. T. Eftekhar Sadat, Z.
Allameh, N. Hasannia, J. Ethnopharmacol. 75 (2001) 213
7. K. Suk-Hyun, K. Dae-Keun, E. Dong-Ok, P. Jeong-Suk, L. Jong-Pil, K. Sang-Yong, S.
Hye-Young, K. Sang-Hyun, S. Tae-Y ong, Nat. Prod. ci. 9 (2003) 44
8. J. Yamahara, T. Kitani, H. Kobayashi, Y. Kawahara, Yakugaku Zasshi 110 (1990) 932 (in
Japanese)
9. G. Stamatis, P. Kyriazopoulos, S. Golegou, A. Basayannis, S. Skaltsas, H. Skaltsa, J.
Ethnopharmacol. 88 (2003) 175
10. S. Gruji¢-Jovanovi¢, H. D. Skaltsa, P. Marin, M. Sokovi¢, Flavour Fragrance J. 19
(2004) 139
11. A.l. Derkach, Rastitel’ nye Resursy 34 (1998) 57 (in Russian)
12. R. M. Pali¢, J. S. Lazarevi¢, G. S. Stojanovi¢, V. N. Randjelovi¢, J. Essent. Oil Res. 18
(2006) 290
13. M. Rabbani, S. E. Sgjjadi, H. R. Zarel, J. Ethnopharmacol. 89 (2003) 271
14. T. V. Zinchenko, G. N. Voitenko, G. N. Lipkan, Farmakol. Toksikol. 44 (1981) 191
15. K. Hayashi, T. Nagamatsu, M. Ito, H. Yagita, Y. Suzuki, Jpn. J. Pharmacol. 70 (1996)
157
16. J. Kuki¢, S. Petrovi¢, M. Niketi¢, Biol. Pharm. Bull. 29 (2006) 725
17. M. Couladis, O. Tzakou, E. Verykokidou, C. Harvala, Phytother. Res. 17 (2003) 194
18. D. Mantle, F. Eddeb, A. T. Pickering, J. Ethnopharmacol. 72 (2000) 47
19. F. Conforti, F. Menichini, C. Formisano, D. Rigano, F. Senatore, N. A. Arnold, F. Piozzi,
Food Chem. 116 (2009) 898
20. 21. 1. Kh. Pasechnik, Farmakol. Toksikol. 32 (1969) 575

NP

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

2010 Copyright (CC) SCS




21.
22.
23.
24.
25.

26.
27.

28.

29.

30.

3L

32.

33.

35.

36.

37.

38.

39.

Sachys EXTRACTS COMPOSITION AND BIOLOGICAL ACTIVITY 1359

I. Kh. Pasechnik, T. V. Zinchenko, M. A. Garbarets, V. Y. Gorodinskaya, Farma. Zhur.
26 (1971) 64 (in Russian)

N. Radulovié¢, J. Lazarevi¢, N. Risti¢, R. Pali¢, Biochem. Syst. Ecol. 35 (2007) 196

N. Risti¢, J. Lazarevi¢, N. Radulovi¢, R. Pali¢, Chem. Nat. Compd. 44 (2008) 522

H. D. Skaltsa, C. Demetzos, D. Lazari, M. Sokovic, Phytochemistry 64 (2003) 743

S. Petrovi¢, M. Risti¢, M. Milenkovi¢, J. Kukié, J. Anti¢ Stankovié, M. Niketi¢, Flavour
Fragrance J. 21 (2006) 250

H. Van Den Doal, P. D. Kratz, J. Chromatogr. 11 (1963) 463

R. P. Adams, Identification of Essential Oil Components by Gas Chromatography and
Mass Spectroscopy, Allured Publishing Corporation, Carol Stream, IL, 2007
Performance Standards for Antimicrobial Disk Susceptibility Test, 6" ed., National
Committee for Clinical Laboratory Standards, approved standard: P. A. Wayne, M100-
9, 1997

P. Prieto, M. Pineda, M. Aguilar, Anal. Biochem. 269 (1999) 337

N. S. Radulovi¢, P. D. Blagojevi¢, R. M. Pali¢, B. K. Zlatkovi¢, B. M. Stevanovi¢, J.
Serb. Chem. Soc. 74 (2009) 35

G. Eglington, R. J. Hamilton, Science 156 (1967) 1322

C. H. Brieskorn, K. Feilner, Phytochemistry 7 (1968) 485

C. Reddy, T. Elinton, R. Pali¢, B. Benitez-Nelson, G. Stojanovi¢, I. Pali¢, Org. Geochem.
31 (2000) 331

S. Yaghmai, M. H. Khayat, J. Chem. Chem. Eng. 9 (1987) 26

P. D. Cantino, in Advances in Labiatae Science, R. M. Harley, T. Reynolds, Eds., RBG
Kew, Richmond, UK, 1992, p. 27

P. D. Cantino, R. M. Harley, S. J. Wagstaff, in Advances in Labiatae Science, R. M.
Harley, T. Reynolds, Eds., RBG Kew, Richmond, UK, 1992, p. 511

H. Skaltsa, P. Georgakopoulos, D. Lazari, A. Karioti, J. Heilmann, O. Sticher, T. Cons-
tantinidis, Biochem. Syst. Ecol. 35 (2007) 317

P. D. Marin, R. J. Grayer, S. Gruji¢ Jovanovi¢, G. C. Kite, N. C. Veitch, Phytochemistry
65 (2004) 1247

H. D. Skaltsa, A. Mavrommati, T. Constantinidis, Phytochemistry 57 (2001) 235

F. A. Tomas Barberan, M. I. Gil, F. Ferreres, F. Tomas Lorente, Phytochemistry 31
(1992) 3097

. S. G. Griffin, S. G. Wyllie, J. L. Markham, D. N. Leach, Flavour Fragrance J. 14 (1999)

322

. M J Alcarez, S. G. Ochoa, M. J. Jimenez, S. Vaverde, A. Villar, Phytochemistry 28

(1989) 1267

M. Singh, M. Pal, R. P. Sharma, Planta Med. 65 (1999) 2

I. Chinou, C. Demetzos, C. Harvala, C. Roussakis, J. F. Verbigt, Planta Med. 60 (1994) 34
E. Kapoutzakis, I. Chinou, S. Mitaku, A. L. Skaltsounis, C. Harvala, Nat. Prod. Lett. 11
(1998) 173.

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

2010 Copyright (CC) SCS




Journal of
the Serbian
Chemical Society

%‘*muu s JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (10) S7-S12 (2010)

Supplementary material

SUPPLEMENTARY MATERIAL TO
Chemical composition and screening of the antimicrobial and
anti-oxidative activity of extracts of Stachys species

JELENA S. LAZAREVICY, RADOSAV M. PALIC% NIKO S. RADULOVIC?,
NOVICA R. RISTIC3 and GORDANA S. STOJANOVI(?

1Department of Pharmacy, Faculty of Medicine, University of Ni§, Bul. Dr Zorana Dindica
81, 18000 Ni§, 2Department of Chemistry, Faculty of Science and Mathematics, University
of Ni§, ViSegradska 33, 18000 Ni$ and 3Department of Chemistry, Faculty of Science and
Mathematics, University of Pri&tina, Kosovska Mitrovica, Serbia

J. Serb. Chem. Soc. 75 (10) (2010) 1347-1359

TABLE I-S. Chemical composition (%) of the extracts of four Stachys species

S S S S

RI2 Compound Class Method® germanica iva  plumosa scardica

DE° EA’ DE EA DE EA DE EA
841  2-Isopropyl-5-methylfuran O ab £ - - - - -
939 a-Thujene T ab - - - - 01 - tr -
a7 a-Pinene T ab,c - - - 010114 01 -
969 S-Thujene T ab - - - - 01 - 01 -
994 S-Myrcene T ab - - - - - - & =
996 [Pinene T ab,c - - tr tr 02 08 01 -
1051 1,8-Cineole T abec 01 - - - 01 - - -
1098 Terpinolene T ab - - - - 01 - - -
1110 o-Pinene epoxide T ab - - - - tr - - =
1113 1-Octen-3-yl acetate FAD ab - - - - tr - = =
1118 cis-Limonene oxide T ab - - - - 03 - tr -
1130 a-Campholenal T ab - - - - 01 - - -
1131 Nopinone T ab - - - - tr - - -
1140 Camphor T ab,c 03 - - - - - tr -
1144 trans-Pinocarveol T ab,c - - - - 03 - - -
1149 cis-Verbenol T ab,c - - - - 04 - 01 -
1154 Pinocarvone T ab,c - - - - 03 - - -
1158 trans-Verbenol T ab,c - - - - 01 - - -
1176 Myrtenal T ab,c - - - - 02 - - -
1185 Verbenone T ab,c - - - - 04 - - -
1192 3-Thujen-10-al T ab - - - - 01 - - -

* Corresponding author. E-mail: jelena217@yahoo.com
# Serbian Chemical Society member.
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TABLE I-S. Continued

S S S S

RI? Compound Class Method® germanica iva  plumosa scardica

DE® EA” DE EA DE EA DE EA
1236 Linalyl acetate T ab - - - - 01 - - -
1256 Bornyl acetate T ab,c - - - - 01 - - -
1319 Bicycloelemene T ab - - 01 - - - - =
1321 &-Elemene T ab - - - - - - 't -
1322  Dihydrocarveol acetate® T ab e ¢ -
1337 a-Cubebene T ab r - - - - - 02 -
1355 Cyclosativene T ab - - 02 - - - - =
1361 o-Y angene T ab — - - - - - 01 -
1367 a-Copaene T ab 05 - 09 - 01 - 03 -
1375 [S-Bourbonene T ab 22 - - - - = 02 -
1378 [Cubebene T ab - - - - = - 04 -
1380 Elemene T ab - - 02 - - - - -
1386  1,5-di-epi-p-Bourbonene T ab r - - - - - - -
1392 S-Longipinene T ab - - - - - - tr =
1395 Italicene T ab - - - - tr - - -
1401 o-Gurjunene T ab - - 01 - - - - =
1402 6-epi-o-Cubebene T ab - - - - = = tr =
1409 S-Caryophyllene T abc 07 - 09 tr 01 - 13 tr
1418 BCopaene T ab 02 - - - - = 02 -
1422 Caarene T ab - - - - - - 01 -
1429 Aromadendrene T ab - - - - - - 02 -
1432 I sogermacrene D T ab 62 - 01 - - - - -
1440 a-Humulene T ab,c - - 02 - 01 - 01 -
1448 cis-Muurola-4(15),5-diene T ab 03 - 01 - 01 - 01 -
1452 trans-#lonone-5,6-epoxide CR ab - - 01 - 01 - tr -
1454 (E)-f-Farnesene T ab 03 - tr - - - - -
1457 (E)-4lonone CR ab - - - - 02 - - -
1459  epi-(E)-f-Caryophyllene T ab - - 02 - - - - -
1459 »Muurolene T ab o6 - - - - - 20 -
1463 ar-Curcumene T ab - - - - 02 - - -
1464 Germacrene D T abc 15 - 03 - - - - -
1469 cis-fGuaiene T ab - - - - - - 02 -
1475 »Amorphene T ab - - - - - - 06 -
1476 epi-Cubebol T ab - - 04 - - - tr =
1482 Curcumene T ab r - - - - - - =
1491 y»Cadinene T ab - - - - = =20 -
1492 Cubebol T ab - - 09 - - - - -
1495 cis-Calamenene T ab - - - - - - tr -
1498 &-Cadinene T ab - - 27 - 02 - 14 -
1510 Dihydroactinidiolide =~ CR ab - - - - 03 - - =
1518 o-Calacorene T ab - - - - - = 07 -
1539 a-Agarofuran T ab - - - - - = 0501
1542 [Calacorene T ab - - - - - - 06 -
1554 1,8-Oxidocadin-4-ene T ab - - - - 01 - - -
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TABLE I-S. Continued

S S S S
RI? Compound Class Method® germanica iva  plumosa scardica
DE® EA” DE EA DE EA DE EA
1563 Spathulenol T ab,c 38 - 38 - - - 04 -
1571 Caryophyllene oxide T abc 43 - 36 01 07 - 31 -
1580 4(14)-Salviaen-1-one T ab 14 - - - - - 13 -
1583 Viridiflorol T ab 25 - 11 - - - - -
1587 S-Oplopenone T ab - - - - 04 - - -
1597 Humulene epoxide I T ab - - - - = = 05 -
1601 Copaborneol T ab - - 20 - - - - =
1603 epi-Marsupellol T ab - - - - - =01 -
1608 1,10-di-epi-Cubenol T ab - - - - —-— — 05 -
1623 | sospathulenol T ab - - - - = =19 -
1625 1-epi-Cubenol T ab - - 12 - - - - =
1632 10-epi-Italicen-4-one T ab - - - - = = 03 -
1637 Muurolol T ab 03 - 12 - 03 - 16 -
1651 a-Cadinol T ab 05 - - - 02 - 21 -
1660 104-Hydroxy-cis- T ab - - - - 01 - - -
-calamenene
1665 100-Hydroxy-cis- T ab - - - - 01 - 04 -
calamenene
1669 Vaeranone T ab 21 - 1401 - - - -
1675 3-Ox0- a-damascone CR ab - - - - 02 - - -
1678 Cadaene T ab - - - - - =19 -
1687 Germacraf_4(15),5,10(14)- T ab - - 02 - - - - =
-trien-1-al
1690 2,3-Dihydrofarnesol T ab - - 07 - - - = =
1692 3-Hydroxy-5,6-epoxy- CR ab 15 - - - 05 - - -
-ionone
1714 (2E,6E)-Farnesol T ab - - 03 - - - - =
1731 7,8-Dihydro-3-oxo-a-ionol CR ab 10 - - - - - 03 -
1766  Methyl (2E,6E)-farnesate T ab o5 - - - - - - -
1779 (2)-7-Hexadecenal FAD ab - - tr - 01 - - -
1785 (E)-7-Hexadecena FAD ab - - - -01 - - -
1794 Antracene (0] ab - - - - 02 - 03 -
1803 (2Z,6E)-Farnesyl acetate T ab - - 01 - 01 - - -
1823 Hexadecanal FAD ab - - - - 03 - - -
1844  Neophytadiene, isomer| T ab - 11 14 03 27 06 26 28
1845 Hexahydrofarnesylacetone CR ab 3 - - - - - - -
1865 Neophytadiene, isomer Il T ab - 02 01 - 03 - 0302
1869 (E)-Nuciferyl acetate T ab o8 - 02 - - - - -
1880 Neophytadiene, isomer 11l T ab 05 04 05 01 06 - 05 06
1890 (2)-Nuciferyl propionate T ab - - 01 - - - - =
1900 Nonadecane FAD abc 12 - 03 - 01 - 02 -
1902 Farnesy! acetone CR ab - 04 - - - - - =
1905 I sopimara-8,15-diene T ab - - - - 02 - - =
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TABLE I-S. Continued

S S S S
RI2 Compound Class Method® germanica iva  plumosa scardica
DE° EA° DE EA DE EA DE EA
Methyl hexadecanoate FAD ab 12 02 01 - 03 - 05 -

1910 (syn." methyl palmitate)
1922 Cembrene T ab - - 02 - - - - =
1929 1-Methylphenanthrene O ab - - - - =12 - -
1940 Isophytol T ab - - - - tr - 03 -
1944  (Z2)-Nuciferyl isobutyrate T ab 45 02 15312 01 - - -
1965 Labda-7,13(16),14-triene T ab - - 02 - - - - -
1968 n-Hexadecanoicacid FAD ab,c - - - - 60 - - -
1979 Ethyl hexadecanoate =~ FAD ab 1.7 01 03 - 61 - 48 -
(syn. Ethyl palmitate)
2000 Eicosane FAD abc 05 - - - - - 19 -
2001 Octadecanal FAD ab - - - 01 - - - 01
(syn. stearaldehyde)
2007 13-epi-Manoy! oxide T ab - - - - 24 - - -
2013 Methyl heptadecanoate FAD  ab - - 01 - - - 09 -
2039 Abieta-8,11,13-triene T ab 03 - 01 - 136178 5.0 08
2054  (2)-Nuciferyl isovalerate T ab o9 - 04 - - - - -
Methyl-(Z2,2,2)-9,12,15- FAD ab 15 - 01 - 11 - 08 -
2073 -octadecatrienoate
(syn. methyl linolenate)
(2)-Nuciferyl T ab o9 - 01 - - - - -
2076 2-methylbutyrate
Methyl-(Z,2)-9,12-octa= FAD ab - 04 - - - - - =
2079 decanoate
(syn. methy! linoleate)
2083 (2)-9-Octadecenocic acid FAD ab - 06 - - 17 - 02 05
(syn. Oleic acid)
2084 Methyl-(2)-9-octade- FAD ab 10 - 02 - - - 04 -
cenoate (syn. methyl oleate)
2093 | soabienol T ab - - 3612 - - - -
2100 Heneicosane FAD abc 22 04 - 04 02 - 05 01
2105 trans-Phytol T ab 52 07 40 08 79 - 38 09
2197 Methyl octadecanoate = FAD ab 15 - 32 - 04 09 04 01
(syn. Methyl stearate)
Ethyl (Z,2)-9,12-octa= FAD ab 14 - 03 - 29 - 04 -
2140 decadienoate
(syn. ethyl linoleate)
Ethyl (2,2,2)-9,12,15-0c- FAD ab 05 - 03 - 44 - 02 -
2145 tadecatrienoate
(syn. ethyl linolenate)
2151 Ethyl (2)-9-octadecencate FAD  ab 08 04 06 04 - - 02 -
(syn. ethyl oleate)
2170 Thunbergol T ab - - - =23 - 09 -
2170 Abieta-8(14),13(15)-diene T ab - - 02 - - - - -
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TABLE I-S. Continued

S S S S
RI? Compound Class Method® germanica iva  plumosa scardica
DE° EA’ DE EA DE EA DE EA
2178 Ethyl octadecanocate = FAD ab 02 - 02 - 15 - 04 -
2200 Docosane FAD ab,c 16 06 03 tr - - 06 02
2209 Sclareol T ab - - 0301 - 15 - -
2223 cis-Totarol T ab - - - 0930 - - -
2266 2-Methyldocosane FAD ab - 07 - - - - - =
2270 Dehydroabietal T ab - - - - 35 - 09 -
2271 1-Eicosanol FAD ab 28 04 - - — - - -
2274 3- Methyldocosane FAD ab - - - 04 - - - -
2300 Tricosane FAD ab.c 55 18 38 05 66 - 176 14
2328 11-Methyltricosane  FAD  ab - - - - = = = 44
o-Eicosanolactone FAD ab - - 050307 - 07 -
2329

(syn. meadowlactone)

2338 Dehydroabietic acid T ab - - - - 28 - 14 12
methy| ester

2347 Dehydroabietol T ab - - - - 1362 - -
2361 Butyl octadecanoate = FAD ab - - 050214 - 08 -
2365 2-Methyltricosane FAD ab - 02 - - - - - =
2378 Ethyl eicosanoate FAD ab o6 - tr - 04 - 21 -
2398 Labd-13(E)-en-8a,15-diol T ab - - 143 - - - - -
2400 Tetracosane FAD ab,c 10 06 tr - 09 - 0.8 05
2408 Methyl heneicosanoate FAD ab - - - - 06 - 05 -
2431 Methyl neoabietate T ab - - 039602 - - -
2465 2-Methyltetracosane  FAD  ab - - - 07 - - 0403
2468 1-Docosanol FAD ab 12 04 - - - - - -
2474 3-Methyltetracosane  FAD ab - 03 - - - - - -
2500 Pentacosane FAD ab,c 36 25 06 08 12 26 13 14
2544 Tricosanoic acid FAD ab - - - - - - 03 -
2564 2-Methylpentacosane FAD  ab 1T - - - - 132 - -
2573 3-Methylpentacosane FAD  ab - 03 - 15 - - - -
2576 Ethyl docosanoate FAD ab - - - - 086102 -
2600 Hexacosane FAD ab.c 03 - 02 - 03 - 02 07
2615  3,7-Dimethylpentacosane FAD ab - 01 - - - - - -
2636 10-Methylhexacosane FAD ab - - - — — — — 06
2664 2-Methylhexacosane FAD  ab - - - =01 - 04 -
2,6,10,15,19,23-Hexa- T ab 62 - - - - — 06 02

2667 methyltetracosane

(squalane)

2674 3-Methylhexacosane  FAD ab - 05 - - - - - -
2700 Heptacosane FAD ab,c 49 72 29 53 43 277 43 50
2771 3-Methylheptacosane FAD  ab 02 10 - 0101 - - -
2800 Octacosane FAD ab,c 08 19 08 14 05 28 03 11
2808 Squalene T ab 08 11 01 02 02 - 05 16
2835 10-Methyloctacosane  FAD ab - 02 - - - - - -
2864 2-Methyloctacosane FAD ab - 04 - 07 - - - -
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TABLE I-S. Continued

S S S S

Compound Class Method® germanica iva  plumosa scardica

DE° EA’ DE EA DE EA DE EA
2859 10-Demethylsqualene T ab 01 02 05 - 03 - 10 04
2900 Nonacosane FAD ab,c 170 369 180283 — 6.5 3.6 19.3
2934 10-Methylnonacosane FAD  ab - 27 - 120 - - - -
2973 3-Methylnonacosane FAD  ab - 03 - - - 32 - 06
3000 Triacontane FAD abc 06 21 - 21 - 36 80 59
3033 10-Methyltriacontane  FAD ab - 03 - - - 05 - -
3038 3,7,15-Trimethyl- FAD ab - 01 - - - 01 - -

nonacosane

3100 Hentriacontane FAD ab - 209 - 233 - - — 437
Total 96.4 88.8 98.193.291.9 96.7 97.594.7
Yield, mass % 14 100 15 40 14 80 15 58
Grouped components
Terpenoids (T) 36.5 39 64.714.747.328.343.0 88
Monoterpene hydrocarbons - - tr 01 06 22 03 -
Oxygenated monoterpenes o4 - - - 25 - 01 -
Sesquiterpene hydrocarbons 65 - 60 tr 08 — 126 tr
Oxygenated sesquiterpenes 225 02 32914 21 - 127 0.1
Diterpenes 6.0 24 25213.040.826.115.7 6.5
Triterpenes 11 13 06 02 05 - 21 22
Fatty acid derived compounds 59.9 849 33.478.544.6 68.454585.9
(FAD)
n-Alkanes 39.2 74.9 26.962.114.143.239.379.3
Branched alkanes 03 71 - 154 02 17.0 0.8 5.9
Alcohols 40 08 - - - - - -
Aldehydes - - tr 0105 - - 01
Fatty acids and fatty acid esters 104 17 64 0.9 283 7.0 13.8 0.6
Carotenoid derived compounds 60 04 01 - 13 - 03 -
Others (O) - - - - 0212 03 -

aComponents listed in order of elution from an SPB-1 column (Rl — experimentally determined retention indices
on the mentioned column by co-injection of a homologous series of n-alkanes Cg—Cs)); ba— constituent identi-
fied by retention index matching; b — constituent identified by mass spectra comparison; ¢ — constituent identi-
fied by co-injection of an authentic sample; Cdiethyl ether extract; dethyl acetate extract; “not detected; ftra(:e
(<0.05 %); Ycorrect stereoisomer not determined; synonym
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Abstract: In order to characterize the essential oils of leaves and inflorescences,
water distilled volatile oils of hydroponically grown Ocimum basilicumL. were
analyzed by GC/EI-MS. Fifty components were identified in the inflorescence
and leaf essential oils of the basil plants, accounting for 98.8 and 99.9 % of the
total quantified components respectively. Phenylpropanoids (37.7 % for the
inflorescence vs. 58.3 % for the leaves) were the predominant class of oil cons-
tituents, followed by sesquiterpenes (33.3 vs. 19.4 %) and monoterpenes (27.7
vs. 22.1 %). Of the monoterpenoid compounds, oxygenated monoterpenes
(25.2 vs. 18.9 %) were the main subclass. Sesquiterpene hydrocarbons (25 vs.
15.9 %) were the main subclass of sesquiterpencidal compounds. Methyl cha-
vicol, a phenylpropane derivative, (37.2 vs. 56.7 %) was the principle com-
ponent of both organ oils, with up to 38 and 57 % of the tota identified
components of the inflorescence and leaf essentia oils, respectively. Linalool
(21.1 vs. 13.1 %) was the second common major component followed by a-
cadinol (6.1 vs. 3 %), germacrene D (6.1 vs. 2.7 %) and 1,8-cineole (2.4 vs. 3.5
%). There were significant quantitative but very small qualitative differences
between the two oails. In total, considering the previous reports, it seems that
essential oil composition of hydroponically grown O. basilicum L. had volatile
constituents comparable with field grown counterparts, probably with potential
applicability in the pharmaceutical and food industries.

Keywords: Ocimum basilicum L.; Lamiaceae; essentia oil; hydroponic; methyl
chavicol; linalool.

INTRODUCTION

Hydroponics, the method of growing plants without soil, has long been the
subject of much public interest in most parts of the world.1 This method of plant

* Corresponding author. E-mail: hassanpouraghdam@gmail.com
doi: 10.2298/JSC100311113H
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production is an efficient aternative for countries short on water supply and li-
mited in agricultural soil. Furthermore, in the last three decades, hydroponic cul-
ture has been employed as an economic and environmentally viable means for
the mass production of vegetables and potting and/or cut flowers in most parts of
the world.1 Hydroponic production of medicina and aromatic plantsis a new trend
in agricultural systems, particularly in organic and intensive agriculture.24 High
yields, cleaner and off-season production, balanced nutrient availability, adequate
aeration and high water use efficiency have been defined as the main advantages
of hydroponics production systems.2—6

Common basil (Ocimum basilicum L.), a herbaceous annual fragrant herb,
belongs to the Lamiaceae family.”8 Basil is a cosmopolitan herb and aromatic
plant with abundant applications in pharmaceutical, food and fragrance Indus-
tries.89 In Iran, basil is a herb with great use in food products and gastronomy.®
Furthermore, basil production occupieslarge areas of land, especially near crowded
cities. Hydroponic production is a competent alternative for contending with the
high demands for this crop.

Pharmaceutically, this plant and its preparations have been used for a long
time as immunostimulant, sedative, hypnotic, local anesthetic, anticonvulsant, di-
uretic, carminative, galactogogue, stomachic, spasmodic and vermifuge pur-
poses.’10-15 Additionally, several biological activities have been reported for its
secondary metabolites, such as nematicidal, fungistatic, antifungal, insecticidal,
pesticidal, antiviral, insect repellent and antioxidant.10.11,13,14 Owing to afore-
mentioned biological and healing activities, sweet basil plant and its preparations
have been used to treat nausea, dysentery, mental fatigue, cold, rhinitis, increased
plasmalipid content, soothe the nerves and as afirst aid treatment for wasp stings
and snake bites,10.13-15

The chemical analysis of basil essential oil has been investigated since the
1930s.16 Lawrencel’ reported that the main components of basil volatile oil are
synthesized via two distinct biochemical pathways, i.e., the shikimic acid path-
way leading to phenylpropane derivatives and the mevalonic acid pathway |ead-
ing to terpenoid compounds. A substantial number of studies conducted on the
composition of the essential oil of basil revealed a huge diversity in the consti-
tuents of its oil with different chemotypes from many regions of the world. Es-
tragol, linalool, methyl eugenol, geraniol, methyl cinnamate, bergamotene, a-cu-
bebene, germacrene D, -elemene, 1,8-cineole, methyl cinnamate, a-cadinol and
limonene are considered as the main constituents and chemotypes of basil from
different parts of the world.10-1518-27 As mentioned above, there are several re-
ports on the composition of the volatile oil of wild and field grown basil. In are-
cent study, menthone and estragol were reported to be major components of field
grown basil plants from Iran.® However, to the best of our knowledge, there is
scarce information on the chemical composition of the volatile oil of hydroponi-

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

2010 Copyright (CC) SCS




ESSENTIAL OIL COMPOSITION OF Ocimum basilicum L. 1363

cally grown O. basilicum. The objective of the present study was to compara
tively characterize the composition of leaves and inflorescence essential oil of
hydroponically grown O. basilicum L. plant from Iran.

EXPERIMENTAL

This experiment was conducted at the Research Greenhouse of Horticultural Sciences
Department, Tabriz University, Iran, during spring—summer of 2009.

Plant material

Seeds of a native O. basilicum L. plants were directly sowed in 5 L pots. During the
germination period and first two weeks of plantlet growth, they were irrigated with tap water.
A quarter-strength modified Hoagland nutrient solution was used for regular irrigation of the
plants for the following two weeks. Then after, the established plants were daily irrigated with
half-strength Hoagland solution until harvest time. The pH and EC of the nutrient solution
were adjusted to 6-6.5 and 2 dS mr! using H,SO, or KOH and water, respectively.24

This experiment was realized in a one-layer polyethylene covered greenhouse at ambient
temperature, humidity and light intensity, i.e., 15-30 °C, 40-50 % and 500 pmol m?2 s,
respectively. The pots were regularly watered with tap water in 10-day intervals for pre-
vention of salinity accumulation in the growing media.2 The aerial parts of 30 plants (3 plants
per each pot, equally distanced for optimum light interception) were harvested at the flowering
stage, dissected to leaves and inflorescences and dried at room temperature for 4-5 days.

