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Synthesis, structure and solvatochromic properties of 3-cyano-
-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-pyridones
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Abstract: A series of some new pyridone arylazo dyes was synthesized from
the corresponding diazonium salts and 3-cyano-4,6-diphenyl-2-pyridone using
the classical reaction for the synthesis of the azo compounds. The structures of
these dyes were confirmed by UV-Vis, FT-IR and H-NMR spectroscopic
techniques. The solvatochromism of the dyes was evaluated with respect to
visible absorption properties in various solvents. The effects of solvent dipola-
rity/polarizability and solvent/solute hydrogen bonding interactions were ana
lyzed by means of the linear solvation energy relationship concept proposed by
Kamlet and Taft. The 2-pyridone/2-hydroxypiridine tautomeric equilibration
was found to depend on the substituents as well as on the solvents.

Keywords. arylazo pyridone dyes; absorption spectra; solvent effect; substi-
tuent effect; tautomeric equilibration.

INTRODUCTION

Azo dyes are the most widely used compounds in various fields, such as
dyeing of textile fibres, colouring of different materials, in biological-medical
studies and advanced applications in organic synthesis.1% The success of azo co-
lorants is due to the simplicity of their synthesis by diazotization and azo coup-
ling, to the amost innumerable possibilities presented by variation on the diazo
compounds and coupling components, to the generally high molar extinction co-
efficient and to the medium to high light and wet fastness properties.” Pyridone
derivatives are relatively recent heterocyclic intermediates for the preparation of
arylazo dyes. The azo pyridone dyes give bright hues and are suitable for the
dyeing of polyester fabrics.8 The physico-chemical properties of arylazo pyri-
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doi: 10.2298/JSC091009074A

1019

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

2010 Copyright (CC) SCS



1020 ALIMMARI et al.

done dyes are closely related to their tautomerism. Determination of azo-hydra-
zone tautomerism both in the solid state and solution phase is quite interesting
both from theoretical and practical standpoints, since the tautomers have different
technical properties and dyeing performances. Several investigations on substi-
tuted arylazo pyridones have been performed and reviewed.%-11 |t was concluded
that the equilibrium between the two tautomers is influenced by the structure of
the compounds and the solvent used. In previous publications, the absorption
spectra of 3-cyano-6-hydroxy-4-methyl-5-(4-substituted phenylazo)-2-pyridones
in different solvents were studied and the results showed that these dyes exist in
the hydrazone form in the solid state and in the solvent DM SO-dg, while equi-
librium existed between the hydrazone and the azo form in different solvents.12
The obtained dyes exhibit their colour hue in the range from orange to red-orange.

Recently, the synthesis of seventeen 3-cyano-4,6-dimethyl-5-(3- and 4-subs-
tituted phenylazo)-2-pyridones was reported.13 The 2-pyridone/2-hydroxy-pyridi-
ne tautomeric equilibration was found to depend on the substituents as well as on
the solvents. The obtained results showed that the replacement of a hydroxy group
in position six in the pyridone ring of 3-cyano-6-hydroxy-4-methyl-5-(3- and
4-substituted phenylazo)-2-pyridones by a methyl group influenced a change of
the azo group sensitivity to solvent effects in comparison with 3-cyano-4,6-
-dimethyl-5-(4-substituted phenylazo)-2-pyridones. The obtained dyes exhibited a
light orange to brown-orange colour hue.

In thiswork, the synthesis of nine new 3-cyano-4,6-diphenyl-5-(3- and 4-sub-
stituted phenylazo)-2-pyridones, their UV-Vis absorption spectra (200-800 nm) in
fifteen solvents of different polarity and the relationship between colour and
constitution of these dyes are reported. The effects of solvent and substituent on
the 2-pyridone/2-hydroxypyridine tautomeric equilibrium are also reported.

RESULTS AND DISCUSSION

All of the investigated arylazo pyridone dyes were synthesized from the cor-
responding diazonium salts and 3-cyano-4,6-diphenyl-2-pyridone using the clas-
sical reaction for the synthesis of azo compounds.14 The chemical structure and
the purity of the obtained compounds (which, to the best of our knowledge, have
not been registered in the literature) were confirmed by melting points, and 1H-
-NMR, FT-IR and UV spectral data. The characterization data are given below.

3-Cyano-5-[ (4-methoxyphenyl)azo] -4,6-diphenyl-2-pyridone (1). Yield: 54
%. Colour: red brown crystals; m.p.: 264-268 °C. IR (KBr, cm1): 3436 (N-H),
2212 (C-N), 1692 (C=0). 1H-NMR (200 MHz, DMSO-dg, 5 / ppm): 3.35 (3H, s,
OCH3), 6.88-6.99 (2H, d, ArH), 7.30-7.45 (2H, m, ArH), 7.55-7.66 (6H, m,
ArH), 7.70-7.90 (4H, m, ArH), 11.67 (1H, s, pyridone-NH).

3-Cyano-5-[ (4-methyl phenyl)azo] -4,6-diphenyl-2-pyridone (2). Yield: 29 %.
Colour: dark yellow crystals; m.p.: 243-246 °C. IR (KBr, cm1): 3376 (N-H),
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2212 (C-N), 1681 (C=0). 1H-NMR (200 MHz, DMSO-dg, 5 / ppm): 2.28 (3H, s,
CHg), 7.08-7.22 (4H, d, ArH), 7.40-7.68 (6H, m, ArH), 7.75-8.08 (4H, m, ArH),
11.95 (1H, s, pyridone—-NH).

3-Cyano-4,6-diphenyl-5-phenylazo-2-pyridone (3). Yield: 58 %. Colour: oran-
ge crystals; m.p.: 241-242 °C. IR (KBr, cm1): 3371 (N-H), 2212 (C-N), 1666
(C=0). IH-NMR (200 MHz, DMSO-dg, § / ppm): 7.05-7.20 (3H, m, ArH), 7.25-
—7.39 (4H, m, ArH), 7.40-7.49 (6H, m, ArH), 7.50-7.70 (2H, m, ArH), 11.83
(1H, s, pyridone-NH).

3-cyano-5-[ (3-methoxyphenyl)azo] -4,6-diphenyl-2-pyridone (4). Yield: 64 %.
Colour: orange crystals, m.p.: 301-303 °C. IR (KBr, cm1): 3387 (N-H), 2212
(C-N), 1706 (C=0). 1H-NMR (200 MHz, DMSO-dg, 6 / ppm): 3.79 (3H, s, OCH3),
6.67—6.79 (3H, m, ArH), 7.20-7.33 (3H, m, ArH), 7.45-7.70 (6H, m, ArH), 7.90-
—8.03 (2H, d, ArH), 11.83 (1H, s, pyridone-NH), 14.04 (1H, s, pyridine-OH).

5-[ (4-Chlorophenyl)azo] -3-cyano-4,6-diphenyl-2-pyridone (5). Yield: 36 %.
Colour: brown orange crystals; m.p.: 253-255 °C. IR (KBr, cnm1): 3355 (N-H),
2222 (C-N), 1681 (C=0). IH-NMR (200 MHz, DMSO-dg, 6 / ppm): 7.20-7.39
(2H, d, ArH), 7.40-7.55 (4H, m, ArH), 7.60-7.75 (6H, m, ArH), 7.90-8.00 (2H,
m, ArH), 12.27 (1H, s, pyridone-NH), 13.75 (1H, s, pyridine-OH).

5-[ (4-Bromophenyl)azo)-3-cyano-4,6-diphenyl-2-pyridone (6). Yield: 69 %.
Colour: red brown crystals; m.p.: 292293 °C. IR (KBr, cmr1): 3351 (N-H),
2220 (C-N), 1681 (C=0). IH-NMR (200 MHz, DMSO-dg, 6 / ppm): 7.45-7.55
(2H, d, ArH), 7.58-7.90 (12H, m, ArH), 11.76 (1H, s, pyridone-NH), 12.75 (1H,
s, pyridine—-OH).

3-Cyano-5-[ (4-iodophenyl)azo] -4,6-diphenyl-2-pyridone (7). Yield: 62 %.
Colour: dark brown crystals; m.p.: 276-281 °C. IR (KBr, cnmr1): 3454 (O-H),
3356 (N-H), 2222 (C-N), 1691 (C=0). 1H-NMR (200 MHz, DMSO-dg, J / ppm):
7.05-7.22 (2H, d, ArH), 7.25-7.46 (2H, d, ArH), 7.52-7.70 (6H, m, ArH), 7.74—
—7.98 (4H, m, ArH), 11.75 (1H, s, pyridone-NH), 12.57 (1H, s, pyridine-OH).

3-Cyano-5-[ (3-nitrophenyl)azo] -4,6-diphenyl-2-pyridone (8). Yield: 65 %.
Colour: dark orange crystals; m.p.: 282-285 °C. IR (KBr, cnrl): 3484 (O-H),
3361 (N-H), 2222 (C-N), 1688 (C=0). 1H-NMR (200 MHz, DMSO-dg, J / ppm):
7.40-7.70 (8H, m, ArH), 7.76-8.30 (4H, m, ArH), 8.32-8.40 (2H, d, ArH), 11.80
(1H, s, pyridone-NH), 12.15 (1H, s, pyridine-OH).

3-Cyano-5-[ (4-nitrophenyl)azo] -4,6-diphenyl-2-pyridone (9). Yield: 60 %.
Colour: dark brown crystals; m.p.: 278-279 °C. IR (KBr, cmr1): 3472 (O-H),
3350 (N-H), 2232 (C-N), 1686 (C=0). IH-NMR (200 MHz, DMSO-dg, J / ppm):
7.60-7.74 (4H, m, ArH), 7.76-7.94 (6H, m, ArH), 7.96-8.12 (2H, m, ArH), 8.15—
—8.40 (2H, m, ArH), 12.08 (1H, s, pyridine—OH).

The arylazo pyridone dyes prepared in this work may exist in two tautomeric
forms (Fig. 1). The infrared spectra showed an intense carbonyl band in the
region 1666-1692 cm1 and an intense N—H band in the region 3376-3495 cm1,
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1022 ALIMMARI et al.

which suggest that these compounds predominantly exist in the 2-pyridone tauto-
meric form (Fig. 1, A) in the solid state. The TH-NMR spectra of the dyes in
DM SO-dg exhibit a signal for the —-NH proton at the pyridone ring in the range 6
11.67-12.15 ppm. However, for azo dyes with electron-accepting substituents in
the phenyl group, the 1H-NMR spectra showed a signal in the range 6 12.08—
—14.04 ppm, corresponding to the OH proton of enol form (Fig. 1, B).

Ph
720 NG /7 N\, N
x/— | = x/— |
P
Ph N [e]
|

Ph N OH
A

I Ph
X =4-OCH;3 (1); 4-CH; (2); H (3);
/ \ — AN CN 3-OCH; (4); 4-C1 (5); 4-Br (6);
) N~ I 4-1(7); 3-NO; (8); 4-NO; (9)
@ Q
Ph N o
L C H —

Fig. 1. Structure of dyes 1-9 and the equilibrium between 2-pyridone form (A) and
2-hydroxypyridine form (B) of 3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-
-2-pyridones and the canonical structure (C).

Solvent effects on absor ption spectra of the dyes

Since the tautomeric equilibria strongly depend on the nature of the media,
the behaviour of arylazo pyridone dyes in various protic and aprotic solvents was
studied. For this purpose, the absorption spectra of the pyridone dyes (1-9) were
measured in fifteen various solvents at a concentration 10~4 mol dm=3, and the
ultraviolet absorption maxima of the electronic transitions involving the free non-
-bonding electrons of the azo group are given in Table I. It was found that the
absorption maxima of these dyes are strongly solvent dependent and vary with
solvent polarity. The dyes generally showed bathochromic shifts as the polarity
of the solvents was increased. The characteristic absorption spectra of investi-
gated azo dyesin ethanol and N,N-dimethylacetamide are shown in Figs. 2 and 3,
respectively.

The equilibrium between the two tautomers is influenced by the structure of
the investigated compound and the solvent used. In protic and non-dipolar aprotic
solvents (alcohols, dioxane, tetrahydrofuran and acetonitrile) azo pyridone dyes
with electron-donating and moderate el ectron-accepting substituents showed one
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absorption band arising from the 2-pyridone tautomeric form. Azo pyridone dyes
with strong electron-accepting substituents exhibited two absorption bands in these
solvents (Fig. 2). In N,N-dimethylformamide, N,N-dimethylacetamide and dime-
thyl sulphoxide solvents, all the investigated azo pyridone dyes existed as two
tautomers, due to the high basicities and high relative permitivities of these sol-
vents (Table | and Fig. 3). The molecular extinction coefficients (emax) are higher
in comparison to the 3-cyano-4,6-dimethyl-5-(4-substituted phenylazo)-2-pyrido-
nes reported previously,13 and vary from 6000 to 38000 dm3 mol—1 cm1 (not lis-
ted in Table 1). The ratios of the molecular extinction coefficients of the 2-pyri-
done form A and the 2-hydroxypyridine form B are listed in Table | for solvents
and substituents where tautomeric equilibrium was found.

TABLE |. UV—Vis spectral data (Amex / NM and &1/¢;) of dyes 1-9 in different solvents

Solvent or 4-OCH; 4-CH; H 3-OCH; 4-Cl 4-Br 4-1 3-NO, 4-NO,

No. ;
Substituent

1 Methanol 370 361 375 358 356 355 360, 340, 372,

443 473 551

- - - - - - 224 115 171

2 Ethanol 373 364 374 360 359 356 359, 353, 371,

456 484 562

- - - - - — 194 069 160

3 Propan-1-ol 375 361 374 359 355 354 361, 342, 373,

452 484 565

- - - - - — 168 079 156

4 Propan-2-ol 375 360 371 360 356 356 360, 355, 371,

448 487 572

- - - - - — 202 063 158

5 Butan-1-ol 375 364 373 360 356 346 362, 353, 374,

456 485 566

- - - - - - 143 074 164

6 2-Methyl-2- 372 360 375 360 356 357 357, 342, 370,
-propanol 439 403 585

- - - - - — 193 087 332

7 Butan-2-ol 373 360 353 361 358 357 360, 340, 370,

448 485 578

- - - - - - 179 084 180

8 Dioxane 368 358 350 353 355 360 360, 330, 370,
429 403 420

- - - - - — 108 106 205

9 Ethyl acetate 364 357 348 350 348 351 355, 332, 364,
431 414 571

- - - - - - 125 246 290

10 Tetrahydrofuran 365 356 352 353 355 354 350, 330, 375,
439 412 602

- - - - - — 099 118 147
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1024 ALIMMARI et al.

TABLE I. Continued

Solvent or 4-OCH; 4-CH; H 3-OCH; 4-Cl 4-Br 4-1 3-NO, 4-NO,
No. -
Substituent
11 Acetonitrile 368 356 369 352 351 352 341, 341, 368,
467 483 575
- - - - - - 120 073 0.79
12 Acetone 365, 357, 350, 353, 352, 354, 355, 340, 375,
505 493 439 476 488 479 461 490 588
2150 20.02 242 940 455649 111 071 0.79
13 Dimethyl 376, 368, 380, 364, 360, 361, 364, 348, 386,
sulphoxide 495 495 493 493 495 494 495 495 592
1458 16.00 10.12 411 318 245098 053 0.78
14 N,N-Dimethyl- 377,510 370, 383, 362, 403, 406, 372, 405, 521,

formamide 493 493 488 493 493 497 495 588

8.69 142 899 447 267 198 042 094 135

15  N,N-Dimethyl- 373, 360, 370, 350, 357, 355, 364, 390, 526,
acetamide 505 500 502 485 493 492 500 497 595

10.62 1440 1046 551 2.65 3.03 0.38 0.51 0.93

Fig. 2. Absorption spectra of the arylazo pyridone dyes (1-9) in ethanol.

By considering the equilibrium between the 2-pyridone and 2-hydroxypyri-
dine tautomeric forms!® in solvents of different polarity, it was found that in-
creasing solvent polarity shifted the equilibrium towards the pyridone form.16
This form is more dipolar than the hydroxy form due to the contribution of the
charge-separated mesomeric form (Fig. 1, C). The present results are in agre-
ement with this explanation. Furthermore, the hydrogen-bonding ability of the sol-
vent plays an important role since hydrogen-bond donors tend to stabilize the oxo
form (Fig. 1, A), whereas hydrogen-bond acceptors stabilize the hydroxy form
(Fig. 1, B).
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Fig. 3. Absorption spectra of the arylazo pyridone dyes (1-9) in N,N-dimethylacetamide.

The effects of solvent dipolarity/polarizability and hydrogen-bonding on the
absorption spectra of 3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-
-pyridones, and many other compounds,17:18 can be interpreted by means of the
linear solvation energy relationship (LSER) concept using a Kamlet-Taft Equa-
tion of the type:19

v=vg+st* +bf+an (D)

where 7* is ameasure of the solvent dipolarity/polarizability, g isthe scale of the
solvent hydrogen-bond acceptor (HBA) basicities, « is the scale of the solvent
hydrogen-bond donor (HBD) acidities and vg is the regression value of the solute
property in the reference solvent cyclohexane. The regression coefficients s, b
and a in Eq. (1) measure the relative susceptibilities of the solvent-dependent so-
lute property (absorption frequencies) to the indicated solvent parameters. The
solvent parameters?0 are given in Table I1. The correlations of the spectroscopic
data for 2-pyridone tautomeric form were realised by means of multiple linear
regression analysis. It was found that absorption frequencies v1 for the azo dyes
(Table ) in ten selected solvents (Table I11) showed satisfactory correlation with
the z*, f and o parameters. The results of the multiple regressions are presented
in Tables 11l and 1V, and coefficients vg, s, b and a (Table I11) have confidence
intervals at a level of significance of 95 %. The degree of success of Eq. (1) is
shown in Fig. 4 by means of a plot of vngx calculated vs. vmax observed in dif-
ferent solvents (the value of vyax for 4-NOo substituted azo dye in ethyl acetate
was excluded from correlation).
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1026 ALIMMARI et al.

TABLE Il. Solvent parameters!’

No. Solvent bl a B
1 Methanol 0.60 0.62 0.93
2 Ethanol 0.54 0.77 0.83
3 Propan-1-ol 0.52 0.83 0.78
4 Propan-2-ol 0.48 0.95 0.76
5 Butan-1-ol 0.47 0.88 0.79
6 2-Methyl-2-propanol 041 1.01 0.68
7 Butan-2-ol 0.40 0.80 0.69
8 Dioxane 0.55 0.37 0
9 Ethyl acetate 0.55 0.45 0
10 Tetrahydrofuran 0.58 0.55 0
11 Acetonitrile 0.75 0.31 0.19
12 Acetone 0.88 0.76 0
13 Dimethyl sulphoxide 0.71 0.48 0.08
14 N,N-Dimethylformamide 1.00 0.76 0
15 N,N-Dimethylacetamide 0.88 0.69 0

TABLE Il1. Regression fits to the solvatochromic parameters (Eg. (1))

-3 -3 -3 -3 "

Substituent voxl_? :9<1(_)l b><1§)l a><1(_)1 R L Solventsu$dngthe
cm cm cm cm correlations

4-OCHj,4 2867 -149 075 068 099 0.05 102 2-6,9-11,13,15

(+0.11) (£0.14) (x0.11) (+0.08)

4-CH, 2971 -164 -110 -044 0934 013 17 1-7, 10-13
(#0.32) (+0.33) (x0.25) (+0.17)
H 3141 -386 -148 -171 0993 013 142 1-58-10,13, 15

(£0.23) (20.34) (x0.33) (+0.17)
3-OCH, 3000 -154 -131 -043 0995 004 204  1-6, 9, 11-13
(#0.09) (x0.11) (+0.07) (0.05)

4-Cl 2984 -136 -087 -040 0991 004 111 1,3-6,9, 11-13, 15
(#0.10) (x0.11) (x0.07) (+0.06)

4-Br 3592 -865 -503 099 0970 036 28 1-6,9, 10,14, 15
(+1.00) (+1.14) (20.75) (+0.43)

4| 3085 -122 -289 -029 0933 025 14 1-3,5, 7 10-13, 15
(+0.60) (+0.67) (+0.53) (+0.34)

3-NO, 3762 -868 656 089 0979 046 46 1,2, 4,5 7-9,
(£0.93) (+1.19) (+0.89) (+0.59) 11, 14, 15

4-NO, 4188 -1949 -768 163 099 037 235 1-6,9, 10,14, 15

(£0.90) (+1.00) (+0.86) (+0.45)

Correlation coefficient; Pstandard error of the estimate; “Fischer's test; dsolvent numbers are giveninTablel

The negative signs of the s, b and a coefficients for all the azo dyes (except
the coefficient a for 4-Br, 3-NO» and 4-NO», substituted azo dyes, Table I11) indi-
cate a bathochromic shift with increasing solvent dipolarity/polarizability and
solvent hydrogen-bond acceptor basicity and hydrogen-bond donor acidity. This
suggests stabilization of the electronic excited state relative to the ground state.
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The positive sign of the a coefficient for the azo dyes with e ectron-accepting sub-
stituents, 4-Br, 3-NO» and 4-NOo, indicates a hypsochromic shift with increasing
solvent hydrogen-bond donor acidity. These results show that the solvent effect
on UV-Vis absorption spectra of pyridone azo dyes is very complex and strongly
dependant on the nature of the groups present on the pyridone nucleus.

TABLE IV. Percentage contribution of the solvatochromic parameters

Substituent P/ % Pyl % Po/ %
4-OCH, 51 26 23
4-CH;, 51 35 14
H 55 21 24
3-OCH, 47 40 13
4-Cl 52 33 15
4-Br 59 34 7
4 28 66 6
3-NO, 54 a1 5
4-NO, 67 27 6

30 |

Vagp = 0.998V o, + 0.054
R=0.989,s=0.23, F=3793,n=89

18 20 22 24 26 28 30
V cate 1 10°cm™?

Fig. 4. The plot of vima Observed against v calculated from Eq. (1) for the
3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-pyridones.

Substituent effect on the absor ption spectra of the dyes in various solvents

The data from Table | confirm that the positions of the ultraviolet absorption
frequencies depend on the nature of the substituents in the phenyl ring of the azo
dyes. The percentage contributions of the solvatochromic parameters (Table V)
for the azo dyes with electron-donating and moderate electron-accepting substi-
tuents (4-OCHs, 4-CH3, H, 3-OCH3 and 4-Cl) in the phenyl group show that
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most of the solvatochromism is due to solvent dipolarity/polarizability and sol-
vent basicity rather than on the solvent acidity. These results are in accordance
with the canonical structure of the 2-pyridone form of these dyes (Fig. 1, C). The
effect of strong electron-accepting substituents (3-NO» and 4-NO») and 4-Br and
4-] is dlightly different and the percentage contributions of the solvatochromic
parameters show decreased proton-donating solvent effects. These results can be
explained by the positive charge on the azo group in the 2-hydroxypyridine tauto-
mer with electron-accepting substituents in the phenyl group (Fig. 5, E), and with
a decreasing hydrogen-bond donating solvent effect when the more dipolar tauto-
meric form NH*—CO~ transforms into the N=C—OH tautomeric form.

Ph Ph
@ €] CN <] @ CN
st * s
/
Ph T o Ph N OH
D

H E

Fig. 5. Resonance effect of electron-donating (structure D) and electron-accepting
(structure E) substituents of the arylazo component of the azo dyes.

In order to explain these results, the absorption frequencies were correlated

by the Hammett Equation, Eq. (2), using oiyp OF Oy, Substituent constants: 21
V=Vg + pomip 2

where p is the proportionality constant reflecting the sensitivity of the absorption
frequencies to the substituent effects. The substituent constants, Omip and ar*n,p,
measure the electronic effect of the substituents (in a given position, metaor para).

The plot Vmax Vs. the opyp Substituent constants gave a correlation which
showed deviations from the Hammett Equation in al dipolar aprotic solvents
(N,N-dimethylacetamide, excluding the H and 4-NO» substituted dyes). How-
ever, alinear Hammett correlation was obtained in protic solvents (excluding the
H and 4-NO» substituted dyes). A better correlation of vigx was obtained with
the oy, substituent constants?? than with the opyp constants in dl solvents (Figs.
6 and 7), which indicates extensive delocalization in the azo group (-N=N-). The
existence of the correlation presented in Fig. 6 was interpreted as evidence of the
significant role of substituent effects on the 2-pyridone/2-hydroxypyridine tauto-
merism. Electron-donating and moderate electron-accepting substituents stabilize
2-pyridone tautomeric form, while electron-accepting substituents stabilize the
2-hydroxypyridine tautomeric form. The azo group is an electron-acceptor, hence
the azo group is stabilized by the more electron-donating substituents. These re-
sults are in accordance with the resonance structure of these dyes as shown in
Fig. 5, D.
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28.4
*

28.2 A

28 A y =1.0229x + 27.724
R=0.968,s=0.13, F=76,n =7
27.8 A

27.6

Vmax

274

27.2
27 A

26.8 ¢ 4-OCH

26.6 T : : : . : : : :
-1 -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8

¥
(o

Fig. 6. Hammett correlation of Vi Vs. a,*n,p in ethanol.

29 -
3-OCH,

285 - ¢

4-Br
T ——_4-Ch
28 4

*
4-CH,

V max
N
~

*
26.5 4-OCHj;

26 y =-3.45515 - 0.8704x + 28.147
R =0.950 3-NO;

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

O,-l-

Fig. 7. Hammett correlation of Vi VS. aﬁn,p in N,N-dimethylacetamide.

These results are contrary to the results published in a previous work for
3-cyano-4,6-dimethyl-5-(4-substituted phenylazo)-2-pyridones.13 The obtained re-
sults show that replacement of methyl groups in the pyridone ring of 3-cyano-
4,6-dimethyl-5-(3- and4-substituted phenylazo)-2-pyridones by phenyl groupsin-
fluences the change of the sensitivity of the azo group to solvent and substituent
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effects compared to 3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-
-pyridones. Additionally, two phenyl electron rich groups at the 4- and 6-position
of the pyridine ring significantly changes the electronic structures of the highest
populated molecular orbitals, and influences a different spatial arrangement of
the investigated arylazo pyridone dyes in comparison to 3-cyano-4,6-dimethyl-5-
(3- and 4-substituted phenylazo)-2-pyridones. Thus, the absorption maxima of 3-
cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-pyridones showed ba-
thochromic effects in comparison with analogous dyes containing two methyl
groups in the pyridone ring. The pyridone azo dyes system, investigated in this
work, absorbed at a higher absorption maxima due to the mobility of the electro-
nic densities across the resonating systems (structures D and E, Fig. 5). The dye
system comprising the phenyl moiety absorbed bathochromically compared to
the other analogues due to the longer conjugation, which stabilized charge sepa-
ration in the corresponding stabilized hybrids (Fig. 5). The obtained dyes exhibit
their colour hue in the range from dark-yellow to brown.

EXPERIMENTAL
General

The chemicals used in the synthesis of all the dyes were obtained from the Fluka
Chemicals Company and were used without further purification. The chemical structure and
the purity of the azo pyridone dyes were confirmed by melting points, and by UV-Vis, FT-IR
and H-NMR spectroscopic techniques. All melting points are uncorrected.

The IR spectra were recorded on a Bomem FTIR spectrophotometer, MB-series, in the
form of KBr péellets.

The IH-NMR spectrad measurements were performed on a Varian Gemini 2000 (200
MHz) instrument. The spectra were recorded at room temperature in deuterated dimethyl
sulphoxide (DMSO-dg). The chemica shifts in the IH-NMR spectra are expressed in ppm
values referenced to TMS (o = 0 ppm).

The UV—-Vis absorption spectra were recorded in the range 200-800 nm on a Shimadzu
1700 spectrophotometer in spectroguality solvents (Fluka) using a concentration of 104 mol dmrS,
Preparation of 3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-pyridones (1-9)

All the investigated azo pyridone dyes were synthesized from the corresponding diazo-
nium salts and 3-cyano-4,6-diphenyl-2-pyridone using the classical reaction for the synthesis
of azo compounds.14

3-Cyano-4,6-diphenyl-2-pyridone was prepared from dibenzoyl methane and cyanoace-
tamide using a modified literature procedure.23 Equimolar amounts of dibenzoyl methane and
cyanoacetamide (10 mmol) were heated under reflux in a 50 % water/ethanol mixture (20
cmd) in the presence of afew drops of piperidine as catalyst for 4 h. The product was purified
by crystallization from ethanol (yield: 35 %, m.p.: 310-311 °C; |it.22 m.p.: 312-313 °C).

