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Abstract: The problem of endemic malaria continues unabated globally. Ma-
laria affects 40 % of the global population, causing an estimated annual mor-
tality of 1.5-2.7 million people. The World Health Organization (WHO) esti-
mates that 90 % of these deaths occur in sub-Saharan Africa among infants
under the age of five. While a vaccine against malaria continues to be elusive,
chemotherapy remains the most viable alternative towards treatment of the dis-
ease. During last years, the situation has become urgent in many ways, but
mainly because of the development of chloroquine-resistant (CQR) strains of
Plasmodium falciparum (Pf). The discovery that artemisinin (ART, 1), an ac-
tive principle of Artemisia annua L., expresses a significant antimalarial acti-
vity, especially against CQR strains, opened new approaches for combating
malaria. Since the early 1980s, hundreds of semi-synthetic and synthetic per-
oxides have been developed and tested for their antimalarial activity, the results
of which were extensively reviewed. In addition, in therapeutic practice, there
is no reported case of drug resistance to these antimalarial peroxides. This re-
view summarizes recent achievements in the area of peroxide drug develop-
ment for malaria chemotherapy.
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1. INTRODUCTION

The problem of endemic malaria continues unabated globally. Malaria af-
fects 40 % of the global population, causing an estimated annual mortality of
1.5-2.7 million people.l The World Health Organization (WHO) estimates that
90 % of these deaths occur in sub-Saharan Africa among infants under the age of
five.2 While a vaccine against malaria continues to be elusive,3 chemotherapy re-
mains the most viable alternative towards treatment of the disease. During the
last years, the situation has become urgent in many ways, but mainly because the
malaria parasite has developed multiple drug resistance to clinically established
drugs (Fig. 1). This resistance is most serious with chloroquine (CQ), the most
widely employed and cheapest drug used to treat malaria, and CQ-resistant
(CQR) strains of Plasmodium falciparum (Pf) — Indochina W2, Brazil IEC-306,
FCR3 and K1. The problem of combating malaria is even more complex because
of the contemporary development of resistance of the mosquito vector to cur-
rently employed insecticides.
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Fig. 1. Antimalarial drugs against which the malaria parasite has developed resistance.

The discovery that artemisinin (ART, 1), an active principle of Artemisia an-
nua L., expresses a significant antimalarial activity, especially against CQ-re-
sistant (CQR) strains, opened new approaches for combating malaria. Since the
early 80s, hundreds of semi-synthetic and synthetic peroxides have been deve-
loped and tested for their antimalarial activity, the results of which were exten-

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

2009 Copyright (CC) SCS



ANTIMALARIAL PEROXIDES 1157

sively reviewed.® In addition, in therapeutic practice, there is no reported case of
drug resistance to these antimalarial peroxides. The only evidence for in vitro
resistance was found in French Guiana where certain ART derivatives were used
in uncontrolled and illegal self-medication.6

This review summarizes recent achievements in the area of peroxide drug
development for malaria chemotherapy.

2. THE LIFE CYCLE OF THE MALARIA PARASITE

Protozoa of the genus Plasmodium cause malaria. Four species of Plasmo-
dium are responsible for the disease in humans: P. falciparum, P. malaria, P.
ovale and P. vivax. Of these, P. falciparum may cause the condition known as
cerebral malaria, which is responsible for the majority of fatal outcomes.

The pathogenesis’ and life cycle of the malaria parasite are complex,® con-
sisting of two stages: a sexual stage (sporogony), which occurs within the mos-
quito, and an asexual stage (schizogony), which occurs in the host.5¢.® The illness
is started when an infected female mosquito of the genus Anopheles feeds on the
blood of an uninfected vertebrate host. Mosquitoes inject parasites (sporozoites)
into the subcutaneous tissue, less-frequently directly into the bloodstream. In less
than 1 hour, the sporozoites travel to the liver, invade the hepatocites and under-
go exoerythrocitic schizogony. After some time, depending on the plasmodium
species, the schizonts are transformed into merozoites, which after release into
the blood stream invade erythrocytes. After significant reorganization of the
membrane proteins of an occupied erythrocyte,8¢ the merozoites undergo ery-
throcytic schizogony, which comprises young rings (12 h after erythrocyte infec-
tion), mature rings (18 h), early trophozoites (24 h), mature trophozoites (30 h),
early schizonts (36 h) and mature schizonts (42 h). At the end of erythrocytic
schizogony, the parasites return into the merozoite form but enormously multi-
plied causing splattering of the erythrocyte. The released merozoites invade new
red blood cells and start a new erythrocytic schizogony cycle. Erythrocytic schi-
zogony occurs every 2—3 days, depending on the plasmodium species. Each cycle
is accompanied by typical malaria symptoms, such as fever, chills, headache and
exhausttion. After several cycles, some of the merozoites undergo sexual deve-
lopment and are transformed into gametocytes.

The gametocytes remain in the erythrocytes and are consumed by an ano-
pheles mosquito. In the mosquito, female and male gametocytes join and form
zygote. Within 18 to 24 h, the zygote transforms into a slowly motile ookinete.
Between 7 and 15 days, depending on the plasmodium species and the ambient
temperature, a single oocyst forms more than 10,000 sporozoites. The motile spo-
rozoites migrate into the salivary glands and accumulate in the acinar cells. When
infected, the mosquito bites a susceptible vertebrate host; a new parasite cycle
commences. The length of the P. falciparum life cycle is presented in Table I.
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1158 OPSENICA and SOLAJA

TABLE I. Length of the various stages of the life cycle of P. falciparum

Stage Definition Duration
1 Ookinete formation 24t048h
2 Oocyst maturation 9 days
Invasion of salivary glands (1+2) 10 days
3 Circulation of sporozoites in the blood stream 1 h max.
4 Hepatic schizogony 6 days
5 Erythrocytic schizogony 48 h

6 Gametocytogony 10 days
Complete cycle (1 to 6) 27 days

The malaria parasite has a limited capacity for de novo amino acid synthesis
and its survival is dependent on haemoglobin proteolysis. Parasite digests haemo-
globin in the food vacuole (FV), supplies itself with amino acids necessary for
nutrition and liberates free haem (Fe(11)PP1X), which is subsequently oxidized to
haematin (Fe(l11)PPIX). Free haematin can damage cellular metabolism by inhi-
biting enzymes, by peroxidation of membranes, and by producing oxygen radi-
cals in the acidic environment of the FV.10 In order to protect itself, the parasite
eliminates haematin by polymerizing it into hemozoin. Hemozoin is a non-cova-
lent aggregate of several units of haematin linked via coordinate bonds formed
between Fe(lll) of one haematin and the carboxylate side chain of the adjacent
one.11 Hemozoin is insoluble, and it is accumulated in the lymphatic tissue, liver,
bone marrow and the brain. It was found that haem [Fe(I1)PP1X] can not polyme-
rize to hemozoin and is an effective inhibitor of Fe(llI)PPIX polymerization,
even better than CQ.12

3. ARTEMISININ AND ITS DERIVATIVES

The herb Artemisia annua L. has been used in Chinese traditional medicine
for centuries. The usage of plants extracts for the treatment of malaria fever is
well documented.®a The active ingredient of the potion was identified as artemi-
sinin 1 (ART, ginghaosu — QHS, Fig. 2), a sesquiterpene lactone with an endope-
roxide function.# The very same compound was also isolated by the Belgrade
group in the early 1970s; however, the wrong structure of 1 was proposed (Fig.

H HsC
[e] Structure propsed in ref. 14.

Artemisinin, 1
Fig. 2. Structure of artemisinin.
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ANTIMALARIAL PEROXIDES 1159

2).13 The structure of ART was elucidated in 1979 by X-ray analysis, which was
supported by total synthesis.14 Since then, many total syntheses have been achi-
eved,15 including the newest one.18 ART is an erythrocytic schizonticide which
exhibits rapid activity against all types of human and most animal malaria. It is
effective against both CQ-sensitive (CQS) and CQR strains of P. falciparum
((ICs0) D6 = 9.0 nM, W2 = 6.7 nM, TM91C235 = 13.0 nM)17 and it has been
successfully used for the treatment of severe cerebral malaria.>¢ ART has poor
solubility in water and it is administrated as a water or oil suspension. Better re-
sults were achieved when it was administered intramuscularly (i.m.) as a suspen-
sion in oil, than orally (p.o.) in water. Metabolites isolated after p.o. adminis-
tration were devoid of peroxide function and had no antimalarial activity, strong-
ly suggesting that the peroxide function is a critical part of the pharmacophore. It
was assumed that the good activity of 1 was due, at least partially, to its amphi-
philic structure that facilitates cell membrane permeability. The shortcoming of
the usage of 1 is the high recrudescence rates related to its pharmacokinetic
profile, which is characterized by a short half-life, low oral bioavailability and
auto-induction of metabolism.

3.1. First generation of artemisinin derivatives

The first semi-synthetic derivatives of ART were simple ethers (3), esters (4)
and carbonates (5) of dihydroartemisinin (DHA, 2) (Scheme 1).4b5a DHA is a
lactol easily obtained from 1 by NaBH4 reduction. It is twice as active as ART
but exhibits a relatively high degree of neurotoxicity. In spite of poor oral bio-

3a,R = CH5, SDg = 1.02 mgtkg
|, 3b,R = CH:CHs, SD = 195 mghkg

SDgo# = 6.20 mglkg SDgo = 3.65 mg/kg

RCOCI/ B or (RCO).0 /B ~Q )

CICO-R/Py B = Py, DMAP, Et ;N O 4

O\er
)
4a, R = CH3, SDso = 1.20 mg/kg
4b, R = CHCH,, SDeo = 0.66 mg/kg

5a, R = CHs, SDy = 0.78 mg/kg
5b, R = CHCHj, SDs = 0.63 mg/kg
Scheme 1. Transformations of artemisinin into first generation derivatives (SDg, — the dose
required for 90% suppression of parasitemia; data taken from ref. 4b. Compounds were
administred i.m. as oil suspension to mice infected with P. berghei).
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1160 OPSENICA and SOLAJA

availability, high recrudescence and noteworthy reports on its neurotoxicity, DHA
is as effective against severe cerebral malaria as ART.

Artemether 3a and arteether 3b are falkyl ethers of DHA designed to in-
crease lipid solubility, pharmacokinetic profile and antimalarial activity as com-
pared to 1 and 2. Both derivatives are fast acting blood schizonticides and are
especially active against CQR strains. Some studies indicated significant neuro-
toxicity when the drugs were administered in high doses, probably due to their
metabolism to DHA. Later studies showed that neurotoxicity occurred when the
compounds were administered at least five times higher doses than is recom-
mended. Today, artemether 3a is the most widely used derivative and is applied
as an oil solution for i.m. injection (Artenam® and Artemos®), or recently in
combination with lumefantrine (Coartem®).

Although carbonates 5 exhibited higher in vivo activity than 1, 2 and 3, there
is no reported clinical application, probably because of their low stability under
physiological conditions, due to their rapid hydrolysis to 2.

For treatment of severe forms of malaria, water-soluble derivatives of ART,
such as sodium artesunate 4¢P and artelinic acid 6,18 are indispensable. Both
compounds can be administered intravenously (i.v.) and thus can be delivered
much faster and be more efficacious than less polar ones which are administered
i.m. as an oil suspension.

Artesunate 4c (Fig. 3) rapidly diminishes parasitemia and is very efficacious
in the restoration to consciousness of comatose cerebral malaria patients.19 Its
shortcoming is high recrudescence of the disease and 4c is normally used in com-
bination therapies with mefloquine®® and amodiaquine (Arsucam®). Na artesu-
nate is used as a freshly prepared solution in dextrose or saline because of its
rapid hydrolysis to 2.

Artelinic acids 6a (Fig. 3) possess a C(10) A-ether linkage and are thus hyd-
rolytically more stable than artesunate 4c. The acid 6a expresses in vitro activity
comparable to 1 and 4c against D6 and W2* strains of P. falciparum, but showed
superior in vivo activities against P. berghei as compared to both compounds.18
Moreover, the acid 6a has a longer plasma-life,18 a higher plasma concentration,
higher binding capacities and the lower toxicity among the first generation of
semi-synthetic derivatives of ART 1.5¢ Although the methyl ester 6¢ exhibits
higher in vitro activity, it is less suitable because of its low solubility in water.

The described derivatives suffer from serious disadvantages — short plasma
life and CNS toxicity as consequence of their rapid metabolism into dihydroART
2.20 Ethers 3 are metabolized by cytochrome P-450, forming the C(«)-hydroxyl
derivative 7, which is later transformed into 2 (Scheme 2). Esters 4 simply hyd-

*D6 (Sierra Leone strain) is resistant to mefloquine and susceptible to chloroquine, pyrime-
thamine and sulfadoxine; W2 (Indochina strain) is resistant to chloroquine, quinine, pyrime-
thamine and sulfadoxine and susceptible to mefloquine.
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ANTIMALARIAL PEROXIDES 1161

rolyze to 2. In addition, all these derivatives possessing acetal or hemi-acetal
group in the D-ring readily hydrolyze under acidic conditions after p.o. adminis-
tration. The longer plasma half-life of artelinic acid 6a is probably the result of
steric hindrance and poorer accessibility to P-450. The second generation of se-
mi-synthetic derivatives of ART was designed to overcome these disadvantages.

IC,, (NM)?

D6 w2

, 1 1038  2.34

“H 2 1.44 2.43

3a® 220 1.0

3 6a,R=H 973 330
‘CHz@'COZR 6b,R=K 174 002
6 6c,R=CH, 1.78  0.86

3 Data taken from reference 18; ® Data taken from ref. 20.
Fig. 3. Structures and antimalarial activities of derivatives 4a and 6.

O R
3a, R=H C(o)
3b, R=CH; OH

Scheme 2. Metabolic transformations of derivatives 3, 4 and 7.

3.2. Second generation of artemisinin derivatives

The first efforts towards metabolically stable compounds included a modifi-
cation of artelinic acid 6.20 The new compounds (Fig. 4) exhibited higher activity
against the W2 than against the D6 clone. It was found that electronic effects, the

8 9
0
IG5 (M) CO,Et IC 5o (NM) o)
D6 W2 HB3® K1° \©\ )
049 0.10 9.10 12.35 CF4 10b, R = CH,CHO
—N
NO. P. berghei (p.o.) P. yoelly (s.c.) 10b,R=¢ /)
2 ED;, EDyy ED;, EDgy
(mglkg) (mg/kg) (mg/kg) (mg/kg)
?HB3 - CQ-sensitive P strain; 9 2.7 5.4 22 3.1
®K1 - CQ-resistant Pfstrain; 4c 4.0 13.0 3.6 135

Fig. 4. Structures and antimalarial activities of derivatives 8-10 (EDs, — effective dose,
the dose that decreases parasitemia by 50 %).
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1162 OPSENICA and SOLAJA

configuration at C(a) (the (S)-isomers were more active than the (R) ones), lipo-
philicity and steric factors have a considerable influence on the antimalarial acti-
vity. The most active compound 8 was 10, 20 and 40 times more active than
compounds 3b, 1 and 6a, respectively.

Replacing the O-alkyl group with an O-phenyl group should prevent oxida-
tive dealkylation with P-450 and the formation of dihydroartemisinin 2. Conse-
guently, a series of C(10)-aryloxy derivatives 9 and lactams 10 were synthesized
and their antimalarial activity assessed (Fig. 4).21 Derivative 9 was in vitro as
active as artemether but had outstanding in vivo antimalarial activity, which was
higher than the clinically used sodium artesunate. Moreover, derivative 9 was
metabolically more stable than the parent compound (H instead of CF3).

Many 11-azaartemisinins 10 (Fig. 4) were described as being more stable
under physiological conditions.22 In addition, the possibility of changing the
substituents on the nitrogen enabled the fine-tuning of the activity. New com-
pounds 10a and 10b were, respectively, 26 and 22 times more active then
ART.22b

The superior activity of deoxoartemisinin 1123 encouraged the synthesis of a
series of C(9)-substituted derivatives 12 (Fig. 5).2425 Derivatives 12a-b were
21-33 times more active than ART against the W2 clone and 50-70 times more
active against the D6 clone, clearly demonstrating that the removal of the lactone
carbonyl provides excellent potency enhancement.25 These and some new deri-
vatives2> were tested in vivo both s.c. and p.o. The activity of derivative 12a was
superior to that of ART, curing all mice at an 8 mg/kg/day s.c. dose.

IC,, (nM)°
12a,R = CH, De W2
12b, R = CH; 1 825" 420°
12¢, R = p-CICH, 11  216° 0.56°
12d,R=p-FCH, 12b 242 3.62
12e, R = p-MeOICH, 12c 4.67 6.39

12g 1.53 13.98
12h 2.01 15.91

& Data taken from ref. 24
® Data taken from ref. 22

Fig. 5. Structures and antimalarial activities of derivatives 11 and 12.

12f, R = 3,4-CL,CH,
12g, R = 3,4-CF,C.H,
12h, R = 3,4-F,CH,

A series of C(10) carbon heterocyclic substituted derivatives (Fig. 6) of de-
oxyartemisinin were synthesized using a short and efficacious synthetic proce-
dure.26 The compounds were tested in vitro against the CQ-sensitive (CQS)
NF54 P.f. strain and demonstrated activity at least that of ART. Derivative 13a
was the most active in the series with 1C5g = 1.4 nM. A special group of these
derivatives were of dimeric structure. The compounds were more stable under
physiological conditions than the parent compound 1 and simultaneously retained
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ANTIMALARIAL PEROXIDES 1163

very good to excellent activity.2” Some of these derivatives were significantly
more active (ICsg = 1.3-3.2 nM) than ART (ICsp = 9.9 nM) against the CQS
NF54 P.f. strain.

_~~ O _R, 132,R,=H
R= U 13b, R, = CH,

I
N

R R= \
13 @ 13c

NF54IC,, ("M)  ED,, (mg/kg)

s.C. p.o.
132 14 1.2 9.5

13b 52 09 155

13c 46 07 45

13d 19

13¢ 1.9 13f

13f 1.3 HyCO OCH,

13g 32 o
Fig. 6. Structures and antimalarial activities of derivatives 13.

3.3. New artemisinin derivatives

With the aim of preventing metabolic transformation of artemisins to dihyd-
roartemisinin 2 and thus avoiding neurotoxicity, several 10-(alkylamino)artemi-
sinins 14 were designed (Fig. 7).28.29 All the tested compounds showed excellent
in vivo activities against P. berghei, with 14c, as the most active derivative, being
almost 25 times (s.c.) and 7 times (p.0.) more active than artesunate 4c. Unfor-
tunately, 14c suffers from being seriously neurotoxic even at low doses, thus in-
dicating once again that the more lipophilic compounds are more toxic.29 How-
ever, derivative 14e (artemisone) showed no toxicity and possesses tractable phy-
sicochemical properties. In vivo experiments revealed that artemisone has a
greatly enhanced bioavailability, as reflected in the greater and significantly more
sustained activity in plasma as compared to other artemisins. Moreover, in 3-day
combinations with mefloguine (5 mg/kg) or amodiaquine (20 mg/kg), a single
oral dose of artemisone (10 mg/kg) completely cured infected monkeys.29

A series of C(10)-ether derivatives 15 (Fig. 8) possessing voluminous lipo-
philic groups were tested p.o. against multi-drug resistant P. yoelii nigeriensis
and several of them were 2 to 4 times more active than g-arteether.30 Most active
were the 15a and 15b derivatives that afforded 100 % protection at a 12 mg/kgx4
day dose. The least active derivative was the corresponding S-isomer of 15a.
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1164 OPSENICA and SOLAJA

EDso (mg/kg)

j s.c. p.o.
) : 14a 078 2.40°

R Py y N 14b 046"  1.50°
¥ N7 N N N 14c 018  1.30°
- U ( [ /S\ ' b ’ b
R o) S o o 14d 051 1.90

14e 150 3.10°

14a 14b 14c 14d 14e . a
4c 460 9.30

® Data taken from ref. 28; ® Data taken from ref. 29

Fig. 7. Structures and antimalarial activities of derivatives 14.

Similar relative relationships between o~ and S-epimers were observed with
other derivatives described in this study, which is in sharp contrast to the activity
profile of arteether, where the f-isomer showed higher activity than the a~isomer.
The corresponding C(10)-esters 16 (Fig. 8) were more active in vivo than f-arte-
ether against P. yoelii nigeriensis, with 16c¢ being the most active derivative with
4/5 cured mice at 12 mg/kgx4 day p.o. dose.31 Comparing the members of the
two series, the structurally similar esters were less active than the corresponding
ethers (16a vs. 15a, and 16b vs. 15b).

15b

)
15c —H,C i
&

Fig. 8. Structures of derivatives 15 and 16.

Hydrolytically stable C(10)-nonacetal artemisinin dimers 17 (Fig. 9), which
possess phthalate derivatives as linker, showed higher in vitro antimalarial acti-
vities against the CQS NF54 P. falciparum strain than ART 1, with 17a and 17b
being the most active.32 These two dimers were, respectively, 3 times and 37 ti-
mes more efficacious than artesunate 4c when administered s.c. and 17b was 1.5
times more efficacious than 4c (p.o.).

A new generation of ART dimers with excellent in vivo activity in P. ber-
ghei infected mice was developed.33.34 Eleven new derivatives 18-24 (Fig. 10)
showed curative activity at a 3x30 mg/kg oral dose. At this dose, the average
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ANTIMALARIAL PEROXIDES 1165

mouse survival period was > 3 times longer in comparison to artesunate 4c (> 30
days for derivatives 18-24 vs. 7 days for 4c).34

NF54 ED;, (mg/kg)
ICg (nM) s.c. p.o.
17aR=CO,Me 1.6 0.71
17b R=CH,OH 0.77 0.06 2.6
1 6.6
4c 22 40

Fig. 9. Structures and antimalarial activities of dimers 17.

At Art At Art

ST U ¢
18 ~=N 19

R
At At At At At Art 228,X = C=0 At Art At Art
22b,X=0
o o) o) 22¢, X = NC(O)OEt Q
o o><> o X 22d, X = NC(O)NHMe OJJ\N/\ N
20 21 2 22e,X =80, 23 § ﬁ/\O

24
Fig. 10. Structures of derivatives 18-24.

4.1,2,4-TRIOXANES

Very important finding was the high antimalarial activity of trioxanes. These
compounds have a much simpler structure than the ARTS, e.g., the trioxanes 25—
-29 (Fig. 11).35-38 The activity data significantly contributed to the understand-
ing of the minimum structural requirements for exhibition of good antimalarial
activity. The results strongly indicate that ring D and the lactone ring are of no
importance for good antimalarial activity, but all derivates confirmed the impor-
tance of the unique 1,2,4-trioxane structure. The results showed that small stereo
or structural differences have a significant contribution to the activity, e.g., epi-
mers 25 showed different in vitro activity3® (particularly significant against the
CQS strain D6), or in the case of derivatives 26, in which the methyl substituents
are replaced with the spirocyclopentyl group (26a vs. 26b).3% Contrary to the ob-
served stereoselectivity, the enantiomers of 27a and 27c or 27b and 27d showed
very similar activities, suggesting that cis-fusion significantly contributes to the
activity.36 Probably the most interesting example is represented by epimers 28,
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where the change of the configuration at one stereocentre dramatically changed
the activity.3” A similar structure-activity relationship, SAR, could be developed
for 29 and 30.38

Ry R H H
Rymz—O Oo\f\ Q/o o
HsC R R R
w o~° %% o °
H,C HaC R R

25a,R, = OCH,, R, =H 26a, R = CH, 27a,R=Ph 27¢,R = Ph
25b, R, = H, R, = OCH, 26b, RR = (CH,), 27b, R = p-F-CH, 27d,R = p-F-CH,

/\'j| /:\ 1 Ay PP
NORN 50 Vi) ED,, (mg/kg)j
Ry < > < O w2 Dé s.c. iv.?
O, 25a 743 8809 70 4
Ry

25b  40.03 3111.72 27b 1:8

26a 2419 11.96 27 23
26b  7.08 8.15 274 21
29, R, =F, R, = 12a-OCH, 27b 1417 1417 ‘
29 83 8.0
28a,R,=H,R,=CH, 30a,R=COH, R,=120-OCH, 27d  7.27 7.63 30a 112 55
- - - _ 28a  14.98 11.65
28b,R=CH,, R,=H 30b,R=COH, R, = 128-OCH .
e MR =1200CH: o8 >1604 >1664 30b 195 48
28¢,R=CH; R, =CH, 28c  >1590 >1590 2 intravenous administration

Fig. 11. Structures and antimalarial activities of derivatives 25-30.

Structurally similar to the cis-fused trioxanes 27, the trans-fused derivatives
31-34 (Fig. 12) also exhibited high activities.3° They caused a 96-100 % sup-
pression of parasitemia on day 4 after a 96 mg/kg/day p.o. dose, with the spiro-
cycloheptane 33 as the most active. Although trioxanes 31-34 are somewhat less
effective than S-arteether under the same test conditions (100 % of suppression at

TR T Ay,

31, n=1, Ar= 4-PhCsH,

_ _ 34, Ar = 4-ClICeH4 36a, Ar = Ph 37a, R = cyclopropyl
32, n=2,Ar=4-Ph-CgH, 37b, R = Ph
33, n=3, Ar = 4-Ph-CeHs 36b, Ar= 4-Ci-Catle '

36¢, Ar = 1-naphthyl
36d, Ar = 4-Ph-CeH, 0-0 H
KO
)k( J: Ar o R
@ ICs (NM)

39a 49 —<|3COzEt

38a, R = 2-tetrahydronaphthyl Ar o] R

43

38b, R=2-ph th ( 39a,R = CHy o ia
, R = 2-phenanthrenyl - 39c 1.8
38¢, R = 2-fluorenyl 39b, R = cyclopropyl

39¢,R = n-Pr 40 1309.0 43a, Ar=4-CICsHs, R=H
43b, Ar = 4-MeC¢zHs, R=H

Fig. 12. Structures and antimalarial activities of derivatives 31-43.
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ANTIMALARIAL PEROXIDES 1167

48 mg/kg/day), the obtained results suggested that trans-fusion may also provide
good antimalarial activity and that some other structural aspects should addi-
tionally be taken into consideration. Accordingly, the cis-fused trioxane 35 (Fig.
10) showed ICsq and I1Cgg values of 893 nM and 1845 nM, respectively, against
the W2 P. falciparum clone, while under the same screening conditions, the cis-
-fused trioxane 27a showed corresponding values of 15 nM and 36 nM, res-
pectively.40

Trioxanes 36-43 (Fig. 12) were obtained due to efforts aimed at creating pe-
roxides with a simpler structure but still sufficiently active for treating malaria.
Using different starting materials, such as geranyl acetate4! (trioxanes 36), cyc-
lopropy! or cyclohexyl allylic alcohols#2 (trioxanes 37), aryl substituted allyl al-
cohols (trioxanes 38)43 or methyl substituted allyl alcohols (trioxanes 39 and
40)*4 for obtaining Ahydroxyhydroperoxides which were later coupled to differ-
rent carbonyl compounds, very active trioxanes with diverse structures were ob-
tained.4546 Of all the given examples, the most active were the 2-adamantyl
derivatives. Derivatives 36-38 were tested against multidrug resistant P. yoelli in
mice and exhibited 100 % suppression of parasitemia on day 4 at 96 and 48
mg/kgx4 days (Peter’s test) doses p.o. The most active 2-fluorenyl derivate 38c
showed 100 % of suppression of parasitemia on day 4 even at 24 mg/kgx4 days,
which appears to be the half effective dose of arteether.43 Intramuscular injection
decreased the activity of these derivatives and thus confirmed, once again, that
hydrophobic compounds show better bioavailability on oral administration. Deri-
vatives 39 and 40 with a C(5)-alkyl substituted 1,2,4-trioxane ring were tested
against the CQR K1 P.f. strain and showed activities which strongly depended on
the C(3)-substituent. While the spiroadamantane derivates 39 were as active as
ART 1, the gem-dimethyl derivative 40 was 270 times less active.44 Replacing
the spiroadamantyl with a spirocyclohexyl group bearing an ionisable arylamino
moiety, as in 42,4 or other polar groups, as in 43,46 also resulted in loss of ac-
tivity. Although some derivatives, such as 43a and 43b46 that exhibit 100 % sup-
pression of parasitemia on day 4 at 96, 48 and 24 mg/kgx4 days doses p.o., were
active, in general, these compounds were less potent than the adamantyl deriva-
tives. These results convincingly introduced the adamantyl-spiro-1,2,4-trioxane
motif as a significant contributor to good antimalarial activity.

The antimalarial activity of a series of steroids possessing the 1,2,4-trioxane
moiety 44-46 (Fig. 13) was also tested.4” Only the pregnane-based trioxanes
45a—f expressed good activity. They showed 100 % suppression of parasitemia
on day 4 and 40-100 % protection at a 96 mg/kgx4 days dose, with 45b being
the most efficacious. Cholestane- and tigonenin-based derivatives were much less
successful with 15-73 % suppression.
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O'O o,O
4 45a-f 46a-f
R 44a-f R
a:R=H,b:R=0Me,c:R=Me,dR=F, e R=CI|,f:R=8Br R

Fig. 13. Structures of steroid-based 1,2,4-trioxanes 44-46.

5.1,2,4-TRIOXOLANES

1,2,4-Trioxolanes, the ozonides, are a very well known class of organic com-
pounds. They are intermediates in the transformation of olefins into carbonyls
during ozonolysis. It was an unexpected and surprising discovery48 that ozonides
are stable enough and that some of them express excellent activity against the
malaria parasite, as do the structurally similar 1,2,4-trioxanes. Moreover, these
compounds were more active than artesunate 4c and artemether 3a, both in vivo
and in vitro. The compounds 47-49 (Fig. 14) showed superior pharmacokinetic
results, such as prolonged half-life and enhanced bioavailability after a single
oral dose. The derivative 49 had inferior antimalarial results and a higher recru-
descence level compared to 48, however, it was chosen as the development can-
didate primarily because of its improved toxicological profile and reduced con-
centrations in brain tissue after oral dosing.#8 The other derivatives 50-53 (Fig.
14) afforded further insight into SAR in the context of the physicochemical,
biopharmaceutical, and toxicological profile of trioxolanes.#9 Interestingly, it was

ICs5 (NM)

0-0 0-Q 0-Q "
WO A 4;/0\5\%\%
47 COzH 48 NH 49 H
K1  NF54

47 105.46 139.58
1.33 1.43

Do Diop Dol 2

IC5o (NM)
K1 NF54

0-Q 50 0.86 1,69
O’ “of 51 412 7.41
52 350 6.85

55

53 6.46 14.10
54 471.08 ~2000
55 3002.24 2461.84

Fig. 14. Structures and antimalarial activities of derivatives 47-55.
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ANTIMALARIAL PEROXIDES 1169
shown that symmetrically substituted derivatives 54 and 55 (Fig. 14) were sig-
nificantly less active than their non-symmetrical counterparts,49 thus confirming
an earlier observation of higher activity of non-symmetrical substituted pero-
xides.50

The tolerance of the 1,24-trioxolane moiety to diverse synthetic condi-
tions®1 enabled the synthesis of a significant number of derivatives and some of
them showed very good in vitro and in vivo activities, e.g., the derivatives 56—
-60,52 the piperidine derivatives 61-63°3 and derivatives containing aliphatic
and aromatic amino functional groups or azole heterocycles as substituents (64—
—70) (Fig. 15).%4 The lack of activity of 71 indicates the essential contribution of
the spiro-adamantane system to the antimalarial properties of this class of com-
pounds.>* As the authors concluded from the obtained results, in vitro activities
are not always a reliable predictor of in vivo potency.>2. 54 Many of the examined
derivatives showed excellent in vitro results but failed during in vivo tests, toxi-

Z@'O}Z@‘Qj\ @I\Q\\ v

CHZ0H NF54° %
5 242 1.03
o ) 0 57 296 0.71
o OH 0 1 58 169 3.16
57 59 O 0 59 177 2.68
60 166 3.76
[¢] O- O-
:\G\' o N D "'0(30\1\/NH2 K1* NF54°
61 \ 62 S~ 63 i 61 253 096
0 ) o 62 172 186

63 224 357

H
0-Q
\ 0-0 o-
O~ L0, L0,
o]
T A o 60
H NH, /N\@ <N NH,
2 W/
0-Q N N
i -Q
@/'O" I
700\ ﬂ ?”‘O\ K1* NF54° K1*  NF54
NS 64 290 1.1 68 067 092
\;R NH, 65 0.49 1.56 69 1.50 2.50
66 0.8 1.68 70 123 1.12
® Activities are represented as ICso values, expressed in nM 67 112 2.50 71 inactive

Fig. 15. Structures and antimalarial activities of derivatives 56—71.
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city trials or metabolic stability and bioavailability tests. The more lipophilic tri-
oxolanes tend to have better oral activities but are metabolically less stable than
their more polar counterparts are. Such behaviour is consistent with results ob-
tained for other classes of synthetic peroxides. Trioxolanes with a wide range of
neutral and basic groups had good antimalarial profiles, contrary to derivatives
with acidic groups.

6. 1,2,45-TETRAOXANES

3,6-Substituted derivatives of 1,2,4,5-tetraoxacyclohexane (1,2,4,5-tetraoxa-
ne) have been known for many years and were used for different purposes.>®
They are readily formed by acid-catalyzed peroxyacetalization of carbonyl com-
pounds with hydrogen peroxide or bis-trimethylsilylperoxide.56-58 The discovery
that inexpensive 3,6-dicyclohexylidene tetraoxanes exhibited pronounced anti-
malarial activity opened new possibilities in combating this pestilence.>® Since
then, many efforts have been made to find better procedures for synthesizing and
designing new derivatives with improved activities.60.61 Many of them were re-
viewed and their antimalarial activities analyzed.5f59,62

After the first report in which they were described,%0.63 mixed tetraoxanes*
have acquired significant attention.62 Since then, some new procedures for their
synthesis,54.65 or the synthesis of gem-dihydroperoxides as key precursors®® have
been developed with aim of improving the yields of tetraoxane compounds.

A new group of mixed dicyclohexylidene tetraoxanes, bearing polar neutral
or basic groups, demonstrated high activities against both CQS and CQR P.f.
strains (Fig. 16).67 The compounds were designed with the aim of obtaining the
simplest amphiphilic structures of the kind and to minimize the influence of ste-
ric effects on the antimalarial activity. In addition to this, a thorough examination

O-0 O 0O-0 IC;, (nM)
OEXOA OO oo W s
0-0 R O-0 R

72° 11.24 9.72 7.24

b
72: R = NHCH,CH,N(CH,), 73:R=OH 73 1518 654 1262
T4:R=N, 74 987 607 11.29
0-0 o 75: R = NH, 75°  12.84 779 19.75
—<:>< ><:>—/( 76: R= NHCH,, 76® 1118 647  10.78
0-0 R 77: R = NHPY' 77° 940 754 927

. = b
79:R = OCH, 78: R = NHCH,Ph 78 1382 819  13.89

79¢ 12.90 6.10 16.0
80° 13.60 8.40 18.80
81°¢ 14.90 6.10 22.60

80: R=NH,

81: R = NHCH,CH,N(CH,),
2 Data from ref. 67a; ® Data from ref. 67b;
° Data from ref. 67c. Compounds were tested as mixture of diastereoisomers

Fig. 16. Structures and antimalarial activities of derivatives 72-81.

*The term “mixed tetraoxanes”describes 1,2,4,5-tetraoxacyclohexanes differently substituted
at positions 3 and 6.%0
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of the chemical stability under basic and acidic conditions, and under oxidative,
reductive and reductive amination conditions revealed a significant stability of
the tetraoxane moiety that enabled the synthesis of variety of derivatives.67¢
Interestingly, the most active compounds within the group of dicyclohexylidene
tetraoxanes 72—81 have very similar activities irrespective of the presence of neu-
tral (74, 79), polar protic (73) or a basic ionisable group (72, 75-78, 81). Such
behaviour impedes profound SAR analysis. In the present set of derivatives,
amines 75 and 76 were the most active in vivo. They both cured 5/5 mice at 300
mg kg1 day-1 doses s.c.* with 150 mg kg~! day~1 doses s.c., 75 retained the
same efficiency but 76 was less active with 4/5 cured mice.

A structurally similar group of cyclohexylidene mixed tetraoxanes was syn-
thesized®® using a procedure previously applied to this class of compounds (Fig.
17).50.67a The compounds were screened against CQS P.f. strain 3D7 and the
most active derivatives 82-88 had activities within the same range as the ones
described above. Monospiro tetraoxanes that exhibited a much lower antimalarial
potency (87 and 88) confirmed the superiority of the 3,6-dispiro-1,2,4,5-tetra-
oxane structural motif. Adamantyl derivatives 85 and 86 showed 100 % inhibi-
tion on p.o. administration at 30 mg kg~! doses and derivative 86 had better ED
values against P. berghei (ANKA) as compared to artemether: EDsg = 3.18 mg
kg~1 and EDgg = 3.88 mg kg1 for 86; EDsp = 5.88 mg kg1 and EDgg = 10.57
mg kg1 for artemether.

<:><o—o ><:>= 0-0 0 0-0 ICy, (nM)°
o (XXX (X
0-0 0-0 R 0-0 R 307
o]
g2 83: R = NHCH,CH,N(CH,CH), 84 R =NHCH,CH;N(CH,CHy), 82 60
8 1.5
C\>\ 84 52
0-0 0 <:><0'0><\f R 8 23
4@<O_O>C>—4R o= 86 52
87 469.2
85:R= HN—<] 87:R= HN—<] 88 473.7
86: R N O 88: R N © ‘Ic Iculated f I I
:R= — ‘R=— was calculated from friplicate results;
N / ® P

® CQ-sensitive P. falciparum strain.

Fig. 17. Structures and antimalarial activities of derivatives 82-88.

The ability of adamantyl substituent to stabilize the structure and to improve
the antimalarial activity was additionally exemplified with a new series of am-
phiphilic adamantyl-based mixed tetraoxanes (Fig 18).8% The derivatives that
contain polar sulphonamide groups at one end and a highly lipophilic adamantyl

*Modifed Thompson test. “Cure” is defined as a mouse alive at day 31 with no parasitemia.
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group at the other end exhibit activity in the 3-30 nM range, with 89-92 as the
most active compounds against the 3D7 P. f. strain. In addition, derivative 89
was tested versus seven additional strains of P. falciparum and exhibited activity
in the 1.9-3.8 nM range. Compounds 89 and 91 were noticeably active in vivo
(p.0., P. berghei ANKA): EDsqg = 6.61 mg kg1 for 89 and EDsg = 7.93 mg kg1
for 91, EDsg = 8.42 mg kg1 for ART.

LXK <©i§©§

mean IC;, + SD (nM)

3D7
_> 89 5.55 + 4.09

89: R = Et o
90:R = Pr 9  587+434
9M:R=Cp’ 9N 3.52+ 345
® Cp = cyclopropyl-group 92 4.70+3.04

Fig. 18. Structures and antimalarial activities of derivatives 89-92.

Some other types of tetraoxanes were less successful as antimalarials. Such
examples are symmetrically substituted 3,3,6,6-tetraalkyl-1,2,4,5-tetraoxanes de-
rived from acyclic ketones’0 and symmetric and non-symmetric 1,2,4,5-tetraoxa-
ne derivatives of substituted benzaldehydes (Fig. 19).71 The compounds were tes-
ted as mixtures of the corresponding isomers and, in general, exhibited rather
poor antimalarial activity against both CQS and CQR P. falciparum strains. Within
the series of acyclic derivatives, compounds 93-95 were the most active but still
they were 1.6-2.2 times less active than the corresponding tetraoxanes 96 derived
from cyclohexane, and 40-50 times less active than artemether.’0 Within the
benzaldehyde series, compound 97 was the most active, while the other members
were significantly less active with ICsg values in the range 1.4-17 pM,’1 which
is far less than the corresponding 1,2,4,5-tetraoxanes or 1,2,4-trioxanes consi-
dered as active. Nevertheless, these results offer valuable basic information for
the correlation between structure and antimalarial activity of the simple peroxides.

ICs, (nM)” o-
R1x0-o><R2 50 @_< >_</__—\> ICso (nM)
FCB1 _\T 0-0 ‘\‘ D6 w2
Rz 0-0 R4 . w
93 1794 R o7 R 9 960 0
9% R =ELR: = nPr 94 1514 R =m-CHs
94:R=Et R, =n-Bu
95: Ry = Et, R, = CH,CH(CHa)2 95 135.8
96 829

O-
<:>( )<:> * 1C50 was calculated from
0-0

triplicate results
96

Fig. 19. Structures and antimalarial activities of derivatives 93-97.
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1,2,4,5,7,8-Hexaoxonanes are customary side products of the synthesis of
1,2,4,5-tetraoxacyclohexanes (Fig. 20). Their activities against K1 and NF54 P. f.
strains showed that hexaoxonanes 98-103 are convincingly less active than the
corresponding tetraoxanes, with 3—4 orders of magnitude lower ICsq values.”?
Since peroxide bonds are essential for antimalarial activity, such poor efficiency
was attributed to steric hindrance of the peroxide bonds. An analogous behaviour
was also noticed with the asymmetric 1,2,4,5,7,8-hexaoxonane 104.67¢

R. R X
Mo KR O D oo
2 0. ' ‘ o OCH,
20" G
e oD by Oo o@
98: R = nPr
99:R = n-Bu 101: X = CH, OCH3
102: X = 0 ICso (M)
103: X = CH,CH, D6 w2  TM91C235
104 >49921 »>49921 > 499.21
105 2920 4041 26.96

Fig. 20. Structures and antimalarial activities of derivatives 98-105.

The first described steroidal 1,2,4,5-tetraoxanes 106 and 107 were deriva-
tives from 5o-cholestane-3-one (Fig. 21).58 Although tetraoxane 106 was less ac-
tive in comparison to ART (ICsg (D6) = 155 nM), the results of this pioneering
research clearly showed that even complex molecules such as steroids could be
good carriers of the tetraoxane pharmacophore. Replacing cholestane with deri-
vatives of cholic acid significantly improved the antimalarial activity (Fig. 21).57.73
The compounds obtained as series of diastereomers, named as cis-C(2)C(2a) and
trans-C(2)C(2a), showed moderate to high activity against both CQS and CQR
strains. The most active were the primary amide 108 (IC5g (W2) = 18.79 nM)
and the n-propyl amides 109 and 110 (ICsg (D6) = 9.29 nM and 20.08 nM, res-

pectively).

OAc cis-C(2)(2a) AcO
—/ 0-

R H H 7 R

AcO 108R=NH,  OAc

trans-C(2)(2a)

109 R = NHP("
H17Csg /

110 R = NHPr"

Fig. 21. Structures of derivatives 106-110.
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Replacing one steroid with a simpler alkylidene moiety enabled the synthesis
of the second generation of steroidal tetraoxanes based on cholic acid derivatives.
Starting from 4-alkyl,50.74 4-aryl,’> 4-carboxy substituted cyclohexanones’® and
the acetone’” afforded the synthesis of a numbers of various derivatives (Fig. 22).
The stability of the tetraoxane moiety under a range of reaction conditions en-
abled the synthesis of diverse derivatives.67¢ Some of the shown mixed steroidal
tetraoxanes exhibited impressive in vitro and in vivo antimalarial activity. The
contribution of the cholic acid moiety as carrier is clearly emphasized by the pro-
nounced activity of derivative 118; bis-isopropylidene tetraoxane was completely
inactive.’®

H
O o [Fo® o
111R=0H ¥ 115 R = OPr" 117 R = NHCH,CH,N(CH,),
R

112R = NH, 116 R = NHPh 118 R = NHPh
113 R= NHPF"
114 R = NHPh

o O\o ‘ 121 R= NHPF"
119

122 R = NHCH,CH,N(CH,),

IC5, (nM) IC,, (nM)

Dé w2 TM91C235 D6 W2 TM91C235
1M1 1.53 0.98 - 121" 2021 3049  23.37
1128 117 0.58 - 122" 1866 19.77 24.25
113 3.22 3.82 -
114" 548 7.86 6.24
115° 6.70 9.00 8.80
116° 6.20 11.40 8.10
117° 11.60 9.79 7.16
118¢ 6.97 5.02 15.75
119° 8.60 6.30 13.93
120° 2818 14.49 19.65 @ Data taken from ref. 49; ° Data taken from ref. 73;
121" 9.81 10.10 12.35 ° Data take from ref. 75;  data taken from ref. 76;
122' 12.83 16.83 14.72 © data taken from ref. 66¢; f data taken from ref. 74

Fig. 22. Structures and antimalarial activities of derivatives 111-123.

When administered to mice (p.o., P. berghei KBG 173 strain), tetraoxane
112 cured 4/5 mice at 200 mg kg~! day—! doses,* while being moderately active

*Modifed Thompson test. “Cure” is defined as a mouse alive at day 31 with no parasitemia.
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when applied at 50 mg kg1 day-1 (cured 2/5).50 The administration of tetra-
oxane 117 (p.o.) produced 2/5 cured mice at 320 mg kg1 day-1 doses, however,
the same compound was more efficient at 160 mg kg1 day~! s.c. doses with 5/5
cured mice.”” All the cured mice had negative blood smears during all the test
days (6-31). Tetraoxane 120 cured 5/5 mice at 320 mg kg~! day—! and demons-
trated moderate activity using lower doses (80 mg kg~! day-1) with 3/5 cured
mice.” It should be emphasized that all these compounds showed no toxic ef-
fects towards the tested animals at any applied concentration. In addition, they
have low activity against the Vero cell line, exhibiting a cytotoxicity/antimalarial
potency ratio 1/(1400 — 9500).50 Furthermore, the n-propyl amide 113 revealed
no healthy erythrocyte (RBC) membrane lysis,”® suggesting that the antimalarial
activity of these compounds was the consequence of interaction specific to infec-
ted RBC, and was not the result of uncontrolled RBC membrane lysis.