Volatile oil extraction

Pooled samples (50 g) of air-dried powdered plant materials (inflorescence and leaves)
were extracted by the hydrodistillation technique for 3 h in an al-glass Clevenger type
apparatus. The extracted crude essentia oils were dried over anhydrous sodium sulfate and
stored in hermetically sealed glass flasks with a rubber lid, covered with auminum foil to
protect the contents from the light and air conversion and kept in a refrigerator at 4 °C until
analysis.

Instrumentation

A GC/MS instrument (Agilent 6890N GC and Agilent 5973 mass selective detector
operating in the EI mode, USA) was used for the volatile oil analysis. Ultra pure helium
(99.99 %, Air Products, UK) passed through a molecular sieve trap and an oxygen trap
(Chromatography Research Supplies, USA) was used as the carrier gas at a constant velocity
of 1 ml min'l. The injection port was held at 300 °C and used in the split mode; split ratio
1:100, volume injected: 5 ul of the pure volatile oil. The detector temperature was 200 °C.
Separation was realized on an apolar HPSMS (5 %-phenyl methyl poly siloxane; 30 mx0.25
mm i.d. and 0.25 pum film thickness) capillary column (Hewllet-Packard, USA). The oven
temperature was programmed as follows: 50 °C (held 2 min), raised to 110 °C at arate of 10
°C min'1, then heated to 200 °C at arate of 10 °C/min and finally increased to 280 °C at 20 °C
min1, isothermal at this temperature for 2 min. The mass operating parameters were as fol-
lows:. ionization potential: 70 eV, interface temperature: 200 °C and acquisition mass range:
50-800.

Identification and quantification of volatile oil components

The relative percentage amounts of the volatile oil constituents were evaluated from the
total peak area (TIC) using instrument software. The components of the essential oil were
identified by comparing their mass spectral fragmentation patterns with those of similar
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compounds from the NIST and WILEY library databases, as well as by comparing their
K ovats gas chromatographic retention indices with those of the literature.10-15.18-28

RESULTS AND DISCUSSION

The hydrodistillation of the inflorescence and leaves of O. basilicum L. gave
paleyellow ligquids with ayield of 0.6 and 0.5 (v/w) based on the dry weight. The
chemical composition of the studied oils, their retention indices, molecular for-
mulae and percentage composition are presented in Table I. The main classes and
subclasses of the identified components are reported in Table Il as well. Fifty
components were identified in the essential oil of inflorescence and leaves of
hydroponically grown O. basilicum, accounting for 98.8 and 99.9 % of total iden-
tified components, respectively (Tables | and I1). Phenylpropanoids were the main
class of constituents with methyl chavicol (37.2 % in the inflorescence vs. 56.7 %
in leaves) as their main representatives (Tables | and I1). Sesguiterpenoids (33.3
vs. 19.4 %) were characterized as the second major class of volatile components
and then monoterpenoids (27.7 vs. 22.1 %). Sesquiterpene hydrocarbons (25 vs.
15.9 %) were assigned as the main subclass of the volatile oil components (Table
I1). Another major subclass of components was oxygenated monoterpenes (25.2
vs. 18.9 %). Monoterpene hydrocarbons and oxygenated sesquiterpenes had a mi-
nor share in the essential oil profile (Table I1). Considering the main classes and
subclasses, there were quantitative differences between the leaves and inflores-
cence essential oil. In light of the mgjor class of volatile oil components, i.e.,
phenylpropanoids, the leaf essential oil was superior to the inflorescence essen-
tial oil (Table Il). Contrarily, the inflorescence essential oil was richer in sesqui-
terpenoids subclasses and oxygenated monoterpenes (Table I1). Methyl chavicol,
a phenylpropanoid pathway product, was the principal common constituent of
both organs cils. Linalool, a highly appreciated oxygenated monoterpene, (21.1
vs. 13.1 %) was ranked as the second most abundant common component (Table
1). a-Cadinol (6.1 vs. 3 %), germacrene D (6.1 vs. 2.7 %), 1,8-cineole (2.4 vs. 3.5
%), y-cadinene (2.5 vs. 2 %), a-(2)-bergamotene (1.8 vs. 2.6 %), bicyclogermac-
rene (1.8 vs. 1.4 %), (E)-Sfarnesene (1.7 vs. 1.6 %), (E)-caryophyllene (1.4 vs.
1.0 %) and camphor (1.1 vs. 1.1 %) were the other common components of the
oils (Table l). a-Guaiene (5.4 vs. 0.4 %) and f-elemene (2.1 vs. 0.7 %) were de-
fined as two other common components with superiority of the inflorescence ail.
(E)-/-Ocimene (0.9 vs. 1.2 %) and eugenol (0.3 vs. 1 %) were common com-
ponents with higher amountsin the leaf oil than in the inflorescence oil (Table).
Spathulenol (1.3 %) and a-bulnesene (1.2 %) were constituents exclusive to the
inflorescences and leaves, respectively (Tablel). From chemical standpoint, alco-
hols were the highlighted components of both oils with notable amounts of lina-
lool and a-cadinol. Taking into account the major volatile oil constituents, there
was a significant quantitative but no strong qualitative difference between the
two ails.
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TABLE I. Chemical composition of the essential oil of hydroponically grown O. basilicum L.
(compounds are reported according to their elution order on a non-polar column)

No. Compound RI Molecular formula Peak area, %
Inflorescence Leaves

1 a-Pinene 0939 CioHis 0.1 0.2
2 Camphene 0954 CioHis 0.1 0.1
3 Sabinene 0975 CioHis 0.1 0.1
4 S-Pinene 0979 CioHss 0.4 0.6
5 Myrcene 0991 C10H16 0.3 0.7
6 a-Terpi nene 1017 ClOH 16 —_ O l
7 Limonene 1029 CioH1s 0.2 -
8 1,8-Cineole 1031 CyoH1g0 24 35
9 (2)-p-Ocimene 1037 CioHis - 0.1
10 (E)-B-Ocimene 1050 CioHss 0.9 12
11 y-TerpI nene 1060 CioH16 0.1 0.1
12 (Z)-Sabinene hydrate 1070 CyoH10 - 0.1
13 Fenchone 1087 CioH160 - 0.8
14 Terpinolene 1089 CioH16 0.3 -
15 Linalool 1097 CyoH1g0 21.1 131
16 Camphor 1146 CyoH160 11 11
17 Borneol 1169 CyoH10 0.4 0.2
18 Terpinene-4-ol 1177 CyoH1gO 0.1 0.1
19 Methyl chavicol 1196 CyoH1,0 37.2 56.7
20 Geraniol 1253 CioH1s0 0.1 -
21 a-Cubebene 1351 CisHos 0.1 0.8
22 Eugenol 1359 CioH1,0, 0.3 1
23 o- Copw"e 1377 C15H24 0.4 0.2
24 B-Bourbonene 1388 CisHag - 0.1
25 f-Cubebene 1388 CisHoa - 0.5
26 [S-Elemene 1391 CisHos 21 0.7
27 Methyl eugenol 1404 Ci1H140, 0.2 0.6
28 a-Cedrene 1412 CisHos 0.1 -
29 o-(2)-Bergamotene 1413 CisHoa 18 2.6
30 (E)-Caryophyllene 1419 CisHog 14 1
31 a-Guaiene 1440 CisHoa 5.4 0.4
32  Aromadendrene 1441 CisHos 0.3 0.1
33 (E)-p-Farnesene 1457 CisHos 17 1.6
34 Germacrene D 1485 CisHoa 6.1 2.7
35 B-Selinene 1490 CisHos 0.2 -
36 a-Zingiberene 1494 CisHos 0.3 -
37 Bicyclogermacrene 1500 CisHoa 18 14
38 a-Bulnesene 1510 CisHos - 1.2
39 y-Cadinene 1514 CisHos 25 2
40 &-Cadinene 1523 CisHos 0.7 0.1
41 (2)-Nerolidol 1533 CisH260 0.2 0.1
42 OC-Cmi nene 1539 C15H24 0.1 0.1
43 (2)-Cadlamenene 1540 CisHy, — 0.4
44 Spathulenol 1578 CisH20 13 -
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TABLE I. Continued

No. Compound RI Molecular formula Peak area, %
Inflorescence Leaves
45 Caryophyllene oxide 1583 CisH20 0.1 0.1
46 Alloaromadendrene 1641 CisH,,0 - 0.1
47 S-Eudesmol 1651 CisHx0 0.3 0.1
48 a-Cadinol 1654 CisH»0O 6.1 3
49 a-Bisabolol 1686 CisH»0O 0.3 0.1
50 Phytol 1943 CyoH4O 0.1 0.1
Total — — 98.8 99.9

Comparison of the volatile constituents of hydroponically grown O. basili-
cum with data published on the oil composition of this plant from wild habitats
and field and open-air grown plants shows that there are some qualitative and
quantitative discrepancy and/or similarity between the essentia oil profiles of
different plant production systems.10-14,18-27 Moreover, there was a significant
difference between the chemical profile of our present and previous work on field
grown basil plants, when menthone and estragole were identified as the principal
volatile oil components.®

TABLE II. Main classes and subclasses of hydroponically grown Ocimum basilicum L. es-
sential oil constituents

Class and subclass of compounds Content, %
Inflorescence Leaves

Monoterpenoids 27.7 221
Monoterpene hydrocarbons 25 32
Oxygenated monoterpenes 25.2 18.9
Sesquiterpenoids 333 194
Sesquiterpene hydrocarbons 25 159
Oxygenated sesquiterpenes 8.3 35
Phenylpropanoids 37.7 58.3
Total identified 98.8 99.9

Overall, regarding the major essential oil components of the present study
and reports of other scientists from elsewhere, it seems that the hydroponic pro-
duction system has potentia application for basil production. Furthermore, the
acceptable volatile oil content along with volatile il richness in methyl chavicol
and linalool make the studied oil worthy of consideration in commercial markets.
The minor chemical variations from different plant origins and production sys-
tems seems to be due to the impact of divergent climatological and geographical
conditions (light quality and quantity, soil characteristics, water and nutrient
(subspecies, natural hybridization and chemovariety), diverse growing conditions
(wild habitats, common greenhouse production and different soil-less culture sys-
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tems) as well as agronomic parameters (fertilization, irrigation regime and weed
control). Those different variables dependently modify the assimilation capacity
and hence interactive relationship between primary and secondary metabolism of
aromatic plants in favor of the biosynthesis and accumulation of distinct volatile
components.

CONCLUSIONS

The essential oil content and composition of hydroponically grown O. basili-
cum L. were comparable with those of previously reported wild and cultivated
plants. In conclusion, the hydroponics system can be a promising production me-
thod for the yearly growth of this phenylpropane- and monoterpene-rich plant in
order to satisfy the high demands of the pharmaceutical, fragrance and food in-
dustries.

U3BOA

CACTAB ETAPCKOTI" YJbA IBACTU U JINCTOBA BOCHUJBKA
I'AJEHOTI" XUAPOIIOHUYHO

M. B. HASSANPOURAGHDAMY, G. R. GOHARI?, S. J. TABATABAEI® u M. R. DADPOUR?
1Department of Horticultural Sciences, Faculty of Agriculture, University of Maragheh, Maragheh

55181-83111 u 2Department of Horticultural Sciences, Faculty of Agriculture,
University of Tabriz, Tabriz 51666, Iran

OpnpehuBan je cacTaB eTapcKOr yJba JMCTa U LBACTH XHUAPOIIOHWYHO rajeHor cocuibka Oci-
mum basilicum L. meronom necrunanuje Bogenom napom u GC/EI-MS. Unentudukosano je meje-
CeT cacTojaka koju cy unHmwM ykynHo 98,8 % canpikaja yiea nBacth, ogaocHo 99,9 % yipa nmcra.
Oenmnnponanonan (37,7 % yipa usactu u 58,3 % ysba nucTa) YrHEe JOMHHAHTHY KIACy jeHEbe-
wa, a 3atum crene ceckButeprenu (33,3 u 19,4 %) u monorepnenn (27,7 u 22,1 %). Ox mMoHo-
TEpIICHa, jeIibCiha Ca KUCEOHUKOM Cy IJIaBHa notkiaca (25,2 u 18,9 %). Yrisosomonuiwm (25,0 u
15,9 %) cy uMHMIH ITIaBHY MOTKJIACY CECKBHTEPIICHCKUX jeAnbeba. MEeTHII-4aBUKOI, 1epuBart de-
Huinponana, (37,2 u 56,7 %) ocHoBHH je cacrojak 00a yJba, ynHehu 38,0 % yssa nsactu u 57,0 %
ysba sucra. Jlunanon (21,1 u 13,1 %), a-xamunon (6,1 u 3,0 %), repmakpen D (6,1 u 2,7 %) u 1,8-
-uuneon (2,4 u 3,5 %) cy, takohe, Meljy OCHOBHMM cacTojiuMa yJba. 3HaYajHa je KBAaHTHTATHBHA,
ay HEe U KBAJMTATHBHA pasiuka m3Mely eTtapckux ysba jiBa OGujbHa oprana. CactaB €TapcKoOr yJba
XHIPOTIOHNYHO rajeror 6ocuibka O. basilicum L. je cnmuan cacraBy yjba OHIBKE TajeHe Ha 3eMIbH,
IITO MOKe OUTH 071 3Hauaja 3a GapMaleyTCcKy U npexpamMOeHy HHAYCTPHU]Y.

(Mpumsbero 11. mapra, pesugupano 30. anpuna 2010)
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Abstract: A new series of complexes was synthesized by template condensation
of malonyl dihydrazide and glyoxa in methanolic medium in the presence of
divalent cobalt, nickel, copper, zinc and cadmium salts, whereby complexes of
the type: [M(CsHgN4O2)X5] where M = Co(ll), Ni(ll), Cu(ll), Zn(l1) and
Cd(ll), and X = ClI, NO3 and OAc, were formed. The complexes were cha-
racterized with the aid of elemental analyses, conductance measurements, mag-
netic susceptibility measurements, and electronic, NMR and infrared spectral
studies. Based on these studies, a six coordinate octahedral geometry is pro-
posed for these complexes. The complexes were tested for their in vitro anti-
bacteria and antifunga activities. The minimum inhibitory concentration shown
by complexes was compared with that of standard drugs.

Keywords. antibacterial; antifungal; macrocyclic complexes; minimum inhibi-
tory concentration.

INTRODUCTION

During the past few decades, a great deal of interest has been devoted to mac-
rocyclic complexes containing oxygen and nitrogen atoms. Macrocyclic com-
plexes are of great interest due to their resemblance to naturally occurring mac-
rocycles and analytical, industrial and medical applications.1=6 Macrocyclic me-
tal complexes of lanthanides, e.g. Gd(Ill), are used as MRI contrast agents.’
Macrocyclic metal chelating agents (DOTA) are useful for detecting tumour le-
sions.® The chemistry of macrocyclic complexes is also important due to their use
as dyes and pigments,® as well as NMR shift reagents.10 Additionally, some mac-
rocyclic complexes have been found to exhibit potential antibacterial activities.11
Prompted by these applications, in the present paper, the syntheses of macrocyc-
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1370 SINGH etal.

lic complexes of Co(Il), Ni(Il), Cu(ll), Zn(ll) and Cd(Il) obtained by template
condensation reaction of malonyl dihydrazide and glyoxal are reported. The com-
plexes were characterized with the aid of IR, NMR and electronic spectral stu-
dies, and magnetic susceptibilities, elemental analysis and molar conductance mea-
surements. These complexes were also tested for their in vitro antibacterial and
antifungal activities.

EXPERIMENTAL
Isolation of the complexes

The complexes were synthesized by the template method, i.e., by condensation of ma-
lonyl dihydrazide and glyoxa in the presence of a divalent metal salt. To a hot stirred me-
thanolic solution (=50 mL) of malonyl dihydrazide (10 mmol ) was added a divalent cobalt,
nickel, copper, zinc or cadmium salt (Cl-, NOz", CH3COO") (10 mmol) dissolved in the mini-
mum quantity of methanol (=20 mL). The resulting solution was boiled under reflux for 0.5 h.
Subsequently, glyoxal (10 mmol) was added to the refluxing mixture and refluxing was con-
tinued for 8-10 h. The mixture was concentrated to half its volume and kept in a desiccator
overnight. The complexes were then filtered, washed with methanol, acetone and ether and
dried in vacuo; yield ~50-60 %. The complexes were soluble in DMF and DM SO, but in-
soluble in other common organic solvents and water. They were found to be thermally stable
up to =225-260 °C, after which they decomposed.

The template condensation of malonyl dihydrazide and glyoxal in the presence of di-
valent cobalt, nickel, copper, zinc and cadmium salts may be represented by the following
scheme:

MeOH
CHgN,O, + CGHL,0, + MX, —>8 on [M(CgHgN,O0) X,] + 2H,0
-1
where M = Co(ll), Ni(Il), Cu(ll), Zn(l1) or Cd(Il) and X = Cl-, NO3 or CH;COO'.
Analytical and physical measurements

The microanalyses for C, H, and N were redlized at SAIF, CDRI, Lucknow. The metal
contents were determined by standard EDTA methods. The electronic spectra (DMF) were
recorded on a Cary 14 spectrophotometer. The magnetic susceptibility measurements were
performed at SAIF, IIT Roorkee. The IR spectra were recorded on an FT-IR spectropho-
tometer (Perkin Elmer) in the range 4000-200 cmr! using the Nujol Mull method at SAIF,
Punjab University, Chandigarh, India. The NMR spectra were recorded on a Bruker NMR
spectrometer (300 MHZz). The conductivity was measured on a digital conductivity meter (HPG
System, G-3001).

In-vitro antibacterial activity

Primary screening. The antibacterial activities of the newly synthesized complexes were
evaluated by the Agar Well Diffusion Assay Technique against two Gram-positive bacteria,
i.e., Bacillus subtilis (MTCC 8509) and Bacillus stearothermophilus (MTCC 8508) and two
Gram-negative bacteria, i.e., Escherichia coli (MTCC 51) and Pseudomonas putida (MTCC
121). The bacterial cultures were maintained on the nutrient agar media by sub-culturing them
on fresh dants after every 4—6 weeks and incubating them at the appropriate temperature for
24 h. All stock cultures were stored at 4 °C. For the evaluation of antimicrobia activity of the
synthesized complexes, a suspension of each test microorganism was prepared. The turbidity

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

2010 Copyright (CC) SCS




TETRAAZAMACROCY CLIC COMPLEXES 1371

of each suspension was adjusted to 0.5 McFarland units by suspending the cultures in sterile
distilled water. The size of final inoculum was adjusted to 5x10” CFU ml-1. A volume of 20
ml of agar media was poured into each Petri plate and the plates were swabbed with broth
cultures of the respective micro-organisms and kept for 15 min for adsorption to occur. Using
a punch, ~8 mm diameter wells were bored in the seeded agar plates and a 100 pl volume of
each test compound reconstituted in DM SO was added into the wells. DM SO was used as the
control for al the test complexes. After holding the plates at room temperature for 2 h to allow
diffusion of the compounds into the agar, the plates were incubated at 37 °C for 24 h. Anti-
bacterial activity was determined by measuring the diameter of the inhibition zone. The entire
tests were performed in triplicate and the mean of the diameter of inhibition was calculated.
The antimicrobial activities of the complexes were compared against standard drugs.

Minimum Inhibitory Concentration (MIC). Nutrient broth was adjusted to pH 7.0 for the
determination of the MIC of synthesized complexes.12 The MIC is the lowest concentration of
an antimicrobial agent that prevents the development of visible growth of microorganism after
overnight incubation. The inoculum of the test microorganisms were prepared using 16 h-old
cultures adjusted by reference to the 0.5 McFarland standards (108 cells mi-1).13 These cultu-
res were further diluted up to 10-fold with nutrient broth to obtain an inoculum size of 1.2x107
CFU ml-L. A positive control (containing inoculum but no complex) and a negative control
(containing complex but no inoculum) were also prepared. A stock solution of 4 mg mi-1 of
each compound was prepared in DM SO and further appropriately diluted to obtain final con-
centrations ranging from 250 to 0.03 pug mi-1.1* The requisite quantity of antifungal drug
(cyclohexamide) was added to the broth to obtain its desirable final concentration of 100 pg
mi-1, Separate flasks were taken for each test dilution. To each flask was added 100 pl of
inoculum. Then the appropriately diluted test sample was added to each flask having broth
and microbial inoculum. The contents of the flask were mixed and incubated for 24 to 48 h at
37 °C. The test bacterial cultures were spotted in a predefined pattern by aseptically transfer-
ring 5 pl of each bacterial culture onto the surface of solidified agar-agar plates and incubated
at 37 °C for 24 h for determining the MIC value.

In-vitro antifungal activity

Potato dextrose medium (PDA) was prepared in a flask and sterilized. To check the
growth of bacterial culture in the medium, the requisite quantity of the standard antibiotic
(ampicillin) was added to obtain the desired final concentration of 100 pg ml-1 of the medium.
Test samples were prepared in different concentrations (10, 50 and 100 pg/ml) in dimethyl
sulphoxide and 200 pl of each sample was spread on the PDA media contained in sterilized
Petri plates. Mycelial discs taken from the standard cultures of fungi (Aspergillus flavus and
A. niger) were grown on the PDA medium for 5-7 days. These cultures were used for the
aseptic inoculation in the sterilized Petri dish. Standard cultures inoculated at 28+1 °C were
also used as the control. The efficacy of each sample was determined by measuring the radial
mycelial growth. The radial growth of the colony was measured in two directions at right
angle to each other and the average of two replicates was recorded in each case. The data are
expressed as percent inhibition over the control obtained from the size of colonies. The
percent inhibition was cal culated using the formula:

% Inhibition = 100(C-T)/C

where C isthe diameter of fungus colony in the control plate after incubation for 96 hand T is
the diameter of the fungus colony in the tested plate after the same incubation period.
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RESULTS AND DISCUSSION

The analytical data show the formula for macrocyclic complexes as:
[M(CsHgN40O2)X2]; where M = Co(ll), Ni(ll), Cu(ll), Zn(ll) or Cd(Il) and X =
= Cl—, NO3~ or CH3COQO~. The tests for the anions were positive only after de-
composition of the complexes, indicating their presence inside the coordination
sphere. All macrocyclic complexes were dark-coloured solids, which were solub-
le in DMF and DM SO. The measurements of molar conductance (conductance
~10-20 S cm? mol—1) in DMSO showed that these chelates are non-electroly-
tes.15 All complexes gave satisfactory elemental analyses results, as shown in
Tablel.

TABLE I. Analytical data of the divalent Co, Ni, Cu, Zn and Cd complexes derived from
malonyl dihydrazide and glyoxal

Found (Calcd.), % MW

No. Complex v C H N Colour gmol™

1 [Co(CsHeNLO,)Cl) 2056 21.09 202 19.63 Light 284
(20.77) (21.12) (2.11) (19.71) brown

2 [Co((CsHeN4O,)(NO3),] 1742 1771 165 24.76 Light 337
(17.50) (17.80) (1.78) (24.92) brown

3 [Co(CsHN,0O,)(0OAC),] 1765 3651 352 16.87 Shinyblack 331
(17.82) (36.62) (3.62) (16.91)

4 [Ni(CsHgN4O,)Cl] 2043 2117 206 1953 Brown 283
(2049) (21.20) (2.12) (19.78)

5 [Ni(CsHgN4O2)(NO3),] 1723 1788 176 24.89 Dak brown 336
(17.26) (17.85) (1.78) (25.00)

6 [Ni(CsHgN4O,)(OAC),] 1751 3273 360 1691 Shinyblack 330
(17.56) (32.72) (3.63) (16.96)

7 [Cu(CsHeNLO,)Cl) 2189 2081 203 1946 Brown 288
(21.87) (20.83) (2.08) (19.44)

8 [CU(CsHN40,)(NO3),] 1841 1751 172 2469 Dark 341
(18.47) (1759) (1.75) (24.63) brown

9 [Cu(CsHgN,4O,)(OAC),] 1885 3221 360 1675 Greyish 335

(18.80) (32.23) (3.58) (16.71)  black

10 [Zn(CsHeN4O,)(OAC),] 1926 3202 355 1664 Ydlowish 337
(19.28) (32.04) (3.56) (16.61) orange

11 [Cd(CsHeN40,)(OAC),] 2845 30.09 323 1398 Reddish 384
(29.16) (28.12) (3.12) (14.58) brown

IR Spectra

In the IR spectrum of malonyl dihydrazide, a pair of bands corresponding to
v(NH>) was present at =3210 and =3270 cm1, but absent in the IR spectra of all
the complexes.16 However, a single broad medium band at 3360-3450 cm1 was
observed in the spectra of all the complexes, which may be assigned to v(NH)
stretching vibrations.17:18 A strong peak at ~1660 cm! in the IR spectrum of
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malonyl dihydrazide is assigned to the >C=0 group of the CONH moiety. This
peak is shifted to lower frequencies (=<1620-1640 cm1) in the spectra of all the
complexes, 19,20 suggesting the coordination of the oxygen of the carbony! group
with the metal. Furthermore, no strong absorption band was observed near 1700
cm1in the IR spectra of the complexes but was observed in the spectrum of gly-
oxal. This indicates the absence of >C=0 groups of the glyoxal moiety in the
complexes. These facts confirm the condensation of carbonyl groups of glyoxa and
the amino groups of malony! dihydrazide.2122 The IR spectra of the complexes
showed a new strong absorption band in the region ~1595-1610 cm—1, which may
be attributed to the v(C=N) group.23-24 These results provide strong evidence for
the formation of the macrocyclic frame.2> The lower value of {C=N) indicates
coordination of the nitrogen of azomethine to the metal.26 The bands present at
~1300-1000 cm1 are assigned to v(C—N) vibration. The bands presents at ~3040
cm1 may be assigned to v(C-H) vibrations of the glyoxal moiety. The IR spectra
of the nitrate complexes display three (N-O) stretching bands at ~1410-1455
cml (vs), #1305-1315cmL (v4) and ~1015-1030 cmr? (v5). The separation of
the two highest frequency bands (w5 — v1) suggest that both the nitrate groups are
coordinated in a unidentate manner.2’ The acetate complexes showed two bands
at ~1630-1640 cm1 (v1) and ~1380-1390 cm1 (v5). These indicate that the ace-
tate group is coordinated in a unidentate manner.?

The far IR spectra show bands in the region ~420-450 cmL. corresponding
to v(M—N) vibrations in all the complexes.2%-31 The presence of aband in all the
complexes in the ~420-450 cm1 region originate from (M—-N) azomethine vibra-
tion modes and support the coordination of azomethine nitrogen with the metal .32
The bands present at =310-315 cm1 in the chloride complexes are due to v(M—
C1).2931 and bands present at ~210-240 cmr® in all the nitrate complexes to
v(M-0).29

NMR Spectra

The 1H-NMR spectrum of the zinc complex showed a broad singlet at 8.6
ppm due to protons of the -CONH moiety.17:33 The singlet at 2.34 ppm may be
due to —CH> protons.19 The singlet in the region of 7.8 ppm may be assigned to
protons of the glyoxal moiety.34

Magnetic measurements and electronic spectra

Cobalt complexes. The magnetic moments of the cobalt complexes were
measured at room temperature and lie in the range 4.85-4.90 ug, which corres-
ponds to 3 unpaired electrons. The solution spectra of the cobalt(ll) complexes
exhibited absorption in the region ca. 81009160 (1), 12500-15700 (v») and
18600-20500 cmr1 (113). The spectra resemble those of complexes reported to be
octahedral.3> Thus, the various bands can be assigned to: 4T1g — 4T2g(F) (1);
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4T1g — A2g(F) (12) and 4T1g — 4T14(P) (v3) transitions, respectively. It appears
that the symmetry of these complexes is not idealized Oy, but Dgp. The assign-
ment of the first spin-allowed band seems plausible since the first band appears
approximately at half the energy of the visible band.36 Various ligand field para-
meters, Dq, B, f and % were calculated for the complexes and are listed in
Table Il (malonyl dihydrazide and glyoxal). B for a free cobalt(ll) ionis 971 cmL.
The values of fliein the range 0.606-0.629. These values indicate the presence
of covalent character in the metalHigand “c”’ bond. The value of the v/, ratio
lies between 1.76-1.79, which identify the complexes as possessing a distorted
octahedral structure.3?