The yields of the dyes were in the range 29-69 %. The obtained compounds were puri-
fied by crystallization from acetone and then analyzed.
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CONCLUSIONS

A series of new pyridone arylazo dyes was synthesized from the correspond-
ing diazonium salts and 3-cyano-4,6-dipenyl-2-pyridone. The solvatochromic
behaviours and substituent effects in various solvents were evaluated. The results
indicated that these dyes were strongly dependent on solvents and generally
showed bathochromic shifts as the polarity of solvents was increased. These dyes
exist dominantly in the 2-pyridone tautomeric form in the solid state. The results
show that electron-donating and moderate el ectron-accepting substituents stabi-
lized the 2-pyridone tautomeric form in protic and non-dipolar aprotic solvents,
while in dipolar aprotic solvents the existence of two tautomers was observed.
Strong electron-accepting substituents stabilized the 2-hydroxypyridine tautomer
and existence of two tautomers was determined in all investigated solvents.

The satisfactory correlation of the ultraviolet absorption frequencies of the
investigated arylazo pyridone dyes with the general solvatochromic eguation in-
dicates that the correct model was selected. It was demonstrated that a solvato-
chromic equation with three solvatochromic parameters 7*, fand o can be used
to evaluate the effects of both types of hydrogen bonding and of the solvent di-
polarity/polarizability effect. The obtained results showed that the replacement of
the methyl groups in the pyridone ring of 3-cyano-4,6-dimethyl-5-(3- and 4-subs-
tituted phenylazo)-2-pyridones by phenyl groups in 3-cyano-4,6-diphenyl-5-(3-
and 4-substituted phenylazo)-2-pyridones influenced a change in the sensitivity
of the azo group to solvent and substituent effects. The absorption maxima of the
3-cyano-4,6-diphenyl-5-(3- and 4-substituted phenylazo)-2-pyridones showed ba-
thochromic effects in comparison with analogous dyes containing two methyl
groups in pyridone ring, and exhibited their colour hue in the range from dark
yellow to brown.

Acknowledgements. The authors acknowledge the financial support by the Ministry of
Science and Technological Development of the Republic of Serbia (Project Number 142063).

U3BOJ

CHUHTE3A, CTPYKTYPA U COJIBATOXPOMHA CBOJCTBA 3-IITUJAHO-4,6- 1UDOEHWII-5-
(3- U 4-CYIICTUTYUCAHUX OEHUIIA30)-2-ITNPUJIOHA

ADEL S. ALIMMARI*, ATTEKCAHJIAP JI. MAPMHKOBHR®, IVIIIAH JK. MUJUHY, HATAIIIA B. BAJIEHTHR?,
HUHA TOJIOPOBUR? n TOPJAHA C. YITRYMJIUR?
! Kaitieopa 3a opzancky xemujy, Texrnoaouwko—meitianypuiku (paxyaitieiti, Ynusep3auitieiti y beozpady, Kaprezujesa 4,
ii. @ip. 3503, 11120 Beozpad u’ Uncimiuitiy i 3a Xemujy, liexnoaozujy u meimiaaypaujy, Hjezouesa 12, 11000 Beozpao

Cepuja HOBHX MUPUAOHCKHUX apuia3o 0oja je CHHTETHCaHa PeakiyjoM oAaroBapajyhux amaso-
HUjyM coii U 3-1injaHo-4,6-nudeHn-2-mIpuIoHa IPIMEHOM KIIACHYHE CHHTE3C a30 jEeIHCHA.
CrpykTypa cuHTeTHCaHUX 00ja je moTBpheHa Ha ocHOBY mojaraka nooujenux u3 UV, FT-IR u H-
-NMR cniektapa. ConBaToxpoMHa CBOjCTBa 00ja Cy MPOICHCHA Y OJHOCY Ha HUXOBY aIlCOPIIIIH]Y
y BHIJBUBOM JIEJIy CIEKTpa y pasiiMuyuTHM pacTBpaunMa. EQektd pacTBapaya, JAUIOIapHOCT/IIO-
Napu3a0MITHOCT ¥ BOJIOHUYHE MHTEPAKIMje PacTBapau/pacTBOpak, Cy aHAIM3HUpaHe MPUMEHOM JId-
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HeapHe Kopelaluje colBaToXpoMHUX edekara mpemioxkene on crpane Kamlet-a u Taft-a. Tayto-
MEpHa PaBHOTEkA 2-MUPUIOH/2-XUIPOKCUIIMPHIIMH 3aBUCH KaKo 071 edyexara CyICTUTYEHTa TaKO U
0J1 yTHIIaja pacTBapaya.

w N

1

17.

18.
19.
20.

21.
22.
23.

SOV X®NO U A

(Mpumsbero 9. oxkrobpa 2009, pesuaupano 10. maja 2010)

REFERENCES

H. Zollinger, Color Chemistry; synthesis, properties and application of organic dyes and
pigments, 3" revised ed., VCH, Weinheim, 1987

H. S. Bhatti, S. Seshadri, Color. Technol. 120 (2004) 151

K. Tanaka, K. Matsuo, A. Nakanishi, M. Jo, H. Shiota, M. Yamaguchi, S. Yoshino, K.
Kawaguchi, Chem. Pharm. Bulletin 32 (1984) 3291

G. J. Hallas, J. Soc. Dyers Colour. 95 (1979) 285

A. D. Towns, Dyes Pigm. 42 (1999) 3

K. Krishnankutty, M. B. Ummathur, P. Ummer, J. Serb. Chem. Soc. 74 (2009) 1273

C. C. Chen, I. J. Wang, Dyes Pigm. 15 (1991) 69

A. Cege, B. Horakova, A. Lycka, Dyes Pigm. 9 (1988) 357

P.Y.Wang, |. Y. Wang, Textile Res. J. 60 (1990) 519

Q. Peng, M. Li, K. Gao, L. Cheng, Dyes Pigm. 15 (1991) 236

. N. Ertan, F. Eyduran, P. Gurkan, Dyes Pigm. 27 (1995) 313
12.
13.
14.
15.
16.

G. Usumli¢, D. Mijin, N. Valenti¢, V. Vajs, B. Susi¢, Chem. Phys. Lett. 397 (2004) 148
D. Mijin, G. U&umli¢, N. Peri&i¢-Janji¢, N. Valenti¢, Chem. Phys. Lett. 418 (2006) 223
Vogd's Textbook of Practical Organic Chemistry, AMed, Longman, London, 1978, p. 715
P. Beak, J. Couvngton, J. M. White, J. Org. Chem. 45 (1980) 1347

C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH, Weinheim,
2004, p. 113

N. D. Divjak, N. R. Banjac, N. V. Valenti¢, G. S. Usumli¢, J. Serb. Chem. Soc. 74
(2009) 1195

S. Z. Drmani¢, A. D. Marinkovié, B. Z. Jovanovié, J. Serb. Chem. Soc. 74 (2009) 1359
M. J. Kamlet, J. M. Abboud, R. W. Taft, Prog. Phys. Org. Chem. 13 (1981) 485

M. J. Kamlet, J. L. M. Abboud, M. H. Abraham, R. W. Taft, J. Org. Chem. 48 (1983)
2877

L. P. Hammett, J. Am. Chem. Soc. 59 (1937) 96

H. C. Brown, Y. Okamoto, J. Am. Chem. Soc. 80 (1958) 4979

J. M. Babbit, D. A. Skola, J. Org. Chem. 25 (1960) 560.

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

2010 Copyright (CC) SCS



Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (8) 1033-1040 (2010) UDC 547.853' 593+547.854:547.571:
JSCS-4028 615.28-188

Short communication

SHORT COMMUNICATION
Synthesis of Biginelli products of thiobarbituric acids
and their antimicrobial activity

VIJAY V. DABHOLKAR* and TRIPATHI DILIP RAVI

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

(Received 6 January 2009, revised 26 April 2010)

Abstract: A simple and efficient method has been developed for the synthesis
of 2,4,7-tri(substituted)phenyl-2,4,8,10-tetraza-3,9-dithi oxo-5-oxobicyclo-
[4.4.0]dec-1(6)-ene (4) and 2,4,7-tri(substituted)phenyl-2,4,8,10-tetraza-3-thio-
x0-5,9-dioxobicyclo[4.4.0]dec-1(6)-ene (5), by a one-pot, three-component
cyclocondensation reaction of a 1,3 dicarbonyl compound (thiobarbituric acid),
an aromatic aldehyde, and urea/thiourea using catalytic a amount of concen-
trated HCI in refluxing ethanol. Representative samples were screened for their
anti-microbial activity against the Gram-negative bacteria, Escherichia coli and
Proteus aeruginosa, and the Gram-positive bacteria, Staphyllococcus aureus
and Corynebacterium diphtheriae using the disc diffusion method. The struc-
tures of the products were confirmed by IR, 1H- and 13C-NMR spectroscopy, as
well as by elemental analysis.

Keywords. aromatic aldehydes; dihydropyrimidine; thiobarbituric acid.

INTRODUCTION

The acid-catalyzed Biginelli reaction, which is a three-component reaction
between an aldehyde, a fketoester and urea/thioures, is a rapid and facile me-
thod for the synthesis of pyrimidones, which are interesting compounds with po-
tential for pharmaceutical applications.

Pyrimidone products have been reported to possess biological activities such
as anti-viral, anti-bacterial, anti-hypertensive and anti-tumor.1 More recently py-
rimidones have emerged as integral backbones of several calcium channel blo-
ckers.2 Certain substituted 2-thiobarbituric acids have been used as intravenous ane-
sthetics,3 anti-convulsants, immunotropic and anti-inflammatory compounds.®

Multicomponent reactions (MCRS) are of increasing importance in organic
and medicinal chemistry for various reasons.5 In times when premium is put on

* Corresponding author. E-mail: vijaydabholkar@gmail.com
doi: 10.2298/JSC090106060D
1033
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1034 DABHOLKAR and DILIPRAVI

speed, diversity, and efficiency in the drug discovery process,” MCR strategies
offer significant advantages over conventional linear-type synthesis. MCR con-
densations involve three or more compounds reacting in a single event, but con-
secutively to form a new product, which contains the essential parts of all the
starting materials. The search and discovery for new MCRs on the one hand,8
and the full exploitation of already known multicomponent reactions on the other
are therefore of considerable current interest. One such MCR that belongs in the
latter category isthe venerable Biginelli dihydropyrimidine synthesis.

Over the past decade, dihydropyrimidin-2(1H)-ones and their derivatives have
attracted considerable attention in organic and medicinal chemistry, as the dihyd-
ropyrimidine scaffold displays a fascinating array of pharmacological and thera-
peutic properties. They have emerged as integral backbones of several calcium
channel blockers, antihypersentive agents, a1 antagonists and neuropeptide Y
(NPY) antagonists.9 Moreover, severa akaloids containing the dihydropyrimi-
dine core unit have been isolated from marine sources, which aso exhibit inte-
resting biological properties. Most notably, among these are the batzelladine al-
kaloids, which were found to be potent HIV gp-120-CD4 inhibitors. The scope of
this pharmacophore has been further increased by the identification of the 4-(3-
-hydroxyphenyl)-2-thione derivative ()-4i, called monastrol,10 as a novel cell-per-
meable lead molecule for the development of new anticancer drugs (Fig. 1).

OH

HN | o) CH,

S 'ﬁf Che Fig. 1. The structure of monastrol.

In 1893, the Italian chemist Pietro Biginelli reported on the acid-catalyzed
cyclocondensation reaction of ethyl acetoacetate, benzaldehyde and ureall The
reaction was performed simply by heating a mixture of the three components dis-
solved in ethanol with a catalytic amount of HCI at reflux temperature. The pro-
duct of this novel one-pot, three-component synthesis that precipitated on cooling
of the reaction mixture was identified correctly by Biginelli as 3,4-dihydropyri-
midin-2(1H)-one (DHPM).

Thiobarbituric acid derivatives are known to possess antibacterial activity,12
some are claimed to be sedatives,13 and herbicides,14 while some are classified as
antiviral agents.15
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BIGINELLI PRODUCTS OF THIOBARBITURIC ACIDS 1035

In addition, it was reported16 that the insertion of an aryl, amino, or a methy!
moiety at 5-position of thiobarbituric acid enhances the antidepressant activities
of the resulting compounds.

Bearing in mind the high synthetic utility and pharmacological importance,
the synthesis of substituted pyrimidones (DHPMs) is reported herein.

Thus, the pharmacophoric activity of pyrimidones and thiobarbituric acid
prompted the design and synthesis of 2,4,7-tri(substituted)phenyl-2,4,8,10-tet-
raza-3,9-dithioxo-5-oxo-bicyclo [4.4.0] dec-1(6)-ene (4) and 2,4,7-tri(substitu-
ted)phenyl-2,4,8,10-tetraza-3-thioxo-5,9-dioxo-bicyclo [4.4.0] dec-1(6)-ene (5)
(Schemel).

R 0
\N AN CHO X
=y PN
Y . / = HoN NH,
R ) X=0,8
@ 2) 3)
HCl/EtOH
N »

@X=S
(5)X=0

Scheme 1. The synthesis of the compounds 4 and 5.

RESULTS AND DISCUSSION

The original Biginelli protocol for the preparation of DHPMs consisted of
heating a mixture of the three components thiobarbituric acid (p-keto-ester) (1),
aromatic aldehyde (2), and ureathiourea (3) in ethanol containing a catalytic
amount of HCI.17 This procedure leads in one-step one pot to the desired DHMP.

The target molecules, 2,4,7-tri(substituted)phenyl-2,4,8,10-tetraza-3,9-dithi-
0x0-5-oxobicyclo[4.4.0]dec-1(6)-ene 4(a—d) and 2,4,7-(substituted)tri phenyl-
-2,4,8,10-tetraza-3-thioxo-5,9-dioxobicycl o[ 4.4.0]dec-1(6)-ene 5(a—d) were syn-
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1036 DABHOLKAR and DILIPRAVI

thesized in good yield by the one pot reaction of thiobarbituric acid, aromatic al-
dehydes, and urealthiourea in refluxing ethanol using few drops of concentrated
HCI as the catalyst. Compound 1 was prepared by the solid phase equimolar ad-
dition of thiocarbanilide,18 malonic acid and acety! chloride.1®

The physical characterization data of the derivatives of 4(a—d) and 5(a—d)
arereportedin Tablel.

TABLE |. Characterization data of compounds4 (X =S) and5 (X =O)

Compound R1 R2 M.p., °C Yield, %
4a O/ p-OCHj, 160 62
4b CHs p-Cl 88 67
4c NO2 H 77 57
4d cl 0-OH 125 67
5a o-OH 155 72
5b CHs p-OCH; 110 68
5¢ /O/ p-OCH; 128 77
Cl
5d ¢ 0-OH 108 72
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BIGINELLI PRODUCTS OF THIOBARBITURIC ACIDS 1037

2,4-Diphenyl-7-p-methyoxyphenyl-2,4,8,10-tetr aza-3,9-dithi oxo-5-oxobicyc-
10[4.4.0] dec-1(6)-ene (4a). Orange crystals;, Anal. Calcd. for CosHogN402S,: C,
63.56; H, 4.24; N, 11.86 %; Found: C, 63.54; H, 4.23; N, 11.84 %. IR (KBr, cm-1):
1680, 1740, 3310. H-NMR (500 MHz, DMSO-dg,  / ppm): 3.8 (3H, s, OCH3),
4.4 (1H, s, CH), 6.8-7.8 (14H, m, Ar—H), 8.6 (1H, s, NH), 8.7 (1H, s, NH). 13C-
-NMR (500 MHz, DMSO-dg, ¢ / ppm): 52.3 (C-H), 55.1 (OCH3), 85.2 (C=C),
153.4 (C=C), 172.2 (C=0), 183.4 (C=9), 191.8 (C=S).

2,4-Di-o-methyl phenyl-7-p-chlorophenyl-2,4,8,10-tetr aza- 3,9-dithi oxo-5-0xo-
bicyclo[ 4.4.0] dec-1(6)-ene (4b). Yellow crystas;, Ana. Calcd. for CogHo1N4OSCl:
C, 61.84; H, 4.16; N, 11.10 %; Found: C, 61.82; H, 4.14; N, 11.09 %. IR (KBr,
cm1): 1670, 1730, 3330. 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 2.1 (3H, s,
CHg), 2.2 (3H, s, CH3), 45 (1H, s, CH), 6.5-7.9 (12H, m, Ar-H), 8.8 (1H, s, NH),
8.9 (1H, s, NH). 13C-NMR (500 MHz, DMSO-dg, ¢ / ppm): 31.2 (CHsz), 37.8
(CH3), 54.3 (C-H), 79.2 (C=C), 152.1 (C=C), 162.3 (C=0), 178.4 (C=S), 201.1
(C=9).

2,4-Di-o-nitrophenyl-7-phenyl-2,4,8,10-tetr aza-3,9-dithi oxo-5-oxobi cyclo[ 4.4.0] -
dec-1(6)-ene (4c). Brick red crystals, Anal. Calcd. for Co4H16NgO5S: C, 54.13;
H, 3.01; N, 15.79 %; Found: C, 54.11; H, 3.00; N, 15.78 %. IR (KBr, cm3):
1680, 1780, 3360. IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 4.5 (1H, s, CH), 6.5
—7.5 (13H, m, Ar-H), 7.9 (1H, s, NH), 8.1 (1H, s, NH). 13C-NMR (?MHz, DM SO-
-dg, 0 / ppm): 55.1 (C-H), 83.2 (C=C), 147 (C=C), 159.2 (C=0), 182.6 (C=9),
199.3 (C=9).

2,4-Di-o-chlorophenyl - 7-(o-hydr oxyphenyl)-2,4,8,10-tetr aza-3,9-dithi oxo-5-
-oxobicyclo[ 4.4.0] dec-1(6)-ene (4d). Light green crystals, Anal. Calcd. for
Co4H16CIoN4O2S): C, 54.65; H, 3.04; N, 10.63 %; Found: C, 54.63; H, 3.02; N,
10.61 %. IR (KBr, cm1): 1660, 1730, 3290. 1H-NMR (500 MHz, DM SO-dg, 6 /
/ ppm): 4.3 (1H, s, CH), 5.6 (1H, s, OH), 6.5-7.8 (12H, m, Ar—H), 8.4 (1H, s,
NH), 8.7 (1H, s, NH). 13C-NMR (500 MHz, DMSO-dg, 6 / ppm): 52.4 (C-H),
82.2 (C=C), 154.3 (C=C), 166.4 (C=0), 182.4 (C=9), 200.5 (C=9).

2,4-Diphenyl-7-(o-hydroxyphenyl)-2,4,8,10-tetr aza-3-thi oxo-5,9-dioxobicyclo-
[4.4.0] dec-1(6)-ene (5a). Red crystals; Anal. Calcd. for CogH1gN40O3S: C, 70.24;
H, 4.39; N, 13.66 %; Found: C, 70.23; H, 4.37; N, 13.64 %. IR (KBr, cm3):
1660, 1750, 3290. 1H-NMR (500 MHz, DMSO-dg,  / ppm): 4.4 (1H, s, CH), 4.7
(1H, s, OH), 6.5-7.7 (14H, m, Ar-H), 8.6 (1H, s, NH), 8.9 (1H, s, NH). 13C-NMR
(500 MHz, DMSO-dg, ¢ / ppm): 59.6 (C—H), 87.1 (C=C), 155.3 (C=C), 163.2
(C=0), 168.3 (C=0), 179.1 (C=9).

2,4-Di-0-methyl phenyl-7-(p-methoxyphenyl)-2,4,8,10-tetr aza-3-thioxo-5,9-di-
oxobicyclo[ 4.4.0] dec-1(6)-ene (Bb). Orange crydals, And. Calcd. for Co7Ho4N403S:
C, 66.94; H, 4.96; N, 11.57 %; Found: C, 66.92; H, 4.95; N, 11.55 %. IR (KBr,
cm1): 1680, 1770, 3330. 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 2.1 (3H, s,
CH3), 2.4 (3H, s, CH3), 3.9 (1H, s, OCH3), 4.5 (1H, s, CH), 6.5-7.9 (12H, m,
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Ar—H), 9.2 (1H, s, NH), 9.8 (1H, s, NH). 13C-NMR (500 MHz, DMSO-dg, J /
/ ppm): 31.2 (CH3), 33.1 (CH3) 56.6 (C—H), 58.3 (OCH3), 87.4 (C=C), 147.4
(C=C), 171.9 (C=0), 187.7 (C=0), 200.8 (C=9).

2,4-Di-p-chlorophenyl-7-(2 -hydroxy-4' -methoxyphenyl)-2,4,8,10-tetr aza-3-
-thioxo-5,9-dioxobicycl o[ 4.4.0] dec-1(6)-ene (5c). Orange crystals, Anal. Calcd.
for CosH1gCloN4O4S: C, 55.45; H, 3.33; N, 10.35 %; Found: C, 55.42; H, 3.31;
N, 10.33 %. IR (KBr, cm1): 1650, 1780, 3340. 1H-NMR (500 MHz, DM SO-dg,
o/ ppm): 3.9 (1H, s, OCH3), 4.5 (1H, s, C-H), 6.8-7.8 (11H, m, Ar—H), 8.3 (1H,
s, NH), 8.9 (1H, s, NH), 9.8 (1H, s, OH). 13C-NMR (500 MHz, DMSO-dg, 6 /
/ppm): 56.3 (C—H), 62.1 (OCH3), 63.3 (C=C), 152.2 (C=C), 163.7 (C=0), 167.1
(C=0), 187.3 (C=S).

2,4-di-o-chlorophenyl-7-(o-hydroxyphenyl)-2,4,8,10-tetr aza- 3-thioxo-5,9-di-
oxobicyclo[4.4.0]dec-1(6)-ene (5d). Purple crystals, Anal. Calcd. for
Co4H16CIoN4O3S: C, 56.36; H, 3.13; N, 10.96 %; Found: C, 56.35; H, 3.11; N,
10.94 %. IR (KBr, cm1): 1680, 1730, 3330. 1H-NMR (500 MHz, DM SO-dg, 6 /
/ ppm): 4.6 (1H, s, CH), 6.7-7.9 (12H, m, Ar-H), 8.3 (1H, s, NH), 8.8 (1H, s, NH).
13C-NMR (500 MHz, DM SO-dg, 6 / ppm): 55.5 (C-H), 83.7 (C=C), 157.2 (C=C),
159.2 (C=0), 164.3 (C=0), 191.3 (C=9).

Antimicrobial and antifungal activities

The activities of representative compounds are reported in Table 1.

TABLE Il. Antibacterial activity of compounds 4 and 5
Zone of inhibition, mm

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

da 22 25 22 27
4b 21 26 25 28
4c 19 20 22 23
4d 21 27 28 32
5a 20 22 30 29
5b 15 17 22 23
5¢c 13 16 25 25
5d 22 23 20 24
Ampiciline trihydrate 26 28 24 21
DMSO 0 0 0 0

EXPERIMENTAL

The melting points of al synthesized compounds were determined in open capillary
tubes on an electro thermal apparatus and are uncorrected. The purity of the compounds was
monitored by thin layer chromatography on silica gel coated aluminum plates (Merck) as the
adsorbent and UV light as the visualizing agent. The IH-NMR spectra were recorded on Va-
rian 500 MHz NMR spectrophotometer using CDCl3/DMSO-dg as solvent and TMS as an
internal standard. The C, H, N estimations were recorded on Carlo Erba 1108 (CHN) elemen-
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tal analyzer. 13C-NMR was performed on a Varian 500 MHz spectrophotometer using DM SO-dg
as solvent and IR was performed on PerkinElmer Spectrum 100 FT-IT using a KBr pellet.
Synthesis of 3,4-dihydropyrimidin-2(1H)-ones

Aromatic aldehydes (0.050 mol), substituted thiobarbituric acid (0.050 mol) and urea/
/thiourea (0.050 mol) were dissolved in ethanol and the mixture refluxed on a water bath in
the presence of a catalytic amount of concentrated HCI. The progress of the reaction was
monitored by TLC. After completion of the reaction, the concentrated reaction mixture was
cooled and poured onto ice-cold water. The solid that separated was filtered off, dried, and
recrystallized from absolute alcohol to obtain the pure compounds 4 and 5.

Antimicrobial and antifungal activities

The newly synthesized compounds 4(a—d) and 5(a—d) were screened for their antibac-
terial activity against Staphyllococcus aureus (ATTC-27853), Corynebacterium diphtheria
(ATTC-11913), Proteus aeruginosa (recultured) and Escherichia coli (ATTC-25922) bac-
terial strains by the disc diffusion method.2%2! Discs (6 mm) were prepared from Whatman
filter paper No. 41 and used after autoclaving at 121 psi for 15 min and drying in a hot air
oven. The bacterial inoculums equivaent to the 0.5 McFarland turbidity standard were pre-
pared in norma saline and subsequently diluted. The compounds were dissolved in DMSO
and tested at a concentration of 100 ug ml-L. The zone of inhibition after 24 h incubation was
measured in mm and the potency was compared with standard drug (ampiciline trihydrate).
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CHUHTE3A BIGINELLI-JEBUX ITPOU3BOJA TUOBAPEUTYPHUX KMCEJIMHA
N BUXOBA AHTUMHWKPOBHA AKTUBHOCT

VIJAY V. DABHOLKAR u TRIPATHI DILIP RAVI

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

Pa3BujeH je jenHoctaBaH U eUKacaH METOA 3a CHHTXe3Y 2,4, 7-TpH(CyNCTHTYTHCAHOT) heHHII-
-2,4,8,10-rerpasa-3,9-nutrokco-5-okcoburmkno[4.4.0 nen-1(6)-ena (4) u 2,4,7-tpu(cyncruryu-
canor)ennn)-2,4,8,10-rerpaza-3-trnokco-5,9- rnokcobunukino[4.4.0) neu-1(6)-ena (5), jemmodas-
HOM TPHKOMITOHCHTHOM LHMKJIOKOHICH3AIHOHOM peakuujoM 1,3-ankapOoHuIHOr jennmemna (THo-
GapOuUTypHE KHCEIHHE), apOMATHIHOT alfexuaa U ypee/THoypee, KOpUCTehn KaTaluTHIKy KOJIH-
yuHy koHuentpoBane HCl y pednykryjyhem etanony. Ongabpanu y30puy TECTHPaHH Cy Ha aHTH-
-MHKpOOHY aKTHBHOCT IIpeMa rpaM-HeraTuBHuM Oaktepujama, E. coli u P. aeruginosa, u rpam-mo-
3uTUBHUX Oakrepuja, S aureus u C. diphtheriae, npumenom nuck-audysnonor nocrynka. CTpyk-
Type npou3Boja cy norsphene momohy IR, lH, 3C_NMR u enemenranue anamuse.

(Mpumsseno 6. jarmyapa 2009, pesuaupano 26. arpuna 2010)
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Abstract: Enzymatic characteristics of a protease from a medically important,
referent strain of Pseudomonas aeruginosa ATCC 27853 were determined.
According to sodium dodecyl sulfate polyacrylamide gel electrophoresis, SDS-
-PAGE, and gel filtration, it was estimated that the molecular mass of the
purified enzyme was about 15 kDa. Other enzymatic properties were found to
be: pH optimum 7.1, pH stability between 6.5 and 10; temperature optimum
around 60 °C while the enzyme was stable at 60 °C for 30 min. Inhibition of
the enzyme was observed with metal chelators, such as EDTA and 1,10-phe-
nanthroline, suggesting that the protease is a metalloenzyme. Furthermore, the
enzyme contains one mole of zinc ion per mole of enzyme. The protease was
stable in the presence of different organic solvents, which enables its potential
use for the synthesis of peptides.

Keywords. protease; Pseudomonas aeruginosa; purification; characterization.