A series of tetraoxanes based on deoxycholic derivatives were prepared with
the aim of comparing them to cholic acid-derived tetraoxanes (Fig. 22).74 In
general, these compounds follow the same trends as the cholic acid derivatives:
higher activity of the 4”-methylcyclohexyl derivatives than the non-substituted
cyclohexyl ones and higher activity of 4”R- over 4”S-epimers. However, tetra-
oxanes with deoxycholic acid-derived carriers are less active than the corres-
ponding cholic acid derivatives suggesting that the C(7) acetyloxy group appre-
ciably contributes to their antimalarial activity. Within this group of tetraoxanes,
the derivatives 121 and 122 were the most active exhibiting activities similar to
ART and mefloguine. In vivo, compound 122 cured 3/5 mice at 160 mg kg1
day~1 doses (p.o., P. berghei KBG 173 strain), however, at lower doses of 40 mg
kg1 day-1, the activity declined sharply with no cured mice.

The only intramolecular steroidal 1,2,4,5-tetraoxane 123 (Fig. 22) hitherto
tested* exhibited moderate in vitro antimalarial activity against P. falciparum
strains (ICsq (D6) = 0.63 uM; 1Cs5g (W2) = 0.52 pM).80a

7. CHIMERIC PEROXIDE-QUINOLINE COMPOUNDS

A new concept for treating malaria was introduced with the chimeric pe-
roxides, compounds that possess covalently bonded two well-known pharmaco-
phores — the quinoline functionality and an appropriate peroxide moiety. The
compounds were designed with the aim of overcoming resistance of the parasite
to CQ-based drugs and to take advantage of the pharmacokinetic properties of
trioxanes, ozonides and tetraoxanes. The initial set of derivatives were more ac-
tive than chloroquine against CQR strains, with compound 124 being the most
active on both laboratory strains8! and on human isolates (Fig 23).82

* After submission of the manuscript, the authors became aware of new intramolecular tetra-
oxanes prepared by the Russian group: Alexander O. Terent’ev, Dmitry A. Borisov, Vladimir
V. Chernyshev, Gennady I. Nikishin, J. Org. Chem. 74 (2009), doi jo900226b.
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Fig. 23. Structures and antimalarial activities of derivatives 124-132.

Certain simplifications of structure lead to trioxaquine 126 that was very ac-
tive against both CQS and CQR strains of P. falciparum:83 EDsg = 5 and 18 mg
kg1 day-1 (P. vinckei), i.p. and p.o. administration, respectively. Parasitemia
clearance, without recrudescence, was achieved after an 18 mg kg1 day-? i.p.
dose and no toxic effect in mice was observed even at 120 mg kg~ day~! p.o.
dose over four consecutive days. Coupling of the same trioxane ketone and pri-
maquine produced trioxaquine 127, which demonstrated significantly lower ac-
tivity against all three examined strains, and thus limited this concept to only
4-aminoquinolines. Trioxaquine 128 also exhibited high in vitro and in vivo ac-
tivity.84 The compound completely cured mice infected with CQR strain P.
vinckei and CQS strain P. vinckei at 30 mg kg1 day—1 p.o. doses.

Other variations in the trioxane structure produced derivatives 12985 and
130,86 which expressed lower activities than the previously described derivatives.

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

2009 Copyright (CC) SCS

&

OSHE)

EY HMC HD



ANTIMALARIAL PEROXIDES 1177

Although some very active trioxaquines were prepared, the concept of these
drugs did not justify itself for several of reasons. First, these compounds did not
show the expected synergism since in many cases the parent trioxane keto-
nes’8:86 were more active than the hybrids, see ketone 125 vs. chimera 124 for
comparison. In addition, 4-aminoquinolines 131 are themselves antimalarials. They
suppressed parasitemia in mice (i.m., 87-97 %) but, as with trioxaquines 130, no
treated mice survived.86 Even though some authors wish to establish these chi-
meras as therapeutics with dual activity,8487 all the available evidence on the
mechanism of antimalarial activity of trioxanes and 4-aminoquinolines indicate
that they have the same target.84 Lastly, many of these hybrid molecules were
tested as inseparable mixture of diastereomers. These circumstances deprived one
of the possibilities to realize the actual scope of the antimalarial capacity of these
compounds.

Based on the concept that the compounds have two integrated pharmaco-
phores and enhanced activities of trioxolanes with the basic side chain, chimeric
trioxolane 132 was obtained (Fig. 23).88 Although it is very active in vitro
against the K1 and NF54 strains and in vivo against the ANKA strain of P. ber-
ghei, 132 did not achieve a synergic effect of the two pharmacophores, especially
when compared to trioxolanes 64 and 68.

Another variation of trioxane hybrid antimalarials was made with covalently
bonded dihydroartemisinin 2 and C(18)-quinine acid 133 (Fig 24).89 The two
segments were bonded with a hydrolytically labile ester bond and it is possible that
under physiological conditions, hybrid 134 actually delivers two active agents.

ICy, (NM)°
37" FCB1
: 1 455 55.0
0 quinine 73.5 75.3
134 10.4 10.2

1+ quinine 28.6 26.3
(1:1 mixture)

* Activities were determined after 72h of incubation;
N ® 3D7 is CQ-sensitive starin of P, falciparum.

Fig. 24. Structure and antimalarial activity of derivative 134.

This approach seems to be logical since there is evidence that ARTs and quinine
are active in the same stage of the P. falciparum life cycle,%0 but differ in the
mechanism of their action.89 The obtained results showed that hybrid 134 had a
significantly higher antimalarial activity than ART and quinine alone, or when it
is compared to an equimolar mixture of ART and quinine. However, the ob-
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1178 OPSENICA and SOLAJA

served results would be more significant if the authors had compared hybrid 134
to dihydroART 2 rather than ART and/or to acid 133.

Based on data obtained from research into the mechanism of tetraoxane ac-
tion’6 (vide infra), chimeric tetraoxaquines were designed with the aim of exa-
mining the effects of the presence of two pharmacophores within the same mole-
cule (Fig. 25).91 Three of them were as active as ART or mefloquine against the
tested strains of P. falciparum and all of them showed higher activity than chlo-
roquine against CQR strains. Although a synergic effect was not achieved, it
could be noted that derivatives exhibited higher activity than the corresponding
non-chimeric derivatives (compare 135 to 72, 136 to 77 and 78, 137 and 138 to
120).67¢ In vivo experiments (p.o., P. berghei KBG 173 strain) revealed that
derivatives 135 and 136 cured all tested mice at 320 mg kg1 day~! doses. At the
lower dose of 80 mg kg1 day—1, the derivatives were less effective, however, but
still cured 3/5 of the examined mice. Both compounds have a minimum active
dose (MAD) of 20 mg kg1 day—! with no toxic effects even at the highest ap-
plied dose of 960 mg kg1 day—2.

(0]
QO °>< < P R
0-0
Kol
"OAc (}

H OAc
o @ J-+3
137 138
ICs (M)
Hup o NH D6 w2 TM91C235

® 135 233 200 370
R= 13  9.05 576  9.90
cl N 137 653 447 854

138 3345 22.95 30.20

Fig. 25. Structures and antimalarial activities of derivatives 135-138.

8. METABOLISM AND DRUG COMBINATION ASSAYS

Although a significant numbers of 1,2,4,5-tetraoxane antimalarials have been
reported and some of them exhibited extraordinary antimalarial activity, their
pharmacological properties have been much less explored than those of the 1,2,4-
-trioxanes. Vennerstrom was the first to give a detailed metabolic and pharmaco-
logical profile of the tetraoxanes.®2 It was shown that compound 139 (Fig. 26) is
synergistic with mefloquine and quinine against both CQS D6 and CQR W2 P. f.
strains. Tetraoxane 139 is also synergistic with chloroquine, unlike ART that
shows an additive interaction with chloroquine and synergism only at high con-
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ANTIMALARIAL PEROXIDES 1179

centrations.93 In addition, 139 is synergistic with ART in contrast to other semi-
synthetic derivatives which have a uniformly additive effect. Derivative 139 is a
modest inhibitor of human CYP1AZ2 activity and has a different metabolic path-
way to ART. Artemisinin induces its own metabolism92 and is metabolized by
CYP2B6, CYP2C19 and, to the less extent, by CYP3A4. Tetraoxane 139 is most
likely metabolized by CYP1A2 and, unlike artemisinin, 139, has prophylactic
activity, protecting 4/7 mice against P. berghei. These results suggest that tetra-
oxanes have different metabolic pathways with regard to ART and may have a
somewhat different mechanism of action. Solaja et al. reported the results of a
metabolic stability assay and metabolic identification for many cyclohexylidene
and steroidal mixed tetraoxanes.670.67¢,74,76,77,91 |ncubation of human, mouse,
rat and rhesus monkey liver microsomes with the examined compounds showed
dissimilar half-lives and various mono- and dihydroxylated products, as well as
the products of dehydration and deacetylation, were also detected. Unfortunately,
the results of the metabolic stability assays and proposed metabolite structures
could not be correlated with the in vitro and in vivo antimalarial activities of
these derivatives. It is important to note that no products of peroxide bond clea-
vage were detected. Drug combination assays of tetraoxane 140 (Fig. 26) showed
that this derivative is additive with ART 1, dihydroART 2 and artesunate 4a
against both CQS (D6) and CQR (W2 and TM91C235) P. falciparum strains;
however, tetraoxane 140 showed synergism with artelinic acid 6a against all
three strains.94 Tetraoxane 140 is additive with mefloquine under high concen-
trations against D6 and TM91C235, but at low concentrations it exhibits an anta-
gonistic effect. With chloroquine, tetraoxane 140 showed antagonism against all

three tested strains.
/ IC,, (nM)

0-0
<:>< H D6 w2
/ 0-0 138° 6.90 3.40
- 136 o° ' 139° 14.76 6.80
O\O»O H 1400Ac 2 Data given in ref. 59; ® data given in ref. 50

o)

0-0 O-
% NH, HO., [ % NH,
0 R i K
HO 141 H 142 H

Fig. 26. Structures and antimalarial activities of derivatives 139-142.

After incubation of ozonide 49 with human liver microsomes in vitro, three
mono-hydroxylated metabolites were detected.9 Two major metabolites 141 and
142 (Fig. 26) appeared after hydroxylation of the adamantane substructure. Both
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1180 OPSENICA and SOLAJA

141 and 142 had low antimalarial activity with 1C5q values > 245 nM against the
CQR K1 P. falciparum strain.

Incubation of isotopically labelled artemisone 14e* with human liver micro-
somes after 30 min gave mono- and di-hydroxylated metabolites 143-147, with
syn hydroxyl and peroxide groups (Scheme 3).2°9 Incubation with microsomes
and 14 recombinant CYP isoforms together with selective inhibitors showed that
only the recombinant CYP3A4 significantly metabolized artemisone, indicating
that artemisone 14e and ART, in spite of being structurally similar, have different
metabolic profiles in P. falciparum. The isolated metabolites were tested against
the P. falciparum K1 strain and the results showed that metabolites 144 and 145
exhibited similar activities to 14e (144: 1C59 = 5.51 nM and 145: IC5q = 4.26
nM; 14e: 1C5q = 1.99 nM), but 143 was less active with IC5g = 61.55 nM.

143: R'=OH,R = H
144: R'= H, R* = OH 146: R'= OH,R* = H
147:R'=H, R° =OH

Scheme 3. Metabolic transformations of artemisone.

It can be seen that a common denominator is an iron species in the haem
prosthetic group, and during interaction of all these structurally diverse com-
pounds with CYP enzymes, scission of the peroxide bond never occurred.

9. MECHANISM OF ACTION

Many research groups were involved in solving the mechanism of action of
antimalarial peroxides and many reports can be found on this subject. However,
it was realized that the scientific literature is very controversial with many
authors disagreeing about the site of action, the putative target and lethal reaction
species, the actual killers of the parasite.

Several groups investigated the mechanism of action for more than fifteen
years. 36:37,96-100 |n general, it was found that the process commences with the
formation of oxygen radicals 148 and 149, which arise upon homolytic peroxide
bond scission in the presence of ferrous ions (Scheme 4). It is assumed that ions
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148 and 149 undergo intramolecular rearrangements (1,5-hydrogen shift and
scission) to form C-radicals 150 and 151. Both the O- and C-centred radicals

1 L C@3Y0(4)
o]

scission 0}

C(12-C(12)a
scission

intermolecular
H-abstraction

—_—

@)

CB3)-02)
scission
l-Fe” -Fe'=0
' /

Scheme 4. Proposed mechanism of Fe(ll)-induced decomposition of artemisinin and
generation of lethal O- and C-radical species.
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are highly reactive species and are lethal to the parasite. During these processes,
one or more intermediates probably react with vital biomolecules, inhibit their
activity and cause the death of the parasite. It was proved that one of the side
products is a high-valent iron-oxo species Fe(IV)=0, which could also be toxic to
the parasite.101,.102 |n the absence of a suitable target that would be alkylated, the
products 152 and 153 were formed.1000 The adducts 154-158 (Fig. 27) were
found indicative for primary and secondary radicals and the ability of ART and
its derivatives to act as alkylating agents.96¢,99,100 The results obtained with ar-
tesunic acid and trioxaquine 126 additionally confirmed the capability of peroxi-
des or chimeras to alkylate haem.103

Ar = DBNBS
Oy
N
Br Br
SO3Na
CO,H

MeO,C CO,Me

156a substitution at C(o)
H ¢ 156b substitution at C(B)

) 156¢ substitution at C(y)
s

N—H  HO,C

co,H 158

Fig. 27. Structures of covalent adducts 154-158 derived from C-centred radicals.

After incubation of erythrocytes infected with D6 or FCR3 P.f. strains and
with isotope-labelled [10-3H]-2 or [15-3H]-3b, radioactivity was detected in pro-
tein fractions originating from the parasite.104 After treatment with EtSH or 8 M
urea, it was concluded that the proteins and isotopic-labelled fragments of 2 and
3b were covalently bonded. No radioactivity was detected after incubation with
non-infected erythrocytes or with radiolabelled deoxoART. Some of alkylated pro-
teins were P. falciparum membrane proteins MSA-1, MSA-2, CRA.5.1, TCTP
(translationally controlled tumour protein) and histidine-enriched protein (42
kDa).105,106 TCTP possesses bonded haem and to some extent is present in FV
membrane. Compound 2 reacted in vitro with recombined TCTP in the presence
of in situ generated haem and formed a covalent adduct in a 1:1 ratio. The
amount of covalent adduct decreased to 60 % when one of the cysteines was che-
mically blocked.
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Results of very important research97 revealed that ART is a very effective
inhibitor of sarco/endoplasmic reticulum calcium-dependent ATPase (SERCA)
orthologue (P. falciparum ATP6) and that a catalytic amount of Fe(ll) enhanced
the inhibiting activity of 1. It was evidenced that a possible site of action of ART
could be outside the FV and that the trigger for ART toxicity towards the parasite
could be Fe(lIl) situated in the cytosol and not necessarily the free haem within
the FV.

In vitro resistance of 530 P. falciparum isolates from three countries (Cam-
bodia, French Guiana and Senegal) towards ART and its closest derivatives was
investigated.108 |t was found that the resistance was positively correlated only
with a mutation of the SERCA P. falciparum ATPase6 genes and that P. falci-
parum ATPase6 is the target of ART antimalarials. All resistant isolates came
from areas with uncontrolled use of ART derivatives.

Artemisinin 1 and arteether 3b effectively inhibit FV proteolytic activity of
enzymes that degrade haemoglobin, specifically cysteine-protease.19® Compound
E-64 (for structure see ref. 110) a specific inhibitor of cysteine-protease is both a
1 and 3b antagonist. These observations were further confirmed by ex vivo ex-
periments showing accumulation of haemoglobin in the parasites treated with
ART, suggesting the inhibition of haemoglobin degradation. According to the
above findings, it is not clear how artemisins and other peroxides would exert
their antimalarial activity after reaction with free haem in the FV, when they
inhibit the catabolism of haemoglobin and the liberation of haem.

Recently,111 it was found that artemisinin, sodium artesunate and dihydro-
artemisinin react with haemoglobin (ferrous haem), but not with methaemoglobin
(ferric haem) under standard solution conditions (50 mM phosphate buffer, pH 7,
37 °C). The authors claim that the reaction selectively occurs at the haem sites
and consists of the progressive, slow decay of the Soret band, as a consequence
of haem alkylation and subsequent loss of w-electron delocalization. This finding
further complicates the elucidation of the mechanism of action of artemisinins.

Antimalarial activity does not necessarily correlate with chemical reactivity.
Amino artemisinins 14a and 14b reacted readily with haem giving the expected
products but derivatives 159 and 160 did not (Fig. 28).28.112 On the contrary,
derivative 159 reacted with aqueous Fe(ll) but 160, 14a and 14b were inert.28,113
Very interesting information came from the discovery that compounds, such as
161-164, which can generate neither primary nor secondary C-radicals, exhibited
pronounced antimalarial activity.98 Similarly to the 10-deoxy derivative 159, ar-
temisone 14e readily reacted with aqueous Fe(ll) affording the corresponding
products.113 Both compounds reacted with Fe(OAc), and in the presence of the
radical scavenger 4-oxo-TEMPO gave the corresponding covalent adducts (3 %
for 159, 10 % for 14e and 73 % for 165). DFO, an iron chelator, antagonized the
antimalarial activity of aqueous Fe(ll)-susceptible artesunate and trioxane 159
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but had no observable effect on either the aqueous Fe(ll)-resistant derivative 160
or on artemisone 14e.113 It was found that 14e efficiently alkylates haem.114

(.0

Y
O...
HO OHC

161 R=cH, © 164 O
162 R =H
Cso (nM)
w2 D6
: : 159 216 0.56
N N o- 164 544 )
E j E j A b 1 825 4.29
N 3¢ °
N)\P‘ oo 165
14e
W

14b

Fig. 28. Structures and antimalarial activities of derivatives 159 — 165
and selected derivatives 14.

Due to the great specificity of ARTs to malaria parasite SERCA ATPase and
inhibition of SERCA orthologues of P. falciparum (PfATP6) and P. vivax
(PVSERCA), it was found that artemisone 14e is an even better inhibitor having
Kj 1.7£0.6 nM for PfATP6 and K; 0.072+0.012 nM for PvSERCA, in comparison
to ART, K;j 169+31 nM for PfATP6 and K;j 7.7+4.9 nM for PvSERCA.29 In con-
trast to these derivatives, compound 160 has a low inhibitory activity for PFATP6
(Kj 277+39 nM), which is in contrast to its high in vitro potency (IC5g 3D7 =
=1.44)113

Studies with conjugates 166-168 of ART derivatives, ozonides and 1,2,4,5-
-tetraoxanes with acridine and nitrobenzyldiazole (NBD) fluorochromes (Fig. 29)
showed that they accumulate only in infected erythrocytes, both within the cyto-
plasm and FV of the parasite.69.115 The formation of stabile adducts of acridine
and NBD-tagged peroxides with biomolecules within the parasite was inhibited
by co-incubation with the iron chelator DFO. In addition, the investigated pe-
roxides and their conjugates showed marked antagonism in combination with the
iron chelators DFO and DFP.115 All the investigated conjugates showed high in
vitro antimalarial activity in the 5-13 nM range against the 3D7 P. falciparum
strain. These results suggest that both the cytoplasm and FV of the parasite could
be equally the possible site of action of antimalarial peroxides, and that both
haem from the FV or chelatable “free” iron from the cytoplasm could trigger the
scission of the peroxide bond.
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Fig. 29. Structures of conjugates 166-168.

Adamantyl tetraoxane 169, ozonide 170 and 1,2,4-trioxane 171 (Fig. 30) were
subjected to reaction with different ferrous salts. It was shown that the tetraoxane
169 showed significant stability under the applied reaction conditions,8° while
the ozonide 170 and the trioxane 171 readily reacted and formed secondary
carbon radicals that were scavenged by TEMPO.116

0-0 Q 0-0 Q 0 Q
X5 OO0 OO0 X00)
é@%—o 0 (o] fo) 0-0 0
169 170 171
Fig. 30. Structures of peroxides 169-171.

Ozonide 49 inhibits PTATP6 with a lower potency in comparison to ART,
i.e., Kj (49) = 7.7 mM vs. K; (ART) = 79 nM, which thus suggests that these two
peroxides may have different mechanisms of action.117 However, the two com-
pounds have certain similarities, such as abrogation of the activity of 49 in the
presence of DFO, antagonism in combination with DFO117 and the formation of
a C-centred radical during reaction with Fe(ll) and the formation of the corres-
ponding adduct with TEMPO.48 A fluorescent derivate of 49 was localized in the
parasite cytosol in one parasite and in the FV in the other. In the cytosol, it was
associated with the parasite endoplasmatic reticulum. In addition, the ozonide 49
showed antagonism in combination with artesunate.

A three-dimensional QSAR pharmacophore model for the antimalarial ac-
tivity of bis-steroidal and mixed steroidal 1,2,4,5-tetraoxanes was developed.118
The model contains two hydrogen bond acceptors (lipid) and one hydrophobic
(aliphatic) feature and maps well onto the potent analogues and many other ac-
tive peroxide antimalarials, such as ART, arteether, artesunic acid, and simpler
tetraoxanes. It appears that the presence of at least one hydrogen bond acceptor in
the trioxane or the tetraoxane moiety is a necessity for good activity of this class
of compounds. Docking calculations with haem suggest that the proximity of the
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Fe(Il) and oxygen atom of the trioxane or the tetraoxane moiety favours potent
activity of the compounds and that electron transfer from the peroxide oxygen is
crucial for the mechanism of action.

Differences between 1,2,4,5-tetraoxanes and the other peroxides were em-
phasised in studies of the mechanism of action of bis- and mixed steroidal tet-
raoxanes.’® Performing experiments under the same conditions as for other an-
timalarial active peroxides, unexpectedly the steroidal tetraoxanes generated only
oxygen centred radical that did not further rearrange to a carbon centred radical.
Using DMPO and DEPMPO, both O- and C-radical traps, EPR experiments re-
vealed only DMPO-*0OR and DEPMPO-*OR spin-trapped adducts. As the only
organic products, the corresponding starting ketones were isolated from the reac-
tion mixture and no traces of rearranged products that would result from C-ra-
dical intermediates were detected. Indirect evidence of the existence of high va-
lent Fe(IV)=0 species was obtained from the rearrangement HMDB — HMB.
Based on these evidences, two pathways (Scheme 5) were proposed, in which it
was suggested that tetraoxane peroxides serve as an RO® radical source, as well
as the source of the Fe(1VV)=0 species. RO* radical species are capable of mem-
brane hydroperoxidation (RBC membrane, parasite membrane, cytosol, or FV) or
possibly attack other vital biomolecules.

H
F H |
% | ¢ 0 o‘
NOO ™ e P O Rt L 0 050 05
i |>< I i—i | k. || 2—»::' | 2 + ><II G e , r+ T
=l 0-0 M T o-o\)-"’ - @ Fe— NN
A B c
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(o] l Fe3+ /ﬁ\
0 E)k.=+'=||,: + 2Fe=0
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Scheme 5. Proposed mechanism of action of tetraoxanes.

10. CONCLUSIONS

Synthetic and semi-synthetic peroxides are effective drugs and are employed
with success in the treatment of severe malaria. They are especially efficient
against CQR strains of P. falciparum, the cause of cerebral malaria. Accessi-
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bility, relatively inexpensive preparation and the stability of 1,2,4-trioxane and
1,2,4,5-tetraoxane function to a broad spectrum of reaction conditions enables the
syntheses of derivatives with diverse structures and makes possible the discovery
of even more effective drug(s). All authors emphasized the low toxicity of these
compounds with rare cases of unwanted side effects. To date, there are no major
examples of the appearance of resistance of Plasmodium species, except in the
cases when drugs were used without proper control. These facts, together with
the possibility for combination with other non-peroxide drugs, chiefly aminoqui-
nolines, open unrestricted possibilities in combating malaria.

Reported results concerning the mechanism of antimalarial peroxide action
are contradictory at a first glance. However, bearing in mind that the compounds
differ significantly in their structures that are responsible for different log P va-
lues, bioavailability, passage through cellular membranes and stereospecific in-
teractions with assumed receptors or trigger species, the observed differences are
logical. In our opinion, antimalarial peroxides may themselves have different ac-
tion pathway and they may have different targets. This said, certain common be-
haviour, such as the capability of acting as alkylating agents, is not excluded. In
addition, this does not exclude the possibility that one compound is simultane-
ously activated against several different targets. Perhaps it should not be expected
that all peroxides could be fitted into a unique mechanism of action. It is more
likely that they have a complex, multi-targeted mechanism, including oxidative
stress.113

Acknowledgements. This work was supported by the Ministry of Science and Techno-
logical Development of the Republic of Serbia (Grant No. 142022), and the Serbian Academy
of Sciences and Arts. The authors are indebted to the Walter Reed Army Institute of Research,
Silver Spring, USA, for a decade long cooperation.

U3BO [
INEPOKCUIHN AHTUMAJIAPULIN

JIEJAH M. OTICEHUIIAY 1 BOTJIAH A. IIOJTAJAZ

IHHClEuu_tyu_A 3a Xemujy, WexHoA0Zujy u meiiarypzujy, Ynusepsuitieiu y beozpaoy, hezowesa 12, Beozpao u
ZXeMLleKu chaxyaitieiti, YHusep3uitieiti y beozpady, Citiyoeniticku wtipz 16, i. iip. 51, 11158 Beozpao

upeme manmapuje je cTaqHO MpHCyTaH mpobieM Ha TinodamHoM HEHBOY. O Manapuje ro-
quiime obomu 40 % ceercke momydanuje u oko 1,5-2,7 munuona spyau ympe. [Ipema nomaunma
Csetcke 3apaBcTBeHe opranuzauyje, 90 % cMpTHHX cilydajeBa je y 3emjbama nojacaxapcke Adpu-
ke, Mehy KojuMa ToMHHHpajy Jela cTapocT 10 5 roauHa. Ycrex HeMoryhHOCTH pa3Boja BakIMHE,
XeMoTepalja 0cTaje Kao jelHHH IMOy3[aH OONHMK Jiedera o1 oBe Goiectu. ITociaeamux romuHa
npo6sieM 60pbe IPOTHB MallapHje MMOCTaje ypre’TaH n3 OpojHHUX pasiora, Mehy KojuMma je Haj3Ha-
YajHUjU Pa3BOj XJIOPOKUH-PE3UCTEHTHHX cojeBa mapasurta. Otkpuhe na apremusunun (APT, 1) u
BECTOBU JICPHBATH II0Ka3yjy H3y3eTHY e(pHMKacHOCT IpeMa XJIOPOKMH-DE3UCTEHTHHM COjeBHMa
oTBOpHIIO je Beduke MoryhHoctu y 60pou npotus manapuje. On Taga, nocedno tokom 80-Tux ro-
JIMHa, CHHTETUCAH j€ BEIUKH OPOj jeMberba 1 PE3YNITATH HUXOBE AKTUBHOCTH OMHCAHU CY Y MHO-
UM Hay4yHUM nyOsukanujama. OCHM Tora, y KIMHHYKO] TIPaKCH HUCY 3a0esIeXeHH NPUMEpH Io-
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jaBe pe3UCTEHIM]je Mapa3uTa IpeMa OBOj KJIaCH aHTHMallapuka. Y OBOM PEBHjaTHOM paly OMHCaHU
Cy HajHOBHJH PE3yJITATH Y Pa3BOjy MEPOKCHIHUX aHTHMAJIapUKa.
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Abstract: Several 5-methyl-5-(3- or 4-substituted phenyl)hydantoins were pre-
pared and their ultraviolet absorption spectra were recorded in the region 200-
—400 nm in twelve solvents of different polarity. The effect of solvent dipo-
larity/polarizability and solvent/solute hydrogen bonding interactions were ana-
lyzed by means of the linear solvation energy relationship (LSER) concept pro-
posed by Kamlet and Taft. The lipophilic activity of the investigated hydan-
toins was estimated by calculation of log P values with Advanced Chemistry
Development Software. The calculated values of log P were correlated with the
contribution of hydrogen bond donor—solvent interactions. By employing the
thus obtained linear dependence, the pharmacological activity of the studied
hydantoin derivatives is discussed.

Keywords: hydantoins; absorption frequencies; LSER; lipophilicity parameter;
specific solvent interactions; pharmacological activity.

INTRODUCTION

Hydantoins (imidazolidine-2,4-diones) are important anticonvulsant drugs.1.2
The anticonvulsant activity of hydantoins has been known since 1938 when Mer-
rit and Putman3 found that 5,5-diphenylhydantoin (phenitoin) showed anti-epi-
leptic activity. In addition, a number of other pharmacological activities of hy-
dantoin derivatives are known, such as in their use as anti-arrhythmic,# anti-in-
flammatory® and antitumor compounds.®

Both the electron distribution and the stereochemistry of hydantoins are im-
portant for their pharmacological activity. Following this idea, a pharmacophore
model was proposed based on a hydrogen bonding acceptor, a hydrogen bonding
donor and an electronegative group with a large hydrophobic part of the molecule

*Corresponding author. E-mail: goca@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0911195D
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in a defined spatial arrangement.” The position of the hydrogen donor in com-
bination with an aromatic ring in a specific orientation was found to be crucial.”8
Previously reported results® clearly confirmed the hypothesis that hydrogen bond-
ing is an essential factor in the anticonvulsant action of these compounds. In or-
der to define the impact of a hydrogen bond forming ability on the anti-epileptic
activity, Poupaert et al.9 tested some phenitoin-related compounds in the maxi-
mal electroshock seizure (MES test). A net stepwise decrease of the anticonvul-
sant activity was observed when the hydantoin ring structure was altered into
succinimide and pyrrolidinone and when these rings were N-methylated. The
pharmacological data analyzed in terms of structure-activity relationships (SAR)
indicate the importance of the capability of forming hydrogen bonds.

Our research on the pharmacological activity of hydantoin derivatives has

R
g :: I O
/
X HN NH
\(
5
Compound R X
1 CH, 4-NH,
2 CH; 4-OH
3 CH; 4-OCHj
4 CH; 4-CH;
5 CH; H
6 CH; 4-Cl
7 CH; 4-Br
8 CH; 4-NO,
9 CH; 4-CN
10 CeH; H
11 CH; 3-NO;
12 CH; 3-OCHj;
13 CH; 3-CHj;
14 CH; 3-Cl

Fig. 1. Structure of the investigated 5-methyl-5-(3- or 4-substituted phenyl)hydantoins.
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SYNTHESIS, STRUCTURE AND SOLVATOCHROMISM OF HYDANTOINS 1197

been focused on the determination of the structural and chemical behavior of
compounds in different solvents using UV-Vis spectroscopic methods.10 To the
best of our knowledge, the influence of the solvent on the UV absorption fre-
quencies of hydantoins has not been systematically presented before. In this
work, fourteen 5-methyl-5-(3- or 4-substituted phenyl)hydantoins (Fig. 1) were
synthesized and their ultraviolet absorption spectra were recorded in the region
200-400 nm in twelve solvents of different polarity. The effect of solvent dipo-
larity/polarizability and hydrogen bonding on the absorption spectra were inter-
preted by means of the linear solvation energy relationship (LSER) using a Kam-
let-Taft equationl! of the form:

v=yvt+sz*+bf+ac @

where 7* is a measure of the solvent dipolarity/polarizability,12 3 is the scale of
the solvent hydrogen bond acceptor (HBA) basicity,13 « is the scale of the sol-
vent hydrogen bond donor (HBD) acidityl4 and vq is the regression value of the
solute property in cyclohexane as the reference solvent. The regression coeffi-
cients s, b, and a in Eqg. (1) measure the relative sensitivities of the solvent de-
pendent solute property (absorption frequencies) to the indicated solvent para-
meters.

Linear free-energy relationships (LFER) are widely used to characterize che-
mical and biochemical processes. A particular type of LFER is the linear solva-
tion energy relationship (LSER) proposed by Kamlet et al.1> for physico-chemi-
cal and biochemical processes that depend on solute—solvent interactions. The
LSER have been widely applied to different partition processes, mainly liquid—li-
quid extraction, such as octanol-water partitioning, and chromatographic pro-
cesses.16 The LSER developed by Kamlet and Taft is one of the most ambitious
and successful guantitative treatments of solvent effects by means of a multi-
parametar equation.17-19

The importance of lipophilicity in a structure-activity relationship has been
known for a long time. Thus, transport phenomena in vivo and through mem-
branes proved to be dependent on lipophilic contributions. The lipophilic activity
of the hydantoins investigated in this work was estimated by calculation of log P
values with Advanced Development (ACD) Software Solaris, version 4.67. The
calculated values of log P were correlated with the contributions of hydrogen
bond donor specific solvent interactions as calculated from Eq. (1). Based on a so
obtained linear dependence, the pharmacological activity of the studied hydan-
toin derivatives is discussed.

RESULTS AND DISCUSSION

The chemical structures and the purities of the synthesized hydantoins were
confirmed by melting point measurements as well as 1H-NMR, FT-IR and UV
spectroscopy. For the hydantoins 1-11 the obtained results were in agreement
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with literature data (Table 1). For the newly synthesized compounds 12-14
(3-OCHg3, 3-CHj3, 3-CI) which, to the best of our knowledge, have not been
registered in the literature, full characterization is presented below.

TABLE 1. Physical and spectroscopic data for 5-methyl-5-(3- or 4-substituted phenyl)hydan-
toins

M.p.2 Lit. m.p.2 IH-NMR (200 MHz, DMSO-dg, 6 / ppm)
Compound No. oC oC (N-DH R X, (N-3)H
1 181-184 182-184%0 s, 8.30 (N-3)H (s, 10.30), Ph (d, 7.02), Ph (d,
6.45), NH, (s, 5.00), 5-Me (s, 1.50)
2 240-243 24421 s, 8.47 (N-3)H (s, 9.53), Ph (d, 7.28), Ph (d,
6.78), 5-Me (s, 1.63)
3 208-210 210-21222 s, 8.40 Ph (d, 7.35), Ph (d, 6.92),
OMe (s, 3.73), 5-Me (s, 1.63)
4 200-204 203-204% 5,857 Ph (m, 7.56-7.13), Me (s, 2.30),
5-Me (s, 1.67)
5 194-196 195-196%* s, 8.50 Ph (s, 7.37), 5-Me (s, 1.63)
6 258-260 260-26123 s, 8.57 Ph (m, 7.48-7.22), 5-Me (s, 1.67)
7 274-276 276-277%  s,8.63 Ph (m, 7.73-7.33), 5-Me (s, 1.67)
8 228-230 227-229%6 5,870 Ph(d, 8.22), Ph (d, 7.72), 5-Me (s, 1.70)
9 203-205 20627 s, 8.70 Ph (m, 8.00-7.40), 5-Me (s, 1.70)
10 293-295 293-295P s,9.17 Ph (s, 7.30)
11 184-191 185-193%6 s, 8.87 Ph (m, 8.33-7.50), 5-Me (s, 1.73)

aMelting point; bcommerciaIIy available (Fluka)

5-(3-Methoxyphenyl)-5-methylhydantoin (12). M.p. 125-130 °C; white crys-
tals. IR (KBr, cm™1): 3277, 3201, 1772, 1721, 1610, 1511, 1459, 1397, 1257,
803. IH-NMR (200 MHz, 25 °C, DMSO-dg, 6 / ppm): 10.74 (1H, s, N-3), 8.83
(1H, s, N-1), 7.22-6.74 (4H, m, Ph), 3.75 (3H, s, OMe), 1.62 (3H, s, 5-Me). 13C-
-NMR (50 MHz, 25 °C, DMSO-dg, ¢/ ppm): 177.1, 159.6, 156.5, 141.9, 130.0,
117.9, 113.2,111.8, 64.2, 55.5, 25.5.

5-Methyl-5-(3-methylphenyl)hydantoin (13). M.p. 175-180 °C; white crys-
tals. IR (KBr, cm~1): 3267, 3200, 1779, 1719, 1608, 1508, 1424, 1378, 1239,
769. IH-NMR (200 MHz, 25 °C, DMSO-dg, 6 / ppm): 10.76 (1H, s, N-3), 8.47
(1H, s, N-1), 7.33-6.93 (4H, m, Ph), 2.33 (3H, s, Me), 1.67 (3H, s, 5-Me). 13C-
-NMR (50 MHz, 25 °C, DMSO-dg, d/ ppm): 176.7, 158.5, 155.8, 139.6, 138.4,
116.2,111.4, 108.6, 63.6, 54.2, 25.7.

5-(3-Chlorophenyl)-5-methylhydantoin (14). M.p. 180-182 °C; white crys-
tals. IR (KBr, cm~1): 3281, 3204, 1772, 1713, 1606, 1491, 1401, 1299, 1241,
801. IH-NMR (200 MHz, 25 °C, DMSO-dg, 6 / ppm): 10.88 (1H, s, N-3), 8.62
(1H, s, N-1), 7.60-7.20 (4H, m, Ph), 1.67 (3H, s, 5-Me). 13C-NMR (50 MHz, 25
°C, DMSO-dg, o/ ppm): 176.4, 158.2, 156.3, 139.0, 132.8, 128.5, 127.4, 126.2,
63.7, 25.1.
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SYNTHESIS, STRUCTURE AND SOLVATOCHROMISM OF HYDANTOINS 1199

The infrared spectra of all the synthesized hydantoins showed two carbonyl
bands at about 1702 and 1778 cm~1 and intense N-H bands in the region 3174
-3292 cmL,

The ultraviolet absorption frequencies of the 5-methyl-5-(3- or 4-substituted
phenyl)hydantoins in twelve solvents in the range 200-400 nm are given in Table
1.

The effects of the solvent dipolarity/polarizability (nonspecific solvent inter-
actions) and hydrogen bonding (specific solvent interactions) on the investigated
hydantoins were interpreted using the general solvation equation, Eq. (1). Corre-
lation of the spectroscopic data with solvent parameters?8 was performed by
means of multiple linear regression analysis. It was found that the absorption fre-
guencies for the hydantoin derivatives in twelve selected solvents showed a satis-
factory correlation with the z*, § and « parameters. The results of the multiple
regressions are presented in Tables 11l and IV. The values of the coefficient vg, s
and b, and the fit at the 95 % confidence level are given in Table I11.

A plot of the vmax values calculated using Eq. (1) versus the vinax values
observed in different solvents is presented in Fig. 2. The negative sign of the
coefficient s in the total solvatochromic equation (Table II1) indicates a batho-
chromic shift with increasing solvent dipolarity/polarizability. The positive signs
of the coefficients a and b (excluding the negative sign of the coefficient b for the
4-OH, 4-NO2 and 3-NO» substituents) indicate a hypsochromic shift with in-
creasing solvent hydrogen bond donor acidity and acceptor basicity and imply
stabilization of the ground state relative to the electronic excited state. The per-
centage contributions of the solvatochromic parameters (Table I11) for the inves-
tigated hydantoins show that most of the solvatochromism (except for the 4-NO»
and 3-NO> substituents) is due to solvent acidity and basicity (specific solute—
—solvent interactions) rather than to the solvent dipolarity/polarizability (nonspe-
cific solute—solvent interactions). The solvent acidity effect is predominant in all
the investigated molecules, except for 5-methyl-5-(3- or 4-nitrosubstituted phe-
nyl)hydantoins. These results are in accordance with the preferred existence of
hydantoins in the lactam tautomeric form,3 and the previously reported hypo-
thesis of Poupaert et al.® that hydrogen bonding is an essential factor in the an-
ticonvulsant action of 5,5-diphenylhydantoin derivatives.

The evidence for the solvent effects on the structure—activity relationship of
hydantoin derivatives was obtained by correlation of the calculated lipophilic log P
values with the contributions of hydrogen-bond donor solvent interactions, a.
Both parameters depend on the structure of the hydantoins. The results of the
correlation are shown in Fig. 3. The plot of the log P values versus a gives a
satisfactory linear correlation for moderate electron-donating and electron-accep-
ting substituents.
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TABLE 1. Regression fits to the solvatochromic parameters (Eq. (1))

1201

Compound v s b a Ra st Fc nd
1 3409 -1.92 (x0.71) 1.83 (20.71) 7.54 (x0.35) 0.995 043 247 12
2 39.02 -1.56 (+1.37) -1.82 (+1.36) 9.23 (x0.68) 0986 078 91 12
3 36.81 -1.92(20.72) 1.46(x0.72) 879 (x0.35) 0.996 044 303 12
4 39.15 -3.21(20.53) 0.94 (x0.53) 7.84 (x0.26) 0.998 0.29 597 12
5 40.46 -2.96 (+0.80) 0.82 (+0.50) 6.26 (+0.39) 0.995 0.34 284 12
6 37.61 -2.02 (20.74) 2.52 (x0.74) 7.89 (x0.36) 0.995 0.45 264 12
7 37.66 -2.33 (20.68) 2.74 (+0.68) 7.70 (x0.35) 0.994 047 229 12
8 38.85 -2.05(+0.17) -0.82(+0.17) 0.43(x0.08) 0.981 0.10 66 12
9 37.89 —2.24(20.23) 1.37 (20.60) 7.49 (x0.32) 0.993 048 198 12
10 39.41 -2.99 (20.63) 2.32(x0.62) 6.92(x0.31) 0.996 0.38 299 12
11 40.85 -3.40 (+0.64) -1.40 (+0.63) 0.85(x0.32) 0918 039 14 12
12 3852 -2.29 (+0.66) 1.34 (x0.61) 8.01(x0.36) 0.998 027 712 12
13 39.66 -2.92 (+0.56) 0.98 (+0.51) 7.22(x0.28) 0.994 045 208 12
14 38.65 —2.40 (+0.25) 1.14 (+0.58) 7.93(x0.33) 0.997 0.32 496 12

8Correlation coefficient;

calculations

bstandard error of the estimate; CFisher’s test; dnumber of solvents used in the

TABLE IV. Percentage contributions of the nonspecific (Pz*) and specific (Pa and Pp) sol-

vent interaction and the log P values

Compound Pz* | % Pal% PSI % Log P
1 16.98 66.82 16.20 -0.283
2 12.38 73.22 14.40 0.263
3 15.80 72.22 11.98 0.914
4 26.77 65.37 7.86 1.459
5 29.45 62.35 8.20 0.999
6 16.25 63.51 20.24 1.594
7 18.24 60.31 21.45 1.771
8 62.11 13.05 24.85 0.729
9 20.19 67.46 12.36 0.436
10 24.47 56.58 18.95 2.524
11 60.19 15.10 24.71 0.729
12 19.67 68.79 11.53 0.914
13 26.28 64.89 8.82 1.459
14 20.96 69.12 9.92 1.594

The existence of this correlation (Fig. 3) is strong evidence for the proportio-
nality between the lipophilic parameters and the specific solvatochromic effect of
the investigated 5-methyl-5-(4-substituted phenyl)hydantoins and 5,5-diphenyl-
hydantoin that show good anticonvulsant activity as reported previously.229 The
data for hydantoins with substituents in the meta positions in the benzene ring did
not follow this correlation (Fig. 3). These results are in accordance with their pre-
viously reported25 non-anticonvulsant activity.
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Fig. 2. Plot of v,y Observed against v,y calculated from Eq. (1) for
5-methyl-5-(3- or 4-substituted phenyl)hydantoins.

Strong electron-donors and acceptors decrease the lipophilic activity of the
investigated hydantoins. These compounds also did not follow correlation pre-
sented in Fig. 3.

4 -
logP=-0.8602a + 8.3864
R=09815

3
Q
> 2
°

1 4

U L 1 L ! 1 I )

6 6.5 7 7.5 8 8.5 9 9.5

a

Fig. 3. Correlation of the log P values with the contribution of hydrogen bond solvent
interaction, a, for 5-methyl-5-(4-substituted phenyl)hydantoins.

The satisfactory correlation of the ultraviolet absorption frequencies of the
investigated 5-methyl-5-(3- or 4-substituted phenyl)hydantoins with Kamlet-Taft
general solvatochromic equation indicates that the selected models give a correct
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interpretation of the linear solvation energy relationships of the complex hydan-
toin system in the solvents used. This demonstrates that an equation with three
solvatochromic parameters z*,  and o can be used to evaluate the effects on
both types of hydrogen bonding and the solvent dipolarity/polarizability effects
for pharmacologically active hydantoins. For these reasons, it is considered that
the results presented in this work may be utilized to quantitatively separate the
overall solvent effect into specific and nonspecific contributions using a LSER
method. The satisfactory correlation of the lipophilic parameters log P of the
investigated pharmacologically active hydantoins2:29 with the contribution of the
hydrogen bond donor solvent interactions supports the previously reported” phar-
macophore model based on a hydrogen-bond acceptor, a hydrogen-bond donor,
and an electronegative group with a large hydrophilic part of the molecule. Fol-
lowing the model proposed in this work, the pharmacological activity of some
hydantoin derivatives can be explained and the corresponding potential activi-
ty/non-activity of the studied hydantoins, not yet pharmacologically tested, may
be predicted.

EXPERIMENTAL

All of the investigated 5-methyl-5-(3- or 4-substituted phenyl)hydantoins were synthe-
sized by a modification of the method of Bucherer.30 Following this procedure, 0.020 mol of
ketone was dissolved in 50 ml of 50 % ethanol and 0.080 mol of ammonium carbonate plus
0.040 mol of potassium cyanide were added. This mixture was warmed under a condenser at a
temperature of 58-60 °C for 15 h, after which the solution was concentrated to approximately
two-thirds of the initial volume and chilled in an ice-bath. The mass was filtered on a Blichner
funnel. The product was dissolved in 5 % sodium hydroxide solution, filtered from unreacted
ketone and reprecipitated by acidification with hydrochloric acid. Recrystallization of the white
solid from 60 % ethanol yielded a crystalline product. The ketones used in these preparations
were commercially available (Fluka). The chemical structures and the purities of the synthe-
sized hydantoins 1-14 were confirmed by their melting points, as well as 1H-NMR, FT-IR and
UV spectroscopy.

The FT-IR spectra were recorded on a Bomem MB 100 spectrophotometer. The 1H- and
13C-NMR spectra of DMSO-dg solutions (TMS as the internal standard) were measured with a
Varian-Gemini 200 MHz spectrometer. The UV absorption spectra were measured with a Shi-
madzu 1700 spectrophotometer. The UV spectra were taken in spectroquality solvents (Fluka)
at 10> mol dm-3 concentration.