TABLE Il. Ligand field parameters of the divalent cobalt and nickel complexes derived from
malonyl dihydrazide and glyoxal

No. Complexes c%ql cr?fl B %  win Tf;'
1 [Co(CsHeNLO,)CI] 1016 588 0.605 39.1 1.78 4.90
2 [Co(CsHeN4O2)(NOs),) 1066 590 0.607 39.3 1.77 4.89
3 [Co(CHN.O)(OAQ), 1071 591 0608 392 178 493
4 [Ni(CsHeN.O,)Cl] 1185 540 0519 481 141 288
5 [Ni(CsHeNJOL)(NOy),] 1190 538 0517 485 141 287
6  [Ni(CHeN,O,)(OAC),] 1195 53 0515 483 140 289

Nickel complexes. The magnetic moment of the nickel complexes at room
temperature lie in the range 2.91-2.95 ug showing an octahedral environment
around the Ni(ll) ion in all complexes. The solution spectra of the Ni(ll) com-
plexes exhibited a well-discernable band with a shoulder on the low energy side.
The other two bands generally observed in the region at ca. 16570-17240 cnvL (1),
and 26860-28000 cm1 (13) are assigned to 3Azg — 3T1g(F) (12) and 3Azg —
- 3Tlg(P) (v3) trangitions, respectively. The first two bands result from the split-
ting of one band, 14, are in the range ~9700-10000 and 11800-12440 cm2,
which can be assigned to 3B1g — 3Eg and 3B1g — 3Byg transitions, respectively,
assuming the effective symmetry to be D4, (component of 3T2g in Op symmet-
ry).36 The intense higher energy band at ca. 34000 cm1 may be due to a n—n*
transition of the (C=N) group. The various bands do not follow any regular pat-
tern and seem to be anion independent. The spectra are consistent with the distor-
ted octahedral nature of these complexes. Various ligand field parameters, Dq, B,
S and % were calculated for the complexes and are listed in Table |1 (malonyl
dihydrazide and glyoxal). B for a free nickel(11) ion is 1040 cm—L. The values of
A lie in the range 0.509-0.519. These values indicate the presence of covalent
character in the metal-igand “c“ bond. The value of the v»/v; ratio lies between
1.37-1.41 and shows that the complexes possess a distorted octahedral struc-
ture.37
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Copper complexes. The magnetic moment of the copper complexes liein the
range 1.77-1.82 ug. The electronic spectra of the copper complexes exhibit
bands in the region ca. 17780-19000 cm~1 with a shoulder on the low energy
side at ~14600-16000 cm—2, which show that these complexes have a distorted
octahedral geometry.3536 Assuming tetragonal distortion in the molecule, the d-or-
bital energy level sequence for these complexes may be: x2 —y2 > 72 > xy> xz >
yz and the shoulder can be assigned to: 2 — x2 — y2 (?B1g — 2Bg) and the broad
band contains both xy — x? — y? (?B1g — 2Eg) and xz, yz — x* — y? (°Byg —
— 2Apg) transitions:38 The band separation of the spectra of the complexesiis of
the order 2500 cm—L, which is consistent with the proposed geometry of the com-
plexes.35 Therefore, it may be concluded that all the complexes formed by the
macrocycles with Cu(ll) metals are distorted octahedral.

Biological results and discussion

In this study, all the chemically synthesized complexes were evaluated against
Gram-positive and Gram-negative bacteria. The MIC vaues of the synthetic
complexes were determined by the method given by Andrews39. Standard anti-
biotics, namely streptomycin and chloramphenicol, were used for comparison
with the antibacterial activities exhibited by these complexes. All the complexes
of the tested series possessed some antibacterial activity against Gram-positive
bacteria as well as Gram-negative bacteria (Table 1Il). In the whole series,
complexes 1 and 5 were found to be most effective against al the tested bacterial
strains, showing zone of growth inhibition in the range from 46.2—49.2 mm

TABLE Ill. In-vitro antibacterial activity of the complexes determined by the agar well dif-
fusion method for a concentration of 100 pg ml™ (A — Bacillus subtilis (MTCC 8509),
B — Bacillus stearothermophilus (MTCC 8508), C — Escherichia coli (MTCC 51), D — Pseu-
domonas putida (MTCC 121))

Diameter of zone of growth inhibition®, mm

No. Complex A B C D
1 [Co(CsHeN,O,)Cl,] 48.2 46.2 49.2 47.3
2 [Co((CsHeN4O,)(NO3),] 133 16.2 29.6 28.1
3 [Co(CsHeN4O,)(OAC),] 113 15.6 9.9 115
4 [Ni(CsHeN4O,)Cl] 10.3 19.2 16.5 21.4
5 [Ni(CsHeN4O,)(NO,),] 36.3 37.1 38.2 36.2
6 [Ni(CsHeN4O,)(OAC),] 10.4 12.3 215 19.2
7 [Cu(CsHeN4O,)Cl,] 137 24.8 26.4 232
8 [Cu(CsHeN4O,)(NO5),] 15.4 135 14.8 21.4
9 [Cu(CsHeN4O,)(OAC),] 21.2 27.3 234 21.7
10 [ZN(CsHeN4O5) (OAC),] 10.3 19.2 12.4 13.9
11 [Cd(CsHeN,O,)(OAC)] 28.8 21.4 21.9 23.3
Chloramphenicol® 64.2 77.2 65.4 71.2
Streptomycin® 63.2 77.2 79.4 82.2

3Mean of three replicates; "standard drugs
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and 36.2-38.2 mm, respectively. Complexes 9 and 11 exhibited good activity
against al the tested bacterial strains with a zone of inhibition in the range from
21.2—

—27.3 mm and 21.4-28.8 mm, respectively. Complex 2 showed the highest zone
of inhibition (29.6 and 28.1 mm) against E. coli and P. putida, respectively.
Complex 7 showed the highest zone of inhibition 23.2—26.4 mm against B. sub-
tilis, E. coli and P. putida (Table 111).

Based on the MIC values shown by these complexes againgt all the bacterial
strains, complex 1 was found to be most effective by showing a MIC of 4 pg mi—1
for E. coli, which is equal to the MIC shown by the standard antibiotic chloram-
phenicol and streptomycin against the same bacterial strain. Complex 1 aso exhi-
bited MIC values in the range from 4 to 8 pg mi—1 for the other bacterial strains.
In the whole series, the MIC value of complex 5 was found to be 16 pug mi—2 for
E. coli and 32 ug mi—1 for B. subtilis, B. stearothermophilus and P. putida.
Complex 11 showed an MIC of 64 ug ml—1 for B. subtilis (Table IV).

TABLE IV. Minimum inhibitory concentration (MIC) shown by the complexes against the
test bacteria determined by agar dilution assay (A — Bacillus subtilis (MTCC 8509),
B — Bacillus stearothermophilus (MTCC 8508), C — Escherichia coli (MTCC 51), D — Pseu-
domonas putida (MTCC 121))

MIC/ pg mi™
No. Complex A B C D
1 [Co(CsHeN4O,)Cl) 4 8 4 8
2 [Co((CsHeN4O2)(NO5)4] >128 >128 64 64
3 [Co(CsHN4O,)(OAC),] >128 >128 >128 >128
4 [Ni(CsHeN40,)Cl5] >250 >250 >250 >250
5 [Ni(CsHeN4O,)(NO3),] 32 3?2 16 32
6 [Ni(CsHeN4O,)(OAC),] >250 >250 128 >128
7 [Cu(CsHeN4O,)Cl5] >250 >128 >128 >128
8 [Cu(CsHNLO.)(NO3),] >250 >250 >250 >128
9 [Cu(CsHN,LO,)(OAC),] >128 128 >128 >128
10 [Zn(CsHeN40,)(OAC),] >250 >250 >250 >250
11 [Cd(CsHeN4O,)(OAC),] 64 >128 >128 >128
Chloramphenicol® 2 2 4 2
Streptomycin® 2 2 4 4
Standard drugs

The antifungal activities of al the complexes were determined against two
funga strains, i.e., A. flavus and A. niger, and then compared with the standard
antifungal drug cyclohexamide (Table V). In the whole series, complex 1 showed
the highest percentage inhibition (4143 %) against both fungal strains but none
of the tested complex restricted fungal growth excellently. However, of al the
tested complexes, complex 5 showed nearly 30-31 % inhibition of mycelial growth
against both fungal strainsi.e., A. flavus and A. niger, whereas complexes 10 and
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11 showed nearly 15-24 % inhibition of mycelial growth against A. flavus and A.
niger (Table V).

TABLE V. Antifungal activities of the complexes against the fungal strains for a concen-
tration of 100 pg mi™*

N Compl Inhibition, %
o ompiex Aspergillus flavus Aspergillus niger
1 [Co(CsHeN4O,)Cl5] 43.29 41.18
2 [Co((CsHgN40O,)(NO3),] 10.69 11.07
3 [Co(CsHeNLO,)(OAC),] 11.68 15.31
4 [Ni(CsHgN4O,)Cl5] 10.52 14.49
5 [Ni(CsHgN40,)(NOs),] 30.66 31.42
6 [Ni(CsHsN4O,)(OAC),] 12.33 10.66
7 [Cu(CsHeN4O,)Cl5] 19.33 10.33
8 [Cu(CsHeN4O2)(NOs),) 13.81 10.20
9 [Cu(CsHgN4O,) (OAC),] 16.77 12.62
10 [ZNn(CsHgN40,)(OAC),] 15.33 18.71
11 [Cd(CsHeNLO,)(OAC),] 23.77 16.66
Cyclohexamide® 87.34 89.91
3Standard drug

CONCLUSIONS

Based on elemental analyses, conductivity and magnetic measurements, and
electronic, IR and NMR spectral studies, the structure shown in Fig. 1 may be
proposed for al the synthesized complexes.

N
C==0 X N H
|
C=o/x N/ H
\ Fig. 1. Structure of the synthesized complexes (M =
E = Co(ll), Ni(ll), Cu(ll), Zn(I1) or Cd(ll) and X = CI’,

NO;s or CH3COO_)

However, none of the synthesized macrocyclic metal complexes showed
good antibacterial and antifungd activities againgt all the bacteria and fungal
strains, but some of the complexes, such as 1 and 5, were found to be most ef-
fective against various bacterial and fungal strains. It is suggested that chela-
tion/coordination reduces the polarity of the metal ion, mainly because of the par-
tial sharing of its positive charge with a donor group within the whole chelate
ring system.® This process of chelation thus increases the lipophilic nature of the
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central metal atom, which in turn, favours its permeation through the lipoid layer
of the membrane, thus causing the metal complex to cross the bacterial mem-
brane more effectively, thus increasing the activity of the complexes. In addition
to this, many other factors, such as solubility, dipole moment and conductivity,
which are influenced by the metal ion may be the possible reasons for the anti-
bacterial activities of these metal complexes.40 It was also observed that some
moieties, such as azomethine linkage or heteroaromatic nucleus introduced into
such compounds exhibit extensive biological activities that may be responsible
for the increase in hydrophobic character and liposolubility of the molecules in
crossing the cell membrane of the microorganism and enhance the biological uti-
lization ratio and activity of the complexes.4!
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U3BO/

CHUHTE3A, KAPAKTEPUCAIE, AHTUBAKTEPUICKA U AHTU®YHI'AJIHA
N3YYABABA HEKX TETPAASAMAKPOLIUKIIMYHNX KOMIIJIEKCA
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IIpuMeHOM TeMITaTHE KOHIEH3ALMOHE MeToze Mojasehu ol MaloHWIAMXUApa3uaa U IIIH-
OKcalla y MeTaHoJy Kao pactBapady y npucyctsy comu Co(ll), Ni(Il), Cu(ll), Zn(I1) u Cd(ll) jona
cuntern3oBanu ¢y HOBH KoMmiuieken [M(CsHgN4Oo)Xo]-trna (M = HekH 0f1 HaBEICHHX jOHA Me-
taia; X = CI7, NOy” u OAC’). 3a kapakTepu3alijy OBHX KOMIUIEKCa YIIOTPEOIbEHH Cy elIeMEHTapHa
MHKpOaHaJIN3a, MarHeTHa M KOHAYKTOMETpHjcKa Mepema. [loper Tora, 3a KapakTepH3alujy KOMII-
nekca ynorpebbeHa je enekrporcka, NMR u nadpa npeena cnekrpockonuja. Ha 6a3u oBux nzy-
YaBama 3a JJ0OOMBEHE KOMILIEKCE NPETIOCTAaBIbEHA je OKTaenapcka reomerpuja. IIpukasanu cy pe-
3yATaTd iN Vitro ncnnTHBama aHTHOAKTEPHjCKE U aHTH(YHraTHEe aKTHBHOCTH M30JIOBAHHX KOMII-
JeKca.

(MTpumusbero 29. janyapa, pesuanpano 28. anpria 2010)
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Abstract: The reaction between ammonium and thiocyanate under prebiotic
chemistry conditions was studied using FT-IR spectroscopy. Ammonium thio-
cyanate (1.0x10°3 mol L-1) was dissolved in sodium chloride solution (28.57
g L1 at two different pH values (5.30 and 7.20). FT-IR results showed that it
was possible that some compound that resembles dithiooxamides was syn-
thesized when samples of ammonium thiocyanate were exposed to UV radia-
tion under a regular atmosphere, as UV radiation in the presence of oxygen
leads to the formation of perchlorate ions (ClO,7) due to the presence of Cl- as
well. After acid hydrolysis of the samples of ammonium thiocyanate irradiated
under a nitrogen atmosphere, yellow and white compounds were obtained,
which could not be identified. These results were different from those reported
in the literature, where other authors found methionine. However, they used
higher concentrations of ammonium thiocyanate and a different type of UV
lamp. On the other hand, in the present study, a lower concentration of am-
monium thiocyanate was used, which probably resembled more the concen-
tration of ammonium thiocyanate of primitive earth.

Keywords. ammonium thiocyanate; prebiotic chemistry; UV radiation; origin
of life.

INTRODUCTION

Amino acids play an important role in the biochemistry of present living or-
ganisms, such as: inhibitory and excitatory neurotransmitters, glucose, hormone
and neurotransmitters precursors and peptides and proteins subunits. It should be
emphasized that proteins participate 18 % w/w to the composition of mammalian
cells. Thus, the study of their synthesis is relevant to an understanding of the
origin of life on Earth. As pointed out by Zaia et al.,2 when planning prebiotic

* Corresponding author. E-mail: damzaia@uel.br
doi: 10.2298/JSC100219112S
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chemistry experiments, it is important to know what were the sources for amino
acid synthesis on the primitive Earth and which amino acids were synthesized
from these sources.

Ammonium and thiocyanate were synthesized in experiments under prebio-
tic chemistry conditions. They were also found in places that resemble these en-
vironments. Dowler and Ingmanson3 determined the presence of thiocyanate in
Atlantis II Deep Brine, located at the bottom of the sea in the Rift Valley. Thio-
cyanate was synthesized due to the reaction between HCN and H»S. HCN, H2S
and nitrogen compounds (CNS-, amines, amino acids— Arg, Ser, Thr, Gly, ABA,
Phe) are found in sub-marine volcanoes.4> CometsS could be a source of NH3,
HCN and H»S, as well as of other sulfur and nitrogen compounds (NH2CHO,
HNC, HNCO, CH3CN, HC3N, CSp, CS, SO, SO, OCS, HoCS, NS). Summers’
showed that nitrite could be reduced to ammonia by iron(ll). As reviewed by
Raulin and Toupance,8 ammonium thiocyanate can be synthesized when a mix-
ture of gases (CH4—NH3z—H20(yap)—H2-N2—-CO2-H>S), resembling the primitive
atmosphere of Earth, is submitted to electric discharges. Thus, ammonium and
thiocyanate are substances that probably were easily found on the primitive Earth.

The reaction between ammonium and thiocyanate has been studied under
different conditions, some of them resembling the environments of the primitive
earth. For example, Holmes® irradiated a concentrated agueous solution of am-
monium thiocyanate (4.0 mol L—1) and observed the formation of colloidal sulfur.
Tareja et al.10 heated/irradiated with UV radiation ammonium thiocyanate in the
solid state and observed the formation of thiourea. Zaia et al.1l also studied the
reaction of ammonium thiocyanate in the solid state. They heated samples of am-
monium thiocyanate, sand and transition metals and detected the formation of
guanidine. Spheres were detected in samples of ammonium thiocyanate and for-
maldehyde with or without UV irradiation and ammonium thiocyanate with UV
irradiation.12.13 Steinman et al.14 detected the formation of methionine when an
aqueous solution of ammonium thiocyanate was exposed to UV radiation.

The climate of the primitive Earth is uncertain, there are models of hot and
cold primitive Earth and both are plausible.15.16 The atmosphere of the primitive
Earth was probably neutral-redox (CO, CO», N2, Hp) and the O, concentration
was very low, it could have been about 0.10 % of the present atmospheric le-
vel.17 The main extraterrestrial source of carbon compounds was interplanetary
dust particles, IDPs.18-20 The main proposed sources of energy on the primitive
Earth are: UV radiation, electric discharges, volcanic heating, radioactivity, cos-
mic rays and meteor impacts. According to Kobayashi et al.,21 UV radiation was
the greatest source of energy for the synthesis of biomolecules on the primitive
Earth. Thus in the present research, UV radiation was used as the source of ener-
gy for the synthesis of biomolecules from the reaction between ammonium and
thiocyanate under prebiotic chemistry conditions. To simulate the action of UV
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rays, a UV lamp was used. Ammonium thiocyanate (1.0 103 mol L-1) was dis-
solved in a sodium chloride solution (28.57 g L—1), which is the same concentra-
tion found in seawater, at two different pH values (5.30 and 7.20). It should be
emphasized that, to the best of our knowledge, this reaction has not been studied
before under conditions plausible to those of the primitive Earth.

EXPERIMENTAL

All employed reagents were of analytical grade. For al the experiments, a wooden box
with the following dimensions (40 cmx40 cmx40 cm) was used. The box contained an Hg
lamp with a 120 W bulb. The pH of the samples was adjusted to 5.30 and 7.20, because the
former isfound in hydrothermal environments and the latter is the average pH of seawater.2?

Experiment 1: UV irradiation of ammonium thiocyanate solution

50 mL of a solution containing ammonium thiocyanate (1.0x10=3 mol L1) and sodium
chloride (28.57 g L-1) were added to four beakers. The pH of the samples was adjusted to 5.30
or 7.20 with HCI (0.120 mol L-1) or NaOH (0.10 mol L-1). The samples were irradiated for 0.5,
1.0, 3.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0 and 15.0 h. During all the irradiation period (015 h),
the beakers were kept on an ice bath. After irradiation, aliquots were withdrawn for am-
monium and thiocyanate analysis, the samples were lyophilized, and the FT-IR spectra were
recorded using the pressed KBr disc technique.

Experiment 2: UV irradiation of ammonium thiocyanate solution under a nitrogen atmosphere

A volume of 50 mL of ammonium thiocyanate (1.0x103 mol L-1) dissolved in a sodium
chloride solution (28.57 g L") was added to four beakers. The pH of the samples was adjusted
to 5.30 or 7.20 with HCI (0.10 mol L) or NaOH (0.10 mol L1), respectively. The samples
were irradiated for 3.0 h. During the irradiation period, the beakers were kept on an ice bath
and under a nitrogen atmosphere. After irradiation, the samples were lyophilized and then
were submitted to acid hydrolysis with an HCl solution (6.0 mol L™1) at 120 °C for 24 h. The
FT-IR spectrawere recorded using the pressed KBr disc technique.

Experiment 3: UV irradiation of ammonium thiocyanate solution under a nitrogen
atmosphere without sodium chloride4

The samples for Experiment 3 were prepared as described by Steinman et al.14 A volume
of 50 mL of ammonium thiocyanate (0.10 mol L-1) was added to four beakers. The samples
were irradiated for 3.0 h. During irradiation, the beakers were kept on an ice bath and under a
nitrogen-saturated atmosphere. After irradiation, the samples were lyophilized and then were
submitted to acid hydrolysis in 6.0 mol L-1 HCI at 120 °C for 24 h. The FT-IR spectra were
recorded using the pressed KBr disc technique.

Acid hydrolysis of the samples from Experiments 2 and 3

An aliquot of 500 uL of each sample and 500 pL of concentrated HCl were added to
tubes used for acid digestion of amino acids. The tubes were heated at 110 °C for 24 h. After
cooling, the solids (white and yellow) were withdrawn and washed severa times with distilled
water. The solids, white and yellow aggregates, separated from each other and thus were
separated manually.

Infrared spectrophotometric method

The IR spectra were recorded on a Shimadzu FT-IR 8300 instrument, using the pressed
KBr disk technique. The spectral resolution was 4 cm! and each spectrum was determined
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after acquiring 120 spectra. About 10 mg of samples plus 200 mg of KBr were weighed and
then ground in an agate mortar until a homogeneous mixture was obtained. The disc pellets
were prepared and the spectra were recorded from 400 to 4000 cmrl. The FT-IR spectra were
analyzed with the program Origin (version 5.0).

RESULTS AND DISCUSSION

Prebiotic chemistry studies require that the experiments must be performed
under conditions plausible to those that prevailed on the primitive Earth.23 The
concentration of thiocyanate in present seawater is 1.0x10~° mol L—1,2 and the
concentration of total nitrogen compounds around submarine volcanoes is 2.2x10-2
mol L-1.4 Thus, the concentration used in the experiments (1.0x10-3 mol L-1)
was close enough to real conditions and a reasonable value to perform prebiotic
chemistry experiments. Seawater as described by Benetoli et al.24 could not be
used because sulfates and carbonates would interfere with the FT-IR experi-
ments. Thus, ammonium thiocyanate was dissolved in distilled water with so-
dium chloride at the same concentration present in seawater (28.57 g L~1). Expe-
riments 1 and 2 were performed at pH 5.30 and 7.20 because the first is found in
hydrothermal environments and the second is the average of seawater today.22
Thus experiments 1 and 2 were realized under conditions of an ammonium thio-
cyanate concentration of 1.0x10-3 mol L-1, control of pH (5.30 or 7.20) and
NaCl (at the same concentration as in seawater), i.e., under conditions more close
to those of prebiotic Earth than any of the mentioned studies. It should also be
emphasized that Experiment 1 simulated a primitive atmosphere with oxygen and
Experiment 2 without it.

Experiments 1 and 2 showed a change in the solution and slight white sus-
pension appeared in the solution after 2 h of irradiation. Smith et al.12 irradiated
aqueous solutions of ammonium thiocyanate (0.01-2.0 mol L—1) and perceived
the formation of an intense white suspension. After 10 min, the irradiation was
stopped and formation of microspheres that aggregated to form large spheres and
chains was observed. According to them, the formation of spheres depended on
the time of irradiation and the concentration of ammonium thiocyanate
(NH4SCN). In the present experiments a white suspension appeared but the
formation of microspheres was not observed. On the other hand, Holmes® studied
the irradiation of a concentrated solution of NH4SCN (4.0 mol L-1) and observed
the formation of solids believed to be colloidal sulfur. Experiments 1 and 2 did
not show the formation of microspheres or colloidal sulfur and after a few hours,
the irradiation was stopped and the white suspension disappeared. These results
could be explained by the fact that a low concentration of ammonium thio-
cyanate (1.0x10-3 mol L—1) compared to those employed in the experiments of
Holmes® (4.0 mol L-1) and Smith et al.12 (0.01-2.0 mol L-1) was used. In
addition, it should be mentioned that the experimental conditions used by Hol-
mes® and Smith et al.12 were unrealistic from a prebiotic chemistry view point,
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since they used a high concentration of ammonium thiocyanate that could never
have existed on the primitive Earth.34.25

The FT-IR spectra of solid ammonium thiocyanate (Iyophilized samples of
ammonium thiocyanate dissolved in sodium chloride solution after ultraviolet ir-
radiation for 2, 7 and 15 h at pH 7.20) are shown in Fig. 1. The experiment (Ex-
periment 1) was performed under a regular atmosphere. The intensity of the bands
was determined using the internal standard K103 (784 cmi1). The bands at 1400
and 3125 cmr1 are characteristic of the ammonium ion, attributed to NH,4 defor-
mation and stretch, respectively, and the feature at 2065 cm? is due to the SCN—
group, assigned to the CN bond stretching. After ultraviolet irradiation, the bands
at 2065 and 3125 cm1 vanished and two new bands (at 1152 and 1633 cmr?l)
were observed (Fig. 1). The intensity of the bands at 1152 and 1633 cmrt in-
creased with irradiation time. The same results were observed for the samplesiir-
radiated at pH 5.30. Besides the decomposition of SCN—and NH4*, only the va-
nishing of the band at 2065 cm1 occurred. The band at 1400 cm2 did not dis-
appear, thus suggesting a coupling between thiocyanates [S=C=N]~. This coup-
ling could explain the retention of the band at 1400 cm and the new band at
1633 cmL. The product of the coupling of thiocyanates [S=C=N]~ resembles di-
thiooxamides [NH2C(=S)C(=S)NHy] which have characteristic bands at 1592
and 1434 cm! due to the groups NH, and HoNCS.26 The band at 1152 cm2
could not be explained by the synthesis of compounds that resemble dithioox-
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Fig. 1 FT-IR spectra: solid ammonium thiocyanate (a); lyophilized samples of ammonium
thiocyanate (1.0x10-3 mol L1) dissolved in sodium chloride solution (28.57 g L™1) after
irradiation for 2 (b), 7 (c) and 15 h (d) at pH 7.20. The FT-IR spectra of the samples (b),

(c) and (d) were recorded with an internal standard of K103 (784 cmrl). The FT-IR spectra

of the samples were recorded in pressed KBr discs. The experiments were performed
under aregular atmosphere, as described in the experimental section (Experiment 1).
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amides. An explanation for this band is the synthesis of perchlorate (ClO47); in
fact, it is known to occur naturally through the formation of ozone (O3) by UV
radiation of oxygen and, subsequently, perchlorate is formed by the oxidation of
chloride by ozone.2” The FT-IR spectrum of sodium perchlorate showed a band
at 1152 cm1 due to CI-O stretch (data not shown). However, it should be em-
phasized that this reaction probably did not play an important role in prebiotic
chemistry, since the amount of oxygen was too low on the primitive Earth.1®

4.0 1

1400

3.5+

3.0

251 ©)

>2065

2.04

@ o
151 S @

Absorbance, a.u.

1.0

1508

0.5 (b)

21315
:5°15
1633

0.0-1= T v T T T T -_1“”:- T T 1
1200 1500 1800 2100 2400 2700
Wavenumber, cm”

Fig. 2. FT-IR spectra of: solid ammonium thiocyanate (a); solid methionine (b); white solid
(c) and yellow solid (d). The white and yellow solids were obtained in Experiment 3. The
samples in Experiment 3 (50 mL of 0.10 mol L-1 ammonium thiocyanate) were irradiated

for 3.0 h. During irradiation, the samples were kept on an ice bath and under a nitrogen
saturated atmosphere. After irradiation, the samples were lyophilized, and then submitted
to acid hydrolysisin 6.0 mol L"1 HCI at 120 °C for 24 h. The FT-IR spectra
of the samples were recorded in pressed KBr discs.

Samples prepared as described in experiment 2 and 3 were irradiated for just
3 h under a nitrogen atmosphere. Experiment 3 was performed under the same
conditions as described by Steinman et al.14 In both experiments, two solids
(white and yellow) were obtained after acid hydrolysis. The acid hydrolysis was
performed to verify if the precursors of amino acids were synthesized.28 The FT-
IR spectra of solid ammonium thiocyanate, solid methionine and the observed
white solid (Experiment 3) and yellow solid (Experiment 3) are shown in Fig. 2.
The band at 20651 was absent in spectrum d (yellow solid) and bands at 1400
and 1633 cm~ were again observed. However, these bands are not characteristic
of methionine, which shows bands at 1315, 1508 and 1583 cm1 (Fig. 2). The
solids (white and yellow) obtained in experiment 2 showed the same FT-IR spec-
traas in Experiment 3. As shown by Lapinski et. al.,2° the synthesis of the solids
(white and yellow) could be attributed to phototautomeric compounds of dithio-
oxamides. However, this could be true only for the yellow solid because the S-H
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stretch was observed in the FT-IR spectrum of this sample. As expected, the pro-
ducts in Experiments 2 and 3 did not show a band at 1152 cm1, because both
experiments were carried out under a nitrogen atmosphere and in Experiment 3
there was also no sodium chloride present.

The experiments described in this paper (Experiments 1-3) did not show the
presence of methionine, even when the experiment (Experiment 3) described by
Steinman et al.14 was reproduced. This failure to synthesize methionine could be
due to the difference in UV lamps used here and by Steinman et al.14 The ra-
diation emitted by the UV lamp used in the present experiments has emission
lines from 185 to 580 nm,30 while the UV lamp used by Steinman et al.11 had 90 %
of intensity emission at 254 nm.3! It should also emphasized that the only me-
thod used by Steinman et al.14 to identify methionine was paper chromatography,
which could not have been conclusive. However, this experiment was realized in
1969 and that time paper chromatography was best analytical tool available.