INTRODUCTION

A wide range of investigations on Pseudomonas aeruginosa and its exo-
enzymes were performed: from targeted treatment of infections to decomposition
of natural materials and bioremediation.1~% Since this strain has the property of
forming biofilms (specific communities of cells encased in an extracellular mat-
rix composed of proteins, nucleic acids, and cell debris), P. aeruginosa has ad-
vantages in the invasion of a host and survival under different environments, in
comparison to other strains. The ability to form biofilms and synthesize nume-
rous exoproducts, such as lipase, phospholipase, akaline phosphatase, exotoxin
and proteases, is regulated by cell to cell communication, quorum sensing
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(QS).6-9 P. aeruginosa produces several extracellular proteases, including LasB
elastase, LasA elastase, and alkaline protease.10 Proteases are assumed to play an
important role during acute P. aeruginosa infection, however details of their
action are sometimes unclear.11.12

The prototype strain, P. aeruginosa ATCC 27853 has been used as a refe-
rence control strain in different kinds of experiments, including: testing of anti-
microbial activity of new compounds or combination therapy against P. aerugi-
nosa, identification of virulence factors, particularly extracellular enzymes, quailty
control testing, drug carrier testing etc.13-16 |t has become clear that numerous
extracellular enzymes acting as virulence factors, controlled by QS, are important
in the development of P. aeruginosa biofilms.1’ However, a detailed characteri-
zation of extracellular enzymes from microorganisms of medical importance, such
as P. aeruginosa ATCC 27853, has not yet been reported. In this study, extracel-
lular protease from the prototype strain P. aeruginosa ATCC 27853 was isolated
and its enzymatic properties were characterized, considering the protease as a po-
tential, new target for the design of antibacterial therapy at the level of exopro-
duct formation and interaction.18

EXPERIMENTAL
Materials

Phenyl-Toyopearl 650 was purchased from Tosoh Bioscience (Montgomeryville, PA,
USA). Hammersten casein was purchased from Merck (Darmstadt, Germany). Sephadex G-75
was supplied by Pharmacia (Uppsala, Sweden). Molecular mass standards were supplied by
Serva (Heidelberg, Germany). The chemicals used for electrophoresis were purchased from
Sigma Chemicals (St. Louis, MO, USA). The equipment employed for chromatography and
electrophoresis was purchased from Hoefer Scientific Instruments (San Francisco, CA, USA).
Microorganism

P. aeruginosa ATCC 27853 was provided by American Type Culture Collection (USA).
Culture conditions

P. aeruginosa ATCC 27853 was cultured at 30 °C for 20 h in Luria-Bertani (LB) me-
dium (0.5 % NaCl, 0.5 % yeast extract and 1 % tryptone) agitated at 100 cycles min'l with a
horizontal shaker model LT-W (Kuchner, Birsfelden, Switzerland). An actively growing
culture was dispensed into an Erlenmeyer flask (1 %), and fermentation was redlized in LB
medium at 30 °C for 120 h. A culture filtrate was then collected after 96 h and used for
protease isolation and purification.

Proteolytic activity assays

Proteolytic activity was determined using 0.6 % Hammersten casein solution (50 mM
Tris-HCI, pH 7.6) as a substrate. The enzyme solution (1 ml) was mixed with the substrate
solution (5 ml) and incubated at 30 °C. After 10 min, 5 ml of trichloroacetic acid (TCA)
solution (0.11 mol L1 TCA, 0.22 mol L-1 sodium acetate and 0.33 mol L1 acetic acid) was
added to the reaction mixture, which was followed by additional 20 min incubation. The
precipitate was removed by filtration or centrifugation. The absorbance (A) of the filtrate was
measured at 275 nm using a UV—Visible light spectrophotometer (Gilford, Gilford Instru-
ments, Oberlin, OH, USA). One unit of protease activity is defined as the amount of the
enzyme that gives an absorbance value equivalent to 1 pg of Tyr per min at 30 °C.18
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Protease activity inhibition and stability in organic solvents was determined according to
Morihara method.1® In short, the activity was determined by incubating 1 ml of 2 % casein
solution (pH 7.6) with 1 ml of enzyme solution at 40 °C for 10 min. The reaction was stopped
by the addition of 2 ml of TCA solution followed by 20 min incubation at 40 °C. After fil-
tration, the amount of liberated Tyr was determined spectrophotometrically at 660 nm (Gil-
ford, Gilford Instruments, Oberlin, OH, USA) using Folin-Ciocalteu reagent (dilution 1:4) to
develop color. One unit of enzyme activity is defined as the amount of enzyme that resultsin
an AAgg of one.18
Purification of protease

All procedures were performed at 4 °C. The culture filtrate, obtained by centrifugation at
7500 rpm for 15 min (Sorvall, rotor SS-1, New Town, Conn., USA) was lyophilized and re-
solved in 50 mmol L1 Tris-HCI buffer (pH 7.60), supplemented with 20 % ammonium sul-
fate, with final concentration of 1 mg mi-1 of proteins. This crude sample was purified by hyd-
rophobic chromatography using Phenyl Toyopearl 650 resin previously equilibrated (20 %
ammonium sulfate solution in 50 mmol L-1 Tris-HCI buffer, pH 7.6). The protease was col-
lected as the flow-through, while al the contaminating proteins were bound to the resin.

Protein concentrations were determined by the Bradford method using crystalline bovine
serum albumin (BSA) as the standard.?’ In some cases, the concentration of proteins was de-
termined spectrophotometrically using the equation ¢ (mg mL™1) =1.55A,55 — 0.76A¢0.
Electrophoresis

Sodium dodecy! sulfate polyacrylamide gel electrophoresis, SDS PAGE, was performed
using 12.5 % polyacrylamide gels,2! under reducing conditions and a standard protein mixture
containing: lysozyme (14.4 kDa), trypsin inhibitor (21 kDa), carbonic anhydrase (29 kDa),
ovabumin (45 kDa), bovine serum abumin (BSA) (67 kDa), phosphorylase B (97 kDa), and
myosin (220 kDa).

Gel filtration

The molecular mass of the proteolytic enzymes was determined by gel filtration?2 on a
Sephadex G-75 column (2.5 cmx75 cm), previously equilibrated with 50 mmol L™ Tris-HCI
buffer (pH 7.6) containing 0.5 mol L1 NaCl. The column was calibrated using cytochrome ¢
(12.5 kDa), chymotrypsin (25 kDa), ovalbumin (45 kDa), and BSA (67 kDa) as a molecular
mass protein standard mix. The molecular masses were determined by plotting the log of
mol ecular masses against the elution volumes.

Optimum pH

The pH optimum was determined using casein as substrate for the protease. 50 mmol L1
buffers of different pH values were used to assay enzymatic activity: sodium citrate buffer
(2.79-5.78), Sorensen’s phosphate buffer (5.57—7.80), Tris-HCI buffer (7.62—9.39) and bo-
rate—-NaOH buffer (9.50-11.41). Other conditions were as for the standard assay method.
pH Sability

The buffers used to test pH stability were: sodium citrate buffer (2.79-5.78), Sorensen’s
phosphate buffer (5.57—7.80), Tris-HCl buffer (7.62-9.39) and borate-NaOH buffer (9.50—
—11.41). Reaction mixtures (5 mg of enzyme in 1.2 ml buffer solution) were incubated at 30
°C for 3 h. The remaining enzymatic activity was measured under standard test conditions.
Optimum temperature

Using the standard reaction mixture, the proteolytic activity was monitored in 50 mmol L1
Sorensen’ s phosphate buffer (pH 7.6) at different temperatures (from 25-90 °C) for 10 min.
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Thermal stability

The samples in 50 mmol L™ Tris-HCl buffer (pH 7.6) were incubated at different
temperatures for various periods of time and then quickly cooled. Standard enzyme assays
were then used to determine the enzyme activity.

Effects of inhibitors

The effects of different agents, such as. phenymethylsulfonyl fluoride (PMSF), p-chloro-
mercuribenzoic acid (pCMB), 1,10-phenanthroline, ethylenediaminetetraacetic acid disodium
sat (EDTA), dithiothreitol (DTT), were investigated. Enzyme solution in 50 mmol L1 Tris—
-HCI buffer (pH 7.6) was incubated after the addition of 5 mmol L-1 of inhibitor at 30 °C for
30 min, and remaining activity was determined by standard methods using casein as described
by Morihara1®

Proteolytic apoenzyme reactivation

The enzyme activity was completely deactivated by treatment with 1 mmol L1 1,10-phe-
nanthroline at 30 °C for 15 min. Following deactivation, solutions of different metal ions were
added (Cu?*, Mn2*, Zn2*, Ca2* and Mg?*) to a final concentration of 1.2 mmol L-1, and then
after incubation at 30 °C for 30 min, the remaining activity was determined under standard
conditions.

Metal analysis

Elemental metal analysis (Zn, Cu, Co, Fe and Mn) was performed by means of flame
atomic absorption using a Perkin Elmer SAS7500A atomic absorption spectrophotometer
(Norwak, MA, USA).

Substrate specificity

Activities against N-hippuryl-L-Lys, N-hippuryl-L-Phe, elastin, collagen model, heat-
-killed S. aureus, against synthetic esters, such as N-benzoyl-L-Arg-ethyl ester (BAEE), N-
-benzoyl-L-Tyr-ethyl ester (BTEE), and N-acetyl-L-Tyr-ethyl ester (ATEE), as well against
synthetic oligopeptide-p-nitroanilide (p-NA) substrates, such as N-succinyl-Ala-Ala-Pro-Phe-
-p-NA, N-succinyl-Ala-Ala-Pro-Leu-p-NA, and N-benzoyl-Arg-p-NA were determined ac-
cording to the methods recommended by Biochemica Merck (Darmstadt, Germany).

Organic solvent stability

The effects of various organic solvents (methanol, ethanol, acetone, 1-butanol, 2-pro-
panol, chloroform, n-hexane and N,N-dimethylformamide (DMF)) on the crude protease were
investigated. The culture supernatant was incubated in the presence of 30 % (v/v) of organic
solvent for a fixed period of time (from 24 to 240 h). The experiments were performed at 30
°C on arotary shaker at 160 strokes min'1, according to the Ogino method.18 A crude sample
without organic solvent was assayed under the same experimental conditions and was used as
acontrol.

RESULTS AND DISCUSSION
Purification of protease

The fermentation broth was concentrated by lyophilization and the proteo-
Iytic enzyme produced by the P. aeruginosa ATCC 27853 was purified from the
lyophilisate by hydrophobic chromatography and gel filtration chromatography.
A summary of the purification procedure is given in Table I. The purification of
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protease was accomplished relatively easily, since the protease did not bind to the
Phenyl-Toyopearl gel, while almost all the other contaminating proteins from the
crude sample were bound to the column. After hydrophobic chromatography, the
enzyme had been purified 5-fold with 57.5 % recovery. After gd filtration chro-
matography, the protease had been purified 30 times with ayield of 25.3 %. This
was the final purification step prior to SDS PAGE, which was used to assess the
protein homogeneity. The SDS PAGE of the purified proteaseis shown in Fig. 1.

TABLE |. Purification of the protease from P. aeruginosa ATCC 27853
Total protein Total activity —Specific activity ~ Yield Purification

Purification step mg muU mU mg™* % fold
Crude preparation 100 1660 16.6 100 1
(Iyophylisate)

Phenyl-Toyopearl 10.84 954.5 88 57.5 53
650

Sephadex G-75 0.84 420 498 253 30

Fig. 1. Molecular mass determination of protease
by SDS PAGE (12.5 %) under reducing condi-
tions. Lane 1 — purified protease, lane 2 — crude
protease preparation and lane 3 — markers. lyso-
zyme, 14.4 kDa; trypsin inhibitor, 21 kDg
carbonic anhydrase, 29 kDa; ovalbumin, 45 kDg;
BSA, 67 kDa; phosphorylase B, 97 kDa (myosin
as a 220 kDa protein is too large to migrate under
these gel conditions and it remained at the top of
the gel lane).

Molecular mass deter mination of the protease

The molecular mass of the protease from P. aeruginosa ATCC 27853 deter-
mined by gel filtration on Sephadex G-75 was 14 kDa and by SDS PAGE, 15
kDa (Fig. 1). The group of proteolytic enzymes produced by P. aeruginosa strains
includes at least four endopeptidases with molecular masses ranging from 20 to
50 kDa.18 Using the ExPASy UniProt data base, 22 extracellular proteases from
P. aeruginosa were found. As is given in Table II, among the identified
proteases, six belong to the group of alkaline metalloproteinase, with a length of
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479 amino acids (50 kDa), and five to the group of elastase LasB, with a length
of 498 amino acids (54 kDa). With the exception of putative uncharacterized
protease (also known as staphylolytic protease LasA), al the proteases as pre-
proenzymes have alength of more than 400 amino acids (45 kDa), and according
to available data, all of them have molecular mass ranging from 20 to 50 kDa,
when they are in the form of mature extracellular protease. Molecular mass
determination of proteases is difficult because of the presence of a protease-
related processing intermediary protein, from which the mature enzyme is
formed.28 The molecular mass of the protease from P. aeruginosa ATCC 27853,
obtained by SDS PAGE, suggests it is a small protease, different from any other
hitherto characterized protease from P. aeruginosa. P. aeruginosa ATCC 27853
was declared as a strain producing elastase and alkaline protease, both having a
molecular mass of about 30 kDa.29

TABLE Il. P. aeruginosa proteases (search was performed using the network service of ExPASy)

: Length of pre-proenzyme Mass of
Zgzlgiﬂf Accession number (AA)/caculated mass of extracellular
e pre-proenzyme (kDa) protein, kDa
Putative uncharac- P72166 263/28 20"
terized protein
Protease lasA P14789 418/46 20%
Alkaline proteinase Q6SQM7 459/50 -
Alkaline proteinase P72120 476/50 -
Alkaline metallo- Q03023, Q4Z8K9, 479/50 -
proteinase Q02J90, B7TUWTO,
A3LKRI7, AGV8W2
Organic solvent Q6UL02 479/50 33*
tolerant protease
Pseudolysin P14756 498/54 33%
PseA protease Q3Y6H8
Elastase LasB A3KXZ5, ASLEHS, 35%°
A6V146, B7TUZPO,
QO2RJ6
Elastase A9QUN1 347
Organic solvent A7LI11 33*

tolerant elastase

Effects of pH on the activity and stability of the protease

The effect of pH on the protease activity toward casein was examined at
various pH values at 30 °C. The enzyme from ATCC strain was the most active
in the pH range 7-8, as shown in Fig. 2. This pH optimum is similar to that of the
protease isolated from P. aeruginosa ME430 and lower than those of san-ai
protease and aeruginolysin protease (pH 9).18.19
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21 Fig. 2. Effect of pH on protease
. - activity. The pH optimum was de-
T \. —=—— termined using casein as the sub-
¢ ! : * ' " strate for protease in 50 mmol L-1
pH buffers of various pH values.

The stability of the ATCC enzyme was examined under various pH condi-
tions. The enzyme was stable between pH 6.5 and pH 10, when the incubation
was performed at 30 °C for 3 h, as shown in Fig. 3. This is similar to the pH
stability of the protease from P. aeruginosa ME4.30 On the other hand, the pro-
tease from the P. aeruginosa san ai strain and the alkaline protease aeruginolysin
have different pH stability ranges (pH 5.5-11.5 and pH 5-9, respectively).18.19

100

NEA

-/\ .
FARN

]
o

Relative activity, %

Fig. 3. The pH stability of the pro-

tease. Reaction mixtures (enzyme
A in buffer solutions) were incubated
o—r & 30 °C for 3 h. The remaining
activity was measured under stan-
pH dard enzyme test conditions.

[
=]
L

Effects of temperature on the activity and stability of the protease

The effect of temperature on the protease activity towards casein was exa
mined at various temperatures for 10 min at pH 7.6 (50 mmol L—1 Sorensen’s
phosphate buffer). The optimum temperature of the ATCC protease was found to
be around 60 °C, as shown in Fig. 4. This temperature optimum is the same as
those reported for the proteases from the san ai strain and aeruginolysin,18:19 and
higher than that of protease from P. aeruginosa ME4, which is 50 °C.30
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The thermostability of the enzyme was examined by measuring the residual
activity after incubation at various temperatures for different periods of time. As
shown in Fig. 5, the residual activity of the ATCC enzyme at pH 7.6 (50 mmol
L-1 Tris-HCI buffer) was more than 50 % after incubation for 30 min at 60 °C,
and about 43 % after incubation for 15 min at 70 °C. Thus, the ATCC proteaseis
more stable than aeruginolysin (10 min at 60 °C), but less stable than the san-ai
protease (90 min at 60 °C).18,19

100 -

T~
I—I/ ~.

/ T
804

1/

40 Fig. 4. Effect of temperature on
protease activity. Using the stan-
dard reaction mixture, the proteo-
lytic activity was monitored in 50
mmol L1 Sorensen’s phosphate

0 T T T v T v T g U T T T 1 i
» © A A 70 2 o buffer (pH 7.6) at different
o temperatures (from 25-90 °C) for

Temperature, C 10 min.

Relative activity, %

20+

100-.\.\
e \ T 50°C
B 0T\ N E—
Z
Q 0
o Fig. 5. Therma stability of the
B 0l i \ enzyme. The enzyme solutions in
o] — 50 mmol L-1 Tris-HCI buffer (pH
~ ‘\60"(3 7.6) were incubated at different
7 — 700 temperatures for various periods
. . N and then quickly cooled. Stan-
0 ————7——— 17— 17— dard enzyme assays were then
veooR s 80 % used to determine the enzyme ac-
Time, min tivity.

Effect of inhibitors

The protease activity was inhibited by EDTA and 1,10-phenanthroline, 96 %
and 100 % respectively. The inhibition observed with the metal chelators EDTA
and 1,10-phenanthroline suggests that the protease is a metalloenzyme. Addi-
tionaly, the protease activity was significantly inhibited by DTT (54 %). This
signifies that the enzyme contains a disulfide bond as part of its monomeric
structure and that the activity of the enzyme is disulfide bond-dependent. This
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effect is consistent with its aforementioned thermal stability, which was shown to
be primarily the result of disulfide bond formation.18:31 The serine protease inhi-
bitor PMSF had no significant effect on the enzyme activity (inhibition of 5 %).
pCMB had no effect on the protease activity, which suggests that the enzyme
activity does not depend on sulfhydryl groups. Inhibition by metal chelators such
as EDTA and 1,10-phenanthroline is a common property of amost al P. aeru-
ginosa endopeptidases,18.23,25,30 guggesting that the protease from P. aeruginosa
ATCC 27853 is similar to other P. aeruginosa proteases, with the exception of
serine protease Ps-1, which is not a metalloendopeptidase.32 However, it should
be noted that, with the exception of LasA,33 P. aeruginosa metalloendopepti-
dases are not inhibited by reducing agents such as DTT or mercaptoethanol,
suggesting that the activity of the enzyme is not disulfide bonds dependent. A si-
milar inhibition pattern was reported for san ai and ME4 proteases.18:30

Enzyme reactivation

To determine the metal ion in P. aeruginosa ATCC 27853 metalloenzyme,
the enzyme was treated with 1,10-phenanthroline and the obtained apoenzyme
was reactivated by addition of different metal ions: Cu2*, Mn2*, Zn2*, Fe2*,
Co2*, Ca2* and Mg2*. Only Zn2* efficiently restored the activity of the apoen-
zyme to 73 % of its original level, indicating that Zn2* is essential for the pro-
tease. Reactivation of protease with the other ions was less than 50 % (Mn2* res-
tored the activity to 45 %; the other ions restored less than 10 % of the activity).
This result was verified by atomic absorption spectrometry, which demonstrated
one mol of Zn2* per mol of enzyme. It was reported previously that Zn2* is also
present in other P. aeruginosa proteases, including aeruginolysin,1® elastase,34
LasA,33 san ail8 and ME4 protease.30

Substrate specificity

The protease acts on the protein substrate casein but not on elastin—orcein or

on heat-killed Staphylococcus aureus. Thus, the enzyme is not an elastase and
has no staphylolytic activity. No activity was found against chromogenic
oligopeptide-p-NA  substrates, i.e, N-succinyl-Ala-Ala-Pro-Phe-p-NA, N-
succinyl-Ala-Ala-Pro-Leu-
-p-NA and N-benzoyl-Arg-p-NA, the dipeptides hippuryl-L-Lys and hippuryl-L-
-Phe, and the pentapeptide (Gly-Pro)s. Activity against synthetic substrates, such
as ethyl esters: N-benzoyl-L-Arg-ethyl ester (BAEE) and N-benzoyl-L-Tyr-ethyl
ester (BTEE), was very low but detectable, including activity against N-acetyl-L-
-Tyr-ethyl ester (ATEE). The enzyme was not active against Leu-p-NA.

Although the rules governing the substrate specificity of the protease from P.
aeruginosa ATCC 27853 remain unclear, it should be emphasized that aerugi-
nolysin3® isolated from various strains of P. aeruginosa (IFO 3080, IFO 3455,
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and T 30; stock cultures at the Institute of Fermentation of Osaka) and serralysin
proteases have quite similar substrate specificity with a preference for small- to
medium-sized substrates with hydrophobic residues at their P1’ positions.18:35

Organic solvent stability

The effects of various organic solvents (such as methanol, ethanol, acetone,
1-butanol, 2-propanoal, chloroform, n-hexane and N,N-dimethylformamide (DMF))
on the crude extracellular enzyme were investigated. The stability of the protease
in organic solvents is shown in Fig. 6. The enzyme was stable in selected organic
solvents, concentration 30 %, for 24 h, with the exception of 2-propanol, chloro-
form and ethanol. The protease activity remained unaltered in n-hexane, acetone,
1-butanol and methanol, even after a 240-h long exposure to these organic sol-
vents. The stability of the protease in organic solvents may allow its employment
in organic solvents for the synthesis of peptides.

Fig. 6. Organic solvent stability of the enzyme. The effects of various organic solvents (30 %
(v/v) of organic solvent) on the crude protease were investigated. A crude preparation without
organic solvent was assayed under the same experimenta conditions and was used as a control

with 100 % activity.

CONCLUSIONS

Extracellular protease from the referent P. aeruginosa ATCC 27853 strain
was purified, characterized, and its stability in water and different organic sol-
vents determined. The protease molecular mass, pH optimum and substrate spe-
cificity indicate that a new protease has been identified. Enzymatic characteri-
zation of the protease yielded important information about its optimal catalytic
conditions and organic solvent stability.
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M3BOJ

N30JIOBABE U JEJIMMNYHO KAPAKTEPUCABE ITPOTEA3E U3
Pseudomonas aeruginosa ATCC 27853

JIJNIA U3PAEJT-KIBKOBURY, TOPIAHA I'OJT U h-I{BUJOBUR? 1 UBAHKA KAPAIIMR!

IMe()uuuchu hakyaitieisi, kaitieOpa 3a xemujy, YHusep3auitieini y beozpaody, Buwezpaocka 26, 11000 Beozpao u
Huciuuinyiv 3a xemujy, itiexnoaozujy u meitianypzujy, Llenitiap 3a xemujy, YHuseep3uitieiu y
Beozpady, Bbezowesa 12, 11000 beozpad

VY 0BOM pajly je OKapakTepucaHa eKcTpalelyapHa IpoTea3a MEAULUHCKY 3Ha4YajHoOT, pede-
pentHor coja Pseudomonas aeruginosa ATCC 27853. Modekysicka Maca npedrmneHor eH3uMa
onpehena SDS PAGE u ren duntparujom usnocu oxo 15 kDa. Oxnpeljenu cy crnenehin eH3uMCKH
napametpu: PH ontumym 7,1; pH crabumnoct y oncery 6,5-10; Temnepatypau ontumymMm 60 °C, a
er3uM je crabmiad Ha 60 °C 30 min. Ha ocHoBy naxubunuje ensuma momohy EDTA u 1,10-de-
HAHTPOJIMHA, YTBPEHO je a mpoTeasa mpeJcraBiba MeTanoeH3uM. ITokazaHo Ja npoTeasa caipiku
1 Mon joHa muHKa 1o Moty eHsuMma. [IpoTeasa je crabuiHa y NMPUCYCTBY Pa3siMYUTHX OPraHCKUX
pacTBapaua, mTo omoryhasa ynorpe0y 3a CHHTE3y IENTHIA.

(MTpumsbero 25. janyapa, pesuanpano 26. anpria 2010)
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Abstract: The widespread use of gene expression analyses has been limited by
the lack of critical evaluations of the methods used to extract nucleic acids
from human tissues. For evaluating gene expression patterns in whole blood or
leukocytes, the method of RNA isolation needs to be considered as a critical
variable in the design of the experiments. Quantitative real-time PCR (QPCR)
iswidely used for the quantification of gene expression in today’s clinical prac-
tice. Blood samples as a preferred RNA source for gPCR should be carefully
handled and prepared in order not to inhibit gene expression analyses. The pre-
sent study was designed to compare the frequently employed guanidine thio-
cyanate—phenol—chloroform-based method (TRI Reagent®) with two alterna-
tive RNA isolation methods (6100 PrepStation and QIAamp®) from whole
blood or leukocytes for the purpose of gene expression anaysis in chronic
myeloid leukemia (CML) patients. Based on the results of this study, for the
best combination of yield and RNA extraction purity, taking into account the
necessary amount of the clinical sample and performance time, the protocol
using phenol-based TRI Reagent® for RNA extraction from leukocytes is
suggested as the most suitable protocol for this specific gene expression ana-
lysis.

Keywords: RNA isolation; blood; leukocytes; TRI Reagent®; PCR.

INTRODUCTION

The development of molecular medicine, particularly in the last decade, un-
doubtedly put new molecular diagnostic tests into the focus. Most of these tests
employ some kind of gene expression analysis. The widespread use of gene ex-
pression analyses has been limited by the lack of critical evaluation of the me-
thods used to extract nucleic acids from human tissues. Quantitative real-time
PCR (gPCR) is widely used for the quantification of gene expression in today’s

* Corresponding author. E-mail: ksenija.jakovljevic@ncrc.ac.rs
doi: 10.2298/J5C091223084J
1053
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clinical practice.l Blood is an easy to obtain tissue and reflects the relevant in-
formation about the body, which makes it the preferred source of RNA for diag-
nostic tests. Blood samples for gPCR should be carefully handled and prepared
S0 as not to inhibit gene expression analysis.2 The absence of widely accepted
protocols for blood sampling and further RNA extraction among laboratories is
evident. Each laboratory has to establish the optimal procedure for the specific
clinical application.

For evaluating gene expression patterns in whole blood or leukocytes, the
method of RNA isolation needs to be considered as a critical variable in the de-
sign of the experiments.3 Low quality and quantity of RNA often make all down-
stream applications impossible to conduct. Inadequate sampling, shipping and
handling could easily cause degradation of RNA.4 It is crucia to decrease the
sampling time to a minimum and preferably store samples in RNA later.® Clini-
cal samples of limited quantity are specialy challenging, since unsuccessful RNA
isolation means that the opportunity to analyze that particular sample is irretri-
evably lost.

Phenol-based methods are most commonly used for RNA isolation. When
dealing with small clinical samples, a single extraction reagent (such as phenol-
-based TRI Reagent®) is crucial in order to obtain sufficient material for subse-
quent analyses. Due to the high activity of RNAses in tissues, it is necessary to
include a strong chaotropic (biologically disruptive) agent into the isolation re-
agent mixture. Guanidinium salts, together with phenol and chloroform (added to
improve the deproteinization efficacy of phenol) denature and precipitate pro-
teins without altering the solubility of RNA.7

In our laboratory, monitoring of the minimal residua disease in patients
diagnosed with chronic myeloid leukemia (CML) is performed by detection of
the ber-abl fusion-gene (specific for chromosomal translocation t (9:22)) by
gPCR.8 The present study was designed to compare the mentioned guanidine
thi ocyanate—phenol—chloroform-based method with two aternative methods for
RNA isolation from whole blood or leukocytes in order to establish the most ade-
guate one for this specific downstream gPCR. To validate the quality of isolation
process, both the yield and the purity of RNA were assessed and also the quality
control of cDNA synthesis was performed by PCR amplification of reference
genes. As aresult of this evaluation, subsequent gPCR analysis was successfully
conducted (the results are not included in this manuscript).

EXPERIMENTAL

Patient and control samples

The current study included five control (healthy) subjects and fourteen patients with
CML. The patients were under medical treatment for CML and had been under constant ob-
servation for detection of minimal residual disease in our laboratory for several months. From
each control and patient, 20 mL EDTA blood were drawn by venipuncture and further pro-
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cessed within a few hours. According to the RNA isolation protocols from whole blood, spe-
cified amounts of blood, just from control samples, were transferred immediately into separate
tubes and processed the same day. The rest of the blood was used for leukocyte isolation by
centrifugation, according to the established procedure used in our laboratory. The isolated
cells were counted and pellets were stored at —70 °C until RNA isolation.

RNA isolation

Three methods for extraction of total cellular RNA from blood and leukocytes were eva-
luated. The isolations were performed following the manufacturers' instructions with minor
modifications.