The correlation analysis was performed using Microsoft Excel computer software, which
considers the 95 % confidence level. The goodness of fit was discussed using the correlation
coefficient R, standard error of the estimate, S and the Fisher’s significance test, F.
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U3BOA

CUHTE3A, CTPYKTYPA U COJIBATOXPOMM3AM 5-METUJI-5-(3- NJIU
4-CYVIICTUTYUCAHUX ®EHWI)-XUTAHTOUHA

HATAJIMIJA J1. JMBJAK, HEBOJIIIA P. BAIbALL, HATAIIIA B. BAJEHTWH u TOPJAHA C. YIHTRYMJIMh
Texuoaouko—meitianypuiku axyaitieii Yuusep3uitieitia y beozpaoy, Kaprezujesa 4, 11120 beozpao

VY okBHpY NpoyyaBama yTHIAja CTPYKType Ha (apMakoyOIIKy aKTHBHOCT XHIAaHTOMHA, Y
OBOM paJly CHHTETH30BaHO j€ YeTPHAECT jeubema U oapehern cy muxosu UV arncopnunoHu Mak-
CHMYMH Yy JIBAHAECT pacTBapaya pa3iIMuuTe MOJAPHOCTH. ATICOPIIIMOHN MAKCUMYMH Cy KOpenuca-
uu Kamner—Tagprosom (Kamlet-Taft) conBatoXpoMHOM jeiHAYMHOM ¥ M3BPILICHA je KBAHTHTATHB-
Ha MPOIIEHa MPOTOH-JOHOPCKUX M MPOTOH-aKIENTOPCKUX KAPAKTEPUCTHKA MPOYYaBAHHUX jCHEbC-
Ba, KOje Cy O BEJIMKOT 3Hayaja 3a ’UXOBY (DH3MONIOLIKY akTHBHOCT. M3pauyHare Bpeauoctu log P
KOpEJHCaHe Cy ca yIeJoM IPOTOH-JIOHOPCKUX KapaKTEPHCTHKA pacTBapaya M Ha OCHOBY J100uje-
HHX JIMHEAPHHUX 3aBHCHOCTHU 3a MOJICKYJIE Ca YMEPEHHM EJIKTPOH-IOHOPCKUM M €JICKTPOH-aKIeTl-
TOPCKHM CYNCTUTYSHTHMA, IMCKYTOBaHa je Be3a u3Mely hapMaKosolKe akTUBHOCTH XUJaHTONHA
1 MHTEPaKIMja ca MOJISKYJIMMa pacTBapaya.

(Mpumsbeno 1. jyna 2008, pesuaupato 8. jymaa 2009)
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Abstract: The ¢-opioid receptor is sensitive to ligand geometry. In order to as-
sist the synthesis of new J-selective opioid ligands, the structure elements of
o-selective opioid ligands necessary for their effective binding were investi-
gated. The automated docking procedure with a flexible ligand was used to si-
mulate the binding of 17 J-selective ligands to the J-receptor. It was found that
voluminous N-alkyl groups reduce the binding potency of naltrindole derivati-
ves by preventing the ligands from adopting the preferred conformation in the
receptor. This was confirmed by enantiospecific binding of chiral compounds
where only one enantiomer adopts the naltrindole-like preferred conformation
in the binding pocket. Voluminous groups replacing the hydroxyl group in the
3-hydroxybenzyl fragment of naltrindole analogs reduce the binding potency
due to unfavorable steric interactions with the receptor. The two diastereoiso-
mers of the potent J-opioid ligand SNC80 confirmed the preferred binding con-
formation and the major receptor—ligand interactions.

Keywords: molecular modeling; J-opioid receptor; ligand—-receptor interac-
tions; docking simulation.

INTRODUCTION

The J-opioid receptor is an especially attractive target for the development of
new drugs for the control of pain. Compared to other opioid or opioid-like re-
ceptors, J-opioid selective drugs have some advantages, including: greater relief
of naturopathic pain, reduced respiratory depression and constipation, and re-
duced potential for the development of physical dependence.l Only one ¢ recep-
tor has been cloned to date;1.2 but several models of this receptor are available in
the literature.3 These models are consistent with a vast sample of published bio-
physical and other experimental data3 but experimental data on the structure of
any of the opioid receptors are unavailable. Considering the possible effects of

* Corresponding author. E-mail: Imicovic@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0911207M
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1208 MICOVIC, IVANOVIC and DOSEN-MICOVIC

different media (the difference in the rhodopsine structure determined in the crys-
tal state? and in solution®) and the obvious importance of the exact position of the
amino acid residues® which are different in different proteins, the available mo-
dels may be considered reliable opioid receptor representatives if they are ca-
pable of reproducing point mutation studies and other experimental data.

There is experimental evidence that interaction of peptidic ligands with re-
ceptors are different from that of small ligands.” Since small organic molecules
as possible ligands of the d-opioid receptor were our target, this study is limited
to non-peptidic ligands of the J-receptor, Table I.

The region of a d-opioid receptor involved in ligand binding and mediation of
receptor function were identified by: a) construction of chimeric receptors con-
taining sequences from u- or x-opioid receptors,8 b) site-directed mutagenesis of
specific amino acid residues® and c) construction of truncated mutant receptors.10

The site-directed mutagenesis experiments®@ showed that Asp128 does not
participate in the formation of a salt bridge between a ligand and the receptor, but
it does contribute to the stabilization of the binding pocket. Some highly selective
non-peptidic J-ligands were moderately affected®® by mutations of the amino
acids: Tyr129Phe, Trp274Ala and Tyr308Phe, indicating that these aromatic re-
sidues might be a part of the opioid binding domain. Chimeric receptors and the
alanine scan method were used8 to show that Val296 and Val297 of the EC3
loop are important for the binding of the J-selective ligand SNC80. Leu295 and
Ala298 of EC3 were important for the binding of naltrindole. The amino acids
Trp284 (TM6 — transmembrane helix 6) and Ser312 (TM7 — trans membrane he-
lix 7) were important for both compounds, although to a lesser degree. Point mu-
tations performed on a mutant receptor emphasized the importance of Leu300,
Ala298, Ala299 amino acids. Val281 had a moderate effect on ligand binding.8d
It was found®¢ that Tyr308Phe mutation increased the binding. This amino acid,
together with His278 (TM6) was suggested9¢ to participate in interactions
[Asp128 (TM3)-Tyr308 (TM7) and Tyr129 (TM3)-His278 (TM6)] that maintain
the J-receptor in an inactive conformation. The model of the d-opioid receptor
showing important amino acids is presented in Fig. 1.

In this study, the docking of a series of J-opioid-selective ligands to a model
of the human J-receptor available in literature32 is reported. It is the model of an
active form of the receptor, although the entire concept of active and inactive re-
ceptors has recently been questioned. Contrary to some earlier findings,1! recent
X-ray studies!?2 on rhodopsine demonstrated that the transformation from the
ground state to the photoactivated intermediate state involved minor changes in
the receptor structure. It was suggested12 that the rigid inactive conformation of
the receptor becomes more relaxed upon activation. It was also suggested1? that
one receptor model may be used in docking calculations of both agonists and an-
tagonists.
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LIGANDS OF THE 6-OPIOID RECEPTOR 1209

TABLE I. Names and structures of the compounds 1-17

Compound Name Structure
1 Naltrindole, NTI

Naltrindole derivatives
Oxymorphindole, R: CH;

3 R:@—

N

« O
5
R: B i R1: CH3 Ry H
R: L i Ri: CH3; R, CH4
R: L i Ri: H; Ry: CH3
R: CHs; Ry CH3; Ry: H
10 R: CH3; Ry CH3; Ry CH;
11 R: CHg; Ry H; Ry CH;
12 (+)-4-[(aS)-a-((2S,5R)-4-Allyl-2,5-dimethyl-
1-piperazinyl)-3-methoxybenzyl]-N,N-di-
ethylbenzamide

13 (9)-4-[(aR)-a-((2R,5S)-4-Allyl-2,5-dimethyl- N/
1-piperazinyl)-3-methoxybenzyl]-N,N-di- N\\

ethylbenzamide \K/T
OMe

14 (+)-3-[(2S,6R)-1,2,3,4,5,11-Hexahydro-3-
methyl-2,6-methano-6H-azocino[4,5-b]in- L)
dol-6-yl]phenol
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TABLE I. Continued
Compound Name Structure
15 (-)-3-[(2R,65)-1,2,3,4,5,11-Hexahydro-3-methyl- ’ pPH
2,6-methano-6H-azocino[4,5-b]-
indol-6-yl]phenol

16 (+)-3-[(2S,6R)-1,2,3,4,5,11-Hexahydro-3-(2-
phenylethyl)-2,6-methano-6H-azocino[4,5-b]in-
dol-6-yl]phenol

17 (-)-3-[(2R,65)-1,2,3,4,5,11-Hexahydro-3-(2-
phenylethyl)-2,6-methano-6H-azocino[4,5-b]in-
dol-6-yl]phenol

The goal of the present work was to find and compare the binding con-
formations of d-selective ligands and to identify the structural fragments the mo-
difications of which may increase the binding and perhaps activation of a ¢-re-
ceptor.

COMPUTATIONAL METHODS

All computations were performed using a P4/Celeron at 1.5 GHz. The employed J-recep-
tor model was taken from the literature.32 The receptor model was treated as rigid. The auto-
mated flexible ligand docking experiments were realized with the AutoDock 3.0.5. program.13
The starting geometries, with a protonated ring nitrogen,14 were built using the HyperChem
program?® and subsequently optimized using the semi-empirical AM1 method of the same
program. The 60x60x60 grid was centered on one of the Aspl28 oxygen atoms. The La-
marckian genetic algorithm (LGA) was used in all docking calculations. The docking process
was performed in 250 LGA runs; the initial position of the ligand was random. The population
was 50, the maximum number of generations was 27000 and the maximum number of energy
evaluations was 2.5x106, The resultant ligand orientations and conformations were scored
based on the binding energies (the cutoff value for the energies was 16.8 kJ/mol), and they
were further evaluated based on the vicinity to important amino acids, found experimentally to
be located in the binding site of the J-selective non peptidic ligands. The clusters were ranked
in order of increasing binding energy. The lowest binding energy conformations of all the
selected clusters were analyzed in terms of their distances to the important amino acids. The
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LIGANDS OF THE 6-OPIOID RECEPTOR 1211

lowest binding energy conformation with the maximal number of close contacts to the
important amino acids is referred to as the preferred conformation.

Fig. 1. a) Serpentine model of the J-opioid
receptor. Important amino acids are in yel-
low (mutagenesis experiments); b) 3D model
of the J-opioid receptor with important ami-
(b) no acids.

RESULTS AND DISCUSSION

Despite apparent structural differences, all the studied J-selective com-
pounds have similar 3D geometries (Table 1), consisting of a protonated piperi-
dine (or piperazine) ring and two aromatic rings. These three structural elements
may adopt similar spatial positions in different ligand-receptor complexes, but
may, as well, occupy different positions and orientations within the receptor.
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1212 MICOVIC, IVANOVIC and DOSEN-MICOVIC

Automated docking of compound 1 to the J-opioid receptor model resulted
in several plausible docking orientations and conformations for the ligand. The
resulting ligand orientations and conformations were scored based on the values
of the binding energies and by the number of close contacts to the receptor amino
acids known to form the binding pocket within the é-receptor, Fig. 1. Based on
these criteria, the preferred conformation of compound 1 in the binding pocket of
the 5-receptor model has a binding energy (Ep = —40.3 kJ/mol) 6.3 kJ/mol above
the global minimum conformation. Its orientation is very similar to the one pro-
posed earlier, and follows the “message—address concept”,16 Figs. 2 and 3.

Leu295-Leu300

Tyr308

{
Fig. 2. Ligands: 1 (yellow), 2 (green) and  Fig. 3. Ligands: 1 (yellow), 6 (gray), 7 (orange)
3 (pink) in the binding pocket. and 8 (blue) in the binding pocket.

The protonated piperidine and the phenolic component form the “message”
moiety related to ligand binding and the indolic component represents the “ad-
dress” moiety and determines ligand selectivity besides binding. According to the
docking results, the “message” moiety interacts (within 0.4 nm) with Asp128,
through salt bridge formation (*NH---O~ distance 0.27 nm), with Tyr129 of TM3
and Tyr308 of TM7 ( all known from point mutation studied®), and with GIn105
and Leul02 of TM2. The major interaction with GIn105 is hydrogen bond for-
mation to the 14-hydroxy group of 1 (NH---O distance is 0.22 nm). It was found
earlierl7a that the 14-hydroxy group plays an important role in é-selectivity and
the binding potency of some o-selective ligands. On the other hand, it is generally
believed16 that the residues at the top of TM6 and TM7 form a hydrophobic
pocket to accommodate the indolic moiety of 1. According to the docking results
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LIGANDS OF THE 6-OPIOID RECEPTOR 1213

presented here, this hydrophobic pocket is formed by Val297, Val296 (EC3) and
Leu300 (TM7) (known from point-mutation studies) and by the Alal95 and
Val196 of EC2.

The four derivatives of 1, ligands 2-5, differ in their experimentally deter-
mined binding constants, Table Il. While the N-methyl derivative, 2, has a bind-
ing affinity towards the J-receptor comparable to that of 1, the N-benzyl, N-cy-
clohexylmethyl and N-cyclohexylethyl derivatives (3, 4 and 5, respectively) are
far less efficient. The docking results are in agreement with the experimental
findings. The preferred conformations of 2 and 3 overlap in the binding pocket
with the preferred conformation of 1, Fig. 2, but their binding energies (-38.4
and -35.4 kJ/mol, respectively) are high relative to that of 1. The other two de-
rivatives, 4 and 5, cannot even adopt the preferred conformation characteristic for
naltrindoles. It seems that the size of the pocket, surrounded by the amino-acid
residues Leul102 and GIn105 of TM2 and 11e304 and Tyr308 of TM7 is too small
to accommodate voluminous alkyl groups. Therefore any modification of the N-
alkyl part of the ligand will be limited by the size of the modified group.

TABLE I1. Experimental binding constants, K; and ICsg

J&Receptor
Compound K;/nM 1Cop / M
1 0.22+0.13% 0.04° -
2 0.9+0.2° -
3 115+32° -
4 94.5+13.6" -
5 181+35" -
6 0.40+0.3° -
7 19.0+2.0° -
8 21.847.0° -
9 45405 -
10 41.0+4.0° -
11 218+33° -
12 15.2° 56.5+3.10"
13 4.12° 3.50+0.39"
14 - 660.1+160.2°
15 - 5.6+1.5°
16 - >1000°
17 — 6.2+0.6°

3Ref.17; PRef.18; CRef.19; IRef.20; eRef.21

The other group of studied compounds was the ligands obtained by the
opening of the 4,5-bridge in either 1 or 2. The in this way created 3-hydroxy-4-
-methoxyindomorphinans (6 and 9), 3,4-dimethoxyindomorphinans (7 and 10)
and 3-methoxy-4-hydroxyindomorphinans (8 and 11) show reduced binding po-
tency towards the d-receptor compared to 1 and 2. This reduction in binding po-
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1214 MICOVIC, IVANOVIC and DOSEN-MICOVIC

tency is small for 6 and 9 but increased in the case of the 3-methoxy compounds.
Differences in affinity at a J-receptor were earlier assigned!’b to a shift in the
relative position of the indole. The present docking study showed that this shift is
small, less than 0.15 nm, Fig. 3. The reduced binding affinity may also be due to
the presence of the 4-hydroxyl and the lack of a 3-hydroxyl group.17t However,
the preferred conformations of compounds 6-11 do not allow a 3-hydroxy group
to form any hydrogen bond or other important electrostatic interaction. When the
3-hydroxyl group is replaced by a methoxy group, a steric clash occurs with
1le215 of TM5. Therefore, the reduced affinity of the ligands 7, 8, 10 and 11 for
the o-receptor may be due to steric interactions. This suggests that voluminous
groups at the position 3 are unlikely to improve binding properties of indolomor-
phinans.

The study of stereoisomers and their interactions with a particular receptor
may be very useful. Two pairs of enantiomers were studied: the (+) and (-) forms
of 3-[(2S,6R)-1,2,3,4,5,11-hexahydro-3-methyl-2,6-methano-6H-azocino[4,5-
blindol-6-yl]phenol (compounds 14 and 15), and their 2-phenylethyl analogs 16
and 17. The two enantiomers in both compounds have noticeably different
binding affinities towards the J-receptor.2l The (=) form (15 and 17) in both
compounds binds better to the receptor. According to docking studies, this is the
consequence of different preferred conformations of the (+) and (=) ligands in the
binding pocket of the receptor. Compound 15 overlaps 1, Fig. 4, and has most of
the major interactions with the receptor: the protonated nitrogen forms a salt
bridge with Asp128, the phenolic group interacts with the amino acids at the be-
ginning of the EC3 loop, while the aromatic (indolic) group interacts with
Tyr129 of TM3 and with Thr211 and 1le215 of TM5. Compound 14 cannot adopt
this preferred conformation. The picture is less clear for compounds 16 and 17,
where the flexible molecule can adopt a number of different conformations. The
only explanation for the higher binding potency of 17 over 16 is the confor-
mation of 17 which partially overlaps the preferred conformation of compound
13, known to have high binding potency, Fig. 5, Table Il. Compound 16 cannot
adopt a similar conformation. The noticeable difference in binding affinity to-
wards the opioid o-receptor of SNC80, (+)-4-[(aR)-a-((2S,5R)-4-allyl-2,5-dime-
thyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide and its enantiomer®
was explained earlier?2 by the inability of the enantiomer to achieve the three
important interactions with the receptor. SNC80 (K; = 0.181 nM) has a higher af-
finity for the cloned human J-receptor than its enantiomer (Kj = 218 nM).12 On
the contrary, the aS,2S,5R diastereoisomer of SNC80, compound 12, has lower
affinity for the cloned human J-receptor than the enantiomer, 13. According to
the docking results, this may also be explained by the classic “three point theo-
ry”. Compound 13 in its preferred conformation has a protonated nitrogen close
to Asp128 (TM3) and forms a salt bridge. The NEt, groups are located close in
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LIGANDS OF THE 6-OPIOID RECEPTOR 1215

the hydrophobic pocket at the beginning of EC3. The 3-methoxybenzyl group
points toward Trp274 and His278 of TM6, Fig. 5. These ligand interactions with
TM6 may be the major difference between antagonists and agonists and the key
process in receptor activation. It was suggested earlier that movement of helices
TM3, TM6 and TM7 is essential for activation of rhodopsin23 and the human J-
receptor.3b It was also suggested?4 that the 3-methoxy group was metabolized to
a 3-hydroxyl group and that the analgesic activity was performed partially
through this hydroxyl group.24 Compound 12, on the contrary, cannot adopt this
favorable conformation and has only weak interactions with the receptor, about
100 times weaker that SNC80.

Leu295-Leu300

Leu295-Leu300

Tyr308

Tyr308 :
His278

\@J "
Tr27

Fig. 4. Ligands 1 (yellow) and 15 (blue) Fig. 5 Ligands 13 (green) and 17 (orange)
in the binding pocket. in the binding pocket.

CONCLUSIONS

An automated docking procedure was applied in order to determine the pre-
ferred conformations of a series of J-opioid receptor selective ligands in the bind-
ing pocket of the receptor. The quality of the receptor-ligand complexes was es-
timated based on their binding energies and the ability to reproduce point muta-
tion experimental data. The following results are believed to assist in synthesis of
new o-selective ligands with a high binding potency. The preferred naltrindole
conformation was found to be similar to the one suggested earlier,16 Fig. 2. The
voluminous N-alkyl groups in compounds 1-5 are expected to reduce the binding
potency by preventing the ligand from adopting the preferred conformation in the
binding pocket. Voluminous groups replacing the hydroxyl group in the 3-hyd-
roxybenzyl fragment of naltrindole analogs, 6-11, reduce the binding potency
due to unfavorable steric interactions with the receptor. Ligand interactions with
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1216 MICOVIC, IVANOVIC and DOSEN-MICOVIC

the amino acids at the beginning of EC3 are essential for ligand binding. The
docking of two diastereoisomers, 12 and 13, of the potent d-opioid ligand SNC80
confirmed the preferred binding conformation of this compound proposed ear-
lier,22 and the major ligand—receptor interactions: protonated nitrogen interacting
with Asp128 of TM3, hydrophobic groups interacting with EC3 and the phenolic
group interacting with TM6 and TM5.
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U3BOJ
HEOITXOJAHU EJIEMEHTU CTPYKTVYPE 3A JIMTTAHJE 5-OITMOUJJHOI' PELIEIITOPA

BYK .. MWROBURY, MUJIOBAH JI. UBAHOBURZ® u JbMJbAHA JIOIIEH-MUROBUR"

' Wncimuimyin 3a ofuuidiy u usuuy xemujy, Beozpad, ZXemujcrcu akyaiueini, Ynusep3auiteii y beozpaoy, Ciyoeniu-
cku @pz 12—16, Beozpad u MXTM, Lenitiap 3a xemujy, Yrusepauimiei y Beozpady, Hezouesa 12, Beozpad

0-OnmMonIHN pelenTop je OceTJbUB Ha reoMeTpujy jiuranana. Jla Ou ce onakmana cuHTe3a
HOBHX 0-CEJICKTHBHUX ONUOMIHUX JIMTAHA/A, Y Pally Cy UCIIMTHBAHH CIICMEHTH BUX0BE CTPYKTYPE
KOjH Cy HEONXOAHH 3a edukacHO Be3uBame. KopuiheH je ayToMaTn30BaHM JOKUHT MOCTYIAK ca
(rieKcHOMITHIM JIMTaHIOM Ja OU ce CHMYJHMpalio Be3uBame 17 J-CeNeKTUBHUX jeANIbEba 3a J-pe-
nenrop. HaljeHo je na BomymunosHe N-ankui rpymne cMmamyjy ehHUKAaCHOCT Be3MBama JiepUBaTa
HAJITPHUHOIA TAaKO HITO CHpEedYaBajy OBa je[HIbCHa Ja 3ay3My KOH(OpManujy MOTOIHY 3a BE3H-
Bame. OBO je moTBheHO eHaHTHOCHENU(PUIHIM BE3UBAEM XHPAIHHUX jeANbEHha KOJ KOJHX CaMo
jelaH SHaHTHOMEP MMa OpHWjeHTAlHjy CIMYHYy HAITPHUHAONY y BesyjyheM mecty. BomymmHo3HE
rpyme Koje 3aMemyjy 3-XUAPOKCH IPYIy KOJ aHajora HajJITPUHIONA CMambyjy e(QUKacHOCT Be3u-
Barba 300T HEMOBOJBPHUX CTEPHHX HHTEpAKIMja ca penentopoM. HaunH Be3uBama aBa qujactepeo-
n3omepa edpukacHor d-ornmouHor smranga SNC80, norephyje HajOosby KOHpOpMaIHjy 3a Be3u-
Barb€ M HajBAKHH]E PELENTOP—IIMTaH/ HHTEePaKIHje.

(TMpumsbero 22. okrobpa 2008, peBuaupano 28. maja 2009)
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Synthesis and characterization of selected fused isoxazole and
pyrazole derivatives and their antimicrobial activity
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Dinshaw Wachha Road, Churchgate, Mumbai-400 020, India
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Abstract: New potent antibacterials, fused isoxazole and pyrazole derivatives,
were synthesized using 5,5-dimethylcyclohexane-1,3-dione (1) and 3-[(4-chlo-
robenzylidene)amino]-2-thioxoimidazolidin-4-one (2) as synthons. Aromatic
aldehydes on condensation with 1 and 2 gave 2-arylidene-5,5-dimethylcyc-
lohexane-1,3-dione (3) and 5-arylidene-3-[(4-chlorobenzylidene)amino]-2-
-thioxoimidazolidin-4-one (4), respectively. Compounds 3 and 4 were forced to
undergo heterocyclization reaction with nucleophilic reagents to give the title
compounds. The newly synthesized heterocyles (5-8) were characterized based
on their chemical properties and spectroscopic data, and were found to inhibit
Staphylococcus aureus and Corynebacterium diphtheriae.

Keywords: isoxazole; pyrazole; thiohydantoin; dimedone; antibacterial activity.

INTRODUCTION

Bacteria are becoming resistant to ever more antimicrobial agents. Currently,
bacterial resistance is combated by the discovery of new drugs. However, micro-
organisms are becoming resistant more quickly than new drugs are being found,
thus, future research in antimicrobial therapy may focus on finding ways to over-
come resistance to antimicrobials, or methods to treat infections with alternative
means. Thiohydantoins have been proven to have anticonvulsant activity.1 Com-
pounds that comprise the hydantoin moiety exhibit pharmacological properties.2—>
Similarly many natural and synthetic products containing heterocyclic rings, such
as isoxazoles6-8 and pyrazoles,® were reported to possess various pharmacolo-
gical activities. These were attributed to the presence of the N-bridge hetero-
cyclic nuclei of isoxazolel0 and pyrazole,11 which are described to have her-
bicidel0 and antibacteriall2 activities.

* Corresponding author. E-mail: ansarifaisal_55@yahoo.co.in
doi: 10.2298/J5C0911219D
1219
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1220 DABHOLKAR and ANSARI

Dimedone and thiohydantoin constitute a unique group of compounds due to
the presence of characteristic keto group, which acts as a starting material for
more complex compounds. The thiohydantoin/dimedone system possesses reacti-
ve sites which can be suitably modified by the introduction of different hetero-
cyclic moieties to yield the potent COX-1/COX-2 inhibitors.13 Bearing this in
mind, twelve new fused compounds containing isoxazole and pyrazole moieties
were synthesized in order to act as active pharmaceutical. The structures of
synthesized compounds were confirmed by spectral data and elemental analysis.

RESULT AND DISCUSSION
Chemistry

The starting material, 5,5-dimethylcyclohexane-1,3-dione (1), was obtained
by a reported procedurel4 and 3-[(4-chlorobenzylidene)amino]-2-thioxoimida-
zolidin-4-one (2)1° and derivatives thereof were prepared from the reaction of
aromatic aldehydes and thiosemicarbazide to give arylthiosemicarbazone. This
was followed by cyclization with ethyl chloroacetate in the presence of fused so-
dium acetate. Both 1 and 2 (Schemes 1 and 2, respectively) were condensed with
appropriate aromatic aldehydes in presence of bases such as piperidine or potassium
hydroxide to give 2-arylidene-5,5-dimethylcyclohexane-1,3-dione (3) and 5-aryl-
idene-3-[(4-chlorobenzylidene)amino]-2-thioxoimidazolidin-4-one  (4),1° respec-
tively. The structures were confirmed based on their chemical and spectral data.

H3C CH3

L

R =0CHj; (a); Cl (b); OH (c)
Scheme 1. Reaction pathway for the preparation of compounds 5 and 6.
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S

H )l\
NH

X N
cl N

@
o

l R-CHO

L
s N M H
cl N =
4) o
NH,OHHCI
oHs-NH-NH
H

R
C
s S
S N
N N H X, N NH
cl N7 o]
H [

P4

R=0H (a); N(CH3)2 (b); OCHt ()
Scheme 2. Reaction pathway for the preparation of compounds 7 and 8.

Cyclocondensation of 3 and 4 with hydroxylamine hydrochloride in the pre-
sence of glacial acetic acid yielded 6,6-dimethyl-3-(substitutedphenyl)-3,3a,6,7- -
tetrahydro-5H-2,1-benz-isoxazol-4-one (5) and 6- [(4-chlorobenzylidene)amino-
3-(substitutedphenyl)-3a,4-dihydro-3H,6H-imidazo[4,5-c]isoxazole-5-thione  (7),
respectively. Their IR spectra exhibited a band corresponding to —-C-O-N (1230
cm=1), which confirmed the presence of the isoxazole ring. The appearance of a
peak due to C=N and disappearance of the peak due to C=0 in the 13C-NMR
spectra further supported the formation of isoxazole.

Compounds 3 and 4 on treatment with phenylhydrazine were transformed
into a  3-(substitutedphenyl)-6,6-dimethyl-2-phenyl-2,3,3a,5,6,7-hexahydro-4H-
indazol-4-one (6),16-18 and 6-[(4-chlorobenzylidine)amino]-2-phenyl-3-(substitu-
tedphenyl)-2,3,3a,4-tetrahydro-6H-imidazo[4,5-c]pyrazole5-thione (8), in an ap-
preciable yield using potassium hydroxide. Their IR spectra exhibited a band at
(1490 cm~1) of N-N and an increased area under the peak in aromatic region, as
compared to 3/4, confirms the formation of 6/8. This was also supported by 13C-
-NMR spectrum, as it revealed a peak of C=N and the disappearance of a peak of
C=0. The structures assigned to the compounds were supported by the IR, 1H-
-NMR, 13C-NMR and mass spectral data and elemental analysis, the results of
which are given below.
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1222 DABHOLKAR and ANSARI

2-(4-Methoxybenzylidene)-5,5-dimethylcyclohexane-1,3-dione (3a). Yield:
62 %; m.p. 130 °C. Anal. Calcd. for C1gH1803 (FW 258.25): C, 74.41; H, 6.97 %.
Found: C, 74.32; H, 7.12 %. IR (KBr, cm™): 1670 (C=0), 1472 (C=C). 1H-NMR
(CDCl3, 6/ ppm): 0.98 (6H, s, 2xCH3), 2.46 (4H, s, 2xCH>), 3.92 (3H, s, OCH3),
6.99-7.24 (5H, m, ArH and C-H). 13C-NMR: 27.32 (2xCH3), 31.38 (2xCHy),
40.23 (OCHg), 115.283, 128-142.64 (C=C and ArC), 162.42 (2xC=0).
2-(4’-Chlorobenzylidene)-5,5-dimethylcyclohexane-1,3-dione (3b). Yield: 60
%; m.p. 116 °C. Anal. Calcd. for C15H1502Cl (FW 262.66): C, 68.57; H, 5.71 %.
Found: C, 68.32; H, 5.89 %. IR (KBr, cm~1): 1665 (C=0), 1498 (C=C), 627 (C-ClI).
1H-NMR (CDClg, &/ ppm): 0.98 (6H, s, 2xCHz3), 2.46 (4H, s, 2xCH>), 7.00—
—7.24 (5H, m, ArH and C-H). 13C-NMR: 27.68 (2xCHg3), 31.65 (2xCHy),
113.28, 129.5-143.25 (C=C and ArC ), 164.56 (2xC=0).
2-(4-Hydroxybenzylidene)-5,5-dimethylcyclohexane-1,3-dione (3c). Yield:
57 %; m.p. 122 °C. Anal. Calcd. for C15H1603 (FW 244.23): C, 73.77; H, 6.14 %.
Found: C, 73.62; H, 6.28 %. IR (KBr, cm=1): 3378 (OH), 1625 (C=0), 1456
(C=C). IH-NMR (CDCl3, &/ ppm): 0.90 (6H, s, 2xCH3), 2.43 (4H, s, 2xCH)),
4.60 (1H, s, OH), 6.40-7.24 (5H, m, ArH and C-H). 13C-NMR: 28.76 (2xCH3),
32.16 (2xCHpy), 112.45, 131.53-141.47 (C=C and ArC), 162.52 (2xC=0).
3-(4-Methoxyphenyl)-6,6-dimethyl-3,3a,6,7-tetrahydro-5H-2,1-benzisoxazol-
4-one (5a). Yield: 71 %; m.p. 110 °C. Anal. Calcd. for C1gH1gNO3 (FW 273.38):
C, 70.32; H, 6.95; N, 5.12 %. Found: C, 70.09; H, 6.74; N, 5.22 %. IR (KBr, cm~
1): 1670 (C=0), 1562 (C=N),1230 (-C-O-N-). 1H-NMR (CDCl3, &/ ppm): 1.01
(6H, s, 2xCH3), 2.09 (2H, s, CH»), 2.46 (2H, s, CHy), 3.63 (1H, d, J = 7.5 Hz,
CH), 3.92 (3H, s, OCH3), 4.58 (1H, d, J = 6.2 Hz, CH), 6.85-7.89 (4H, dd, J =
= 7.2 Hz, ArH ). 13C-NMR: 27.32 (2xCH3), 29.32 (CH,), 31.38 (CH,), 40.23
(OCH3), 62.21 (CH), 72.34 (CH), 128-142.64 (ArC), 154.25 (C=N), 168.25
(C=0). MS (m/z2): 273 (M*).
3-(4-Chlorophenyl)-6,6-dimethyl-3,3a,6,7-tetrahydro-5H-benzisoxazol-4-
one (5b). Yield: 69 %; m.p. 100 °C. Anal. Calcd. for Ci5H1gNO2CI (FW
277.67): C, 64.86; H, 5.76; N, 5.04 %. Found: C, 64.99; H, 5.62; N, 5.12 %. IR
(KBr, cm-1): 1670 (C=0), 1534 (C=N), 1226 (-C-O-N-), 627 (C-Cl). 1H-NMR
(CDCl3, 6/ ppm): 1.014 (6H, s, 2xCH3), 2.09 (2H, s, CHy), 2.46 (2H, s, CH>),
3.64 (1H, d, J = 7.1 Hz, C-H), 4.32 (1H, d, J = 6.4 Hz, C-H), 6.65-7.72 (4H, dd,
J= 7.1 Hz, ArH). 13C-NMR: 27.68 (2xCH3), 29.87 (CH,), 31.65 (CHy), 61.78
(CH), 72.88 (CH), 129.5-143.25 (ArC), 154.53 (C=N), 164.56 (C=0). MS (m/2):
278 (M™).
3-(4-Hydroxyphenyl)-6,6-dimethyl-3,3a,6,7-tetrahydro-5H-benzisoxazol-4-
-one (5¢). Yield: 72 %; m.p. 102 °C. Anal. Calcd. for C15H17NO3 (FW 259.23):
C, 69.49; H, 6.53; N, 5.40 %. Found: C, 69.22; H, 6.62; N, 5.56 %. IR (KBr, cm~1):
3378 (OH), 1670 (C=0), 1574 (C=N), 1223 (-C-O-N-). IH-NMR (CDCl3, 5/
/ ppm): 0.97 (6H, s, 2xCH3), 2.18 (2H, s, CH>), 2.43 (2H, s, CH>), 3.72 (1H, d,
J =72 Hz, C-H), 4.43 (1H, d, J = 6.3 Hz, C-H), 4.75 (1H, s, OH), 6.62-7.24

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

2009 Copyright (CC) SCS

olcle

EY HMC HD



SYNTHESIS OF ISOXAZOLE AND PYRAZOLE DERIVATIVES 1223

(4H, dd, J = 7.2 Hz, ArH). 13C-NMR: 28.76 (2xCH3), 29.55 (CHj), 32.16 (CH)),
62.34 (CH), 71.67 (CH), 131.53-141.47 (ArC), 153.51 (C=N), 162.52 (C=0).
3-(4-Methoxyphenyl)-6,6-dimethyl-2-phenyl-2,3,3a,5,6,7-hexahydro-4H-inda-
zol-4-one (6a). Yield: 70 %; m.p. 172 °C. Anal. Calcd. for CooHo4N>O5 (FW
364.42): C, 72.52; H, 6.59; N, 7.69 %. Found: C, 72.12; H, 6.08; N, 7.34%. IR
(KBr, cm=1): 1670 (C=0), 1585 (C=N), 1490 (N-N). 1H-NMR (CDCl3, &/ ppm):
0.96 (6H, s, 2xCH3), 2.19 (2H, s, CH»), 2.46 (2H, s, CH»), 3.64 (1H,d, J=7.3
Hz, CH), 4.43 (1H, d, J = 6.2 Hz, CH), 6.86-8.00 (9H, m, ArH); 13C-NMR: 27.32
(2xCH3), 29.55 (CHy), 31.38 (CH»), 40.23 (OCH3), 63.21 (CH), 71.23 (CH),
128-139.64 (ArC), 152.35 (C=N), 168.25 (C=0). MS (m/z): 348 (M*).
3-(4-Chlorophenyl)-6,6-dimethyl-2-phenyl-2,3,3a,5,6,7-hexahydro-H-inda-
zol-4-one (6b). Yield: 79 %; m.p. 152 °C. Anal. Calcd. for Co1H21N>OCI (FW
352.77): C, 71.38; H, 5.94; N, 7.93 %. Found: C, 71.02; H, 6.23; N, 7.45 %. IR
(KBr, cm1): 1670 (C=0), 1562 (C=N), 1454 (N-N), 627 (C-Cl). IH-NMR
(CDCl3, 6/ ppm): 0.96 (6H, s, 2xCH3), 2.19 (2H, s, CH>), 2.46 (2H, s, CH>),
3.72 (1H, d, J = 7 Hz, C-H), 4.43 (1H, d, J = 6.3 Hz, C-H), 6.86-8.00 (9H, m,
ArH). 13C-NMR: 27.68 (2xCHz), 29.23 (CHjy), 31.65 (CH>), 61.45 (CH), 70.23
(CH), 129.5-139.25 (ArC), 155.35 (C=N), 164.56 (C=0). MS (m/z): 353 (M*).
3-(4-Hydroxyphenyl)-6,6-dimethyl-2-phenyl-2,3,3a,5,6,7-hexahydro-H-inda-
zol-4-one (6¢). Yield: 74 %; m.p. 158 °C. Anal. Calcd. for Co1H2oN202 (FW
334.43): C, 75.44; H, 6.58; N, 8.38 %. Found: C, 74.87; H, 6.24; N, 8.12 %. IR
(KBr, cm™1): 3378 (OH), 1670 (C=0), 1538 (C=N), 1486 (N-N). H-NMR
(CDCl3, 6/ ppm): 0.91 (6H, s, 2xCH3), 2.12 (2H, s, CH>), 2.39 (2H, s, CH>),
3.45 (1H, d, J = 7.1 Hz, C-H), 4.21 (1H, d, J = 6.1 Hz, C-H), 4.58 (1H, s, OH),
6.52-7.193 (9H, m, ArH). 13C-NMR: 28.76 (2xCH3), 29.21 (CH>), 32.16 (CH)),
63.21 (CH), 72.87 (CH), 128.53-138.47 (ArC), 154.48 (C=N), 162.52 (C=0).
3-[(4-Chlorobenzylidene)amino]-5-(4-hydroxybenzylidene)-2-thioxoimida-
zolidin-4-one (4a). Yield: 72 %; m.p. 304 °C. Anal. Calcd. for C17H12N30,SCI
(FW 357.72): C, 57.00; H, 3.35; N, 11.75; S, 8.95 %. Found: C, 56.55; H, 3.62;
N, 11.35; S, 8.85 %. IR (KBr, cm1): 3480 (OH), 3348 (NH), 1705 (C=N), 1311
(C=S), 610 (C-CI). IH-NMR (DMSO-dg, &/ ppm): 4.62 (1H, s, OH), 6.90-7.21
(9H, m, ArH and C-H), 8.25 (1H, s, CH=N), 10.21 (1H, s, NH). 13C-NMR:
129.34-135.34 (ArC and C-H), 155.09 (C=N), 163.24 (C=0), 178.23 (C=S). MS
(m/z): 358 (M*).
3-[(4-Chlorobenzylidene)amino]-5-(4-hydrozbenzylidene)-2-thioxoimidazo-
lidin-4-one (4b). Yield: 79 %; m.p. 320 °C. Anal. Calcd. for C;gH;7N4OSCI (FW
384.78): C, 59.29; H, 4.42; N, 14.56; S, 8.32 %. Found: C, 59.32; H, 4.52; N,
14.22;' S, 8.48 %. IR (KBr, cm1): 3322 (NH), 1735 (C=N), 1348 (C=S), 628 (C-CI).
IH-NMR (DMSO-dg, 6/ ppm): 2.95 (6H, s, N(CH3),), 7.12-7.77 (9H, m, ArH
and C-H), 8.45 (1H, s, CH=N), 11.80 (1H, s, NH). 13C-NMR: 32.34 (N(CH3)»),
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128-135.48 (ArC and C-H), 155.55 (C=N), 166.28 (C=0), 178.87 (C=S). MS
(m/z): 385 (M*).
3-[(4-Chlorobenzylidene)amino]-5-(4-methoxybenzylidene)-2-thioxoimida-
zolidin-4-one (4c). Yield: 74 %; m.p. 300 °C. Anal. Calcd. for C1gH14N302SCI
(FW 371.74): C, 58.14; H, 3.76; N, 11.3; S, 8.60 %. Found: C, 58.24; H, 3.52; N,
11.52; S, 8.52 %. IR (KBr, cm=1): 3295 (NH), 1680 (C=N), 1286 (C=S), 638 (C-CI).
IH-NMR (DMSO-dg, 6/ ppm): 3.98 (3H, s, OCHs), 6.79-7.58 (9H, m, ArH and
C-H), 8.25 (1H, s, CH=N), 9.84 (1H, s, NH). 13C-NMR: 34.43 (OCHg), 128-
-135.5 (ArC and C-H), 156.25 (C=N), 163.24 (C=0), 179.34 (C=S).
6-[(4-Chlorobenzylidene)amino]-3-(4-hydroxyphenyl)-3a,4-dihydro-3H,6H-
-imidazo[4,5-c]isoxazole-5-thione (7a). Yield: 56 %; m.p. 258 °C. Anal. Calcd.
for C17H13N40,SCI (FW 372.73): C, 54.76; H, 3.42; N, 15.03; S, 8.52 %.
Found: C, 54.35; H, 3.52; N, 14.85; S, 8.38 %. IR (KBr, cm~1): 3442 (OH), 3337
(NH), 1715 (C=N), 1220 (-C-O-N-), 1341 (C=S), 620 (C-Cl). 1H-NMR
(DMSO-dg, 6/ ppm): 3.70 (1H, d, J = 6.3 Hz, CH), 4.23 (1H, d, J = 6.8 Hz, C4-H
of isoxazole), 4.34 (1H, s, OH), 6.90-7.75 (8H, m, ArH), 8.25 (1H, s, CH=N),
10.13 (1H, s, NH). 13C-NMR: 62.23 (CH), 72.23 (CH), 129-136 (ArC), 155.09
and 158.23 (2xC=N), 179.43 (C=S). MS (m/z): 373 (M™).
6-[(4-Chlorobenzylidene)amino]-3-[4-(dimethylamino)phenyl]-3a,4-dihyd-
ro-3H,6H-imidazo[4,5-c]isoxazole-5-thione (7b). Yield: 59 %; m.p. 275 °C.
Anal. Calcd. for C1gH1gNsOSCI (FW 399.79): C, 59.45; H, 4.69; N, 18.25; S,
8.34 %. Found: C, 59.32; H, 4.74; N, 18.42, S, 8.38 %. IR (KBr, cm™1): 3242
(NH), 1675 (C=N), 1321 (C=S), 1240 (-C-0O-N-), 620 (C-Cl). IH-NMR
(DMSO-dg, o/ ppm): 2.90 (6H, s, N(CH3)»), 3.92 (1H, d, J = 6.0 Hz, CH), 4.32
(1H, d, J = 6.6 Hz, C4—H of isoxazole), 6.91-7.98 (8H, m, ArH), 8.22 (1H, s,
CH=N), 11.92 (1H, s, NH). 13C-NMR: 30.23 (N(CH3)>), 61.23 (CH), 71.45
(CH), 129-136 (ArC), 155.09 and 157.65 (2xC=N), 181.11 (C=S). MS (m/z):
400 (M™).
6-[4-Chlorobezylidene)amino]-3-(4-methoxyphenyl)-3a,4-dihydro-3H,6H-
-imidazo[4,5-c]isoxazole-5-thione (7c). Yield: 62 %; m.p. 276 °C. Anal. Calcd.
for C18H15N40,SCl (FW 386.44): C, 55.74; H, 3.88; N, 14.48; S, 8.27 %.
Found: C, 55.83; H, 3.68; N, 14.52; S, 8.63 %. IR (KBr, cm=1): 3322 (NH), 1662
(C=N), 1342 (C=S), 1263 (-C-O-N-), 626 (C-CI). 1H-NMR (DMSO-dg, 5/ ppm):
3.73 (1H, d, J = 6.3 Hz, CH), 3.96 (3H, s, OCH3), 4.32 (1H, d, J = 7.0 Hz, C4—H
of isoxazole), 6.79-7.58 (8H, m, ArH), 8.00 (1H, s, CH=N), 10.22 (1H, s, NH).
13C-NMR: 31.54 (OCHg), 63.43 (CH), 72.45 (CH), 127.67-135.56 (ArC),
153.21 and 156.08 (2xC=N), 184.76 (C=S).
6-[(4-Chlorobenzylidene)amino]-3-(4-hydroxyphenyl)-2-phenyl-2,3,3a,4-tet-
rahydro-6H-imidazo[4,5-c]-pyrazole-5-thione (8a). Yield: 64 %; m.p. 156 °C.
Anal. Calcd. for Co3H1gNsOSCI (FW 447.68): C, 61.60; H, 4.02; N, 15.62; S,
7.14 %. Found: C, 61.25; H, 4.21; N, 15.24; S, 6.89 %. IR (KBr, cm-1): 3456
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(OH), 3127 (NH), 1584 (C=N), 1442 (N-N), 1344 (C=S) 624 (C-CI). 1H-NMR
(DMSO-dg, 6/ ppm): 3.59 (1H, d, J = 6.3 Hz, CH), 4.34 (1H, d, J = 7.0 Hz, C4-H
of pyrazole), 5.75 (1H, s, OH), 6.90-7.42 (13H, m, ArH), 8.35 (1H, s, CH=N),
10.3 (1H, s, NH). 13C-NMR: 63.23 (CH), 72.54 (CH), 128.23-136.43 (ArC),
155.09 and 153.12 (2xC=N), 182.54 (C=S). MS (m/z): 448 (M™).

6-[(4-Chlorobenyzlidene)amino]-3-p4-dimethylamino)phenyl]-2-phenyl-
-2,3,3a,4-tetrahydro-6H-imidazo[4,5-c]pyrazole-5-thione (8b). Yield: 64 %; m.p.
142 °C. Anal. Calcd. for Co5H23NgSCI (FW 474.92: C, 63.22; H, 4.84; N, 17.70;
S, 6.74 %. Found: C, 63.11; H, 4.64; N, 17.54; S, 6.34 %. IR (KBr, cm~1): 3124
(NH), 1564 (C=N), 1452 (N=N), 1422 (N-N),1324 (C=S), 638 (C-Cl). IH-NMR
(DMSO-dg, o/ ppm): 2.84 (6H, s, N(CH3)»), 3.54 (1H, d, J = 6.2 Hz, CH), 4.34
(1H, d, J = 7.3 Hz, C4—H of pyrazole), 6.90-7.42 (13H, m, ArH), 8.25 (1H, s,
CH=N), 10.42 (1H, s, NH). 13C-NMR: 31.23 (N(CH3),), 62.43 (CH), 73.34
(CH), 128.32-135.65 (ArC), 152.45 and 156.11 (2xC=N), 180.23 (C=S). MS
(m/2): 475 (M™).