CONCLUSIONS

In conclusion, this paper showed the following results. a) UV radiation is an
important source for the synthesis of biomolecules; b) a compound that resemb-
led dithiooxamides was probably synthesized; ¢) perchlorate (ClO4-) was synthe-
sized when the samples were irradiated with UV radiation in the presence of oxy-
gen and CI—; d) two non-identified solids (white and yellow) were obtained after
acid hydrolysis of the samples of ammonium thiocyanate irradiated under a nitro-
gen atmosphere; €) methionine was not obtained as reported other authors. How-
ever, they used higher concentrations of ammonium thiocyanate and a different
type of UV lamp; f) the formation of microspheres was not observed, probably
because of the low concentration of ammonium thiocyanate employed in the ex-
periments; g) no biomolecules were found in this work.
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U3BOJI

UV PAIMIALIMIA U PEAKIIUJA USMEBY AMOHUJAKA U TUOLIMJAHATA
IIPU TTIPEBUOTUYKUM XEMUICKUM YCJIIOBUMA

HENRIQUE DE SANTANAl, LEIDIMARA PELISSONl, DIOGOR. JANIASKIl,
CASSIA THATSB. V. ZAIA? 1 DIMAS A. M. ZAIA®
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de Londrina, 86051-990, Londrina—PR, Brazl

IMpumenom FT-IR cnekrpockonuje n3yyaBaHa je peakuuja n3melly aMoHHjaka ¥ THOLMjaHATa
[IpH IPEGHOTHYKIM XEMUjCKHM ycIoBuMa. Amonujym-tronmjasar (1,0x10° mol/dm®) je pactso-
PeH y pacTBOpy HaTprjyM-xaopuaa (28,57 o/dm®) npu ase pasmante pH spexroct (5,30 u 7,20).
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Ha ocnoBy FT-IR cmektpockonckux pesynrara HaheHo je ma y Toky UV panujanuje amoHHjyM-
-THOILMjaHaTa J0Ja3u 10 rpaljerba TMTHOOKCHMHA, 10K y npucyctBy Cl” u kuceonnka Hacrtaje mep-
xiopar (ClOy). Ilpu paaujanuju y HHEPTHAM yCIoBHMa (CTpyja a30Ta) M KHCEI0j XUAPOIH3H Y30~
pKa aMOHHM]jyM-THOIIMjaHaTa J0Jia3u 10 rpalema mponsBoja xKyTe 6oje, udja CTpyKTypa HUje ofpe-
hena. [Ipukazanu pe3ynrTati ce pasiHKyjy O OAroBapajyhux JMTepaTypHuX MoAaTaka, Iae cy ay-
TOPH HPETIIOCTABIIIN J1a IPU HABEJICHUM yCJIOBHMA JI0J1a3H 10 rpalera MeTnonnHa. MehyTum, oBu
ayTopH Cy KOpUCTIWIN Behe KOHIIEeHTpanrje aMOHIjyM-Tronrjanata u pazmmanre UV namme. Hacy-
MIPOT OBOME, y OBOM paay KopuirheHe cy HiKe KOHIIEHTpalKje aMOHU]yM-THOIIMjaHaTa, IITO BHIIIE
OZTOBapa HErOBOM CaJIPKajy Y 3eMJbH.

(MTpumiseno 19. Gpebpyapa, peBuaupano 26. maja 2010)

REFERENCES

B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, J. D. Watson, Molecular Biology of

the Cell, 3" ed., Garland Publishing Inc., New Y ork, 1994

D.A.M. Zaia C. T.B. V. Zaa, H. de Santana, Origins Life Evol. Biosphere 38 (2008) 469

M. J. Dowler, D. E. Ingmanson, Nature 279 (1979) 51

G. Alaisi, M. Drews, K. Wallmann, G. Bohrmann, Earth Planet. Sci. Lett. 225 (2004) 347

L. M. Mukhin, Origins Life 7 (1976) 355

J. Lhorca, Int. Microbiol. 8 (2005) 5

D. P. Summers, Origins Life Evol. Biosphere 29 (1999) 33

F. Raulin, G. Toupance, J. Mal. Evol. 9 (1977) 329

M. Holmes, J. Chem. Soc. (1926) 1690

S. T. Targa, P. M. Oza, P. S. Rao, Bull. Chem. Soc. Jpn. 40 (1967) 2427

. D. A. M. Zaia, H. de Santana, R. Toppan, C. T. B. V. Zaia, J. Braz. Chem. Soc. 15 (2004)
190

12. A. E. Smith, G. Steinman, C. Galand, Experientia 25 (1969) 255

13. A. E. Smith, J. J. Silver, G. Steinman, Experientia 24 (1968) 36
G.
J

=

CLOO®N WD

e
'_\

14. Steinman, A. E. Smith, J. J. Silver, Science 159 (1968) 1108

15. J F. Kasting, M. T. Howard, Philos. Trans. R. Soc. B 361 (2006) 1733

16. J. F. Kasting, S. Ono, Philos. Trans. R. Soc. B 361 (2006) 917

17. 1. H. Campbell, C. M. Allen, Nat. Geosci. 1 (2008) 554

18. C. Chyba, C. Sagan, Nature 355 (1992) 125

19. M. Bernstein, Philos. Trans. R. Soc. B 361 (2006) 1689

20. A. Brack, Chem. Biodiversity 4 (2007) 665

21. K. Kobayashi, H. Masuda, K. I. Ushio, A. Ohashi, H. Yamanashi, T. Kaneko, J. I.
Takahashi, T. Hosokawa, H. Hashimoto, T. Saito, Adv. Space Res. 27 (2001) 207

22. N. G. Holm, E. Andersson, Astrobiology 5 (2005) 444

23. D. A. M. Zaia, Quim. Nova 26 (2003) 260

24. L. O. B. Benetoli, C. M. D. de Souza, K. L. da Silva, |. G. de Souza Jr, H. de Santana, A.
Paesano Jr., A. C. S. da Costa, C. T. B. V. Zaia, D. A. M. Zaia, Origins Life Evol.
Biosphere 37 (2007) 479

25. M. Pasek, D. Lauretta, Origins Life Evol. Biosphere 38 (2008) 5

26. N. B. Colthup, L. H. Ddly, S. E. Wierly, Introduction to Infrared and Raman Spectros-
copy, Academic Press, New Y ork, 1964

27. P. K. Dasgupta, P. K. Martinelango, W. A. Jackson, T. A. Anderson, K. Tian, R. W.
Tock, S. Rgjagopalan, Environ. Sci. Technol. 39 (2005) 1569

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

2010 Copyright (CC) SCS




28.

29.

30.
31

REACTION BETWEEN AMMONIUM AND THIOCYANATE 1389

K. Kobayashi, T. Kaneko, A. Kouchi, H. Hashimoto, T. Saito, Adv. Space Res. 23 (1999)
401

L. Lapinski, H. Rostkowska, A. Khvorostov, M. Yaman, R. Fausto, M. J. Novak, J. Phys.
Chem. A 108 (2004) 5551

A. Cavicchioli, G. R. Gutz, Quim. Nova 26 (2003) 913

Pen-Ray UV lamps (2008), http://ridl.cis.rit.edu/products/manual s/Acton/old/MANUAL/
/M S-416.pdf (accessed on December 8, 2008).

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

2010 Copyright (CC) SCS







Journal of
the Serbian
Chemical Society

-
o pysmmtn ®

1307
%"ﬁ'mm Te u}}-‘ﬁ& JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (10) 13911404 (2010) UDC 547.538:532.14:532.74:541.4:615.214
JSCS4061 Original scientific paper

Artificial neural network prediction of the psychometric
activities of phenylalkylamines using DFT -calculated
molecular descriptors

MINA HAGHDADI™ and MOHAMMAD H. FATEMI2

1Department of Chemistry, Islamic Azad University, Babol Branch and
2Department of Chemistry, Mazandaran University, Babolsar, Iran

(Received 8 April, revised 11 May 2010)

Abstract: In the present work, a quantitative structure—activity relationship
(QSAR) method was used to predict the psychometric activity values (as mes-
caline unit, log MU) of 48 phenylalkylamine derivatives from their density
functional theory (DFT) calculated molecular descriptors and an artificial neu-
ral network (ANN). In the first step, the molecular descriptors were obtained
by DFT calculation at the 6-311G* level of theory. Then the stepwise multiple
linear regression method was employed to screen the descriptor spaces. In the
next step, an artificial neural network and multiple linear regressions (MLR)
models were developed to construct nonlinear and linear QSAR models, res-
pectively. The standard errors in the prediction of log MU by the MLR model
were 0.398, 0.443 and 0.427 for training, internal and external test sets, res-
pectively, while these values for the ANN model were 0.132, 0.197 and 0.202,
respectively. The obtained results show the applicability of QSAR approaches
by using ANN techniques in prediction of log MU of phenylalkylamine deri-
vatives from their DFT-cal culated molecular descriptors.

Keywords. density functional theory; artificial neural network; multiple linear
regression; quantitative structure—property relationship; phenylalkylamines.

INTRODUCTION

Phenylalkyamines form a class of hallucinogenic agents which are pharma
cologically diverse and a heterogeneous group of agents.1 Different properties of
phenylalkylamine derivatives, (which were known to display hallucinogenic, cen-
tral stimulant, empathogenic activity, or a combination of activities) have been
studied for a long time using different approaches.1.2 Phenylakylamines are one
of the few types of psychotomimetic compounds whose structure—activity rela-
tionships (SAR) have been investigated.3 Snyder and Merril first reported a cor-

* Corresponding author. E-mail: mhaghdadi2@yahoo.co.uk
doi: 10.2298/JSC100408116H
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1392 HAGHDADI and FATEMI

relation of hallucinogenic activity with a quantum index that was calculated using
the Hiickel molecular orbital theory.4 They found that high activity is associated
with the highest occupied molecular orbital (HOMO) energy in a small number
of phenylalkylamines. Moreover, some quantitative structure—activity relationship
(QSAR) studies were reported recently on this class of compounds.>~7 Thakur
and coworkers reported QSAR studies on a series of psychotomimetric phenylal-
kylamines by combining the minimum topological difference method and topolo-
gical descriptors.5 They developed a penta-parametric linear model, which had
the statistics: correlation coefficient R = 0.932, standard error SE = 0.272 and Fi-
sher value F = 56.77. They evaluated the predictive power of their model by a
cross-validation test, which provided the statistics: R2cy = 0.864 and SPRESS =
= 0.262. They used two experimentally determined parameters in their model,
which were the octanol—-water partition coefficient and the molar refraction. In
another work, the structure-hallucinogenic activity relationships for a series of
phenylethylamine and phenylisopropylamine derivatives was investigated by Al-
tum et al. within the framework of electron-conformational methods.” In addi-
tion, B. W. Clare developed a QSAR model of a series of psychotomimetric phe-
nylalkylamines by using CNDO/2 calculation to derive molecular the volume and
electronic structure of the compounds of interest.® These QSAR studies were li-
mited to the use of physicochemical descriptors and electronic structure or quan-
tum chemical descriptors, which were obtained based on semi-empirical molecu-
lar orbital (MO) calculations. The latest development in computer technology
and software for electronic structure theory allows the calculation of quantum
chemical descriptors at first principal levels, such as the density functional theory
(DFT), with a higher accuracy including some effective consideration of electron
correlation effects.9 DFT Methods are, in general, capable of calculating a variety
of isolated molecular properties, such as ionization energies, dipole moment, ele-
ctron affinities, electronegativities, hardness and softness, e ectrostatic potential etc.,
quite accurately.10-17 |n the present work, a quantitative structure-activity rela-
tionship method was used to predict the psychometric activities value of some
phenylalkylamine derivatives from their DFT-calculated molecular descriptors
and an artificial neural network.

METHODOLOGY
Data set

The psychometric activity of drugs are generally expressed in mescaline units (MU),
defined as the ratio of the effective dose of mescaline to the effective dose of the tested
compound. The potency is usualy expressed as log MU, where MU is taken as mole of
mescaline/mole of the tested phenylalkylamine. The data set in this work consisted of the log
MU values of 48 phenylalkylamine derivatives, which were taken from the literature. The
structural features of these compounds and their experimental log MU values are presented in
Table 1. The values of log MU ranged from —0.67 to 2.72 for compounds 1 and 38, res-
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PREDICTION OF THE PSYCHOMETRIC ACTIVITIES OF PHENYLALKYLAMINES USING DFT 1393

pectively. The data set was split by y-ranking methods into training; internal and external test
sets, which consisted of 38, 5 and 5 members, respectively. In this method, the data were
sorted according to their log MU values and the training, internal and external test sets were
chosen from these lists with desired distances from each other.18 The training set was used to
adjust the ANN parameters, the internal test set was used to prevent overtraining during ANN
development and the external test set was used to eval uate the obtained models.

TABLE |. Data set and corresponding observed and calculated values of log MU (MU is taken
as the moles of mescaline/moles of the tested phenylakylamine)

X R
2
X |

\ NH,
No. X R 'ng'\gu "fN'\f'\lU Residual I(I)\SIJITARU Residual
1 35O0Me H  —067 052 015  —0014 065
2 340Me Me -006 -013 -007 0001 0061
3 345OMe H 000 009 009 0349 0349
4  3-OEt4,5OMe H 003 -015 -018 0303 0273
5  34-OEt5OMe H 023 032 009 0440 0210
6 3450Me Me 033 043 010 0525 0195
7 3.Set4-OEt5-OMe H 038 031 -007 0697 0317
8  34-OEt5OMe H 038 034 -004 1025 0645
9 3-0CH,0-4 Me 041 047 006 073 0323
10 3-OMe4-OCH,0-5 Me 043 051 008 0757 0327
11 35-OMe4-SBut H 058 045 -013 1482 0901
12 4Me Me 059 067 008 -0146 —0736
13 3-OEt4-SMe5-OMe H 066 057 -009 0991 0331
14 24-OMe Me 067 061  -006 0843 0173
15 2.3-OMe4-OCH20-5 Me 076 067  -009 0829 0069
16 34-OMe5-SMe H 08. 08 004 1072 0262
17 35-OMe4-OPr H 083 093 010 1073 0243
18 35-OMe5-SEt H 084 08 005 0457 —0382
19 23450Me Me 086 094 008 1216 0356
20 350Med-OFt H 087 075 -012 0972 0102
21 2-OMe3-OCH,0-4 Me 100 095 -005 0575 —0425
22 2-OMe4-OCH,0-5 Me 100 105 005 1377 0377
23 35-OMe4-Phenyl Me 110 124 014 1261 0161
24 35OMed-SMe H 111 121 010 1311 0201
25 2.5-0Me3-CH,0-4 Me 114 095  -019 0631 -0508
26 25-OMed-Et H 125 135 010 1354 0104
27 35O0Med-SPr H 120 112  -017 0896  —0.394
28 2.450Me Me 133 121  —012 1188 -0141
29 250Med-OEt Me 136 125  —011 1236 0123
30 35OMed-SEt H 136 144 008 1368 0008
31 25OMed-SMe Me 166 154  —012 1317 0342
32 250Med-Bu Me 168 176 008 1391 0289
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TABLE I. Continued

No. X R 'ng'\gu 'ch'V,{IU Residual 'c,’\%\"RU Residual
33 2.5OMed-Br H 160 156 013 2275 058
34 250Med-Me Me 190 181 -009 1319 —-0581
35 350Med4-Br Me 191 224 033 1484 -0426
36 250Med-Pr Me 195 167 -028 1363 —0586
37 25-0Me4-Et Me 202 224 022 2078 0058
38 25OMed-Br Me 272 256 —016 2275 —0444
Internal test set
39 2350Me H 003 -012 —009 0568 0597
40 3,50Me4-CH,CoHs Me 046 064 018 0662 0201
41 3-OMed-OEL5SMe H 084 068 -016 1176 0336
42 250Me4-Me H 127 114 -013 0920 0349
43 25O0Med-SiiPr Me 171 192 021 1191 -0518
External test set
44 350Me4-OBu H 038 045 007 0029 —0350
45 3-OEt4-SEt5-OMe H 068 088 020 1040 0360
46 35OMed-OFt Me 105 078 —027 0409  —0.640
47 25-OMed-OPr Me 138 122 -016 0929  -0.450
48 25OMe4-SEt Me 196 216 020 1560  -0.399

Quantum chemical descriptors

The structures of the 48 substituted phenyalkylamine compounds were optimized using
the Gaussian 2003W computational package.l® The Becke three parameter exact exchange
functional (B3)2° combined with the gradient corrected correlation functional of Lee-Yang—
—Parr (LYP)2! of the DFT methods implementing the 6-311G* basis sets were employed. The
nature of optimized geometries at the B3LY P levels was checked with frequency calculations.
The total energy and corrected zero point (ZPE) were calculated for all optimized structures.
Then, the quantum chemical descriptors that were taken from the DFT calculations were used
to analyze the variations in the biological activities of the studied compounds. The minimum
energy conformations were used to calculate the electronic descriptors, such as the energy of
the highest occupied molecular orbital, the lowest unoccupied molecular orbita (LUMO),
hardness (7), softness (S), electronegativity (y), electrophilicity (w) and the dipole moment
(DP). It was found that the stability of the molecules is related to their hardness and
electronegativity, defined as the power of an atom in a molecule to attract electronsto it. The
hardness and el ectronegativity are given as follow:

1 = 1/2(62E/ON2)v(r) (@)

2=t =~OE/ON)V(r) 2

where E and v(r) are the electronic energy and the external potential of an N-electron system,

respectively, and i is the chemical potential. In addition, the operational definition of absolute
hardness and €l ectronegativity is given as:

n=12(IP-EA) (3)

x=—-u==-1U2(IP + EA) (4)

where |P and EA are the ionization potential and electron affinity, respectively. According to

the DFT counterpart of the Koopman theorem, the IP is simply the eigenvalue of the HOMO
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with a change of sign and EA is the eigenvalue of the LUMO with a change of sign;2223 hence
Egs. (3) and (4) may be written as:

7 =%(8LUMO—3HOMO) (5)

)(z—,u:%(eLUMO+£HOMO) (6)

The other calculated molecular parameter is softness, which measures the extent of
chemical reactivity and it isthe reciprocal of hardness:

s=1 ™
n
Parr et al. proposed an electrophilicity index () as a measure of energy lowering due to
maximal electron flow among donor and acceptor.2* They defined the electrophilicity index as
follow:

12

w="—
21

These DFT calculated parameters can encode features of phenylalkylamines which could
affect their psychometric activities.

Modeling

In the first step of feature screening, constant and near-constant variables were excluded
from the pool of descriptors and the pair wise correlation cut off selection procedure was
employed to exclude the correlated descriptors.® In the development of QSPRs, a major
decision is when to stop adding descriptors to the model during the stepwise regression pro-
cedure. An excessive number of descriptors lead to overcorrelated equations that are difficult
to interpret in terms of interaction mechanisms. A simple procedure used to control the model
expansion is the so-called “break point procedure” in the improvement of the statistical
quality of the model.25 From analyses of the plot of the number of descriptorsinvolved vs. the
correlation coefficient (R), and aso the standard error (SE) of model, it appears that the
statistical improvement of the model is high until a point (the “break point”) is reached after
which the improvement is negligible. Consequently, the model corresponding to the break
point is considered to be the best/optimum model (Fig. 1). This figure shows that no signi-
ficant improvements in the R and SE values of the model appear after the addition of more
than 5 parameters to the MLR model. Therefore, these five descriptors were considered as
independent variable in the development of MLR and ANN models. These parameters are;
hardness, chemical potential, lowest unoccupied molecular orbital energy, dipole moment and
vibrational energy, the numerical values of which are given in Table I1. The specifications of
the obtained 5-parameter MLR model are presented in TablellIl.

(8)

TABLE II. The DFT- calculated values of the molecular descriptors

N LUMO Hardness Chemical potential Vibrational energy Dipole moment
0.
ev ev ev Hartree D
1 0346 2953 -3.299 —-595.42 1.252
2 0352 2955 -3.307 —634.475 1.186
3 0198 2875 -3.073 —709.969 2.366
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TABLE II. Continued
LUMO Hardness Chemical potential Vibrational energy Dipole moment

eV eV eV Hartree D

4 —0.059 2.898 —2.957 —749.297 3.488
5 -0.165 2.879 -3.044 —788.63 2.282
6 -0.117 2.857 —2.974 —749.297 2.524
7 —0.606 2.653 -3.259 -1111.61 2.579
8 -0.239 2.703 —2.942 -1111.62 2.817
9 -0.353 2.723 -3.077 —594.224 1.526
10 -0.038 2.849 —2.887 —708.772 1.886
11  -0.487 2.512 —2.999 -1150.93 2.032
12 -0.324 2.977 -3.301 —444.976 1.258
13 -0.604 2.579 -3.184 -1072.29 2.273
14 -0.226 2.669 —2.896 —749.309 3.562
15 -0.214 2.724 —2.957 —-823.316 2.869
16 -0.332 2.729 -3.062 -1032.96 0.965
17 -0.575 2.567 -3.142 -1111.6 2411
18 -0.679 2.675 -3.354 -1072.28 2.768
19 -0.239 2.674 —2.913 —-863.838 1.524
20 -0.606 2.574 -3.179 -1072.28 2.465
21 -0.019 2.902 —2.921 —708.772 2.036
22 -0.188 2571 -2.579 —708.775 2.48
23 -0.231 2.612 -2.843 —788.627 2.359
24 -0.518 2.523 -3.041 -1032.96 2.172
25 -0.051 2.82 —2.872 —-823.318 3.458
26 -0.201 2.609 -2.811 —674.076 1.774
27 —0.498 2.519 -3.016 -111.609 1.998
28 -0.26 2.61 —-2.87 —749.298 2.455
29 -0.247 2.609 —2.856 —788.629 2.428
30 -0511 2.52 -3.031 -1072.29 2.08

31 -0.686 2.447 -3.133 -1072.29 2.357
32 -02% 2.585 —2.879 —792.052 1.623
33 -0.682 2.536 -3.218 -3208.29 1.586
34 -0.248 2.601 —2.849 —674.08 1.746
35 044 2.789 -3.233 —-3168.96 2.978
36 -0.296 2.586 —2.882 —752.728 1.624
37 -0.216 2.606 2.822 —713.402 1.821
38 -0.682 2.536 -3.218 -3208.29 1.585
39 -0.089 2.847 —2.936 —709.966 2.6

40 -0.204 2.848 -3.051 —980.405 1.876
41 -0.219 2.741 -3.046 -1072.29 1.266
42 —0.486 2.604 —2.838 —634.754 1.672
43 -0.783 2.445 -3.228 -1150.94 2.533
44 0437 2.901 -3.107 —827.947 1.856
45 -0.586 2.576 -3.161 -1111.61 2.322
46 -0.093 2.861 —2.954 —788.627 3.451
47 0435 2.614 —2.842 —788.627 2.359
48 045 2.454 —2.803 -1111.61 2.876
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TABLE Il1. Specification of the multiple linear regression model

Descriptor Notation Coefficient S.E.
L owest unoccupied molecular orbital LUMO 1.588 0.530
Hardness n —-3.605 0.619
Chemical potential V] 1.019 0.079
Vibrational energy Ev —0.00053 0.000
Dipole moment DP -0.171 0.114
Constant 11.388 1.720

To examine the existence of any nonlinear relations among the selected molecular
descriptors and the log MU values, an artificial neural network was used. Artificial neura
networks are mathematical systems that simulate biological neural networks. Detail des-
criptions of the theory of ANNs are presented in the literature.25-28 |n the first step in the
development of an ANN, a model of a three-layer network with a sigmoid transfer function
was designed both for the hidden and output nodes. This ANN program was coded in
MATLAB 7 for windows.?® In this network, the number of nodes in the input layer was the
number of descriptors that were selected by the stepwise multiple linear variable selection
method. The adjustable weights among neurons have a random distribution between —0.3 and
0.3. The ANN parameters, including the number of nodes in the hidden layer, the weights of
the learning rate, the biases of the learning rate and the momentum should be optimized to
find the most accurate results. The procedure of optimizing these parameters is given in pre-
vious papers.3031 The optimized values of these terms and the ANN topology are given in
Table IV. The network was then trained using the training set by the back propagation strategy
for optimization of the weights and bias values. The goal in the training of the network is to
change the weights between the layers to minimize output errors. The root-mean-sguare error
(RMSE) value was calculated to measure how good the outputs were in comparison with the
target values. To prevent over fitting, the training of the network had to be stopped when the
RMSE in the prediction of log MU of the internal test set commenced to increase. Then the
trained network was used to predict the log MU values of the external test set.

TABLE IV. Architecture and specifications of optimized ANN model

Parameter Value
Number of nodesin the input layer 5
Number of nodesin the hidden layer 4
Number of nodes in output layer 1
Weights learning rate 0.6
Biases learning rate 0.8
Momentum 0.4

RESULTS AND DISCUSSION
Molecular diversity analysis

In this study, diversity analysis was performed on the data set to ensure that
the structures of the training or test sets can represent those of the whole ones.32
A data base of h compounds generated from m highly correlated chemica des-
criptors{ x j } 'j“:l. Each compound X; is represented as a vector of:
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Xi = (%11 %01 Xigoeey X ) fOri=1,2,..,n (9)

where X denot%Nthe value of descriptor j of compound X;. The collective da
tabase, X ={X; }izl is represented by the nxm matrix X as follow:

X1 %2 - X
"o x?1 x?2 x2:m 10
X *m2 - *mm

A distance score for two different compounds X; and X can be measured
from their Euclidean distance norm, djj, based on the compound descriptors:

dj =[x -%;]= k%(‘k‘xjk)z (11)

The mean distances d_I of one sample to the remaining ones were computed
asfollows:
n
7. Ziad%

i=1 2,...,Nn (12
n-1

Then the mean distances were normaized within the interval (0,1). The
closer to one the distance is, the more diverse from each other the compounds
are. The mean distances of samples vs. experimental log MU of data set are plot-
ted in Fig. 2. Inspection to this figure illustrates the good distribution of test set
throughout the whole of data set. The training set with a broad representation of
the chemistry space was adequate to ensure the stability of the models and the di-
versity of test set can prove the predictive capability of the model.

0.9
0.8 ¢

0.7 1

R& SE

0.6 1

0.5 A

0.4 T T T T 1

Fig. 1. The results of the break point
No. of Descriptor procedure.
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0.8 -
o training set °
= internal set R
0.6 a external set °m
A 0.4+
02 - W e 0
° ® % 5 a° B °©
o R 5y ° o
o ° o ° Fig. 2. The results of diversity analysis
‘ ' ' " (the unit of MU is mmol of mesca-
! 0 ! 2 3 lin/mmol of the tested phenylalkyl-
log MU amine with the same effect).

Model development

The descriptors which were selected by the stepwise variable subset selec-
tion were chemical potential, hardness, lowest unoccupied molecular orbital ener-
gy, dipole moment and vibrational energy. The appearances of these descriptors
in the model can represent different aspects of a molecule which affected the ab-
sorption, distribution, metabolism, and excretion (ADEME) properties of the mole-
cule.

The inter-correlations among these descriptors are shown in Table V, from
which it can be seen that there are no high correlations between the descriptors.
These descriptors were used as independent variables and log MU was consi-
dered as a dependent variable to develop the MLR model. The obtained MLR
model was used to calculate the log MU values for the test and training sets. The
MLR calculated values of log MU are given in Table |. The average error (AE),
average absolute error (AAE) and standard error (SE) of this calculation were AE
= —0.051, AAE = 0.334 and SE = 0.396 for training set; AE = —0.054, AAE =
=0.408 and SE = 0.475 for the internal test set and AE = 0.296, AAE = 0.440 and
SE = 0.506 for the external test set. Other statistical parameters of the MLR mo-
del aregivenin Table V1.

TABLE V. Correlation matrix between selected descriptors

LUMO n 1] Ev DP
LUMO 1.000 0.62 0.21 0.45 0.143
n - 1.000 -0.17 0.237 -0.32
M - - 1.000 0.136 —0.44
Ev - - - 1.000 -0.15
DP — — — - 1.000
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TABLE VI. Statistical parameters obtained using the ANN and MLR models

MLR ) ANN
Set ME Q SPRESSTo™F & AF AAE Q° SPRESS

R F & AE
Training 0.8274 0.398 —0.05 0.334 0.62 0.372 0.98 968 0.132 0.0065 0.113 0.91 0.147
External 0.82 6 0.443 -0.05 0.408 — — 097 54 0.197 -0.002 0.154 - -
Internal  0.80 5 0.427 0.296 0.44 -— — 096 33 0.202 0.072 0.180 -— —

Since the MLR model was unable to accurately predict the log MU values of
the data set, an ANN model as a non-linear feature mapping technique was de-
veloped. After training this 5:4:1 network, its prediction power was examined on
an independent data set which was named the external test set. The ANN pre-
dicted values of log MU for this set as well as for the training and internal test
sets are given in Table . The statistics of this calculation are: AE = 0.006, AAE =
=0.113 and SE = 0.130 for the training set; AE = -0.002, AAE = 0.154 and SE =
=0.178 for the internal test set and AE = 0.072, AAE = 0.180 and SE = 0.210 for
the external test set. Other statistical parameters of the developed ANN model are
given in Table VI. In the next step, the sensitivity analysis was carried out on the
ANN model to determine the relative importance of each descriptor in the model.
The procedure of this approach is based on the sequential removal of variables by
zeroing the specific connection weights for that specific input variable in the first
layer of the ANN.33 For each sequentially zeroed input variable, the root mean
square error of the prediction set (RMSEP), as the prediction error of this net-
work, was calculated. Generally, the RMSEP value increases in this way. Then,
differences between the RMSEP and the root mean square error (RMSE) of the
established ANN was calculated and shown as DRMSE. Each variable which
causes a greater value of DRMSE is important. The results of this test showed
that the order of the importance of the selected molecular descriptorsis Ev > 1 >
>dp>n>LUMO.