Whole blood RNA isolation

Total RNA samples were isolated from whole blood only from the controls using TRI
Reagent® BD kit (Sigma) (the TRI Reagent®), Applied Biosystems Total RNA Isolation
Chemistry kit for Abi Prism™ 6100 Nucleic Acid PrepStation (the 6100 PrepStation) and
QlAamp® RNA Blood Mini kit (Qiagen) (the QIAamp®). Briefly, 200 pL of the blood samp-
les were lysed in TRI Reagent® BD supplemented with 5 M acetic acid, and the lysate was
separated into agueous and organic phases via chloroform addition and centrifugation. The
RNA sample was then precipitated from the aqueous phase by 2-propanol and solubilized
with 40 L RNAase-free water. For the standard RNA isolation protocol on the 6100 PrepSta-
tion, 200 pL of the blood samples were lysed and purified using Applied Biosystems Total
RNA isolation chemistry. For the QIAamp® method, the protocol for human whole blood was
realized without any modification using 1 mL of blood as the starting material. The extracted
RNA was eluted in 40 uL RNAase-free water.

Leukocyte RNA isolation

Total RNA samples were isolated from leukocytes from four controls (the fifth had to be
discarded) and from all CML patients using the same methods, performing the protocols for
whole blood according to the manufacturers’ recommendations with minor modifications. The
only difference in the phenol-based method was the first step, in which the cells (5x106 cells
from controls; 107 cells from patients) were lysed with TRI Reagent® (Sigma) (TRl Rea-
gent®). Aliquots of 2.1x10°% and 1.3x106 cells from controls and patients, respectively, were
taken for the standard RNA isolation protocol on the 6100 PrepStation. Finally, aiquots of
5x106 cell pellets from controls and patients were dissolved in 1 mL of normal saline solution
and further processed according to the QIAamp® protocol for whole blood. This additional
step was performed in order to selectively lyse the remaining erythrocytes in the pellets.

RNA quantization and visualization

The total RNA of each sample was quantified using a spectrophotometer (Eppendorf
BioPhotometer) by the ultraviolet light absorbance at 260 nm. The ratio Aggy/Asgg Was used to
assess the purity of the isolated RNA. The RNA concentration was calculated in pg uL-1. To
analyze the RNA banding pattern, gel electrophoresis (Pharmacia Biotech) in 2 % agarose
gels with ethidium bromide was performed. The RNA samples (6 L) mixed with xylene cya
nol color (3 pL; 0.25 % xylene cyanol in 30 % glycerol in water) and 0.5-uL portion (1.0 pg
uL-1) of molecular weight marker 1 kb DNA Ladder (Invitrogen) were run in 0.5xTBE buffer
for 50 min at 25 mA. The RNA bands were visualized on a UV transilluminator (Hoefer) and
photographed using a Nikon D70s camera.
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cDNA Synthesis and PCR

cDNA synthesis (RT-PCR) from total RNA and following PCR reactions with Abl and
p53 primers were performed only for the control (n = 4) and patient (n = 14) samples isolated
from leukocytes by the TRI Reagent® method.

To perform RT-PCR with random primers, 2 pg of total RNA were used as template for
MultiScribe™ Reverse Transcriptase (50 U pL-1) in a High-Capacity cDNA Reverse Trans-
cription kit (Applied Biosystems) according to manufacturer’ s instructions. The reaction mix-
tures (20 pL) were incubated in a Mastercycler gradient (Eppendorf). cDNAs were analyzed
by 2 % agarose gel electrophoresis and visualized on a UV transilluminator.

The PCR step was performed in avolume of 25 pL, including 2 ul 100 ng pL"1 of cDNA,
12.5 puL of AmpliTag Gold PCR Master Mix (Applied Biosystems), 1 pL 10 pmol pL1 each
of the two Abl primers (Applied Biosystems) and 0.8 pL 10 pmol uL-1 each of the two p53
primers (Applied Biosystems). A tube with water instead of cDNA was used as the negative
control (NTC — non-template control) in both PCR reactions. The sequence of the forward
PCR primer for Abl was TGGAGATAACACTCTAAGCAT, whereas the sequence of the
reverse PCR primer for Abl was GATGTAGTTGCTTGGGACCCA. The sequences of the
forward and reverse PCR primers for p53 were ACTGGCCTCATCTTGGGCCT and
TGTGCAGGGTGGCAAGTGGC, respectively. PCR for Abl was performed in a Master-
cycler gradient for 30 s denaturation at 95 °C followed by 35 cycles consisting of 30 s at 94
°C, 1 min a 65 °C, 1 min a 72 °C and a hold a 16 °C. For the p53 PCR, the reaction
mixtures were heated at 95 °C for 5 min and then subjected to 35 cycles at 95 °C for 1 min
and at 60 °C for 1 min, followed by ahold at 4 °C in the same thermal cycler. A 6-uL portion
of PCR products and 3-uL portion of ready-to-use molecular weight marker O’ Gene Ruler
100 bp DNA Ladder (Fermentas) were analyzed by 40 min agarose electrophoresis. The PCR
product bands were visualized on a UV transilluminator and photographed. A sample was
considered positive for Abl when it generated a PCR product of the expected size of 123 bpin
the Abl PCR reaction, whereas the generated product of 171 bp in p53 PCR reaction indicated
asample positive for p53.

RESULTS AND DISCUSSION

The RNA concentrations and Aogg/Aogg ratios of each control and patient
sample obtained using the TRI Reagent®, 6100 PrepStation and QlAamp® me-
thod are given in Table I. In all tested samples, the highest concentration was
achieved with the TRI Reagent® (between 0.888 and 6.338 pg pL—1), while with
QlAamp®, it was much lower (between 0 and 0.197 pug pL-1). The 6100 Prep-
Station system showed a poor performance (between 0 and only 0.012 pg pL-1).
The average RNA concentrations for each method are shown in Fig. 1. Thereisa
clear difference in mean RNA concentrations between the TRI Reagent® method
and the other two methods (those obtained using the TRI Reagent® were noti-
ceably higher). The results also show the difference between concentrations of
the RNA samplesisolated from blood and those from leukocytes (the blood RNA
concentrations were lower).

One of possible explanations for the highest yield of RNA obtained with TRI
Reagent® could be the amount of the starting material, as well as the different
biochemical mechanism of cell lysis. In the cases of QIAamp® and the 6100
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PrepStation, we were limited at the beginning by the maximum amount of start-
ing material, recommended by manufacturer.

TABLE I. Concentrations and purity of the RNA samples
C/ ug uL ™~ (Agco/Asso ratio)

Material Samples RNA isolation methods
TRI Reagent® 6100 PrepStation QlAamp®
Blood
Controls (n=5) C1 1.293 (1.43) 0.004 (NA)? 0.076 (1.38)
C2 2.176 (1.75) 0.004 (NA) 0.163 (1.27)
C3 2.711(1.53) 0.000 (NA) 0.061(1.92)
C4 2.422 (1.55) 0.000 (NA) 0.062 (1.74)
C5 2.007 (1.52) 0.000 (NA) 0.082 (1.72)
Leukocytes

Controls (n = 4) C1 2.096 (1.50) 0.000 (NA) 0.012 (NA)
c2 3.211(1.57) 0.012 (NA) 0.197 (1.38)
C3 3.611 (1.59) 0.000 (NA) 0.092 (1.54)
C5 3.397 (1.54) 0.000 (NA) 0.072 (1.59)
Patients (n = 14) 1 4.100 (1.48) 0.008 (0.29) 0.016 (NA)
2 2.014 (1.57) 0.000 (NA) 0.000 (NA)
3 4.189 (1.55) 0.000 (NA) 0.000 (NA)
4 3.333(1.49) 0.000 (NA) 0.000 (NA)
5 3.801 (1.47) 0.004 (NA) 0.008 (NA)
6 6.338 (1.57) 0.000 (NA) 0.050 (1.80)
7 3.458 (1.47) 0.000 (NA) 0.008 (NA)
8 3.538(1.46) 0.000 (NA) 0.036 (NA)
9 0.888(1.37) 0.000 (NA) 0.032 (NA)
10 1.818 (1.43) 0.000 (NA) 0.000 (NA)
11 3.039 (1.50) 0.000 (NA) 0.000 (NA)
12 2.263 (1.41) 0.000 (NA) 0.024 (3.03)
13 4.574 (1.50) 0.000 (NA) 0.016 (NA)
14 3.517 (1.512) 0.000 (NA) 0.000 (NA)

*Not available, Apgg = 0

The Aogo/Aggg ratios (Table 1) had values lower than 2.0 (the expected value
for a pure RNA sample) for most of the samples (just one sample had an
Aol Aogo ratio 3.0). The QIAamp® method resulted in the highest values, rang-
ing from 1.3 to 3.0, but many of the samples even had no available value (NA)
because Apgg Was zero. For the TRI Reagent® method, these values ranged from
1.4 to 1.8 and practically all values for 6100 PrepStation, except one (0.3), were
NA. The highest purity of RNA obtained by the QIAamp® method was expected
due to high selective binding properties of the silica-based membrane, but the
yield of RNA, regardless of its purity, was not sufficient for further cDNA syn-
thesis and expression analysis by gPCR. During the isolation procedure with TRI
Reagent®, one ethanol washing of the RNA pellet was omitted in an effort to ma-
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ximize the yield, which may be the reason of the lower purity RNA. The 6100
PrepStation employs selective precipitation of RNA and its physical capture on a
membrane, giving the possibility of isolating very pure RNA but, except in afew
cases, measurable values of the RNA concentration were not obtained.

o N 1

TRI Reagent®
Wl QlAamp
[ 6100 PrepStation

la lw |
I+ . IJ—.

controls (blood} controls (leukocytes) patients {leukocytes)

Mean RNA concentration, pg ul'1

(=3
[=1
(=3

Fig. 1. Obtained RNA concentrations, the resulting bars shown are the average, and the
standard deviation, from values obtained for each extraction method.

In order to verify the integrity, al RNA samples for each of the extraction
methods were analyzed using 2 % agarose gel electrophoresis. High quality RNA
was indicated by visible bands on the agarose gels only for certain methods.
Agarose gel electrophoresis of isolated control RNA samplesis shown in Fig. 2.

Fig. 2. Agarose gel electrophoresis of isolated control RNA samples. A) Whole blood;
B) leukocytes. 1) TRI Reagent®, 2) QlAamp® and 3) 6100 PrepStation.
C1-C5: control subjects, M: molecular weight marker.
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From whole blood control samples, RNA bands are visible only for the QlAamp®
method, while from leukocytes control samples, they are also visible for the
QlAamp® and TRI Reagent® methods. Clearly, the RNA obtained from leuko-
cytes showed more defined and visible bands, indicating a low level of degra-
dation. Therefore, it was decided to use leukocytes as the RNA source. The RNA
band patterns for patient samples isolated from leukocytes by the TRI Reagent®
and QIAamp® methods are shown in Fig. 3 (the agarose gel for the 6100 Prep-
Station method is not shown because there were no visible RNA bands). The
RNA bands obtained by QlAamp® are more defined than those obtained by TRI
Reagent®, due the higher purity of the former, but the problem of the amount
remains. Since the next step of the analysis is RT-PCR, which requires in this
specific case 2 ug of RNA (in order to obtain the minima amount of cDNA for
gPCR), it is evident that the QIAamp® method would not provide enough RNA
from all samples. Although some control and patient samples may have sufficient
RNA concentrations when obtained by the QIAamp® method, it is crucial that
the method of choice always provides the necessary amounts of RNA. On the
other hand, the TRI Reagent® method consistently provided sufficient amounts
of RNA for al the analyzed samples and was therefore chosen as the most ade-
quate protocol for this specific purpose.

Fig. 3. Agarose gel electrophoresis of patients RNA samplesisolated from leukocytes.
1) TRI Reagent® and 2) QIAamp®. 1-14: Patients.

Following electrophoresis, RNA obtained with TRI Reagent® from leukocy-
tes from each control and patient subject were assayed in RT-PCR, as described
in the Experimental (results not shown). The synthesized cDNASs were further
amplified with Abl and p53 primers in separate PCR reactions according to the
protocol described in the Experimental. Agarose gels with PCR product bands
and DNA molecular weight marker are represented in Fig. 4. PCR products of
123 bp in the Abl PCR reaction and of 171 bp in the p53 PCR reaction were
obtained in practically all tested samples. The fact that visible bands of PCR pro-
ducts for both genes were obtained indicates that there are no inhibitors in temp-
late RNA preparations and that obtained cDNA was of satisfactory quality for
further analysis. The subsequent gene expression analysis by gPCR for the detec-
tion of the ber—abl fusion transcript was successfully performed on all patient
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cDNA samples (the results are not shown). This diagnostic procedure is a part of
everyday clinical routine in our laboratory.

Fig. 4. Agarose gel electrophoresis of PCR products; 1) Abl gene primers and 2) p53 gene
primers. M: Molecular weight marker; NTC: non-template control.
C1, C2, C3, C5: Control subjects; 1-14: patients.

CONCLUSIONS

In light of the obtained results for the best combination of yield and RNA
extraction purity, taking into account the required amount of the clinical sample
and the performance time, the protocol using the phenol-based TRI Reagent® for
RNA extraction from leukocytes is suggested as the most suitable protocol for
this specific gene expression analysis.

Acknowledgements. The authors wish to thank Filip Stojanovi¢ and Gordana Kuki¢ for
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U3BOJ

INTOPEBEWBE ®EHOJICKE CA AJITEPHATUBHUM METOJJAMA N30JIALIMJE PHK
Y CBPXY AHAJIM3E I'EHCKE EKCIIPECHJE

KCEHUIJA B. JAKOBJBEBU'hR, MUJIEHA P. CTIACUR, EMHUHA J. MAJIMILINR, JEJIEHA JI. JOGPUYNR,
AHA M. KPUBOKYRA u PAJIMUJIA H. JAHKOBUR

Odemerve 3a excliepuMeHIlianHy oOHK0A0ZUjy, MHCIuiiy i 3a onkoao2ujy u paouoaozujy Cpouje,
Taciueposa 14, 11000 eozpao

Henocratak kputiuuHe nponeHe ehpuKacHOCTH METO/A 33 N30JalHjy HyKJICHHCKHX KHCEIIMHA
13 TKUBA OrpaHUyaBa Imupe Kopuiheme aHanusa rencke ekcrpecuje. M3onanuja PHK npencrasiba
KPUTUYHY IPOMEHJBUBY HPH onpehrBamy I'eHCKEe eKCIpecHje W3 y30paka KpBH MM JICYKOLHUTA.
Kgaururatusuu ,real-time" PCR (qPCR) ce y caBpeMeHO] KIMHHYKO] MPAKCH YECTO KOPHUCTH 3a
KBaHTH(HKAIN]y TEHCKE eKCTpecHje. Y30piu KpBH, kao Hajuemhu m3Bop PHK, mopajy Outn max-
JbUBO IPHITPEMJbEHH Ja He OM JOLUIO 10 MHXUOUIHMje aHaIn3e TeHCKe ekcnpecuje y Toky JPCR-a.
OBa cTyauja je CIpoBe/icHa Yy by ynopehuBama yecTo KopuiiheHe TBaHUIUH-THOIMjaHAT—(e-
Hon—xsopodopmcke Merone msonammje (TRI Reagent®) ca mpyre ase anrepuariee Merone 3a
usonanujy PHK (6100 PrepStation u QIAamp®) u3 myse kpu mwiM IeyKoLUTa y CBPXY aHAIM3e
TeHCKE eKCIpecHje KOA IMalyjeHaTa ca XpOHHYHOM MHjeNIONIHOM JieykeMujoM. MmMajyhu y Bumy
KOJMYMHY KIMHHYKOT Y30pKa M BpeMe MoTpebHo 3a ananu3y, pexoncka meroma (TRI Reagent®) je

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

2010 Copyright (CC) SCS



COMPARISON OF RNA ISOLATION METHODS 1061

nana Hajoospy komOuHanujy npunoca PHK u mene uncTohe, Te ce cTora oBa MeToAa Mmpesiaxe 3a
n3onannjy PHK u3 neykouuTa y cBpXy oBe criennpuuHe KIMHAYKE aHAJH3E.

ISl

(Mpumsseno 23. neuembpa 2009, peuanpano 5. Gpedpyapa 2010)
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Abstract: This work is concerned with the synthesis of neutral dioxovana-
dium(V) and dioxomolybdenum(VI1) complexes with tridentate ONN pyri-
doxal S-methylisothiosemicarbazone (PLITSC) of the respective formulas
[VO5(PLITSC-H)]-2H,0 and [M0oO,(PLITSC-2H)]. Structural X-ray anaysis
of the vanadium complex showed that it has an amost ideal square-pyramidal
structure, while the molybdenum complex is supposed to have a polymeric oc-
tahedral structure. In addition to elemental analysis, both complexes were cha-
racterized by conductometric and magnetometric measurements, as well as by
IR, UV-Vis, 1H- and 13C-NMR spectra.

Keywords. dioxovanadium(V); dioxomolybdenum(VI); complexes; pyridoxal
S-methylisothiosemicarbazone; crystal structure; spectra.

INTRODUCTION

Due to their interesting physicochemical, structural, and biological proper-
ties, tridentate ONS Schiff-bases derivatives of pyridoxal (one of the forms of vi-
tamin Bg), a ong with the unsubstituted and substituted thiosemicarbazide (PLTSC),
as well as their complexes, have constantly attracted research interest during the
last 20 years. As aresult, a number of complexes have been prepared and studied
with different metals,14 including the most recently synthesized complexes of
V (V)5 and Mo(V1,V)8 with these ligands. In contrast to the numerous metal com-
plexes with PLTSC, interest in tridentate ONN pyridoxal isothiosemicarbazoneis
of a more recent date, so that only a limited number of complexes, namely with

* Corresponding author. E-mail: vukadin.leovac@dh.uns.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC100113045L
1063
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Cu(ll), Fe(l11) and Co(l11),1 have been prepared and characterized. In view of the
biological importance of not only molybdenum,’:8 but also of vanadium,910 to-
gether with the more recently reported biological activity of some isothiosemicar-
bazones, 1112 it is not surprising that the synthesis of complexes of these metals
with the mentioned ligands aroused aso a notable interest. Hence, the objective
of thiswork wasto study the syntheses, as well as the spectral and structural cha-
racteristics of the neutral complexes of dioxovanadium(V) and dioxomolybde-
num(V1) with pyridoxal S-methylisothiosemicarbazone (PLITSC) of the formula
[VO2(PLITSC—H)]-2H20 and [MoO»(PLITSC-2H)].

EXPERIMENTAL
Reagents

All the employed chemicals were commercially available products of analytical reagent
grade, except for the ligand pyridoxal S-methylisothiosemicarbazone and MoO,(acac),, which
were prepared according to known procedures 1314

Synthesis of the complexes

[VO5(PLITSC—H)]-2H,0. Over a mixture of NH4VO; (0.070 g, 0.60 mmol) and
PLITSC-H,0 (0.160 g, 0.60 mmol) was poured 3 cm3 ccNH5 (ag.) and 3 cm?® MeOH and the
mixture was refluxed for about 1.5 h. After 50 h standing at room temperature, orange crystals
formed which were filtered and washed with MeOH. Yield: 0.14 g (64 %).

[MoO,(PLITSC—2H)]. Over a mixture of 0.27 g (1.0 mmol) of PLITSC-H,O and 0.33 g
(1.0 mmol) MoO,(acac), was poured 15 cm3 EtOH and the mixture was refluxed for 1 h. The
readily soluble reactants formed a red solution from which, while still warm, a microcrys-
talline orange complex precipitated. After warm filtration, the precipitate was washed with
EtOH. Yield: 0.20 g (74 %).

Analytical methods

Elemental analyses (C, H, N, S) of the air-dried complexes were realized by standard
micromethods in the Centre for Instrumental Analyses of the ICTM in Belgrade.

The molar conductivities of freshly prepared DMF solutions (¢ = 1.0x103 mol/dm3)
were measured on a Jenway 4010 conductivity meter.

The magnetic susceptibilities were measured on an MSB-MKI magnetic balance (Sher-
wood Scientific Ltd., Cambridge, England).

The IR spectra were recorded using KBr pellets on a Thermo Nicolet (NEXUS 670 FT-
-IR) spectrophotometer in the range of 4000-400 cmrl.,

The electronic UV—Vis spectra in DMF solutions were recorded on a T80+UV/Vis
spectrometer, PG Instruments Ltd., in the spectral range of 260-1000 nm.

The 1H- and 13C-NMR spectra were collected on a Varian Gemini 200 instrument ope-
rating at 200 MHz in DM SO-dg solution, with TMS as the internal standard.
Sngle crystal X-ray experiment of [ VO,(PLITSC-H)]-2H,0

A single crystal was selected and glued on glass threads. Diffraction data were collected
at 150 K on a Bruker Platform three-circle goniometer equipped with SMART 1K CCD de-
tector. The crystal to detector distance was 30 mm. Graphite monochromated MoKow X-ra
diation (1 = 0.71073 A) was employed. A frame width of 0.3° in o, with 10 s exposure per
frame was used to acquire each frame. The data were reduced using the Bruker program Saint

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

2010 Copyright (CC) SCS



COMPLEXES OF VOz+ AND MoOg2+ WITH PYRIDOXAL ISOTHIOSEMICARBAZONE 1065

(Siemens, 1995). A semi-empirical absorption-correction based upon the intensities of equi-
valent reflections was applied (program SADABS, Siemens, 1996), and the data were cor-
rected for Lorentz, polarization, and background effects. Scattering curves for neutral atoms,
together with anomal ous-dispersion corrections, were taken from International Tables for X-
-ray Crystallography.1® The structure was solved by SIR92 — a program for automatic solution
of crystal structures by direct methods, and the figures were drawn using Mercury CSD 2.0 —
new features for the visualization and investigation of crystal structures.l’ Refinements were
based on F2 values and realized by full-matrix |east-squares (SHELXL-97)18 with all non-H
atoms anisotropic. The positions of al non-H atoms were located by direct methods. Although
al H atoms were possible to find in the AF maps, with the exception of the H atoms belonging
to the water molecules, all others were positioned geometrically and refined using a riding
model. The crystal data and refinement parameters for [V Oo(PLITSC—H)]-2H50 are listed in
Tablel.

TABLE |. Crystal data and refinement parameters for [V O,(PLITSC—H)]-2H,0

Empirical formula CioH17N4OsSV
Formulaweight 372.28
Temperature, K 150

Wavelength, A 0.71073

Crystal system Triclinic

Space group P-1

Unit cell dimensions, A a=9.1713(2), a = 113.6716(8)°

b=9.2715(2), § = 93.1788(8)°
¢ =10.3170(2), y = 107.6116(8)°

Volume, A® 749.91(3)
Mosaicity, ° 0.398(2)

VA 2

D./gcm? 1.649

Do/ gcm?® 1.59
Absorption coefficient, mm™ 0.84

F(000) 384

Crystal size, mm 0.25x 0.13x 0.08
Color/shape orange/prism
Thetarange 2.55-27.48°

Index ranges—h + h; —k + k; - + —11+11; =12 +12; -13 +12
Reflections collected 6514

Unique reflections 3402 (R, = 0.0167)
Refinement methods Full matrix L.S. on F?
Datalrestraints/parameters 3402/0/267
Goodness-of-fit on F? 1.049

Final Rindices (F, > 4sigFy) R1 =0.0260

R indices (all data) R1 =0.0298, wR2 = 0.0778
Extinction coefficient No

Larg. diff. peak and hole, e A 0.41 and —0.30
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RESULTS AND DISCUSSION
Synthesis

The dioxo complexes of vanadium(V) and molybdenum(V1) were obtained
by the reaction of a warm ammonia—methanolic solution of NH4V O3, or an
ethanolic solution of MoO»(acac)»,, with pyridoxal S-methylisothiosemicarbazone
(PLITSC) inamoleratio 1:1 (Scheme 1).

NH VO, +PLITSC NH(aq)-MeOH, reflux

[VO, (PLITSC-H)]-2H,0

MoO,, (acac),, + PLITSC —EHIHX , 1v60, (PLITSC-2H)]

Scheme 1. Formation of the dioxovanadium(V) and dioxomolybdenum(V1) complexes.

As was to be expected, the obtained complexes were diamagnetic, which
means that no change occurred in the metal oxidation state during the reaction.

Both complexes were stable in air. The mass |loss after isothermal heating at
110 °C of the vanadium complex was 9.58 %, which corresponds to the departure
of two water molecules (9.67 %).

The complexes were sparingly soluble in H>O, MeOH and EtOH, and better
in DMF.

The low values of the molar conductivities of DMF solutions of the com-
plexes are in accordance with their coordination formulas. Asis evident from the
formulas, the vanadium complex contained a monoanionic, and molybdenum
complex a dianionic form of the tridentate ONN ligand PLITSC. The
monoanionic form of the ligand, as well as in its complexes with some other
metals,1 is formed by deprotonation of the isothiosemicarbazide, while the
dianionic form by additional deprotonation of the pyridoxal moiety, which results
in the formation of neutral complexesin both cases.

The deprotonation of the pyridinium moiety of PLITSC in the molybdenum
complex is facilitated by the good proton-acceptor properties of both substituted
acetylacetonato anions.

Analytic and spectral characteristics

PLITSC-H,O ligand. FTIR (KBr, cm™1): 3368, 3094, 2850, 1662, 1491,
1254, 1152, 1020. H-NMR (200 MHz, DMSO-dg, 6 / ppm): 12.12, 11.72 (1H, s,
phenolic OH), 8.69, 8.58 (1H, s, azomethine), 7.89 (1H, s, pyridine C-6); 7.23,
7.21 (2H, s, NH,), 5.31, 5.28, (1H, t, J = 5.22 Hz, OH, hydroxymethyl), 4.60,
458 (2H, d, J = 5.22 Hz, CH»), 2.47, 2.41 (3H, s, CHz-S); 2.39, 2.38 (3H, s,
CHzPy). 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 167.36, 162.83 (N=C(N)-S),
152.26, 151.04 (CH=N), 148.37 (C-3, Py), 146.95 (C-2, Py), 138.88, 138.71 (C-6,
Py), 132.45, 132.14 (C-5, Py), 121.06 (C-4, Py), 58.95 (CH5), 19.07 (CH3—Py),
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12.81 (CH3-S). UV-Vis (DMF; Amax/ nm (log (¢ / mol=1 dm3 cmr1)): 325 (4.45),
352 (4.43), 365 (4.38).

[VOo(PLITSC—H)] -2H20. Yield: 0.14 g (64 %), Anal. Calcd. for
C10H17N406SV (FW = 372.28): C, 32.26; H, 4.50; N, 15.05; S, 8.61 %. Found:
C, 32.48; H, 4.31; N, 14.83; S, 8.40 %. FTIR (KBr, cm1): 3401, 3265, 2852,
2730, 2070, 1650, 1613, 1455, 1375, 920, 907. 1H-NMR (200 MHz, DMSO-dg, 6 /
/ ppm): 8.83 (1H, s, azomethine), 7.96 (1H, bs, NH), 7.88 (1H, s, pyridine C-6),
5.72 (2H, very bs, hydroxymethyl OH and pyridinium H), 4.76 (2H, s, CH>),
251 (3H, s, CH3-S), 2.48 (3H, s, CH3-Py). 13C-NMR (50 MHz, DMSO-dg, 6 /
/ ppm): 172.90 (N=C(N)-S), 157.65 (CH=N), 146.46 (C-3, Py), 142.13 (C-2,
Py), 135.73 (C-6, Py), 128.00 (C-5, Py), 127.26 (C-4, Py), 58.76 (CH>), 16.82
(CH3z-Py), 13.73 (CH3-S). UV-Vis (DMF; Amax / nm (log (e / mol=1 dm3 cm1)):
273 (4.22), 356 (3.92), 418 (4.02). Ay (DMF) = 3.2 Scm?2 mol—1,

[MoO2(PLITSC-2H)]. Yidd: 0.20 g (74 %); And. Cacd. for C1gH12M0oN404S
(FW =380.43): C, 31.57; H, 3.18, N; 14.73; S, 8.43 %. Found: C, 31.69; H, 3.27;
N, 14.70; S, 8.44 %. FTIR (KBr, cm1): 3294, 1638, 1450, 1344, 1160, 945, 926,
908. 1H-NMR (200 MHz, DMSO-dg, 6 / ppm): 9.41 (1H, s, NH), 8.68 (1H, s, azo-
methine), 7.91 (1H, s, pyridine C-6), 5.54, (1H, t, J = 5.22 Hz, OH, hydroxyme-
thyl), 4.62 (2H, d, J=5.22 Hz, CHy), 2.48 (3H, s, CH3-S), 2.33 (3H, s, CH3—-PY).
13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 172.58 (N=C(N)-S), 153.56 (CH=N),
148.68 (C-3, Py), 146.49 (C-2, Py), 139.71 (C-6, Py), 134.12 (C-5, Py), 123.50
(C-4, Py), 59.31 (CH>), 19.92 (CH3-Py), 14.51 (CH3-S). UV-Vis (DMF; Amax /
/ nm (log (¢ / mol=1 dm3 cmr1)): 308 (4.22), 364 sh (3.81), 441 (3.50). Ay (DMF) =
=7.5Scm?2 mol-L.