6-[(4-Chlorobenzylidene)amino]-3-(4-methoxyphenyl)-2-phenyl-2,3,3a,4-tet-
rahydro-6H-imidazo[4,5-c]-pyrazole-5-thione (8c). Yield: 68 %; m.p. 164 °C.
Anal. Calcd. for CogHpgN5OSCI (FW 451.86): C, 66.4; H, 4.33; N, 15.16; S,
6.93 %. Found: C, 66.24; H, 4.53; N, 15.23; S, 6.63 %; IR (KBr, cm™1): 3193
(NH), 1538 (C=N), 1444 (N=N), 1417 (N-N), 1351 (C=S), 623 (C-CI). IH-NMR
(DMSO-dg, o/ ppm): 3.76 (1H, d, J = 6.8 Hz, CH), 3.90 (3H, s, OCH3), 4.43
(1H, d, J = 7.3 Hz, C4-H of pyrazole), 6.8-7.7 (13H, m, ArH), 8.23 (1H, s,
CH=N), 10.72 (1H, s, NH). 13C-NMR: 34.23 (OCHjs), 63.23 (CH), 72.56 (CH),
129-136 (ArC), 152.21 and 155.23 (2xC=N), 179.57 (C=S).

Antibacterial activity

The newly synthesized compounds (5-8) were screened for their antibacte-
rial activity against Escherichia coli (ATCC-25922), Staphyllococcus aureus
(ATCC-27853), Corynebacterium diphtheriae and Proteus aeruginosa (recultu-
red) bacterial strains by the disc diffusion method.1® The activity of the tested
compounds and that of the standard drug, ampicillin, are reported in Table |
together with their estimated partition coefficients (log P).20

EXPERIMENTAL
Chemistry

All chemicals were supplied by E. Merck (Germany) and S. D. Fine Chemicals (India).
The melting points of the synthesized compounds were determined in open capillary tubes
using a Veego VMP-1 melting point apparatus and are expressed in °C and uncorrected. The
purity of the compounds was monitored by thin layer chromatography on silica gel coated
aluminum plates (Merck) as adsorbent and UV light as the visualizing agent. The IR spectra in
KBr pellets were recorded on a Perkin—Elmer spectrophotometer in the range of 4000-400
cmL. The H-NMR spectra were recorded on a Brucker Avance 500 MHz NMR spectrometer
from International Equipment Trading Ltd., using CDCl; or DMSO-dg as the solvent and

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

2009 Copyright (CC) SCS



1226 DABHOLKAR and ANSARI

TABLE I. Antibacterial activity of compounds 5-8
Zone of inhibition / mm

Compound Gram-positive Gram-negative log P
S. aureus C. diphtheriae E. coli P. aeruginosa

5a 16 10 8 8 3.20
5b 13 12 9 9 3.96
5c 12 11 10 10 3.06
6a 21 10 9 9 4.77
6b 17 12 10 10 5.53
6c 12 18 9 9 4.62
7a 10 14 8 8 4.09
7b 21 17 11 11 4.50
7c 14 20 10 10 4.28
8a 13 16 9 9 5.66
8b 20 18 9 9 6.07
8c 16 15 10 10 5.81
DMSO - - - - -

Ampicillin 26 23 32 32 -

TMS as the internal standard. The mass spectra were taken on a Jeol SX-102/PA-6000 (EI)
spectrometer. C,H,N estimation was realized on a Carlo Erba 1108 (CHN) elemental analyser.
Preparation of 2-arylidene-5,5-dimethylcyclohexane-1,3-dione (3a—c)

A mixture of 5,5-dimethylcyclohexane-1,3-dione (1) (1.41 mg, 0.010 mol), a substituted
aromatic aldehyde (0.010 mol) and KOH (0.0050 mol) in ethanol (8.0 mL) was refluxed for 3
h. After monitoring the reaction by TLC, the reaction mixture was cooled to room tempe-
rature, poured onto ice, filtered and recrystallized from ethanol.

General procedure for the synthesis of 5-arylidene-3-[(4-chlorobenzylidene)amino]-2-thioxo-
imidazolidin-4-one (4a—c)

A mixture of 3-[(4-chlorobenzylidene)amino]-2-thioxoimidazolidin-4-one (2) (0.010
mol), an aromatic aldehyde (0.010 mol) and piperidine (0.0050 mol) was fused at 120-130 °C
for 2 h. The reaction mixture was cooled and acidified with 2 M hydrochloride acid. The
crude product was filtered off, washed with water, dried and purified by recrystallization from
acetic acid.

General procedure for the synthesis of 6,6-dimethyl-3-(substituted phenyl)-3,3a,6,7-tetrahydro-
-5H-2,1-benzisoxazol-4-one (5a—c)

An equimolar mixture of 3 (0.010 mol) and hydroxylamine hydrochloride (0.010 mol) in
(8.0 mL) glacial acetic acid was refluxed for 8 h after which the reaction mixture was
concentrated and cooled. The formed crystals were filtered, washed with petroleum ether and
recrystallized from ethanol.

General procedure for the synthesis of 3-(substituted phenyl)-6,6-dimethyl-2-phenyl-
-2,3,3a,5,6,7-hexahydro-4H-indazol-4-one (6a—c)

A mixture of compound 3 (0.010 mol), phenylhydrazine (0.010 mol) and KOH (0.010
mol) in (8.0 mL) ethanol was refluxed for 3 h. The concentrated reaction mixture was poured
onto ice and acidified with 2 M HCI. The resultant solid was filtered, dried and recrystallized
from ethanol.
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General procedure for the synthesis of 6-{[(4-chlorobenzylidene]amino]-3-(substituted
phenyl)-3a,4-dihydro-3H,6H-imidazo[4,5-c]isoxazole-5-thione (7a—c)

A mixture of compound 4 (0.010 mol) and hydroxylamine hydrochloride (0.030 mol) in
(8.0 mL) glacial acetic acid was refluxed for 9 h after which the reaction mixture was
concentrated and cooled. The formed crystals were filtered, washed with petroleum ether and
ethyl acetate.

General procedure for the synthesis of 6-[(4-chlorobenzylidene)amino-2-phenyl-3-
substitutedphenyl)2,3,3a,4-tetrahydro-6H-imidazo[4,5-c]pyrazole-5-thione (8a—c)

A mixture of compound 4 (0.010 mol), phenylhydrazine (0.030 mol) and KOH (0.0050
mol) in (8.0 mL) ethanol was refluxed for 5 h. The concentrated reaction mixture was poured
onto ice and acidified with 2 M HCI. The resultant solid was filtered, dried and recrystallized
from glacial acidic acid.

Antibacterial testing

The newly synthesized compounds (5(a—c)-8(a—c)) were screened for their antibacterial
activity against Escherichia coli (ATCC-25922), Staphyllococcus aureus (ATCC-27853), Co-
rynebacterium diphtheriae and Proteus aeruginosa (recultured) bacterial strains by the disc
diffusion method.1® The discs (6 mm) were prepared from Whatman filter paper and used
after autoclaving at 121 psi for 15 min and drying in a hot air oven. Bacterial inocula
equivalent to the 0.5 McFarland turbidity standard were prepared in normal saline and
subsequently diluted. The compounds were dissolved in DMSO and tested at a concentration
of 250 pg/ml. The zone of inhibition after 16-18 h incubation was measured in mm and the
potency was compared with the standard drug ampicillin trihydrate.

CONCLUSIONS

A number of isoxazole and pyrazole derivatives (5-8) were prepared and
evaluated for their in vitro antibacterial activity.19 The partition coefficients20 of
the compounds were estimated. All the tested compounds were found to be ideal
drug candidates, except for a few which had log P value above the requirement,
which specifies that an ideal drug candidate should have a log P value in the
range -0.5 to +5.0,21 or should be less than 4.5 as calculated by Moriguchi me-
thod.22 Although the compound 6a, 7b, 8b and 8c showed good inhibition acti-
vity towards Gram-positive bacteria, i.e. S. aureus and C. diphtheriae, their inhi-
bition potency was not in linear correlation with their log P values. Thus, it may
be concluded that besides lipophilicity, electronic and steric effects may be in-
fluencing the activity. The compounds 8a—c, having high log P values, may cause
absorption and distribution problems. Hence, for further development, com-
pounds having lower estimated log P values should be prepared.
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U3BOA

CHUHTE3A U KAPAKTEPU3AIIMJA OJABPAHNX KOHAEH30BAHUX M30KCA30OJICKNX
N TIMPA30JICKUX NEPUBATA U Bb(UXOBA AHTUMUKPOBHA AKTUBHOCT

VIJAY V. DABHOLKAR u FAISAL Y. ANSARI

Organic Research Laboratory, Department of Chemistry, K.C. College, Dinshaw Wachha Road,
Churchgate, Mumbai-400 020, India

HoBH NOTEHTHH aHTHOAKTEPHIMAN, KOHICH30BAaHH M30KCA30JICKA M MHPA30JICKH [CPUBATH,
no6ujenu cy u3 5,5-numernniuknoxekcan-1,3-nuona (1) u 3-[(4-x10pobeH3MIMACH)aMIHO]-2-TH-
okconmuaazouauH-4-ona (2) kao cunrona. Konjenszanujom apomarnunux anjgexuaa ca 1 wim 2
rpajze ce 2-apununaeH-5,5-mumernnimkinoxekcan-1,3-1uon (3), ogHocHo 5-apuiuaen-3-[(4-xmopo-
OCH3MITH/ICH)aMHHO] -2-THOKCOMMHIa30 U IHH-4-0H (4). XeTepoLuKiIn3anijoM jeaumema 3 u 4 y
MPUCYCTBY HYKJICOQHIHUX peareHaca 100ujajy ce nomeHyTa jenumema (5-8). HoBocunTeTHCAHM
XETEPOLMKIN Cy OKapaKTepPUCAHH HAa OCHOBY XEMHUjCKHUX OCOOHMHA M CIIEKTPOCKOIICKHX MOJaTaKa.
Jenumemwa 5-8 nnxubupajy S. aureus u C. diphtheriae.

(Mpumsbeno 4. jyna 2008, peenaupano 28. maja 2009)
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Seasonal variations in the leaf surface composition of
field grown grapevine plants
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Abstract: The leaf surface is the first barrier of grapevine plants towards va-
rious environmental stressors causing damage in vineyards. For this reason,
identification of leaf surface metabolites in grapevine and their putative role in
plant-environment interactions is important for viticulture. In this study, the
leaf surface components of 16 grapevine plants (Vitis vinifera) growing in an
experimental vineyard were analyzed in two consecutive seasons — the summer
and the autumn of 2007. Forty-eight individual metabolites typical of the cuti-
cular plant wax were identified by gas chromatography—mass spectrometry (GC-
—MS). They belonged to the following groups of compounds: hydrocarbons,
sterols, terpenes, free and esterified fatty acids, alcohols, aldehydes and keto-
nes. The metabolic profiles of the summer and the autumn samples were statis-
tically different (P < 0.05), which was mainly attributed to the specific insects
present in the two seasons and to the adaptation of the grapevine to lower tem-
peratures.

Keywords: GC-MS; leaf surface metabolites; seasonal variations; Vitis vinifera.

INTRODUCTION

The leaf surface of grapevine (Vitis vinifera L.) is rich in metabolites and
constitutes the first line of defense towards various biotic and abiotic stressors.
The individual components identified to date belong to the classes of terpenoids,
steroids, free and esterified fatty acids and heterocyclic compounds.! Their qua-
litative and quantitative composition varies from one grapevine to another de-
pending on age, breeding conditions, season, etc.2:3 The study of these variations
is an important task because it can have implications for a better understanding
and manipulation of the biochemical processes related to the adaptability of gra-
pevines. Furthermore, there is an increasing demand for the development of
grapevine varieties with increased disease resistance and stress tolerance.4

* Corresponding author. E-mail: danibat@orgchm.bas.bg
doi: 10.2298/JSC0911229B
1229
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Recently, the first, to the best of our knowledge, investigation of the seasonal
variations of the leaf surface composition of grapevine seedlings was conducted.3
The obtained metabolic profiles of summer samples included terpenes, sterols,
fatty acids and heterocyclic compounds. Most of the components underwent
alteration in autumn. For example, the sterol and fatty acid contents decreased,
mono- and diterpenoids and the heterocyclic compounds were missing, while
hydrocarbons and alcohols appeared. The observed variations proceeded under
conditions of reduced environmental impact because the plants were grown in a
greenhouse. Extending such an investigation to grapevines growing in open
fields could provide interesting data for their adaptability to various environ-
mental factors.

In this study, attention was focused on 16 grapevine plants growing in an
experimental field. Their acetone extracted leaf surface components were readily
obtained and analyzed by GC-MS in the summer and in the autumn of 2007. The
GC-MS analysis did not give exact quantitative data because the ion current
generated depended on the characteristics of the investigated compounds and
hence was not a true quantification. However, this method provides valuable data
that can be used for comparison between the same compounds as well as for de-
termination of structural diversity. Using this approach statistically significant
seasonal differences were observed for the leaf surface compositions of the in-
vestigated grapevine plants. The results are discussed in the light of the possible
biological functions of the respective components on the grapevine leaf surface.

EXPERIMENTAL
Plant material

Fresh and apparently healthy leaves were collected once from 16 grapevine plants, in a
totally randomized design, in the summer (June) and the autumn (September) of 2007. The
samples were stored at —20 °C until extraction. The plants were two-year-old seedlings origin-
nating from the self-pollination of the Bulgarian wine-making variety Storgozia. They were
grown in an experimental vineyard of the Institute for Agriculture and Seed Science, located
near the town of Rousse, Bulgaria. The studied grapevine seedlings were spaced 1.20 m be-
tween plants and 3.5 m between rows with dripper irrigation. The original plant material is
deposited in the grapevine collection of the institute.

Sample preparation

On the day of their collection, the leaves were transported in a cooler bag to the Institute
of Organic Chemistry in Sofia and immediately elaborated as previously described.! Briefly,
the fresh leaves of each seedling (around 1.0 g) were dipped one by one into acetone (40 mL)
for not more than one minute. The resulting extracts were filtrated, evaporated to dryness and
analyzed by GC-MS. The yields in % of fresh weight were as follows: 0.1-3.4 %, mean value
0.6+0.8 %, for the summer samples and 0.2-0.8 %, mean value 0.4+0.2 %, for the autumn
samples.
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GC-MS analysis of the leaf surface components

The analysis was performed using a Hewlett Packard 6890 GC System Plus MS 5973
(Hewlett Packard, Palo Alto, CA, USA) equipped with a capillary column HP5-MS (30 cm,
0.25 mm, 0.25 pum film thickness, Agilent Technology, USA). The carrier gas was helium at a
flow rate of 0.8 mL/min. The temperature program was 100-300 °C (10 min isotherm) at
5°/min. The method of electron-impact ionization was applied. The ion source was set at 230
°C and the ionization voltage was 70 eV.

Identification of compounds

The GC-MS identification was based on the interpretation of the mass spectral fragmen-
tation, followed by comparisons of the spectra obtained with those of authentic samples. Com-
puter searches in a HP Mass Spectral Library NIST98 (Hewlett Packard, Palo Alto, CA, USA)
were also applied. When the spectra of some isomers were similar and they could not be iden-
tified unambiguously, comparisons of the GC retention times obtained under the same condi-
tions were used. When there were no suitable authentic samples and/or spectra for compa-
rison, no identification was proposed.

Statistical analysis

The statistical differences between the chemical compositions of the summer and the
autumn samples were calculated using the nonparametric, Wilcoxon matched pairs test. Sta-
tistically significant values of P < 0.05 were accepted.

RESULTS AND DISCUSSION

Surface layers of fresh leaves collected from 16 grapevine plants were ob-
tained in the summer and in the autumn of 2007 and analyzed by GC-MS (see
Experimental).

In total, 48 individual metabolites were identified (Tables I and II). To-
gether, they outlined a typical profile of leaf cuticular wax of higher plants,
which is a mixture of mainly long-chain aliphatic hydrocarbons, fatty acids, alco-
hols, ketones and aldehydes.> These are hydrophobic compounds that form a pro-
tective layer on the interface between the leaves and environment. The grapevine
plants were grown in an open field and were exposed to the effects of various
environmental factors. For this reason, their acetone extracted leaf surface meta-
bolites were totally different from those obtained from a previous investigation of
greenhouse grown grapevines.3

The summer and the autumn samples showed statistically significant diffe-
rences in the total hydrocarbons, sterols, terpenoids, free fatty acids, alcohols,
aldehydes and ketones present (Table I11). This was also true for 36 of the
identified individual compounds, which is evidence for presence of substantial
seasonal variations. The seasonal ratios and possible functions of the compounds
showing statistically significant variation are also presented in Table Il and are
discussed below.

Hydrocarbons were present predominantly in the summer samples. They
were entirely n-alkanes with chains ranging in length from 18 to 31 carbons.
Long chain hydrocarbons normally occur over areas of plants exposed to the air.

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

2009 Copyright (CC) SCS

&

OSHE)

EY HMC HD



BATOVSKA, TODOROVA and POPOV

1232

opio
-p-ueosperdoyiAy)

- €0 0 S0 70 10> - g0 10> - T0 6'1 - 1'0> - L0 -owenal-orzI‘sy
auo-z-ueoapeiuad

- L0 20 o 10> T0> - 9°0 L0 - - - - €0 - S0 -TAPPWHI-HI0T9
- YL O LEl 9T s €6 8t ¢C ¢S 9°¢ g6l 6 TSI €9 6¢T 0¢ [oadn
- I'o> ¢¢ 61 ¥z 10> 07T 1A% I'l LTl 9T I'o> 10> TS 4! 6’1 sunfwry-g
- - - - - - - - - o> L1 LT - - T - [oroydosop-¢
- $¥88 9911 ¢¢ 6'L ¢6 89 08 €L €Ll 8TC S0 TSI 811 €91 I8 souadiaj
- 1 70 0'¢ 81 - (4! 60 80 'l L0 € 10> 0¥y T1T0> €1 QUBJUODBLINUSH
- 8L 8¢ 661 96 0T 1’6 99 9'9 1'01 Ly 091 I'9 80¢ 691 T8 SULBSOIBUON
6 £e 6'C L I't e 1Y 94 e 8t 1'C 79 ¥'e €6 S0l T9 suesoor)doy
6'1 81 e 81 I'l |4 (4! L'l 60 61 ¢l L'l 91 07 11 I'1 AUES0IRIUSJ
70 80 9'0 80 90 L0 0 £0 01 L0 €0 80 €0 S0 10> 80 QUES0deIR],
70 90 L0 L0 S0 'l S0 S0 60 9°0 0 L0 S0 60 T0> 90 SQUBSOOLL],
€0 S0 €0 €0 ¥0 10> ¥0 €0 S0 o ¢0 10> ¢€0 0 10> 10> QUESOX0(J
0> €0 o 10> $¥0 10> €0 70 90 0 €0 10> +v0 10> 10> €S0 SUESOOIUIH
9°0 €l 9°0 L0 80 €1 9°0 60 €1 01 L0 80 80 0 g0 I'1 uesoorq
- o> 27¢0 10> TO 10> 10> T0> €0 1'0> - - - - - - SUEBIIPBUON
- o> 10 - 20 10> T1T0> 10> 10> 10> - - - - - - SuUBdIPLIO
8CTL 8LT &SI ¥ve L61 +OI 061 191 191 60C 801 €§8C +vel I8 06T 86l suoqiva0ipdry
91 Sl 14! €1 4! 11 0l 6 8 L 9 S ¥ € 4 I syuouodurod
el J1j0qRIoW 90B1ING

(3u211nd UOI 18101 Y3 JO 94) £00T JO JISWWINS 3y} UL PAJI[[02 S2AL9] autaaderd Jo syusuodwiod 2ovIns ay) 10J elep SWN—DO ‘1 4 19V.L

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

(9
O
(V)
-~
)
O
N—
+
Ny
iSy
o
>
Q.
)
O
(o))
()
S
N



1233

SEASONAL VARIATIONS IN GRAPEVINE LEAF SURFACE

QUOIpaULIUOD

- ro> 10> 0> 10> 10> ¢TI ¢TI €¢ +T €1 TE& 10> 10> ¥ LI -BHIUOH-9Tp |
auo-¢

80 S0 90 SO SO 10> 90 10> 10> 10> T0> 10> 10> 10> 10> 10> -usad-g-[Kpen-p
80 S0 90 SO S§O 10> 81 TI €T ¥T €1 TE 10> 10> 1 L] sauoy
- ro> TO - €0 T0> 10> T0> I0> 10> - - - - - - [OUBIOPEXSF]
o> 0 €0 10> S0 10> €0 €0 S0 10> €0 10> T0> — 10> - JOuedOPEIRL
o> 0 S0 10> 80 10> €0 €0 S0 10> €0 10> 10> — 10> s10403]y
o> 0T 0 90 S0 10> L0 90 60 90 90 10> 90 S0 10> 80 2eIKngost[KoQ
3jeoU

g€ 1 L0 - so - T UT ro>- §I 80 L1 - - €7 —  -odpend) [KypnN
8€1 T I'T 90 01 10> 8T LI 60 1T I L1 90 S0 €T 80 S421SH
- - - - Tre> 0l ¥0 - ¥I - 10> - - - —  —  PpOBOIOUEIIPEQ
90 ¥1 1T €I §T 91 T 60 ST L0 LT 80 TIT ST 80 [T PIO¥OIOUBOIPEX3[]
- To> v0 S0 90 T10> S0 T0> 90 To> S0 - - - - PIoT O10UBIIPENIL,
90 ¥I1 §T 81 1T 97 It 60 §¢ L0 TT 80 Il ST 80 IT spiov .
91 st pl €12l 11 0l 6 8 L 9 S v € T 1 suauodwos
el J1j0qRIoW 90B1ING

panunuol THITIVL

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

(9
O
(V)
-~
)
O
N—
+
Ny
iSy
o
>
Q.
)
O
(o))
()
S
N



BATOVSKA, TODOROVA and POPOV

1234

op1jo-
-p-ueospeldoy[Ay)

L0 - - - 0 - 60 ¥l 9°0 90 €0 - 90 - ¥l I'T -oWwendL-91CI 8y
€S LS8 €S89 TvE €S89 6IS S99 L9l TES SPYC S8 TIL ¥¥8 €ST 0SF 67T Joadny
goe 81 9L Ovl S¥l SO0l 671 ¥Sst €F LeE 67 0C 0C ¢¢r 9T 60 sunAury-f
[ard 0 1o 0c €0 - - - 01 - Lo 01 174\ 80 'l §o [oroydoso] -v
(1owosy)

90 10> - - 1o - [ 90 0 €0 S0 90 0 Lo $o - suarpeiAydoaN
I'1 o - (40 €0 - 90 0 0 S0 90 €1 0 0 €0 - suatpeIfydoaN
'l - - - - - 0 - 0 S0 €0 €0 1I'0 - - - susurdia] -4
¢19 8L8 T9L ¥O0S I8 +¥T9 €79 S+vS €09 109 868 ¥F9L 6L8 ¢€0L 605 +'¢ sauadia]
L0 0 £0 L1 L1 - - I'c €1 0T 01 o> ¢0 ¥l 80 90 [010)S0)S
L0 0 £0 L'l L'l - - I'c €1 0T 01 o> ¢90 ¥l 80 90 sjo4218
Le S0 - 6L - - 01 - L1 4 90 'L L0 s 11 80 QUBJUODBLIUSH
- - 70 - £0 - - - 0 - - 1 - 60 90 90 QUBIUOOBLI],

'l 01 80 Cl S0 61 I'C T 60 80 90 €1 L0 'l vl 80 QUBSOJIBUON
- g0 89 01 - €1l 't 6’1 7’0 0 - o> ¢0 €1 €0 61 aues0dLIO

e 8’1 €T 07c 80 L'y e I'é6 €1 I'c 90 ¥l 60 £€C 91 71 suesooeydoy
6'C 't $'C 91 01 (4% L'y L'L 91 61 L0 80 €1 ¢l 8’1 80 CL NV ER |
60 S0 ¥o ¥l I'o L'l 0T T 9°0 01 0 ¥'0 S0 ¥l 60 (1 uesodena],
Lo €0 €0 80 0 [ 81 81l 90 L0 €0 0 €0 90 01 11 QUBSOOLL],
- ro- 10 ¢0 1o - g0 €0 0 0 1o - 1°0 0 TO €0 2UBSO20(

- ro- 1o 10> - - ¥yo 10> T0 - - - 10 10> T0 - QUBSOJRUSH

- - - 1'0> - - 0 €0 10> - - - - €0 0 - JuesodIg

- - - - - - - - - S0 - - - - 10 - SUBIOPBUON

STl LS L€l $91 ¢e€  0SIL 691 6SC 6L 001 ¢e  0¢l 6 O0SI +v6 L8 SUOQDIOLPAR]
91 Sl 14! el 4! 11 01 6 8 L 9 S 14 £ C 1 sjusuoduwiod
we[d oT[0qRIOW J0BJINS

(Jus1Ind UoT [230} AY1 JO %) (T JO UWNINE 3} UI PA1od[[09 saAed] aulaadesd jo sjusuoduwos aoeins 9y 10§ v1ep SIN-DO 11 T19V.L

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

(9
O
(729
-~
)
O
N—
—
Ny
iSy
o
>
Q.
o
O
(o))
()
S
N



1235

SEASONAL VARIATIONS IN GRAPEVINE LEAF SURFACE

SUOIPUE)UOD
o> I 90 81 gL 10> €1 10> €1 | g0 0T 81 10> €0 ¥0 “BLNUOH-9[ [
o> ¢0 1o - (44 - Lo 81 €0 90 - - 0 - 0 - ououesosBIIod
ro- ¢o 70 +¢0 - ro- o L1 Y0 L0 - - - Lo vo - SUOUBISPEUON
90 1o - (A - Yo L0 90 ¥I 0 90 €0 €0 €8 - SuouBISpEIUS]

(1owost) suo-

-z-ung-¢ (J4-1-

ST - - - - - €0 - (4! ¥0 TO0 - - - - - -UdXAYO[OAD-€)-
Juo-

-g-uamng-¢-(14-1-

Sy - - - 0 - 60 - [ | S0 80 o - - - -UaXYOPIAD-€)-t
Juouayd

¥l ¥0 - - S0 - Lo 01 TO0> ST €0 80 90 - o0 10> -0J00RIAIN-f
08 <¢¢ 60 ¥C tvT 10> SvY TS 6F e L1 yr 0¢ 01 96 t0 sauojay
91 0 I'o S0 90 - 4! 90 - S0 10 - o ¢o 20 o [euad9puf) -
S0 - - - €0 - o> 10> - 0 - - ro - 44 - Jeu99(J-T
4! (4] - - €0 60 L0 90 ¥0 ¢TI €0 80 ¥0 - o o feuessq
1 Te> - o> 10 - Io- 10> 10> +0 710> T0> 10> T0> 10 10> [eUeUON
- 20 - - 4 - o> - - vo - - - - - - [euusd-¢
SY 90 o 60 L1 60 61 (4! yo 0¢ ¥0 80 90 €0 90 TO sapdyoply
ojeou

o> - €0 L0 - - Lo I'c ¢0 +¥0 - - o 60 90 - -es00B19) JAPON
- - - - - - - - - - - - 70 - L1 - 0180UBSO0912 AYION
- - - - - - - - - - - - - v0 80 - apeafoul] [Apg
2)eoU

o= 10> - - 1o - - g0 T0> TO - 0 S0 - Lt - -eoopexay [AIA
o= 10> €0 L0 o - L0 9T €0 90 - y0 80 ¢ 89 - S421SH
91 S1 14! el Cl 11 01 6 8 L 9 S 14 £ C ! sjusuoduiod
juerg OT[0QBIOTI DOBJING

penunuoy ‘I1 A1 V.L

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

(9
O
(V)
-~
)
O
N—
+
Ny
iSy
o
>
Q.
)
O
(o))
()
S
N



BATOVSKA, TODOROVA and POPOV

1236

suaoyed yuerd - + 00+0°0 p1oe d10ued3pEeIdO
1surede asuajap ‘voneIISIP - + ¥000°0 PIoe OI0UBd9PEXSH
Jo uonusaaid ‘soueiquiowt - + 0500°0 PpIoe d10UBIIPRII],
1195 Jo SuruoyiSuons - + ¥000°0 sp1oe Aneq
- + 08000 9UO--0ue0dpeuddAYIOUILL-H 1019
e + $000°0 [oadnT
N + 00£0°0 ouLAwry-¢g
+ - 02000 Joxeydooo] -»
+ - 0200°0 (1owost) suarpeifydoaN
suonouny suowotoyd + - 01000 suorpeisydoan
sry1oads yo Suike[dsip ‘ssomns + - 00200 ousurdiay -4
SATIEPIXO JSUIeSe uo10a101d NI + S000°0 souadiag,
uwmne ur sasnjeraduis) 1emof
0} saueIqUIAW [[99 Jo uondepy + - 01000 [0I21S0US S[0121S
+ - 00200 QuBRIUOORLI],
RISTVR VIS + 9000°0 SUBSOORUON
+ - 01000 2UBS00E)O()
+ ++ 0S00°0 ouesooeydo
+ +H++ 09000 SUESOJISUSH
suonouny suoworoyd + SR I $000°0 oueS00Ig
onyroads Jo urkerdsip - + 00100 AUBIIPEIOO
‘UOT)BIOISAP JO UOTIUIARI] + e+ 0r00°0 Su0QIe00IpAH
uumny Jowuung . SUONBLIBA sjusuodwos
9ovJans Jea[ suraddeIsd o d “9ouBdyTU3IS e
syuouoduwos 9oeyIns [euoseas JuedyIusIs A[[eonsne)s o0eJIns Jed[ Jo

uo uonouny [es13o[orq 3[qIssoq

Jed1 9y Jo doueaeddde [euoseag

Teansners

Surmoys sjuouodwios [enprArpuy sdnoad urejy

£00Z JO UWINE JY) PUE JSWIWINS

oy} ur paa1osqo ‘syued ourasdeid umoid proy 91 Jo uonisodwod A0BLINS JEd] O} UI SUOLIBLIBA [BUOSEIS JuBolIuUSIs A[[eonsnels 111 I19dV.L

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

(9
O
(V)
-~
)
O
N—
+
Ny
iSy
o
>
Q.
)
O
(o))
()
S
N



1237

SEASONAL VARIATIONS IN GRAPEVINE LEAF SURFACE

UOTJBLIBA [BUOSEIS JUBdIIUSIS A[[eo1Isne)s noyym spunoduios soejins jo dnois urew AJuo
Mg {O)[0gRISW JqR[IBAE JO JIUM SUO 0) SIPAI  +,, [OqUIAS dUO (A[oAndadsal ‘sojdwes oy ul 9)1[0qRISW d1) JO IUISQR PUB 50UdSAId dY} MOUS ,,—,, PUB  +,, SJOQUIAS Y[,

+ — 05S00°0 QUOUEBSOOBIUS ]
+ - 0€00°0 QUOUEBOIPRUON
+ - 0100°0 suouesapeRIUdg
(owosT)
+ - 00%0°0 oU0-Z-UdINg-¢-(JA-1-USXYO[IAD-€)-t
+ - 0T10°0 QU0-Z-UdINg-¢-(JA-1-USXYO[IAD-€)-t
+ - 02000 suousydojooe] AYIOIN
suonouny suowooyd - + +000°0 ouo-z-usyuad-¢-[AYION -1
oyroads jo Juikerdsi(y et + 02000 SOU0YY
+ - 01000 [euadepur]
suonouny ououwrosyd + — 0S00°0 [eus99(J-g
onyroads Jo uikerdsip + - 010070 reueda(q
‘wonouny [eugts ‘suafoyied + - 010070 [euBUON
juerd jsurede asuajeg + - $000°0 SOpPAYIPIV
- + 00100 [ouedSpeXSH
suonouny suowosyd - + 01000 [ouesopenay,
oyroads jo Jukerdsi(y - + 01000 S[04091V
+ - 0S00°0 2jeOUBS00LIA) ATIOIN
+ — 08000 21eOUBIIPEXAY [AYION
- + 0€00°0 2)eOUBIIPENI) [AYIDA
S)09sUI - + $000°0 21e14IMQosI 1499
syroads yim uondRIOU] + ++ 450°0< s191sq
JoejIns Jea] suraaders o i 4 fowmns d ‘9ourdiyTugdis suoneLEA Siusuoduioo
uo uonouNy [eAIF0[01q A[QISSO] sjuouodwod 298LINs " [euOoSeas JuedIIIuIIS AJ[BO1ISIIelS 208BJINS JBI[ JO
Jed1 oy Jo doueaeadde [euoseag Surmoys syuouodwod renprArpuy sdnoa3 urejy

penunuod ‘I HT9dVL

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

(9
O
(V)
-~
)
O
N—
+
Ny
iSy
o
>
Q.
)
O
(o))
()
S
N



1238 BATOVSKA, TODOROVA and POPOV

They are efficient in maintaining the internal water balance in leaves by pre-
venting desiccation and also affect the absorption of chemicals and microbes. All
of the identified hydrocarbons are known semiochemicals and most probably are
involved in plant—insects relationships.6 However, they affect the behavior of dif-
ferent insects and most probably, the qualitative difference in the hydrocarbon
composition between the summer and the autumn samples was due to the pre-
sence of different pests in the experimental field during these two seasons.

The terpenoid level in the grapevine leaf surface increased significantly in
the autumn, which was mainly due to the accumulation of compounds with triter-
penoid biosynthesis, such as f-amyrine, lupeol, and sitosterol. The pentacyclic
triterpenes, S-amyrine and lupeol, are supposed to be toxic to insects, due to their
ability to inhibit acyl chain packing in the lipid bilayers of the insect membra-
nes.” Hence, their function on the leaf surface in grapevines is most probably
connected to the repulsion of some insects appearing in the field in the autumn.
Sitosterol, which is the commonest plant sterol, is able to regulate membrane flu-
idity and plays a role in the adaptation of membranes to temperature.8 Its level in
plant leaves increased significantly due to acclimation to the lower temperatures
in autumn.® Moreover, the terpenoid profiles of the summer and autumn samples
were significantly different. Some of the individual components were present
solely either in the summer or in the autumn samples, which is related to their
possible specific functions in the grapevine leaf surface. Thus, 6,10,14-trimethyl-
pentadecan-2-one (hexahydrofarnesyl acetone), which is connected to the bioge-
nesis of chlorophyll, appeared only in the summer while the chlorophyll break-
down products neophytadienes (2 isomers) were present only in the autumn. The
senescing leaves also contained the antioxidants o-tocopherol and j-terpinene,
which were absent in the summer. o~Tocopherol is the major vitamin E com-
pound in leaf chloroplasts, where it deactivates photosynthesis-derived reactive
oxygen species and scavenges lipid peroxyl radicals in the thylakoid membra-
nes.10 It is generally assumed that increases in o-tocopherol contribute to plant
oxidative stress tolerance and most probably this compound aids the adaptation
of the grapevine to the autumn conditions. y<Terpinene exerts synergistic effects
with other plant antioxidants and may also be involved in specific plant—pests in-
teractions.6.11

Fatty acids were observed only in the summer samples. The three identified
acids, tetradecanoic (myristic), hexadecanoic (palmitic) and octadecanoic (ste-
aric) acids are known to strengthen cell membranes in higher plants.12 In this
way, they prevent plants from desiccation, leakage of important minerals and vo-
latiles, and also hamper the infiltration of pathogens into the leaves. Their absen-
ce in the autumn undoubtedly increases the permeability of the cell membrane,
which is one of the common features accompanying senescence.13
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Esterified fatty acids did not show statistically significant seasonal alter-
ations. However, this was not valid for four of their individual representatives.
Decyl isobutyrate and methyl tetradecanoate were found only in the summer
samples while methyl hexadecanoate and methyl tetracosanoate were present
only in the autumn samples. These compounds probably interact with specific
insects, present in the two seasons.6 The same probably holds for the long chain
alcohols tetradecanol and hexadecanol, which were identified only in the summer
samples.

Most carbonyl compounds possess allelochemical functions in plants. Such
compounds predominated in the autumn samples. Amongst them, fatty aldehydes
appeared only in the autumn. These compounds are emitted by plants as a res-
ponse to insect attacks.14 With regards to their possible role on the leaf surface, it
should be mentioned that the unsaturated aldehydes, 2-decenal and 2-undecenal,
play role in the pathogen defense of some plants and also perform important sig-
nal functions in plants.1516 Amongst the ketones, 4-methyl-3-penten-2-one, also
known as mesityl oxide, was identified only in the summer samples. In grapes,
this compound is a precursor of 4-mercapto-4-methylpentan-2-one, which has an
impact on the odor of wines and a lot of grape varieties.1’ The function of
4-methyl-3-penten-2-one in the grapevine leaf surface is not clear. The other
identified ketones were found only in the autumn samples.

CONCLUSIONS

Collectively, the present data show that the leaf surface layers of 16 grape-
vine plants (Vitis vinifera) are the source of metabolites typical of cuticular plant
wax, which indicate certain interactions between the plant and the environment.
Differences in their composition during two consecutive seasons, the summer
and the autumn of 2007, were statistically significant. It is suggested that these
differences were mainly due to the specific insects available in the two seasons
and to the adaptation of grapevine to lower temperatures.

Acknowledgements. This work was supported by the Bulgarian National Foundation for
Scientific Research (Contract G-4-03/2004). The authors are thankful to Galya Djakova from

the Institute for Agriculture and Seed Science, Rousse, Bulgaria, for providing the grapevine
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U3BO I
CE30HCKE ITPOMEHE ¥ CACTABY IIOBPIIMHE JIMCTA BUHOBE JIO3E
KOJA PACTE V IIOJbY
DANIELA |. BATOVSKA, IVA T. TODOROVA 1 SIMEON S. POPOV

Institute of Organic Chemistry, Centre of Phytochemistry, Bulgarian Academy of Sciences,
Acad. G. Bonchev Str. Bl. 9, Sofia, 1113, Bulgaria

[loBpmmHa HCTa BUHOBE JIO3€ j€ MPBa 3alITUTA OJl YTHIIja OKOJIMHE KOjH M3a3uBajy omrehe-
e BUHOTPa/ia. 3a rajere BUHOBE JI03¢€ je, MPeMa TOMe, BAKHO HACHTU(PHUKOBATH METa00IUTE TOBp-
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1240 BATOVSKA, TODOROVA and POPOV

[IMHE JUCTAa ¥ BUXOBY YJIOTY Y HHTEPAaKIUjU OMJbKa—OKOJIHMHA. Y OBOj CTYIHjH je aHAIU3UpPaH ca-
craB noBpumHe ucta 16 Bpcra Bunose so3e (Vitis vinifera), Tokom nBe y3actomme ce3one — nera u
jecenn 2007. Unentuduxosano je 48 meraboianTa TUIMYHHUX 32 BOCAK KYTHKYJIE METOJOM racHO—
—macene crekrpomerpuje (GC-MS). Osa jenumema npunanajy cieiaehum rpymnama: yriboBOIO-
HHIH, CTEPOJIH, TEPICHH, C000JHE U ecTepr(HKOBAaHE MACHE KHCEIMHE, alKOXOJH, ajlIeXUIu U
KeTOHH. MeTabosInyKy MPpOodHIIH JICTHUX U JECCHHX y30paKa Cy CTATUCTHYKU 3HAYAJHO Pa3In4UTH
(P < 0,05), mrTo ce Moxe 00jaCHUTH TPUCYCTBOM CrieHU(HIHAX HHCEKATa y OBE JBE CE30HE U TPH-
narolaBareM BUHOBE JI03€ Ha HIDKE TEMIIEpaType.

16.

17.

(Mpumsseno 12. mapra, peBuaupano 22. anpuna 2009)
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Fatty acid profile, volatiles and antibacterial screening of lipids
of the sponge Fasciospongia cavernosa (Schmidt)
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PRAVAT MANJARI MISHRA, AYINAMPUDI SREE*, MADHUSMITA ACHARYA
and ANURAG PRATAP DAS

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

(Received 23 March, revised 15 May 2009)

Abstract: The fatty acid composition as well as the volatiles of a lipophilic ex-
tract from the marine sponge Fasciospongia cavernosa (Schmidt) was anal-
ysed. The fatty acids (FA) were characterized by linear saturated fatty acids
(33.05 %), branched saturated fatty acids (9.30 %) and mono-unsaturated fatty
acids (18.07 %). A significant amount of polyunsaturated fatty acids (PUFA)
(30.79 %) was found in the total lipid, which included linoleic acid (18:2 n-6,
11.14 %), 9,12,15-octadecatrienoic acid/a-linolenic acid (18:3 n-3, 1.99 %), di-
homo-#linolenic acid (20:3 n-6, 2.03 %) and arachidonic acid (20:4 n-3, 0.51
%). An antibacterial assay of the lipid extract of F. cavernosa showed broad-
-spectrum activity against different human and fish pathogens.

Keywords: sponge; Fasciospongia cavernosa; fatty acid; volatiles; antibacterial.

INTRODUCTION

Marine sponges are the most primitive multicellular sedentary animals that
produce bioactive metabolites. Among the aquatic animals, sponges are specified
by the greatest diversity of fatty acids (FA), which have unusual and sometimes
unique structures. This generated the idea that there was something unusual in
the structure and/or in the way of functioning of sponge membranes.12 Some li-
pids of sponges are characterized as biologically active.3-5

The sterol composition of the sponge Fasciospongia cavernosa was previ-
ously studied.® Literature evidenced that F. cavernosa is a rich source of a new
class of sesterterpenoids, named cacospongionolides. Cacospongionolide was the
first sesterterpene isolated from the Adriatic Sea sponge F. cavernosa, which
possesses antimicrobial and antitumor activities.” This class of marine metabo-
lites are the inhibitors of phospholipase A2 with a potent topical anti-inflamma-

* Corresponding author. E-mail: dr_asree@yahoo.co.in
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tory profile and they show high antimicrobial activity against the Gram-positive
bacteria Bacillus subtilis and Micrococcus luteus.1:8 Cacospongionolide B iso-
lated from this sponge collected in the Northern Adriatic was reported to have
anti-inflammatory activity.®10 25-Deoxycacospongionolide B, a bioactive sester-
terpene, was also identified as a minor component from this species.!! Three new
derivatives of cacospongionolide which exhibited biological activity were also
isolated from this sponge.12 Two new luffarin derivatives which showed strong
anti-inflammatory activity were isolated from the Adriatic Sea sponge F. caver-
nosa.13 Cavernolide, a novel Cy; terpene lactone isolated from the sponge F.
cavernosa, inhibited human synovial sPLA> in a concentration-dependent man-
ner with an 1Csq value of 8.8 uM.14 However, there has been no report on a study
of the FA profile and volatiles of the lipid composition of F. cavernosa. This is
the first report on the analysis of the antibacterial activity, FA and volatile com-
position of the sponge F. cavernosa collected from the Bay of Bengal region of
the Orissa Coast.

In this investigation, antibacterial screening of the lipid extract of the sponge
F. cavernosa was performed against five fish pathogens and two human patho-
gens, including three MDR (multidrug resistant) strains. The investigation of the
FA and volatiles of the lipophilic extract of F. cavernosa could give valuable in-
formation about its chemotaxonomy. Thus, these minor components appear as
biomarkers for such organisms.

EXPERIMENTAL
Sponge material

The sponge F. cavernosa (class Demospongiae Sollas, order Dictyoceratida, family
Thorectidae Berquist) collected during February—March 2006 from the Bay of Bengal region
of the Orissa coast at a depth of 13 m were stored in ethanol and transported to the laboratory.
The sample was identified up to genus level by Dr. P. A. Thomas, Ex-Emeritus Scientist
(ICAR), Trivandrum, Kerala.

Extraction

The sponge sample was thoroughly washed with distilled water and air-dried in the
shade. Ten grams of the sponge sample were homogenised and successively extracted three
times with chloroform—methanol (2:1, v/v) to isolate the lipids.> The crude lipid extracts were
purified by “Folch wash”16 to remove non-lipid contaminants. The chloroform phase was se-
parated from the combined extract, dried over anhydrous sodium sulphate and concentrated
under a nitrogen atmosphere.

Preparation of fatty acid methyl esters

The lipophilic extract (100 mg) was dissolved in 4 mL of 5 % hydrochloric acid in me-
thanol and 0.5 mL benzene and then the mixture was refluxed in a silicone bath at 80-100 °C
for 2 h. After cooling, the methyl esters were extracted with petroleum ether, simultaneously
neutralised and dried over a sodium sulphate—sodium bicarbonate mixture. The solvent was
evaporated to dryness under reduced pressure at 40 °C on a rotary evaporator (Heidolph, La-
borota 4000). These fatty acid methyl esters (FAME) were then analysed by GC-MS.
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FAME analysis

The FAME analyses were performed on a Shimadzu QP-5000 GC-MS equipped with
FID and a 25 mx0.25 mm, 0.25 um film thickness WCOT column coated with 5 % diphenyl
siloxane, supplied by J & W (DB-5). Helium was used as the carrier gas at a flow rate of 1.2
ml/min, at a column pressure of 42 KPa. The column temperature was programmed for fatty
acid methyl esters (FAME) from 120-300 °C at a rate of 2 °C/min and held at 300 °C for 10
min, with a total run time of 100 min. The EI ionization voltage was 70 eV. Peak identifica-
tion was performed by comparison of the obtained mass spectra with those available in the
Wiley and NIST libraries (Shimadzu-Wiley Registry™, 8" Edition Mass Spectral Library,
Shimadzu and the NIST 08 Mass Spectral Library (NIST/EPA/NIH) — new 2008 version).

Isolation and analysis of the volatile compounds

The lipophilic extract (100 mg) was subjected to a 4 h distillation—extraction in a Lick-
ens—Nickerson apparatus.1” The volatiles were extracted from the distillate with diethyl ether
(yield: 3 mg) and investigated using a Shimadzu QP-5000 GC-MS operating under the same
conditions as above except the column temperature was programmed from 40 to 280 °C at a
rate of 4 °C/min.