Model validation

Validation techniques constitute a fundamental tool for the assessment of the
validity of models. They are used to check the prediction power of the models,
that is, to give a measure of their capability to perform reliable predictions of the
modeled response for new cases for which the response is unknown. Cross-va-
lidation is a popular technique used to explore the predictive ability of statistical
models.34 Presuming that a data set consisting of n compounds is available, then
several modified data sets are created by deleting in each case one or a small
group (leave-some-out) of the objects.23 For each data set, an input-output model
is developed, based on the used modeling technique. The modd is evaluated by
measuring its accuracy in predicting the responses of the remaining data (the
ones that have not been used in the development of the model). In particular, the
leave-five-out (L50) procedures were utilized in this study, which produce seve-
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ral models, by deleting five objects, respectively from the data set. The maximum
numbers of models produced by the L50 procedure is equal to n!/5!(n-5)!, where
n is the number of molecules in the data set. The squared differences among the
true response and the predicted response for each object |eft out are added to cal-
culate the standardized prediction error sum of squares (SPRESS). In addition,
the value of Q2 was cal culated from the following equation:

S(vo- %)’
z(yi _ym)2

where y;, Yo and ym are the experimental, predicted and average experimental
value of log MU, respectively. The statistical results of this test on the examined
data set was Q2 = 0.628 and SPRESS = 0.472 for the MLR model, while Q2 =
= 0.916 and SPRESS = 0.147 for the ANN model, which revealed the reliability
of ANN model. In addition, a Y-randomization test was applied to examine the
chance correlation among log MU and selected molecular descriptors.3® In this
method, a dependent variable vector is randomly shuffled and a new QSAR mo-
del is developed using the original indepe_rgjent variable. The result of 30 times
randomization of log MU vectors gave R =0.111, which revealed that there
was no chance correlation in the data set. Comparison of the statistical results in
the prediction of log MU using the ANN and the MLR models in Table VI re-
veals the superiority of the ANN over the MLR model. These observations show
that there are some non-linear relation between the selected molecular descriptors
and log MU. The ANN predicted values of log MU are plotted against their ex-
perimental values for the training, internal and external test setsin Fig. 3, which
shows good correlation among these values. In addition, the residuals of this cal-
culation are plotted against their experimental log MU value in Fig. 4. The ran-
dom propagation of the residuals over the zero line shows that no systematic er-
ror existed in the developed ANN model.

As mentioned earlier, Thakur and coworkers proposed a QSAR model on the
same data set.6 The leave-one-out cross-validation test on their mode! provided
the statistics Q2 =0.7154 and SPRESS =0.87, while these statistics for the pre-
sented model are Q2 =0.841 and SPRESS =0.34, which revealed the superiority
of the present work. In addition, they used two experimentally determined para-
meters (log Pow and MR) as independent parameter in their proposed model
while it is preferred to use theoretically derived molecular descriptors in QSAR
models. In contrast to their work, the present model uses only theoretically de-
rived molecular descriptors.

Q2 =1- (13)
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Fig. 4. The plot of ANN calculated re-
log MU ¢ siduals vs. experimental value of log MU.
CONCLUSIONS

The results of this study show that there are some non-linear relationships
between the DFT calculated molecular descriptors and the psychometric activi-
ties of phenylalkylamines. The high correlation coefficients and low prediction
errors of the developed ANN model confirm the good predictive ability of this
QSAR model. Finally, the descriptors used in this work can encode some el ectro-
nic and topological aspect of phenylalkylamines, which could affect on their ste-
ric and lipophilic interaction with target cell.
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U3BOA

MMPEABUBAE IICUXOMETPUJCKE AKTUBHOCTU ®EHMIIAJIKWJIAMHWHA TIOMORY
HEYPOHCKHX MPEXA ITPUMEHOM MOJIEKYJICKUX JECKPUIITOPA
PAUYHATHUX DFT METOZAOM

MINA HAGHDADI' it MOHAMMAD H. FATEMI?

1Department of Chemistry, Islamic Azad University, Babol Branch u 2Department of Chemistry,
Mazandaran University, Babolsar, Iran

V pany je npumerena meroga QSAR 3a npeaBubarmbe CHXOMETPHjCKEe aKTHBHOCTH (y MecKa-
JMHCKMM jeaunuiiaMa, 10g MU) 3a 48 denmnankniaMuHCKUX JIepUBaTa, IPUMEHOM HbHXOBHX MO-
JIEKYJICKUX JeckpunTopa padyHatux DFT Meromom m momohy BemTaukux HEYpOHCKHX Mpeka
(ANN). Y npBoM KOopaky MOJIEKYJICKH JiecKpunTopu cy oapehenu DFT u3pauyHaBamiUMa Ha HUBOY
teopuje 6-311G*. 3atum je npumemena mMetona BumecTpyke muaeapue perpecuje (MLR). Y cie-
nehem kopaky paspalena je merona 6aszupana Ha ANN, oga. MLR, na 6u ce nobunu HenuHeapHu
onH. muHeapHn QSAR monenu. Cranpapase rpenike 3a log MU y MLR-mozeny cy 0,398, 0,443 u
0,427 3a TpeHUHT, YHYTPAILBH U CIIOJBAIIBH CET, 0K oarosapajyhe Bpennoctu 32 ANN momen us-
Hoce 0,132, 0,197 u 0,202. Jlo6ujenn pe3ynrtatu mokasyjy aa ce ANN-TexHHKe MOTY MPUMEHHTH
3a QSAR mnpensubama 10g MU BpeaHoctu nepuBara GpeHMIaIKUIAMHHA Ha OCHOBY HUXOBHX MO-
JIEKYJICKHX JleckpunrTopa nzpauyHarux DFT meromom.

(IlpumibeHo 8. anpuia, peuaupano 11. maja 2010)
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with a given number of methyl groups
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Abstract: The Wiener polarity index of a graph G is the number of unordered
pairs of vertices{u,v} of G such that the distance between u and v is equal to 3.
In this paper, the maximum Wiener polarity index of molecular graphs of a-
kanes with a given number of methyl groups s studied.

Keywords. topological index; Wiener polarity index; distance; alkane with k
methyl groups.

INTRODUCTION

Among various topological indices considered in chemical graph theory,
only a few have been widely studied in mathematical and chemical literatures.
However, it seems that less attention has been paid to the Wiener polarity index.
It was introduced by Harold Wienerl for acyclic molecules in 1947. The Wiener

polarity index of an organic molecule the molecular graph of whichis G = (V,E)
is defined as:23

Wp(G) =[{{u, v}ldg(u,v) =3, u,ve V}|

which is the number of unordered pairs of vertices {u,v} of G such that dg(u,v) =
= 3, where dg(u,v) is the distance between two verticesuand vin G.

Using the Wiener polarity index, Lukovits and Linert4 demonstrated quanti-
tative structure—property relationships in a series of acyclic and cycle-containing
hydrocarbons. Hosoya® found a physico-chemical interpretation of Wp(G). Very
recently, Du, Li and Shi2 described a linear time algorithm APT for computing
the index of trees and characterized the trees maximizing the index among all
trees of a given order. Deng et al.3 characterized the extremal trees with respect to
this index among all trees of order n and diameter k. Deng® gave the extremal
Wiener polarity indices of all chemical trees of order n.

* Corresponding author. E-mail: hydeng@hunnu.edu.cn
doi: 10.2298/JSC100320114D
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1406 DENG and XIAO

In this paper, the Wiener polarity index of molecular graphs of alkanes with
k methyl groups will be studied. For an alkane with k methyl groups, its graph
representation can be considered as a chemical tree with k pendents in which a
pendent vertex corresponds to a methyl group. Thus, the maximum Wiener pola-
rity index of chemical trees with n and k pendents will be discussed.

SOME PROPERTIES OF THE WIENER POLARITY INDEX

Let T be a tree with its vertex set V(T) and edge set E(T). The degree of a
vertex ve V(T) is denoted by dr(V).

A path P in T is called an i-degree pendent chain if all of itsinternal vertices
are of degree 2 and its ends of degree 1 and I, respectively, where i > 3. In parti-
cular, P is called an i-degree pendent edge if P is an edge. Here, only chemical
trees are considered.

For convenience, let Cp, be the set of chemical trees (i.e., trees for which eve-
ry vertex has a degree at most of 4) of order n and Cp, k the set of chemical trees
of order n with k pendents.

The degree sequence (n1, Ny, N3, Ny) is associated to Te C, where nj denotes
the number of vertices of T with degreei (1<i < 4). In particular, np is the num-
ber of pendents. Recall the relations:

ni+no+ng+ng=nandny+2n;+3n3+4ng=2n-2
which implies
n3+2ng+2=niandn=2+nqg+no+2n3+3ny

First, aformulafor computing the Wiener polarity index of treesis given.
Lemma 1.23 Let T = (V,E) beatree. Then

Wy (M= 2 (@ (W) -D(dr(v)-D)
uve E
Let m;j be the number of edgesin T between vertices of degreesi and j. By
Lemma 1, one has

Wo(M= X (dr(W-DdrM-D= > (-D(i-Dm;

uveE <i<j<4
Especialy, if Tisachemical tree, then
Wp(T) =M, +2M,y5 +3M,, + 4Mys +6m,, +9m,,

Now, two graph transformations are introduced, which will be used in the
next section.

An edge e = uvis said to be subdivided when it is deleted and replaced by a
path of length two connecting u and v, the internal vertex w of this path being a
new vertex. The converse of subdividing is called smoothing the vertex w of de-
gree 2. Thisisillustrated in Fig. 1.
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o subdividing ¢
“ smoothing w

Fig. 1. The operations in subdividing and smoothing.

The following two lemmas can be proved by immediately computing from
Lemmal.
Lemma 2. Let TeCp. € = uvis an edge of T with d (u)<d;(v). T isthe
tree obtained by subdividing e. Then:
1L, dr(u)=1 d;(v)=2
2, dy(w)=1 dy(v)=3
3, dT (u)=1, dT V) =4
0, dr(u)=3 dr(v)=3
-1, dy(u)=3 d;(v)=4
=3, dr(u)=4, d;(v)=4

Lemma 3. Let Te C,. wis avertex of degree 2 of T with the neighbors u and

vV, d; (u)<dp(v). T isthetree obtained by smoothing w. Then

-1, d;(u)=1 dy(v)=2

=2, dp(u)=1 d;(v)=3

-3, dp(u)=1 dy(v)=4

Wp(T') —Wp(T) =1 -1 d(u)=2 d;(V)=234%

0, dr(u)=3 dr(v)=3

L dp(u)=3 d;(v)=4

3 dT (u=4, d (V=4

Lemma 4. Let Te C,x (n > 7) with the degree sequence (n1, Ny, N3, Ng), and
all the vertices of degree 2 in T are on the pendent chains. If ny > 2, then there
exists T'eCpk with the degree sequence (ng, np+1, nz—2, ng+1) such that
Wp(T') ZWp(T) :

Proof. x,ye V(T) can be chosen such that dr(x) = dy(y) = 3 and there is neith-
er a vertex of degree 3 nor a vertex of degree 2 between them since al the ver-
tices of degree 2in T are on the pendent chains. Let T = T —xa + ya. Obvioudly,
T e Cpk has the degree sequence (ng, np+ 1, Nn3—2, Ng+1).

i) If x,yeE(T), see Fig. 2i. Without loss of generality, it is assumed that
d; (@) =d; (b) and d(a) +dy (b) <d;(c)+d;(d). By Lemmal:
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1408 DENG and XIAO

W(T")-Wy(T) =[3(dr(a)—1)+(dr(b)-1)+3+3(cr(c)-1)+3(dr(d)-1)] -
— [2(dr(a)-1)+2(dr(b)-1)+4+2(dr(c)-1)+2(dr(d)-1)] =
= (dr(a)-1)—(dr(b)-1)-1+(dr(c)-1)+(dr(d)-1) =
= (dr(a)—dr(b))+(dr(c)+dr(d)-3)
If dr(a) > 1, then d; () + dy (d) 2 dy (@) + dy (b) 2 3; thus W (T") >
If dr(a) = 1, then dy(b) = 1 since d;(a) 2 d;(b), and d; (c)+cFT(d)2
n>7; thus, Wp(T') zwp(T).

ii) Otherwise, x,y may be chosen as in Fig. 2ii. Notice that x; = yj is pos-
sible. Without loss of generality, it is assumed that d; (a) > d; (b) . By Lemma 1:
Wp(T") “W(T) = [3(dr(a)-1)+(dr(0)-1)+3+9+3(dr(c)-1)+3(dr(d)-1)] -

— [2(dr(a)-1)+2(d7(b)-1)+6+6+2(dr(c)-1)+2(dr(d)-1)] =
= (dr(a)-1)H{dy(b)-1)+(dr(c)-1)+(dr(d)-1) =
= (dr(a)-dr(b))+(dr(c)+dr(d)-2) = O

W_(T).
P
3 since

o0 | ”
i T—Y
Ib d- b = %fdc
T T i
@ s oo 5 — |5 oA b
T e

Fig. 2. Proof cases of Lemmad4.

THE MAXIMUM WIENER POLARITY INDEX OF CHEMICAL TREES
WITH n VERTICES AND k PENDENTS

In this section, maximum Wiener polarity index of chemical trees with n ver-
tices and k pendents will be discussed.

First, some special cases are considered. Let T be a chemical tree with n ver-
tices and k pendents.

If k=2, then T is the path Py, of length n—1, and Wy(P2) = 0, Wp(Pn)= n-3
forn=3.

Ifk=3,thenng=1, ny=0andmys=NMpg=MmMgz3 =My =Mmys=0,0<Mp3 <
<3.Since

4 4 4

> my ==k and Zmij =n-1, myp+ mp3=n-1-k=n4
j=1 i=1j=i

and
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WIENER POLARITY INDEX 1409

O,n=4;

W (T)=m,, +2m; =n—4+my, < Zn=5
P 2 3 37| 4n=6
n-1Lnx>7.

with equality if and only if T is one of the graphsin Fig. 3.

n=4 n=>5 n==~6 n>"7
(a+b+c=n—-1a,b,c>1)
Fig. 3. The extremal tree with 3 pendents.

If k=4 and n=5,then T isastar with 5 vertices and Wy(T) = 0. If k = 4 and
n = 6, then there are only two chemical trees with 6 vertices and 4 pendents. One
can immediately obtain that Wy(T) = 3 or Wy(T) = 4.

Inthefollowing, itisassumedthat k>4 andn>7.

Let C*p, k be the set of chemical trees T with n vertices and k pendents satis-
fying the following conditions:

i) thereis at most one vertex of degree3inT;

ii) al the vertices of degree 2in T are on the pendent chains;

iii) if Pisapathin T with ends of degree 4, then all internal vertices of P are
of degree 4;

iv) if np > k, then there is neither a 4-degree pendent edge nor a 3-degree
pendent edge.

Remark. Let Te C*,  with a degree sequence (ny, Ny, N3, Na).

1) If kiseven, then n3 = 0, the induced subgraph T' by the vertices of degree
4inTisaso atree, and myy = Ng—1. By therelations:

{ k+n,+n, =n,
k+2n2+4n4:2n—2
one has n2=n+1—3k/2 and n4=k/2—1.
i) If n,<k,i.e, k=22(n+1)/5, then mp4 = np, Mz = 0 and
Wp(T) = 3mp4 + 9myg = 3np + 9(ng-1) = 3n-15

i) If n,>k,i.e, ks2(n+1) /5, then mpq = Kk, mp2 = n=1~(k+mpg+mys) =
=n+ 1-5k/2 and Wp(T) = mp + 3mpg + 9mys = n + 5k - 17.
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I) If kis odd, then T has only a vertex v of degree 3, i.e, n3 = 1. Thein-
duced subgraph T' by the vertices of degree3or 4inTisalso atreeandvisa
pendent of T'. Thus, my4 = ng4—1, mg4 = 1 and my3 = 0. By therelations:

K+n,+m+ny=K+n,+ny,=n,
K+2n, +3ng +4n, =k +2n, +3+4n, =2n-2
onehas n,=n+1/2-3k/2 and n,=k/2-3/2.
i) If n,<k-2,i.e, k>=2n/5+1, then mpg = np, Mp3 = Mz = 0 and
Wp(T) = 3mpg4 + 6m4 + 9myy = 3y + 6+ 9(Ng—1) = 3n-15
i) If no=k=1,i.e, k=2n/5+3/5,thenmyz=1,mpg=nx-1= k-2, mp=0

and
Wp(T) = 2myp3 + 3mpg + 6mg4 + 9myg = 3n-16
i) If nzzk, i.e, k<2n/5+1/5, then mp3 =2, npg = k=2,
Mp2 = N=1 — (K + Mp3 + Mg + Mg + Myg) = N+1 - 5/2k
and

Wp(T) = mp2 + 2mp3 + 3mp4 + 6Migq + 9y = n + 5k— 18
Hence, for any Te C*, , one has:

n+5k-17, kisevenand 4Sks§(n+1);
3n-15, k iseven and k < max{4, %(n+1)};
Wp(T): n+5k-18, kisoddand 5£k£§n+%;

3n-16, k isodd and k:%n+§25;

3n-15, k isodd and k= max{5, §n+1}

Theorem 1. For any Te C*p, thereis T*e C*y, i such that Wy(T*) = Wy(T).

Proof. i) Firgt, if there is a vertex of degree 2 in T which is not on any pen-
dent chain. Let Q be the set of al vertices of degree 2 in T which are not on any
pendent chain. T is obtained from T by smoothing the vertices in Q, then
Wp(T1)-Wp(T) 2—Q| by Lemma 3. Now, let T be obtained from Ty by subdivi-
ding a pendent edge |Q| times, then Toe C*p, k and Wp(T2)-Wp(T1) 2|Q| by Lem-
ma 2, and Wy(T2) =Wp(T), i.e., there is Toe C*pk such that all its vertices of
degree 2 are on the pendent chains and Wp(T2) 2 Wp(T).

ii) Secondly, if there are at least two vertices of degree 3 in Top, then, by
Lemma 4, there exists a tree Tze C*,  with at the most one vertex of degree 3
such that Wy(T3) 2 W(T). Furthermore, it can be assumed that all the vertices of
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degree 2 in T3 are on the pendent chains since process i) can be repeated without
changing its degree sequence.

iii) Next, we consider Tae C*, i with exactly one vertex of degree 3 and
with all its vertices of degree 2 on the pendent chains. If there is a path P in T3
with ends of degree 4 and one of its internal vertices is of degree 3, see Fig. 4
(case 1), where dr, (v) =3, it may be assumed that P is maximal, then

dr, (a).dr, (b).dr, (¢) <4 and d, (a), c, (b), dr, () < 2

since v is the unique vertex of degree 3. Let T4 = T3 —ya + va, see Fig. 4 (case
2), then T4e C* . Notice that z= y is possible. By Lemma 1, one obtains:

Wh(Ta)-Wp(Ta) = [3(cr, (1) 1) + 3(c, (0-1) +3(cy. (2-1) +3(dp (-1 +
+2(dy. (W)-1) +2(dy. (B-1)+2(dy, (O-D)] - [2(dy. (U-1)+2(dy (9-1) +
+2(dp. (2-1) + 3(dy, (-1 +3(dp, (WD) +3(dy_ (B-1) + 3(dy (©-1)] =
=[9+3(dy (0-1) + 9+ 3(dy (8)-1) +6+2(dy (b)-1) +2(dy (€)-1)] -
3 3 3 3
~[6+2(dy. (9-1) +6+3(cy_ (@)-1) +9+3(dy, (b)-1) +3(dy (-D)] =
=4+ d. () —d; (b)—d; (>0
3 3 3

and Wp(T4) > Wy(T3).

VR TR, TET T
T T T

(2) Ty
Fig. 4. Proof casesfor Theorem 1.

iv) Finaly, if N>k and there is an i-degree pendent edge e in T4 (i = 3 or
4), then there is a pendent chain P with length at least 3. Let Tg be the tree ob-
tained from Tg by smoothing a vertex of degree 2 on the path P and subdividing
the edge e. By Lemmas 2-3, Wp(Ts)>W;(Ta).

Hence, there is T*e C*, i such that Wp(T*) = W(T) for any Te C*p k.

In order to obtain the maximum Wiener polarity index of treesin Cpy, one
only needs to find the Wiener polarity index of treesin C*p, k. By Theorem 1 and
the Remark, one has

Theorem 2. Among all chemical trees with n>7 vertices and k> 2 pendents,
the maximum Wiener polarity index is Wp(T)max, Where:
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n-3, k=2
n-1, k=3;

n+5k—-17, kisevenand 4< ks%(n+1);

W (T) i =130 =15, k iseven and k > max{4, é(n+1)};
n+5k -18, kisodd and 53ks§n+%;

3n-16, k isodd and k=§n+§2 5;

3n-15, k isodd and k > max{5, §n+1}.

From Theorem 2 and the result in the literature,® an interesti ng fact is found,
i.e., the maximum Wiener polarity index of chemical trees with n=>7 vertices and
k=4 pendents is the same as that of chemical trees with n vertices when
k=>2n/5+1.

Acknowledgements. This work was supported by the Hunan Provincial Natural Science
Foundation of China (09JJ6009) and the Scientific Research Fund of the Hunan Provincial
Education Department (09A057).

N3BOJI

WIENER-OB MHJIEKC ITOJIAPHOCTU MOJIEKYJICKUX T'TPA®OBA AJIKAHA
CA 3AJAHUM BPOJEM METUJI IT'PYIIA

HANYUAN DENG u HUI XIAO

College of Mathematics and Computer Science, Hunan Normal University,
Changsha, Hunan 410081, P. R. China
Wiener-os unnekc nonapaoctu rpada G je 6poj naposa uBoposa {U,v} rpada G TakBux ja je
pacrojatbe u3Melhy U u V jennako 3. V paxay je ucnuraH MakcuManHud Wiener-oB mHzaeKc moiap-
HOCTH MOJIEKYJICKHX I'padoBa ajKaHa ca 3aaHiUM OpOojeM MeTall rpyTa.

(TMpumsseno 20. mapra, peuaupano 13. anpuma 2010)
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Differencesin the electrochemical behavior of ruthenium and
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Abstract: The electrochemica characteristics of Tigglrg4Oo/Ti and TiggRug 4O,/
ITi anodes prepared by the sol—gel procedure from the corresponding oxide
sols, obtained by force hydrolysis of the corresponding metal chlorides, were
compared. The voltammetric properties in H,SO, solution indicate that
Tigglrg402/Ti has more pronounced pseudocapacitive characteristics, caused
by proton-assisted, solid state surface redox transitions of the oxide. At po-
tentials negative to 0.0 V g, this electrode is of poor conductivity and activity,
while the voltammetric behavior of the TiggRuy 4O,/ Ti electrode is governed
by proton injection/gjection into the oxide structure. The Tigglrg4Oo/Ti elec-
trode had a higher electrocatalytical activity for oxygen evolution, while the
investigated anodes were of similar activity for chlorine evolution. The poten-
tia dependence of the impedance characteristics showed that the TiggRug 40/
ITi electrode behaved like a capacitor over a wider potential range than the
Tigelrg4Oo/Ti electrode, with fully-developed pseudocapacitive properties at
potential s positive to 0.60 V gcg. However, the impedance characteristics of the
Tigelrg4Oo/Ti electrode changed with increasing potential from resistor-like to
capacitor-like behavior.

Keywords: activated titanium anodes; sol—gel procedure, ruthenium and iridium
oxide; electrochemical impedance spectroscopy; pseudocapacitance.
INTRODUCTION

Titanium anodes coated with noble metal oxides (activated titanium anodes,
ATA), being electrocatalytically active for the chlorine evolution and oxygen re-

* Corresponding author. E-mail: panic@ ihtm.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100310078P
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action, are commercially applied in industrial electrochemistry for chlor—alkali
electrolysis, cathodic protection and metal electrowinning processes.2 ATA coa-
tings with RuO», and/or 1rO» undergo degradation due to the electrochemical dis-
solution of noble metal oxide species.3-6 Since these products of noble metal oxi-
de degradation are soluble, the anode coating is gradually enriched in insulating
TiO2 during operation, since not only isthis oxide aready present as a stahilizing
component of binary and/or ternary coatings, but it also comes from the coating
substrate. These processes lead to anode passivation.3>

The anode activity for the oxygen evolution reaction plays a key role in the
process of anode degradation.>6 It is known that ATA with iridium oxide in the
coating is more stable against passivation in the electrolysis of NaCl solutions
than a binary RuOo>—TiO, coating.”-8 This is due to the slower dissolution rate of
IO, with respect to RuO», especialy when a considerable portion of the current
is related to the oxygen evolution reaction. For this reason, commercialy avail-
able ATASs contain iridium oxide in small amounts, in addition to ruthenium and
titanium oxide. A recent investigation showed that a RuO>—IrO>—TiO> anode is
an idea anti-fouling electrode material in the electrolysis process of brine.®

Previous studies®10.11 postulated a higher activity for the chlorine and oxy-
gen evolution reaction, as well as greater stability to passivation of TiggRug 402
coatings on titanium prepared by the sol-gel procedure in comparison to the same
coating prepared by the usual thermal decomposition of metal chlorides.®>1! This
improvement was assigned to the larger real surface area of the sol—gel-prepared
coating.b

The activity and stability of aternary TiggRug,3lrg.10O2 coating on titanium
prepared by the sol—gel procedure were investigated under conditions of chlorine
and oxygen evolution.12.13 The anode characteristics were compared to the cha-
racteristics of abinary Tig gRug 40> coating. The investigation showed that finely
dispersed iridium oxide was produced by the sol-gel procedure.13 It was found
by an accelerated stability test in sea water that the ternary coating was consi-
derably more stable during exploitation than the binary one.12 This was assigned
to the greater stability of nano-sized IrO, under vigorous oxygen and chlorine
evolution in comparison to sol—gel processed RuO,.

The aim of this study was to investigate the differences in electrochemical
properties of Tigglrg.402/Ti and TiggRug 402/ Ti anodes prepared by the sol—gel
procedure, in order to obtain further insight into the differences between the nob-
le oxides, which result in the beneficial behavior of 1rO>-containing coatings.

EXPERIMENTAL

Colloidal dispersions of ruthenium, iridium and titanium oxide were obtained by the
forced hydrolysis of the corresponding metal chlorides in boiling 0.27 mol dm3 HCI.1113 The
dispersions of RuO,, IrO, and TiO, (oxide sols) were formed during 46, 20 and 10 h (ageing
times), respectively. These ageing times were chosen since TiggRug 40, coatings with the best
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Ru AND Ir OXIDE AS ELECTROCATALYTIC COATINGS 1415

electrochemical properties were obtained from sols of these ageing times,® while the ageing
time of IrO, was set in-between. The prepared oxide sols were mixed to form binary
dispersions for the preparation of a coating with the desired compositions of Tig gl 40, and
TiggRU 40,. The dispersions were painted over Ti plates (1 cmx1 cmx0.89 mm), previously
sand-blasted, degreased in saturated NaOH/ethanol solution and etched in hot 20 mass % HCI
for 20 min. The coatings were applied in two layers, each converted into the gel phase at
90 °C and annealed at 450 °C; the first layer was annealed for 10 min and the second for 20
min. This procedure developed the crystal structure of the oxide and provided good coating
adhesion. Thetotal coating mass was 1.0 mg cm2 (calculated to the overall oxide).

The capacitive behavior of the prepared anodes was investigated by cyclic voltammetry
(CV) in 1.0 mol dm3 H,SO, and by electrochemical impedance spectroscopy (EIS) in the
same solution at the characteristic potentias indicated by the CV behavior of the prepared
anodes. The polarization characteristics of the prepared oxide coatingsin 1.0 mol dm3 H,SO,
and in 0.50 mol dm3 NaCl, pH 2, were registered by anodic linear sweep voltammetry at a
scan rate of 0.50 mV s1. A Pt plate electrode was used as the counter electrode, while the
reference electrode was a SCE, and all potentials are referred to the SCE.

RESULTS AND DISCUSSION

Colloidal dispersions of ruthenium, iridium and titanium oxide of different
degrees of polydispersity were obtained.13 The TiO, sol consisted of particles of
size around 100 nm with aweak tendency to agglomerate. The RuO, particle size
fell in the range 3-10 nm; however, the sporadic presence of agglomerates of
sizes of several hundreds of nm was also evidenced.13 The agglomeration was
more pronounced upon dilution due to the increase in pH of the dispersion. A high
affinity for agglomeration was aso registered in the case of the IrO, particles,
which were prepared as ultra-small (around 1 nm)13 but, upon dilution, the stable
iridium oxide agglomerates had sizes of 50-90 nm.

The capacitive cyclic voltammograms of Tig glrg402/Ti and Tig gRug 402/ Ti
electrodes in HySO4 solution, registered at different sweep rates, are shown in
Figs. 1A and 1B, respectively. The voltammograms for the different coatings are
of different shape, with much more pronounced pseudocapacitive reversible peaks
for the Tig glrg.402/Ti electrode, which are to be ascribed to proton-assisted, solid
state surface redox transitions (SSRTS) of the noble metals (Me):1.11,14

In the case of the TiggRug402/Ti electrode (Fig. 1B), the SSRTs are over-
lapped in the investigated potential range and form a single broad peak around
0.55 V, while at least three well-resolved SSRTs are seen for Tigglrg402/Ti as
peaks at 0.35, 0.74 and 1.02 V (Fig. 1A, 50 mV s1). The most negative and
positive peaks showed appreciable dependence on the sweep rate; the first one di-
minishes and the last one shifts cathodically with increasing sweep rate, and fi-
nally (at 300 mV s1) emerges with an SSRT peak at 0.74 V. In addition to the
better separation of the SSRTs in the case of Tigglrg402/Ti, the associated
capacitance values were much higher than for Tig gRug 402/Ti.
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Fig. 1. Capacitance—potential curves of the Tigglrg4O0o/Ti (A) and TiggRUg 404/ Ti (B)
electrodes registered in 1.0 mol dm3 H,S0, at the sweep rates shown
in the graph; room temperature.