IR Spoectra

The X-ray analysis of the square-pyramidal vanadium complex (vide infra)
showed that the PLITSC was coordinated in the usual way,! i.e., via the oxygen
of the phenolic group, the azomethine nitrogen and the nitrogen atom of the de-
protonated amino group of the isothioamide fragment (Figs. 1 and 2). In addition,
the analysis showed that the pyridoxal moiety occurred in a zwitterionic form,
with the protonated pyridine nitrogen and deprotonated aromatic phenolic group.
The occurrence of a protonated pyridine nitrogen atom, apart from the X-ray
analysis, is aso suggested by the appearance of a broader v(NH™*) band in the IR
spectrum in the range 2730-2850 cm~1,14 which was missing from the spectrum
of the molybdenum complex, in which thisligand is coordinated as a dianion.

In the IR spectra of both complexes, the characteristic bands of the cisMO*
group, recognizable by their strong intensity, can easily be identified Thus, the
vsymiasym(V O2") bands were observed at 920 and 907 e, respectively, i.e., in
the range characteristic for the cis-V O, moiety.19.20 As X-ray structural analysis
of the MoO,*" complex was not possible in that study19.20, which was the case in
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the present work, the number and position of the v(M00,2*) bands may indicate
the role of the MoO> group (terminal, bridging) and, thus, also the structure (mo-
nomer, dimer, polymer) of the complex. Namely, it is known from the literatu-
reb.8 that the great majority of these complexes have an octahedral structure. In
the case of the very frequent neutral monomeric complexes of MoOo2* with tri-
dentate dianionic ligands, the tendency of MoO> to enter the hexacoordination
was so pronounced that the sixth coordination site, apart from the typical neutral
monodentate donors (Py, DM SO, DMF, PPhs, H20), could also be occupied by
some more weakly coordinated ligands, such as EtOH, MeOH, acetaldehyde.14
The spectra of such complexes have, as arule, two very strong bands in the re-
gion of 950-880 cm1, of which the one at the higher energy corresponds to the
symmetric and the other to asymmetric stretching vibrations of the cissMoO;
group.2! In some cases, these bands are split due to the crystal packing effect.22
In the absence of a monodentate donor, the hexacoordination of molybdenum is
most often realized via the intermolecular molybdenum:--oxygen interaction, with
the formation of a double oxygen bridge Mo,0, (u-0)2523.24 or the Mo=0---Mo
interaction in polymeric complexes,8:14:25.26 which results in the appearance of
very strong bands in the 850-800 cmi—L region of the IR spectra.2/=29 In view of
the composition of the present tridentate complex and absence of a band in the
region of 850-800 cm?, together with the presence of three bands that corres-
pond to the terminal (bridging) cis-MoO, group (945, 926 and 908 cmr1), the
isolated complex can be thought of as having either a pentacoordinated struc-
ture,8.30 very rare for M0oO,2*, or the usual dimer/polymer octahedral structure,
but without the participation of the Mo=0---Mo bridge. This means that the di-
mer/polymer octahedral structure of the present complex in the coordination of
PLITSC may be realized, apart from the oxygen atom of the phenoxy group, via

SCH SCH
SCH; * , :
3 o 2 e s
4 FeTN YOTIN
H,N X2 Hﬁ'/ \ Hﬁl'/
! N A N A
N Oz N O N
H CH OH v CcH OH Mo CH OH
| | o7 |
) o) 0
AN AN ™
HaC N HaC N HaC N

Fig. 1. Chemical structures of the ligand, and the [V O,(PLITSC-H)]-2H,0
and [MoO,(PLITSC-2H)] complexes.
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two nitrogen atoms of the isothiosemicarbazide fragment and the bridging coor-
dination of the oxygen atom of the hydroxymethyl group. The latter coordination
mode of the pyridoxal moiety was also assumed in a similar MoO,2+ complex
with pyridoxal 4-phenylthiosemicarbazone,® and unambiguously found in the
structures of some complexes of Cu(l1)2 and Ni(11)31 with pyridoxal thiosemi-
and semicarbazone.

Fig. 2. MERCURY view of [VO,(PLITSC-H)]-2H,0 shown with 50 %
probability level of the thermal ellipsoids.

NMR Spectra

The 1H-NMR spectrum of the ligand in DMSO-ds solution was recorded
with a systematic pattern of isomer peaks of al protons, with the exception of the
pyridine one at the C-6 position, which was poorly resolved and appeared as a
singlet. The syn/anti isomerism results from the double bond in the azomethine
group (CH=N1) (Fig. 1).32 In the IH-NMR spectrum of the ligand, the syn and
anti isomers were defined by the dual peak system with a 23:77 integral ratio,
respectively. The cis/trans isomerism occurred with respect to the N2=C3 double
bond of the amide group. The chemical shifts of the two isomeric phenolic pro-
tons were at 12.12 and 11.72 ppm, with a cig/trans integral ratio 82:18. The
absence of a resonance of both these signals for OH in the spectrum of the vana-
dium complex is in accordance with the coordination of the phenolate oxygen to
vanadium. The spectrum of the complex contains no isomer peaks for CH=N1,
indicating the fixed geometry after coordination and existence of the complex in
only one isomeric form (Fig. 1). The significant downfield shift of the azome-
thine proton in the complex (4* = 0.14 ppm), with respect to the corresponding
free ligand, confirms the coordination of the azomethine nitrogen. A similar down-
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field shift was observed for the carbon atom of the azomethine group in its 13C-
-NMR spectrum.

A comparison of the 1H-NMR spectra of the ligand and its dioxomolybde-
num complex revealed that the ligand behaved as a tridentate binegative ONN
donor. The disappearance of the signals at 12.12 and 11.72 ppm was ascribed to
the fact that the ligand also underwent deprotonation of the phenolic group du-
ring complexation. Similarly, the appearance of a new signal at 9.41 ppm with
integral intensity of 1.0 suggests that the complexation was followed by deproto-
nation of the terminal amino group. Finally, the absence of two isomeric peaks of
the azomethine group of the free ligand indicates coordination to molybdenum
with afixed geometry, without the possibility for any isomerism.

Electronic spectra

In the available spectral range in DMF, the complexes displayed spectrawith
three bands of high and medium intensities. The two bands at shorter 4 values
(below 400 nm) can be ascribed to intraligand 1 — #n* and n — =n* trang-
tions.513:33 The third one (above 400 nm) belongs to an LMCT, i.e, charge
transfer from the highest occupied ligand orbital to an empty d-orbital of the me-
tal atom.34 As expected for MoO,2+ and VO5,*, (d), no d—d transitions were ob-
served in the visible spectral range.

Crystal structure of [ VOo(PLITSC-H)] -2H>0

The asymmetric unit consists of a tridentate ONN monodeprotonated ligand
chelating the VO>* and two water molecules. The well-separated complex units
of [VO2(PLITSC—H)] and Ho0 are connected by hydrogen bonds. The vanadium
atom is pentacoordinated in an almost ideal sguare-pyramidal environment (z =
= 0.042) (Fig. 2), with the apical O2 atom at a distance V-02 = 1.641(1) A and
the equatorial O3 at a distance V-O3 = 1.630(1) A (Table I1). The VO, group is
in the cis-configuration with an O-V—O angle of 108.03(6)° (Tablell). A very si-
milar square-pyramidal arrangement around the vanadium(V) ion was a so found
in the crystal structure of ammonium(2,4-dihydroxybenzaldehyde S-methylthio-
semi carbazonato)dioxovanadate(V).3® The chelate ligand donors—vanadium bond
distances V-01, V-N1 and V-N3 are 1.917(1), 2.006(1) and 2.200(1) A,
respectively. Thus, as with some other tridentate ONN isothiosemicarbazones,36
the V-N3 bond is longer than the V-N1 bond. However, while these differences
for non-oxo metal complexes are significantly smaller (=0.05 A),36 the diffe-
rence in the case of this complex is much more pronounced, amounting to
even 0.195 A. The significant elongation of the V-N3 bond is a consequence of
the stronger trans effect of the basal oxo O3 ligand bound to vanadium by a
double bond, compared to the trans effect of the (also basal) oxygen atom O1
bonded to vanadium by a single bond.
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TABLE Il. Selected bond distances and bond angles for [V O,(PLITSC—H)]-2H,0

Bond Bond distances, A Bond Bond angles, °
V-01 1.917(1) 01-vV-02 103.65(5)
V-02 1.641(1) 01-v-03 96.83(5)
V-03 1.630(2) 01-V-N1 143.96(5)
V-N1 2.006(1) 01-V—N3 80.89(5)
V-N3 2.200(1) 02-vV-03 108.03(6)
01-C5 1.315(2) 02-V-N1 106.22(5)
N1-C1 1.317(2) 02-V—N3 105.07(5)
N2-N3 1.381(2) 03-V-N1 92.71(5)
N2-C1 1.337(2) 03-V-N3 146.37(6)

N1-V-N3 72.27(5)

C6-N4—C8 123.8(1)

The whole ligand molecule, which possesses an extended system of conju-
gated double bonds and, hence, should be planar, is on the contrary significantly
distorted. The dihedral angle between the mean planes of the pyridoxal moiety
(A) and the six-membered chelate ring (B) is 7.8°, the dihedral angles between
the average plane of five-membered chelate ring (C) and the A and B rings are
8.7 and 12.0°, respectively. The basal plane (O1, N1, O3, N3) of the coordination
polyhedron is dlightly tetrahedrally deformed, with the distances from the least
squares plane being between 0.0137(1) and 0.0159(1) A. The vanadium atom is
displaced towards the apical O2 atom by 0.5146(1) A. The pyridoxal ring adopts
the role of a zwitterion.1 The bond distances and angles in the pyridoxal ring are
in agreement with those found in some other compounds containing the same
moiety when a zwitterion was adopted. The C6-N4—C8 angle of the pyridine ring
(123.8(2)°) is significantly increased with respect to the C—-N—-C angle of about
120°, which could be expected for a non-protonated pyridyl-N.13 Thisis aso in
agreement with the N4---O11 distance (2.677(2) A), corresponding fairly well to
a strong hydrogen bond (Table I11) and with the O1-C5 distance (1.317(2) A),
which is intermediate between a single (1.43 A) and a double C=N bond (1.23
A). All the other bond distances and bond angles in the PLITSC chelate ligand
are in agreement with the corresponding bonds found in the related pyridoxal iso-
thiosemicarbazone ligand.1 The packing of the structural units is determined by
an extended 3D network of hydrogen bonds, listed in Table 1.

Two of them: O4-H---N2 (2.762(2) A) and N1-H---O3 (2.969(2) ) bind the
complex molecules along the x and y directions, respectively (Fig. 3), forming
layers parallel to the ab plane at the levelsc = 0 and ¢ = 1 (C-layers). As can be
seen from Fig. 4, between these layers, at the ¢/2 level, there is alayer composed
of the crystalline water molecules H,O11 and Ho0O22, mutually connected by the
hydrogen bond O11-H11---022 (2.723(3)), along the (110) direction. The water
layers (W-layers) and layers of the complex (C-layers) alternate along the z-di-
rection and are interconnected by the relatively strong pairs: O11-H12---O4
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(2.735(2) A) and N4-H---011 (2.674(2) A), as well as by 022-H21---02
(2.799(2) A) and 022-H22---02’ (2.991(2) A).

TABLE II1. Hydrogen-bonding geometry (A, °)

D-H D--A H--A D-H--A Equivalent position®
O11-H11 011.--022 H16--022 011-H16---022 O
0.78(4) 2.723(3) 1.96(4) 167(4)
0O4-H4 04---N2 H8:---N2 0O4-H8---N2 D
0.84(4) 2.762(2) 1.93(4) 172(3)
N1-H1 N1.--O3 H9---O3 N1-H9---O3 2
0.88(3) 2.969(2) 2.11(3) 167(3)
N4-H4A N4---O11 H10--011 N4-H10---011 3
0.88(2) 2.674(2) 1.80(2) 172(3)
O11-H12 011.-04 H15--04 0O11-H15--04 4
0.81(3) 2.735(2) 1.93(4) 171(3)
022-H21 022---02 H14---02 022-H14---02 4
0.86(3) 2.799(2) 1.94(3) 177(3)
022-H22 022---02 H17---02 022-H17---02 5)
0.77(4) 2.991(2) 2.24(3) 167(4)

q0): x, ¥, Z, (1): x+1, -y+2, -z, (2): =x+2, -y+1, 7 ( 3): x+1, +y+1, +7 (4): —x+1, y+2, —z+1; (5): x-1, +y, +z

Fig. 3. Projection of the structure parallel to the (001) direction.
Water oxygens are marked with +.

Crystallographic data reported for the complex [VOy(PLITSC—H)]-2H,0
have been deposited with CCDC, No. CCDC-641145. Copies of the data can be
obtained free of charge via www.ccdc.cam.ac.uk (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44
1223 336033; or deposit@ccdc.cam.ac.uk).
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H-atoms are omitted for the sake of clarity.
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U3BOJ

KOMIUIEKCH ITPEJTIABHUX METAJIA CA JIMT'’AH/IUMA HA BA3U TUOCEMUKAPBA3UJIA.
JEO 57. CUHTE3A, CIIEKTPAJIHA U CTPYKTYPHA KAPAKTEPU3ALINJA
KOMIUJIEKCA TMOKCOBAHAINIYMA(V) 1 AJUOKCOMOJIMBAEHA(VI)

CA SMETUJIM30TUOCEMUKAPEA3B0OHOM ITMPUJIOKCAIJIA

BYKAJIMH M. JIEOBAILL, BJIAJIUMUP TUBJAKOBUR?Y, MIJIAH JI. JOKCOBUR?, JbMJbAHA C. JOBAHOBUR?,
JBIJbAHA C. BOJMHOBWR-JEIIN R, BATEPUJA 1. YEIUBEBUR® 1 MIJIEHA MJIMHAP!

 pupoono-maitienaimivuxu paryaiiem, Yrusepauimiei y Hosom Cady, Tpz JI. O6padosuha 3, 21000 Hosu Cad u
Zﬂpupodl-w—Mazﬁemamuwcu ¢hakyaitiein, Ynusep3auitieii y Kpazyjesyy, P. Jomanosuha 12, 34000 Kpazyjesay,

Omnucana je CMHTe3a HeYyTPaIHUX KoMIuiekca quokcoBanannjyma(V) u quokcomonudaeHa(Vl)
ca tpugenratiuM ONN S-mertunuzornocemukap6azornom nupugokcana (PLITSC), popmyna
[VOL(PLITSCH)]-2H,0 u [M0oO,(PLITSC-2H)]. CrpykrypHa aHaiM3a KOMIUICKCA BaHaIHjyma
je moKazaia Jia HCTH MMa CKOPO HICaNHy KBaJIpaTHO-IIHPAMUIAIHY CTPYKTYPY, a 32 KOMIUIEKC MO-
nmubeHa je IPEeTIOCTaBJbeHa MTOIMMEpPHa OKTaeaapcka cTpykrypa. Oba KoMIuieKca €y, OCHM elle-
MEHTAIHOM aHAJIN30M, OKapaKTepHCaHa KOHIYKTOMETPHjCKHM U MarHETOMETPH]CKHM MeperbnuMa,
Te IR-, UV-Visu *H- u *C-NMR cnexrpuma.

(Mpumsbeno 13. jaryapa, peBuaupano 2. pebpyapa 2010)
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Antibacterial Co(I1), Ni(ll), Cu(ll) and Zn(l1) complexes
with biacetyl-derived Schiff bases
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sics and Chemistry, Faculty of Science, University of Pitesti, Pitesti, 110040, Romania
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Abstract: The condensation reactions of biacetyl with ortho-hydroxyaniline and
2-aminobenzoic acid to form bidendate NO donor Schiff bases were studied.
The prepared Schiff base ligands were further utilized for the formation of me-
tal chelates having the genera formula [MLy(H,0),] where M = Co(ll), Ni(ll),
Cu(ll) and Zn(I1) and L = HL! and HL2. These new compounds were charac-
terized by conductance measurements, magnetic susceptibility measurements,
elemental analysis, and IR, IH-NMR, 13C-NMR and electronic spectroscopy.
Both Schiff base ligands were found to have a mono-anionic bidentate nature
and octahedral geometry was assigned to all meta complexes. All the
complexes contained coordinated water which was lost at 141-160 °C. These
compounds were also screened for their in vitro antibacterial activity against
four bacteria species, namely: Escherichia coli, Staphylococcus aureus,
Salmonella typhi and Bacillus subtilis. The metal complexes were found to
have greater antibacterial activity than the uncomplexed Schiff base ligands.

Keywords. Schiff base; biacetyl; metal ion; antibacterial activity.

INTRODUCTION

The promising bacterial resistance to the currently available antibiotics has
forced the exploration for new prokaryotic targets as well as novel molecules to
inhibit their activity. Among such novel derivatives, metal complexes of biologi-
cally active ligands may represent an attractive approach for designing new anti-
microbial compounds, due to the dual possibility of both ligands and metal ions
interacting with different steps in the life cycle of pathogens.1=3 Much work has
been realized by bioinorganic as well as medicinal chemists to launch the rela-
tionship between the metal ions and their complexes as antitumor and antibac-
terial agents.4-8 It is however noteworthy that some biologically active com-

* Corresponding author. E-mail: ktm7ro@yahoo.com
doi: 10.2298/J5C091026098I
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pounds may become more carcinostatic and bacteriostatic upon chelation.® Ke-
tones and amines are versatile reactive organic compounds due to presence of
C=0 and NH2> groups, respectively. The nucleophilic addition reactions of these
compounds result in an important class of compounds known as Schiff bases,
which are considered to be the best candidates for coordination with metal ions.
A number of studies have reported the ligational aspects and biological role of
Schiff bases and their metal complexes.10-23 A comprehensive search through
the literature revealed that no work has been realized on the preparation and
characterization of metal complexes of Schiff bases derived from biacetyl, ortho-
-hydroxyaniline and 2-aminobenzoic acid. Consequently, an attempt has been
made to synthesize and characterize some novel metal complexes of these Schiff
base ligands. The prepared ligands as well as their metal complexes were aso
investigated for their in vitro activity against some bacteria species. The purpose
of the work was to understand the coordination as well as the biological che-
mistry of these novel synthesized compounds.

EXPERIMENTAL

Analytical reagent grade ethanol was used after distillation. All other chemicals and
solvents were of reagent grade and procured from Sigma Aldrich or Merck. Metal chlorides
were used as the metal(I1) salts for synthetic purposes. The IR spectra were recorded on Phi-
lips Analytical PU 9800 FT-IR spectrometer. The UV/Vis spectra were obtained on a Spe-
cord-200 spectrometer using Software Acuta710, while the TH-NMR spectra were recorded on
a Bruker 250 MHz NMR spectrometer in DM SO-dg. The conductance of the metal complexes
was determined in DMF on a Hitachi Y SI-32 model conductometer. The magnetic measure-
ments were realized on solid complexes using the Gouy method. Melting points were deter-
mined using a Gallenkamp apparatus.

Preparation of the Schiff bases

An ethanolic solution of biacetyl (0.010 mol, 20 ml) was mixed with an ethanolic solu-
tion of 2-aminobenzoic acid (0.010 mol, 20 ml) and o-hydroxyaniline (0.010 mol, 20 ml)
separately, then 2-3 drops of glacial acetic acid were added and the mixture was refluxed for
four hours. The resulting solution was concentrated and cooled. The obtained colored products
were filtered off, washed with ethanol and dried. Recrystallization with warm ethanol gave the
desired products HL® and HL2 (Scheme 1).

% 1 N 37 TR

1 b

g 6 \OH 5 l

[0}
@ (b)
Scheme 1. Numbering of the C atomsin the @) HL! and b) HLZ ligands.
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Preparation of metal complexes

Metal chloride (0.0010 mol) was dissolved in distilled water (30 ml ) and the resulting
solution was stirred magnetically. To this magnetically stirred solution was added 0.0020 mol
of each Schiff base ligand in an ethanolic solution (25 ml). The mixture was refluxed for 2-3
h and cooled to room temperature. After cooling, the formed precipitates were filtered,
washed with water, ethanol and dried.
Antibacterial studies

All the synthesized metal complexes were tested for their in vitro antibacterial activity
against some bacterial strains using the spot on Mueller—Hinton agar by following the re-
ported method.2* Four test pathogenic bacterial strains, viz. Staphylococcus aureus (MTCC
1144), Bacillus subtilis (MTCC 2423), Salmonella typhi (MTCC 733) and Escherichia coli
(MTCC 739), were considered for the determination of the minimum inhibitory concentration
(MIC). The minimum inhibitory concentrations were determined by the microbroth dilution
technique using Mueller—Hinton broth. Serial two-fold dilutions ranging from 5000 to 4.8 ug
mi-1 were prepared in Mueller—Hinton broth. The inoculum was prepared with a 4-6 h broth
culture of each strain adjusted to a turbidity equivalent to 0.5 McFarland standard, diluted in
Mueller—Hinton broth to give a concentration of 50 CFU L™ in the test tray. The trays were
covered and placed in plastic bags to prevent drying; incubation was at 37 °C for 18-20 h. The
MIC was defined as the lowest concentration of a compound giving complete inhibition of
visible growth.

RESULTS AND DISCUSSION

The physico-analytical data for the Schiff base ligands HL! and HL?2 are
given in Table I. These Schiff bases were prepared by refluxing an appropriate
amount of o-hydroxyaniline and 2-aminobenzoic acid with biacetyl in absolute
ethanol. The prepared Schiff base ligands were further reacted with Co(l1), Ni(ll),
Cu(Il) and Zn(11) ions to form the respective metal complexes. These metal com-
plexes were soluble in polar organic solvents, such as MeOH, CHCl3, DMF and
EtOH, but less soluble in non-polar solvents, such as 1-hexane, 1-heptane and
toluene. These air-stable complexes were obtained in excellent yields (Table I).

TABLE |. Physico-analytical data of the ligands and their metal complexes

M.p. A Yield
S.No.  Compound® Color . é) Heit | g ot Cm"z“ ol %
1 HL! Yellowishbrown 180 - - 75
2 HL2 Pale Yellow 176 - - 67
3 [Cu(LY)(H,0),] Sky blue ~290 1.86 11 70
4 [Cu(L?),(H,0),] Light blue ~291 1.78 13 56
5 [Co(LY)»(H,0),] Teapink ~285 4.18 8 62
6 [Co(L?),(H,0),] Brown ~267 4.21 14 43
7 [Ni(LY2(H,0),]  Greenishblue — =218 3.42 12 55
8 [Ni(L%»(H,0),] Dirt green ~212 3.26 18 44
9 [Zn(LY)»(H,0),] Colorless ~255 Diamagnetic 17 65
10 [Zn(L?),(H;0),] Colorless ~243  Diamagnetic 15 54

3HLY, HL2 = Schiff base ligands; °10° M solution in DMF
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All the metal complexes 3—10 (Table ) of these Schiff bases were prepared at a
mole ratio of the appropriate metal to ligand of 1:2. The low values of the molar
conductivity (8-18 Q-1 cm2 mol-1) of the resulting complexes in DMF showed
that they were non-electrolytic in nature.2> The elemental analysis data (Table I1)
support the proposed structures of the synthesized compounds (Figs. 1 and 2).

Fig. 1. Proposed structures of metal Fig. 2. Proposed structures of metal
complexeswith HL; M = Co(l1), complexes with HL?; M = Co(ll),
Ni(ll), Cu(Il) and Zn(11). Ni(ll), Cu(Il) and Zn(11).

TABLE Il. Elementa analysis data (Calcd. (Found) %) of the ligands and their metal com-
plexes

S. No. Compound C H N M

1 HL' 64.12 (64.39) 5.02(5.37) 6.55(6.82) -

2 HL? 67.22 (67.42) 6.26(6.74) 7.68(7.87) -

3 [Cu(LY(H,0),]  51.78(52.02) 4.60(4.73) 550(552) 12.12(12.52)
4 [Cu(L)x(H0)]  5290(5315) 512(5.32) 6.02(6.20) 13.79 (14.07)
5 [Co(LY)x(H0)] 5217 (52.49) 4.12(4.77) 5.43(556) 11.45(11.72)
6 [Co(LH)(H0)]  5355(53.70) 5.13(5.37) 6.12(6.27) 13.01(13.19)
7 [Ni(LY2(H,0),] 52.09 (52.52) 4.56(4.76) 5.23(5.58) 11.55(11.66)
8 [Ni(L?),(H,0),] 53.56 (53.74) 5.10(5.37) 6.12(6.30) 13.01(13.13)
9 [Zn(LY),(H,0);] 5159 (51.82) 4.44(4.71) 5.34(5.50) 12.65(12.84)
10 [Zn(L9)(H;0);]  52.78(52.93) 5.15(5.29) 6.11(6.18)  14.09 (14.43)
IR Spectroscopy

The assignment of the characteristic IR frequencies for the Schiff base li-
gands and their resulting complexes are tabulated in Table I11 and can be discus-
sed as follows. The IR spectra of the Schiff base ligands do not show any band in
the region 3400-3150 cm1 which could be assigned to —-NH vibrations; instead,
new bands at 1638 and 1631 cm1 appeared that can be assigned to (>C=N) lin-
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TABLE I11. Selected IR data (cm™) of the ligands and their metal complexes

S. COO COO
No Compound v v VoH VH,0 Vacoo Vscoo AV Veen VMo VMN
. co Vc=0
1 HL' - - 35 - - - - 1638 - -
2 HL? 1242 1724 - - - - - 1631 - -
3 [CullYx(H.0),] - -  — 3456 1607 1388 219 1619 438 349
4 [Cu(Ld,(H,0)] - - — 3478 1594 1377 217 1607 453 363
5 [Co(LYxH.0),] - —  — 3488 1501 1367 224 1622 459 370
6 [Co(L)H0),] - - — 3508 1582 1375 207 1609 434 378
7 [Ni(LY(H,0), - - — 3567 1588 1379 209 1634 456 359
8 [Ni(LH)(H,0), - - — 3477 1590 1389 201 1623 450 377
9 [Zn(LY,(H,0),] - - — 3456 1567 1295 272 1610 427 345
10 [Zn(LA,H.,0))] - - - 3523 1578 1344 234 1608 478 367

QD

Av= Vacoo- — Vscoo~

kages.26 In addition to this characteristic (>C=N) absorption, the Schiff base li-
gand HL1! also exhibited bands at 3415 cm1, which can be assigned to phenolic
(O-H) group vibrations, while Schiff base ligand HL2 showed two characterristic
bands at 1724 and 1242 cm1, assigned to asymmetric and symmetric vibrations
of the carboxylic acid group.26 A comparison of the IR spectra of Schiff base
ligands with their metal complexes reveals that they are coordinated mainly in
two ways with the metal ions, thus representing their bidentate nature. Both the
Schiff base ligands showed a lower shift (1634-1607 cm1) in the >C=N
stretching frequency (Table I11), indicating their coordination with metal ions
through the nitrogen atom. In the metal complexes of the Schiff base ligand HL1,
the bands at 3415 cm1 assigned to (O-H) vibrations are absent, thus indicating
chelating of oxygen to the metal atoms after deprotonation. Similarly, in HL2
complexes, the absence of bands at 1724 and 1242 cn1 showed that the -COOH
group was deprotonated on complexation. It is well recognized by some au-
thors?? that ionic carboxylato groups do not have any peak around 1700 cm1
due to the C=0 group but show two peaks in the region 1610-1550 cm— and
1400-1280 cm L, assigned to asymmetric and symmetric vibrations of the COO~
group, respectively. It is also well recognized in the literature?8.29 that this group
can act as monodentate, bidentate or as a bridging ligand and differentiation of
these binding states can be made from the frequency separation (Av = 15(COO) —
— 1(CO0)) between the symmetric and the asymmetric stretching of this group.
By probing the symmetric and the asymmetric stretching vibrations of large num-
ber of carboxylato complexes with known crystal structure, a criteria was establi-
shed by Deacon and Phillips® that can be used to discriminate between these
three binding states of carboxylate complexes. These criteria are: @) monodentate
carboxylato complexes display Av values which are much larger than those of the
ionic salts (Av > 200 cm1), b) bidentate carboxylato complexes demonstrate A v
values significantly smaller than the ionic values (Av < 100 cm™1) and c) brid-
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ging complexes demonstrate A v values comparable to the ionic values (Av~ 150
cm1). The Av values for the prepared complexes (3-10) were in the range 201—
—272 cm1, which suggests that the carboxylato group is acting as monodentate.
Furthermore, the presence of pesk at 1702 cm1 in the IR spectra of the ligands
with no change in the spectra of complexes rejects the possibility for coordina-
tion of the second, uncondensed carbonyl group. In all metal complexes some
new low frequency bands in the region 478-427, 378-345 and > 3450 and 893—
—878 cm1 were also observed and can be assigned to v(M—-0), v(M—N) and co-
ordinated water modes, respectively.26

'H- and **C-NMR spectroscopy

The assignments of the 1H- and 13C-NMR chemical shifts are tabulated in
Table IV. In the 1H-NMR spectrum of the Zn-complex of HL2, a signal assign-
nable to carboxylic group proton was absent, indicating that deprotonation of car-
boxylic group occurred and that coordination through this group took place.