Antibacterial assay

The antibacterial assay of the lipid extract of F. cavernosa (200, 100, 50 and 25 pg, all
per 6 mm disc) was performed against five fish pathogens (Edwardsiella tarda, Staphylococ-
cus aureus, Micrococcus sp., Pseudomonas aeruginosa and Escherichia coli) and two human
pathogens (Staphylococcus aureus and Salmonella typhi) including three MDR (multidrug
resistant) strains (Staphylococcus pyogenes, Acinetobacter sp. and Salmonella typhi) by the
disc-assay method.18

The test bacterial fish pathogen cultures were obtained from the stock cultures main-
tained in the Pathology Laboratory of the Central Institute of Fresh Water Aquaculture, ICAR,
Bhubaneswar.1®

The human pathogens (MDR) were obtained from the National Institute of Oceanogra-
phy, Goa.

Briefly, the lipid extract (200 pg/50uL) in an appropriate solvent was applied to sterile
paper discs (6 mm in diameter, Whatman No. 1). After solvent evaporation the discs were
placed on nutrient agar (Himedia, India) test plates inoculated with an overnight culture of the
test pathogen (108 CFU/mL) in Brain Heart Infusion (BHI) broth. The plates were incubated
for 48 h at 37 °C. Discs loaded with the respective solvent (50 pL) used for dissolution were
taken as controls after evaporation of the solvent. The zone of inhibition around the disc (ave-
rage of three experiments) was measured. The determination of the minimum inhibitory con-
centration (MIC) of the lipid extract was performed by the same method as above.

RESULTS AND DISCUSSION

Total lipid extract

GC-MS analysis (Table 1) showed the presence of 29 components in the
mixture of total lipids of F. cavernosa with C1g to Cy7 FA. The saturated linear
FA corresponded to more than 30 % of the total FA content. All of the acids from
10:0 to 24:0 were found, except 21:0. The acids 12:0, 14:0, 18:0 were dominant.
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The total content of saturated branched FA was 9.30 %, br-16:0 and br-14:0
being the major among them. The other branched FAs were 3,7,11,15-tetrame-
thylhexadecanoic acid (16:0 br) and br-tetracosanoic acid.

TABLE I. GC-MS analysis of FAME of total lipid of Fasciospongia cavernosa (13 m depth)

Retention time, min Compound Content, %
2.699 Decanoic acid (10:0) 0.71
3.723 Dodecanoic acid (12:0) 5.77
5.377 Tetradecanoic acid (14:0) 4.40
5.965 Tetradecenoic acid (14:1) 4.86
6.146 12-Methyltetradecanoic acid (14:0 br) 2.04
6.503 Pentadecanoic acid (15:0) 1.52
7.271 Pentadecenoic acid (15:1) 1.22
7.999 Hexadecanoic acid (16:0) 7.86
8.401 cis-9-Hexadecenoic acid (16:1) 2.15
8.544 14-Methylhexadecanoic acid (16:0 br) 4.93
8.860 3,7,11,15-Tetramethylhexadecanoic acid (16:0 br) 1.18
9.246 Octadecanoic acid (18:0) 3.46
11.361 8-Octadecenoic acid (18:1) 3.66
11.701 9-Octadecenoic acid (18:1) 1.24
11.933 9,12-Octadecadienoic acid (18:2, n-6) 11.14
13.589 Nonadecanoic acid (19:0) 1.57
14.838 Eicosanoic acid (20:0) 0.43
15.345 11-Eicosenoic acid (20:1) 2.27
15.635 Eicosadienoic acid (20:2) 1.35
16.257 Eicosatrienoic acid (20:3, n—6) 2.03
17.445 5,8,11,14-Eicosatetraenoic acid (20:4, n-3) 0.51
18.221 Docosanoic acid (22:0) 0.51
18.780 Tricosanoic acid (23:0) 5.80
20.389 9,12,15-Octadecatrienoic acid (18:3, n-3) 1.99
22.151 Tetracosanoic acid (24:0) 1.02
22.598 15-Tetracosenoic acid (24:1) 2.67
22.857 br-Tetracosanoic acid ( 24:0 br) 1.15
23.520 5,9 Hexacosadienoic acid ( 26:2) 10.69
29.713 5,9-Heptacosadienoic acid ( 27:2) 3.08

The mass spectrum of the methyl esters of all the saturated FA exhibited the
presence of the corresponding [M]*, [M=31]* and [M-43]*, as well as intensive
peaks at m/z 74, 87 and 143, characteristics of saturated FA methyl esters.20

The total content of mono-enoic FA of linear structure was 18.07 %, inclu-
ding the basic 14:1, 16:1(A9), 18:1(A9) and 20:1(A11). It contains a branched
mono-enoic FA, i.e., 15-tetracosenoic acid (24:1 br). The mass spectra of the me-
thyl esters of the mono-enoic FA exhibited the corresponding [M]*, [M-32]* and
[M-72]*.

A significant amount (30.79 %) of polyunsaturated fatty acids (PUFA) was
found in the total lipid extract of F. cavernosa, whereby linoleic acid (18:2 n-6,
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11.14 %) was the major component. The other important PUFA present in F.
cavernosa were 9,12,15-octadecatrienoic acid/o-linolenic acid (18:3 n-3, 1.99
%), dihomo-linolenic acid (20:3 n-6, 2.03 %) and arachidonic acid (20:4, n-3,
0.51 %). A di-enoic acid 20:2 (A5,11) was also present in a reasonable amount
(1.35 %). The mass spectra of the di-enoic and tri-enoic FA methyl esters exhi-
bited the corresponding [M]* and [M-31]*, as well as ions with m/z values of 141
and 150. The residues of specific super long-chain fatty acids (demospongic FA)
with 24-30 carbon atoms occur in the lipids of sponge cell membranes.21 Poly-
enoic FA of F. cavernosa were mainly represented by demospongic acids, the
major part of which has a characteristic 5,9-di-enoic structural fragment of the
carbon chain.22 The obtained results showed that 26:2 (5,9) 10.69 % and 27:2
(5,9) 3.08 % acids were dominant.

The FA composition of F. cavernosa, including the polyenoic acids, is cha-
racteristic of marine sponges.23

Volatile compounds

The volatile components of the sponge were isolated by distillation—extrac-
tion and investigated by GC-MS. The obtained results are presented in Table II.

TABLE I1. Composition of the volatile compounds in Fasciospongia cavernosa

Volatile compounds Content, %
3,5-Dimethyloctane 2.23
Isooctyl vinyl ether 5.68
Decane 8.36
2,7-Dimethyl-1-octanol 2.73
2-Nonenal 13.50
3-n-Hexyl-delta-9-tetrahydrocannabinol 2.90
2-Decene-1-ol 241
1-Chlorooctane 56.04
1,1-Heptanediol diacetate 3.24
Heptanal 2.29

Volatile compounds often possess valuable biological activities. They serve
as allelochemicals defending the organism from bacteria, fungi and viruses. Ana-
logous to other investigated sponges,24.2° the volatiles in F. cavernosa appeared
to be relatively simple. Hydrocarbons, alcohols, aldehydes, ketones, esters, ethers,
carboxylic acids etc. are generally identified in the volatile profile of spon-
ges.26.27 In the present investigation, the volatile profile of F. cavernosa is also
characterized by hydrocarbons, ester, aldehydes, alcohols and ether. The content
of hydrocarbons, including the halogenated ones, was the highest in the volatiles
of F. cavernosa (66.63 %). 1-Chlorooctane predominated (56.04 % from the total
volatile compounds). 3,5-Dimethyloctane (2.23 %) was also found in the vola-
tiles of F. cavernosa. Only one n-saturated hydrocarbon, decane, was identified
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that was also present in a reasonable amount (8.36 %). 2,7-Dimethyl-1-octanol,
2-decene-1-ol and 3-n-hexyl-delta-9-tetrahydrocannabinol were identified in the
volatiles (2.73, 2.41 and 2.90 %, respectively). Two aldehydes, 2-nonenal and
heptanal, were also found in the volatiles of F. cavernosa (13.50 and 2.29 %, res-
pectively). Isooctyl vinyl ether and 1,1-heptanediol diacetate were identified in
the volatiles of F. cavernosa (5.68 and 3.24 %, respectively). Contrary to most
other marine organisms, the investigated sponge contained no esters of fatty acids.

Antimicrobial screening

The results of the antimicrobial screening of F. cavernosa are presented in
Table I11. The lipids exhibited broad-spectrum activity against three fish patho-
gens (Edwardsiella tarda, Micrococcus sp. and Pseudomonas aeruginosa), three
MDR (multi drug resistant) strains (Staphylococcus pyrogenes, Acinetobacter sp.
and Salmonella typhi) and one human pathogen (Salmonella typhi). The MIC
values of 50/25 pg showed the significant activity of these lipids. The response
of the pathogens to standard antibiotics is provided in Table IV.

TABLE Il1. Antibiotic activity testing of F. cavernosa; the antibacterial assay of the lipid ex-
tract (ug/ 6 mm disc) was performed against different fish and human pathogens by the disc-
-assay method (zone of inhibition in mm, including the 6 mm disc)

Lipid extract, g |

Pathogens 200 100 50 25
Staphylococcus aureus?® 10 Trace Trace b
Edwardsiella tarda® 10 8.5 - -
Staphylococcus aureus® 8 - - -
Salmonella typhi? 11 10 9 Trace
Staphylococcus pyogenes (MDR) 10.5 10 75 Trace
Acinetobacter sp. (MDR) 11 10 - -
Salmonella typhi (MDR) 10 9.5 7 -
Micrococcus sp.© 115 Trace - -
Pseudomonas aeruginosa® 11 10 Trace -
Escherichia coli 75 Trace - -

®Human pathogen; ®ho zone; “Fish pathogen

Antimicrobial activity is exhibited by many lipids of sponges,3-528 includ-
ing fatty acids.29:30 cis-9-Octadecenoic and cis-9,12-octadecadienoic acids,28:31
have the maximum antimicrobial activity. The lipid extract of the sponge F.
cavernosa showed strong activity against all pathogens. This lipid extract con-
tains important polyunsaturated fatty acids, such as linoleic acid (18:2, 11.4 %),
o-linolenic acid (18:3, 1.99 %), dihomo-ylinolenic acid (20:3, 2.03 %) and ara-
chidonic acid (20:4, 0.51 %). It was reported that the bactericidal activity of long
chain fatty acids against Staphylococcus aureus increases with the degree of un-
saturation.32-34 The antimicrobial activity of arachidonic acid compared to lino-
leic (18:2) and linolenic (18:3) was found to be higher. The inhibitory activity
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was in the following order: arachidonic acid (20:4) > linolenic acid (18:3) >
linoleic acid (18:2). Thus, the presence of a good number of PUFA in the lipid
content of F. cavernosa may be the reason for its strong bioactivity.

TABLE IV. Activity of standard antibiotics against pathogens

Standard antibiotics

Pathogens Gentamycin (10 pg)  Streptomycin (10 pg) Polymyxin-B (300 U)
Edwardsiella tarda s? P R°
Pseudomonas S | R
aeruginosa
Escherichia coli S S S
Staphylococcus aureus S R R
Micrococcus sp. S S Not done
Salmonella typhi S S Not done

ASensitive (=12 mm); ®|ntermediate (9 mm to 11 mm); “Resistant (no zone)
CONCLUSIONS

This study was mainly focused on the lipids of the sponge in the search for
new FA structures, evaluation of new sources of major PUFA of biological in-
terest and development of trophic and/or chemotaxonomic biomarkers in the eco-
system. Important essential polyunsaturated fatty acids, such as linoleic acid,
o-linolenic acid, dihomo-#linolenic acid and arachidonic acid were identified in
the lipid composition of F. cavernosa. The antibacterial screening of the lipid
showed a broad-spectrum activity against different human and fish pathogens.
Thus, the study of the lipid composition of F. cavernosa is worthwhile.
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U3BOJI

MACHE KUCEJIMHE, UCITAPJBUBE CYIICTAHUE U AHTUBAKTEPMICKA AKTUBHOCT
JIMITN A CYHBEPA Fasciospongia cavernosa (SCHMIDT) 13
BEHT'AJICKOT 3AJIMBA (OBAJIA OPUCE)

PRAVAT MANJARI MISHRA, AYINAMPUDI SREE, MADHUSMITA ACHARYA u ANURAG PRATAP DAS

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

AHanmm3upad je cap’kaj MacHUX KHCENWHA W UCTApJbUBUX CYINCTAHIM U3 JUIOMUIIHOT eKc-
TpakTa Mopckor cyuhepa Fasciospongia cavernosa (Schmidt). Haljene cy nuneapue 3acuhene ma-
cue kucenune (33,05 %), pasrpanare 3acuhene macue kucenune (9,30 %) u MmoHoHe3acuheHe mac-
ne kucenune (18,07 %). Takohe je Hahena 3HauajHa KOMMYMHA MONUHE3ACHNEHUX MACHHX KHCeE-
muna (PUFA, 30,79 %), yxspyuyjyhu nunonny kucenuny (18:2, n—-6, 11,14 %), 9,12,15-okraznexa-
TpueHcKy kucenuny/ o-nmunaonencky (18:3, n-3, 1,99 %), auxomo- pmuHonencky kucenuny (20:3, n-6,
2,03 %) u apaxunoncky kucenuny (20:4, n—3, 0,51 %). Jlunuaau ekcrpakr F. cavernosa je moxa-
320 aHTHOAKTEPUjCKY aKTHBHOCT CIIPaM IIMPOKOT CIIEKTPa XyMaHUX U PUOJbUX MATOreHa.

(TTpumsbeno 23. mapra, peBuaupano 15. maja 2009)
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Palladium(I1) complexes with R,edda derived ligands. Part I11.
Diisobutyl (S,5)-2,2’-(1,2-ethanediyldiimino)di(4-methyl-
pentanoate) and its palladium(ll) complex:
synthesis and characterization
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Abstract: A new R.edda-type ester, diisobutyl (S,S)-2,2'-(1,2-ethane-diyldi-
imino)di(4-methylpentanoate) dihydrochloride, [(S,S)-H,iBu,eddl]Cl,, 1, and
its paladium(ll) complex, dichloro(diisobutyl (S,S)-2,2’-(1,2-ethanediyldiimi-
no)di(4-methylpentanoate))pal ladium(l1), [PAClA (S,S)-iBuyeddl}], 2, were syn-
thesized and characterized by elemental analysis, as well as IR and NMR spec-
troscopy. It was found that complex 2 was obtained as mixture of two diaste-
recisomers, observed in NMR spectra. The crystal structure of compound 1
was determined by X-ray diffraction studies and is described. The isolated
crystals consisted of one dicationic species [(S,S)-H,iBu,edd|]?* and two CI-.
The crystal system was tetragonal with the space group P4,. Hydrogen bonds
significant for the manner of packing are N-H1IN---Cl, 3.049(3) A, 159(3)° and
N-H2N---Cl, 3.100(3) A, 164(3)°. An infinite chain was formed building a one
layer structure, usua for these types of compounds. The C, symmetry axis of
the compound passes through the C1-C1! bond vector and lies perpendicular to
the plane N,Cl>.

Keywords: palladium complexes; crystal structure; EDDP ligands; characteri-
zation.
INTRODUCTION

The area of present research is of consequence to studies on Pt(11/1V) and
Pd(I1) complexes with bis(carboxyakylamino)ethane and -propane ligands and
their derivatives. Earlier, structural and antiproliferative investigations were per-

* Corresponding author. E-mail: goran@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C09112497
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1250 ZMEJKOVSKI etal.

formed on complexes and esters from a family of similar compounds — Hoedda-
and Rpedda-derived ligands and their transition metal complexes.1-8

Palladium(ll) and platinum(ll) have very similar chemistry and analogous
coordination modes, however, palladium(l1) complexes are kinetically less stab-
1e.9.10 Therefore, palladium(l1) derivatives are quite often used in attempts to dis-
cover new cytotoxic compounds and to compare and determine the influence of
the central metal atoms on antiproliferative activity and structure.11-17

Lately, our work has been focused on complexes with branch-chained esters
of a chira acid, (S,S)-ethylenediamine-N,N’-di-2-propanoic acid hydrochloride,
[(S,S)-Hzeddip]Cl (Fig. 1) and a large amount of structural information was ob-
tained, as well as information on the antiproliferative activity of platinum(l1/1V)
and palladium(ll) complexes,18-20

o o .
RO ) ROJ\‘(S)
N\ N\ /Cl
PtCl1 _Pd
EN/ 5 EN Cl
ROY RO_A®
0] 0]
n=24
R = Et, n-Pr, n-Bu, n-Pe, R =i-Pr, i-Bu,Cpe, Cy
i-Pr, i-Bu
A B
2 ~
O 5
(SH YOM\"‘(S)
Nopg O N -Cl
N N
TN )Vom )
O 6] Fig. 1. Platinum and palladium com-
plexes containing Ryedda-derived li-
c D gands.

In these complexes, three diasterecisomers could be formed (R,R), (R,S =
= S,R) and (S,S), due to the formation of chiral centers on the coordinated nitro-
gen atoms (Fig. 2). Experimental data and DFT calculations showed that in the
case of platinum(lV) complexes with Roedda-type esters, a racemic mixture of
(R,R) and (S,S) isomers is obtained.? With chiral (S,S)-Roedda-type esters, only
one diasterecisomer was isolated, the (R,R) isomer, which was determined by
X-ray structure analysis!8 (Fig. 1, A). All synthesized platinum(l1) and palla-
dium(l1) complexes were obtained as a mixture of two diasteroisomeric forms,
i.e., as (R,R) and (R,S) isomers (Fig. 1, A and B), which was verified by 1H- and
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{(S,S)-iBupeddl} ESTER AND Pd(Il) COMPLEX 1251

13C-NMR spectroscopy and supported by DFT calculations.18-20 In a recent
study, a palladium(ll) complex with a partialy hydrolyzed isopropyl ester of
(S,5)-ethylenediamine-N,N’ -di-2-propanoic acid (Fig. 1, C) was isolated and de-
termined by X-ray structure analysis, and the (R,R)-N,N’ configured isomer with
the k2N,N’,xO coordination mode was found.1® All the other complexes men-
tioned herein had the k2N,N’ coordination mode of the ligand.

R R R
ROOCTNRLH ROOCENYLH  ROOCENILH
NS 7 No o~ No o~
¢, —o— [— M— C—D—— [— M— M
N a N Na < N
ROOC G)((R)"’H R'OOC /5 1y R'00C @<®'~H
R R R
R.E) (O] R.S)

M = Pt(1l), Pd(1l); R = Me, iBu, R' = iPr, iBu,Cpe, Cy

Fig. 2. Possible diastereoi somers of the investigated platinum(I1)
and palladium(l1) complexes.

In this study, a new Roedda-type ester di-isobutyl-(S,S)-2,2’-(1,2-ethane-di-
yldiimino)di(4-methylpentanoate) dihydrochloride, [(S,S)-H2iBuseddl]Cly, 1, and
its palladium(ll) complex, diisobutyl-(S,S) 2,2'-(1,2-ethanediyldiimino)di(4-me-
thylpentanoate))palladium(ll), [PdCI{(S,S)-iBuyeddl}], 2 (Fig. 1, D) were syn-
thesized and characterized by elemental analysis, as well as IR and NMR spec-
troscopy. The crystal structure of 1 is also described.

EXPERIMENTAL

Materials and methods

(S,9)-2,2'-(1,2-ethanediyl diimino)di(4-methyl-pentanoic acid) dihydrochloride, [(S,S)-
-H,eddl]Cl,, was prepared using a similar method to that described in the literature.?!
K5[PdCl,] was purchased from Merck and used without further purification. The infrared
spectra were recorded on a Nicolet 6700 FT-IR spectrophotometer using the ATR technique
(4000400 cmrl). TH- and 13C-NMR spectra were recorded on a Varian “Gemini 2000” (200
MHz) spectrometer in DM SO-dg using tetramethylsilane as the interna standard. Elemental
analysesfor C, H and N wererealized onaVario EL 11l C, H, N, S Elemental Analyzer.
Synthesis of [(S,S)-H,iBu,eddl]Cl,, 1

[(S,S)-H.,iBu,eddI]Cl,, 1, was prepared using a previously described esterification reac-
tion.2223, Thionyl chloride (4.0 cm3, 55 mmol) was introduced into a flask containing 50 ml of
ice-cooled isobutanol (2-methyl-1-propanol) (anhydrous conditions) during 1 h. Subsequently,
2.0 g (5.5 mmal) of (S,S)-2,2'-(1,2-ethanediyldiimino)di(4-methyl-pentanoic acid) dihydro-
chloride, [(S,S)-H4eddl]Cl,, was added into the flask and the suspension was refluxed for 16 h.
The mixture was filtered and the filtrate was stored for afew days at 4 °C. A white crystalline
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1252 ZMEJKOVSKI etal.

solid was obtained. The ester, contaminated with acid, was recrystalized from methanol.
Crystals suitable for X-ray diffraction studies were obtained from the mother liquor which
was stored at room temperature for several days.
Synthesis of [PACL{(S,S)-iBu,eddl}], 2

K,[PdCl,] (0.200 g, 0.613 mmol) was dissolved in water (20 ml) and 0.290 g (0.613
mmol) of [(S,S)-H,iBu,eddl]Cl,, 1, was added. After 2 h of stirring, 10.2 ml of a 0.12 M
solution of LiOH was added in small portions to the reaction mixture. A pale yellow pre-
cipitate was obtained, which was filtered off, dissolved in 5 ml of CHCIl; and filtered. A crys-
talline solid of the pure complex was obtained from the mother liquor.

X-ray crystal structure determination

Data of 1 were collected with a CCD Oxford Xcalibur S (A(Moy,) = 0.71073 A) using
the w and ¢ scans mode. Semi-empirical corrections for absorption were performed with
SCALE3 ABSPACK .24 The structure was solved by direct methods.2> Structure refinement
was realized with SHELXL-97.26 All non-hydrogen atoms were refined anisotropically. The
crystallographic details are listed in Table I. Hydrogen atoms were refined isotropically. They
were placed in the calculated positions with fixed displacement parameters Uo(H) = 1.2
Ug(C) and Ui(H) = 1.5 U(C) (riding model), except for the hydrogen atoms attached to the
nitrogen atoms which were found in the difference Fourier map and refined freely. The
ORTEP-3 program was used for the presentation of the structure.?’

The Cambridge Crystallographic Data Center, CCDC No. 723867, contains the supple-
mentary crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccfdc/cam.ac.uk).

TABLE |. Crystallographic data for 1

Empirical formula CH46CloN,O,
M, 47351
Crystal system Tetragonal
Space group P4,

alA 15.9708(2)
clA 5.2426(1)

vV /A3 1337.21(3)

Z 2

Deac/ g cm™ 1176
u(Mo-Ka) / mm™ 0.27
F(000) 516

0 Range/ ° 2.85-25.68
RefIn. collected 14178
Refln. Observed (1 > 20(1)) 2469
RefIn. independent 2002
Data/restraints/parameters 14178/3/106
Goodness-of-fit on F? 1.349

R1, wR2 (I > 25(l)) 0.0588, 0.1414
R1, wR2 (all data) 0.0725, 0.1446
Flack parameter, x -0.17(13)
Largest diff. peak and hole/ e A 1.152/-1.018
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RESULTS AND DISCUSSION

Synthesis and characterization

The ester, [(S,S)-H2iBuoeddl]Cl,, was synthesized using a previously descri-
bed esterification reactionl7:18, This compound is not soluble in chloroform and
is poorly soluble in water. However, it is soluble in methanol and dimethyl sulf-
oxide.

The complex, [PACl{ (S,S)-iBuyeddl}], was synthesized by combining aque-
ous solutions of Ko[PdCl4] and the ester. Under stirring, an agueous solution of
lithium hydroxide was added. The obtained complex is soluble in chloroform and
dimethyl sulfoxide, but not soluble in water. The preparation routes of the ester
and complex are shown in Scheme 1.

|
o (0] F o )\
HO™s /4 )¥O Ko[PdCl,] )\o

] _H SOCl, (S _H )

N -
|: 2HCl (GH3}2CHCH,OH 2HC _LioH [N Pd” Cl
reflux 16 h

H (SN\H 0.8 \H cl
0 \(O\'&( ~ z

2

Scheme 1. Synthesis of the ester, 1 and the palladium complex 2.

The analytic and spectral data for 1 and 2 are as follows (numbering as in
Fig. 3):

[(S,S)-H,iBuseddl]Cl, (1). Yield: 1.09 g (41.6 %). Anal. Calcd. for
CooH46CIoN204: C, 55.80; H, 9.79; N, 5.92 %. Found: C, 55.84; H, 9.41; N, 5.77
%. IR (cm1): 2965, 2592, 2523, 2398, 1735, 1535, 1468, 1206, 1063, 973, 802.
IH-NMR (200 MHz, DMSO-dg, § / ppm): 0.90-1.00 (24H, m, C5H3, C6Hs,
C10H3, C11H3g), 1.77 (6H, m, C3H», C4H), 1.94 (2H, m, C9H), 3.42 (4H, m,
C1Hy), 3.98 (4H, d, C8Hy), 4.13 (2H, t, C2H), 9.90-10.40 (4H, br, NHy™). 13C-
-NMR (50 MHz, DMSO-dg, 0 / ppm): 18.9 (C5,6), 21.4 (C10,11), 23.2 (C4),
245 (C9), 27.3 (C3), 41.7 (C1), 57.9 (C2), 71.8 (C8), 169.2 (C7).

[PACI2{(S,S)-iBu,eddl}] (2). Yield: 313 mg (88.4 %). Anal. Calcd. for
CxoHa4CloN>O4Pd: C, 45.72; H, 7.67; N, 4.85. Found: C, 45.94; H, 7.36; N, 4.97
%. IR (cm1): 3130, 2959, 2873, 1735, 1467, 1370, 1237, 1194, 1141, 976, 737.
Isomer A: IH-NMR (200 MHz, DMSO-dg, 6 / ppm): 0.90-1.10 (24H, m, C5H3,
6H3, C10H3, C11H3), 1.68 (6H, m, C3H5, C4H), 1.90 (2H, m, C9H), 2.23 and
2.61 (4H, m, C1H>), 3.88 (4H, m, C8H>), 4.14 (2H, m, C2H), 6.50-6.80 (2H, br,
NH). 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 19.0 (C5,6), 21.9 (C10,11), 23.8
(C4), 25.4 (C9), 27.3 (C3), 47.0 (C1), 58.4 (C2), 70.9 (C8), 170.1 (C7). Isomer
B: IH-NMR (200 MHz, DMSO-dg, 6 / ppm): 0.90-1.10 (24H, m, C5H3, C6H3,
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C10Hg3, C11H3), 1.68 (6H, m, C3H>, C4H), 1.90 (2H, m, C9H), 2.40 and 2.85
(4H, m, C1Hy), 3.88 (4H, m, C4H>), 4.14 (2H, m, C2H), 5.85-6.25 (2H, br, NH).
13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 19.0 (C5,6), 21.5 (C10,11), 22.9 (C4),
25.0 (C9), 27.3 (C3), 47.0 (C1), 59.1 (C2), 70.6 (C8), 171.2 (C7). Ratio of
isomers A/B = 7/1.

The IR spectrum of [PdCI{(S,S)-iBuyeddi}] showed specific absorption
bands v(C=0) at 1735 cm1 (strong), (typical absorption for aliphatic esters),
v(C-0) at 1194 cmr1 (strong), v(-CH3, —CH», —CH) at 2959 and 2873 cm1
(medium) (for comparison [(S,S)-H2iBueddl]Cly: 1735, 1206, 2965 and 2871
e, respectively18). All of the mentioned bands including v(C=0), were at si-
milar positions to those in the spectrum of the free ligand, indicating that the oxy-
gen atoms of the COOR moieties were not coordinated. As expected the v(N—H)
absorption bands were at 3130 cmr?, (typical absorptions for secondary amino
groups) and may indicate that coordination occurred via the nitrogen atoms,18-20
In the IH-NMR spectrum of 2, the broad signal of hydrogen atoms belonging to
secondary amino groups appeared in the range 5.8-6.8 ppm (compared with the
ammonium groups of 1: 9.9-10.4 ppm).18-20 The signals of the protons between
the nitrogen atoms of 2 showed coordination-induced shifts in comparison with
those in the spectrum of 1 and also, two signals. The situation was different in the
spectrum of 1, where only one signal was observed, which can also be confir-
mation of nitrogen coordination to the palladium atom. The signal for the hydro-
gen atom of the chiral carbon atom was observed at 4.13 ppm as a triplet for 1,
and at 4.14 ppm as a multiplet for 2. The 13C-NMR spectra of 1 and 2 exhibited
signals for the carbon atom of the COO moiety at similar positions, indicating
that oxygen atoms were not coordinated.18-20 The chiral carbon atom showed a
signal at 57.9 ppm for 1, but two signals at 58.4 and 59.1 for 2. Selected 1H- and
13C-NMR data of 1 and 2 are compared in Table 1.

TABLE Il. Selected H- and 13C-NMR data (6 / ppm, numbering as in Fig. 3 and analogous
for [PACI{ (S,5)-iBueddl}]) of [(S,S)-H,iBu,eddi]Cl,, 1, and [PACI{ (S,S)-iBueddl}], 2

Compound C5,6,10,11H3 C1H, C2H C10,113,C56 Cl1 C2 C700
1 0.90-1.00 3.42 4.13 189,214 417 579 169.2

2 Isomer A 0.90-1.10 223and261 4.14 19.0,21.9 470 584 170.1
Isomer B 0.90-1.10 240and2.85 4.14 19.0,21.5 470 59.1 171.2

Crystal structure analysis of [(S,S)-H»iBuoeddl]Cl», 1

The compound [(S,S)-H2iBuoeddl]Cl, (1) crystallized in the tetragonal crys-
tal system in the chira space group P4,. The molecular structureis shown in Fig. 3.
Selected bond lengths and angles are given in Table 1.

The isolated crystals consisted of one dicationic species [(S,S)-
HoiBuyeddl]2*+ and two CI—. The most significant hydrogen bonds for the manner
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of packing are N-H1N---Cl, 3.049(3) A, 159(3)° and N-H2N---Cl, 3.100(3) A,
164(3)° and these interactions form an infinite chain (Fig. 4). The compound has
a Co symmetry. The axis passes through the C1-C1i bond vector and lies
perpendicular to the plane N2Cl».

Fig. 3. ORTEP presentation of the molecular structure of 1 with the atom labeling scheme
(H-bonds shown by dashed lines). The displacement ellipsoids are plotted at the 50 %
probability level and the H atoms are shown as small spheres of arbitrary radii.

TABLE Il1. Selected bond lengths and angles for 1

Bond Length, A Bond Angle, °
0o1-C7 1.196(5) N1-C2—C3 106.2(3)
02-C7 1.334(5) N1-C2-C7 110.8(3)
N1-HIN 0.99(2) C3-C2-C7 109.9(3)
N1-H2N 0.99(2) C7-02-C8 115.9(4)
C3-C4 1.534(5) C1-N1-C2 114.9(3)
c8-C9 1.507(7) C1-N1-HIN 106(3)

Crystal structures of esters such as[(S,S)-HaiProeddip] Cl,,18 (HoMexeddp) Cl 28
and [(S,S)-H2Cpeyeddip] Cl,20 were previously determined. These structures are
very similar to each other and to [(S,S)-H2iBu»eddl]Cl> having bond lengths and
angles in the same ranges, however the space groups are quite different ([(S,S)-
-HoiProeddip]Cly, orthorhombic, P22121; (HoMeseddp)Clo, monoclinic, P2;/c;
[(S,S)-HoCpeseddip]Cly, orthorhombic, P2:272). The mentioned compounds
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have a Co symmetry axis. All of these esters form layered structures via hyd-
rogen bonding similar to that shownin Fig. 4.

Fig. 4. ORTEP presentation of the packing via intermolecular hydrogen bonding of 1
viewed aong the b-axis.

CONCLUSIONS

Two novel compounds, the Roedda-type ester [(S,S)-H2iBuxeddl]Cl», and its
paladium(ll) complex [PdClx{(S,S)-iBuxeddl}] were synthesized and charac-
terized by IR, TH-NMR and 13C-NMR spectroscopy and elemental analysis. The
crystal structure of [(S,S)-H2iBuoedd]Cl> was determined by X-ray analysis.
Two diasteroisomers formed in the reaction of potassium tetrachloropalladate(l1)
and [(S,S)-H»iBu»eddl]Cl», as was deduced from the NMR spectra.

Acknowledgements. The authors are grateful to the Ministry of Science and Technolo-
gical Development of the Republic of Serbiafor financial support (Grant No. 142010).
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U3BOA

KOMITJIEKCH TTAJIAZINIYMA(I1) CA JIMTAHJIUMA Rpedda TUTIA. JIEO I11.
JIMU30BYTHII-(S,5)-2,2' -(1,2,-ETAH AU AUIMUHO)-IA(4-METWITIEHTAHOAT)-
-IUXUIPOXJIOPUJT U FbETOB KOMIUIEKC CA TIAJIAJTUTYMOM(I1):
CHHTE3A U KAPAKTEPU3ALIJA

FOJAHA b. 3MEJKOBCKI/I1, T'OPAH H. KAHYT)EPOBI/ITll, SANTIAGO GOM EZ—RUIZ2 n TUBOP J. CAEO3

II/Ich_mmym 3a xemujy, iiexHoaozujy u meitarypaujy - Llenitiap 3a xemujy, Ynusep3uitieiti y Beozpady, CitiyOeniticku
iupz 12-16, 11000 Beoépao,zDepartamento de Quimica Inorganica y Analitica, E.S.C.E.T., Universidad
Rey Juan Carlos, 28933 Méstoles, Madrid, Spain u 3Xemujcxu akyaitieit,

Ynueepauitieii y beozpaoy, i. ip. 158, 11001 beozpao

HoBu ecrap Redda-tuna auuzoGyTui-(S,S)-2,2 -(1,2-eTaH iuunaunMuHO)-1u(4-MeTruIneH-
tanoar)-auxuapoxiopun [(S,S)-HiBuxeddl]Cl,, 1, u meros kommiexe nanamujyma(ll), amxio-
ponunzobytun-(S,S)-2,2'-(1,2-eran iuuaanuMuHo) - 1 (4-metunnenranoat)-nanagujym(l1)
[PACI{ (S,S)-iBu,eddi}], 2, cunterrcanu cy u okapaktepucaHu y3 nmomoh eneMeHTanHe aHaiuse, IR
n NMR crexrpockonuje. Halerno je ma je xommiekc 2 no0ujeH Kao cMemia 1Ba JHjaCTEPEOH30-
Mmepa, mTo je mpumeheno y NMR cnekrpuma. Kpucramna crpykrypa 1 je pemiena u ommcaHa.
M30710BaHM KPUCTAIM Ce cacToje 3 jeame aukatjoncke Bpere [(S,S)-HaiBuyeddl]®” u xsa CI-.
KpucranHnu cucreM je TeTparoHaiaH ca MPOCTOPHHM rpynoMm P4,. 3HauajHe BOJZOHHYHE Be3e 3a
HaunH naxoBama ¢y N-HIN---Cl, 3,049(3) A, 159(3)° u N-H2N---Cl, 3,100(3) A, 164(3)°. Tume
ce (opmupa OeckoHadaH JIaHAIl M jEAHOCIIOJHA CTPYKTypa, KOjU Cy YOOHWUajeHH 3a OBE THIIOBE
cTpykrypa. Oca cumetpuje C, jenmermha mpoa3u Kpo3 c1-C1’ BEKTOp Be3€ U JIe)KH HOPMaJIHO Ha
N,Cl, paBan.

(Ilpumsbeno 3. anpuia, peuaupaso 8. jyna 2009)
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Abstract: The work is concerned with the crystal and molecular structures
of zinc(Il) and mercury(ll) complexes with 4-acetyl-3-amino-5-methyl-
-pyrazole (aamp) of the coordination formulae [Zn(NCS),(aamp),] and
(Haamp)2[Hg(SCN),]. The zinc(Il) complex was obtained by the reaction of a
warm methanolic solution of aamp with a mixture of zinc(ll) nitrate and am-
monium thiocyanate, whereas the mercury(ll) complex was prepared by the
reaction of a warm ethanolic solution of aamp and a warm, slightly acidified
aqueous solution of [Hg(SCN),]?. Both complexes have a tetrahedral geo-
metry, which in the case of zinc complex is formed by monodentate coordi-
nation of two aamp molecules and two isothiocyanate groups. The Zn(ll) and
Hg(Il) atoms have significantly deformed coordination geometry. In both crys-
tal structures the pyrazole derivative has a planar form, probably stabilized by
an intramolecular N-H---O hydrogen bond. Apart from the X-ray structural
analysis, the isolated complexes were characterized by elemental analysis, IR
spectroscopy, conductometric measurements and thermal analysis.

Keywords: zinc(ll) complex; mercury(Il) complex; 4-acetyl-3-amino-5-methyl-
pyrazole; crystal structure; thermal analysis.

INTRODUCTION

The focus of our research on transition metal complexes with pyrazole deri-
vatives is due to the theoretical and practical significance of these compounds. A
number of pyrazole derivatives show biological activity and, as a consequence,
some are commercial products or compounds in the phase of activity evaluation.
Their representatives show antipyretic,! antirheumatic2 and antimicrobial® be-
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havior. Some of them are active ingredients of products with potential antitumor
activity.4=8 In agriculture, they are in the use as pesticides.”-9 As pyrazoles
readily form complexes, they are suitable agents for investigating the active sites
of biomolecules!O and for modeling the biosystems of oxygen transfer.1l In liv-
ing organisms, metal ions are usually bonded to the imidazole part of hystidine,
which is a part of the proteins. In view of the similarity of pyrazole and imida-
zole,12 they are suitable to mimic enzymatic reactions. From all the interesting
pyrazole derivatives, our most intensive research is focused on the complexes of
4-acetyl-3-amino-5-methylpyrazole (aamp). This ligand exhibits outstanding
complexing ability and, simultaneously, it displays considerable biological activi-
ty.13 The usual coordination mode of the aamp ligand is through its N2 (pyridine)
nitrogen atom giving bis(aamp) complexes of the general formula M(aamp),X,.14
In basic solutions, via the deprotonated N1 atom, it acts as a bidentate bridging
ligand giving bi- or polynuclear complexes.1® In a previous publications, the syn-
thesis and structure of tetrahedral Zn(Il) and Hg(ll) complexes with the formula
[Zn(NO3),(aamp);] and [HgClo(aamp),] were described.16 Herein, the synthesis,
crystal and molecular structure, as well as physicochemical properties of the
complexes with the same central atoms and aamp ligand of the formulae
[Zn(NCS),(aamp)>] and (Haamp)>[Hg(SCN)4] are presented.

EXPERIMENTAL
Synthesis

In a previous work,1’ the synthesis of [Zn(NCS),(aamp),] was described but the re-
sulting crystals were not suitable for X-ray structural analysis. Crystals of the same compound
appropriate for X-ray analysis were obtained from MeOH solutions according to the following
procedure. A mixture of 0.50 mmol Zn(NO3),:6H,0 and 1.2 mmol NH;NCS was dissolved in
8.0 cm3 of MeOH. The ligand (1.0 mmol) was dissolved in 8.0 cm3 of warm MeOH. The two
solutions were mixed together and left to crystallize at room temperature for seven days. The
white prismatic crystals were filtered off, washed with MeOH and air-dried. Yield: 61 %.
Anal. Calcd. for ZnCy4H;gNgO,S, (459.88 g moll): C, 36.56; H, 3.95; N, 24.37; S, 13.94 %.
Found: C, 36.52; H, 3.90; N, 24.38; S, 13.92 %.

(Haamp),[Hg(SCN),] was obtained as follows: 0.20 mmol Hg(SCN), and 0.50 mmol
NH,4NCS were dissolved in 3 cm3 of water and one drop of cc. HCI was added. The ligand
aamp (0.50 mmol) was dissolved in 3 cm3 of warm EtOH, and the warm solutions were mixed
together. After two days standing at room temperature, the formed white, plate crystals were
filtered off, washed with EtOH and air-dried at room temperature. Yield: 44 %. Anal. Calcd.
for HgC16H20N1902S4 (713.26 g molh): C, 26.94; H, 2.83; N, 19.64; S, 17.98 %. Found: C,
26.90; H, 2.80; N, 19.65; S, 18.00 %.

Elemental analysis data were obtained by standard methods.

FT-IR data were collected at room temperature as KBr pellets, in the range 4000-400
cm® using a Thermo Nicolet (NEXUS 670 FT-IR) spectrophotometer.

Molar conductivities of freshly prepared 1.0 mmol dm solutions were measured on a
Jenway 4010 conductivity meter.
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X-Ray experiments and crystal structure determination

Single-crystal X-ray diffraction data for (Haamp),[Hg(SCN),] were collected on an En-
raf-Nonius CAD-4 diffractometer!8 using MoKa: radiation (4 = 0.71069 A) and a/2@scans in
the 26 range from 1.67 to 29.96°. The cell constants and an orientation matrix for data
collection, obtained from 24 centered reflections in the range 12.10-16.82°, corresponded to a
monoclinic cell, the dimensions of which are given in Table I. The data were corrected for
Lorentz and polarization effects.1® A Gaussian-type absorption correction?0-22 based on the
crystal morphology was applied (Tmyin = 0.217; Tppax = 0.354).

TABLE I. Crystallographic data for the compounds [Zn(NCS),(aamp),] and

(Haamp),[Hg(SCN),]

Property [Zn(NCS),(aamp).] (Haamp),[Hg(SCN)4]
Empirical formula C14H15ZnNg0,S, C16H20HgN100,S,
Formula weight 459.85 713.26

Crystal size, mm®

0.28 x 0.25 x 0.10

0.18 x0.25 % 0.35

Crystal color/shape White/plate White/prism
Temperature, K 293(2) 293(2)
Wavelength, A 0.71069 0.71069
Crystal system Triclinic Monoclinic
Space group P1 C2/c
Unit cell dimensions
alA 8.3466(4) 10.055(2)
b/A 10.8641(5) 10.379(3)
c/A 12.4718(5) 24.442(4)
al® 74.927(4) 90
Bl° 88.563(4) 92.49(2)
yl° 68.802(4) 90
VA2 1015.13(8) 2548.4(10)
z 2 4
Deac/ g cm™ 1.504 1.859
Absorption coefficient, mm™ 1.442 6.402
Theta range for data collection (°) 3.01-28.86 1.67-29.96
Index ranges -11—h—10, -14—h—14,
-13—k—14, 0—k—14,
-16—1—-16 0—1—34
Reflections collected 10022 3785

Independent reflections

4638 (R(int) = 0.017)

3704 (R(int) = 0.0237)

Data/parameters 4638/248 3704/150

Goodness-of-fit on F? 0.991 1.037

Final R indices [l > 20(1)] R, =0.0307, R; = 0.0416,
WR; = 0.0752 WR, = 0.1078

Largest diff. peak and hole, e A*

0.368 and -0.410

0.703 and -0.813

A single white crystal of [Zn(NCS),(aamp) ,] was selected and glued on glass fiber.

X-Ray diffraction data were collected on an Oxford Diffraction Gemini S four-circle diffrac-
tometer equipped with a Sapphire CCD detector. The crystal to detector distance of 45.0 mm
and graphite monochromated MoKo: (/4 = 0.71073 A) were used. X-Radiation were employed
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in the measurement. The data were reduced using the Oxford Diffraction program Crys-
AlisPr0.23 A semi-empirical absorption correction based upon the intensities of equivalent
reflections was applied, and the data were corrected for Lorentz, polarization, and background
effects.23 Crystallographic data are given in Table I.

Both structures were solved by heavy atom?* and difference Fourier methods and refined
on F2 by the full-matrix least-squares method.2* All H atoms were placed at the calculated
positions and they were refined with isotropic displacement parameters set to 1.2 times (1.5 for
methyl groups) the equivalent isotropic U value of the parent atom. The software used to pre-
pare the material for publication: PARST2% and WinGX.2! Molecular graphics: ORTEPIII.26
Crystallographic details are given in Table I.

Thermal analysis

Thermal measurements were performed on a Q600 SDT TA Instruments thermal ana-
lyzer. Simultaneous TG-DTA curves were obtained using alumina crucibles with sample mas-
ses of about 2 mg with an empty crucible serving as the reference. The heating rate was 20 °C
min-1 in flowing nitrogen and air gas carriers. Flow rate: 100 cm3 min-L.,

RESULTS AND DISCUSSION
Synthesis and selected physicochemical properties of the compounds

Single crystals of the Zn(I1) complex were obtained by the reaction of warm,
dilute methanolic solutions of the aamp ligand and a mixture of Zn(NO3)-6H,0
and NH4NCS in a mole ratio of 1:0.5:1.2.

The Hg(Il) complex resulted from the reaction of warm ethanolic solution of
the ligand and a warm, slightly acidic aqueous solution of Hg(SCN)2 and NH4NCS
in a mole ratio of 1:0.4:1; hence, it was in fact the reaction between [Hg(SCN)4]%-
and aamp. In view of the high stability of [Hg(SCN)4]2-, i.e., the strong Hg-S
bond, as well as the solution acidity, it is not surprising that it was possible to iso-
late [Hg(SCN)4]2- containing two Haamp* as counter ions.

It should be mentioned that an attempt to prepare a mixed-ligand complex,
i.e., [Hg(SCN)2(aamp)2], in the same way as for the zinc(I1) complex, was unsuc-
cessful, as it resulted in the crystallization of the free ligand.