The most remarkable difference in the CV behavior of the investigated elec-
trodes is seen in the potentia region below 0.0 V. The capacitance of Tigglrg405/
/Ti considerably decreases, which indicates poor conductivity in the cathodic di-
rection, while Tig gRug 402/Ti exhibits a considerable increase in the cathodic ca-
pacitance, due to pronounced proton injection according to Eq. (1). Hence, the
data shown in Fig. 1 introduce iridium oxide as good anodic capacitor, while ru-
thenium oxide has desirable capacitive properties at more negative potentials.

The polarization curves of Tig glrg.402/Ti and Tig gRuUg 402/Ti anode in oxy-
gen and chlorine evolution are shown in Fig. 2. The anodes showed different
Tafel slopes for O, evolution (40 and 60 mV dec1, for the Tigglrg4O2/Ti and
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Tig.eRUg.402/Ti anodes, respectively), which promotes iridium oxide as a much
better catalyst for this reaction. Only below 1.25 V were higher currents regis-
tered for the Tig gRug 402/Ti anode. In the case of Cl» evolution, a slope close to
40 mV was registered for both anodes. The currents were higher for the
Tig.eRU.402/Ti anode up to a potentia close to the onset of O, evolution (near
1.15 V). These data show that the anode containing iridium oxide should behave
beneficialy from the standpoint of anode stability, as was aready evidenced by
comparison of TiggRug 3lro.102/Ti and TiggRug 402/ Ti anodes during their ope-
ration in sea water.12

144 TiJr, O,Ti

o H,SO,
4 NaCl

134 Ti Ru OTi

06 042

1E-4 1E-3 0.01 0.1
il mA

Fig. 2. Polarization curves of the Tigglrg4O./Ti and Tig gRup 40,/ Ti anodes registered in 1.0
mol dm H,S0, and in 0.50 mol dm3 NaCl, pH 2; room temperature.

The EIS characteristics of Tigglrg402/Ti and TiggRuUg.402/Ti electrodes,
registered at the characteristic potentials (-0.10, 0.35 and 0.74 V) related to CV
behavior of the Tigglrg402/Ti electrode (Fig. 1A), are shown in Figs. 3 and 4,
respectively.

The EIS data for the TiggRug402/Ti €electrode showed a much less pro-
nounced dependence on potential (Fig. 4) than the Tig gRuUg40,/Ti electrode. At
al investigated potentials, the former electrode behaved like a capacitor and the
changes of the EIS characteristics with potential were registered in the low fre-
quency region (below 1 Hz). A low frequency capacitive loop clearly developed
a 0.74V, while at lower potentias the low frequency data indicate diffusion
limitations. Since SSRTs dominate in the capacitive behavior of ruthenium oxide
at the potentials positive to 0.60 V (Fig. 2B), it can be concluded that the low
frequency capacitive loop at 0.74 V corresponds to a fully-developed pseudoca
pacitive behavior caused by SSRTs. At lower potentias, the SSRTs are con-
trolled by proton injection/egjection through the porous structure of the coating.
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Fig. 3. The EIS characteristics of the Tigglrg4O4/Ti electrode registered at different potentials

3-
= -100 mV 167Hz___
o - 225 mHz * 350 mvV 12+ N
< o 740mMV ’
24 ' 94 «°
* S
g ] ¢ |
:l_ > :l»— 64 s
! 14~ ] ' o'.
- . 3
- 34 <§>’
p
P 40mHz i _170Hz
0 T T T T - , 0 = T T
0 1 2 3 4 5 6 5 10 15 20
Z/ko Zia
20+ .
t *:\O%%
o+ 1.69 mHz e, foff’fﬁﬁgt
& 15 . 60 L, o* sovesess®” %
< . . s
Rt . s
®© . 0.95 mHz s
T, 10 * N\ ~ 8
e e ey N [
-~ o.,,<>"0'<> *7<>0<><> 30 35
>~S‘_ 5. 4.02Hz 455 miHz, .*’O,,Q ©opa— 127 mHz 55
\ | el
R %%’%m
o 2.25kHz 300 mHz ot
' 20 30 40 3 2 1 0o 1 2 3
log (f/ Hz)

10
Yo/ka'rad's

potentialsin 1.0 mol dm H,SO, at room temperature.

Fig. 4. The EIS characteristics of the TiggRup 40,/ Ti electrode registered at different
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The Tigglrg402/Ti electrode behaved much like a resistor at —0.10 V (Fig.
3), asisindicated by the appearance of a semicircle in the complex plane plot,
which corresponds to a considerably lower capacitance in comparison to the
Tig.eRuUp.402/Ti electrode (also registered by CV measurements, Fig. 1). As the
potential increases, SSRTs are involved and the semicircle diminishes (the asso-
ciated resistance decreases from = 5 kQ (-0.10 V) to= 5Q (0.74 V)). At 0.74 V,
a capacitive loop clearly developed and the electrode behaved much like capa
citor upon the onset of SSRTs. The associated capacitance is much higher in
comparison to that of the TiggRuUg 402/ Ti electrode, as was aso indicated by CV
measurements (Fig. 1).

CONCLUSIONS

The electrochemica properties of Tigglrg402/Ti and Tig gRug 402/ Ti anodes
were investigated and compared, in order to obtain further insight into the differen-
ces between the two noble metal oxides, whereby iridium oxide was shown to be
more stable in electrolysis processes involving simultaneous oxygen evolution.
Cyclic voltammetry and electrochemical impedance spectroscopy showed that the
Tio.elro.402/Ti electrode changed its behavior with the potential from resistor-like
to capacitor-like due to the suppression of the proton injection/gection process
(resistor-like behavior). The Tig gRug 402/ Ti eectrode behaved as capacitor over the
whole potential window of water stability. Proton-assisted, solid state surface re-
dox transition processes, responsible for the pseudocapacitive behavior of noble oxi-
des, were more pronounced in the case of the iridium oxide-containing electrode.
Additionally, the Tig glrg.402/Ti anode was more active for oxygen evolution and of
similar activity for chlorine evolution in comparison to the Tig gRug 402/ Ti anode. It
appears that the higher activity for oxygen evolution and greater stability of the
Tioelro.402/Ti anode are closely connected to the much better resolved redox tran-
sition process of iridium oxide. The state of the oxide formed prior to the oxygen
evolution is more stable and active than the appropriate state of ruthenium oxide.

Acknowledgement. This work was financially supported by the Ministry of Science and
Technological Development of the Republic of Serbia, Project Nos. 142048 and 142060.

U3BO [
PA3JIMKE Y EJIEKTPOXEMNJCKOM ITOHAIIABY OKCUIA PYTEHUIYMA U
NPNMANIYMA Y EJIEKTPOKATAJIMTUYKNM ITPEBJIAKAMA AKTUBUPAHUX
TUTAHCKUX AHOJA JOBMJEHNX COJI-TEJI IOCTYIIKOM

BJIAJUMUP B. MTAHUR?, AJIEKCAHJIAP b. [[EKAHCKI/II, BECHA B. MUIIIKOBUh-CTAHKOBHUR?,
CJIOBOJIAH K. MUJIOBUR® 1 BPAHUCIIAB ). HUKOJIMR?

TUXTM — Ieniuap 3a eaexiupoxemujy, Ynueepauitein y beozpady, bezowesa 12, 11000 beozpao, 2Texnonouo—
—meitanypuiku (paxyaitieiti, Yuusep3auitieii y beozpady, i. ap. 3503, 11001 Beozpad u 3 Hnciiuinyin 3a HykaeapHe
Hayke “Bunya’”, ii. iip. 522, 11001 beozpao

VY pamy cy MCHHMTHBaHE eJIEKTpoXeMHjcke Kapakrepuctuke Tigello4Oxf/Ti 1 TigeRUp 4O/ Ti
aHoza OOMjeHNX COJI—TeJ MOCTYIKOM U3 OKCHIHUX COJIOBA CHHTETHCAHUX (HOPCUPAHOM XUIPOIIH-
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30M oaroBapajyhux xmopuzaa merana. Bonrtamerpujcke kapakrepuctuke y pactopy H,SO, ykazyjy
Ha BHIIE M3PAKEHO ICeyNOKaNaluTHBHO MoHammame Tigello4O,./Ti enekTpose koje je mocienuna
MOBPIIMHCKUX PEIOKC Ipena3a y UBPCTOM CTawy y3 ydemhe nportona. Ha moreHuujanuma Hera-
tuHUjuUM o1 0,0 Vz«g OBa enekTpoaa mokasyje ciady MpPOBOJHOCT U aKTHBHOCT, JIOK BOJITAMET-
pujckuM moHamameM TigsRUy 40,/ Ti enexTpoae oMUHEpa MPOAOP HPOTOHA Y CTPYKTYPY OKCHIA.
Tigell04O,/Ti aHOA je eeKTpOKATANIMTUYKY aKTUBHHjA 33 PEAKUU]jy H3/Bajarba KICCOHHKA, JOK Cy
AHOJIE CIMYHMX aKTUBHOCTH 3a PEaklyjy M3/Bajarba Xjuopa. FMieqaHcHe KapaKTepUucTHKe (hopMu-
paHHX aHozAa mokasyjy na ce TigeRUg4O,/Ti enekTpona moHama CIMYHO KOHAEH3aTOpY Y LIMpEM
oIery MOTeHIHjalla Hero IITO je TO ciy4aj ca Tiggellg4OofTi exexTpomom, ca HOTIYHO pa3BHjeHUM
NCeyI0KAMaMTHBHIUM CBOjCTBUMA Ha MOTeHIMjaniuma no3utuBHUjuM o 0,60 Vz«e. C mpyre ctpa-
He, 3a Tiggellg 4O,/ Ti enexTpoxy ce youasa Ipela3 ca KapakTEPUCTHKA CIMYHUX OTIOPHUKY HA Ka-
PaKTEpPUCTHKE CIMYHE KOH/ICH3ATOPy Ca MOPAacTOM IIOTEHIHjajla elIeKTPOoIe.

(TTpumsbeno 10. mapra, peBuaupaso 1. jyna 2010)
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Abstract: The electrocatalytic behavior of reduced nicotinamide adenine dinuc-
leotide (NADH) was studied at the surface of a rutin biosensor, using various
electrochemical methods. According to the results, the rutin biosensor had a
strongly electrocatalytic effect on the oxidation of NADH with the overpoten-
tia being decreased by about 450 mV as compared to the process at a bare
glassy carbon electrode, GCE. This value is significantly greater than the value
of 220 mV that was reported for rutin embedded in a lipid-cast film. The ki-
netic parameters of the electron transfer coefficient, ¢, and the heterogeneous
charge transfer rate constant, ky, for the electrocatalytic oxidation of NADH at
the rutin biosensor were estimated. Furthermore, the linear dynamic range; sen-
sitivity and limit of detection for NADH were evaluated using the differential
pulse voltammetry method. The advantages of this biosensor for the determi-
nation of NADH are excellent catalytic activity and reproducibility, good de-
tection limit and high exchange current density. The rutin biosensor could se-
parate the oxidation peak potentials of NADH and acetaminophen present in
the same solution while at a bare GCE, the peak potentials were indistin-
guishable.

Keywords: electrocatalytic behavior; rutin; NADH; biosensor, acetaminophen.

INTRODUCTION

The electrochemical oxidation of dihydronicotinamide adenine dinucleotide
(NADH) to the corresponding oxidized form (NAD™) in aqueous solution has re-
ceived considerable attention. Thisis due to its significance both as a cofactor for
dehydrogenase enzymes and its role in the NAD*/NADH redox couple of the
electron transfer chain. A great number of NADH-dependent dehydrogenases are
often used in biochemical analysis, mostly in enzymatic assays12 However, the
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direct oxidation of NADH at an unmodified electrode surface is highly irrever-
sible and occurs at a considerable overpotential.3 Moreover, possible side-pro-
ducts formed during the NADH redox process can be adsorbed on the electrode
surface, leading to electrode fouling.# A decrease occurs in the overpotential of
the oxidation of NADH through immobilization of some redox compounds on an
electrode surface.>-18 The compounds are able to mediate the electron transfer
between NADH and the electrode. The strategy of electrode modification is to
decrease the overvoltage for NADH and have good catalytic properties. Various
inorganic and organic materials, such as transition metal hexacyanoferrates,>7
phenazines,8° phenoxazines,10-12 thionine derivatives,13 hydroguinone derivati-
vesl420 and carbon nanotubes,?! showed interesting catalytic properties for the
electro-oxidation of NADH.

Acetaminophen (N-acetyl-p-aminophenol or parcetamol) is used widely al
over the world as a pharmaceutical analgesic and antipyretic agent. Hence, it is
necessary to develop arapid, precise and reliable method for the determination of
acetaminophen. Recently, multiwall carbon nanotubes,22 hematoxylin,23 cobalt
hydroxide nanoparticles?* and nano-TiO»2> modified electrodes were fabricated
and applied to the electrochemical determination of acetaminophen.

The electrochemical behavior of rutin,26.27 the preparation of a few rutin
modified electrodes and the investigation of their electrocatalytic effect for some
important species?8-31 were reported. Rutin, as a biological important molecule,
is a derivative of catechol and has the basic structure of many natural products
with physiological activities. Thus, it seemsthat the use of rutin asamaodifier could
be important and could yield some new information concerning the catalysis of
slow reactions. In continuation of studies into the preparation of biosensors for
the determination of NADH,14-18 the present study focuses on the fabrication of
arutin biosensor and its electrocatalytic effect on the oxidation of NADH. Cyclic
voltammetry was used to characterize the electrocatalytic behavior of the rutin
biosensor toward NADH oxidation. To evaluate the utility of the rutin biosensor
for analytical application, it was used for the differentia pulse voltammetric de-
tection of NADH. The findings indicate that the rutin biosensor had several dis-
tinct advantages, including excellent catalytic activity and reproducibility, good
detection limit, and high exchange current density for NADH. Differentia pulse
voltammetry was also used to evaluate the analytical performance of the biosen-
sor in the quantification of NADH in the presence of acetaminophen.

EXPERIMENTAL

All the electrochemical experiments were realized using a potentiostat PGSTAT 30
model from Autolab (Netherland) equipped with GPES 4.9 software. The geometric area of
the glassy carbon-working electrode (Azar Electrode, Iran), was 0.031 cm?. A platinum ele-
ctrode and a saturated calomel electrode (SCE) were used as the counter and reference elec-
trodes, respectively. All the potentials are reported with respect to this reference electrode.
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NADH-Na, (92 % purity), acetaminophen and the chemicals required for the preparation
of the buffer solution were obtained from Merck and used as received. Rutin was purchased
from Fluka and used without further purification. All the employed chemical reagents were of
analytical grade. All the solutions were prepared with doubly distilled water. The NADH and
the rutin solutions were prepared immediately prior to use.

For the preparation of the rutin biosensor, a glassy carbon electrode, GCE, was first
polished mechanically with 0.05 pm alumina in a water slurry using a polishing cloth. Then,
the electrode was rinsed with doubly distillated water. The electrochemical activation of the
GCE was performed by continuous potential cycling from—1.1to 1.6 V at a sweep rate of 100
mV s1in asodium bicarbonate (0.10 M) solution until a stable voltammogram was obtained.
For the construction of the biosensor, an activated electrode was placed in a 1.0 mM solution
of rutinin 0.10 M phosphoric acid (pH 2.0). Then it was modified by 6 potential sweep cycles
between 300 and 650 mV at 25 mV s1. Subsequently, the modified electrode was rinsed with
water and placed in abuffer solution (pH 7.0) to test its electrocatalytic behavior.

RESULTS AND DISCUSSION

Properties of the electrodeposited rutin layer at the
activated glassy carbon electrode

To investigate the possible mechanism of rutin electrodeposition on the acti-
vated glassy carbon electrode (AGCE), the effect of the number of potentia re-
cycling during the preparation of the biosensor on its cyclic voltammetric res-
ponses was studied. For this propose, electrodeposited rutin layers were prepared
from a 1.0 mM solution of rutin at pH 2.0 using a different number of potential
cycles. The effect of the number of potential cycles used for surface modification
on the voltammetric response of the modified electrode is illustrated in Fig. 1A.
The resulting surface coverage of rutin on the AGCE surface was then monitored
as function of number of potential cycles. The surface coverage was evaluated
from the cyclic voltammograms recorded at 100 mV s1in 0.1 M phosphate buf-
fer (pH 7.0), using the equation 7"= Q/nFA, where Q is the charge obtained by
integrating the anodic peak under the background correction and other symbols
have their usual meanings. Figure 1B shows that both the anodic and cathodic
surface coverage increased with increasing the number of potential cycles in the
range of 1-6 cycles and then started to level off for more than six potential cycles.

Studies of the mechanism of electrodeposition of o- and p-quinone derivati-
ves onto AGCE indicated that the immobilization of such compounds is based on
a nucleophilic attack of the quinones resulting from the oxidation of the parent
hydroquinone.18:19 When AGCE is used as the platform for the el ectro-oxidation
of rutin, carboxyl and hydroxyl groups on the activated surface of the GCE18
behave as nucleophiles against the o-quinone formed from rutin oxidation. In-
deed, the surface active functional groups, as nucleophiles, attack the position 6’
of the oxidized form of rutin30 that plays the role of a Michael acceptor.32 Such a
process leads to chemica bond formation between the oxidized form of rutin and
the surface active groups and, hence, to the deposition of rutin on the AGCE surface.
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B sor was modified under the con-
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tion, pH 2.0, scan rate 25 mV sl
pc and different numbers of poten-
tial cycling. The numbers of 1-7
correspond to 1, 2, 4, 6, 8, 10
2 and 12 potential cycles which
used during for the preparation
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12 - - ,  of the anodic and cathodic peak
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of number of potential cycle
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Electrocatal ytic oxidation of NADH at the rutin biosensor

The electrocatalytic effect of the rutin biosensor on the oxidation of NADH
isshown in Fig. 2. The cyclic voltammetry responses of the rutin biosensor in 0.1
M phosphate buffer (pH 7.0) without and with 0.50 mM NADH in the solution
are shown by curves a and b, respectively. Under the same experimental condi-
tions, the direct oxidation of NADH at a bare GCE shows an irreversible wave at
amore positive potential (curve c).

It can be seen that the oxidation peak potential of NADH at the rutin biosen-
sor surface was shifted by about 450 mV toward negative values as compared
with that at a bare GCE, which is significantly greater than the value of 220 mv
previously reported for rutin embedded in a lipid-cast film.2° The higher electro-
catalytic oxidation overpotential of NADH at rutin embedded in a lipid-cast film
might arise due to non-ideal behavior caused by the effects of charge transfer and
an uncompensated ohmic drop of the lipid film.33 In addition, an enhancement of
the peak current was achieved with the biosensor. This behavior is consistent with
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avery strong electrocatalytic effect. According to an EC catalytic mechanism
(E/C'}), the process can be expressed as follows:

RB,y = RB, +2H" +2e D
k
RB,, + NADH—">RB_, + NAD* )

The overall oxidation of NADH by the biosensor is given by Eq. (3).

NADH —— NAD" + 2H" + 2¢~ (3)

where RBox and RBeg Stand for the oxidized and reduced form of the rutin
bonded on the biosensor, respectively.

1,

0.5
<
=
=
0 Fig. 2. Cyclic voltammetric res-
ponses of @) the rutin biosensor in
0.10 M phosphate buffer solution
(pH 7.0) and b) the same biosen-
-0.5 ‘ ‘ ‘ sor in the same solution contain-
0 300 600 900 ing 0.50 mM NADH. Curvesd as

aand c asb for abare GCE. In all
E /mV cases, the scan ratewas 25 mV s

Kinetics studies of NADH electrocatalytic oxidation at the rutin biosensor

The scan rate dependence of the cyclic voltammograms for the rutin biosen-
sor in 0.10 M phosphate buffer (pH 7.0) solution containing 0.25 mM NADH
(Fig. 3, inset) was used for studies of the electrocatalytic reaction kinetics of
NADH. Fig. 3, curve a, shows that the peak potential, Ep, is proportional to log v.

The Tafel slope (b in Eq. (4)) may be estimated according to Eq. (4) for a
totally irreversible diffusion-controlled process:34

Ep = (blog v)/2 + constant (@]

Considering dEp/d(log v) = 39 mV (Fig. 3, curve a), it can be indicated that a
one-electron transfer is the rate-limiting step, assuming an electron transfer coef-
ficient of a = 0.24 between the rutin biosensor and NADH. One of the important
parameters in electrocatal ytic applications is the heterogeneous catalytic electron
transfer rate constant, kp, in the reaction of the catalyst (deposited modifier) with
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the substrate. Fig. 3, curve b, shows the electrocatalytic oxidation currents for
NADH increase linearly with the square root of the scan rate, indicating that, at a
sufficient overpotential, the reaction is diffusion controlled. In addition, as pre-
viously mentioned, the oxidation of NADH at the rutin biosensor exhibits the
characteristic of a catalytic reaction mechanism (E,C’;). Under these conditions,
kn can be calculated using the theoretical model which was developed by An-
drieux and Saveant.35 For large values of the catalytic rate constant parameter de-
fined in their paper, the electrocatal ytic current can be expressed by Eg. (5):

| o5 = 0.496nFAc, (DnFv)Y2(RT) /2 (5)

where A is the electrode surface, cg the bulk concentration of the substrate, v the
scan rate, D the diffusion coefficient of the substrate (obtained by chronoampero-
metry), and the other symbols have their usual meanings. Small values of the ki-
netic parameter result in a prefactor lower than 0.496. The slope of the plot of I,
versus VY2 (Fig. 3, curve b) was used to evaluate the prefactor. For low scan rates
of 4to 20 mV s, the average value of this prefactor was found to be 0.3 for the
rutin biosensor with a surface coverage of 3.1x10-19 mol cm2 in the presence of
0.25 mM NADH. According to the approach adopted by Andrieux and Saveant
and using Fig. 1 of their paper, the average value of ky was found to be 1.9x103
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M-1 s-1, In addition, the Slope of curve b of Fig. 3 was used to estimate the total
number of electrons involved in the electrocatalytic oxidation of NADH at the
biosensor. According to the following equation for atotaly irreversible process:36

|5 =3.01x10°n[(1- a)n, V2 A, DY A2 (6)

and by considering (1-a)n, = 0.74 and D = 6.04x10~7 cm? s (see below), it
was estimated that the total humber of electrons involved in the electrocatalytic
oxidation of NADH wasnh = 1.95, i.e.,, = 2. The Tafel slope, b, was obtained by
another method. Fig. 4, inset, shows the linear sweep voltammograms of the bio-
sensor in 0.10 M phosphate buffer (pH 7.0) containing 0.25 mM NADH at two
scan rates, i.e., 15 and 20 mV s1. The Tafel plots were drawn using the data of
therising part of the current-voltage curves at the two scan rates (Fig. 4). An ave-
rage Tafel slope of 0.012 mV—1 was obtained, indicating that a one-electron pro-
cess was involved in the rate-determining step, assuming a charge transfer coef-
ficient of o = 0.27. This result is similar to that obtained for a using the first
method. In addition, the average value of the current density, jo, was found to be
0.014 pA cm2 from the intercept of the Tafel plot.

0.2
1
b
0.6 1
<
= a
0 - ~
0.2 1
-0.2 T !
< 160 280 400
3.
: 0.2 E /mV
E
y=0.0124-33727
R’ =0.9967
-0.4 y=0.012k- 3.3201 Flg 4. The Tafe p|OtS derived
R =09944 from the linear sweep voltammo-
grams shown in the inset. The
inset shows the linear sweep vol-
tammetric responses of the rutin
biosensor at scan rates of a) 15
-0.6 and b) 20 mV sl. The solution
230 245 260 conditions were the same as those

E /mV givenin the caption to Fig. 3.
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Chronoamperometric and amperometric studies

The catalytic oxidation of NADH by the rutin biosensor was also studied by
chronoamperometry. In this study, the diffusion coefficient of NADH was deter-
mined at the biosensor surface. The chronoamperograms of the biosensor in 0.10
M phosphate buffer (pH 7.0) containing different concentrations of NADH, which
were obtained at a potential step of 260 mV, are shown in Fig. 5. The inset to
Fig. 5, shows the experimental plots of | versus t=1/2 with the best straight lines
shown for the different concentrations of NADH employed. From the slopes of
the resulting straight lines and using the Cottrell Equation,37 an average diffusion
coefficient of 6.04x10~7 cm2 s was calculated for NADH.

247 )
A y = 1.5375x+ 0.0331

2
R =0.9999
y = 1.0095x - 0.0202

R’ =0.9999
y = 0.7064x - 0.0081

R = 0.9992
y=0.5675x - 0.0138

R =0.9974

1.6 1

I/ pA

I/pA

0.8 | '
1.2

Fig. 5. A) The chronoampero-
metric responses of the rutin bio-
4 sensor in 0.10 M phosphate buffer
T (pH 7.0) containing different con-
1 centrations of NADH at potential

0 ‘ ‘ ' step of 260 mV. The numbers 1
0 22 44 66 to 4 correspond to the concen-
0.2 - t/s trations of 0.29, 0.32, 0.36 and
B 0.45 mM NADH, respectively.

< The inset shows the plots of | vs.
= 0.05 WJM\_,\H_ Y2 obtained from the chrono-
~ amperograms. B) Stability of the
amperometric response of the ru-
tin biosensor (rotation 2000 rpm)
held at 260 mV in 0.10 M phos-

0 800 1600 2400 phate buffer (pH 7.0) containing
t/s 0.20 mM NADH.

-0.1

This value of the diffusion coefficient is in good agreement with some values
reported in the literaturel6:38.39 put differs from those reported by others,14.40,41
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In addition, amperometry under stirring conditions was employed to estimate
the long-term stability of the biosensor. The amperometric response of 0.20 mM
NADH as recorded over a continuous 2110 s period is shown in Fig. 5B. As can
be seen, the response of the biosensor after an initial decrease remained almost
stable throughout the experiment. This fact indicates that there was no inhibition
effect of NADH and its oxidation products on the rutin biosensor.

Differential pulse voltammetric detection of NADH at the rutin biosensor

Differential pulse voltammetric, DPV, measurements were used to determine
the linear range and to estimate the detection limit of NADH at the rutin bio-
sensor. The voltammograms obtained for different concentrations of NADH are
depicted in Figs. 6A and 6B. These figures show voltammograms in the NADH
concentration ranges of 8.3-46.3 uM (Fig. 6A) and 55.5-833 puM (Fig. 6B). As
shown in Fig. 6A, during the addition of even 1.7 uM NADH, awell-defined res-
ponse was observed. The dependence of the electrocatalytic peak current, correc-
ted for any background current of the biosensor in the supporting electrolyte, on
the NADH concentration is shown in Figs. 6C and 6D.

These figures clearly show that the plot of the peak current versus NADH
concentration is constituted of two linear segments with different slopes, corres-
ponding to two different NADH concentration ranges of 8.3-151.5 uM (Fig. 6C)
and 151.5-833.3 uM (Fig. 6D). The linear least square calibration curves over
the two linear ranges indicate that the regression lines fit very well with the expe-
rimental data and the regression equations can be applied for the determination of
NADH in unknown samples. Since DPV method has a much higher current
sensitivity than the cyclic voltammetry method, the slope (m) of the calibration
plot in the first linear range (Fig. 6C) was used to estimate the detection limit of
NADH at the rutin biosensor. According to the method mentioned in reference,42
the lower detection limit, ¢y, was abtained using the equation ¢y, = 3s,/m, where
Sy is the standard deviation of the blank response (HA). From an analysis of
these data, the limit of detection of NADH was estimated to be 1.6 uM. The anal-
ytical parameters of the electrocatalytic determination of NADH in this work are
compared in Table | with the corresponding values previously reported for some
biosensors.14-18,20.2943 As can be seen, the responses of the proposed biosensor
are comparable and even better than those obtained using several modified elec-
trodes. In addition, a small variation in the sensitivity was observed when the
concentration of NADH was changed in the two calibration ranges. The average
voltammetric peak current for 18 repeated measurements (n = 18) of 55.5 uM
NADH at the biosensor was 0.055+0.001 pA, which indicate that the biosensor is
stable and also the results obtained are reproducible.
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Fig. 6. A) and B) show differential pulse voltammetric responses of the rutin biosensor in 0.10
M phosphate buffer (pH 7.0) containing different concentrations of NADH. The numbers of
1-15 and 1640 correspond to NADH concentration ranges of 8.3-46.3 uM and 55.5-833 uM,

respectively. C) and D) show the dependence of the electrocatalytic peak current, corrected for

any background current of the biosensor in the supporting electrolyte, on the NADH
concentrations in the ranges of 8.3-152 uM and 151.5-833 uM, respectively.
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TABLE I. Comparison of the analytical parameters of the several biosensors for the deter-
mination of NADH (CFA: caffeic acid; PCV: pyrocatechol violet; CGA: chlorogenic acid;
PDA: o-phenylenediamine; DPPC: dipal mitoylphosphatidylcoline; GCE: glassy carbon elec-
trode; CPE: carbon paste electrode; DPV: differential pulse voltammetry; CV: cyclic voltam-
metry)

Linear range Detection limit Sensitivity

Modifier Electrode Method LM LM LA HM'l Ref.
CFA GCE cv 50.0-1000 - 0.0022 14
PCV GCE Amperometry  2.5-200 1.03 0.000029 15
200.0-1500 0.00034
Coumestan CPE DPV 1.0-10 0.1 0.0103 16
10-400 0.0028
Hematoxylin GCE DPV 0.40-600 0.08 0.0028 17
CGA GCE cv 100-1000 - - 18
Animine Pt cv 200-2000 - 0.0012 20
derivative
Rutin GCE-DPPC cv - - - 25
PDA CPE Amperometry  40.0-800 7.1 0.0242 40
Rutin GCE DPV 8.3-152 16 0.0011  This
152-833 0.0010 work

Smultaneous deter mination of NADH and acetaminophen

At most bare solid electrodes, NADH is usually oxidized at a potential close
to the potential of acetaminophen (AC) oxidation. The differential pulse voltam-
mograms obtained with increasing concentrations of NADH in the presence of
different concentrations of AC at the rutin biosensor are shown in Fig. 7A and
the inset shows the DPV of a mixture of 500.0 uM NADH and 125.0 uM AC at a
bare GCE. As can be seen, the bare electrode shows poorly-defined oxidation
peaks for the mixture of NADH and AC (Fig. 7A, inset). However, the rutin
biosensor separates the voltammetric signals of NADH and AC and two well-dis-
tinguished anodic peaks at potentials of 254 and 364 mV, corresponding to the
oxidation of NADH and AC, respectively, are observed.