TABLE IV. NMR data (6 / ppm) of ligands and their Zn complexes

S.No.  Compound H-NMR BC-NMR
1 HL? 109 (1H, s, OH), 6.7-7.1  197.5(C-2'), 164 (C-3),137 (C-1),
(4H, m, H>-H%), 2.20 (3H, s, 122.7 (C-3), 117.2 (C-5), 128.7 (C-4),
H-1'),1.90 (3H, s, H-4')  123.7 (C-2), 151.5 (C-6), 24.1 (C-1'),
10.1 (C-4")
2 HL? 111 (1H,s, OH), 7.5-81  197.5(C-2'), 164 (C-3),149 (C-1),
(4H, m, H>-H%), 2.30 (3H, s, 135.3 (C-3), 131.6 (C-5), 127.2 (C-4),
H-1'),1.92 (3H,s, H-4)  122.2(C-2), 116.4 (C-6), 24.1 (C-1'),
10.1 (C-4), 169.4 (C-1'")
9  Zn-complex (HLY) 6.6-7.4 (4H, m H>-H%,  197.5(C-2'),164 (C-3'),137.9(C-1),
2.22(3H,s H-1'),1.91 1227 (C-3), 118.5 (C-5), 128.7 (C-4),
(3H, s, H-4") 123.7 (C-2), 152.3 (C-6), 24.1 (C-1'),
10.1 (C-4")
10  Zn-complex (HL?) 7.4-8.0(4H, m, H%-H®,  197.5(C-2'), 164 (C-3), 150 (C-1),
2.32(3H,s H-1'),1.92  135.3(C-3), 132.2 (C-5), 127.2 (C-4),
(3H, s, H-4") 122.2 (C-2), 117.7 (C-6), 24.1 (C-1'),
10.1 (C-4),173.2(C-1")

The Zn-complex of this ligand was also characterized by means of 13C-
-NMR spectroscopy. The higher values of the chemical shift of C-1, C-1, C-6
and C-5 atom signals in the Zn-complex in comparison with those of the signals
in the respective non-coordinated ligand30 strongly suggest that coordination
through the carboxylate groups had occurred. On the other hand, the absence of a
change of the chemical shift of the uncondensed carbonyl moiety C-2' indicates
that this group did not participate in the coordination. A similar pattern of the
change in the chemical shift was found with ligand HLL. Thus, both the 1H- and
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13C-NMR spectroscopic data support the proposed structures of the ligands and
their coordination behavior as well.

Electronic absorption spectra

In the electronic spectra, the Co(ll) complexes exhibited two low energy
peaks at 7275, 7260 cmL; 17234, 17224 cm1 and a strong high energy peak at
20482, 20172 cm1, which can be assigned3! to the transitions 4T14(F) —
— 4Tog(F), 4T1g(F) — *A2g(F) and 4T1g (F) — 4Tog (P) for a high spin octa-
hedral geometry, respectively. The final high intensity band at 27145, 27123 cm—
1 js assigned to charge transfer (Table V). The electronic spectra of the Ni(ll)
complexes showed d—d transition at 10213, 10110; 15597, 15654 and 26360,
26197 cmrL. These are assigned3! to 3Apy(F) — 3To4(F), 3Aog(F) — 3T1g(F) and
3A2g (F) — 3Tg(P) transitions, respectively. These are consistent with a well-
-defined octahedral geometry. The Zn(l1) complexes exhibited only a high in-
tensity band at 28251, 28231 cm3, which is assigned to ligand—metal charge
transfer. In case of the Cu(ll) complexes, a broad band at 16644, 16612 cm21 was
observed that is assigned to the 2Eq — 2Tyg transition, which confirms its
octahedral geometry.

TABLE V. Electronic spectroscopic data of the metal complexes

S. No. Complex Amax | €M Assignments

3 [Cu(L") (H,0),] 16644 B, — Ty

4 [Cu(L?),(H,0),] 16612 2B, — Ty

5 [Co(LY),(H,0),] 7260 Ti(F) = “Toy(F)
17234 “T1g(F) > “Agg(P)
20482 Ti(F) = Tog(P)
27123 Charge transfer

6 [Co(L?),(H;0)] 7275 4T1g(F) - 4ng(F)
17224 Ti(F) = *Ay(F)
20172 Ti(F) = “To(P)
27145 Charge transfer

7 [Ni(L)2(Hz0)2] 10213 *Aay(F) = Too(F)
15654 *Agg(F) — *T(F)
26360 3Ao(F) — *To(P)

8 [Ni(L?),(H,0)] 10110 Asy(F) = *Toy(F)
15597 *Asg(F) = *T(F)
26197 3Aoy(F) — *To(P)

9 [Zn(LY)»(H,0),] 28251 Charge transfer

10 [Zn(L%),(H,0),] 28231 Charge transfer

Magnetic susceptibility measurement

The magnetic moment value 4.18; 4.21 ug (Table 1) for the solid Co(l1) com-
plexes suggests32 an octahedral environment, indicating three unpaired electrons.
The magnetic moment value of the Cu(ll) complexes 1.86; 1.78 ug suggests dis-
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torted octahedral geometry.33 The magnetic moment value of the Ni(Il) com-
plexes 3.42; 3.26 ug, showing two unpaired electrons, suggests33 an octahedral
geometry for the Ni(ll) complexes. The Zn(Il) complexes were found to be dia
magnetic, as expected for d10 configuration.

Antibacterial activity

The antimicrobial activity (MIC, pg mi~1) of the metal complexes/ligands
are given in Table VI, from which it can be seen that the complexes had variable
antimicrobial activities. The Cu(l1)L1 complex showed an MIC of 4 ug mi—1 against
the bacterial strain B. subtilis which is equal to the MIC shown by the standard
antibiotic cefaclor against the same bacterial strain. The Cu(l1)L2 complex exhi-
bited an MIC of 9 ug mi~1 against the bacterial strain S. aureus which is the same
as the MIC shown by standard antibiotic cefaclor against the same bacterial strain.
Furthermore, complexes of Co(l1)L* and Co(l1)L? showed a minimum inhibitory
concentration of 5 pg ml—1 against the bacterial strain B. subtilis, which is the
same as the MIC shown by the standard antibiotic linezolid against the same bac-
teria strain. The MIC of the complex Ni(I1)L2 against S. typhi was found to be 18
ug mi=1, which is equal to the MIC shown by the standard antibiotic linezolid
against the same bacterial strain. Similarly, the complex Zn(11)L2 registered an
MIC of 5 ug mi—1 against the bacterial strain B. subtilis, which is the same as the
MIC shown by the standard antibiotic linezolid against the same bacterial strain.

TABLE VI. Minimum inhibitory concentration (MIC) exhibited by the ligands and their metal
complexes against test bacteria

MIC/ pg mi™*
S:No. Compound S aureus B. subtilis S. typhi E. cali
- Cefaclor 9 4 7 15
- Linezolid 6 5 18 12
1 HL! - - 110 118
2 HL? - - - 149
3 [Cu(LY)(H,0),] 18 4 15 10
4 [Cu(L?),(H,0),] 9 9 7 14
5 [Co(LY),(H,0),] 23 5 11 15
6 [Co(L?)»(H,0),] 11 5 16 12
7 [Ni(LY),(H,0),] 15 24 22 13
8 [Ni(L?),(H,0),] 56 33 18 19
9 [Zn(LY)»(H,0),] 11 7 22 12
10 [Zn(L?)»(H,0),] 13 5 7 16

Among the series under test for the determination of the MIC, complexes 1
and 3 were found to be the most potent as compared to the other complexes. This
effect can be logically explained by the fact that the Schiff base derivatives must
be activated by the metal ions in some way. This enhancement in antibacterial ac-
tivity of these metal complexes can be explained based on the chelation theory.34
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When ametal ion is chelated with aligand, its polarity will be reduced to a grea-
ter extent due to the overlap of ligand orbital and the partial sharing of the posi-
tive charge of the metal ion with donor groups. Furthermore, the chelation pro-
cess increases the delocalization of the n-electrons over the whole chelate ring,
which results in an increase in the lipophilicity of the metal complexes. Conse-
guently, the metal complexes can easily penetrate into the lipid membranes and
block the metal binding sites of enzymes of the microorganisms. These metal
complexes also affect the respiration process of the cell and thus block the syn-
thesis of proteins, which restrict further growth of the organism.

CONCLUSIONS

The complexes of Co(l1), Ni(ll), Cu(ll) and Zn(11) with biacetyl-derived Schiff
bases have been described. They were characterized by their physico—analytical
and spectral data. The Schiff base ligands were found to have mono-anionic bi-
dentate nature and octahedral geometry was assigned to all the metal complexes.
All the metal complexes were found to have appreciable antimicrobial activity
against some bacterial strains.

N3BOJI

AHTUBAKETPUICKA AKTUBHOCT KOMIUIEKCA Co(I1), Ni(I1), Cu(ll) ¥ Zn(l1)
KOJU KAO JINTAH/E CAJIP)KE JIEPUBATE IIN®OBUX BA3A

MUHAMMAD IMRANY, LIVIU MITU? SHOOMAILA LATIFY, ZAID MAHMOOD?, IMTIAZ NAIMAT?,
SANA S. ZAMAN' 1 SURRYA FATIMA?®

Y nstitute of Chemi stry, University of the Punjab, Lahore-Pakistan u 2Department of Physics and Chemistry,
Faculty of Science, University of Pitesti, Pitesti, 110040, Romania

HcnmtuBaHa je KOHICH3AIMOHA peaknyja OHaIeTHiIa ca o-XUIPOKCHAHIIMHOM U 2-aMHHO-
OCH30€BOM KHCEJIWHOM, y K0joj HacTajy OmmeHtatHu nuranau tuna Llndosux 6a3a koje kao 1mo-
HOpE cajipike aToMe a30Ta M KuceoHWka. OBU JHTaHIN Cy ymoTpeOJbeHH 3a Tpaheme XeIaTHUX
xommekca ommre popmyie [MLo(H,0)5] (M = Co(ll), Ni(l1), Cu(ll) u Zn(ll); L = HLL, HL?). 3a
KapaKTepH3alnjy KOMIUIEKca YIOTpeOsbeHa Cy KOHAYKTOMETPHjCKa U MarHeTHa Mepema, Kao U pe-
3ynTath eneMenTapHe mukpoanammse, IR, IH-NMR, 13C-NMR u enextpoHcke crexTpockornuje.
Ha ocHoOBy 0BHX Mepema Hal)eHO je a OBH JIMTaHIH I'Pajieé MOHOAH]jOHCKE KOMIIIEKCEe OKTaeapcKe
reomerpuje. lo0njeHn KOMIUIEKCH cajpKe KOOPIMHOBAHU MOJICKYJ BOJIE, KOjU ce TyOH U3 KOOpIH-
nanuone cdepe npu temneparypu ox 140-160 °C. VcnuruBana je in vitro antubaxrepujcka akTUB-
HOCT M30JI0BaHMX KOMIUIeKkca Ha cienehum Bpcrama Gakrepuja: Escherichia coli, Staphylococcus
aureus, Salmonella typhi u Bacillus subtilis. JoGuBenu pe3ynrati 0OBUX HCIUTHBAbA CY TTOKa3aIM
Jia je akTHBHOCT KOMIUIeKca MeTaiia Beha 0] akTHBHOCTH HEKOOPMHOBAHUX JIMTaHA a.

(TTpumibero 26. okrobpa 2009, pesuaupano 1. mapra 2010)
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Abstract: Reaction of bis(diethanoldithiocarbamato)copper(l1), [Cu(deadtc),]
and bis(di-n-propyldithiocarbamato)zinc(ll), [Zn(dnpdtc),] complexes with
2,2’ -bipyridine (2,2'-bipy) (1:1 ratio) in ethanol was investigated. Simple mix-
ing of the reactants in 1:1 ratio resulted in five-coordinated [Cu(2,2’-
-bipy),S]-CH3CH,OSOsH (1) and [Zn(2,2’-bipy),S]-CH3CH,0SO3H-2H,0
(2). Refluxing the reactants and cooling the contents result in the formation of
[Zn(2,2' -bipy)(H,0),] SO, (3) and [Cu(2,2'-bipy)(H,0),] SO, (4). Complexes 1
and 2 are monomeric with trigonal bipyramidal geometry. A distorted octahed-
ral environment was observed in complexes 3 and 4. The crystal structure of 4
has already been reported in the literature. Crystal structures of 1, 2 and 3 are
reported in this paper. The M-S distancesin 1 and 2 are 2.318(1) A and 2.323
A, respectively. The N-M-S angles are larger than the N-M—N angles due to
the steric requirements.

Keywords: dithiocarbamates; 2,2’ -bipyridine; tbp geometry; single crystal X-ray.

INTRODUCTION

Bisdithiocarbamate complexes have been investigated extensively.12 Thein-
teraction of metal dithiocarbamates with Lewis bases leads to the formation of
the corresponding base adducts.3~" Bis(dialkyldithiocarbamato)nickel(11) com-
plexes, [Ni(dtc)o] show interesting variations in their reactions with Lewis
bases.8-12 Big(diethyldithiocarbamato)nickel (11) was shown to form an adduct with
pyridine only at liquid nitrogen temperature, whereas similar complexes with
electron withdrawing substituents on the dithiocarbamate moiety formed an ad-
duct with ease at ambient temperature.13 Other than the adduct formation reac-

* Corresponding author. E-mail: navmanohar @yahoo.co.in
doi: 10.2298/JSC091019097M
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tion, similar complexes were shown to also promote redox reactions of the li-
gands under basic conditions. A copperthiol complex [Cu(RSH)>Cl] in pyridine
was shown to oxidize thioamides, thiols, sulphide ion and sulphur to sulphate
ion.14 Transition metal ions, such as copper(l1), iron(11) and nickel(11), are known
to promote oxidation of sulphur compounds under basic conditions.1> One such
instance is the oxidation of sulphides, thioamides and sulphur to SO42- by the
copper(I1)/pyridine system. A new mononuclear copper(ll) complex, [CuCl(2,2’-
-bipy)2]BF4-CH2Cl 5, was reported and its X-ray analysis revedled a dlightly dis-
torted trigonal-bipyramidal coordination geometry of copper(l1).16 The crystal
structure of [Zn(5,5 -Mex-2,2' -bipy)(H20)4]SO4 was reported recently.l” The
Zn(l1) complex cation, with approximate twofold symmetry, displayed a slightly
distorted octahedral geometry around the Zn(ll) atom, which was coordinated by
two N atoms from the 5,5’ -dimethyl-2,2’ -bipyridine ligand and by the O atoms of
four water molecules. Reaction of bis(diethanoldithiocarbamato)nickel (1) with
ethylenediamine produced [Ni(en)3] S,03.18 Oxidation of dithiocarbamate to thio-
sulphate in basic medium was established. In continuation of our interest in such
reactivity studies, bis(diethanoldithiocarbamato)copper(I1), [Cu(deadtc),] and bis-
(di-n-propy! dithiocarbamato)zinc(I1), [Zn(dnpdtc)o] complexes were alowed to
react with 2,2’ -bpy (1:2 ratio) in ethanol. The products were analysed and struc-
turaly investigated and the results are reported herein.

EXPERIMENTAL
Materials
Diethanolamine (99 %), di-n-propylamine (97 %), CS, (95 %), copper(ll) chloride
dihydrate (95 %), zinc(Il) sulphate heptahydrate (97 %) and 2,2'-bipyridine (97 %) were
obtained from Merck. Ethanol was of HPLC grade.
Preparation

The parent Cu(deadtc), and Zn(dnpdtc), complexes were prepared by literature me-
thods.12

i) Ethanolic solutions of Cu(deadtc), (10 mmol, 423 mg, 25 cm? ethanol) and 2,2’ -bipy-
ridine (20 mmol, 312 mg, 25 cm? ethanol) were thoroughly mixed and then left undisturbed.
The solutions turned bluish green overnight and light blue crystals separated from the solution
after about seven days. The crystals analysed to the formula [Cu(2,2’ -bipy),S] CH3;CH,OSO3H
(2). Yield: 80 %; Anal. Calcd. for CyH,,N4,04S,Cu: C, 49.4; H, 4.1; N, 10.5 %. Found: C,
49.3; H, 4.0; N, 10.3 %; UV-Vis (ethanol) (Amax / NM (¢ / L mol-l cm1)): 750 (100), 365
(14400).

ii) A similar procedure as described above was followed with Zn(dnpdtc), in ethanol.
Pale yellow crystals separated from the solution. The crystals analysed to the formula
[Zn(2,2'-bipy),S]CH3CH,OSO3H-2H,0 (2). Yield: 80 %; Anal. Calcd. for CyoHogN4OgS,Zn:
C.46.1; H, 4.6; N, 9.8 %. Found: C, 46.0; H, 4.5; N, 9.6 %; UV-Vis (ethanol) (Amax / NM (& /
L mol-1 cmr1)): 320 (15700).

iii) Ethanolic solution 2,2’ -bipyridine (20 mmol, 312 mg, 25cm® ethanol) and Zn(dnpditc),
(10 mmol, 417 mg, 25 cm® ethanol) were thoroughly mixed with continuous stirring and the
resulting solution was refluxed for one hour and then allowed to cool. Dirty colourless crystals
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were obtained which analysed to [Zn(2,2'-bipy)(H,0),] SO, (3). Yield: 75%. Anal. Calcd. for
C10H12No06SZN: C, 33.9; H, 3.4; N, 7.9 %. Found: C, 33.8; H, 3.2; N, 7.8 %. UV-Vis (etha
nol) (Amac / NM (¢ / L mol™ cm®)): 325(15200).

iv) A similar procedure as described for compound 3 was followed with Cu(deadtc), of
ethanol. Pale blue crystals were obtained which analysed to [Cu(2,2'-bipy)(H20),] SO, (4).
Yield: 75%. Anal. Calcd. for CigH1oN,OgSCu: C, 34.2; H, 3.4; N, 7.9 %. Found: C, 34.1; H,
3.2; N, 7.7 %. UV—Vis (ethanol) (Ama / NM (¢ / L mol™ cm™)): 745(100), 360(14200).
Analytical and physical measurements

UV-Visible spectrawere recorded on a Jasco Uvdec-650 spectrometer and the IR spectra
were recorded as KBr pellets using a Jasco | R-100 spectrometer. Elemental analyses (C, H, N)
were realised with a Heraeus Carlo Erba 1108 instrument.

X-Ray crystallography

Details of crystal data, data collection and refinement parameters for complexes 1-4 are
summarized in Table |. Selected bond distances and angles are given in Table |1. The intensity
data were collected at room temperature (298 K) on a Philips PW100 single crystal diffrac-
tometer using Mo-Ka radiation (0.71060 A) for compound 1. A Siemens AED and an Enraf
Nonius CAD4 diffractometer were used for compounds 2 and 3, respectively, employing Cu-
-Ka radiation (1.541780 A) for data collection. For compound 1, the structure was solved by
the Shelxl 92 program and refined by Shelx 93.19 Structures 2 and 3 were solved by using the
SIR92” program and refined using Shelx 93.1° All the non-hydrogen atoms were refined an-
isotropically and the hydrogen atoms were refined isotropically.

RESULTS AND DISCUSSION
Electronic spectra and IR spectra

The electronic spectra of both copper complexes showed a prominent band
around 750 nm. Another band around 365 nm observed for compound 1 was more
intense indicating a charge transfer transition. However, the zinc complexes showed
only a strong charge transfer band around 320 nm. The IR spectra of al four
complexes showed strong absorptions due to v(O—-H), other than ring v(C—N)
vibrations in the range 1590 cm1, as observed before.21

X-Ray structures

Molecular diagrams of complexes are given in Figs. 1-3. Complexes 1 and
2, and 3 and 4 are isostructural. Although the crystal structure of complex 4 has
already been reported in the literature,22 the compound was prepared by a direct
procedure involving the reactants. In this investigation, complex 4 was obtained
from reactivity studies. Therefore, only the crystal structures of three complexes,
viz., 1-3, arereported in this paper.

Complex 1 displays a distorted trigonal bipyramidal geometry around the
Cu(ll) atom, which is coordinated by four N atoms from a 2,2’ -bipyridine ligand
and by the S atom. Two sets of Cu—N distances were observed. The axia dis-
tances are short compared to the equatorial ones. The axial Cu—N distances are
1.988(2) and 1.991(2) A and the equatorial distances are 2.105(2) and 2.109(2) A.
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2,2'-BIPYRIDINE COMPLEXES 1089

TABLE Il. Selected bond distances and angles

Compound 1 Compound 2 Compound 3
Distances, A

Cu-S2 2.318(1) Zn-S2 2.323(1) Zn-04 2.451 (3)

Cu-N3 1.991(2) Zn—N3 2.101(2) Zn-N6 1.992(2)
Cu—N14 2.109(2) Zn-N14 1.980(2) S2-04 1.462(2)
Cu-N15 2.105(2) Zn-N26 2.111(3) S2-05 1.489(2)
Cu-N26 1.988(2) N3-C4 1.334(4) N6-C7 1.339(5)

N3-C4 1.343(4) N3-C8 1.355(3) N6-C11 1.355(4)

N3-C8 1.344(3) C4-C5 1.396(5) Zn-03 2.033(2)

C4-C5 1.376 C9-N14 1.346(4) C7-C8 1.350(7)
C9N14 1.353(3) C13-N14 1.344(4) C8-C9 1.368(6)
C13-N14 1.337(4) N15-C16 1.333(4) Cl10-C11 1.392(5)
N15-C16 1.341(4) Zn-N15 1.980(2)

Angles, ©

NI5-Cu-N26  79.9(1) N15Zn-N26  79.8(1)  C8-C9-CI10 119.71(2)
N14-Cu-N26  965(1) N14-ZnN26  96.6(1) CO-Cl0-C1l 117.81(2)
N14-Cu-N15  1135(1) N14-ZnN15 1745(1) N6-C11-C10  121.71(2)
N3-Cu-N26  1745(1) N3-Zn-N26  1135(1) N6-C7-C8  1235(4)
N3-Cu-N15  97.900)  N3-ZnN15  97.8(0) 04-S2-05  108.4(2)
N3-Cu-N14  79.6(1)  N3-Zn-N14  79.7(1) Zn04-S2  133.1(2)
S2-Cu-N26  92.8(0)  S2-Zn-N26  120.7(0) C7-N6-C11  118.1(3)
S2-Cu-N15  1259(0) S2-Zn-N15  92.4(0) C7-C8-C9  119.2(4)
S2-Cu-N14  1205(0)  S2-Zn-N14  93.0(0)

S2-Cu-N3 92.5(0) S2-Zn-N3  126.0(0)

Interestingly, the Cu-S distance is 2.318(1) A. Thisisin keeping with the distances
observed in similar Cu(2,2’ -bpy)»X complexes, where X = S,032~ and $40¢2~ and
the corresponding distances are 2.367 and 2.672 A, respectively.23.24 The hetero-
atom lies in the equatoria plane in all the cases, as observed in the present case
also. The heteroatom because of its bulkiness shows a distortion and hence the
N-Cu—N angleis 113.5(1)° whereas the N-Cu-S angles are 120.5(0)° and 125.9(0)°.

Complex 2 is also monomeric with atrigonal bipyramidal geometry. The he-
teroatom ‘S’ is in the equatorial plane with a Zn-S distance of 2.323(1) A. Two
sets of Zn-N distances, asin 1, were observed, with those in equatorial position,
viz., 2.101(3) and 2.111(3) A, being longer than those in axia positions, viz.,
1.980(2) and 1.980(2) A. In addition, the N-Zn-N angle is smaller (113.3(1)°)
than the larger two, viz., 120.7(0) and 126.0(0)°. The observed angles are close to
those reported for [ZNn(2,2' -bpy)>(ONO)]NO3.25 Both structures 1 and 2 are Si-
milar and a molecule of CH3CH>OSO3H co-crystallized with them. The bond pa-
rameters associated with the bipyridine rings are normal.

Complex 3 has a ZnN»>O4 coordination environment with SOz~ acting as
bridging ligand between two zinc ions, as observed in the case of the aready
reported copper analogue.22 The largest Zn-O distance with sulphate ion is 2.451(3)
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A. The Zn-N distances are 1.992(2) A and 1.993(2) A. A distorted octahedral en-
vironment around zinc was observed.

Fig. 1. Molecular structure of
[Cu(2,2'-bpy),S] - CH3CH,0S05H;
(CH3CH50SO3H is omitted from
the diagram).

Fig. 2. Molecular structure of
[Zn(2,2'-bpy),S] - CH3CH,0S03H-2H,0;
(CH3CH,0OS03H-2H,0 is omitted from
the diagram).

The crystallographic data for the structures are deposited at the Cambridge
Crystallographic Data Centre, under deposition numbers: CCDC 163525, CCDC
163526, CCDC 163527. Copies of the data can be obtained free of charge on ap-
plication to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
intcode+(1223)336 033; e-mail: teched@chemcrys.cam.ac.uk).
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2,2'-BIPYRIDINE COMPLEXES 1091

Fig. 3. Molecular structure of
[Zn(2,2’-bpy)(H20)2] SOy

CONCLUSIONS

Reaction of [Cu(deadtc),] and [Zn(dnpdtc)o] with 2,2'-bipyridine produced
the complexes 14 at room temperature and under refluxing conditions, respecti-
vely. The crystal structures of the complexes 1-3 are reported in this paper. Com-
plexes 1 and 2 have trigonal bipyramidal geometry, while a distorted octahedral
environment was observed in complexes 3 and 4. This paper reports the oxidation
of the dithiocarbamate ligand to a sulphate anion. Conversion to CH3CH>OSO3H
was observed at room temperature. However, under refluxing conditions, com-
plete conversion to SO42~ was observed. Sulphide ion coordination was observed
on rare occasions leading to the formation of the five-coordinated MN4S (M = Cu
or Zn) chromophore. Although, a similar conversion of dithiocarbamate to S)032-
in ethylenediamine was reported, this paper reports the first instance of oxidation
of dithiocarbamate to SO42-.

U3BOJI

CHUHTE3A, CITEKTPAJIHA U PEHJITEHCKA CTPYKTYPHA ITPOYUABAA HA
MOHOKPHUCTAJTY BUC(2,2' -BUITUPUH)CYJIGUJIO-M(I1) (M = Cu UJIH Zn)
U IMAKBA-2,2 -BUTTAPUIAH-IIUHK(11)-CYJIGATA TUXUAPATA

ARUMUGAM MANOHAR', KUPPUKANNU RAMALINGAM? GABRIELE BOCELLI® u ANDREA CANTONI®

1Department of Chemistry, Kalasalingam University, Krishnankoil — 626 190, 2Department of Chemistry,
Annamalai Unviversity, Annamalainagar — 608 002, India u SCentro di studio per la strutturistica,
Diffractometrica del CNR, Parma, Italy

H3yuaBaHa je peakuuja Komiuiekca ouc(nueranonnurinokapbamaro)oaxpa(ll), [Cu(deadtc),] u
ouc(mu-n-nponmauruokapoamaro)uuka(ll), [Zn(dnpdtc),] ca 2,2’ -6unupuausom (2,2’ -bipy) (y
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onnocy 1:1) y eraHouny. JenHOCTaBHUM MellameM peakTaHata y oguocy 1:1 naje nmetokoopauHaTHE
[Cu(2,2’-bipy),S]-:CH3;CH,0SO0sH (1), [Zn(2,2'-bipy),S]-CH3CH,0S03H.2H,0 (2). Pedaykrosa-
BEM peakTaHaTa M xnahemeM caiapikaja nobujajy ce [Zn(2,2'-bipy)(H,0),]SO,4 (3) u [Cu(2,2'-
-bipy)(H20),] SO, (4). Kommuiekcn 1 1 2 cy MOHOMEPHH Ca TPUIOHAIHO-OMIIMPAMHUIATHOM [€OMET-
pujoM. [lucToproBaHa okraemapcka okoimHa je mpumehenHa y komrurekcuma 3 u 4. Kpucranna
cTpykTypa 4 je Beh o0jaBibeHa y IUTEpaTypH. KpUCTalHe CTpyKType 1, 2 u 3 cy o0jaBibeHe y OBOM
pany. M=S pacrojama y 11 2 cy 2.318(1) A omnocro 2.323 A. N-M—S yruosu cy Behu o yriosa
N-M-N u3 creprux pasinora.