Both crystals were stable at room temperature. They were slightly soluble in
water, EtOH and MeOH, but well soluble in DMF. The molar conductivity data of
the colorless solutions of the Zn(1l) and Hg(Il) complexes, Ay, in DMF were 32
and 114 S cm?2 mol-1, respectively. The value of the molar conductivity of
[Zn(NCS),(aamp)2] was somewhat larger than that for the non-electrolytes, which
refers to the partial replacement of the NCS group with solvent molecules. The
value of A of the (Haamp)2[Hg(SCN)4] complex is in agreement with its coor-
dination formula and corresponds to a 2:1 electrolyte type.2’

In the IR spectra of the complexes, the thiocyanato group is identified by its
very intensive bands, which appear at 2064 and 2082 cm~1 (Zn-NCS) and 2099
and 2123 cm~1 (Hg-SCN). The position of these bands agrees very well with the
coordination mode of the corresponding group.28
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Molecular and crystal structures

Structure of (Haamp)2[Hg(SCN)4]. The structure of the (Haamp)2[Hg(SCN)4]
complex is presented in Fig. 1. In the unit cell, the Hg atom lies on a two-fold
axis of symmetry (the second half of the complex anion and the other counter
cation requires the symmetry operation —x, y, =z + 1/2). The two crystallographi-
cally different SCN groups have very similar bond distances (Table II). The nit-
rogen atoms from the two coordinated SCN groups participate in cyclic hydrogen
bonds (Fig. 2) to the neighboring Haamp* (N1-H---N4b and N2-H---N4a hyd-
rogen bonds in Table I11). These hydrogen bonds influence the geometry of the
complex anion and the mutual orientation of the SCN ligands with an N4a---N4b
distance of only 3.31 A. A search of the Cambridge Structural Database?® for all
crystal structures possessing an Hg atom with two or more bonded SCN ligands
revealed that none of 72 Hg compounds had such a short N---N distance (less
than 3.5 A) for two coordinated SCN groups as exists in the complex studied
herein. Another consequence of the observed cyclic H-bonds is that the C7b-
—S1b-Hg angle is bent to a value of 95.8(1)°, which is rather different from the ex-
pected, much higher value. It is noteworthy that such a low value of the C-S—Hg
angle is also quite rare in the above mentioned 72 crystal structures found in the
CSD database, although the Hg atom has four equivalent ligands. The S-Hg-S
coordination angles are also very deformed and have the values over a rather
wide range, from 102.3 to 114.8° (Table II). All this demonstrates the importance
of intermolecular hydrogen bonds for the geometry of [Hg(SCN)4]2~ and pro-
bably may be applied to similar tetrahedral molecules [ML4] that form intermo-
lecular interactions through coordinated SCN groups. In other words, the mutual
orientation of the ligands and the coordination angles could be significantly de-
formed due to intermolecular hydrogen bonds.

Fig. 1. The molecular geometry and atom labeling scheme of (Haamp),[Hg(SCN),].
The displacement ellipsoids are drawn at the 40 % probability level for non-H atoms.
(The second half of the complex anion and the other counter cation
requires the symmetry operation —x, y, =z + 1/2).
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TABLE II. Selected Selected bond distances (A) and angles (°) for [Zn(NCS),(aamp),]
and (Haamp),[Hg(SCN),]. Symmetry code: (i) =X, y, -z + %2

[Zn(NCS),(aamp),]
Zn—N4a 1.9415(18) N4a-Zn-N4b 114.10(9)
Zn-N4b 1.9537(19) N4a-Zn-N2b 111.49(7)
Zn-N2b 2.0083(15) N4b-Zn-N2b 109.04(7)
Zn-N2a 2.0124(16) N4a—Zn-N2a 104.58(7)
Sla-C7a 1.603(2) N4b-Zn-N2a 110.52(8)
N4a-C7a 1.152(3) N2b-Zn-N2a 106.82(6)
S1b-C7b 1.608(2)
N4b-C7b 1.143(3)
(Haamp),[Hg(SCN),]

Hg-Sla 2.5386(15) S1b=Hg-S1b 114.8(2)
Hg-S1b 2.534(2) S1b-Hg-Sla' 108.00(7)
Sla-C7a 1.639(6) S1b-Hg-S1a 111.55(8)
N4a-C7a 1.150(7) S1b'-Hg-Sia 111.55(8)
S1b-C7b 1.621(6) S1b-Hg-Sla 108.00(7)
N4b-C7b 1.123(7) Sla'—Hg—Sla 102.31(7)

A B A

Fig. 2. The crystal lattice fragment of (Haamp),[Hg(SCN),] viewed down the [-1, 1, 0]
direction showing the mutual orientation of the complex anions and the pyrazolium cations.
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TABLE IlI. The geometry of possible hydrogen bonds and selected intermolecular inter-
actions for (Haamp),[Hg(SCN),]. Symmetry codes: (i) x, vy, z; (ii) x=1/2, +y+1/2, +z; (iii)
x+1/2, +y-1/2, +z; (iv) =X, =y, —z+1

Bond D-H (A) D--A (A) H--A (A) D-H---A (°)
N1-H1b--01" 0.86 2.787(5) 2.22 123
N1-Hla--N4b' 0.86 2.856(7) 2.00 175
N1-H1b--N4a" 0.86 3.283(7) 2.56 142
N2-H2---N4a' 0.86 2.846(7) 2.03 159
N3-H3--01" 0.86 2.750(5) 1.92 164
C6-H6C---S1a" 0.96 3.670(6) 2.81 149

All the non-hydrogen atoms in Haamp* are approximately coplanar, which is
probably due to the delocalization of the w-electrons within the pyrazole ring and
the weak zm-bonding between the C2 and C3 atoms (the C2—C3 bond has a partial
double bond character). Another reason for this could be the existence of an intra-
molecular N1-H1b---O1 hydrogen bond (Table IlI), which favors the coplanar
position of the C1-C2-0O1 fragment to the rest of molecule. Quite similar mole-
cular planarity, including the observed intramolecular N-H---O hydrogen bond,
was observed in other crystal structures of metal(l) complexes with aamp.14-16,30

The crystal packing, shown in Fig. 2, consists of two types of layers. Layer
A is composed of Haamp™ arranged in parallel tapes with a mutual distance be-
tween the tapes (Haamp* planes) of approximately 3.3 A. Inside of the tapes, the
cations are interconnected by strong N3-H3.---O1 hydrogen bonds (Table IlI).
Layers A and A’ are of the same composition and mutual orientation of the pro-
tonated ligands, but have an orthogonal orientation to each other. Layer B con-
sists of [Hg(SCN)4]2~ which interconnect the neighboring Haamp™* from layers A
and A’ by strong N-H---N4 hydrogen bonds (Table I11). Consequently, each com-
plex anion (through its terminal nitrogen atoms) participates in four relatively
strong hydrogen bonds. Additionally, N4a forms another (weak) hydrogen bond,
while the Sla atom participates in a very weak C-H---S hydrogen bond, which
deserves to be noted because of its relatively short H---S distance (Table I11).

Crystal structure of [Zn(NCS)2(aamp)2]. A tetrahedral arrangement, most
common in Zn(ll) complexes, is established by the coordination of two NCS
groups and two monodentate pyrazole ligands, which are, like in the majority of
other structures, coordinated in the neutral form (Fig. 3). In contrast to the Hg(ll)
complex, where the thiocyanato groups are coordinated through the sulfur atom,
the coordinating atoms in the Zn(l1) complex are the nitrogens of the same group,
which is in accordance with the Hard and Soft Acid and Base (HSAB) prin-
ciple.31.32 However, the bond distances in the thiocyanato ligands are very simi-
lar in both complexes, with the S1-C7 bond being negligibly shorter in the Zn(lI)
complex than that in the Hg(l1) complex. The N4-C7 bond lengths are practically
the same in both compounds. Similarly to the Hg(ll) complex, the coordination
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angles are significantly deformed and vary in the 104.6-114.1° range (Table II).
The widest angle, N4a-Zn—N4b, involve N atoms from the coordinated NCS
groups.

Fig. 3. The molecular geometry and atom labeling scheme of [Zn(NCS),(aamp),].
The displacement ellipsoids are drawn at the 40 % probability level for non-H atoms.

Despite the differences between the pyrazole derivatives in the two com-
plexes, the analysis showed that the corresponding bond lengths are very similar
(Table 1V). The greatest deviation was observed in the N2-N3 bond length, which
is shorter in the Hg(ll) complex. The conformation of aamp is also very similar
in both compounds. Namely, it has the same planar form, supported by possible
N1-H---O1 intramolecular hydrogen bonds (Table V).

TABLE IV. A comparison of the bond distances (A) in the pyrazole ligand for
[Zn(NCS),(aamp),] and (Haamp),[Hg(SCN),]

[Zn(NCS),(aamp),]
Bond Ligand A Ligand B (Haamp),[Hg(SCN).]
01-C2 1.233(2) 1.2282) 1.233(5)
N1-C4 1.349(2) 1.339(2) 1.332(7)
N2-C4 1.334(2) 1.343(2) 1.339(6)
N2-N3 1.374(2) 1.379(2) 1.349(6)
N3-C5 1.313(2) 1.313(2) 1.324(6)
C2-C3 1.446(2) 1.438(2) 1.452(6)
C3-C4 1.403(2) 1.398(2) 1.405(7)
C3-C5 1.414(3) 1.420(3) 1.413(6)
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TABLE V. The geometry of possible hydrogen bonds and selected intermolecular interactions
for [Zn(NCS),(aamp),]. Symmetry codes: (i) X, vy, z; (ii) —x+1, =y, —z+1, +z; (iii) —x+2,
—y+1, -z, +z; (iv) —x+2, -y, —=z+1; (V) —x+2, -y, -z

Bond D-H (A) D--A (A) H--A (A) D-H---A (°)
Nla-H1a2--Ola 0.86 2.801(2) 2.23 124
Nla-H1a2---Sla" 0.86 3.629(2) 2.83 154
Nla-Hlal--N4a' 0.86 3.128(2) 2.37 148
N1b-H1b2--Ola' 0.86 2.738(3) 2.16 125
N1b-H1b2:--S1b' 0.86 3.638(2) 2.86 152
N1b-H1bl--N4b' 0.86 3.327(3) 2.57 147
Nla-H3a--01b" 0.86 2.714(2) 1.86 174
N1b-H3b---O1a" 0.86 2.769(2) 1.92 168
Cla-H1a5--S1b" 0.96 3.722(3) 2.87 148
C6a—-H6a2---S1b" 0.96 3.684(3) 2.91 139

It is interesting to note that the oxygen atom of the pyrazole moiety forms
the same H-bonds in both complexes. In addition to the already mentioned
N1-H---O1 intramolecular H-bond, O1 participates in intermolecular N3-H---O1
H-bonds with very similar geometric parameters (Tables Il and V). This is the
strongest H-bond in the complexes, and it enables the chain formation, con-
necting the aamp molecules (Fig. 4). In the Zn(Il) complex, the chains are addi-
tionally connected via weak C-H---S hydrogen bonds (Table V).

N3

o) o3

(b)

Fig. 4. In both crystal structures, the pyrazole derivatives form chains through the N3-H---O1
hydrogen bonds. The crystal lattice fragments for (Haamp),[Hg(SCN),] and
[Zn(NCS),(aamp),] are illustrated in (a) and (b), respectively.
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Thermal data

The thermal decomposition of [Zn(NCS)2(aamp)2] has already been descry-
bed.17 The repeated measurements have confirmed the former findings. Accord-
ing to the completely different crystal and molecular structure of the Hg(ll)
complex, its decomposition pattern is also different. The thermal stability of the
Hg(Il) compound is significantly lower compared to that of the zinc(ll) complex
(onset temperatures: 150 and 240 °C, respectively) and TG curve is continuous in
the whole temperature range. As all four thiocyanato N4 atoms form relatively
strong H-bonds with the neighboring Haamp™, it is reasonable to expect the
departure of two HNCS molecules at the first decomposition step, which would
be in accordance, within the experimental error, with the mass loss to the first
minimum in DTG curve: 12.9 % (calcd. 16.57 %). Namely, according to the
HSAB principle the interactions between the soft Hg(ll) acid and the soft sulfur
atom of the SCN~ base are remarkable. Therefore it is highly unlikely the loss of
all four thicyanato groups at the same time. With the loss of two HSCN molecule
the Hg(ll) analogue of the Zn(ll) complex with a tentative composition of
Hg(NCS),(aamp), would be formed. The shape of the DTG curve may also sup-
port this proposition. However, it can be seen in Fig. 5 that the fragmentation of
the organic part takes place simultaneously. The course of the decomposition is
almost independent of the gas carrier up to 400 °C. Due to the high volatility of
mercury, at higher temperatures, the oxidation of the organic fragments is ac-

TG
0
2.9%
210°C \\\\\\\ 11.9% /\
324°C

, \\ ‘ 42.1%

PNl

[ i\

// \ ,j \ y 512°C

= DTA
-
DTG // 7 DTG \
0 — TG
DTA IS Sy 0.5°C/mg
—_—— e 20% 2 %/min

50 150 250 350 450 550 650
Temperature, °C

Fig. 5. TG, DTG and DTA curves of the decomposition of (Haamp),[Hg(SCN),4]

in air (=) and in nitrogen (--).
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companied by the evaporation of the mercury.33 As there is no stable interme-
diate formation in the measured temperature range, the course of the decom-
position, especially at higher temperatures cannot be explained without additional
EGD data. At about 700 °C the decomposition of the compound is accomplished
without residue.

The decomposition of Hg(ll) complex begins with an endothermic peak in
both gas carriers. An additional proof of the organic fragments evaporation is the
different shape of DTA curves in air and nitrogen above 200 °C. In air, the DTA
curve is asymmetric suggesting the occurrence of multiple processes and the
decomposition is highly exothermic. The decomposition in nitrogen is accom-
panied with a very slightly endothermic process. Above 300 °C the decompo-
sition in both atmospheres is exothermic in the measured range.

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No. 736362 and CCDC
No0.736363 for compounds [Zn(NCS)2(aamp)2] and (Haamp)2[Hg(SCN)4], res-
pectively. Copies of this information may be obtained free of charge from the
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-
-336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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U3BOJ

KOMIUIEKCU ITPEJTA3BHUX METAJIA CA JEPUBATHUMA ITMPA3OJIA.
JEO 29. PEAKIIMJE ITMHK(I1) Y1 XKUBA(Il) THOLINJAHATA CA
4-AIIETUJI-3-AMHNHO-5-METHUJIIIMPA30JIOM

KEJLKO K. JARUIMOBIRY, TOPAH A. BOTJIAHOBWR?, BERTA HOLLO®, BYKAJIMH M. JIEOBAIT
u KATALIN MESZAROS SZECSENY!®

"Metalursko-tehnoloski fakultet, Podgorica, Crna Gora, ZHHCLHMLTtyu_t 3a HykaeapHe Hayke “Bunua”,
Jlabopaitiopuja 3a Wieopujcky usuky u pusuxy KoHOeH308aHe maitiepuje, beozpao u
3Hpupobuo—mmﬁemabﬁuwcu axyaitieid, leiapitiman 3a xemujy, Hosu Cao

Onpelere cy kpucTainne u MoJiekysicke cTpykrype komruiekca ruaka(ll) u sxuse(ll) ca 4-ane-
THJI-3-aMUHO-5-MeTmupasonoM  (aamp) koopauHaioHux ¢Gopmyna [Zn(NCS),(aamp),] u
(Haamp),[Hg(SCN),]. Kommiekce unnka(ll) je mobujer peakunjomM TOILIMX METAHOIHHX PAcTBOpA
cmenre uuHK(I)-HuTpara n amoHujym-THOIMjanaTa ca aamp. Komrurekce xuBe(ll) HacTaje y peak-
[{jH TOIUIOT €TAHOJIHOT PacTBOpa aamp U TOILIOT, cabo KMCENOr BOJCHOT PacTBOpa [Hg(SCN)4]2_.
O0a KoMILIEKCa UMajy TeTpacJapcKy reOMETPH]jy, Koja ce y Cliydajy KOMILIEKCa I[MHKa OCTBapyje
MOHOJICHTATHOM KOOPJHHALMjOM [Ba MOJICKyJia aamp W ABE H30THONHMjaHATHE Tpyne. ATOMH
Zn(I1) u Hg(ll) Hanaze ce y 3HaTHO ne(hOPMUCAHOM KOOPAMHAIIMOHOM OKpYyXewy. Y 00a KoMIl-
JIeKca JIepuBaT MUpa3ojia UMa IUTaHapHY (GOpMy Koja je BepOBaTHO CTaOMIN30BaHA WHTpaMoIie-
kyinckoM N-H---O BogoHmuHOM BezoMm. JloOmjeHa jennmema ¢y, OCHM PEeHATeHCKOM CTPYKTYPHOM
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aHAJM30M, OKapaKTepHUCaHa EJIEMEHTATHOM aHanmu3oM, |R-crmexTpoMeTpujoM, KOHIYKTOMETpPH])-
CKHMM MEpeHhUMa U TEPMUYKOM aHATH30M.

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

(Ilpumibeno 2. jyna, peuaupano 4. okrodpa 2009)
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1-Naphthylazo derivatives of some 1,3-dicarbonyl compounds
and their Cu(ll), Ni(l1) and Zn(I1) complexes
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and PERUMPALLI UMMER?

1Department of Chemistry, University of Calicut, Kerala-673635 and 2Department of
Chemistry, Unity Women’s College, Manjeri, Kerala-676122, India
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Abstract: The coupling of diazotized 1-aminonaphthalene with 1,3-dicarbonyl
compounds (acetylacetone, methylacetoacetate and acetoacetanilide) yielded a
new series of bidentate ligand systems (HL). Analytical, IR, IH-NMR and mass
spectral data indicate that the compounds exist in the intramolecularly hyd-
rogen bonded keto-hydrazone form. With Ni(ll), Cu(ll) and Zn(Il), these po-
tential monobasic bidentate ligands formed [ML,] type complexes. The IR, 1H-
-NMR and mass spectral data of the complexes are consistent with the repla-
cement of the chelated hydrazone proton of the ligand by a metal ion, thus
leading to a stable six-membered chelate ring involving the hydrazone nitrogen
and the hydrogen bonded carbonyl oxygen. The Ni(ll) and Zn(ll) chelates are
diamagnetic, while the Cu(ll) complexes are paramagnetic. In the metal com-
plexes of the naphthylazo derivatives of acetylacetone and methylacetoacetate,
the acetyl carbonyl is involved in coordination, whereas in the chelates of the
naphthylazo derivative of acetoacetanilide, the anilide carbonyl is bonded with
the metal ion.

Keywords: naphthylhydrazones; Cu(ll), Ni(ll) and Zn(1l) complexes; IR, mass
and NMR spectra.

INTRODUCTION

Coupling of 1,3-dicarbonyl compounds with the electrophile aryldiazonium
ion provides the synthetic basis for a large number of technically important dye-
stuffs.l These arylazo derivatives have gained considerable importance in recent
years because of their application in the laboratory as acid-base, redox, metallo-
chromic and other indicators,2~4 as stains for bacteriological and histological in-
vestigations,3-6 in the study of acid-base equilibrium and acidity constant va-
lues3.7 and in the preparation of a large number of biologically important hete-
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doi: 10.2298/JSC0911273K
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rocyclic compounds.® Many variations in the dicarbonyls as well as the diazo-
nium salt have been studied in attempts to improve the colour, solubility and
stability of the resulting dyes.® The patent literature discloses seemingly endless
combination of these arylazodicarbonyls and their metal complex dyestuffs.
However, the structural aspect of many of these products and their metal deri-
vatives has received only scant attention. In continuation of studies on arylazo
derivatives of 1,3-dicarbonyl compounds and their metal complexes,10-15 the
synthesis and characterization of 1-naphthylazo derivatives of three 1,3-dicar-
bonyl compounds: acetylacetone, methylacetoacetate and acetoacetanilide, is re-
ported herein. Typical Cu(ll), Ni(ll) and Zn(1l) complexes of these compounds
were also synthesized and characterized.

EXPERIMENTAL
Methods, instruments and materials

The carbon, hydrogen and nitrogen contents were determined by microanalyses (Heraeus
elemental analyzer from CDRI, Lucknow, India) and the metal contents of the complexes by
AAS (Perkin Elmer 2380). The electronic spectra of the compounds in methanol (10-4 mol/L)
were recorded on a 1601 Shimadzu UV-Vis spectrophotometer, the IR spectra (KBr discs) on
an 8101 Shimadzu FTIR spectrophotometer, the 1H-NMR spectra (CDCl; or DMSO-dg) on a
Varian 300 NMR spectrometer and the mass spectra on a Jeol/SX-102 mass spectrometer
(FAB using Argon and meta-nitrobenzyl alcohol as the matrix). The molar conductance of the
complexes was determined in DMF (=103 mol/L) at 28+1 °C. The magnetic susceptibilities
were determined at room temperature on a Guoy type magnetic balance. Corrections for dia-
magnetism of the constituents were realised using Pascal’s constants.16

Acetylacetone, methylacetoacetate, acetoacetanilide, 1-aminonaphthalene, methanol, urea
and metal acetates used were of Merck AR grade, Germany.

Synthesis of naphthylhydrazones, Hnaa, Hnma and Hnan

1-Aminonaphthalene was diazotized as reported.}” After destroying the excess nitrous
acid with urea, the diazonium salt solution (0.010 mol) was added drop wise with stirring to
an ice-cold methanolic solution of the required 1,3-dicarbonyl compound (0.010 mol, 50 mL).
Concentrated sodium acetate solution was simultaneously added to maintain the pH of the
solution at around 6. The formed precipitate was filtered, washed with cold deionized water
and recrystallized from hot ethanol to obtain chromatographically pure material (TLC — silica
gel, chloroform).

Synthesis of the Ni(ll), Cu(ll) and Zn(ll) complexes

A solution of the metal salt (0.010 mol) in a minimum amount of water was added to a
solution of the ligand in methanol (0.020 mol, 25 mL). The mixed solution was refluxed on a
boiling water bath for =~ 12 h. The pH of the solution was maintained around 8 by the addition
of sodium acetate. The volume was reduced to half and the remaining solution cooled in an
ice bath. The formed crystals were filtered, washed with water, recrystallized from hot ethanol
and dried under vacuum.
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RESULTS AND DISCUSSION

The elemental analytical data of the naphthylhydrazones (Table I) indicate
that coupling between diazotized 1-aminonaphthalene and the 1,3-dicarbonyl
compounds occurred in a 1:1 molar ratio. All the compounds were crystalline in
nature and were soluble in common organic solvents. They formed stable com-
plexes with Ni(Il), Cu(ll) and Zn(ll) ions. Their analytical data (Table I) together
with their non-electrolytic nature in DMF (specific conductance < 10 S cm=1; 10-3
M solution) suggest [ML>] stoichiometry of the complexes. The Ni(Il) and Zn(ll)
chelates were diamagnetic, while Cu(ll) complexes showed normal paramagnetic
moments (ueff, 1.75-1.80 ug). The observed electronic, IR, IH-NMR and mass
spectral data are in conformity with the structures of Hnaa and Hnma and of their
complexes given in Figs. 1 and 2, respectively. The analytical and spectral data
of Hnan and its complex are in agreement with the structure given Figs. 3 and 4,
respectively. These data of the compounds are discussed separately.

TABLE I. Physical and analytical data of Hnaa, Hnma, Hnan and their metal complexes

Compound Yield M.p. Elemental analysis: Found (Calculated), %

% °C C H N M
Hnaa?, C15H14N,0, 80 110 70.71(70.87) 5.44 (5.51) 11.08 (11.02) -
HnmaP, C15H14N,04 75 140 66.80 (66.67) 5.17 (5.19) 10.45 (10.37) -
Hnan®, CyoH17N50, 80 150 72.67 (72.51) 5.12 (5.14) 12.71 (12.69) -

[Ni(naad)z], C3oH26N4NiO, 70 270 63.59 (63.75) 4.62 (4.60) 9.84(9.92) 10.34 (10.40)
[Ni(nmad)z], C3HxsN4NIiOg 72 204 60.24 (60.33) 4.33(4.36) 9.28 (9.38) 9.92 (9.83)
[Ni(nand)z], CaoHzNgNiO, 75 210 66.91(66.79) 4.42 (4.45) 11.54 (11.69) 8.12(8.17)
[Cu(naa),], C3oH26CUN4O4 65 190 63.30(63.21) 4.51 (4.57) 9.64(9.83) 11.25(11.16)
[Cu(nma),], CoH6CUuN,Os 70 180 59.72 (59.84) 4.32(4.32) 9.26 (9.31) 10.48 (10.56)
[Cu(nan),], C4oH3,CuNgO, 75 200 66.52(66.34) 4.36 (4.42) 11.54 (11.61) 8.60 (8.78)
[Zn(naa),], CsoH26N404Zn 68 182 63.10(63.00) 4.53(4.55) 9.70(9.80) 11.50 (11.44)
[Zn(nma),], C30H,sN4OeZn 70 160 59.54 (59.66) 4.32 (4.31) 9.19 (9.28) 10.78 (10.84)
[Zn(nan),], C4oH35NgO4ZN 65 180 66.32(66.17) 4.44 (4.41) 11.50 (11.58) 9.02 (9.01)
81-naphthylazo(acetylacetone); b1-naphthylazo(methyIatcetoacetate); C1-naphthylazo(acetoacetanilide); dnaa, nma,
nan = deprotonated ligands

t;? 'f;

Fig. 1. Structure of Hnaa and Hhma; R = Fig. 2. Structure of the metal complexes of
—CH3 and —OCHj5 for Hnaa and Hnma, Hnaa and Hnma (M = Ni(1l), Cu(ll), Zn(ll)).
respectively.
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F|g. 4. Structure of the metal complexes of
Flg. 3. Structure of Hnan. Hnan (M = Ni(l1), Cu(l1), Zn(11)).

Characterization of Hnaa, Hnma and their complexes

IR Spectra. The IR spectra of Hnaa and Hnma in the 1600-1800 cm~1 region
both showed strong bands at 1678 and 1722 cm~1 due to the stretching of the free
acetyl and ester carbonyls, respectively.13.14 The spectra also showed a strong
band at <1630 cm~1 and a medium intensity band at =1620 cm~1, assignable to
the stretching of intramolecularly hydrogen bonded acetyl carbonyl and C=N
vibrations, respectively18.19 (Fig. 1). The broad band in the range 2500-3500
cm~1 indicates the existence of strong intramolecular hydrogen bonding in these
compounds. In the spectra of all the complexes, the free carbonyl and C=N bands
remained almost unaffected, suggesting that they were not involved in the co-
ordination. However, the band due to the hydrogen bonded acetyl carbonyl at
~1630 cm~1 of the ligands disappeared and a new strong band assignable to the
stretching of a metal bonded carbony! group appeared at =1570 cm~L. The spec-
tra showed several medium intensity bands in the range 1580-1600 cm~1 due to
various C=C vibrations. The broad band in the range 2500-3500 cm~! of the li-
gands disappeared in the spectra of all the complexes and bands due to various
v(C-H) vibrations appeared. This strongly supports the replacement of the che-
lated proton of the ligands by a metal ion, as shown in Fig. 2. The prominent
band present at ~1525 cm~1 of the ligands, due to v(N-H) vibration, disappeared
in the spectra of all the complexes as the consequence of the replacement of the
hydrazone NH proton with a metal ion. The hydrazone nitrogen and the intra-
molecularly hydrogen bonded carbonyl oxygen participate in coordination, as
evidenced by the two additional medium intensity bands at =420 and =550 cm1,
assignable to v(M-0) and v(M-N) vibrations, respectively,20 in the spectra of the
complexes. Important bands in the IR spectra are given in Table II.

1H-NMR Spectra. The 1H-NMR spectra of Hnaa and Hnma are both charac-
terized by the presence of a low field, two proton signal at = ¢ 15 ppm due to the
N-H---O=C group.21.22 The integrated intensities of all the signals agree well
with the representation of the compounds given in Fig. 1. In the 1H-NMR spectra
of the diamagnetic Ni(ll) and Zn(1l) complexes, the low field signal due to the
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TABLE II. Characteristic IR stretching bands (cm™) of Hnaa, Hnma, Hnan and their metal
complexes (abbreviationsas in Table I)

Compound Free (C=0) Chelated (C=0) (C=N) (M-N) (M-0)
Hnaa 1678 1632 1618 - -
[Ni(naa),] 1675 1574 1612 562 428
[Cu(naa),] 1672 1568 1614 548 428
[Zn(naa),] 1670 1565 1615 550 425
Hnma 1722 1628 1615 - -
[Ni(hma),] 1718 1575 1617 545 432
[Cu(nma),] 1718 1568 1618 534 420
[Zn(nma),] 1720 1564 1616 530 420
Hnan - 1645, 1635 1620 - -
[Ni(nan),] - 1562, 1635 1618 560 426
[Cu(nan),] - 1568, 1635 1614 548 425
[Zn(nan),] - 1556, 1635 1616 558 420

chelated hydrogen disappeared, indicating the replacement of the hydrazone
proton with a metal ion during coordination.23 The positions of the methyl proton
signals indicate that the acetyl carbonyl is involved in the coordination. The
integrated intensities of all other protons are in agreement with the schematic
view presented in Fig. 2 (Table I11).

TABLE I11. 1H-NMR spectral data (5/ ppm) of Hnaa, Hnma, Hnan and their Ni(ll) and Zn(ll)
complexes (abbreviationsas in Table I)

Compound  CH,;CO RCO Naphthy!l NH

Hnaa 256 (3H,s) 2.44(3H,s) 7.14-7.87 (7H, m) 15.82 (1H, s, br)
[Ni(naa),] 2.86 (6H,s) 2.38(6H,s) 7.10-7.82 (14H, m) -

[Zn(naa),] 2.90 (6H,s) 2.33(6H,s) 6.98-7.77 (14H, m) -

Hnma 248 (3H,s) 3.88(3H,s) 7.12-7.95(7H, m) 15.05 (1H, s, br)
[Ni(nma),] 2.82 (6H,s) 3.84 (6H,s) 7.14-7.92 (14H, m) -

[Zn(nma),] 2.88 (6H,s) 3.82(6H,s) 7.04-7.90 (14H, m) -

Hnan 2.65(3H, s) 7.05-8.122 (m) 15.85 (1H, s, br), 11.78 (1H, s)

[Ni(nan),] 2.67 (6H,s) 7.08-8.022 (m) 11.62 (2H, s)
[Zn(nan),] 2.62 (6H, s) 7.02-8.122 (m) 11.66 (2H, s)

@Due to anilide and naphthyl groups

Mass spectra. The formulation of the compounds as in Fig. 1 is clearly sup-
ported by the presence of an intense molecular ion peak in the mass spectra.
Since peaks due to the elimination of ArN»,24:25 a characteristic feature of the
azo tautomer, were not observed in the mass spectra indicates the existence of the
compounds in the hydrazone form. Other important peaks resulted from the eli-
mination of CH3CO, RCO, etc. from the molecular ion or subsequent fragments.
The FAB mass spectra of the Cu(ll) complexes showed molecular ion peaks of
appreciable intensity corresponding to [CuLo] stoichiometry. Peaks correspond-
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1278 KRISHNANKUTTY, UMMATHUR and UMMER

ing to the elimination of CH3CO, RCO, dicarbonyl moieties etc. from the mole-
cular ion were also present in the spectra. The spectra of all the chelates possess a
number of fragments containing copper in the natural 3:1 abundance of the 63Cu
and 65Cu isotopes (Table V).

TABLE IV. Mass spectral data of Hnaa, Hnma, Hnan and their Cu(ll) complexes (abbre-
viations as in Table I)

Compound m/z

Hnaa 254,211, 168, 142, 127

Hnma 270, 227, 211, 168, 142, 127

Hnan 331, 288, 211, 168, 142, 127

[Cu(naa),] 571, 569, 528, 526, 485, 483, 442, 440, 429, 427, 399, 397, 386,
384, 318, 316, 287, 285, 254, 244, 242, 211, 201, 199, 142

[Cu(nma),] 603, 601, 560, 558, 517, 515, 544, 542, 485, 483, 461,

459, 442, 440, 402, 400, 399, 397, 343, 341, 334,
332, 319, 317, 270, 168, 142
[Cu(nan),] 725, 723, 682, 680, 639, 637, 633, 631, 605, 603, 583,
581, 497, 495, 485, 483, 441, 439, 395, 393, 355,
353, 343, 341, 331, 288, 168, 127, 120

Electronic spectra. The UV spectra of Hnaa and Hnma show two absorption
maxima at ~380 nm and ~250 nm due to various n—n* and t—r* transitions. In
the spectra of the complexes, these absorption maxima were shifted to appre-
ciably lower wave numbers. The Cu(ll) complexes had a broad visible band with
a maximum at =15000 cm~L. This fact, together with the uefs values (1.75-1.80
ug) were ascribed to the square-planar geometry of the complexes. The observed
diamagnetism and the broad medium-intensity band at ~17600 cm~1 in the spec-
tra of the Ni(ll) chelates also suggested their square-planar geometry. Moreover,
the spectra of the chelates in pyridine solution (103 mol/L) showed three bands
corresponding to a configurational change to octahedral due to the association of
pyridine.26

Characterization of Hnan and its complexes

IR Spectra. The IR spectrum of Hnan in the 1650-1800 cm~1 region had no
band assignable to free carbonyl groups. However, there were two strong bands
at 1645 and 1635 cm~1 due to the stretching of intramolecularly hydrogen bond-
ed anilide and acetyl carbonyl groups, respectively.13.14 There was also a me-
dium intensity band at 1620 cm-l, assignable to the C=N stretching vibra-
tion.18.19 The broad band in the range 2500-3200 cm~1 indicates the existence of
strong intramolecular hydrogen bonding in the compound, as shown in Fig. 3. In
the spectra of all the complexes, the acetyl carbonyl and C=N bands remained
almost unaffected, indicating that they were not involved in the coordination.
However, the band due to the hydrogen bonded anilide carbonyl at 1645 cm-1
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disappeared and instead a new strong band appeared at 1560 cm~1, assignable to
the stretching of a metal bonded carbonyl group. The spectra showed several me-
dium intensity bands in the range 1580-1600 cm~! due to various C=C vibra-
tions. As in the spectrum of the ligand, the complexes showed a band at 3380
cm~1 due to the NH group of the anilide moiety in their structure. A prominent
band present at 1528 cm=1 in the spectrum of the ligand due to the hydrazone
v(N-H) vibration was absent in the spectra of all the complexes. These indicate
that the hydrazone NH proton had been replaced by the metal ion, while the ani-
lide NH proton remained unchanged. It is evident that the hydrazone nitrogen
and the intramolecularly hydrogen bonded carbonyl oxygen were involved in the
complexation from the appearance of two additional medium intensity bands at
=420 and =550 cm~1, assignable to v(M-0) and v(M-N) vibrations,20 in the spec-
tra of the complexes. Important bands found in the spectra are given in Table II.

1H-NMR Spectra. The IH-NMR spectrum of Hnan is characterized by the
presence of two low field signals corresponding to one proton at ¢ 15.85 and
11.78 ppm due to intramolecularly hydrogen bonded hydrazone and anilide NH
protons.2122 The integrated intensities of all the signals are in accordance with
the compound presentation in Fig. 3. In the 1H-NMR spectra of the diamagnetic
Ni(ll) and Zn(Il) complexes, the low field signal due to the chelated hydrazone
proton disappeared while the anilide proton remained unchanged, indicating the re-
placement of the hydrazone proton with a metal ion during coordination, whereas
the anilide NH was excluded from the coordination.23 The position of the methyl
proton signals indicates that the acetyl carbonyl does not participate in coordi-
nation. The integrated intensities of all other protons are in agreement with the
presentation in Fig. 4 (Table I11).

Mass spectra. The structure of the compound shown in Fig. 3 is clearly sup-
ported by the presence of an intense molecular ion peak at m/z 331 in the mass
spectrum. Since the peak due to the elimination of ArN,2425 a characteristic fea-
ture of the azo tautomer, was not observed in the mass spectrum; thus the exis-
tence of the compound in the hydrazone form was assumed. The other important
peaks found were due to the elimination of CH3CO, CgHsNHCO, etc. from the
molecular ion or subsequent fragments. The FAB mass spectrum of the Cu(ll)
complex showed the molecular ion peak of appreciable intensity corresponding
to [Culy] stoichiometry. Peaks corresponding to the elimination of CH3CO,
CsHsNHCO, dicarbonyl moieties, etc. from the molecular ion are also present in
the spectrum. The spectrum of the chelate had a number of fragments containing
copper in the 3:1 natural abundance of 63Cu and 65Cu isotopes (Table 1V).

Electronic spectra. The UV spectrum of Hnan showed two absorption ma-
xima at 370 and 260 nm due to the various n—n* and T—m* transitions. In the
complexes, these maxima were shifted to appreciably lower wave numbers. The
Cu(ll) complex showed a broad visible band, with a maximum at 14850 cm~1.
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1280 KRISHNANKUTTY, UMMATHUR and UMMER

This, together with the uesf value (1.77 ug), suggests a square-planar geometry.
The observed diamagnetism and broad medium-intensity band at 17,650 cm=1 in
the spectrum of the Ni(ll) chelate suggested square-planar geometry. In addition,
the spectrum of the chelate in pyridine solution (10-3 mol/dm3) showed three
bands, corresponding to a configurational change to octahedral due to the asso-
ciation of pyridine.26 The three well-separated absorption maxima at 8230, 13570
and 24360 cm~1 corresponded to the transitions 3Ayq — 3Tag; 3Azq — 3T14(F)
and 3Ayg — 3T14(P), respectively.

CONCLUSIONS

A new series of bidentate ligands were prepared by the coupling of diazo-
tized 1-aminonaphthalene with acetylacetone, methylacetoacetate and acetoacet-
anilide (HL). The analytical, IR, 1H-NMR and mass spectral data revealed a 1:1
product in which one of the carbonyl group of the dicarbonyl compound was
involved in intramolecular hydrogen bonding with the hydrazone hydrogen. The
analytical, physical and spectral data of their [MLy] complexes with Cu(ll),
Ni(Il) and Zn(11) showed monobasic bidentate N,O coordination involving one of
the hydrazone nitrogen atoms and the carbonyl oxygen. In the metal complexes
of the naphthylazo derivatives of acetylacetone and methylacetoacetate, the ace-
tyl carbonyl was involved in the coordination, whereas in the chelates of the na-
phthylazo derivative of acetoacetanilide, the anilide carbonyl was bonded with
the metal ion.

U3BO/I

1-HA®TWIA30 JIEPUBATHA HEKUX 1,3-IUKAPBOHIIXUX JEAUHEBHA
1 IUXOBU Cu(ll), Ni(ll) ¥ Zn(1l) KOMIUIEKCH

K. KRISHNANKUTTYl, MUHAMMED BASHEER UMMATHUR2 u PERUMPALLI UMMER1

1Department of Chemistry, University of Calicut, Kerala-673635 u 2Department of Chemistry,
Unity Women’s College, Manjeri, Kerala-676122, India

KymioBamwem auazoroBaHor l-amunonadranena ca 1,3-qukapOoOHMIHUM jequiberbuma (are-
THJIANETOHOM, METHJIALETOAETATOM M aleTOAlCTAaHMINIOM) Jo0ujeHa je HoBa cepuja OuieH-
tarHux juranaga (HL). Anamutuaxw, IR, 'H-NMR u macenn CIEKTpaJTHU MOJALH yKa3yjy 1a je-
JHMBCHHA [IOCTOj€ Y HHTPAMOJICKYJICKH BOJAOHUYHO-BE3aHOM KETO-XHIPa30HCKOM obmuky. OBH 10-
TeHuujanHo MonoOa3Hu Oumenrtatau snuranau ca Ni(ll), Cu(ll) u Zn(Il) rpage [ML;] tun xom-
mwiekca. IR, "H-NMR u macenn CHEKTPAJIHH M01all KOMILIEKCA Cy Y CKJIaJy ca 3aMEHOM XeJIaTHOT
XHUIPa30HCKOT IPOTOHA METATHUM jOHOM, IPU Y€MYy HacTaje CTaOWiaH IMIECTOWIAHH XeJIaTHU Hpc-
TEH KOJU YKJbyUyje XUAPA30HCKH a30T U BOJOHUYHO Be3aH kapOonunau kuceonuk. Xemaru Ni(ll) u
Zn(ll) cy mujamarserndnn, nok cy Cu(ll) xommekcn mapamarHeTHdHH. Y METaTHHM KOMILICK-
cuMa HaTHIIA30 JeprBara aleTUIAeTOHa U METHIAIIETOAIeTaTa, aleTHIl KapOOHUIT je YKIbYUYCH Y
KOOpAMHALM]Y, AOK je y XeJdaTiMa HadTHia30 aepuBaTa aleTOAleTaHWINIA aHWINAHN KapOOHMIT
BE€3aH 32 METAJIHH jOH.

(Mpumibeno 16. mapra, pesuaupano 12. jyna 2009)
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T-2 toxin adsorption by hectorite
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Abstract: The adsorption of T-2 toxin by the natural smectite mineral — hecto-
rite at pH 3.0, 7.0 and 9.0 was investigated. The results of T-2 toxin adsorption
on hectorite showed that the T-2 adsorption capacity decreased with increasing
concentration of adsorbent in the suspension for all the investigated pH values.
From the adsorption isotherms, an increase in T-2 toxin adsorption with in-
creasing initial T-2 toxin concentration was observed for all the investigated
pH values. The T-2 toxin adsorption by hectorite followed a non-linear (Lang-
muir) type of isotherm at pH 3.0, 7.0 and 9.0, with correlation coefficients (r2)
of 0.943 at pH 3.0, 0.919 at pH 7.0 and 0.939 at pH 9.0. The estimated ma-
ximum T-2 toxin adsorption by hectorite based on the Langmuir fit to the data
(9.178 mg/g at pH 3.0, 9.930 mg/g at pH 7.0, and 19.341 mg/g at pH 9.0), in-
dicated that the adsorption of T-2 toxin by hectorite is pH dependent. The
obtained data suggest the existence of specific active sites in hectorite onto
which the T-2 toxin is adsorbed.

Keywords: smectite; hectorite; mycotoxins; T-2 toxin; adsorption.

INTRODUCTION

The contamination of animal feed with mycotoxins represents a worldwide
problem leading to economic losses in animal production. The most common na-
turally occurring mycotoxins are the aflatoxins, ochratoxins, fumonisins, tricho-
thecenes, zearalenone and ergopeptine alkaloids. Trichothecenes constitute the
largest group of Fusarium mycotoxins and are commonly found on cereals, such
as wheat, barley, oats and corn. These cereals are commonly used in animal feed,
thus, possibly, exposing livestock to relatively high levels of trichothecenes. Tri-
chothecenes have a closely related sesquiterpenoid ring structure with a 12,13
epoxy ring and a number of hydroxyl, acetoxy or other substituents. T-2 toxin is
one of the most acutely toxic trichothecenes and causes reduction in feed con-

* Corresponding author. E-mail: a.dakovic@itnms.ac.rs
doi: 10.2298/J5C0911283D
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1284 DAKOVIC etal.

sumption and weight gain and severe oral lesions in broilers,1~3 The chemical
structure of T-2 toxin is presented in Fig. 1.

HO

Fig. 1. Chemical structure of the T-2
CHy toxin.

The most promising and economical approach for detoxifying mycotoxin
contaminated feedstuffs is the addition of non-nutritive adsorbent materials to the
diet, thus reducing gastrointestinal absorption of mycotoxins. Examples are
activated carbon (AC), smectite minerals, zeolites and special polymers# The
efficiency of mycotoxin adsorbents differs considerably depending on the
chemical structure of both the toxin and adsorbent. Thus, the binding efficacy of
adsorbents is dependent on their crystal structures and physical properties (the
total charge and charge distribution, the size of the pores, accessible surface area,
etc.), as well as on the physico-chemical properties of the mycotoxins (polarity,
solubility, shape, charge distribution, dissociation constants, etc.).> It is well known
that some of the extensively studied adsorbents such as smectite minerals — hyd-
rated sodium calcium aluminosilicates (HSCAS) and zeolites — clinoptilolites are
very effective in adsorbing aflatoxins, both in vitro and in vivo.6.” However, their
negatively-charged surfaces are not effective in preventing the toxic effects of
Fusarium mycotoxins, such as fumonisins, trichothecenes or zearalenone. Avant-
aggiato et al.# tested twenty-one adsorbent materials (AC, cholestyramine, Stan-
dard Q/FIS, Myco Ad A-Z, Mycofix Plus, Mycosorb, etc.) for the binding of fu-
monisin B1 (FB1), zearalenone (ZEA), and trichothecenes — deoxynivalenol (DON)
and nivalenol (NIV) under in vitro conditions and found that AC showed the best
binding activity, adsorbing 100 % of FB1 and ZEA, and a moderate amount of
DON and NIV (>50 %). It is well known that chemical treatment of phyllosili-
cate clays and zeolites with long chain organic cations, i.e., cetylpyridinium (CP),
hexadecyltrimethylammonium (HDTMA) or octadecyldimethylbenzylammonium
(ODMBA) ions results in an increased hydrophobicity of the mineral surface,
providing a high affinity for hydrophobic organic molecules, such as the majority
of the mycotoxins.8-10 In previous studies, it was shown that natural clinoptilo-
lite and montmorillonite were effective in adsorbing aflatoxin B1,11.12 while sur-
factant modified zeolites had a high affinity for ZEA,13 ochratoxin A,14 and
FB1.15
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In addition to montmorillonite and zeolites, kaolinite and hectorite are com-
monly used industrial minerals.16 Hectorite is a 2:1 smectite clay, which is com-
posed of units made up of two tetrahedral sheets with a central Mg octahedral
sheet. It has permanent negative charges that arise due to the isomorphous sub-
stitution of Li* for Mg2*. The negative charge is counterbalanced by the presence
of inorganic cations.816.17 |t is well known that hectorite has been used as an
adsorbent for color removal of basic dyes and metal ions,18 while organically
modified hectorites may be used as an adsorbent for the removal of anionic dyes,
organic compounds and pesticides, etc.1920 Recently, hectorite was considered
as an adsorbent for ZEA detoxification, but high adsorption of this toxin was ob-
served only when hectorite was used in combination with AC. Namely, the re-
sults of in vitro studies by Afriyie-Gyawu et al.21 showed that AC was the most
efficient adsorbent for ZEA (adsorption index 99 %), followed by a combination
of 2 parts of AC plus 3 parts of hectorite (HEC) (69 %), CP-exchanged low-pH
montmorillonite (58 %), hexadecyltrimethylammonium-exchanged low-pH mont-
morillonite (54 %), and HEC alone (28 %). To the best of our knowledge, there
are no data in the scientific literature on the efficacy of hectorite to bind tricho-
thecenes mycotoxins.

The objective of the current study was to investigate the efficiency of the
natural smectite mineral hectorite for in vitro adsorption of T-2 toxin at pH 3.0,
7.0 and 9.0.

EXPERIMENTAL

Hectorite (Hector, California) was obtained from the Mine-Engineering Com. (2286 E
Carson St, #437 Long Beach, CA 90807, USA). The sample was dried at 60 °C and ground to
yield particles smaller than 63 pm.