Furthermore, substantial increases in peak currents were also observed with
increasing concentrations of NADH and AC. The calibration curves for NADH
and AC are shown in Fig. 7B—7E. These figures clearly show that the plot of
peak current versus NADH or AC concentration is constituted of two linear seg-
ments with different slopes, corresponding to two different ranges of substrate
concentration. The peak current of NADH was linear with respect to the concen-
tration in the ranges of 42.7-166 uM (Fig. 7B) and 166.5-625.0 uM (Fig. 7C)
with linear equations of Ip (LA) = 0.0325 + 0.0021[NADH] (uM) and Ip (HA) =
= 0.2512 + 0.0009[NADH] (uM). Similarly, the current intensity corresponding
to the oxidation of AC increased linearly with increasing AC concentration in the
ranges of 13.9-55.5 (Fig. 7D) and 55.5-214 uM (Fig. 7E). The linear regression
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equations of the two calibration plots were expressed as Iy (WA) = 0.1922 +
+0.0091[AC] (uM) and Ip (MA) = 0.4799 + 0.0041[AC] (UM), respectively.

18 -
0.8 A
E _/\
=
0
0.2 0.65 11 AC
E/V
1.25 -
NADH

I /pA

12 y = 0.0009x + 0.2512

2 —
075 R? = 0.9967
C
400 700

0.3 -
40 110 180 100
[NADH] / M [NADH] / pM
< 08 y = 0.0091x + 0.1922 < 149y 0.(;04lx +0.4799
2= R?=0.9942
= 053 W ! .
= D =
0.26 : ‘ 0.6 - : ‘
10 35 60 40 130 220
[AC]/pm [AC] /M

Fig. 7. A) Differential pulse voltammetric responses of the rutin biosensor in 0.10 M

phosphate buffer (pH 7.0) in mixed solutions of NADH and acetaminophen (AC). The

numbers 1-26 correspond to the different concentrations of 42.7-625.0 uM NADH and
13.9-214.3 uM AC that were present in the various mixtures. The inset shows the response
of amixed solution of 500.0 uM NADH and 125.0 uM AC at a bare GCE. Plots of the peak

currents as concentration of B) NADH in the range of 42.7-166.5 uM, C) NADH in the range
of 166.5-625.0 uM, D) AC in the range of 13.9-55.5 uM and
E) AC intherange of 55.5-214.3 uM.
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CONCLUSIONS

The obtained results show that a rutin biosensor exhibits excellent electroca-
talytic activity and reproducibility for NADH oxidation. The diffusion coefficient
of NADH was calculated using chronoamperometric results as 6.04x10~7 cm?2 s1
under the employed experimental conditions. For the oxidation of NADH at the
rutin biosensor, average values for the electron transfer coefficient, a, current
density, jo, and the heterogeneous charge transfer rate constant, ky, of 0.27, 0.014
HA cm2 and 1.9x103 M- s1 were obtained, respectively. Linear sweep and
cyclic voltammetric methods were used for this purpose. The differential pulse
voltammetric method was used for the determination of the detection limit, sensi-
tivity and the linear range of NADH at the rutin biosensor. The most important
advantages of the rutin biosensor for NADH determination are excellent catalytic
activity and reproducibility, good detection limit, and high exchange current den-
sity. Unlike bare GCE, the rutin biosensor could separate the oxidation peaks of
NADH and acetaminophen when present in the same solution.

U3BOJI

TTIPUITPEMA U ITPUMEHA BUOCEH30PA HA BA3U PYTHUHA 3A EJIEKTPOXEMUJCKO
OJJPEBUBAIE NADH V ITPUCYCTBY AHETAMIUHO®EHA JUOEPEHIINJAJTHOM
ITYJICHOM BOJITAMETPUIOM

HAMID R. ZARE, REZA SAMIMI, NAVID NASIRIZADEH u MOHAMMAD MAZLOUM-ARDAKANI
Department of Chemistry, Yazd University, Yazd, 89195-741, Iran

KopunrhemeM pa3nnuuTnX eNeKTPOXEMHUjCKHX METOJa UCIUTUBAHO je eJIeKTPOKATAIUTHIKO
MOHAIIAKE PEIyKOBAHOT HUKOTHHAMKA ajeHuH quHykieotuaa (NADH) Ha mospuiiHu GroceH30-
pa Ha 6a3u pyTuHa. Pesynrat cy nokasanu qa GrHoceH30p Ha 06a3u pyTHHA HCIIOJbaBa jaK KaTaid-
tHuky epekar Ha okcuganujy NADH y3 cmameme npenanerocti 3a oko 450 mV y oxHocy Ha pe-
aKIHjy Ha CTaKJIACTOM yTJheHHKY. OBO CMameme IPeHareTocTy je 3HaTHo Behe ox 220 mV, mro je
BPEAHOCT 00jaBJbeHA 3a Cydaj pyTHHA Koju je Ouo yrpahen y nmunuanu ¢punm. Y pagy cy oape-
heHn KMHETHYKH MapaMeTpH elekTpokaTanutuuke okcupanuje NADH — koedunumjent npenasa, «,
U KOHCTaHTa Op3MHE XETEPOreHor MpeHOca HaeleKTprcama, K. JuhepeHuujaiHoM myIcHOM BOJI-
TaMETPHjOM je ofpeheH NmHeapHW IMHAMHYKH OIICET, 3aTHM OCCTJBUBOCT M TPaHUIA AETEKIHje
NADH. Ilpennoctu 6uocen3zopa Ha 6a3u pyTtuHa 3a oapehusame NADH cy omnnyna kaTanmuTudka
aKTHUBHOCT ¥ PEIPOYKTHBHOCT, HUCKA TPaHHIIA JIETEKIMje U BUCOKA T'yCTHHA CTpyje usmene. buo-
ceH30p Ha 6a3u pyTHHA MOXKe Ja pa3aBoju mukoBe okcuaanuje NADH u auneramunodena u3 ncror
pacTBOpa, IOK Ce Ha YUCTOM CTAKJIACTOM YIJbEHHKY OMEHYTH IIMKOBY MPEKIIAINajy.

(TTpumsbero 9. pebpyapa, pesuaupano 14. maja 2010)
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The electrochemical properties of carbon nanotubes and
carbon XC-72R and their application as Pt supports’
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Abstract: The results of an investigation of two samples of commercial multi-
-walled carbon nanotubes and a sample of carbon black, in the raw and
activated state, were presented in the lecture. The activation of the carbon
materials led to the formation of an abundance of oxygen-containing functional
groups on the surface, an increased electrochemically active surface area, an
enhanced charge storage ability and a promotion of the electron-transfer ki-
netics. It was presented that the morphology of the carbon nanotubes is im-
portant for the electrochemical properties, because nanotubes with a higher
proportion of edge and defect sites showed faster electron transfer and pseudo-
capacitive redox kinetics. Modification of oxidized nanotubes by ethylenedi-
amine and wrapping by poly(dialyldimethylammonium chloride) led to a
decrease in the electrochemically active surface area and to reduced e ectron-
transfer kinetics. Pt nanoparticles prepared by the microwave-assisted polyol
method were deposited at the investigated carbon materials. A much higher
efficiency of Pt deposition was observed on the modified CNTs than on the
activated CNTs. The activity of the synthesized catalyst toward electroche-
mical oxygen reduction was almost the same as the activity of the commercial
Pt/XC-72 catalyst.

Keywords: carbon nanotubes; morphology; electrochemical properties; Pt na-
noparticles; electrocatalyst for oxygen reduction.

Carbon nanotubes (CNTs) have attracted enormous attention because of their
unique structure, excellent chemical and thermal stability, mechanical properties
and, in some cases, even metallic conductivity.12 The tubular structure of carbon

obradovic@ihtm.bg.ac.rs
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nanotubes makes them unique among different forms of carbon and they have
proven themselves as extremely promising nanostructured materials for electro-
chemical application, such as catalysis,3 chemical sensing,4° and gas and energy
storage.b The structure of the carbon material can play an important role in the
dispersion of a catalyst, in its crystallographic characteristics and, consequently,
in its electrochemical properties.’.8

In this lecture, a survey of the results of an investigation of the physicoche-
mical and electrochemical properties of two types of commercia carbon nanotu-
bes (Sigma-Aldrich and Sun Nanotech) and carbon black (Vulcan XC-72R), in
the raw and acid-activated state, was presented. The carbon powders were acti-
vated by treating the samples with concentrated HoSO4 + HNOg3 in an ultrasonic
bath. Changesin the chemical composition of the carbon surfaces upon activation
were investigated by Fourier transform infrared spectroscopy and the Boehm tit-
ration method.%-11 The results indicated that the groups formed on the surface
were dominantly acid groups. The stability of water suspensions of the carbon
powders before and after activation was investigated by UV -visible spectroscopy
and it was registered that an abundance of oxygen-containing functional groups
made the carbon surfaces more hydrophilic. The structural characterization of the
carbon nanotubes, performed by atomic force microscopy, indicated that acti-
vated Sigma-Aldrich nanotubes were straight with the corrugated walls (bamboo-
like structure), while the Sun Nanotech nanotubes are tortuous with smooth walls.

The influence of activation and morphology on the electrochemical proper-
ties of the carbon powders, applied on a gold substrate in the form of a thin-film,
was investigated by cyclic voltammetry and electrochemical impedance spectros-
copy in 0.10 M H>SO4 and in 1.0 M KCl. The steady-state capacitive potentio-
dynamic curves of the raw CNT feature a rectangular-shaped profile with arather
low specific capacitance. After activation, the capacitance increased and a pair of
broad peaks appeared at around 0.6 V, which is commonly attributed to surface
oxidation/reduction processes of the hydroquinone/quinone groups.112.13

The electron-transfer properties of the investigated carbons were probed by
the simple redox transition of the Fe(CN)g3/Fe(CN)g*~ couple in 1.0 M KCI +
+ 5.0 mM K4[Fe(CN)g]. The voltammograms of Fe(CN)g37/Fe(CN)g#~ on the
thin films of raw carbons show rather low currents with not well resolved redox
peaks, while the activated carbons show an almost reversible currents transition
superposed on high capacitance currents. The currents for the straight CNTs with
corrugated walls were the highest and the peak separation was the closest to that
of reversible kinetics. The results of a detailed interpretation of the EIS measure-
ments were consistent with the properties of the carbons established by cyclic
voltammetry. It was concluded that the nanotubes with the higher proportion of
edge and defect sites were the most active for electron transfer processes, when
compared to X C and tortuous nanotubes with smooth walls.
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Modification of the CNTs with covalently attached ethylenediamine (eda)8
and poly(diallyldimethylammonium chloride) (polymer), adsorbed on the surface
of the nanotubes by electrostatic interaction4 led to a certain agglomeration of
the CNTSs, a decrease in the capacitance of the material, and a reduced rate of
electron transfer between the nanotubes and solution species. Addition of a nitro-
gen heteroatom to active carbon was used to form an electrode material with in-
termediate acid—base properties.1> An investigation of the Fe(CN)g3/Fe(CN)g*
redox process on CNTs modified with diethylenetriamine, triethylenetetramine
and 1,6-hexanediaminell indicated even more hindered electron transfer than on
eda-CNT.8

A colloidal Pt solution was prepared in a microwave oven from HoPtClg
with ethylene glycol as the reducing agent” and the Pt nanoparticles were sup-
ported on the investigated carbons. The Pt content was determined by thermogra-
vimetric analysis of the deposited Pt/C in an oxygen atmosphere. The deposition
of Pt nanoparticles on the oxidized CNTs resulted in a PYCNTs material with a
very low Pt content. However, modification of oxidized CNTs with either eda or
the polymer prior to mixing with the colloidal Pt solution increased the amount
of deposited Pt. The much higher efficiency of Pt deposition on the modified
CNTs than on the oxidized CNTs was ascribed to a decrease of the negative
charge on the surface of the CNTs that was formed by dissociation of acidic oxy-
gen-containing groups. An investigation by transmission electron microscopy
(TEM) reveded that the mean diameter of Pt particles in Pt/eda-CNT was
2.5+0.5 nm and that their distribution on the support was homogenous with no
evidence of pronounced agglomeration of the particles.

The electrochemical properties of the synthesized catalyst were investigated
in 0.10 M H>SO4 by using cyclic voltammetry and compared to the results ob-
tained with the commercial Pt/XC-72 catalyst manufactured by E-TEK. The real
Pt surface was determined from the desorption charge of underpotentially depo-
sited hydrogen. The polarization curves for oxygen reduction on all the investi-
gated catalysts amost overlapped. The Tafel plots exhibited two distinct linear
regions with a slope of —2.3RT/F in the low current densities region and
—2.3x2RT/F in the high current densities region, which are the same as those ob-
served on polycrystalline Pt and Pt/C catalyst in acidic solution.16 Although nob-
le metal catalysts supported on CNTs were found to be more active for methanol
oxidation than catalysts supported on other high area carbons,” a recent studyl/
and the present results showed that the carbon support has no influence on the ac-
tivity of the electrocatalysts for oxygen reduction.

Acknowledgements. The results presented in the lecture were obtained with the financial
support of the Ministry of Science and Technological Development of the Republic of Serbia,
Projects No. 142048 and 142056.
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U3BOA

EJIEKTPOXEMMNJCKE KAPAKTEPUCTHUKE YI'JBEHUYHNX HAHOLIEBU U YI'JbBEHHUKA
XC-72R 1 BUXOBA ITPUMEHA VYV CUHTE3U Pt KATAJIU3ATOPA

MAIJA JI. OGPAJJOBUH

HHcimiuinyi 3a Xxemujy, TiexHoA0ZUjy u meitianypaujy, Ynusepauiteiti y beozpaoy,
Hezowesa 12, 11000 beozpao, Cpbuja

VY okBHpy npenaBama Cy NPHUKa3aHU Pe3yJTaTH HCIHMTHBAaba JIBE BPCTE KOMEPIHUjaTHUX BH-
IIECIIOjHUX YIJbeHUYHHUX HAHOLCBU M Y30pKa YIJbCHHUYHOT Mpaxa pa3BHjeHe MOBPIIMHE Ipe U Ha-
KOH aKTHBAaIlMje XeMHUjcKkoM okcumarmjoM. OKcHanuja y3opaka JAOBOIAM 10 H3paKeHOT (opMu-
pama KHCEOHHYHUX Tpylla Ha MOBPIIMHM YIJbEHHYHUX Marepyjana, moBehama eleKTPOXEMH]jCKI
aKTHBHE ITIOBPIIMHE Kao M JI0 yOp3ama IpeHoca HaeleKTpHucama. Iloka3aHo je ma mMopdonoruja
VIJbCHUYHUX HAHOLCBM MMa 3HA4YajaH yTHIA] HAa FHHXOBE EIEKTPOXEMHjCKE KapaKTEPHCTHKE.
V3opak ca Behum yzaenom uBHia u aedexara mokaszao je Op)Ky KHHETHKY IPEHOCa HaeJIeKTpUcarha
u Behy mnceymokanmanutHBHOCT. MonudukoBambe OKCHAOBAaHMX HAHOICBH CTHJICHAHAMHUHOM U
MOJIUMEPOM HOJTH(IHATHIIIMETHIIAMOHH] yM-XJIOPHIOM) JIOBOJH JI0 CMambCHha AaKTUBHE MOBPILIHHE
U JI0 CHOpHjer IpeHoca HaeleKTpHcama. HaHodecTune miaTWHe, CHHTETHCAHE Y PacTBOpPY €TH-
JICHTTIMKOJIa Y MUKPOTAJIacHOj TIehHUIN, HaHeTe Cy HA NCIHMTHBAHEe yribeHH4He MaTepujane. Konn-
ynHa HaHeTe Pt je MHOTO Beha Ha MOAM(UKOBAHUM HEro Ha OKCHIOBAHMM HAaHOIEBUMA. AKTHB-
HOCT CHHTETHCAaHHX y30paKa 3a eJCKTPOXEMHjCKY PeAyKIHjy KHCCOHHKA je ymopeleHa ca akTHB-
Homhy komepijamHor Katanusatopa P/XC-72 3a ucty peakiujy W mokasano ce Ja Cy FHUXOBE
cnenupUUHEe aKTHBHOCTU MPHOJIMKHO jeHAKE.

(Mpumsbeno 20. maja 2010)
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Methylprednisolone and itsrelated substancesin
freeze-dried powdersfor injections
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Abstract: In this work, the behavior of the active pharmaceutical substances
methylprednisolone (in a form of methylprednisolone sodium succinate) in fi-
nished pharmaceutical dosage form, i.e., freeze-dried powder for injections,
was examined. The goa was to evaluate the chemical stabilities of methylpre-
dnisolone sodium succinate packaged in adua chamber vial, as a specific con-
tainer closure system. The effect of different parameters. temperature, moisture
and light were monitored. The method proposed by United States Pharma-
copeiawas used to determine concentrations of methylprednisolone, as the sum
of the concentration of methylprednisolone esters (17-hydrogen succinate and
21-hydrogen succinate) and free methylprednisolone. The HPLC method was
used for stability evaluation of the active substance and determination of re-
lated substances. Four main degradation products were registered. Temperature
has a major impact on the degradation process with the appearance of 3 degra-
dation products (impurities B, C and D), while the presence of light caused an
increasing content of impurity A. ldentification of impurity B, C and D has
been realized using mass and NMR spectroscopy. All three substances are
substances related to methylprednisolone.

Keywords: methylprednisolone sodium succinate; freeze-dried powder; con-
tainer closure system; stability; impurities.

INTRODUCTION

Methylprednisolone (MP) is a synthetically produced glucocorticoid with a
structure similar to that of a natural hormone produced by the adrenal glands.
Like most adrenocortica steroids, MP is typically used in replacement therapy for
adrenal insufficiency and as an anti-inflammatory and immunosuppressant agent.

* Corresponding author. E-mail: zvujic@pharmacy.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C100115087S
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MP (Fig. 1A) belongs to the group of corticosteroids which are hydroxyl
compounds (alcohols). Both, free alcohol and ester (Fig. 1B) occur as odorless,
white or almost white, crystalline powder. They are practically insoluble in water
and sparingly soluble in alcohol. The sodium salt of the phosphate or succinate
ester is generally used to provide water-soluble forms for injections or solutions.

Fig. 1. Structure of MP (A), MP 21-HS (B), MP 17-HS (C), impurity B (D),
impurity B1 (E), and impurities C and D (F).

In pharmacopeias there are several referenced chemical substances. MP, me-
thyl prednisol one acetate, methylprednisolone hydrogen succinate (MP 21-HS)14
and methyl prednisol one sodium succinate (MPNaS).3
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Among all the cited substances, only MPNaS may be given intravenously.
MPNaS is so extremely soluble in water3 that it may be administered in a small
volume of diluents and is especially well suited for intravenous use in situations
in which high blood levels of MP are required rapidly and oral therapy is not pos-
sible.> The chemical name for MPNaSiis (6a,115)-11,17,21-trihydroxy-6-methyl-
-pregna-1,4-diene-3,20-dione-monosodium salt and the molecular weight is
496.53 g mol—L.

MP is a very unstable substance, especialy in the presence of moisture.6-10
This is the main reason for using the lyophilization process for production of in-
jections. A problem associated with this type of injection is the storage of the me-
dications (powder and solution for reconstitution) that should be administered as
separate component parts and mixed prior to injection. Therefore, dual chamber
vials have been developed to facilitate the storage and mixing of such two-com-
ponent medications. This container closure system consists of a glass vial with two
chambers separated by an intermediate rubber closure and an upper closure on
the top. The specific feature of this type of the products is that both the Iyophi-
lized active ingredient (in the lower chamber) and the solution for reconstitution
(in the upper chamber) are in the same vial.

MP and its derivatives are well known and defined, not only in Pharmaco-
peias, but in official documentations of the manufacturers and in the literature as
well.11-13 Although a number of studies of the physical and chemical stabilities
of MPNaS have been reported,14-19 no published information is available on its
stability in adual chamber vial.

The objective of this work was to evaluate the chemical stability of lyophi-
lized injectable preparation of MPNaS. The last step to reach our goa was to
check the influence of al critical points on the degradation profile of MP. Special
consideration was given to changes in the concentration of the active substance
(total MP), the concentration of free MP, determination of related substances as
possible degradation products and also their identification.

EXPERIMENTAL
Materials

A lyophilized injectable preparation of MPNaS was purchased by Hemofarm, VrSac,
Serbia. The solution for reconstitution was water for injection/ 0.9 % benzyl alcohol. Two
milliliters of reconstituted solution contained MPNaS equivalent to 125 mg MP, phosphate
buffer and benzyl acohol. This product was tested in the early development phase in accor-
dance with relevant guidelines.20-26

All solvents, n-butyl chloride (Merck, Germany), tetrahydrofuran (Sigma-Aldrich, Ger-
many) methanol (Merck, Germany), glacial acetic acid (Sigma-Aldrich, Germany) and chlo-
roform (Merck, Germany) were of a grade suitable for high-performance liquid chroma-
tography (HPLC) analysis. MP 21-HS (Aventis Pharma, France), MP and fluorometholone
reference standards (RS) were obtained commercially. The reference standard was used
without further purification.
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All samples were conditioned according to the requirements of the International Con-
ference on Harmonization Standards for Stability (Q1A)?! and Photostability (Q1B UV).26
The following chambers were used: Weiss 2000, Weiss Gallenkamp, Weiss 600, Weiss Gal-
lenkamp, Sanyo PSC 062, Sanyo Gallenkamp (Great Britain) and Weiss Umwelttechnik 140,
Weiss Umwelttechnik, Germany.

Procedure for stability testing

A stability study was designed to increase the rate of chemical degradation of the
finished pharmaceutical product (FPP) by using exaggerated storage conditions as part of the
formal stability studies. The acceleration conditions used in this study are presented in Table .
During the study, the vials were kept in an upright or in a horizontal position. The horizontal
position was chosen for compatibility assessment, in other words to ensure maximal contact of
the diluent of the subject drug product with the elastomeric closures.

TABLE I. Storage conditions and testing frequencies

Storage conditions Storage orientation  Testing time points, months
Accelerated 40+2 °C/75%5 % RH? Upright 0,1,2,3and 6
Horizontal 0,3and 6
Intermediate 30+2 °C/65+5 % RH Upright 0,3,6,9and 12
Horizontal 0,6 and 12
Long-term 25+2 °C/60+5 % RH Horizontal 0,12, and 24
®Relative humidity

The in-use stability?425 was evaluated by examining the quality parameters of the subject
drug product susceptible to change at the end of the proposed in-use shelf life (i.e., 48 h after
reconstitution, kept at room temperature). The samples were tested immediately after pro-
duction (initial test point), at the end of the accelerated and intermediate conditions and at 12
and 24 month-testing points during long-term testing.

Photostability testing was performed using a light source — Option 2.28 This means that a
cool white fluorescent lamp and a near UV fluorescent lamp were used. The vials were ex-
posed to light providing a defined energy (1.2x108 Ix h) and then reconstituted. At the same
time, protected samples (vials wrapped in aluminum foil or kept in a cardboard box) were
used as the dark controls. At the end of this phase, the concentration of MP and related
substances was determined.

Methods

HPLC Method for MP determination. Analytical procedures for the determination of
both the total MP and free MP were in accordance with USP 32. The concentration of total
MP is expressed as the sum of the concentration of free MP, MP 21-HS and MP 17-HS. The
concentration of free MP is separately expressed as it is an important degradation product.
The analyses were performed on an HPL C system, Agilent Technology 1100 Series, equipped
with a 254 nm detector and a column packed with porous silica particles (L3). The flow rate
was 1.0 mL minl. The mobile phase was prepared by mixing butyl chloride, water-saturated
butyl chloride, tetrahydrofuran, methanol and glacia acetic acid (95:95:14:7:6; volume ratio).

An internal standard solution of concentration 3 mg mL-1 was obtained by dissolving the
required amount of fluorometholone (RS) in tetrahydrofuran.
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An MP solution was prepared by transferring an accurately weighed amount of MP RS
(about 7.5 mg) to a 25-mL volumetric flask and dissolving to the mark with solvent. The
solvent was 3 % glacial acetic acid in chloroform.

A standard solution was prepared by transferring an accurately weighed amount of MP
21-HS RS (about 32.5 mL) to a 50-mL volumetric flask. 5 mL of internal standard solution
and 5 mL of MP solution were added. Solvent was added up to 50 mL.

A test solution was prepared as follows. The tested product was reconstituted according
to the manufacturer’s directions. Aliquots of 10 vials were collected and 0.8 mL of this so-
lution was transferred to a 100-mL volumetric flask. The interna standard solution (10 mL)
was added and the mixture was diluted with solvent to the mark. After 5 minute shaking, the
layers were separated and the upper one was discarded.

The injection volume was 10 uL of each sample.

HPLC Method for determination of related substances. The related substances were
determined by an isocratic HPLC method using an Agilent 1100 Series instrument with a
variable wavelength UV—-Vis detector. Separation was realized on a C18 column (250
mmx4.6 mm, 5 um) column at aflow rate of 1.2 mL min"l. The mobile phase was prepared by
combining acetic acid, acetonitrile, and purified water (2:30:75, volume ratio).

A test solution was prepared as follows. Reconstituted solutions prepared from the con-
tents of 10 vials of MPNaS for injection were mixed and 0.4 mL was transferred to a 20-mL
volumetric flask and diluted with mobile phase up to 20 mL. The concentration of the ob-
tained solution was 0.1 % w/v.

A standard solution was prepared by transferring 1 mL of test solution to a 100-mL vo-
lumetric flask and diluting with mobile phase. Then 1 mL of this solution was diluted with
mobile phase to 10 mL. The concentration of the standard solution was 0.0001 % w/v.

The injection volume was 20 pl of each sample.

Methods for identification of related substances. Samples were treated with 5 mol L1
HCI for 30 min at 80 °C in order to force degradation and obtain higher concentrations of the
degradation products.

The samples of the degradation products were obtained from the reaction mixture by
semi-preparative HPLC. The same apparatus was used (Agilent 1100 Series), with a variable
wavelength UV—Vis detector, but a semi-preparative Zorbax Eclipse XDB-C18 (250 mmx9.4
mm; 5 pm) column was used; the flow rate was 4.0 mL min! and the injection volume was
1000 pL. The mobile phase was prepared by combining formic acid and acetonitrile (7:3, v/v).

The high resolution electrospray ionization in a time of flight (HR-ESI-TOF) mass spec-
tra of MP and three degradation products were measured on an Agilent 6210 LC/MS ins-
trument. The mass spectrometer was operated under the following conditions: source — ESl in
the positive/negative mode, dry gas: 12.0 L min1, dry temperature: 350 °C, nebulizer: 45 psig,
scan; 100-1500 nvz, fragmentor: 140 V, capillary voltage: 4000 V.

The 1H-NMR spectra of impurities C and D were measured on a Varian Gemini 2000
instrument at 200 MHz in CDCl3. The NMR spectra of MP and impurity B (*H-, 13C-, DEPT-
-135, COSY, NOESY, HSQC and HMBC) were measured on a Bruker Avance |1 instrument
at 500 MHz in CDCl; (afew drops of CD30D were added for MP).

RESULTS AND DISCUSSION
Assay MP and related substances determination

A chromatogram of the test solution obtained during assay determination is
presented in Fig. 2. The order of the elution of peaks is the internal standard
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peak, MP 21-HS peak and successive smaller peaks of free MP and methylpred-
nisolone 17-hydrogen succinate (MP 17-HS). The concentration of total MP is
expressed as the sum of the concentration of free MP, MP 21-HS and MP 17-HS
(Fig. 1C). The concentration of total MP in the initial sample (in the form of so-
dium succinate) was defined as 100 %, and subsequent sample concentrations
were expressed as percentage of the initial concentration.

0.0

methylprednisolone
0.50] hemisuccinate
» 9.076
:. 04l fluorometholone
-2 7.211
g
= FREE
| methylprednisolone
0.204 14.049
methylprednisolone
0.104 17-hemisuccinate
16.921
L b T < TR - T ==& sz +=
000 200 400 600 800 1000 1200 1400 1600 "18.00 00

1, min
Fig. 2. Chromatogram of the MP test solution; fluorometholone was used
astheinternal standard.