(Mpumsbeno 19. oktobpa, pesuaupaso 18. neriemOpa 2009)
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Abstract: The Kekulé structure count K of fluoranthene congeners is studied. It
is shown that for such polycyclic conjugated n-€electron systems, either K =0 or
K > 3. Moreover, for every t > 3, there are infinitely many fluoranthene con-
geners having exactly t Kekulé structures. Three classes of Kekuléan fluoran-
thenes are distinguished: i) @y — fluoranthene congeners in which neither the
male nor the female benzenoid fragment has Kekulé structures, ii) ®,, — fluo-
ranthene congeners in which the male benzenoid fragment has Kekulé
structures, but the female does not, and iii) ®f,, — fluoranthene congeners in
which both the male and female benzenoid fragments have Kekulé structures.
Necessary and sufficient conditions are established for each class, ® = @, @y,
@y, such that for a given positive integer t, there exist fluoranthene congeners
in ® with the property K =t.

Keywords: fluoranthenes; Kekulé structure; polycyclic aromatic hydrocarbons.

INTRODUCTION

Continuing our studies of the n-electron properties of polycyclic conjugated
molecules of the fluoranthene—type,l—8 in this work, attention was focused on
their Kekulé structures. As explained in detail elsewhere,1.6 the systems consi-
dered consist of two benzenoid fragments, joined so as to form an additional five-
-membered ring (cf. Fig. 1). Thus, fluoranthene congeners are, from a structural
point of view, closely similar to benzenoid systems.9-13 The Kekulé structures
and various Kekulé-structure-based properties of benzenoid molecules have been
extensively studied in the past; for details see the books,13-16 review? and recent
papers.18-21 Analogous properties of the fluoranthene-type systems were, so far,
analyzed only to a limited extent.8 In this paper, we are concerned with the pos-
sible number of Kekulé structures (Kekulé structure count, K) of fluoranthene
congeners. If K > 0, the respective molecule is said to be Kekul éan.13.16

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC091207077V
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1094 VUKICEVIC, PURDEVIC and GUTMAN

Fig. 1. The general form of a fluoranthene congener B; it is
obtained by joining two benzenoid fragments (M and F) so asto
form afive-membered ring. The fragments M and F are referred
to as male and female, respectively. For details see text.

Following the terminology of an earlier work,® the benzenoid fragments of a
fluoranthene-type system are called “mae” and “female’, so that the male frag-
ment (M in Fig. 1) is connected to the female fragment (F in Fig. 1) by two ad-
jacent vertices (up and up in Fig. 1), whereas the female fragment is connected to
the male fragment via two vertices at distance 2 (v1 and vo in Fig. 1). In other
words, three vertices of the five-membered ring belong to the female fragment
and two vertices to the male fragment.

Bearing in mind the notation specified in Fig. 1, if B is a fluoranthene con-
gener, then be deleting from B the edges ujv1 and usva, a subgraph is obtained
consisting of two disconnected benzenoids, referred to as male M = Mg and fe-
male F = Fg. Denote i) by ®g the class of Kekuléan fluoranthenes in which
neither the female nor the male benzenoid fragment have Kekulé structures, ii)
by @, the class of Kekuléan fluoranthenes in which the male fragment has Ke-
kulé structures, but the female does not, and iii) by @, the class of fluoranthenes
in which both the male and femal e fragments have Kekulé structures.

The main results obtained are the following:

i) there exist fluoranthenes of the type ®g with K Kekulé structures if and
only if K isthe product of two integers both greater than 2;

ii) afluoranthene of type @, can have K Kekulé structuresif and only if K> 3;

iii) a fluoranthene of the type @, can have K Kekulé structures if and only
if K>6, and K isnot aprime number, i.e., K#7, 11, 13, 17, 19, 23,...

NOTATION AND PRELIMINARIES

Let B be the molecular graph?2 of a benzenoid or fluoranthene system, and
let « be a Kekulé structure of B. Denote by d; = di(B) = d1(B,x) the number of
double bonds of k belonging to only one ring and by dy = dx(B) = dx(B,x) the
number of double bonds that are shared by two rings. Let R be aring of B and
D(R) = D(R,x) the number of double bonds belonging to R. Then,
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D D(R)=d1+2d>
R
where the summation goes over all rings of B.

Denote by n = n(B) the number of vertices of B, by nj = nj(B) the number of
internal vertices of B and by h = h(B) number of hexagons of B. The number of
Kekulé structures of B isK = K(B).

Let B’ be a subgraph of B and let k be a Kekulé structure of B. Then, k(B")
denotes the set of double bonds of « that belong to B’.

In the proof of the main results, the following theorems were used.

Theorem A.116 |f B is a benzenoid system, thenn=4h+2 —n;. If Bisa
fluoranthene-like system, thenn = 4h + 5 —n;.

TheoremB.8 1) Let B € ®g. Then K(B) = K(Fg —vj)-K(Mg — uj) for either i =
=1lori=2 Moreover, fori #j, K(Fg —vj) = K(Mg — uj) = 0; ii) let B € Opy,
Then K(B) = K(Fg — v1 — v2)K(Mpg). Moreover, if « is a Kekulé structure of B,
then k(Fg — v1 — v2) is a Kekulé structure of Fg — v — vo; iii) let B € ®fy. Then
K(B) = K(F)K(Mp).

MAIN RESULTS

The main results obtained are stated in the following three theorems.

Theorem 1. Let B € ®q. Then K(B) is equal to the product of two numbers,
each greater than 2. Moreover, for every number t that is a product of two num-
bers greater than 2, there are infinitely many fluoranthenes B € ®g for which
K(B) =t.

Theorem 2. Let B € ®y,. Then K(B) > 3. Moreover, for every t > 3, there are
infinitely many fluoranthenes B € @y, for which K(B) =t.

Theorem 3. Let B € ®fy,. Then, K(B) > 6 and K(B) is not a prime number.
For every t > 6 which is not a prime number, there is at least one B € sy, such
that K(B) = t. Moreover, for every positive integer t there are infinitely many
fluoranthenes with t Kekulé structures in @y, if and only if t = tqtots, such that
t1>3,tr>3andt3> 2.

Proof of Theorem 1. Let B € ®g and k be a Kekulé structure of B. It will be
shown that K(B) is the product of two numbers, each of which being greater than 2.

From Theorem B for i), it follows that K(B) = K(Mg — u)K(Fg — vj).
Therefore, it is sufficient to prove that K(Mg — u;) > 3 and K(Fg — vj) > 3. Both
proofs are completely analogous and, therefore, only the vaidity of K(Fg —vj) > 3
will be demonstrated. Note that x(Fg — v;j) is a Kekulé structure of Fg — vj. Fur-
thermore, n(Fg — vj) = n(Fg) — 1. Then by Theorem A:
4h(Fg)+2-n(Fg))-1
th(Fe) (g ) = TRV 720 o)

As, evidently, d, (Fg) 2%ni (Fg), oneobtains:

—2h(Fg)-1BJ (;B)%
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%D(R,K):dl(FB)+2d2(FB)22h(FB)+%

with the left-hand side summation going over al rings of Fg. Since thissum isan
integer, it follows that:

> D(Rxk)=2h(Fg)+1

Hence, at least one hexagon of Fg contains three double bonds of the Kekulé
structure .

It is necessary to distinguish between two cases:

Case 1. In Fp, thereation D(R1,x) = D(R2,x) = 3 holds for (at least) two six-
-membered rings, R1 and Ro.

Let k1 and ko be the Kekulé structures obtained by rotation of the double
bonds of k(Fg —vj) in therings Ry and Ry, respectively. Then, k1, k2 and k(Fg —vj)
are three distinct Kekulé structures on Fg — vj, which means that K(Fg —vj) > 3.

Case 2. In Fg, therdation D(R,x) = 3 holds for only one six-membered ring R.

Then, D(R’) = 2 for dl other six-membered rings R’. Let k' be the Kekulé
structure obtained by rotating the double bondsin R. Then:

> D(R.x")=2n(Fg)+1
R

Hence, either ¥’ has at least two hexagons R1 and R for which D(R1,x’) =
=D(Ro,x’) =3 0r D(R,x’) =3 and D(R’ ") = 2 for al other hexagons R’. In the
latter case, D(R’,x(Fg)) and D(R’,x’) would coincide for al hexagons R’. How-
ever, these two terms differ in the hexagon(s) adjacent to R, which is a contra-
diction. Therefore, it must be D(R1,x’) = D(R2,x’) = 3.

Let k1 and ko be the Kekulé structures obtained by rotation of the double
bonds of k' in the rings Ry and Ry, respectively. Then, k1, k2 and ¥’ are three
Kekulé structures of Fg —vj, which meansthat also in this case K(Fg —vj) > 3.

This proves that K(B) is a product of two numbers, each of which is greater
than 2. The example depicted in Fig. 2 shows that it is possible to design arbi-
trarily many fluoranthenes of class ®@q for which K = tgtp, t1 > 3, to >3.

This concludes the proof of the Theorem.

Proofs of Theorems 2 and 3 are analogous, except that instead of Theorem B
(i), itis necessary to use Theorem B (ii) and (iii), respectively.

By combining Theorems 1-3, one obtains:

Corollary 4. Let B be a Kekuléan fluoranthene. Then K(B) > 3. Moreover, for
every number t > 3, there are infinitely many fluoranthenes B such that K(B) ='t.

According to Theorems 1-3, the minimal Kekulé structure count of a fluo-
ranthene in class ®g, @, and ®fy, is 9, 3 and 6, respectively. The smallest such
minimal-K fluoranthenes are depicted in Fig. 3.
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Fig. 2. Fluoranthenes belonging to the class
@, having tit, Kekulé structures, t; > 3 and
t, > 3, irrespective of the value of the para-
meter r, r =1, 2, 3,... Thefixed double bonds
are indicated, whereas the shaded areas are
domains in which the n—electrons are deloca-
lized. In this exampl e the shaded areas pertain
to polyacenes with t; — 1 and t, — 1 hexagons;
recall that a polyacene with h hexagons has
h + 1 Kekulé structures.

Fig. 3. Fluoranthenes 1, 2 3 and 4 are the
smallest members of the classes @y, @, and
@y, respectively, having the smallest pos-
sible number of Kekulé structures (K). In
these formulas the fixed double bonds are
indicated, whereas the shaded areas are do-
mains in which the n—€lectrons are deloca-
lized.
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U3BO [
0 BPOJY KEKULE CTPYKTYPA V JEJJUEBHUMA ®JIYOPAHTEHCKOI' TUITA

DAMIR VUKICEVICY, JEJIEHA BYPBEBUR? u UBAH I'YTMAH?

lFaculty of Natural Sciences and Mathematics, University of Split, Nikole Tesle 12, HR-21000 Split, Croatia
u ZHpupobHO-Mau_/.emamuqxu ¢hakyaitieiti Yrusepauitieitia y Kpazyjesuy

Ipoyuasax je 6poj Kekulé crpykrypa K y jenmumemuma duryopantenckor tumna. [TokasaHo je
Jia je KO/ OBHX TOJHLUUKINYHAX KOHjyroBaHuX m-enekTpoHckux cuctema K = 0 mu K > 3. Ocum
Tora, 3a cBako K > 3 ocroju 6eckoHauHO MHOTO (hiyopanTeHa ca Tauro K Kekulé crpykrypa. Pa3-
Kyjy ce tpu kinace Kekulé duyopanrena: i) ®g — duryopanTeHe KO KOjH HA MYIIKA HH JKEHCKH
GenseHonan pparment Hemajy Kekulé crpykrype, ii) @y — GiayopaHTeHe KO KOjuX MYIIKH OeH-
senonuu ¢pparment uma Kekulé crpykrype, a skeHCKH HeMa, U 1ii) Oy — GIyopaHTeHe KO KOJUX
M MYIIKHU U KCHCKU GenseHonauu hparment umajy Kekulé crpykrype. Onpeljenn cy HeOmxomHu 1
JIOBOJBHU YCJIOBH 3a cBaky knacy ® = Og, Oy, Dpy, Aa 3a 33a1aHM MO3UTUBHHU LIE0 OpOj m, MOCTOjU
jenumemne ¢GuyopanteHckor tuna y O ca ocodbunom K = m.

(Mpumibero 7. nenemGpa 2009)
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Liquid-iquid extraction and recovery of gallium(l11) from
acid media with 2-octylaminopyridinein chloroform:
analysis of bauxite ore
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Abstract: The liquid-iquid extraction of gallium(I1l) from hydrochloric acid
solution using 2-octylaminopyridine (2-OAP) in chloroform was investigated.
The extraction of gallium(l11) from 6.0-9.0 mol dm3 hydrochloric acid was
found to be quantitative using 0.033 mol dm3 2-OAP in chloroform. The effect
of the reagent concentration and other parameters on the extraction of gal-
lium(I11) was also studied. The stoichiometry of the extracted species of gal-
lium(I11) was determined based on the slope analysis method. The extraction
reaction proceeded via the anion exchange mechanism from hydrochloric acid
and the extracted species was [RR'NH;"GaCl ;] org. The extraction of gallium(l11)
was performed in the presence of various ions to ascertain the tolerance limit to
individual ions. The temperature dependence of the extraction equilibrium cons-
tants was examined to estimate the apparent thermodynamic functions (AH, AS
and AG) for the extraction reaction. Gallium(I11) was successfully separated from
commonly associated metal ions, such as Zn(Il), Pb(Il), Cd(l1), Hg(ll), Bi(lll),
AL, Se(1V), Sb(l11), Sn(1V), In(l11), TI(I) and TI(111). However, gallium(l11)
was separated from Fe(l11) from weak organic acid media. The procedure was
also extended to the determination of gallium(lI1) in bauxite ore by the stan-
dard addition method.

Keywords: liquidHiquid extraction; galium(lIl); 2-OAP; recovery of gallium
from bauxite.

INTRODUCTION

Gallium is widely spread in nature, athough mineras rich in galium are
rare. Owing to this, gallium is usually obtained as a by-product of the processing
of other minerals (bauxite, sphalerite). The most important commercia source of
galium is bauxite and sodium aluminate from the Bayer process, its main raw

* Corresponding author. E-mail: mansinganuse@yahoo.co.in
doi: 10.2298/JSC090630072M
1099
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material.1=3 Hence, the separation of gallium from aluminium is of practical
importance.

The earliest applications of solvent extraction of gallium were in analytical
procedures established before a significant commercial demand for this metal
existed. Gallium is used primarily in electronic devices because of the specific
band structure of its crystalline compounds (mostly gallium arsenide). Such a
structure provides for efficient optical transitions as well as high electron mobi-
lities. Interest in the development of recovery processes of gallium increased in
the late 1970s due to the potential of much faster computer chips made of gallium
arsenide in place of silicon. In the following years, however, the manufacture of
GaAs-based integrated circuits (IC) on alarge scale and at low cost proved to be
more difficult than initially thought, which led to the role of GaAs in the com-
puter industry being redefined. Today, the sale of GaAs-IC is rising fast.# Other
than digital circuits, GaAsis finding increasing application in optoel ectronics: for
light emitting diodes (LED), semiconductor lasers, solar cells and optical com-
puting in analogue microware devices.®

Gallium is present in very small amounts compared to common or similar
metals. Thus, its recovery is a difficult task in which solvent extraction plays a
significant role. Organophosphorus acid reagents are known to be generaly suit-
able for galium(l11) extraction from either mineral acid media or weak organic
acid media. Di-2-ethylhexylphosphoric acid (D2EHPA),® divinylbenzene homo-
polymeric microcapsules containing di-2-ethylhexylphosphoric acid, 2-ethylhe-
xylphosphonic acid mono-2-ethylhexyl ester,” cyanex-921,8 cyanex-923,9 cya-
nex-301,10 cyanex-272,11 and 2-ethylhexylphosphonic acid mono-2-ethylhexyl
ester (PC-88A)12 are reported as effective extractants for gallium(l11). However,
Fe(I11), Ru(l11), Os(VIII), Pt(1V), Au(l) interfere in the extraction.8

Oxygen-containing extractants play important role in the extraction of gal-
lium(111). 8-Quinolinol and its derivatives, under the trade name kelex-100, are
the most famous reagents used for the extraction of metal ions. Using 1-octa-
nol/octane mixed solvent systems, the extraction of gallium(I11) with 8-quinolinol
was realized at 25 °C. The shaking time required for gallium(l11) extraction was 2
h.13 Gallium(I11) was extracted from agueous solution with 5-amylthio-8-quino-
linol into the organic phase,14 however, a 3-hour equilibrium time was needed.
Alkylsubstituted-8-hydroxyquinoline (L1X-26) chelating reagents in n-decanol
are good extractants for gallium(l11) in the higher pH range.1> They extract gal-
lium(I11) in 30 min at pH 9.2 and the reactions were exothermic. The extraction
kinetics of gallium(l1l) with 5-chloro-8-quinolinol diluted in toluene was exa-
mined and clarified by Kondo and et al.16.17 The extraction of gallium(l11) was
found to be 80 % after 3 h equilibration. The fundamental extraction kinetics
with the pure kerosene/kelex 100 system and a method of selective re-extraction
boosted by possible chloro-complex formation in HCl media was proposed by
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Kekesi.18 The steric effect of 3,5-bis(trifluoro)methyl phenol (BTMP) as a hyd-
rogen-bond donor on the outer-sphere complexation in the synergistic extraction
of gallium(l11) with 2,4-pentanedione was investigated.1® The chelate extraction
behaviour of galium(l1l) with the tripod quadridentate phenolic ligand, tris(2-
-hydroxy-3,5-dimethylbenzyl)amine (Hatdmba) was studied by Hirayama et. al.20

Extraction behaviour and mechanism of gallium(l11) with naphthenic acid
(NA), sec-octylphenoxyacetic acid (CA-12) and sec-nonylphenoxyacetic acid
(CA-100) dissolved in kerosene from hydrochloric acid solution was investi-
gated.21,22 A study was conducted on the solvent extraction of gallium(l11) from
hydrochloric acid media with 3-chlorinated organic solvents containing a non-
-ionic surfactant, polyoxyethylene nonyl phenyl ether (PONPE) as the extrac-
tant.23 Gallium(l11) could be separated from flue dust residues from aluminium
production plants using a poly-ether type polyurethane foam from 3 mol dm-3
sulphuric acid and 3 mol dm—3 sodium chloride solutions with at least 92 % effi-
ciency of the total recovery. The interference of iron was minimized by its re-
duction.24

Katiyar et al.,2> and Vibhute and Khopkar,26 determined the amount of gal-
l[ium(I11) in bauxite ore by neutron activation analysis and solvent extraction me-
thods, respectively.

High molecular weight amines (HMWAS) have emerged as powerful ex-
tractants for many elements. The distribution equilibria of 0.01 mol dm=3 gal-
lium(111) from 1-2 mol dm~3 hydrochloric acid media were studied using a com-
mercial trialkyl amine, ADOGEN 364, dissolved in kerosene as the extractant.2?
Trioctyl amine (TOA) in benzene was investigated as an extractant for trivalent
gallium from agueous sol utions containing hydrochloric acid and/or lithium chlo-
ride.28 Recently n-octylaniline was used for quantitative extraction of gal-
lium(111) from succinate media.2® 2-Octylaminopyridine30 was superior to n-oc-
tylaniline for the following reasons. i) n-octylaniline is commercially available
but it is more expensive; ii) the synthesis of n-octylaniline by the Pohlandt
method3! in laboratory is tedious and time consuming; iii) 2-octylaminopyridine
is a sensitive extractant as a lower concentration is required for the extraction of
galium(l11) (0.033 mol dm3) as compared with n-octylaniline (0.29 mol dm3);
iv) difficulties in phase separation arise when toluene is used as the diluent for
n-octylaniline and v) n-octylaniline is effective only when it is freshly synthe-
sized and used after distillation, otherwise the immediate formation of a solid
phase occurs during the extraction.

In the present study, the extraction of gallium(lIl) from mineral acid media
and weak organic acid media using a solution of 2-octylaminopyridine (2-OAP)
in chloroform was investigated. The method permits the separation of gal-
lium(111) from commonly associated metals and was used to separate and deter-
mine gallium(I11) in bauxite ores.
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EXPERIMENTAL
Apparatus

An Elico digital spectrophotometer model SL—171 with 1 cm quartz cells was used for
the absorbance measurements. The pH measurements were realised using an Elico digital pH
meter model LI-120. A constant temperature (0.1 °C) water bath MIC-66 A (Modern
Scientific Instrument Company, Mumbai, India) was used for the temperature controlled
studies.

Reagents

Gallium(l11) solution. A standard stock solution of galium(lll) was prepared by dis-
solving 0.898 g of gallium trichloride in 6.0 mol dm3 hydrochloric acid and diluted to 250 mL
with distilled water and standardized complexometrically.32 The solution contains 1.42 mg
mL-1, of gallium(l11). The working solution was prepared by appropriate dilution of the stock
solution with distilled water.

Thorium (1V) nitrate solution. A standard water solution of thorium nitrate (0.010 mol
dm3) was prepared by dissolving 5.881 g thorium nitrate (AR) and diluted to 1 L with distil-
led water and standardized against a standard zinc(l1) solution.33

EDTA solution. A standard solution of EDTA disodium salt (0.010 mol dm3) was
prepared by dissolving 3.722 g disodium salt of EDTA in 1 L of distilled water.

2-Octylaminopyridine (2-OAP) solution. A 0.033 mol dm3 solution of 2-octylaminopy-
ridine®0 was prepared by dissolving in chloroform.

All the chemicals used were of analytical grade. Double distilled water was used
throughout the experiments.

General extraction and determination procedure for gallium(l11)

An diquot of solution containing 0.500 mg of gallium(l11) was mixed with a sufficient
quantity of hydrochloric acid to make its concentration 7.0 mol dm in atotal volume of 25
mL of solution. The solution was then transferred to a 125 mL separation funnel, 10 mL of
0.033 mol dm3 2-OAP in chloroform was added, which was then shaken gently for about 2
min. The layers were alowed to separate and the aqueous layer was carefully withdrawn. Gal-
lium(I11) from the organic phase was stripped with 1.0 mol dm3 hydrochloric acid (2x10 mL).
The back extracts were evaporated amost to dryness and the residue was extracted with
distilled water with warming.

The aqueous solution was then transferred into a 125 mL conica flask, followed by
addition of 10 mL 1.0 mol m3 EDTA solution. The excess of EDTA solution was titrated
against a standard 1.0 mol m3 solution of thorium nitrate using xylenol orange as the indi-
cator. The end point was the yellow to pink red colour transition.32 The percentage extraction,
E, was calculated using Expression (1):

%E = (metal extracted/metal taken)x100 (D]
and the distribution ratio, D, was calculated using Expression (2):
D = (%E / (100 — %E))xV olume aqueous phase/V olume organic phase 2

RESULTS AND DISCUSSION
Effect of acidity

The extraction of 0.500 mg of gallium(lIl) from different acid media was
performed with 0.033 mol dm—3 2-OAP in chloroform at a constant aqueous:or-
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ganic volume ratio of 2.5:1.0. The extraction was found to be quantitative from
hydrochloric acid (Table I), while there is no extraction from sulphuric, nitric,
perchloric and hydrobromic acid media. The extraction of gallium(lll) starts at
4.0 mol dm3 hydrochloric acid and becomes quantitative in the range of 6.0-9.0
mol dm=3 hydrochloric acid, after which there is decrease of extraction. This may
be due to the formation of the stable hydrochloride of 2-OAP. Thus, hydrochloric
acid concentration of 7.0 mol dm3 was used for the further extraction expe-
riments.

TABLE I. Extraction behaviour of gallium(l1l) as a function of hydrochloric acid concen-
tration. Gallium(I11) = 0.500 mg, 2-OAP = 10 mL of 0.033 mol dm™3 in chloroform, aque-
ous:organic ratio = 2.5:1, equilibrium time = 2 min, strippant = 1.0 mol dm-3 hydrochloric
acid (2x10 mL)

HCI Concentration, mol dm™ Amount of Ga(lll) extracted, % D
1.0 0.0 -
2.0 0.0 -
3.0 0.0 -
4.0 14.9 0.43
5.0 50.0 250
55 98.6 176.07
6.0 100.0 oo
6.5 100.0 oo
7.0° 100.0 oo
8.0 100.0 oo
9.0 100.0 oo
10.0 85.1 14.27

®Recommended for general extraction procedure

Extraction as a function of 2-octylaminopyridine concentration

The concentration of 2-OAP in chloroform was varied from 0.0004 to 1.0
mol dm=3in 7.0 mol dm~3 hydrochloric acid. It was found that 10 mL 0.029 mol
dm~3 2—OAP in chloroform was required for quantitative recovery of gal-
lium(l11). However, 0.033 mol dm—3 2-OAP was used for the further studies in
order to ensure complete extraction. There was no adverse effect if an excess of
2-OAP was used.

Extraction with various diluents

Extractions of gallium(l11) were performed from 7.0 mol dm~3 hydrochloric
acid medium using 10 mL of 0.033 mol dm—3 2-OAP in various solvents as di-
luents. The extraction of gallium(I11) was quantitative with chloroform, xylene
and amy| acetate because the ion-pair complex had a high distribution ratio in
these solvents. The extraction was incomplete in benzene, toluene, methy!l isobu-
tyl ketone (MIBK), amyl alcohol, 1,2-dichloroethane and kerosene (Table II).
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There was no extraction in carbon tetrachloride. Hence, chloroform was used for
the further extractions.

TABLE Il. Extraction behaviour of gallium(I1l) as a function of the diluent. Gallium(l1l) =
= 0.500 mg, hydrochloric acid = 7.0 mol dm3, 2-OAP = 10 mL 0.033 mol dm-3, aque-
ous:organic ratio = 2.5:1, equilibrium time = 2 min, strippant = 1.0 mol dm-3 hydrochloric
acid (2x10 mL)

Diluent Relative permittivity, &,  Amount of Ga(lll) extracted, % D
Benzene 2.28 115 0.32
Xylene 2.30 100.0 )
Toluene 2.38 13 0.03
Chloroform? 4.40 100.0 0
Carbon tetrachloride 2.24 0.0 -
MIBK 13.10 41.0 1.73
Amyl acohol 13.90 14.1 0.41
Amyl acetate 4.80 100.0 o0
1,2-Dichloroethane 10.50 85.8 15.10
Kerosene 1.80 717 6.33

#Recommended for general extraction procedure

Nature of the extracted species

Attempts were made to ascertain the nature of the extracted complex species
using log D-og c plots. A graph of log Djga(1); Versus log ¢2-oap a 4.5 and
50 mol dm™> hydrochloric acid concentration gave slopes of 1.21 and 1.22,
respectively (Fig. 1). The possible mechanism of the extraction appears to be
protonation of 2-OAP, which forms cationic species, such as [RR'NH» cl T(org).
while the chloride ions combines with gallium(l11) to form anionic species such
as [GaCI4"](aq), both of which associate to form an ion-pair of the type
[RR’NH2 GaCly ](org), Which being neutral, constitutes the extractable species.
The mechanism of formation of the ion-pair complex is:

[RR'NH](org) + HCl(a) 5 [RR'NH; Cl|org) €)
. GaClgey +Cl (i S [GaCI[!(aq) B (@]
where R = —CsH4N and R* = -CHy(CH»)gCHa.
The influence of equilibriumtime

Variation of the shaking time from 10 s to 20 min showed that a 1-min equi-
librium time was adequate for the quantitative extraction of galium(l1l) from
chloride media. However, for the general procedure a 2-min equilibrium time is
recommended in order to ensure the complete extraction of the metal ion. Never-
theless, prolonged shaking up to 20 min had no adverse effect on the extraction.
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LogD(ceam)

-1 A Fig. 1. Log-og plot of the distri-

bution ratio, D[Ga(lll)], VS. Ci2-0AF| at

12 ; - ; - - » 4.5 mol dm3 (A, slope = 1.21) and

23 2B -2 17 43 12 1 a 5.0 mol dm3 hydrochloric acid
Log (¢ (2-OAP)imol din’®) (B, slope = 122)

Loading capacity of 2-OAP

The loading capacity of the extractant was determined by repeated contact of
the organic phase with a fresh feed solution of the metal at the same concen-
tration. For 10 mL of a 0.033 mol dm3 solution of 2-OAP in chloroform at 7.0
mol dm=3 concentration of hydrochloric acid, the maximum loading capacity for
galium(l11) was found to be 2.0 mg at 300 K.