The cation exchange capacity (CEC) of the hectorite was measured with 1 M NH,CI.

The mineralogical composition of the starting sample was determined by X-ray powder
diffraction analysis, XRPD, performed using a Philips PW-1710 diffractometer with mono-
chromatic Cu-Ka radiation, in the 268 range 4-60°.

Investigations of the surface morphology of the hectorite were performed using a LINK
AN 1000 EDS microanalyzer attached to a JEOL JSM — 6460 LV Scanning Electron Mic-
roscope (SEM). The accelerating potential was 15 kV, the beam current 3 nA, the surface
electron beam measured 1 mm? and the counting time was 1250 s. ZAF-4/FLS software pro-
vided by LINK was used for corrections.

The hectorite was used without pretreatment for the T-2 toxin adsorption studies. A pri-
mary T-2 toxin stock solution (1000 ppm) was prepared in ethanol. The T-2 toxin test solu-
tions for the adsorption studies were prepared by adding ethanol stock solution to 0.10 M
phosphate buffer adjusted to pH 3.0, 7.0 and 9.0. Duplicate aliquots of 0.10 M phosphate
buffer containing 10 ppm of T-2 toxin (10 mL) were added to 15 mL polypropylene Falcon
tubes to which 100, 20, 10 or 5 mg of hectorite had been added. In order to eliminate exoge-
nous peaks, controls were prepared by adding 10 mL of 0.10 M phosphate buffer plus 10 mg
of hectorite to Falcon tubes. For investigations of the adsorption isotherms of T-2 toxin on
hectorite, a 10 mL aliquot of T-2 toxin (4.0-10 mg L™1) in buffer was added to 15 mL Falcon
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tubes together with 10 mg of adsorbent. The adsorption isotherms for hectorite were examined
at pH, 3.0, 7.0 and 9.0 with each sample being done in duplicate. The tubes were placed on a
rotatory shaker for 30 min at room temperature (based on initial studies, data not shown).
Each T-2 toxin test solution and control was centrifuged at 13000 rpm for 5 min and 2 mL of
the aqueous supernatant was removed for HPLC analysis. An aliquot of the original buffered
T-2 toxin test solution was used as the HPLC standard. HPLC analyses were performed on
Hypersil C18-BDS column ((250x4.60) mm, 5 um particle size) using a Hitachi L-7100 pump
with a Hitachi L-7200 autosampler, and UV detection with a Hitachi L-7400 UV detector (4 =
= 212 nm). The mobile phase was acetonitrile:water (50:50) pumped at a flow rate of 1.0 mL
min-l. Data were recorded and processed using a Hitachi D-7000 data acquisition package
with Concert Chrom software on a microcomputer. The percent bound T-2 toxin was cal-
culated from the difference between the initial and final T-2 toxin concentration in the
aqueous supernatant after equilibrium.

RESULTS AND DISCUSSION

The cation exchange capacity (CEC) of the hectorite was 0.892 meq g2,
measured with 1.0 M NH,CI. Sodium was the dominant ion in the exchangeable
positions (0.774 meq g-1), while magnesium (0.094 meq g-1), lithium (0.018
meq g-1), and potassium (0.006 meq g—1) were present at very low levels in the
exchangeable positions of the hectorite. The chemical composition of the hecto-
rite is presented in Table I.

TABLE I. Chemical composition of the employed hectorite
Content, mass %
S|Oz A|203 Fe203 CaO I\/IgO Nazo Kzo leo I.L.
57.88 0.45 0.04 <0.10 23.62 2.22 0.04 1.46 15.00

The mineralogical composition of the starting sample was primarily hector-
rite, with smaller amounts of quartz, as measured by X-ray powder diffraction
analysis. The X-ray diffraction pattern of the hectorite (Fig. 2) shows a sym-met-
ric (001) diffraction with dgg; = 12.49 A, a typical value for monovalent cation
smectites with a monolayer of water molecules in the interlayer space. A similar
basal spacing (dgo1 = 12.61 A) for natural hectorite with a cation exchange ca-
pacity of 0.439 meq g~ was reported Baskaralingam et al.19

The surface morphology of the hectorite had a fluffy appearance with a fine
platey structure, as can be seen from the SEM image of the hectorite presented in
Fig. 3.

The T-2 toxin is a low polar organic molecule, slightly soluble in water.1 In
a preliminary study, the results obtained for T-2 toxin adsorption (co 1.2 = 10 mg
L1 Csusp =109 L-1) by clinoptilolite (Vranje, Serbia), montmorillonite (Sipovo,
Bosnia) and hectorite, at pH 3.0 showed that neither clinoptilolite nor montmoril-
lonite were efficient in binding T-2 toxin under in vitro conditions (T-2 toxin
adsorption indexes: clinoptilolite: 8 %; montmorillonite: 13 %). The properties of
natural clinoptilolite and natural montmorillonite were given elsewhere.13-15
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Compared to these minerals, the adsorption of T-2 toxin by the hectorite mineral
was very high (adsorption index 95 %). The fact that montmorillonite, a di-oc-
tahedral smectite, does not adsorb T-2 toxin, while hectorite, a tri-octahedral
magnesium smectite with some lithium substitution for magnesium in the octa-
hedral layer, has a high affinity to adsorb this toxin indicates the presence of ac-
tive sites in hectorite onto which this toxin may be adsorbed. Thus, to further
investigate the adsorption of T-2 toxin by hectorite, experiments were performed
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with different amounts of hectorite in the suspension, different initial T-2 toxin
concentration and different pH values.

The effect of adsorbent mass on the amount of T-2 toxin adsorbed at pH 3.0,
7.0 and 9.0 is presented in Fig. 4.

w
1

T-2 adsorbed, mg/g

0 Fig. 4. T-2 toxin adsorption
" ) " T " ) ' J " J by hectorite vs. the amount

0 2 4 6 8 10 of adsorbent in the suspen-

amount of adsorbent, g/l sion at different pH.

As can be seen from Fig, 4, a decrease in adsorption capacity with increasing
adsorbent concentration was observed, at all investigated pH values .The de-
crease in adsorption capacity with increasing adsorbent concentration may be
explained with the fact that adsorption sites remain unsaturated at higher ad-
sorbent mass for the same initial toxin concentration solution.20

The adsorption of T-2 toxin by hectorite was additionally investigated through
the determination of the adsorption isotherms at pH 3.0, 7.0 and 9.0 (Figs. 5a—c).
These isotherms were obtained by plotting the concentration of T-2 toxin in so-
lution at equilibrium against the amount of T-2 toxin adsorbed per unit of weight
of adsorbent.

There are only limited data in the scientific literature on the adsorption iso-
therms for the adsorption of mycotoxins by hectorite. Afriyie-Gyawu et al.21 re-
ported a linear isotherm for ZEA adsorption by hectorite and suggested that hec-
torite appeared to sorb the low polar ZEA primarily via a partitioning phenolme-
non. Usually, it is assumed that the adsorption of low polar organic molecules to
an organic-rich substrate through the partitioning mechanism obeys a linear ad-
sorption isotherm.22 From Figs. 5a—c, T-2 toxin adsorption by hectorite followed
non-linear types of isotherms at pH 3.0, 7.0 and 9.0. Additionally, an increase in
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T-2 toxin adsorption with increasing initial T-2 toxin concentration was observed
at all investigated pH values. Non-linear (Langmuir) isotherms obtained for T-2
toxin adsorption by hectorite suggests that partition is not a relevant mechanism
for its adsorption. The experimental data for T-2 toxin adsorption by hectorite at
pH 3.0, 7.0 and 9.0 were accordingly fitted to the Langmuir isotherm equation:

ofiCeq
1+Ceq

Cads = (1)
where cags and Ceq denote the equilibrium concentrations of T-2 toxin on the
hectorite and in the aqueous phase, respectively, « is a constant related to the
binding energy and £ is the maximum amount of solute that can be adsorbed by
the solid. It was proposed?3 that an adsorption conforms to the Langmuir model
when the value of the correlation coefficient (r2) is greater than 0.89. Thus, the
calculated r2 values of 0.943 at pH 3.0, 0.919 at pH 7.0 and 0.939 at pH 9.0 in-
dicate that these isotherms are empirically consistent with the Langmuir model.
Since a Langmuir isotherm is commonly associated with specific bonding,24 the
obtained results suggested the presence of specific active sites in hectorite onto
which the T-2 toxin can be adsorbed. The estimated maximum T-2 toxin adsorp-
tion by hectorite, based on the Langmuir fit to the data, was 9.178, 9.930 and
19.341 mg g~ at pH 3.0, 7.0 and 9.0, respectively. This suggests that the adsorp-
tion of T-2 toxin by hectorite may depend on the solution pH. Since the T-2 toxin
is non ionizable (Fig. 1), the increase in adsorption with increasing pH indicates
some change at the hectorite surface that contributes to the adsorption. The fact
that an increase of the solution pH increases the T-2 toxin adsorption suggests
that additional interactions between the negative hectorite surface and T-2 toxin
cause the greater adsorption. Based on the structure of the T-2 toxin and the ob-
tained adsorption data, it is possible that more than one adsorption mechanism is
involved in the adsorption of T-2 toxin by hectorite.

CONCLUSIONS

The effects of adsorbent mass, solution pH and the initial concentration of T-2
toxin in the solution on T-2 toxin adsorption by the natural mineral hectorite
were investigated. It was found that adsorption capacity for the T-2 toxin de-
creased with increasing adsorbent concentration in the suspension, at all the in-
vestigated pH values. The adsorption of T-2 toxin by hectorite followed a non-
-linear (Langmuir) type of isotherm at pH 3.0, 7.0 and 9.0. The estimated maxi-
mum T-2 toxin adsorption by hectorite, based fitting the data to the Langmuir
model, was 9.178 mg g1 at pH 3.0, 9.930 mg g~1 at pH 7.0, and 19.341 mg g1
at pH 9.0, indicating that the adsorption of T-2 toxin by hectorite is pH depen-
dent. The results presented in this paper show that hectorite possess a very high
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capacity for T-2 toxin, over a wide pH range and may be suitable for potential
practical applications.
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U3BO [
AJICOPIILINJA T-2 TOKCUHA HA XEKTOPUTY

AJIEKCAHJIPA JAKOBUR?, )KUBKO CEKYJIMRY, GEORGE E. ROTTINGHAUS?, AHA CTOJAHOBUR!, COIbA
MIJIMREBIR' 1 MIJIAH KPATOBUR!

! Uncimuimiyim 3a iwexnonozujy HyKkaeapHux u Opyzux muHepaanux cuposuna, ii. ip. 390, 11000 Beozpao u
2Veterinary Medical Diagnostic Laboratory, College of Veterinary Medicine,
University of Missouri, Columbia, MO 65211, USA

VY oBOM pany Cy IpuKa3aHH pe3yiTaTH HCIHUTHBAamba ancopniyje T-2 TOKCHMHA Ha MHHEpaIy
U3 TpyIe CMEKTHTA — XeKTOpHTY, Ha pasdnuuutum PH Bpexnoctuma (3,0; 7,0 u 9,0). UcnuruBama
Cy Iokasaina Jia aacopboBaHa KonuuuHa T-2 TOKCHHA Ha XEKTOPHUTY Oaja ca II0pacToOM Cajpxkaja
yBpcTe (aze y CyCleH3uju Ha CBUM ucnutuBaHuM PH BpenHocTiMa. Ca aacopIIMOHUX H30TEPMU
ce npumehyje na ca nosehamem moverHe koHieHTpanuje T-2 TokcuHa pacte W ajncopnuuja T-2
TOKCHWHA, Ha CBUM mcnurtiBaHMM PH BpennoctmMa. Ancoprmuja T-2 TOKCHHA Ha XEKTOPHTY ce
MOXKe OIMCATH HeIMHEAPAHHM (JTerrmup, Langmuir) tumom mzorepme wa pH 3,0; 7,0 u 9,0, npu
yemy (akTop Kopemarje (r ) uznocu 0,943 wa pH 3,0; 0,919 ua pH 7,0 u 0,939 ua pH 9,0.
Makcumanna a/:xcop6OBaHa konuuuHa T-2 TOKCI/IHa Ha XEKTOPUTY Ha OCHOBy Jlenrmupose u3o-
tepme (9,178 mg g na pH 3,0; 9,930 mg g na pH 7,0 u 19,341 mg g Ha pH 9,0), ykasyje na je
ancopruja T-2 ToxcuHa Ha XeKTopuTy 3aBucHa ox PH. JoOujeHu pesynraTtu ykasyjy Ha IOCTO-
jame criennUIHNX aKTUBHUX IIEHTapa Ha XeKTOPHUTY Ha KojuMa ce T-2 TokcuH agopOyje.

(TTpumsbero 4. pebpyapa 2009)
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Effect of solution treatment conditions on the sensitization
of austenitic stainless steel
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Abstract: In this study, the impact of the conditions of solution treatment on the
degree of sensitization (DOS) of austenitic stainless steel (AISI 304) was in-
vestigated in detail. The results derived from the electrochemical potentio-
dynamic reactivation (EPR) test indicated that the DOS decreased as the so-
lution treatment temperature and time increased. The reason for this was stu-
died via the SEM morphologies and EDS results, which indicated that the grain
size influenced the DOS. Furthermore, cellular automaton (CA) was utilized to
simulate grain growth, the precipitation of Cr-rich carbides and the three di-
mensional distribution of the chromium concentration, which vividly illumi-
nated the effect of the grain size on the DOS and was in accordance with the
experiment results.

Keywords: intergranular corrosion; degree of sensitization; cellular automaton;
austenitic stainless steel.

INTRODUCTION

Stainless steels have excellent corrosion resistance when properly heated and
used in a low temperature environment. However, they are vulnerable to corro-
sion when exposed to temperatures between 450 and 900 °C.1-4 This is because
the formation of Cr-rich carbides at the grain boundaries extracts chromium from
the grain boundaries and neighboring matrix, leaving a Cr-depleted zone extend-
ing to both sides of the grain boundaries. The Cr-depleted zone is vulnerable to
attack, leading to intergranular corrosion (IGC) or stress cracking corrosion.>-8
In order to correlate IGC with the grain boundary characteristics, many studies
have been devoted to the quantitative evaluation of the depleted zones by empi-
rical or analytical models.9-1°

Generally, these models are successful in calculating the chromium concen-
tration profiles and their evolutions during aging. However, the chromium con-

* Corresponding author. E-mail: shchen@sdu.edu.cn
doi: 10.2298/JSC0911293Y
1293
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centration profiles can only reflect the distribution along a certain direction,
rather than giving an overall view of the chromium distribution. Therefore, the
intention of this work was to simulate the chromium distribution in a three di-
mensional manner. As an important algorithm, CA, that describes the discrete
spatial and temporal microstructure evolution on a mesoscale, was applied to si-
mulate recrystallization, grain coarsening, phase transformation and grain growth.16-25
However, hitherto, there has been no report about the employment of the CA to
investigate IGC of austenitic stainless steel, except the simulation of general cor-
rosion of a metal with defects.26 Based on the above-mentioned, the CA was ad-
opted to study the effect of solution treatment conditions on the degree of sen-
sitization (DOS) of austenitic stainless steel (AISI 304), and the evolution of
grain growth, the precipitation of Cr-rich carbides and the distribution of the
chromium concentration are presented herein.

EXPERIMENTAL
Experiments

The steel (AISI 304) with a diameter of 3 mm investigated in this study contained of
0.055 % C, 1.00 % Mn, 8.48 % Ni, 0.600 % Si, 0.029 % P, 0.005 % S, 18.28 % Cr and Fe in
balance. The samples were first solution treated at 900, 1000 and 1100 °C for 0, 15, 30 min, 1
h and 2 h and then sensitized at 650 °C for 12 h. After the pretreatment, the specimens were
sealed with epoxy resin, with only the working area exposed. The electrodes were polished
with emery paper to mirror-like brightness, rinsed with alcohol and Milli-Q ultrapure water
before the electrochemical experiments.

The DOS of the samples was determined by the electrochemical potentiodynamic reac-
tivation (EPR) test.2 All the experiments were repeated several times and the average values
represented the DOS. After the electrochemical experiments, the electrodes were cleaned in
Milli-Q ultrapure water, immersed in alcohol and cleaned in an ultrasonic cleaner for 15 min,
dried in air, and then EDS and SEM measurements were performed using a JSSM-6700F filed
emission scanning electron microscope (Japan JEOL).

CA simulation model

The initial microstructure, used to simulate the precipitation of Cr-rich carbides and the
distribution of the chromium concentration, resulted from grain growth at different tempera-
tures. The detailed theory about grain growth can be found in the literature.19-25

For the simulation of the precipitation of Cr-rich carbides, a nucleation model based on
the classical nucleation theory was employed. This model can be described as follows:20-22

| = KyD,(KT) exp(-Ko/kT(AG)2), )

where | is the nucleation density, K; is a constant related to the nucleation site density, K, is a
constant related to all the interfaces involved in the nucleation, D, is the chromium diffusion
coefficient, k is the Boltzmann constant and AG is the driving force.

Moreover, the growth of the carbides was assumed to be controlled by both the chro-
mium diffusion and the interface mobility. As the interface moves during the precipitation,
chromium atoms transfer from the matrix to the interface and then they precipitate to the
carbides. Consequently, the growth of carbides can be described as a free boundary problem
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EFFECT OF GRAIN SIZE ON SENSITIZATION 1295

for chromium diffusion in austenite and the dynamics of the interface. The chromium dif-
fusion in austenite is described as follows:
dc/dt = V(DVc), 2

where c is the chromium concentration and D is the chromium diffusion coefficient.

Allowing for the characteristics of the precipitation of Cr-rich carbides, the mobility of
interface is equal to the growth of carbides and the length that the interface covers can be
expressed by:14.15

| = g/Dt, (3)
where t is the sensitization time, £ is a constant and D is the chromium diffusion coefficient,

which, being a thermally activated process, depends on the temperature. All of the key para-
meters are listed in Table I.

TABLE I. The key parameters used in the present model

Mo/ m4Jlst oy /Im2 g,/° alpm B Q / kJ mol! (taken from14.18)
1.56x1011 0.56 15 deg 1 0.137 2457

RESULTS AND DISCUSSION
The effect of solution treatment temperature on the sensitization

The influence of the solution treatment temperature on the susceptibility to
IGC was studied at 900, 1000 and 1100 °C while the other conditions were main-
tained constant. The DOS obtained from the EPR test is shown in Fig. 1, from
which it can be seen that the DOS decreased gradually with increasing tempe-
rature irrespective of the treatment time. For example, when the samples were

100 T T T T T v T v T
1 '\ —m—900C
75 - —e—1000C i
g —e—1100C
o
_—
X
~N 504 -
)
8 —
M
.i’\o
25 o .
—_—
0 T T T v T T T v 1
0.0 0.5 1.0 15 2.0
T/h

Fig. 1. The DOS obtained from the EPR test.
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treated at 900, 1000 and 1100 °C for 1 h and then sensitized at 650 °C for 12 h,
the DOS was 63.9, 31.8 and 23.5 % respectively. The changing trend of the DOS
were the same when the solution treatment time was 15 min, 30 min and 2 h. The
SEM morphologies shown in Fig. 2 were taken after the EPR test and revealed
that IGC occurred at all three temperatures. However, the degree of IGC was re-
duced as the temperature increased.

Fig. 2. SEM Morphologies of the samples heated
at: a) 900, b) 1000 and c¢) 1100 °C for 0.5 h, and
then sensitized at 650 °C for 12 h.

The effect of solution treatment time on the sensitization

Figure 1 not only shows the effect of solution treatment temperature on the
DOS, but also indicates the impact of the treatment time on it. From the Figure, it
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EFFECT OF GRAIN SIZE ON SENSITIZATION 1297

can be seen that the DOS for the sample without heat treatment was very high,
but it decreased sharply for the samples subjected to heat treatment. When the
samples were heated at 1100 °C for 15 min to 2 h, the DOS decreased from 35.1
to 17.7 %. At the other temperatures, the DOS also decreased as the time in-
creased. The SEM morphologies of the samples heated at 1100 °C for 15 min, 30
min and 2 h and then sensitized at 650 °C for 12 h after the EPR test are shown in
Fig. 3. The figure reveals that IGC occurred under all conditions, but it was re-
duced as the time was prolonged.

Fig. 3. SEM Morphologies of the samples
heated at 1100 °C for: a) 15 min, b) 30 min
and c) 2 h, and then sensitized at 650 °C for
12 h.
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The effect of grain size on the sensitization

Grain size is one of the most important factors that can affect IGC and it
mainly affects the time required to reach the state of complete sensitization.27.28
The relationship between the grain size and the time to attain the state of com-
plete sensitization can be expressed as:

tmax,1 = (dyg/ d2)2/3tmax,2 (4)

where tmax 1 and tmax 2 are the times required to reach the state of complete sen-
sitization, and dy and d» are the grain sizes.12 The chromium concentration at the
grain boundaries at any sensitization time during the sensitization stage is related
to tmax and is defined as:

C = Co exXp(—Kkt/tmax), )

where ¢ is the chromium concentration at the grain boundaries at sensitization
time t, ¢, is the initial concentration of chromium, t is the sensitization time, tmax
is the time required to reach the state of complete sensitization and k is a cons-
tant.15

From these two equations, it can be assumed that if t is shorter than tyax and
is kept the same for the different grain size samples, the chromium concentration
at the grain boundaries of a large grain sample will be higher than that of a small
grain one. This means the precipitation of a large grain sample will be less than
that of a small grain one. As a result, the DOS of a large grain sample will be
lower than that of a small grain one, which is determined by the volume of pre-
cipitation.

Although the grain boundary surface area became smaller as the grains grew
larger, the precipitation of Cr-rich carbides per grain boundary surface area in-
creased. The reason is that the samples were derived from the same material and
the sensitization was performed at the same temperature. Hence, the precipitation
volume was the same for the different grain size samples. However, as the grain
size becomes larger, the chromium atoms must diffuse a longer distance to reach
the grain boundaries and this is a time consuming procedure. Hence, if the sensi-
tization time is very short, the DOS of the larger grain samples may be lower
than that of the smaller grain samples. Through experiments, it was found that
the DOS of the smallest grain sample was still increasing when the sensitization
time was 192 h. Thus, the sensitization time of 12 h used in this study was shorter
than the smallest tmax. As a result, the DOS of the large grain sample was lower
than that of the small grain sample.

From the SEM morphologies exhibited in Figs. 2 and 3, it can be observed
that the grain size became larger as the temperature and time increased. The ave-
rage grain sizes obtained from Fig. 2 were 19.5, 22.8 and 26.8 um, respectively,
while those obtained from Fig. 3 were 20.8, 23.6 and 37.8 pum, respectively. In
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order to prove if it was the grain size that influenced the DOS, the chromium
concentration at grain boundaries was determined by EDS. The measurement of
the chromium concentration at the grain boundaries of each sample was repeated
five times and the final concentration was the average value of the five deter-
mined values. According to Egs. (1) and (2), d23 should change linearly with
1/In(c). The relationship between the grain size and the chromium concentration
is presented in Fig. 4. Allowing for experiment error, the results were in agre-
ement with the theoretical calculation. This suggests that it was the grain size that
had an impact on the DOS.

14 T v T T T T T i T T T

N

T T T T
34.6 34.8 35.0 35.2 354 35.6

100/In(C)
Fig. 4. The relationship between the grain size and the chromium concentration.

In order to show the effect of grain size on the DOS, the CA was utilized to
simulate the precipitation of Cr-rich carbides and the distribution of the chro-
mium concentration. The simulation was performed on a 100100 square lattice
and the distance between two neighboring cells was 1.0 um. The state of each
lattice site was characterized by four state variables: the grain orientation variable
representing the different grains; the phase state variable indicating whether it
belonged to the carbides, the matrix, or the carbides/matrix interface; the fraction
variable representing the fraction of carbides in an interface cell, and the chro-
mium concentration. The Moore neighbor rule, which considers the first and the
second nearest eight neighbors, was employed. The procedure and the transition
rules were as follows: first, the initial variables for each cell were assigned, and
then nucleation occurred randomly to those cells belonging to the preferential
nucleation sites according to the nucleation model. In addition to nucleation, the
carbides formed at the other steps would simultaneously grow into the matrix.
When the fraction of the carbides in an interface cell was no less than one unit,
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the phase state variable of this cell would change into the phase state variable of
the carbides and the orientation variable was given randomly. At the same time,
all its neighboring austenite cells changed their phase state variables into the
phase state variable of the interface. In addition, the chromium concentration at
each site was calculated according to Eq. (2). Lastly, the variables for each cell
were updated and the simulation cycle was repeated until the simulation was
completed.

The microstructures used to study the effect of grain size on the precipitation
of Cr-rich carbides, which were obtained from grain growth at 900, 1000 and
1100 °C, are displayed in Fig. 5. The average grain sizes were 19.7, 22.5 and
26.5 um, respectively, and were almost equal to the grain sizes of the material.
The changes of the precipitation together with the grain size are shown in Fig. 6,
from which it can be clearly seen that the volume of precipitate decreased with
increasing grain size. The corresponding distribution of the chromium concentra-
tion, which clearly reflects the changes in the precipitation, is presented in Fig. 7.
The concentration at the grain boundaries for the large grain sample was higher
than that for the small grain one, which is in accordance with the experiment re-
sults. Hence, the simulation clearly showed the effect of the solution treatments
on the DOS.

Fig. 5. The microstructure obtained from grain growth at different temperatures: a) 900,
b) 1000 and c) 1100 °C.
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Fig. 6. Effect of grain size on the precipitation: a) 19.7, b) 22.5 and ¢) 26.5 pum.
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Fig. 7. The distribution of the chromium concentration corresponding to Fig. 6.

CONCLUSIONS

The effect of solution treatment conditions on the DOS of AISI 304 auste-
nitic stainless steel was studied experimentally and by simulation methods. The
experimental results showed that the DOS decreased as the temperature and time
of the solution treatment increased. In order to understand the relationship be-
tween the DOS and the solution treatment temperature and time, a CA was used
to simulate the grain growth, the precipitation and the three dimensional distri-
bution of the chromium concentration, which perfectly explained the influence of
temperature and time on the DOS.
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N3BOJI

YTHUIAJ YCIIOBA TPETMAHA V PACTBOPY HA IIOBERAIE
OCETJBMBOCTU AYCTEHUTHOI" YEJIMKA

XIAOFEI YUY, SHENHAO CHENY? i LIANG WANG*

1Department of Chemistry, Shandong University, Jinan 250100 u ZState Key Laboratory
for Corrosion and Protection, Shenyang 110016, PR China

V pany je netasbHO UCIUTAH yTHUIAj yCIOBa TPETMaHa y pacTBOPY Ha crerneH nosehama ocet-
spuBocTH aycreHuTHoOr 4enuka (AIS| 304). Pesynratu Tecta eeKTPOXEMHjCKE MOTEHIHOCTATCKE
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peakTHBaIMje ykasyjy a cTereH moBehama oceTsbuBOCTH omajaa ca moBehameM TemIepaType H
BpEMEHA TPEeTMaHa y PacTBOPY. Y3pOLM TaKBOT MOHAIIAmkha Cy TpaxkeHH y mopdoioruju (koja je
onpeheHa ckeHUpajyhioM eJIeKTPOHCKOM MHKpockonujom, SEM) u pesynratima eHepreTcKo-uc-
nepsuoHe ananuse X-3paunma (EDS). IToka3sano ce fa BeanuuHa 3pHA yTHYE HA CTeNeH noBehama
ocembuBoctd. ITopen Tora, Moaenom henujckux ayromara Cy CUMYJIMPAHH PACT 3pHA, TaJIOXKCHE
kapOuaa 6oraTux XpoMoM ¥ TPOJMMEH3MOHA PACIIojieia KOHIEHTPaNje XpoMa, IITO je CIIMKOBHTO
objacHmIo edekar BeMMUUHE 3pHA HA CTEICH NOBehame OCETIFUBOCTH ayCTCHUTHOT YeIHKa KOjH je
eKCIIepUMEHAITHO YTBpheH.

N

C.
G.
Y.
H.
W.

(ITpumibeno 5. Gpedpyapa, peBuaupano 27. maja 2009)
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Abstract: Densities of binary mixtures of 1-propanol, or 2-butanol, or 1-pen-
tanol + cyclohexylamine were measured at temperatures from 288.15 to 313.15
K and atmospheric pressure, while the densities for the system 2-methyl-2-pro-
panol + cyclohexylamine were measured at temperatures from 303.15 to
323.15 K and atmospheric pressure. All measurements were performed using
an Anton Paar DMA 5000 digital vibrating-tube densimeter. From the experi-
mental densities, the excess molar volumes, VE, were calculated.

Keywords: binary mixtures, densities, excess molar volumes; alcohols; cyclo-
hexylamine.

INTRODUCTION

This study is a continuation of previous research dealing with the experi-
mental determination or calculation of volumetric properties of binary and terna-
ry mixtures containing different alcohols and aromatics, chlorinated aromatics or
chlorinated alkanes.1=6 The intention of this study was to provide a set of volu-
metric data in order to assess the influence of temperature, as well as the struc-
ture of the alcohol molecule (position of the OH group and alcohol chain length)
in mixtures with cyclohexylamine on the molecul ar interactions between them.

Mixtures of alcohols and primary amines are an interesting class of systems
exhibiting very strong negative deviations from the Raoult law. From a theore-
tical viewpoint, the volumetric properties of these mixtures are an important
source of information for the characterization of the interactions between the
components and they are also useful for understanding the liquid state theory. In
addition, alcohols and amines are widely used in a variety of industrial and con-
sumer applications and hence, knowledge of their physical properties is also of

* Corresponding author. E-mail: mirjana@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0911303R
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1304 RADOVIC et al.

great importance from a practical point of view. Alcohols are in use as fuel, per-
fumes, cosmetics, paints, varnishes, drugs, explosives, fats, waxes, resins, plas-
tics, rubber, detergents, etc.,1-3 while cyclohexylamine is used in the production
of pharmaceutical and other chemicals, including insecticides, pesticides, plasti-
cizers, emulsifying agents, dyes, dry cleaning agents and corrosion inhibitors.’

In the present work, the densities, p, were measured for the following sys-
tems. 1-propanol, or 2-butanol, or 1-pentanol + cyclohexylamine at temperatures
from 288.15 to 313.15 K and atmospheric pressure, and 2-methyl-2-propanol +
cyclohexylamine at temperatures from 303.15 to 323.15 K and atmospheric pres-
sure, since the melting point of 2-methyl-2-propanol is around 298 K. The excess
molar volumes, VE, of the investigated mixtures were calculated from the mea-
sured data.

Literature data of VE values for the investigated systems cover a single
temperature, 303.15 K.8 In the hitherto published articles, no values of VE were
found covering the entire temperature range of the mixtures studied here.

For a complete insight into the behavior of alcohol + cyclohexylamine mix-
tures, the 1-butanol + cyclohexylamine system® was also included in the analysis.

EXPERIMENTAL
Materials

All products were of high purity (mass fraction purity > 0.99) and were used without fur-
ther purification: 1-propanol > 0.995, 1-butanol > 0.995, 2-butanol > 0.99 and cyclohexyl-
amine > 0.99 were supplied from Merck, while 2-methyl-2-propanol > 0.997 and 1-pentanol >
> 0.99 were products from Fluka. All organic liquids were stored in brown glass bottles under
an inert nitrogen atmosphere. The pure components were degassed in an ultrasonic bath im-
mediately before sample preparation. The densities of the pure components together with the
corresponding literature values'®-15 are listed in Table .

TABLE I. Densities of the pure components

plg-cm®
Substance T7K Experimental Literature
1-Propanol 298.15 0.799692 0.79969", 0.79960™
2-Butanol 298.15 0.802528 0.8026", 0.80254"
2-Methyl-2-propanol 303.15 0.775412 0.77541", 0.77546"
1-Pentanol 298.15 0.810968 0.81090", 0.81096"
Cyclohexylamine 303.15 0.857671 0.85777", 0.85820"

Apparatus and procedure

The density measurements of the binaries (1-propanol, or 1-pentanol, or 2-butanol, or
2-methyl-2-propanol + cyclohexylamine) and the corresponding pure substances were realized
using an Anton Paar DMA 5000 digital vibrating U-tube densimeter (with automatic viscosity
correction) having an accuracy of +5x10°6 g cm-3. The temperature in the cell was controlled
to £0.001 K with a built-in solid-state thermostat. The temperature in the cell was measured
by means of two integrated Pt 100 platinum thermometers and the temperature stability was
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DETERMINATION OF EXCESS VOLUMES OF MIXTURES 1305

found to be better than £0.002 K. The apparatus was calibrated daily using ambient air and
ultra pure water. To minimize the errors in composition, all mixtures were prepared by mass
using the cell and the procedure described previously.1617 A Mettler AG 204 balance with a
precision of 1x104 g was used. The error in the calculation of the mole fraction was found to
be less than +1x104. The experimental uncertainty in the density was less than +1x10° g cmr3,
while the average error in the excess molar volume was estimated to be better than +3x103
cm3 molL,

RESULTS AND DISCUSSION
The excess molar volumes, VE, of binary mixtures were calculated from the
density data by applying Eq. (1) (the values are givenin Table I1):
M1 +xMy My xoMsp
P P1 P2

where X1, X2, M1 and M are the mole fraction and molar mass of components 1
and 2, respectively, while p, p1 and p, are the measured densities of the mixture
and the pure components 1 and 2, respectively.

vE=

(D

TABLE Il. Experimental densities, p, and excess molar volumes, VE, for the alkanol (1) + cyc-
lohexylamine (2) binary mixtures at different temperatures 288.15-323.15 K and atmospheric
pressure

X1 plgcm3  VE/cm’mol™ X1 plgem3  VE/cm’mol™
1-Propanol (1) + cyclohexylamine (2)

T=288.15K
0.0000 0.871290 0.0000 0.6002 0.852683 -1.3633
0.0509 0.870750 -0.2073 0.7000 0.844776 -1.2147
0.1017 0.870088 -0.4014 0.7997 0.834754 -0.9312
0.1486 0.869388 -0.5726 0.8500 0.828866 -0.7418
0.1992 0.868514 —0.7466 0.8998 0.822459 -0.5250
0.3007 0.866227 —1.0467 0.9502 0.815368 -0.2770
0.4009 0.863037 -1.2608 1.0000 0.807690 0.0000
0.4998 0.858771 -1.3819

T=293.15K
0.0000 0.866747 0.0000 0.6002 0.848350 -1.3698
0.0509 0.866243 -0.2116 0.7000 0.840517 -1.2212
0.1017 0.865605 -0.4082 0.7997 0.830587 -0.9376
0.1486 0.864928 -0.5816 0.8500 0.824743 -0.7473
0.1992 0.864070 —0.7567 0.8998 0.818382 -0.5292
0.3007 0.861807 -1.0572 0.9502 0.811337 -0.2793
0.4009 0.858633 -1.2699 1.0000 0.803703 0.0000
0.4998 0.854393 —1.3896

T=298.15K
0.0000 0.862207 0.0000 0.6002 0.843999 -1.3757
0.0509 0.861732 -0.2152 0.7000 0.836238 -1.2273
0.1017 0.861122 -0.4150 0.7997 0.826395 —0.9434
0.1486 0.860461 —0.5899 0.8500 0.820597 -0.7524
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TABLE Il. Continued

X1 plgem3  VE/cm®mol™ X1 plgem3  VE/cm®mol™
1-Propanoal (1) + cyclohexylamine (2)

T=298.15K
0.1992 0.859622 —0.7666 0.8998 0.814283 —-0.5333
0.3007 0.857380 -1.0676 0.9502 0.807280 -0.2814
0.4009 0.854219 -1.2787 1.0000 0.799692 0.0000
0.4998 0.850004 —1.3959

T=303.15K
0.0000 0.857671 0.0000 0.6002 0.839630 -1.3812
0.0509 0.857223 -0.2188 0.7000 0.831934 -1.2327
0.1017 0.856634 -0.4211 0.7997 0.822178 —0.9490
0.1486 0.855990 -0.5978 0.8500 0.816427 -0.7576
0.1992 0.855164 —0.7756 0.8998 0.810149 —-0.5366
0.3007 0.852939 -1.0769 0.9502 0.803196 —-0.2837
0.4009 0.849790 —1.2867 1.0000 0.795650 0.0000
0.4998 0.845594 —1.4023

T=308.15K
0.0000 0.853138 0.0000 0.6002 0.835236 -1.3857
0.0509 0.852710 -0.2217 0.7000 0.827602 -1.2373
0.1017 0.852139 —-0.4263 0.7997 0.817929 —-0.9538
0.1486 0.851509 —0.6047 0.8500 0.812223 -0.7620
0.1992 0.850697 -0.7839 0.8998 0.805991 —-0.5404
0.3007 0.848483 —1.0851 0.9502 0.799076 —-0.2854
0.4009 0.845341 -1.2934 1.0000 0.791576 0.0000
0.4998 0.841161 —1.4076

T=313.15K
0.0000 0.848607 0.0000 0.6002 0.830816 -1.3894
0.0509 0.848196 —0.2244 0.7000 0.823240 -1.2410
0.1017 0.847641 -0.4313 0.7997 0.813647 —-0.9579
0.1486 0.847020 -0.6109 0.8500 0.807982 —-0.7657
0.1992 0.846216 -0.7910 0.8998 0.801787 —-0.5427
0.3007 0.844011 -1.0924 0.9502 0.794911 -0.2860
0.4009 0.840874 —-1.2993 1.0000 0.787466 0.0000
0.4998 0.836705 —1.4118

1-Pentanol (1) + cyclohexylamine (2)

T=288.15K
0.0000 0.871290 0.0000 0.6003 0.848864 -1.1277
0.0506 0.870021 -0.1665 0.6998 0.842494 —0.9985
0.1001 0.868675 -0.3172 0.7962 0.835420 -0.7634
0.1500 0.867306 —-0.4689 0.8500 0.831143 -0.5921
0.2002 0.865855 -0.6135 0.8995 0.827043 -0.4144
0.2997 0.862562 -0.8507 0.9501 0.822677 -0.2111
0.3995 0.858846 —1.0422 1.0000 0.818282 0.0000
0.5004 0.854296 —1.1412
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TABLE Il. Continued

X1 plgem3  VE/cm®mol™ X1 plgem3  VE/cm® mol™
1-Pentanol (1) + cyclohexylamine (2)

T=293.15K
0.0000 0.866747 0.0000 0.6003 0.844821 —1.1339
0.0506 0.865544 -0.1710 0.6998 0.838550 —1.0045
0.1001 0.864254 -0.3248 0.7962 0.831578 -0.7691
0.1500 0.862936 -0.4789 0.8500 0.827355 —0.5968
0.2002 0.861531 -0.6251 0.8995 0.823304 -0.4180
0.2997 0.858315 -0.8631 0.9501 0.818988 -0.2135
0.3995 0.854658 —1.0524 1.0000 0.814635 0.0000
0.5004 0.850173 —1.1489

T=298.15K
0.0000 0.862207 0.0000 0.6003 0.840764 —1.1398
0.0506 0.861069 -0.1757 0.6998 0.834591 -1.0104
0.1001 0.859833 -0.3325 0.7962 0.827719 -0.7746
0.1500 0.858565 -0.4891 0.8500 0.823550 -0.6016
0.2002 0.857202 —0.6365 0.8995 0.819549 -0.4220
0.2997 0.854056 -0.8747 0.9501 0.815279 -0.2157
0.3995 0.850460 -1.0623 1.0000 0.810968 0.0000
0.5004 0.846039 —1.1565

T=303.15K
0.0000 0.857671 0.0000 0.6003 0.836693 -1.1456
0.0506 0.856593 -0.1799 0.6998 0.830615 -1.0161
0.1001 0.855410 -0.3400 0.7962 0.823839 -0.7799
0.1500 0.854186 -0.4984 0.8500 0.819726 —0.6065
0.2002 0.852868 -0.6477 0.8995 0.815771 -0.4256
0.2997 0.849789 —0.8860 0.9501 0.811547 -0.2178
0.3995 0.846251 -1.0719 1.0000 0.807278 0.0000
0.5004 0.841893 -1.1638

T=308.15K
0.0000 0.853138 0.0000 0.6003 0.832605 -1.1515
0.0506 0.852111 -0.1833 0.6998 0.826617 -1.0218
0.1001 0.850981 —0.3468 0.7962 0.819937 -0.7854
0.1500 0.849802 -0.5075 0.8500 0.815876 -0.6114
0.2002 0.848523 -0.6581 0.8995 0.811967 —0.4295
0.2997 0.845509 —-0.8966 0.9501 0.807786 -0.2198
0.3995 0.842027 —1.0810 1.0000 0.803558 0.0000
0.5004 0.837730 -1.1709

T=313.15K
0.0000 0.848607 0.0000 0.6003 0.828501 -1.1569
0.0506 0.847630 -0.1867 0.6998 0.822595 —1.0262
0.1001 0.846545 -0.3528 0.7962 0.816008 —0.7896
0.1500 0.845407 -0.5155 0.8500 0.811997 -0.6148
0.2002 0.844167 -0.6675 0.8995 0.808133 -0.4319
0.2997 0.841215 -0.9063 0.9501 0.803997 -0.2208
0.3995 0.837791 —1.0896 1.0000 0.799817 0.0000
0.5004 0.833551 -1.1773
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TABLE Il. Continued

X1 plgem3  VE/cm®mol™ X1 plgem3  VE/cm® mol™
2-Butanol (1) + cyclohexylamine (2)

T=288.15K
0.0000 0.871290 0.0000 0.5997 0.845367 -0.8520
0.0495 0.869943 -0.1407 0.7000 0.838111 -0.7422
0.1011 0.868364 -0.2692 0.7999 0.829857 -0.5521
0.1505 0.866768 —0.3858 0.8488 0.825461 -0.4333
0.1995 0.865069 -0.4914 0.8997 0.820714 -0.3012
0.3004 0.861240 -0.6829 0.9498 0.815822 -0.1579
0.3996 0.856833 -0.8145 1.0000 0.810689 0.0000
0.4974 0.851641 —0.8669

T=293.15K
0.0000 0.866747 0.0000 0.5997 0.841061 —0.8560
0.0495 0.865431 -0.1436 0.7000 0.833870 —0.7465
0.1011 0.863878 -0.2674 0.7999 0.825685 -0.5562
0.1505 0.862303 -0.3917 0.8488 0.821326 -0.4373
0.1995 0.860621 -0.4977 0.8997 0.816614 —0.3046
0.3004 0.856824 -0.68%4 0.9498 0.811753 -0.1599
0.3996 0.852442 -0.8198 1.0000 0.806646 0.0000
0.4974 0.847283 -0.8710

T=298.15K
0.0000 0.862207 0.0000 0.5997 0.836727 -0.8617
0.0495 0.860918 -0.1464 0.7000 0.829591 -0.7524
0.1011 0.859388 -0.2722 0.7999 0.821468 -0.5619
0.1505 0.857832 -0.3978 0.8488 0.817137 -0.4423
0.1995 0.856164 -0.5044 0.8997 0.812454 -0.3087
0.3004 0.852393 —0.6966 0.9498 0.807614 -0.1621
0.3996 0.848033 -0.8261 1.0000 0.802528 0.0000
0.4974 0.842904 -0.8766

T=303.15K
0.0000 0.857671 0.0000 0.5997 0.832362 -0.8693
0.0495 0.856405 -0.1492 0.7000 0.825272 -0.7602
0.1011 0.854895 -0.2771 0.7999 0.817199 -0.5692
0.1505 0.853354 -0.4041 0.8488 0.812891 -0.4489
0.1995 0.851700 -0.5118 0.8997 0.808227 -0.3138
0.3004 0.847947 -0.7044 0.9498 0.803402 -0.1651
0.3996 0.843604 -0.8336 1.0000 0.798326 0.0000
0.4974 0.838501 —0.8840

T =308.15K
0.0000 0.853138 0.0000 0.5997 0.827960 -0.8790
0.0495 0.851889 -0.1518 0.7000 0.820909 -0.7704
0.1011 0.850393 -0.2816 0.7999 0.812872 -0.5785
0.1505 0.848866 -0.4106 0.8488 0.808580 -0.4572
0.1995 0.847222 -0.5194 0.8997 0.803926 -0.3201
0.3004 0.843483 -0.7132 0.9498 0.799109 -0.1690
0.3996 0.839155 -0.8429 1.0000 0.794030 0.0000
0.4974 0.834068 —0.8930

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

2009 Copyright (CC) SCS




DETERMINATION OF EXCESS VOLUMES OF MIXTURES 1309

TABLE Il. Continued

X1 plgem3  VE/cm®mol™ X1 plgem3  VE/cm® mol™
2-Butanol (1) + cyclohexylamine (2)

T=313.15K
0.0000 0.848607 0.0000 0.5997 0.823519 -0.8912
0.0495 0.847368 —-0.1542 0.7000 0.816495 -0.7829
0.1011 0.845885 -0.2864 0.7999 0.808484 —-0.5902
0.1505 0.844366 -0.4171 0.8488 0.804198 -0.4673
0.1995 0.842729 -0.5274 0.8997 0.799548 -0.3281
0.3004 0.838998 —0.7227 0.9498 0.794725 -0.1736
0.3996 0.834678 -0.8534 1.0000 0.789632 0.0000
0.4974 0.829603 —0.9040

2-Methyl-2-propanol (1) + cyclohexylamine (2)

T=303.15K
0.0000 0.857671 0.0000 0.5998 0.820236 -1.0212
0.0508 0.855457 -0.1703 0.6997 0.810864 -0.9197
0.1002 0.853151 -0.3215 0.7999 0.800285 -0.7173
0.1502 0.850673 -0.4619 0.8712 0.792153 -0.5281
0.2001 0.848023 —-0.5854 0.8992 0.788654 -0.4232
0.3005 0.842301 -0.8051 0.9504 0.782167 —-0.2309
0.3991 0.835940 —0.9560 1.0000 0.775412 0.0000
0.4996 0.828512 —1.0243

T=308.15K
0.0000 0.853138 0.0000 0.5998 0.815570 -1.0686
0.0508 0.850919 -0.1761 0.6997 0.806147 —0.9683
0.1002 0.848606 -0.3324 0.7999 0.795480 -0.7610
0.1502 0.846119 -0.4776 0.8712 0.787246 -0.5629
0.2001 0.843460 —-0.6058 0.8992 0.783692 -0.4522
0.3005 0.837714 —-0.8337 0.9504 0.777091 —0.2476
0.3991 0.831325 —-0.9915 1.0000 0.770193 0.0000
0.4996 0.823876 —1.0668

T=313.15K
0.0000 0.848607 0.0000 0.5998 0.810845 -1.1164
0.0508 0.846376 -0.1816 0.6997 0.801362 -1.0173
0.1002 0.844050 —-0.3430 0.7999 0.790593 —-0.8046
0.1502 0.841553 —-0.4936 0.8712 0.782252 -0.5976
0.2001 0.838878 —0.6262 0.8992 0.778642 -0.4811
0.3005 0.833102 -0.8630 0.9504 0.771925 —0.2642
0.3991 0.826681 —-1.0284 1.0000 0.764884 0.0000
0.4996 0.819193 —1.1098

T=318.15K
0.0000 0.844073 0.0000 0.5998 0.806063 -1.1649
0.0508 0.841824 -0.1869 0.6997 0.796506 —1.0665
0.1002 0.839485 —-0.3541 0.7999 0.785624 -0.8479
0.1502 0.836970 —-0.5096 0.8712 0.777167 -0.6313
0.2001 0.834276 —0.6469 0.8992 0.773501 —0.5092
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TABLE Il. Continued

X1 plgem3  VE/cm®mol™ X1 plgem3  VE/cm® mol™
2-Methyl-2-propanol (1) + cyclohexylamine (2)

T=318.15K
0.3005 0.828457 —0.8922 0.9504 0.766665 —0.2799
0.3991 0.821996 -1.0656 1.0000 0.759488 0.0000
0.4996 0.814465 —1.1538

T=323.15K
0.0000 0.839547 0.0000 0.5998 0.801219 -1.2122
0.0508 0.837268 -0.1913 0.6997 0.791580 -1.1145
0.1002 0.834906 -0.3635 0.7999 0.780572 —-0.8893
0.1502 0.832370 —-0.5243 0.8712 0.771995 —-0.6632
0.2001 0.829655 —0.6667 0.8992 0.768268 -0.5351
0.3005 0.823784 —-0.9207 0.9504 0.761320 —-0.2944
0.3991 0.817275 -1.1023 1.0000 0.754015 0.0000
0.4996 0.809685 —1.1965

The obtained VE values were fitted to a modified Redlich—Kister (RK) poly-
nomial, 18 whereby the degree of polynomial expansion, m, was determined by
means of the F-test:19

m
VE =xx5 > Bp (3 - %p)P 2
p=0

where B denotes the temperature dependent parameter:
k
Bp= BpgT! ©)
g=0

where T is the absolute temperature. Additiona analysis showed that the optimal
number of parameters k was 3, because any further increase in the number of
parameters did not result in an improvement of the fit quality.