The HPLC method for the determination of related substances confirmed the
existence of four specified and not identified impurities marked as impurity A, B,
C and D. A typica chromatogram related to the impuritiesis presented in Fig. 3.
The second part of this study was focused on the identification of these im-
purities.

The influences of different temperature in terms of the concentration of total
MP, free MP and related substances are given in Tables I and I11. All results are
related to horizontal positioned vias. As can be seen, increasing the temperature
was followed by an increase of free MP (because of hydrolysis) but it was till
significantly below the maximum allowed level of 6.6 %. The obtained resultsin-
dicated that there were no changes in the content of total MP, which could in-
fluence the shelf life.

An increase in the concentrations of the related substances was also regis-
tered. After 6 months conditioning at 40 °C/75 % relative humidity (RH), the
concentrations of impurity B and impurity D were above 0.15 %, which is the
identification level in accordance with relevant guidelines.2” The increase in the
concentration of impurity A was not significant.
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Fig. 3. Chromatogram of related substances —impurities A, B, C and D are considered as
related substances: the sample was treated at 40 °C/75 % RH for 3 months and prepared as

described in the method for determination of related substances (test solution).

i
8

TABLE Il. Results for the concentration of total MP/free MP (percent of the labeled amount
of MP) under different storage conditions

Storage conditions Initial result Intermediate result Final result
40 °C/75 % RH? 101.9/1.51 101.3/2.70 100.4/3.12
30°C/65 % RH 101.9/1.51 100.9/2.21 102.1/2.89
25 °C/60 % RH 101.9/1.51 101.8/2.04 101.3/2.68
®Relative humidity

TABLE Ill. Results of the determination of the related substances (presented as percent of
labeled amount of MP)

Storage conditions  Related substance  Initial result Intermediate result  Final result
40 °C/75 % RH® A <LOD” 0.03 0.04
B 0.03 0.22 0.25
C 0.03 0.11 0.14
D 0.04 0.15 0.21
30°C/65 % RH A <LOD <LOD 0.05
B 0.03 0.10 0.14
C 0.03 0.06 0.08
D 0.04 0.10 0.12
25°C/60 % RH A <LOD 0.03 0.06
B 0.03 0.10 0.13
C 0.03 0.06 0.08
D 0.04 0.09 0.12

4Relative humidity; “limit of detection

For the testing of the in-use stability, al samples are conditioned according
to ICH reguirements and reconstituted. The samples were analyzed initially (im-
mediately after production in use) and at the end after conditioning under defined
conditions. The measurements on day 0 served as the references. The obtained
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results are presented in Table IV. There were no statisticaly significant changes
in the tested parameters — if the solution was kept at room temperature, there was
no influence of water during 48 h; hence, only the results immediately after pro-
duction (initial test point) and after 6 months conditioning at 40 °C/75 % RH are
presented.

TABLE IV. Results of the in-use testing
Immediately after production Final test (after 6 months

Tested parameters (initial test point) conditioning at 40 °C/75 % RH)
Oh 48 h Oh 48 h
Total MP concentration, % 101.9 99.6 100.4 100.2
Free MP concentration, % 1.51 3.62 3.12 4.98
Related substances, %
Impurity A <LOD? 0.01 0.04 0.03
Impurity B 0.03 0.04 0.25 0.25
Impurity C 0.03 0.04 0.14 0.14
Impurity D 0.04 0.06 0.21 0.20

8Limit of detection

The results of the photostability testing are summarized in Table V. It was
concluded that there was a change in the tested parameters. It is obvious that im-
purity A increased while the concentration of total MP decreased. When vias are
kept in the dark (wrapped in aluminum foil or kept in a cardboard box), the in-
crease in the concentration of impurity A was not significant; hence, impurity A
was not the subject of further identification.

TABLE V. Results of the photostability testing

Tested parameters Initial Directly exposed vials ~ Protected vias
Total MP concentration, % 101.9 96.3 100.3
Free MP concentration, % 151 1.58 1.64
Related substances, %
Impurity A <LOD? 0.32 0.01
Impurity B 0.03 0.03 0.05
Impurity C 0.03 0.04 0.04
Impurity D 0.04 0.07 0.06

3L imit of detection

I dentification of the structures of the degradation products

From the retention times of the impurities, it was concluded that impurity B
was less polar then MP, and impurities C and D were significantly less polar.

Previous investigations of impurity B by M S showed that this compound has
amass of 374 amu, i.e., the same as MP. The most abundant ion in HR-ESI-TOF
mass spectra of MP is the ion at m/z 375.2464 (M+H*), followed by 771.4071
(2M+Na*) and 357.2057 (M+H*-H20). The same ions appear in the mass spec-
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trum of impurity B, which means that impurity B and MP have the same mole-
cular formula, i.e., they are isomers. The presence of other ions (343, 345, 387...)
in the mass spectrum of B showed that impurity B was impure and started to
decompose. Hence, additional analyses (i.e., 1H-, 13C-, DEPT-135, COSY, NOESY,
HSQC and HMBC NMR spectroscopy) were required in order to elucidate the
structure of impurity B.

Compound B had same mass and similar polarity as MP, so its structure
could be 17-deoxy-21,21-dihydroxy-6a-methylprednisolone (Fig. 1D). The same
compound was defined as impurity B of MP in EP.1 In the European Pharma-
copoeia this compound was defined as an impurity of MP and designated as B.

It was assumed that MP initialy gave impurity B, which was later trans-
formed (by standing and/or solvent exchange) into impurity B1. Since the struc-
ture of impurity B1 was not compatible with the chromatographic behavior and
mass spectra of impurity B, the structure of impurity B1 was determined unequi-
vocally by NMR spectroscopy.

The 1H-NMR spectrum of B1 (Fig. 4) is similar to that of MP, showing that
they have the same basic structure. Based on al the spectra, it can be concluded
that instead of a -CH>OH group at 21 and an —OH group at 17 in MP, impurity
Bl has a—CHO group at 21 and an H-atom at 17. Thus Bl has the structure of 17-
-deoxy-21-dehydro-6a-methylprednisolone (Figure 1E). The same impurity is
known in the literature as an impurity of 6a-methylprednisolone acetate.28

19

21

4
:‘
ge)

T
8 ] 7 6

Fig. 4. 'TH-NMR Spectrum of impurity B.
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The IH-NMR spectra of impurities C and D were very similar; they differed
dlightly in their chemical shifts. Compared to the proton spectrum of MP, the sig-
nals from the diastereotopic protons at C-21 were missing and a new signal ap-
peared at 9.71 ppm in the spectrum of C and at 9.56 in the spectrum of D. This
means that C and D are isomeric aldehydes (Fig. 1 F). The spectral data of C and
D are in very good agreement with data for isomeric enol adehydes obtained
from prednisolone. Thus C and D can be identified as the E and Z (respectively)
20-hydroxy-17(20) E-ene-21-al derivatives of 6a-methylprednisolone, which was
defined asimpurity D of MPin EP.1

According to the obtained results, the proposed degradation profile of MP is
shown in Fig. 5.

CH,

CH; CH;
Impurity C and D (E and Z) Impurity B,
Fig. 5. Proposed degradation profile of MP.

CONCLUSIONS

Even if MP is a well known substance, it is still a subject of many studies
especially regarding stability. In this work degradation profile in the freeze-dried
product is presented. It is obviously clear that the temperature has influence on
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degradation process, as well as light. Three of four detected degradation products
are increasing under the temperature treatment. During this study it is confirmed
that they are derivatives of the MP and at the same time defined as MP impurities
in the Monograph in EP. The concentration of impurity A increases in the pre-
sence of light.
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Sciences and Technological Development of the Republic of Serbia (Grant No. 142072).

U3BOJ

METWJTPEJHN30JIOH 1 BLETOBE CPOJHE CYIICTAHIE ¥V
JINMODUJIN3ATY 3A PACTBOP 3A MHJEKIIUJE

JBJbAHA COJIOMYH?, CBETJIAHA UBPIR?, BJIATKA BAIC?, UBAH BYUKOBUR® 1 30PHIIA BYJUR?
I Xemogpapm, A.JI. Bpuay,*@apmaeyiticku dpaxyaiwieimi, Beozpad u > Xemujciu gpaxyaiiein, Beozpad

VY 0BOM pajy MCIHUTHBaHE Cy 0COOHMHE (hapMaKOJIOIIKH aKTHBHE CYNCTaHIE METHIIPEIHH-
30510Ha (y OOJMKY METWJIIPEAHU30JIOH-HATPH]yM-CYKIMHATa) Y TOTOBOM IIPOU3BOLY — JIHODMIHN-
3aTy 3a pacTBop 3a uHjekuuje. L[ib paja je ucnuTruBame XeMUjCKe CTAOMIHOCTH METHINPEAHH-
30JI0H-HaTPHjyM-CyKI[MHATA y ABOKOMOPHO] OOUMIH, K0 CIEUN(pUIHOM CHCTEMY KOHTaKTHOT Ma-
KoBama. McnuTaH je edexaT pasiuIuTHX Mmapamerapa. TeMIepaType, Biare U CBETJIOCTH. 3a oJpe-
huBame KOHIIEHTpALje METUIIPEAHU30JI0HA, Ka0 30MpHE KOHLICHTPAIMje METHIIIIPEIHU3O0JIOH ec-
tapa (17-xunpores-cykuuHara U 21-XuaporeH-CyKIMHATa) H CI000JHOT METHIINPEIHU30IOHA, KO-
pumhena je merona ommcana y AMEpHYKOj (apMakomneju. 3a WCIHTHUBAKE CPOIHUX CYIICTAHIH
npumemseHa je HPLC merona. Youena cy 4 nerpagannona npoussona. Jlokaszano je aa nosehame
Temrepatype uma Hajehu 3Hauaj Ha mpolec Aerpajaluje ¥ yTude Ha noBehame cajapikaja HedHc-
toha B, C u D, 1ok mpucycTBO CBETJIOCTH JTOBOAHU 110 moBehama caapikaja Heunctohe A. Heunc-
tohe B, C n D cy nnenruduxosane npumenom macene 1 NMR cnekrpockonuje. CBe Tpu Hednc-
Tolie ¢y uaeHTH(HHKOBAHE Ka0 CPOJIHE CYIICTAHIE METHIIIIPESAHM30JI0HA.

(TTpumsbeno 15. jaryapa, pesuanpano 24. maja 2010)
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Abstract: Leaves of common deciduous trees: horse chestnut (Aesculus hippo-
castanum) and linden (Tilia spp.) from three parks within the urban area of
Belgrade were studied as biomonitors of trace element (As, V, and Cd) atmo-
spheric pollution. The May—September trace element accumulation in the
leaves, and their temporal trends, were assayed in a multi-year period (2002—
—2006). Significant accumulation in the leaves was evident for As and V, but
not so regularly for Cd. Slightly decreasing temporal trends of V and As ac-
cumulated in the leaf tissues were observed over the years. During the time
span, the concentrations of Cd remained approximately on the same level, ex-
cept in May 2002 and September 2005, when a rapid increase was observed.
The May—September accumulations of As and V were higher in horse chestnut
than in linden, although both may be used as biomonitors for these elements,
and optionally for Cd in conditions of its high atmospheric loadings.

Keywords. trace elements; tree leaves, biomonitoring; Aesculus hippocasta-
num; Tilia spp.; ICP-MS.

INTRODUCTION

Increasing industrialization and human activities intensify the emission of
various pollutants, including trace elements, into the atmosphere and introduce
harmful substances into the environment.1.2 Particulate pollution is a matter of
great concern due to its adverse effects on human and living plant populations.
Road traffic contributes significantly to air pollution in urban areas, generating
particul ate matter, aerosols and trace elements around roads.34
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# Serbian Chemical Society member.
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Trees are very efficient at trapping atmospheric particles, and they have a
specia role in reducing the level of fine, “high risk” respirable particulates,
which have the potential to cause serious human health problems.® Therefore,
tree leaves have been used for biomonitoring of particulate pollutants, which are
often associated with trace elements, in air quality studies.36 Leaves of different
evergreen and deciduous tree species and their validity for the biomonitoring of
trace elements have been assessed in urban and industrial areas.’®

Previous investigation showed that common tree species in the Belgrade ur-
ban area had distinguishable seasonal accumulations of some elements, especial-
ly horse chestnut, for which the Pb accumulation in the leaves reflected changes
of atmospheric Pb concentrations.10

The purpose of this study was to extend these investigations by applying
horse chestnut (Aesculus hippocastanum) and linden (Tilia spp.) leaves for the
biomonitoring of atmospheric contamination with V, As and Cd, present at low
concentrations in air but with high health risk potentials.11 Vanadium is required
for the activity of enzymes, while As and Cd do not have any known physiolo-
gical function in plants and can be toxic. The aim was to evaluate the accumu-
lation during the growing season (May—September) and the tempora accumula-
tion of the elementsin a multi-year period (2002—2006).

EXPERIMENTAL

The study was conducted in Belgrade, the capital of Serbia, which is located in south-
-eastern Europe, on the Balkan Peninsula (¢ = 44° 49° N, 4 = 20° 27" E, Hg = 117 m).
Belgrade has a moderate continental climate, with four seasons (cold winters and hot, humid
summers, with well-distributed rainfall). By the end of 2004, Belgrade had about 1.6 million
urban inhabitants, which is 20 % of the total population of Serbia. The samples were collected
from three urban parks exposed to the exhaust of heavy traffic: Karadjordjev Park (KP),
Botani¢ka basta — Botanical Garden (BG) and Studentski Park (SP). Tree species with broad
leaves Aesculus hippocastanum L. and Tilia sp. L. were chosen since they are common in
Belgrade city parks. The leaf samples were collected at the beginning (May) and the end
(September) of the vegetation cycles from 2002—2006. The leaves were cut off with stainless
stedl scissors from a height of about 2 m (polyethylene gloves were worn to prevent con-
tamination). Five subsamples (10 to 15 fully developed leaves) were taken randomly from all
sides of a crown. The subsamples were packed in polyethylene bags. The leaf samples were
carefully washed with bidistilled, deionized water to remove adhering coarse particles, dried
in an oven at 40 °C for 24 h, pulverized using agate mortars, packed in polyethylene bags and
kept under stable laboratory conditions until chemical analyses. Approximately 0.4 g leaf (dry
weight) was digested with 3 ml of 65 % HNOz; and 2 ml of 30 % H,O, using a microwave
oven (Speedwave™ MWS-3*, Berghof). After digestion, the solution was diluted with dis-
tilled water to a total volume of 25 ml. Trace elements in the extracts were analyzed by in-
ductively coupled plasma-mass spectrometry (ICP-MS) using an Agilent 7500ce spectrometer
equipped with an Octopole Reaction System (ORS). With this method, low detection limits
can be obtained for elements present in low concentration and for metalloid elements, such as
As, with high ionization energies. Prior to the ICP-MS analysis, all the samples were filtered
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through a 0.45 um pore diameter membrane filter. Calibration was performed with externa
standards obtained by appropriate dilution of a Fluka multi-element standard solution IV. The
blank and calibration standards were prepared in 2 % nitric acid for al the measurements
except for those used to determine the detection limits. A tuning solution containing 1 pg L1
Li, Mg, Co, Y, Ce and Tl (Agilent) was used for al instrument optimizations. Details of the
ICP MS operating conditions are summarized in Tablel.

TABLE I. Optimal instrument (Agilent 7500ce) operating conditions

Parameter Vaue
RF frequency, MHz 27
RF power, W 1500
Plasmagas flow, L min™ 15
Nebulizer gas flow, L min™ 0.9
Sample uptake rate, rps 0.3
Data acquisition
Acquisition mode Peak hopping
Dwell time, ms 100
Integration time, s/point 0.1-0.3
Repetition 3 (FullQ)

The determination of the method detection limit (MDL) was based on seven replicate
measurements of a series of spiked calibration blanks. Each blank solution was spiked with
analytes at concentrations between 2 and 5 times the calculated IDL (instrument detection li-
mit). The MDL was calculated by multiplying the standard deviation of the seven replicate
measurements by the appropriate Student’s test value based on a 99 % confidence level (t =
= 3.14 for six degrees of freedom).

The analytical quality control included daily analyses of standards and triplicate analysis
of samples and blanks. The accuracy and precision of the analytical procedures were verified
through analysis of the standard reference material lichen-336 (IAEA). The recovery range
was 90-95 %. All results were calculated on a dry weight basis.

RESULTS AND DISCUSSION

The concentrations (ug g1) of As, Cd, and V in the leaves of horse chestnut
(A. hippocastanum) and linden (Tilia spp.) from three parks (KP, BG and SP),
representative for the urban area of Belgrade, are presented in Table Il (mean
concentration of triplicate analysis, RSD less than 3 %). The leaves were sampled
at the beginning (May) and at the end (September) of the vegetation periods from
2002 to 2006. For the investigated species, the concentrations of V and Asin the
leavesincreased at a significant level p < 0.05 from May to September. In case of
Cd, the May—September increase of this element in the leaves was not significant
(except for 2005). Thisis in agreement with a previous study on A. hippocasta-
num leaves, in which no clear Cd accumulation in leaves was found within a
single season.12
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In genera, the ratio of the September/May concentrations of the elementsin
the leaves were higher in horse chestnut than in linden, over the multi-year pe-
riod, suggesting a better accumulative ability of the former species.

TABLE Il. Concentration (ug g'1) of V, As and Cd in Tilia spp. (linden) and A. hippocas-
tanum (chestnut) leaves from the Belgrade urban area during the vegetation periods from
2002—-2006

KP BG SP
Linden Chestnut Linden Chestnut Linden Chestnut
Y ear
Month
May Sept. May Sept. May Sept. May Sept. May Sept. May Sept.
\

2002 0.728 1.483 0.515 1.764 0.269 0.324 0.448 0.881 0.405 0.745 0.286 1.104
2003 0.200 0.873 0.364 0.405 0.044 0.381 0.158 0.332 0.089 0.408 0.123 0.858
2004 0.322 0.841 0.258 1.080 0.235 0.480 0.378 0.664 0.118 0.661 0.277 0.416
2005 0.110 0.463 0.765 1.154 0.080 0.460 0.336 0.298 0.082 0.372 0.179 0.494
2006 0.556 0.999 0.694 0.633 0.162 0.235 0.339 0.518 0.135 0.229 0.141 0.493
As
2002 0.193 0.293 0.166 0.313 0.121 0.274 0.252 0.530 0.281 0.754 0.313 0.913
2003 0.063 0.177 0.142 0.176 0.054 0.294 0.098 0.296 0.169 0.360 0.223 0.704
2004 0.065 0.181 0.071 0.346 0.077 0.213 0.133 0.265 0.100 0.388 0.289 1.217
2005 0.050 0.207 0.102 0.352 0.060 0.233 0.146 0.201 0.106 1.144 0.189 0.691
2006 0.105 0.249 0.110 0.108 0.078 0.193 0.216 0.244 0.138 0.486 0.544 0.670
Cd
2002 0.758 0.023 0.119 0.031 0.074 0.019 0.302 0.032 1.963 0.054 0.614 0.096
2003 0.040 0.018 0.015 0.076 0.025 0.029 0.014 0.035 0.012 0.056 0.007 0.075
2004 0.014 0.023 0.011 0.027 0.035 0.052 0.024 0.026 0.011 0.118 0.020 0.030
2005 0.062 0.016 0.046 0.150 0.038 0.554 0.297 1.577 0.013 2.777 0.066 0.271
2006 0.017 0.025 0.014 0.049 0.016 0.014 0.020 0.018 0.010 0.020 0.006 0.033

Considering a physiological significance of the studied elements, only V is
beneficia for higher plants, i.e,, it may be involved in lipid metabolism and nit-
rogen fixation. Cadmium and arsenic may interfere with protein synthesis, and
thus exhibit toxic effects. 1314 Although, according to some authors, these ele-
ments are regarded as beneficial for some plants (algae and fungi) at low concen-
tration, but toxic at higher concentrations.3

It iswidely accepted that higher plants, including trees, take up el ements most-
ly via the roots, although some uptake is considered possible through the leaves
from atmospheric deposition. The foliar uptake and atmospheric origin has been
clearly proven only for Pb.1> However, topsoil analyses showed no serious conta-
mination with the examined elements at the studied sites during the investigated
period, i.e., the values were: As,7.2,16V, 1.4,10 and Cd, 1.8"" and 8.9 mg kg—1.18

Moreover, the soil pH at the studied sites was mostly alkaline (> 8.0),10.17
causing a decrease in the solubility of the trace elements. Trace element avail-
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ability depends on several factors, such as, organic matter content, redox poten-
tial and pH. In the literature, it is emphasized that as a rule, the axial transport of
elements from the roots (or other assimilation organ) to the bark can be assumed
to be negligible. In fact, leaves are the main sink for many pollutants.3 According
to the previous assumption, the V, As, and Cd contents in the leaves of horse
chestnut and linden are most likely of atmospheric origin. Furthermore, trace ele-
ments deposited on leaves are often present in the fine particle fraction, as was
also shown previously for horse chestnut in Belgrade, with the mgjority of the
particles observed on leaves belonging to the class of fine particles (d < 2 pm).19
Most of elements in fine particles are considered as water soluble, as was also re-
cently confirmed for Cd.20

The concentrations of the elements in the leaves of the investigated species,
obtained for the Belgrade urban areas (2002—2006) (Table 1) were compared to
the values of the “reference plant” (RP) given by Markert (V: 0.5, As: 0.1, and
Cd: 0.05 ug g1).21

In all the leaf samples from Botanical Garden and Studentski Park, and most
of the samples from Karadjordjev Park, the concentration of V in May was even
below the reference plant value (RP = 0.5 pg g1) and in most samples had in-
creased to about this level by September. The highest c(measured)/c(RP) ratio
was obtained for September 2002 (Fig. 1), indicating vanadium accumulation in
the leaves, probably as a consequence of atmospheric pollution. Considering the
tempora accumulation trend, a decreasing V content in the leaves of the inves-
tigated species (September 2002/September 2006) was observed and its content
at two locations (Botanical Garden and Studentski Park) decreased from a level
about two times higher in 2002 to the level of the “reference plant”; even below
this value in 2006. Examining the site dependence, the highest concentration of V
was evident in both horse chestnut and linden leaves sampled from the KP site
(Fig. 1a). This sampling site is located in an area with a high traffic density with
ahighway in the vicinity.

The arsenic concentration in most samples was higher than the reference
plant value (RP = 0.1 pug g1), indicating a continuous source of emission at all
locations in al the examined years (Fig. 1b). The accumulation of this element
during the vegetation period was evident in the leaves of both tree species, linden
and horse chestnut, which can be related to increasing deposits from aerosol arse-
nic and the increase was enough to offset the dilution effect by leaf material
which increase during the growing period. The highest As concentration, about
twelve times the RP value were found in the leaves from Studentski Park, a small
park with a bus terminal and surrounded by many high buildings.

During the investigated time span, the Cd concentrations at al sites were
mostly at about the same level, except for a few extremely high values in 2002
and 2005 registered for both horse chestnut and linden, (Fig. 1c). It should be em-
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phasized that at all locationsin May 2002, the cadmium concentration was higher
than the background level proposed by Markert.21 However, no accumulation of
Cd was observed until September in these samples from 2002, which probably
indicates a decreasing cadmium concentration in the air and dilution by leaf ma-
terial. An accumulation of cadmium in the leaves was observed from September
2005 for all samples, except in linden from Karadjordjev Park. Five times higher
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level than the RP value was determined in samples from the Botanical Garden
from May 2005, and even more than 30 times in samples from the same location
taken in September 2005. At all locations, it seems that higher concentrations of
cadmium compared with other years resulted in increased accumulation of this
element. Cadmium is emitted into the atmosphere by several sources and it is
highly volatile, thus undergoing long-range transport.

As suggested in a previous investigation of element concentrations in PM2 5
(particles smaller than 2.5 um in diameter) in central Belgrade, vanadium and
cadmium had a common source, traffic, with a considerable portion of resus-
pended road dust, and products of other fossil fuel combustion processes.4 The
relatively low concentrations of vanadium and cadmium found in leaves in the
present study could be explained by a lack of heating sources during the vegeta-
tion period because the dominant source of PM in Belgrade is stationary com-
bustion.22 In addition, most of the coarse particulates were removed by the pro-
cedure of washing the leaves before chemical analyses, which diminished the
contribution of road dust resuspension on the surface of the leaves. Consequent-
ly, the V, Asand Cd found in the leaves originated mainly from traffic, motor ex-
haust and also metallic parts of cars.

CONCLUSIONS

This study gives evidence for the accumulation of As and V during the
growing season (May—September) in the leaves of horse chestnut and linden
sampled in the Belgrade urban area. During the studied time span (2002—2006),
the concentrations of As and V in the leaves showed slightly decreasing trends.
In general, Cd showed no significant May—September accumulation over the
years, except in 2005 when higher concentration around the parks resulted in in-
creased accumulations. The highest vanadium and cadmium contents were found
in the leaves sampled from Karadjordjev Park, while the highest As concentra-
tion was detected in the leaves sampled in Studentski Park. The contents of As
and V in September were mostly higher than those May, especialy in horse
chestnut, although both studied trees may be used as biomonitors for these ele-
ments, and optionally for Cd under conditions of its high atmospheric loading.

Acknowledgements. The authors acknowledge funding from the Ministry of Science and
Technological Development of the Republic of Serbia, Fundamental Science Project No.
141012 and Fundamental Science Project No. 142002.
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U3BOA

HNCIINTUBABE 3ATABEHOCTU BA3JIYXA Y BEOI'PALY EJIEMEHTUMA Y
TPATOBHUMA (As, V, Cd) 13 JINCTOBA JINCTOIIAJHOT JIPBERA

KATAPUHA M. IHVTIYPI, MMPA I1. AHI/I‘{I/Ile, MMJIMIIA H. TOMA]_HEBI/ITIZ, JIABOP 3. AHTAHACI/IJEBI/ITlB,
AJIEKCAHJIPA A. l'IEPI/I'l’l—l"PYJI/ITl3 u MUPJAHA 'b. PI/ICTI/ITl3

'Hapoona 6ub.auoitiexa Cpéuje, Ckepauhesa I, 11000 Beozpad, * Mucitiuiiyiti 3a (usuxy, Ynusep3uifieii y Beozpaoy,
Tpezpesuya 118, 11080 3emyn u 3TexHOﬂomxo—Memmypumu pakyaivein,
Ynueepauitieii y beozpady, Kaprezujesa 4, 11120 beozpao

JenHa on mocnenniia MHTEH3UBHOT €KOHOMCKOT M MH/IyCTPHjCKOT pa3Boja je moBehaHna emu-
cyuja 3arahyjyhux cyncranuumja y atmocdepy. [psehe, mocebHo y ypbanum cpeanHama, Beoma je
3HAYajHO ca acmekrta mpedrinhaBama Ba3lyxa; IMOpeld TOra, YOueHO je Ja MOCTOjH Kopemaluja
n3mel)y KoHUEHTpauuje nojeAnHux 3aralyjyhux marepuja y Bazayxy u y mumhy apseha, mro je
uckopuirheHo 3a OMOMOHHTOPHHI KBaJWTETa Ba3lyxa. ¥ OBOM pajy je MCIHTHBaHa MoryhHocT
OMOMOHHMTOpHHTA eJIeMEHaTa Y TparoBuMa y Basiyxy rmomohy JBe BpcTe mcronaaHor apeeha, au-
BJber kecreHa (Aesculus hippocastanum) u nume (Tilia spp.), koje cy Beoma 3actyrubene y Beo-
rpajy. Y30pLH cy cakylbaHU Ha MIOYETKY BEreTAlMOHOr NIepHO/Ia, Y Majy, Kao M Ha Kpajy Berera-
LHOHOT TIepuo/a, y centeMopy, TokoM met roauna, ox 2002. mo 2006. rogune. Y ekcriepuMeHTal-
HOM JIeJTy M3BpIICHA je aHaln3a cajpikaja eJeMeHaTa y TparoBuma (apceH, BaHaaAnjyM, KaJMHjyM)
y JIMCTOBUMa HaBeJeHHX BpcTa JapBeha cakymubeHuM ca Tpu Jiokanuje y beorpany (Kapahophes
napk, CryneHrcku mapk u boranuuka Gamra), koje cy ogabpaHe 300r MHTEH3HBHOT caoOpahaja.
IMopehemem 100UjeHHX BPEIHOCTH Ca KOHIEHTpAllMjaMa MCIIUTHBAHUX eJIeMEeHaTa y CyCIICH0Ba-
HUM 4YeCTHLAMa Yy Ba3Oyxy onpeheH je cTemeH akyMmyjandje W 3akJbydeHO je Ja Ce MCIHUTHBAHE
BPCTE MOT'Y KOPUCTHTH 32 OMOMOHMTOPHHI KBAJIUTETa Ba3/lyXa, OJHOCHO HEroBe 3aral)eHOCTH Hc-
IIUTHBaHUM €JIEMEHTHMA Yy TParoBHMa, IpU 4YeMy je JUBJbU KEeCTEeH MMao 00Jbe aKyMyJaTHUBHE
CIOCOOHOCTH.

(TTpumsbeno 19. mapra, peBuaupano 18. maja 2010)
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