The results were aso fitted and explained using the reduced excess molar
volume, VE/x1(1 — x7), which has a better physica significance and is more
sensitive than VE to interactions which occur in dilute regions.20

vE 1 ] )
Ty nZ:()Anx Ao+ A+ AoXi (4)
where the optimal number of parameters A, was 3.

The unique sets of adjustable parameters Bpg over whole temperature range
and adjustable parameters A, of Eq. (4) at each temperature for the investigated
binary systems, and the corresponding root mean square deviations defined by
the equation:
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N (vE . _vE )2

o= Z(Yexp,l N Cal,l) (5)
i=1

are given in Table I11 and Table IV, respectively. In Eq. (5), Y stands for VE and

VE/x1(1 —x1), while N denotes the number of experimental data points.

TABLE I11. Fitting parameters, By, of Eq. (3) and the root mean square deviation, o/ cm3 mol1
1-Propanol (1) + cyclohexylamine (2)

288.15-313.15 K Boo = 2.9470 Bo1 = —0.0515 Be = 7.7x10° o= 0.0030
By = —4.9954 By = 0.0217 By, = —2.8x10°
By = 4.7076 B, =-0.0184 Bs = 1.5x10°
By = 1.9405 B, = —0.0086 Bs, = 1.0x10°

1-Butanol (1) + cyclohexylamine (2)
288.15-313.15 K Boo = —0.6285 Bo = —0.0244 Be =3.2x10° o= 0.0050
By = 2.5151 By, = -0.0282 By, = 5.6x10°
B, = 9.6774 B, =-0.0518 B, = 7.2x10°
B3y = -17.7455 Bs; =0.1229 Ba = —2.1x10"
1-Pentanol (1) + cyclohexylamine (2)

288.15-313.15 K Boy = —2.9435 By =-0.0051 By, =-02x10° ¢=0.0025
Byo = —6.7427 B,; = 0.0322 By, = —4.2x10°
B, = 19.1794 By =-0.1133 B, =1.7x10*
By = 3.6921 By =-0.0184  Bj,=25x10°

2-Butanol (1) + cyclohexylamine (2)
288.15-313.15 K Bgo = —12.2075 By = 0.0638 By, =-1.2x10%° ¢=0.0033
B, = —10.2348 B,; = 0.0656 B, =-1.1x10"

B, = —6.7604 By =0.0558 B, =-1.1x10"
B = —0.0725 By =0.0039 B, =-1.0x10°
2-Methyl-2-propanol (1) + cyclohexylamine (2)
288.15-313.15 K Boo = 2.8491 Bo:=—0.0119 By, =-3.6x10" ¢ =0.0042
Bio=8.1933 By, =—-0.0350 By, = 1.9x10°

B,o= 31.3276 B, =-0.1879 B,;=2.8x10™
B = 10.4360 B, = —0.0654 B, = 1.0x10*

The results of p and VE for the investigated binaries, in the investigated tem-
perature range and over the entire concentration range, are summarized in Table
I1, while Fig. 1 shows the dependence VE — x4 for al systems measured in this
work and for 1-butanol + cyclohexylamine® at the temperature 303.15 K. The
symbolsin Fig. 1 present the experimental VE values, while the solid lines refer
to the values calculated from the modified Redlich—Kister equation using the Byq
parametersgivenin Table lll.

The p and VE data taken from literature for the systems studied cover only
303.15 K.8 For the 1-pentanol + cyclohexylamine binary system, the agreement
between the presented and the literature values is very good, while the experi-
mental points of Dharmaraju et al.8 obtained at 303.15 K for the systems con-
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1312 RADOVIC et al.

taining 1-propanol, or 2-butanol, or 2-methyl-2-propanol and cyclohexylamine
are somewhat higher. In minimum region, at equimolar composition, the discre-
pancy between the present determined and the literature values is about 10 % for
1-propanoal, or 2-methyl-2-propanol + cyclohexylamine, and 15 % for the 2-bu-
tanol + cyclohexylamine system.

TABLE IV. Fitting parameters, A,,, of Eq. (4) and root mean square deviation, o

T/K Ay A A, o/ cm’ mol™
1-Propanoal (1) + cyclohexylamine (2)
288.15 -4.0167 -4.0083 2.1905 0.0394
293.15 -4.1111 -3.8102 2.0319 0.0384
298.15 —4.2023 -3.6064 1.8660 0.0350
303.15 —4.2896 -3.4024 1.6961 0.0334
308.15 —4.3637 -3.2313 1.5528 0.0302
313.15 —4.4289 —3.0968 1.4569 0.0285
1-Butanol (1) + cyclohexylamine (2)2
288.15 -3.6363 -3.7635 2.2793 0.0744
293.15 -3.7373 -3.5188 2.0767 0.0745
298.15 —3.8246 —-3.3350 1.9444 0.0717
303.15 -3.9118 -3.1409 1.7990 0.0703
308.15 -3.9889 —2.9728 1.6721 0.0678
313.15 —4.0544 —2.8346 1.5640 0.0654
1-Pentanol (1) + cyclohexylamine (2)
288.15 -3.1369 —4.2954 29793 0.0593
293.15 —3.2460 -4.0521 2.7925 0.0566
298.15 -3.3586 -3.7894 2.5880 0.0554
303.15 -3.4627 —-3.5553 2.4074 0.0534
308.15 —3.5537 3.3630 2.2572 0.0502
313.15 -3.6354 —3.2083 2.1564 0.0498
2-Butanol (1) + cyclohexylamine (2)
288.15 —2.7800 —2.2347 1.7603 0.0488
293.15 -2.8223 —2.1408 1.6646 0.0513
298.15 —2.8903 -1.9786 15148 0.0508
303.15 —2.9587 -1.8253 1.3501 0.0501
308.15 -3.0222 -1.7012 1.2114 0.0491
313.15 —3.0831 —1.5993 1.0655 0.0472
2-Methyl-2-propanol (1) + cyclohexylamine (2)
303.15 -3.4535 -1.1049 —-0.3463 0.0396
308.15 -3.5752 —-1.0557 —-0.6481 0.0411
313.15 -3.6922 -1.0383 -0.9189 0.0431
308.15 —-3.8057 —-1.0598 -1.1377 0.0432
323.15 —3.9089 —1.1000 —-1.3263 0.0427

8Parameters obtained for the experimental data already presented in the literature®

The experimental VE/x1(1 — x1) values and those calculated by Eq. (4) at
303.15 K are plotted in Fig. 2 as a function of the mole fraction of an acohoal.
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The non-linear curves obtained for all investigated systems clearly show their
non-ideal behavior.

0.0 -
02 4 “
04
06 -

-0.8 4

V*/ cm’ mol’

Fig. 1. Experimental values of VE at 303.15
K for the systems. (m) 1-propanol (1) +
+ cyclohexylamine (2); (o) 1-butanol (1) +
+ cyclohexylamine (2);° (A) 1-pentanol
(1) + cyclohexylamine (2); (V) 2-butanol
(2) + cyclohexylamine (2); (<) 2-methyl-
-2-propanol (1) + cyclohexylamine (2). The
symbols refer to the experimental points,
1.6 —1——71——1——1—— While the lines present the results calcu-

0.0 0.2 0.4 0.6 08 10 |ated using Eq. (2) with the parameters pre-
x sented in Tablelll.

The magnitude and the sign of VE can arise from two opposing factors:2? (i)
the positive contribution is a consequence of the disruption of the hydrogen
bonds in the self-associated alcohol and the dipole—dipole interactions between
alcohol monomer and multimer. The self-association of the amine molecules is
rather small; (ii) negative contributions arise from strong intermolecular inter-
actions attributed to charge-transfer, dipole—dipole interactions and hydrogen
bonding between unlike molecules. Hence, the negative VE values of the inves-
tigated systems assume that heteroassociates forming cross complexes in the al-
cohol + amine mixtures have stronger O-H---N bonds than O-H---O and N—
—H---N bonds. This can be explained qualitatively by the fact that the free
electron pair around the N atoms with less s and more p character has a higher
polarizability and acts as a good proton acceptor for the donor —OH groups of the
alcohols, which are more efficient than the —OH group itself. The negative sign
of VE indicates a net packing effect contributed to by structural changes arising
from interstitial accommodation. As can be seen from Fig. 1, the negative VE va-
lues are larger in the mixture with 1-propanol and decrease as the chain length of
the 1-alkanol increases. This trend indicates that the strength of the intermolecu-
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Fig. 2. Values of VE/x;(1 —x,) dataat (m) 288.15, (o) 293.15K, (e) 298.15 K, (o) 303.15K,

(A) 308.15K, (A) 313.15 K, (#) 318.15K and (<>) 323.15K for the systems: (a) 1-propanol

(1) + cyclohexylamine (2); (b) 1-butanol (1) + cyclohexylamine (2);° (c) 1-pentanol (1) + cy-

clohexylamine (2); (d) 2-butanol (1) + cyclohexylamine (2). The symbols refer to the
experimental points, while the lines present the results cal culated using Eq. (4)

with the parameters presented in Table 1V.

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

2009 Copyright (CC) SCS

EY HMC HD




DETERMINATION OF EXCESS VOLUMES OF MIXTURES 1315

@ N
N -]
1 )

-t
bl
=

1

- mol

S
<] » (=3
1 1 1

k]

172

*1xx)/ cm

o
[
1

Fig. 2e. Values of VE/x;(1 — x;) data at (m)
288.15, (o) 293.15 K, (e) 298.15 K, (0)
303.15 K, (A) 308.15 K, (A) 313.15 K, (#)
318.15 K and (<) 323.15 K for the system
2-methyl-2-propanol (1) + cyclohexylamine
(2). The symbols refer to the experimental
points, while the lines present the results cal-
00 o2 osa 08 o8 10 culated using Eq. (4) with the parameters pre-
x sented in Table 1V.
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lar hydrogen bonding of cyclohexylamine with 1-propanol is much stronger than
with the other higher 1-alcohols in the following order: 1-propanol > 1-butanol >
1-pentanol. These strengths of the interaction OH---NH»> bonds suggest that the
proton donating ability of 1-alcohols is of the same order. Namely, longer 1-al-
cohols would increase the basicity of the oxygen and make the hydroxyl proton
less available for H bonding. In addition, it means that the most efficient packing
can be attributed to the lower alcohol, which decreases with increasing chain
length of 1-alcohol, where the packing effects are the result of their lower self-as-
sociation (higher breaking of their H bonds) and the fact that the crowded mole-
cules of amine, as a consequence of steric hindrance, are better packed in the
more open structure of the longer acohols. Also, the effect of increasing chain
length of the 1-alcohol for a given amine can be considered using the effective
dipole moment. Bearing in mind the discussions given in previous works refer-
ring to 1-alcohols and various amines, it can be concluded that in the present sys-
tems the following behavior could be expected. In the systems of 1-alcohols with
cyclohexylamine, the absolute value of the VE decreases with decreasing effect-
tive dipole moment of the alcohol.

The trend in the negative values of VE for mixtures of cyclohexylamine with
branched alcohols (2-butanol, 2-methyl-2-propanol) (Table 1) compared to 1-bu-
tanol® is in the order: 1-butanol > 2-methyl-2-propanol > 2-butanol, suggesting
that the interactions between tertiary alcohol and cyclohexylamine are stronger
than between the secondary alcohol with cyclohexylamine, which in turn are
stronger than the interactions between the primary alcohol and the amine.8 The
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1316 RADOVIC et al.

results shown in Fig. 1 indicate that VE of the mixture with 2-methyl-2-propanol
are more negative than those with 2-butanol. Qualitatively, this could be explain-
ed by the fact that the oxygen atom of 2-methyl-2-propanol should be regarded as
a better acceptor towards the NH proton of the amine than the oxygen atoms of
the 2-butanol. Also, the system with 2-methyl-2-propanol suggests that the steric
hindrance of the tert-butyl group tends to hamper the complex less than with
2-butanol. This is a consequence of a predominating electrometric effect (+I
effect) over steric effect in 2-methyl-2-propanol .8:22

The influence of temperature on the VE for the systems containing 1-pro-
panol, or 1-butanol,® or 1-pentanol, or 2-butanol is almost negligible and the VE
values become only slightly more negative with increasing temperature. Only in
the case of 2-methyl-2-propanol system was the influence of temperature more
expressed. These facts can possibly be explained as a balance of two opposing
effects caused by an increase in the kinetic energy of the different molecules: (i)
the association constants of mixed complexes decrease with increasing tempera-
ture and the OH-N interactions decrease, (ii) the number of species increases
after breakage of the complexes and (iii) the interstitial accommodation of one
molecule into the other is facilitated. Thus, the effects (i) give an increase of VE,
while the effects (ii) and (iii) cause a decrease of VE.

CONCLUSIONS

The densities of the binary mixtures (1-propanol, or 1-pentanol, or 2-butanoal,
or 2-methyl-2-propanol + cyclohexylamine) were measured in the temperature
range 288.15-323.15 K at atmospheric pressure and the excess molar volumes
VE were calculated.

For all the investigated binary systems and the system with 1-butanol,® the
negative values of VE for the mixtures of cyclohexylamine with 1-alcohols liein
the order 1-propanol>1-butanol>1-pentanol. The value of VE absolutely de-
creases when the chain length of the 1-alcohol molecules increases. The negative
values of VE in the mixtures of the same amine with branched a cohols compared
to 1-butanol® are in the order: 1-butanol > 2-methyl-2-propanol > 2-butanol, sug-
gesting that the interactions of tertiary alcohols are stronger than those of secon-
dary alcohols in mixtures with cyclohexylamine. It is clear that the magnitude of
VE depends on the chain length of the alcohol and position of hydroxyl group in
the alcohol molecule.
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N3BO I

I'VCTHUHE U IOITYHCKE MOJIAPHE 3AITPEMHWHE CMEIIA
AJIKOXOJI + HUKIIOXEKCUJIAMUYH

HNBOHA P. PAIOBWHh, MUPJAHA Jb. KWIEBYUAHUMH, AJIEKCAHJAP XX. TACHUR,
BOJAH . POPBEBWH u CJIOBOJAH II. LIEPBAHOBUR

TexHoaowko-meiianypuiku axyaitieisi, Yrnueepauitieii y beozpaoy, Kapnezujesa 4, 11120 beozpao

I'yctune OGunapaux cmema (l-mporaHon wim 2-6yTaHos Wi 1-TIEHTaHON + MUKIOXCKCHII-
aMHH) Cy MepeHe y TemrepaTypHoM uarepsany 288,15-313,15 K u Ha arMocdepckoM NpUTHCKY, a
TYCTHHE CHCTeMa 2-MEeTHII-2-IIPONAHOI + [UKIOXEKCHIAMHH Cy MEpPEHE Y TeMIIepaTypHOM HHTEp-
Bary 303,15-323,15 K u na armocepckom nputucky. CBa Mepema cy u3BpuieHa Ha Anton Paar
DMA 5000 pururannom ryctuHomepy. M3 ekcriepuMeHTaIHUX BPEIHOCTH I'YCTHHA U3padyHaTe cy
JIOTTYHCKE MOJIapHE 3allpEMUHE HaBEICHUX CMeIlIa.

(IIpumibeHo 2. anpuia, pesuaupano 28. arycra 2009)
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Abstract: Within this study, attempts were made to characterize the coarse and
fine particulate aerosol fractions in urban area of Belgrade and define the in-
organic chemical composition of the aerosol fractions. For this purpose, daily
deposits of PMg, PM,5 and PM; aerosol fractions were collected during
spring and autumn sampling periods in 2007 and analyzed for the PM mass
concentrations, trace elements and secondary ions. The results obtained in the
two campaigns showed average daily mass concentrations of 37 and 44 pg/m?3
for PMy, 22 and 23 pg/m?3 for PM, 5 and 15 and 17 ug/m? for the finest par-
ticulate matter fraction PM; with the maximums exceeding the limit values set
by the EU air quality regulations. A correlation with the gas-phase ambient air
pollutants SO,, NO, and O3 was found and is discussed. The concentrations of
trace elements (Mg, Al, K, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb,
Ba, TI, Pb and Th) and secondary ions (NO3", SO,2", NH,*, K*, Ca2* and Na*)
determined in the PMyo, PM, 5 and PM; aerosol fractions showed levels and
distributions indicating soil and traffic-related sources as the main pollution
sources. This study was conducted as the first step of PM assessment in order
to point out main air pollution sources and suggest a remedy strategy specific
for this region.

Keywords: aerosols; particulate matter; characterization; trace elements; se-
condary ions.

INTRODUCTION

Particulate matter is an air pollution component directly emitted into the at-
mosphere through man-made and natural processes, including combustion from
car-engines, households, industrial activities, road erosions, etc., or formed as se-
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doi: 10.2298/J5C0911319J
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condary aerosols due to chemical transformations of gases mainly emitted by
traffic or industry. It is a complex mixture of particles that may be solid, liquid or
both, suspended in the air and consisting of organic and inorganic substances.!
The coarse fraction (PM1g), consisting of particles with an aerodynamic diameter
of up to 10 um, usually spends no more than a few hours suspended after emis-
sion before being removed from the atmosphere by sedimentation or precipitation
processes, whereas the fine particles, of 2.5 um diameter (PMa2 5) or less (PMy),
may remain in the atmosphere for days or even weeks and, consequently, be
transported over long distances. Comprehensive toxicological and epidemiolo-
gical studies conducted over the last decades have implicated that human expo-
sure to such small airborne particles (PM1g and less) have adverse health effects
and may be a cause of a number of respiratory and cardiovascular inflamma-
tions.2 During inhalation, the coarse particulate fraction usually remains in the
upper part of the airways and lung but the fine particles penetrate deeper and
reach the alveolar region. The chemical composition of air particulate matter
fractions thus becomes very important and engrosses both scientific and public
auditory.34 The main adverse health effects were evident during episodes of
extremely high levels of air pollution so that extensive air pollution control was
initiated by authorities contributing to establishment and adoption of regulations
for air quality improvement.> Regulations on the EU level have set objectives
and limit values for ambient concentrations of PM with significant results (WHO,
2002). Their implementation in Serbia is, however, not completed so far and a
new methodology for sampling and analysis is to be adopted and established
within the existing air quality monitoring network.6

Since 2002, the suspended particles PM1g and PMo» 5 in aerosols and their
physical and chemical characterization were the subject of a few research pro-
jects dealing with air quality assessment in the Belgrade urban area.”9 The first
air quality assessment resulted in valuable conclusions on air pollution in this
area and some attempts were made to specify the emission sources using sta-
tistical methods and modeling. The main pollution sources were identified to be
traffic and local heating units. These evaluations had, however, limitations due to
non-referenced sampling facilities and incomplete chemical characterization of
the aerosol fractions. Recently, a comprehensive study on PM1g, M2 5 and PM¢
in aerosols of the urban area of Belgrade have started within the frame of the
WeBIOPATR project.10 The main goal of the project is to introduce and es-
tablish standard operating procedures and quality assurance procedures in all sta-
ges of aerosol management and analysis, to use advanced analytical techniques
for PM chemical characterization and finalize the research with source apportion-
ment analysis.11 The very first results of this study concerning mass concentra-
tions measurements, elemental analyses and secondary ions determination in
PM1g, PM>5 and PM; aerosol fractions, collected during two sampling cam-
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paigns (spring/autumn) in the urban residential area of Belgrade, will be pre-
sented and discussed in this paper. The obtained results should define mass con-
centration ranges of different aerosol fractions, trace elements and ions concen-
trations as a set of complementary data on the inorganic part of the chemical
composition of PM. These data are compared with previously obtained data from
the monitoring network and give some insight into the present situation in the
residential area of New Belgrade concerning the particulate matter composition
related to different air pollution sources.

EXPERIMENTAL

Aerosol sampling

The sampling campaigns were performed at the urban background residential site (Fig.
1) in Omladinskih Brigada Street (OBS), a fast developing New Belgrade area of the Serbian
capitol city (44°49'7” N, 20°28’5” E, 116 A) during two periods: from April 26" to May 2n
2007 and from September 15" to September 19" 2007.

Fig. 1. Schematic position of the urban background residential sampling site OBS
in Belgrade, labeled with the red point.

The aerosol sampling was conducted using three separate European reference low-vo-
lume samplers (Sven/Leckel LVS3) with inlets for collecting PMy,, PM, 5 and PM; fractions;
all with flow rates 2.3 m® h'L. During the first campaign, the sampling devices were placed 1 m
above the ground at 3 m distance to the building, with the PM heads next to each other. Their
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position was changed in the next campaign, when the samplers were mounted on the 15 m
high roof of the building and the inlets were pointed 2 m away from each other to allow in-
dependent aerosol collection. This position should be representative enough to enable further
source apportionment analysis. The suspended particles were collected onto 47 mm Whatman
QM-A double-sided quartz fiber filters, taken from the same batch and handled with special
care, according to the standard operating procedure.12 The PMy,, PM, 5 and PM; aerosol frac-
tions were sampled on a daily basis (24 h, beginning at 7 a.m.) with one “field blank™ per
week, according to the sampling reference method defined by the EU Directive 1999/30/EC.13

An automatic air monitoring station with Horiba monitors: APSA-360, APNA-360,
APOA-360 for SO,, NO, and O3 measurements, respectively, and an Eberline FH-62I/R air
particulate monitor for PM;y mass concentration measurements was placed 1 m above the
ground in front of the building at the OBS site, within the Belgrade municipal monitoring
network. The corresponding hourly readings of SO,, NO,, O3 and PM;q concentrations were
recalculated into average daily values and were used for comparison as considerable addi-
tional data from the same location in the same time periods.

Gravimetric measurements

Before exposure, the quartz fiber filters were pre-fired at 900 °C for 3 h to remove
organic impurities!4 and the preconditioning procedure of both non-exposed and loaded filters
was applied prior to gravimetric measurements.1®

During the first (spring) sampling campaign, pre-fired quartz filters were placed in ope-
ned Petri dishes into a dessicator for 48 h in a Class 100 clean room with controlled tem-
perature and relative humidity (20£2 °C, 50+5 %). The mass concentrations were determined
as the average of two gravimetric measurements using a Sartorius 160P semi-micro balance
with @ minimum 0.01 mg mass resolution. Quality assurance was provided by the simul-
taneous measurement of a set of three blank filters that were interspersed within the pre- and
post-weighing sessions of each set of sample filters and the mean change in the weight of the
blank filter mass between the weighing sessions was used to correct the sample filter mass
changes. This procedure was applied to both unexposed and exposed filters.

During the second (autumn) sampling campaign, the gravimetric procedure was con-
ducted under improved conditions, according to EN 12341 for PM;,.12 The filters were ex-
posed in opened Petri-slides for 48 h at 20+1 °C temperature and 50+5 % relative humidity in
a Class 100 clean room with automatic temperature and pressure regulation. After precondi-
tioning, the filters were weighed twice using a Precisa XR 125 SB micro-balance with 0.01
mg mass resolution and the mass concentrations were calculated as average values. Two pre-
-fired blank quartz filters were exposed in the conditioning room all the time and their mass
checked after each series of eight sample measurements. Before and after each weighing ses-
sion, certified test weights of 100 and 200 mg were used for accuracy control of the micro-ba-
lance. Following the gravimetric measurements, the loaded filters were stored in a cool room
at 4 °C until analysis.

Chemical analysis

Once the gravimetric measurements were realized, loaded filters with PMg, PM, 5 and
PM; aerosol fractions were punched and areas of 6 and 3 cm? of each filter were used for trace
elements analysis and secondary ions analysis, respectively. The CEN/TC 264 N779 proce-
durel® was applied for extraction of the trace elements. The loaded quartz filters were treated
with acidic mixture: HNO3; (c)/30 % H,0,/H,O (3/2/5) using analytical grade reagents
(Merck) and distilled/deionized water (MiliQ, 18.2 MQ). The filters were digested in closed
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100 ml Teflon vessels in a Mars 5 microwave accelerated reaction system with a two-stage
programmed temperature progress up to 200 °C. The concentrations of 20 elements: Mg, Al,
K, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sh, Ba, Tl, Pb and Th were determined by
inductively coupled plasma—mass spectrometry (ICP-MS) using an Agilent 7500 device with
an Octopole Reaction System.

Quality control and verification of the applied procedures for microwave digestion and
multi-elemental trace analysis using ICP MS was realized by the analysis of 2783 NIST (Na-
tional Institute of Standard and Technology, MD, USA) standard reference material con-
taining a PM, 5 fraction of urban dust from a mixed industrial urban area of Vienna, collected
on a polycarbonate membrane filter.

Before secondary ions analysis, the samples underwent a nano-pure water extraction for
24 h.17 The aqueous extracts were further analyzed by standard ion chromatography using a
Dionex DX-500 IC system to determine: NO5", SO,%, NH,*, K*, Ca* and Na* according to
SOP MDL 064.18

RESULTS AND DISCUSSION
Mass concentrations of PM1g, PM> 5 and PM1 fractions

The results of the PM1g, PM> 5 and PM1 mass concentrations measurements
in 24-hour aerosol deposits on quartz fiber filters collected in the spring and
autumn sampling periods are shown in Fig. 2.

70 A
60 -
50 A

72 40 A

g m

T 30 A

il 1l | HMHI -

27/Apr 28/Apr 29/Apr 30/Apr 1/May 2May 3/May 15/Sep 16/Sep 17/Sep 18/Sep 19/Sep

2007
Fig. 2. Mass concentrations of the PM10, PM2.5 and PM1 fractions in ambient aerosol
deposits collected during the spring and autumn sampling periods at the OBS sampling site.
In the graph PM10, PM2.5 and PML1 are presented by the black,
gray and white bars, respectively.

It may be seen that all fractions follow the same trend, with noticeable work-
ing day/holiday differences. The spring sampling campaign was performed du-
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ring non-working days, since the weekend was linked with holidays, except the
first and last days of the sampling period. Consequently, on the 27t and 28th
Apr, when the traffic frequency was very high, the PM1g mass concentrations
had maximum values of 50 and 56 pug/m3 and the maximum mass concentrations
of PMy 5 and PM1 were 33 and 29 ug/m3, respectively. During the autumn cam-
paign, the PM1p mass concentration had the maximum value of 65 pg/m3 on
Monday, 17th Sep, the first working day of the week. The corresponding PM> 5
and PM1 mass concentrations were also the highest in the period, with values of
32 and 23 pg/m3, respectively.

European air quality regulations stipulated that the average daily PM1g mass
concentrations should not exceed 50 pug/m3 more than 35 times a year by 2005
and 7 times by 2010, with average annual limit values of 40 and 20 pg/ms3, res-
pectively. Monitoring of the fine particulate fraction is still not obligatory in
EU,19 although a recently published Directive20 for PM5 5 proposes 20 pg/ms3 as
the annual average daily limit value and 35 pug/ms3 not to be exceeded more than
35 times a year. According to WHO, the PM1g average annual mass concentra-
tions vary widely, from 16 pg/m3 in Finland and Ireland, to 50-52 pg/m3 in
Bulgaria and Romania in 2004, and the levels were higher during 2006 by at least
5 pug/m3 in Austria, Hungary, Norway and Poland, and lower by at least 5 pug/m3
in Bulgaria, Greece, Slovenia and Serbia.21 These values mostly came from the
air quality monitoring programs of the countries, in which 566 cities were asses-
sed, with different QA/QC applied. If the mass concentrations values obtained
within a few regional research projects are evaluated, there are observable but no
remarkable differences. In urban areas from neighboring countries, the mean va-
lues of PM1o mass concentrations were reported as: 75 pug/m3 for Athens, Gre-
ece;22 72ug /m3 for Sophia, Bulgaria;23 51 ug/m® for Genoa, Italy;24 2001, 75
pg/m3 for Bucharest, Romania.23 Within earlier studies on air quality in Belgrade
urban area, the mean biannual PM1g and PM> 5 concentration values were 68 and
61.4 ug/m3 respectively.25 Comparing these data, the mass concentrations values
of both the coarse and fine particulate fractions obtained for Belgrade were with-
in expectable levels for the region, with reserve concerning the considerable dif-
ferences in data assessment periods and methodologies.

Concerning the particles size distribution in the mass concentrations, in the
spring campaign, PM4 on average counted for about 78 % of PM» 5 and 47 % of
PM1g, while PM> 5 counted 56 % of PM1q. In the autumn campaign, the average
PM1 counted for about 66 % of PMy 5 and 34 % of PM1g, while PM> 5 counted
for 50 % of PMy,. In general, a regular pattern of the distribution of the coarse
and fine fractions in air particulate matter does not exist for urban background
sites in Europe, in spite of a number of projects. Again, comparing to previous
results for Belgrade urban areas,2® there is a discrepancy in the ratios of the
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fractions. Obviously, a better differentiation between two size fractions was
achieved due to use of separate reference air-samplers with different inlets.

Seasonal variations of the PM1g, PM2 5 and PM1 mass concentrations values
as well as their ratios are slightly noticeable since both campaigns were per-
formed in non-heating periods and in similar weather conditions. During the sam-
pling periods, the mean values of temperature, relative humidity and wind speed
were: 17.4 °C, 40 % and 0.8 m s1, respectively, in the spring and 19.4 °C, 59 %
and 0.2 m s1, respectively, in the autumn campaign. There was no measurable
precipitation level during both sampling periods, except for 0.1 dm3 m=2 on Sep-
tember 18"

In general, the present results on the PM mass concentrations in the resi-
dential urban area may be reputed as a reliable indicator of still high air pollution
in Belgrade City, as in previous periods of assessment, indicating the necessity of
further studies and remediation.

Correlations of the mass concentrations with other parameters

During the sampling campaigns, the concentrations of SO,, NO2 and Og, as
well as the *PMyy mass concentration were simultaneously recorded by the auto-
matic monitoring station situated at the OBS site within the Belgrade monitoring
network. Hourly readings obtained at this station were recalculated into average
daily values, which are given in Table I.

TABLE I. Average daily concentrations of SO,, NO,, O3 and *PM;, obtained during the
spring (261 Apr.—2"d May) and autumn (15 t Sep—19t Sep) sampling campaigns at the auto-
matic monitoring station at the OBS site

Date c(SO,) /ugm®  ¢(NOy) /pgm?  ¢(0s5)/pgm®  c(PMy) / ug m*
26 Apr. 2007 16.9 575 69 38
27. Apr. 2007 16.9 48 67.6 48
28 Apr. 2007 7.6 19.6 106.2 38
29 Apr. 2007 6.3 17.7 88.4 29
30 Apr. 2007 3.6 10.4 86.6 20
1 May 2007 4.6 18.6 86.7 21
2 May 2007 24.3 49.6 74.9 24
15 Sep. 2007 15 37 58 30
16 Sep. 2007 17 64 52 40
17 Sep. 2007 45 89 44 65
18 Sep. 2007 22 54 55 44
19 Sep. 2007 12 27 39 18

The concentrations of the ambient air gas-phase pollutants ¢(SO»), and
c(NOy), and the mass concentration c(*PM1g) obtained at the automatic air-mo-
nitoring station are shown in Fig. 3, together with the mass concentration c(PM1q)
obtained using the separate sampling device with a PM1q inlet, for both the
spring and autumn sampling periods.
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Fig. 3. Correlations between the daily concentration values of C(PMy) determined in this
work and the ¢(SO,), c(NO,) and c(*PM) values obtained at the automatic air-monitoring
station (presented with the symbols A, m, 0 and A, respectively) during the spring
and autumn campaigns at the OBS sampling site.

C/ugm

It may be concluded that the same trends of data exist between the parame-
ters presented in Fig. 3. Quantitatively, the correlations obtained after linear sta-
tistical analysis applied on the PM1q daily mass concentrations C(PM1g) and the
average daily concentrations ¢(SO5), ¢(NO>), ¢(O3) and c(*PM1q) are listed in
Table 1. The corresponding Pearson’s coefficients of regression R? for ¢(SO5),
¢(NO2) and c(*PM1g) with respect to ¢(PM1g), were: 0.38; 0.52 and 0.76 in the
spring and 0.75, 0.85 and 0.83 in the autumn sampling period, respectively. No
significant correlation between the O3 and PM1g concentration values was ob-
tained. In the autumn period, it was R?2 < 0.01 and in the spring period, the
correlation was negative with R2 = 0.23. However, these conclusions may be
taken only as indicative due to the considerable lack of data.

Trace elements and ion contents in the PM fractions

The chemical characterization of the PM1g, PM2 5 and PM; aerosol fractions
comprised the determination of the elemental concentrations of Mg, Al, K, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sh, Ba, TI, Pb and Th and the concen-
trations of the secondary ions NO3~, SO42-, NH3*, Na*, Ca* and K*.

Prior to trace elements determination, the microwave acid extraction descri-
bed in the previous section was applied to the aerosol deposits and the obtained
extracts were further analyzed using the ICP MS technique. The utilized analyti-
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cal procedure was validated by the analysis of the NIST 2783 standard reference
urban dust material containing a PM» 5 aerosol fraction, collected on a polycar-
bonate membrane filter. The results of this analysis are listed in Table II.

TABLE II. Results of the ICP-MS analysis of the NIST 2783 standard reference urban dust
material containing a PM, 5 fraction deposited on a polycarbonate membrane filter

Element Certified value, ng Observed value, ng Recovery,%  LLD/ng
Al 232104530 17124 74 0.1
As 11.8+1.2 6.9 58 0.03
Ba 335+50 350 104 0.034
Ca 13200+1700 9575 73 60
Co 7.7£1.2 7.6 98 1
Cr 135+25 143 106 0.04
Cu 404142 357 88 0.025
Fe 26500+1600 25769 97 4
K 5280+520 5475 104 2.3
Mg 8620+520 7386 86 2.7
Mn 320+12 319 100 0.03
Na 1860+100 3689 198 40
Ni 68+12 44 64 0.02
Pb 317454 346 109 0.03
Sh 71.8+£2.6 35 5 0.025
\% 48.5+6 45 93 0.03
Zn 1790£130 1574 88 0.13

The obtained recoveries in two runs were within +15 % of the certified va-
lues for most of the elements. Some lower recoveries were attained for As, Ni
and the crystal originating elements Cr, Al and Ca, which was already observed
by other authors and usually explained by incomplete dissolution during the mic-
rowave digestion.26-28 An exceptionally high recovery (198 %) was obtained for
Na and an extremely low recovery (5 %) for Sb, consequently, these elements
will not be further rendered. No reliable explanation for these results can be
given, except that Na contamination might have occurred during the performance
of the analysis. The lack of data on Na and Ca concentrations from ICP-MS
analysis may partly be rectified by IC analysis of Nat and Ca*. In spite of out-
liers, the results of the elemental analysis NIST 2783 were satisfactory for the
majority of the elements and the method may be considered as approved.

After this verification, the described analytical procedure of microwave acid
extraction followed by ICP-MS analysis was applied to the aerosol samples. The
mean and maximum concentration values of the trace elements determined in the
PM1q, PM2 5 and PM1 aerosol fractions from the spring and autumn periods are
summarized in Table I11.
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AEROSOLS FROM THE URBAN AREA OF BELGRADE 1329

Additionally, the contents of NO3~, SO42-, NH;*, Na*, Ca2* and K* in the
PM1g, PM2 5 and PM1 aerosol fractions, determined by the ion-chromatography
(1C) technique described in the previous section, are given in Table IV.

TABLE IV. The mean and maximum concentrations of secondary ions in the PMyg, PM, 5 and
PM; aerosol fractions in the spring and autumn sampling periods

c/ugm®
PM; PM, 5 PMyq

Spring Autumn Spring Autumn Spring Autumn
Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max
NO; 052 042 077 148 067 067 111 209 100 1.18 1.88 287
SO~ 403 646 459 7.36 416 810 520 6.61 398 6.00 520 8.03
NH," 122 168 054 092 083 136 071 120 121 182 063 1.18
Na® 061 177 122 179 090 1.88 1.09 156 0.33 042 103 1.67
Ca" 121 140 020 022 164 189 021 024 123 211 169 3.67
K* 051 166 011 0.17 080 1.77 0.5 021 023 032 020 0.28

lon

Although the chemical composition of the aerosol fractions may not be ac-
complished by the data presented in Tables Il and 1V, these data indicated the
main characteristics of the air pollution in this area. The crystal, soil-related ele-
ments, Fe, Mg, Al and K, had mean concentration values much higher than those
of the other elements in both the coarse and fine aerosol fractions, especially in
the autumn season, when resuspension processes are significant. In the total K
concentration, there is usually a contribution from biomass combustion.2® The
anthropogenic originating elements Zn, Ni, As, Se, Mo, Cd, Ba and Pb present in
the coarse aerosol fraction were higher in the autumn than in the spring, while the
concentrations of V and Cu were higher in the spring season. The Zn concentra-
tions determined in PM1g and PM> 5 were observable but not much higher than
the concentrations of other trace elements, as was the case in recent assessments
of the Belgrade air quality.”-9 However, the concentrations of Pb, Ni and Zn
were the highest among the trace elements in PMq that is the very fine aerosol
fraction and, consequently, the most vulnerable for lungs. These elements origi-
nated mainly from traffic; Zn usually reported as a tracer for unleaded fuel and
diesel powered motor vehicle emissions and Ni and Pb as lead gasoline exhaust
emission products.30 The EU Directive defines the Pb limit concentration value
as 500 ng/m3 in PMyg and target values: 6, 5 and 20 ng/m3 in the PM1q aerosol
fraction for As, Cd and Ni, respectively. Both mean and maximum concentra-
tions of Pb, As and Cd observed in this work were below these values, except for
the Ni mean 29.9 ng/m3 and maximum 54.4 ng/m3 concentrations determined in
the spring period. In addition to heavy oil combustions and mechanical abrasion
of metallic surfaces,3! enhanced values of Ni may be caused by industrial acti-
vities.
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The results showed significant concentrations of sulfates that may be asso-
ciated with ammonia in the fine particles and preferably with nitrates in the PM1g
fraction. Sulfates, nitrates and ammonia are primarily associated with anthropo-
genic activities, referring to pollution from fuel or wood combustion. Moreover,
nitrates usually present a coarse mode as a consequence of the reaction of HNO3
with soil particles containing calcium carbonate.32:33

In general, as a result of the applied acidic and water extraction procedures
and the highly sensitive measurements, the concentration values of a number of
particulate matter constituents were determined with high precision and accuracy.
Low-level concentrations of trace elements were easily detected in the finest par-
ticles fraction (PM1) due to the low detection limits of the employed measure-
ment techniques. Although the obtained results may not be used to define the
aerosol particulate matter composition as a whole, the results indicate that, in
addition to natural sources, particulate matter from traffic might be an important
source of air pollution in non-heating seasons.

CONCLUSIONS

A review of selected methods and means of monitoring and physical and
chemical characterization of aerosol particulate matter in the urban area of Bel-
grade, followed by results obtained in spring and autumn sampling periods within
the Project WeBIOPATR, are presented in this paper. A few conclusions may be
drawn.

The mass concentration values of the PM1g and PM> 5 aerosol fractions ob-
tained here are in accordance with previous results on the air quality in the Bel-
grade urban area and with other results in the region, showing the enhanced pol-
lution levels in comparison with the limit values permitted by EU recommend-
ations. Results for the finest fraction PM; were obtained for the first time in the
urban area of Belgrade and they showed the same characteristics as the courser
fractions.

Correlations of the PM1g mass concentrations with the concentrations of gas-
-phase ambient air pollutants ¢(SO>), ¢(NO>) and ¢(O3) and the mass concen-
tration c(*PM1g) obtained by the automatic air-monitoring station the same trend
of concentrations during the campaigns, except for ¢(O3).

The air particulate composition concerning the elements: Mg, Al, K, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sh, Ba, Tl, Pb and Th and the contents
of secondary ions: NO3~, SO,2-, NHs*, Na*, Ca* and K* determined in the
aerosol fractions PM1g, PM> 5 and PM; indicated soil and traffic related sources
of pollution as dominant in the residential Belgrade urban area (OBS) in non-
-heating seasons.

Considering the limited numbers of aerosol samples taken into conside-
ration, the presented results are just indicative but, from the aspect of data
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quality, this evaluation enclosed all relevant internationally recommended stan-
dards and procedures.
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U3BOA

OU3NYKO-XEMUICKA KAPAKTEPU3ALIMJA HECTHULA CYCIIEHAOBAHUX Y
BA31YXY YPEAHOI I[IOJIPYUJA BEOI'PAJIA

JACMUHKA JI. JOKCHRY, MUJIEHA JOBAIIIEBIR-CTOJAHOBIE !, ALENA BARTONOVAZ, MUPJAHA B.
PAJIEHKOBWRY, KARL-ESPEN YTTRI%, CHEXXAHA MATHR-BECAPABUE® 1 JbYBHUIIIA HTHATOBUR?

II/IchftuLHym 3a HyKkaeapre Hayke Bunua, . iip. 522, 11001 Beozpao, 2NILU, Norwegian Institute for Air Research,
P.O. Box 100,2027 Kjeller, Norway, 3I/IHCLT4uu7yLH 3a jasno 30pasmwe, bya. Jleciioinia Citiepana 54, 11000 Beozpao u
4(Daxyﬂu7€m 3a ¢puauuky xemujy, Citiyoeniticku itipz 12—16, 11000 Beozpao

VY OKBHpY OBOT' HCTpakuBama ypaleHa je KapakTepu3aluja pa3iuuuTHX (Qpakiuja Ba3Iyxa
ypbane cpenuHe beorpama u oapeheH je HeorpaHcku yaeo y ¢pakmujama aepocona. Y Ty CBpXY,
Y30pPKOBAaHH Cy M aHAIU3MpaHU AHEBHM jenosutd PMig, PMys u PM; ¢dpakumja aepocona Tokom
nposichHor u jecemwer nepuona 2007. roauHe na OM ce OApeIUic MACCHE KOHIICHTpAIMje U Cajp-
Kaji 0JabpaHHMX elieMEeHAaTa W CEKYHIapHHX joHa. Pe3yirarté NOOHjEHH TOKOM OBHX KaMIlama
Y30pKOBama TOKa3yjy Ja Cy Cpelibe JHEBHE MaceHe KomenTpammje: 37 u 44 ug/m’ 3a dpaxuujy
PMyg, 22 u 23 pg/m3sa PMys u 15 u 17 pg/m®sa najunmjy ppaxuujy PMy, ca MakcuManiHUM
BpEHOCTHMA KOje HpeBasmiia3e rpaHMYHE HUBOE MOCTaBJbeHE mponucuMma EY 3a KBajIuTeT Bas-
nyxa. [Iprka3ana je U AMCKyTOBaHA Be3a OBHX KOHIIEHTpalHja ca racoBuTuM 3araljuBaunma, CO,,
NO; u Os. Konuenrparuje exemenara (Mg, Al, K, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd,
Sh, Ba, Tl, Pb u Th) u jona (NOg, SO,%, NH,", K, Ca®* i Na") onpehennx y PMig, PM, s 1 PM;
aepocosHUM (pakIyjaMa MMajy BPEJHOCTH KOje yKa3yjy Ha HMpHpOAHE M3Bope U caobOpahaj xao
TJIaBHE M3BOpE eMUTOBama dectrna. OBa Mepema Cy ypal)eHa Kao IpBU KOopak npu onpehuBamy u
KapaKTepH3aliju YeCThIIa aepocoa Jia OM ce yka3ajo Ha IJIaBHE U3BOpe 3araljera U MpeyIokKuIIn
oarosapajyhu mocTyniy pemeaujaiuje, Ciein(pUIHY 3a 0Baj PErHOH.

(Tlpumibeno 2. mapra, peBuaupato 7. anpuna 2009)
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