Effect of agueous to organic volume ratio

The results of contacting different volume ratios of aqueous to organic phase
were investigated. The study indicated that the preferred agueous to organic pha-
seratio is5:1 or less. Thisis evident from the sharp increase in the separation ef-
ficiency as well as the distribution ratio of gallium(l1l) when phase ratio was
changed from 20:1 to 5:1. This may simply due to the non-availability of the re-
agent for metal extraction, so that a crowding effect occurred at low phase ratios.
However, in the recommended procedure the phase ratio was maintained at 2.5:1
in order to avoid alarge consumption of hydrochloric acid.

Effect of stripping agents

Stripping is the reverse of extraction. Various stripping agents (2x10 mL),
such as hydrochloric acid, sulphuric acid, perchloric acid, nitric acid, ammonia,
potassium hydroxide, sodium hydroxide, ammonia buffer solution (pH 10.0),
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acetate buffer solution (pH 4.63) and water, were used for the recovery of gal-
lium(l11) from the organic phase. It was found that of al the stripping solutions
examined, only hydrochloric acid (0.5-2.0 mol dm3) was effective in stripping
galium(l11) from the organic phase. In the actual practice, two 10 mL portions of
1.0 mol dm3 hydrochloric acid were used (Table11).

TABLE Ill. Extraction behaviour of gallium(l11) as a function of the strippant. Gallium(l11) =
=0.500 mg, hydrochloric acid = 7.0 mol dm3, 2-OAP = 10 mL 0.033 mol dm3in chloroform,
aqueous.organic ratio = 2.5:1, equilibrium time =2 min

c Recovery, %

mol dm®  HC®  H,S02 HCIO,  HNO; KOH NaOH NH;
0.1 98.1 98.4 98.5 94.5 26.1 191 60.7
0.5 100.0 95.5 97.0 63.9 16.4 0.0 60.7
1.0° 100.0 95.5 97.0 42.2 0.0 0.0 60.7
20 100.0 95.5 97.0 13.8 0.0 0.0 60.7
25 96.7 95.5 96.0 0.0 0.0 0.0 60.7
3.0 96.6 95.5 96.0 0.0 0.0 0.0 60.7
4.0 77.6 95.5 96.0 0.0 0.0 0.0 60.7
5.0 77.6 95.5 96.0 0.0 0.0 0.0 60.7

Strippant Recovery, %

Ammonia buffer (pH 10) 21.8

Acetate buffer (pH 4.63) 75.2

Water 290.2

&Concentrationsin normal; brecommended for general extraction procedure

Effect of temperature on the extraction of gallium(l11)

The extraction of gallium(l11) from 5.0 mol dm=3 hydrochloric acid using
0.033 mol dm3 2-OAP in chloroform at varying temperatures from 298 to 310 K
gave the results presented in Table 1V. It was found that in the extraction of
galium(l11) by 2-OAP in chloroform, the distribution coefficient increased with
increasing temperature.

TABLE V. Effect of temperature on the extraction of gallium(l11) with 2-OAP in chloroform.
Gallium(l11) = 0.500 mg, hydrochloric acid = 5.0 mol dm3, 2-OAP = 10 mL 0.033 mol dm3,
agueous.organic ratio = 2.5: 1, equilibrium time = 2 min, strippant =1.0 mol dm3 HCl (2x10 mL)

T/K Log Kex AG/kImol®  AS/JKmolt  AH/kImol™
298 0.2829 -10.9 237.2 59.73
301 0.3979 -14.4 246.3

304 0.4436 -16.1 2495

307 0.5637 215 264.6

310 0.7075 -30.3 290.3

The change in the extraction equilibrium constant, Ke, with temperature is
expressed by the van't Hoff Equation:
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d(log Ke)/d(L/T) = —AH/2.303R (6)

The plot of log Kex vs. T was linear with a slope of —3.12 (Fig. 3) and the
enthalpy change of the extraction realized at a hydrochloric acid concentration
5.0 mol dm—3 was evaluated as AH = 59.7 kJ mol-1, which means that the ex-
traction was an endothermic process. The change in Gibbs energy AG and
entropy ASwere calculated from Egs. (7) and (8):

AG =-2.303RT log Kex @)
AS=AH-AGIT (8)

The negative value of the Gibbs energy change implies that the reaction was
spontaneous. The positive value of the enthalpy change indicates that the
extraction of gallium(l11) with 2-OAP in chloroform was more favourable with
increasing temperature.

0.8 1
0.7 4
0.6

0.5

0.2 4

0.1 1

’ T ' T i T " Fig. 2. Plot of log Kg vs. T at
32 3.22 324 3.26 3.28 33 3.32 3.34 3.36 3.38 constant pH 40 (gope - _312)
1000 TVK! with 2-OAP in chloroform.

Effect of various foreign ions on percentage extraction of gallium(l11)

The effect of large number of foreign ions on the extraction of 0.500 mg of
galium(l11) by the proposed reagent was investigated following the recommend-
ed procedure. Initially the foreign ions were added to the gallium(l11) solution in
large excess, 100 mg for the tested anions and 25 mg for the tested cations. When
interference was found to be intensive, the tests were repeated with successively
smaller amounts of foreign ion. The tolerance was set at the amount of the fo-
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reign ion that could be present to give an error less than +2 % in the recovery of
galium(l11) (Table V). It was observed that the method was free from interfe-
rence from a large number of cations and anions. However, interference due to
Bi(111) and TI(I11) had to be eliminated by masking with 100 mg tartrate each. In
addition, to mask Sn(Il), Co(ll) and Ge(IV), 10 mg citrate, 100 mg thiocyanate
and 5 mg oxalate were used respectively for each metal. The method suffered
from strong interference due to Fe(l11), V(V) and Ni(ll). Under the optimum ex-
traction conditions for gallium(l11), these metals were found to be co-extracted.

TABLE V. Effect of various foreign ions on percentage extraction of gallium(lll). Gal-
lium(111) = 0.500 mg, hydrochloric acid = 7.0 mol dm’®, 2-OAP = 10 mL of 0.033 mol dm®in
chloroform, agueous: organic ratio = 2.5:1, equilibrium time = 2 min, strippant =1.0 mol dm®
hydrochloric acid (2x10 mL)

Tolerance limit, mg Foreign ion added

100 Bromide, iodide, acetate, thiourea, thiocyanate, salicylate, ascorbate,
nitrate, nitrite, succinate, malonate, tartrate, phosphate

50 Fluoride

25 Cd(11), Ba(ll), Cr(\V1), Sr(ll), Mn(VI11), Mn(I1)

15 Mo(VI)

10 Citrate, Pb(11), Al(111), Ca(l1), W(V1), Sn(1V), Sn(11)2, Se(1V), Sh(lI1)

5 Oxalate, Hg(l1), Cu(ll), TI(1), Bi(l11)"

2 Zn(1), Te(1V), TI(111)°

1 Co(ll)°

05 In(111), Ge(1V)*

0 Fe(l11), V(V), Ni(11)

Masked with: 10 mg citrate, P100 mg tartrate; ©100 mg thiocyanate and 95 mg oxalate

APPLICATIONS

Separation and determination of gallium(l11) from binary mixtures

The suitability of the above-developed method was examined by applying it
to the separation and determination of gallium(lIl) in a variety of binary mix-
tures, which are frequently in association (Table V).

It was found that Zn(ll), Pb(Il), Cd(ll), Hg(ll), Al(lI), Se(IV), Sb(lll),
Sn(1V), In(111) and TI(I) remained unextracted under the optimum extraction con-
ditions for gallium(l11) using 7.0 mol dm—3 hydrochloric acid with 10 mL 0.033
mol dm—3 2-OAP in chloroform. The loaded organic phase was stripped with 1.0
mol dm~3 hydrochloric acid (2x10 mL) and determined complexometrically, as
recommended in the procedure. The raffinate containing the added metal ion was
estimated by standard procedures.32-34

The proposed method was also extended to the separation of gallium(l11)
from Bi(I11) and TI(111) by masking with 100 mg tartrate. The masked metals re-
mained quantitatively in the aqueous phase under the optimum extraction condi-
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tions of gallium(l11). Gallium(l11) was stripped with 1.0 mol dm=3 hydrochloric
acid (2x10 mL) and estimated as in the recommended procedure.

TABLE VI. Separation of gallium(I11) from binary mixturesin mineral acid media

Metal ions Amount taken, mg Average recovery®, % Method of estimation
Ga(lll) 0.500 100.0 -

Zn(ll) 0.500 100.0 EDTA®
Ga(lll) 0.500 99.5 -

Pb(I1) 0.500 100.0 EDTA®
Ga(lll) 0.500 99.5 -

cd(In 0.500 100.0 EDTA®
Ga(lll) 0.500 100.0 -

Hg(l1) 1.0 99.5 EDTA®
Ga(lll) 0.500 99.4 -

Bi(111)° 1.0 100.0 EDTA®
Ga(lll) 0.500 99.4 -

Al(I11) 1.0 100.0 EDTA®
Ga(lll) 0.500 100.0 -

Se(1V) 0.500 100.0 Selenium sol**
Ga(lll) 0.500 100.0 -

Sh(I11) 0.500 100.0 Potassium iodide®
Ga(lll) 0.500 99.8 -

sn(1v) 0.05 100.0 Pyrocatechol violet*
Ga(lll) 0.500 100.0 -

In(l11) 0.500 100.0 EDTA®
Ga(lll) 0.500 99.2 -

TI(1) 0.500 99.1 EDTA®
Ga(lll) 0.500 100.0 -

TI() 0.500 100.0 EDTA®
Ga(lll)® 0.500 100.0 -

Fe(l11)° 0.500 99.3 Thiocyanate®

@Average of six determinations; Pmasked by 100 mg tartrate; “separation from sodium succinate media

It was found that there is co-extraction of iron(l11) with gallium(l11) from
hydrochloric acid media. Thisis due to formation of ion-pair complex of both the
metal ions according to Eqg. (4). However, the separation can be achieved from
weak organic acid media, such as sodium succinate. Gallium(l11) was extracted at
pH 4.0 from 5.0 mol m—3 sodium succinate solution into the organic phase. It was
back extracted into 0.010 mol dm—3 EDTA (2x5 mL) or 1.0 mol dm—3 hydro-
chloric acid solution (2x10 mL). The back extracts were estimated using xylenol
orange as the indicator and thorium(IV) nitrate as the titrant. Microlevels of gal-
lium(111) can be estimated spectrophotometrically by the PAR method.35

An agueous solution containing a mixture of 0.500 mg, each of gallium(l1l)
and iron(l11) in 5.0 mol m~3 sodium succinate at pH 4.0 was equilibrated for 2
min with 0.033 mol dm—3 2-OAP in chloroform, whereby iron(l11) was masked
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with 100 mg tartrate. It was found that only gallium(l11) was extracted into or-
ganic phase while iron(l11) remained unextracted in the aqueous phase. Gal-
lium(111) from the organic phase was back extracted into 0.010 mol dm—3 EDTA
(2x5 mL) or 1.0 mol dm=3 hydrochloric acid solution (2x10 mL). The back
extracts were estimated using xylenol orange as the indicator and thorium(1V)
nitrate as the titrant. The iron(l11) from the agueous phase was demasked with
concentrated hydrochloric acid and estimated spectrophotometrically by the thio-
cyanate method.34

Determination of gallium(l11) in a synthetic mixture

The proposed method was applied for the analysis of gallium(lil) from a
multi-component mixture (Table VII).

TABLE VII. Separation of gallium(l11) in synthetic mixtures

Composition of multicomponent mixture, mg Ga(lll) found, mg Recovery®, %
Ga(l11) 0.500,TI(I11) 0.500, Al(l11) 0.500 0.499 99.8
Ga(l11) 0.500, In(111) 0.500, TI(I11) 0.500 0.500 100.0
Ga(l11) 0.500, Al(111)0.500, In(I11) 0.500 0.500 100.0
Ga(l11) 0.500, Pb(11) 0.500, Bi(l11)° 0.500 0.496 99.3
Ga(l11)° 0.500, Fe(111)° 0.500, Al(111) 0.500 0.496 99.3
Ga(l11)° 0.500, Fe(I11)° 0.500, Mn(V11) 0.500 0.500 100.0
Ga(ll1)° 0.500, Fe(111)° 0.500, Cu(l1) 0.500 0.500 100.0

8Average of six determination; Pmasked by 100 mg tartrate; “separation from sodium succinate media

A solution containing 0.500 mg of gallium(I11) was taken and known amounts
of other metals were added. The extraction of gallium(l11) was performed using
the method developed herein. The results obtained were in good agreement with
the amount added. The selectivity of the extraction of gallium(l11) can be achieved
by the use of suitable masking agent for the added metal ions.

Analysis of bauxite ore for its gallium(l11) content by standard addition method

Owing to the trace amounts of gallium(I11) present in bauxite ores, the stan-
dard addition method was followed for the analysis.

Bauxite ore or red mud sample (1 g) was fused with four times its weight of
sodium hydroxide (4 g), which dissolves most of the alumina and gallia. The re-
sidue was leached with 0.50 mol dm=3 sodium hydroxide. The solution was di-
luted with a little distilled water and filtered by suction on a 7 cm Buchner fun-
nel.36 The residue left was again washed with 0.50 mol dm—3 sodium hydroxide.
The obtained akaline solution containing gallia was nearly neutralized and then
made 7.0 mol dm3 in concentrated hydrochloric acid. To this, 0.500 mg of stan-
dard gallium(I11) solution was added and the solution was made up to 100 mL
with 7.0 mol dm=3 hydrochloric acid. An aliquot of the solution was taken for
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extraction of gallium(l11) and estimated spectrophotometrically using the PAR
method (Table V111).33

TABLE VIII. Analysis of gallium(l11) in bauxite ore. Initial pH: 4.0, agueous phase = 0.005
mol dm3 sodium succinate, agueous: organic ratio = 2.5:1, 2-OAP = 10 mL of 0.033 mol dm3
in chloroform, equilibrium time = 2 min, strippant = 0.010 mol dm-3 EDTA (2x5 mL) or 1.0
mol dm3 hydrochloric acid (2x10 mL)

Bauxite ore sample Amount of gallium(l1) Amount®of gallium(l11) found by
found by AAS, ng/g proposed method, ug/g
1 90.5 90.0
2 93.0 920
3 91.2 91.0
aAverage of six determinations
CONCLUSIONS

The important features of the method described herein are:

—itisvery simple, selective, reproducible and rapid;

— it permits the selective separation of gallium(I11) from other metals which
are generally associated with it in real samples;

—galium(l1) is separated from iron(I11) by use of a weak organic acid me-
dium (sodium succinate) at pH 4.0 using 2-OAP;

— avery low reagent concentration (0.033 mol dm—3 2-OAP) is required for
the quantitative recovery of gallium(l11);

— galium(l11) can be extracted both in mineral acid as well as weak organic
acid medig;

— the equilibrium constant and thermodynamic parameters AH, ASand AG in
the extraction of gallium(l1l) with 2-OAP were evaluated. The extraction is an
endothermic process. The extraction of gallium(l11) increases with increasing
temperature;

— the method is free from interference from a large number of foreign ions
which are often associated with naturally occurring gallium(l11);

—the time required for the extraction separation is very short. The very short
extraction time indicates a high distribution ratio of the ion pair complex invol-
ved in the quantitative recovery of gallium(l11);

— the devel oped method involves a one-stage extraction step;

— gallium(I11) occurs in trace amount in bauxite ores; hence, the proposed
method can be applied for the estimation of gallium(I11) in bauxite ore.
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U3BOA

TEYHO-TEYHO EKCTPAKIINJA TAJIMIYMA(I11) U3 KUCEJIE CPEAVHE IIOMORY
2-OKTUWJIIAMHUHOIIMPUJMHA ¥V XJIOPO®OPMY: AHAJIU3A PYJIE BOKCUTA

SANDIPV. MAHAMUNIY, PRAKASH P. WADGAONKAR? 1 MANSING A. ANUSE*

1AnaJyticaJ Chemistry Laboratory, Department of Chemistry, Shivaji University, Kolhapur —416 004 u
2Polymer Science and Engineering Division, National Chemical Laboratory,
Dr. Homi Bhabha Road, Pune —411 008, India

VcnutuBaH je yTunaj KOHIEHTpalMje peakTaHata ¥ JPYru NapaMeTpu TeYHO—TEYHO EKCTPAK-
wmje rammjyma(lll) u3 xmopoBonormuHe kucemae (6,0-9,0 mol dm™) kopumhersem 0,033 mol dm™
pactBopa 2-oktmwiamuHonupuanHa (2-OAP) y xnopodopmy u HaheHoO je 1a je y OBHUM yCIOBHMA
eKcTpakiuja kBaHTuTaTiBHA. CTexnomerpujcku cacras y3opaka ranmujyma(lll) oapehen je meromom
aHanmmu3e Haruba. ExcTpakuuja ce oqurpasa 1o MexaHu3my M3MEHE aHjOHa XJIOPOBOJIOHHYHE KHCe-
nnHe, a excrpaxosanu ysopak je [RR'NH,'GaClyJorg. Panu yTBphuBama rpanuue TosepaHuuje
excrpakiuja ranmujyma(lll) pahena je y3 npucycTBo pasnnuutx joHa. Mcnurana je TemreparypHa
3aBUCHOCT PaBHOTEKHE KOHCTaHTE €KCTPaKLHje 1a O ce OApenuse IPHBUAHE TEPMOAUHAMHYKE
oyukuuje excrpakumje (AH, ASu AG). Tanujym(l11) je ycnenrHo oBojeH 04 0OMYHO MPUCYTHHX
MeTaJHuX joHa kao mro cy Zn(ll), Pb(I1), Cd(ll), Hg(ll), Bi(lll), Al(lIT), Se(1V), Sb(lll), Sn(1V),
In(I11), TI(1) u TI(T). Tamajym(lIl) je, mehytum, oxsojer ox Fe(lll) u3 cnabo kucene opraHcke
cpemuHe. Iloctymak je Ttakohe mnpommpeH Ha ozapehuBame ramujyma(lll) y pyam Gokcura
CTaH/IapAHOM METOJIOM JI0/1aBamba.

(TTpumsbero 30. jyna 2009, pesuaupano 26. anpuia 2010)
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Oxidative dehydrogenation of isobutane over supported
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Abstract: Vanadium—molybdenum oxides supported on Al,O3, CeO, and TiO,
were prepared by a “wet” impregnation method, characterized using XRD, N,
adsorption, UV-Vis spectroscopy, electrical conductivity measurements and
tested in the oxidative dehydrogenation of isobutane. The catalytic perfor-
mance in the oxidative dehydrogenation of isobutane at 400-550 °C depended
on the nature of support and on the content of VMoO species on the support.
The catalysts supported on alumina were more active and selective than those
supported on ceria and titania.

Keywords: vanadia—molybdena catalysts; isobutene; oxidative dehydrogenation.

INTRODUCTION

Oxidative dehydrogenation of alkanes provides a thermodynamically acces-
sible route to the synthesis of alkenes from alkanes.19 Most catalysts for selec-
tive oxidations possess vanadium as a key element. Mixed-metal oxide catalysts
are efficient for the oxidation alkanes to olefins, oxygenates and nitriles. Sup-
ported vanadium—molybdenum oxides catalyze the oxygenation of akanes but
unsel ective combustion pathways limit alkene selectivities.®

The advantages of supported metal oxides include higher mechanical strength,
better thermal stability and larger surface area. However, the catalytic behavior
of supported vanadium-molybdenum oxides is modified by the nature of the me-
tal oxide support and the vanadi um—molybdenum loading.

The local coordination and symmetry of Mo6* and V> centers in bulk and
supported catalysts have frequently been implicated in the observed effects of the
support, as well as of the VO,—M 0Oy concentration and pretreatment procedures
on catalytic behavior. Many of these structure—function relations remain incomp-

* Corresponding author. E-mails: mitran.gheorghita@unibuc.ro; geta_ mitran@yahoo.com
doi: 10.2298/JSC091204099M
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lete because of difficult structural characterization, undetected transport restrict-
tions, and kinetic analyses, complicated by parallel and sequential combustion
pathways.

The extent of dispersion and the local and extended structure of supported
VO,—M 0Oy species depend on the chemical identity and the surface area of the
support.10.11 |t was shown that basic metal oxides (e.g., MgO and BioOx3) as
supports lead to supported VO,—Mo0Oy species with higher alkene selectivities
than when acidic oxides are used as the support.8 Several authors have proposed
that acidic VO,—Mo0Oy species interact weakly with acidic supports, leading to
poorly dispersed MoO3 and V20Os crystallites.

The structure of selective VO,—M 0Oy species and the reaction pathways in
oxidative dehydrogenation of alkanes remain subjects of active discussion.

In this study, the effect of the support (AloO3, TiO2 and CeO5) on the cata
Iytic behavior of VO,—M0Oy species in the oxidative dehydrogenation of isobu-
tane was examined over two ranges of VO,—Mo0Oy surface loadings. X-Ray dif-
fraction, electrical conductivity measurements and UV—Visible spectroscopy were
used to examine the structure and electronic properties of the catalysts.

EXPERIMENTAL
Catalysts preparation and characterization

The TiO, and CeO, supports were obtained from commercial sources. Al,O3; was pre-
pared from Al(NOs)3-9H,0 by co-precipitation at a controlled pH. V,05—Mo00O; was intro-
duced at two concentration levels, 5 % and 10 %, via incipient wet impregnation of the
supports with agueous NH4V O3 and (NH4)gM00,4:4H,0 solutions. The ratio between the
V-containing and Mo-containing reactants was set so that the supported component had the
composition 10 % V,05—90 % M0O;. After impregnation, the samples were dried in air at
100 °C and then calcined at 600 °C for 4 h.

Powder X-ray diffraction (XRD) patterns were obtained using a Bruker D5005 diffrac-
tometer and CuKa radiation. They were recorded with 0.02° (26) steps over 3—70° angular
range with a 1s counting time per step.

The surface areas of the catalysts were measured from N, adsorption isotherms at 77 K
by the BET method using an ASAP 2000 sorptometer.

Diffuse reflectance UV—-Visible spectra were obtained using MgO as the reference on a
Varian-Cary 4 spectrophotometer equipped with a Harrick diffuse-reflectance attachment. The
reflectance data were converted to absorption spectra using Kubelka-Munk functions. The
sample cell was eguipped with a heater unit, a water-cooling system, a thermocouple and a
gas flow system for in situ measurements.

The electrical conductivity of the different samples was investigated using a cell spe-
cialy designed to study the electronic interactions between the samples and various gaseous
atmospheres. A pastille of catalyst was placed between two platinum electrodes. The tem-
perature of each electrode was given by a thermocouple the wires of which were also used as
connections for the electrical measurements. Hence, semi-quantitative comparisons between
solids could be made and the electrical conductivity measurements provided an estimate of the
variations in the concentration of the main charge carriers as a function of physica para-
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meters, such as temperature and the nature of the gas, under conditions as close as possible to
those of the catalytic reaction.
Catalytic activity tests

The oxidative dehydrogenation of isobutane was redlized in a fixed bed quartz tube
down-flow reactor (i. d. 15 mm) operated at atmospheric pressure. Quartz chips were placed
above and below the catalyst bed to reduce the reactor void volume and to avoid homo-
geneous reactions in the free space. The temperature of the catalyst bed was monitored by a
thermocouple in a coaxial thermo-well in its center. The gas mixture consisting of isobutane
and air was fed into the reactor at a volume hourly space velocity (VHSV) in the range of
1000-2500 h'l. The reaction temperature was varied between 400 and 550 °C, the isobu-
tane/O, molar ratio, between 0.5 and 2, while the catalyst bed volume was always kept to 2 cmd,

In al studies, the reactor effluent was passed through a condenser to remove water and
liquid oxygenated products. Gas-phase reactants and products were analyzed with a Thermo
Finnigan gas chromatograph equipped with a flame ionization detector and a thermal conduc-
tivity detector. Chromatograph separation was accomplished with an alumina column and a
CTRI column. The condensate was analyzed with a Thermo Finnigan chromatograph using a
DB-5 column and a flame ionization detector. Isobutene, CO and CO, were the major pro-
ducts formed under the employed reaction conditions. Minor amounts of the liquid oxyge-
nated products, acetic acid, methacrolein and unknowns, were detected. Conversion of iso-
butane and olefin selectivity is expressed as mol % on a carbon atom basis. The carbon ba-
lance was in all runs greater than 95 %.

RESULTS AND DISCUSSION
Catalysts characterization

The surface areas of the catalysts are given in Table I. The surface areas of
the catalysts supported on Al>O3 were much higher than those of the catalysts
supported on CeO» and TiOo. It can also be observed that an increase of the sup-
port coverage led to a sharp drop in the surface area for the alumina-supported
vanadia—molibdena catalysts. This was not the case for the ceria- and titania-sup-
ported catalysts.

TABLE |. V,0s—-M00O; content, surface area and activation energy of conduction in air for the
studied supported vanadium-molybdenum oxide catalysts

V,0s—M00O; content BET Surface area Activation energy of

Support Catalyst mass % melg cond;;\;:ti on_iln air
mol
Al,O; 5VMOoO/AILO; 5 298 -
10VMOoO/Al,04 10 195 -
TiO, 5VMoOITiO, 5 5.6 88.5
10VMoO/TiO, 10 6.5 73.3
CeO, 5VM0o0O/CeO, 5 33 62.8
10VMo00O/CeO, 10 3.4 53.4

The X-ray diffraction measurements (Fig. 1) showed that the MoO,—V Oy
species were dispersed on the support but that they did not influence the
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crystallinity of the rutile TiO, and ceria CeO» structure. Bulk V205 and MoO3
crystallites were not detected at any MoOy—V Oy loading on alumina and also not
on titania- and ceria-supported samples with the lower MoO,—V Oy loading. The
higher loading on TiO> led to the appearance of orthorhombic Mo4011
crystallites and on Al,O3 led to the appearance of triclinic aluminum vanadium
oxide — AIVQy, tetragona vanadyl molybdenum oxide — VOMo0OQO,4, and
monoclinic molybdenum vanadium oxide — Mog 7V 0.3302.

(a)

5VMoOiCeO, A
5VMoOITIO, JLL}[
e A
5VMoO/ALO, e
0 10 20 30 40 50 60 70
20/°
(b}
10VMoO/CeO, ]
10VMoOITiO, { A |\ ﬂ h
10VMoO/ALO; L ~ . Fig. 1. X-Ray diffraction patterns for
bttt o\ IMOOJALO;,  VMOOITIO,  and
0 10 20 30 40 50 60 70 VMOO/CeO,; @) 5VMoO/support, b)
20/° 10VMoO/support.

The UV—-Vis spectra of the cataysts are comparatively shown in Fig. 2. The ab-
sorption bands detected in the range 250450 nm are mainly related to the pre-
sence of Mo®* and V®* in an octahedral environment.12.13 The band observed at
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340 nm is attributed to M6+ in octahedral coordination with tetragonal distortion.
The spectrum shows a band at 350-400 nm, typical of charge transfer of V>* spe-
ciesin octahedral symmetry.14.15 This band, which is large and asymmetric, can be
interpreted by charge transfer of O2~to VV5* in the V=0 bond or by the presence of
polymeric chains of distorted VOg as a monolayer on the support. The 320-330
nm bands indicate a local interaction between molybdenum and vanadium. This
is evidence for the high mobility of these species at the surface of the support.

Fig. 2. UV—Visible spectra of the
supported V-Mo-0O cataysts,

a) 5VMoO/support,

b) 10V MoO/support.
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The electrical conductivities of the titania and ceria-supported catalysts were
measured as a function of temperature under air, nitrogen and isobutane at atmos-
pheric pressure. Applying the Heckelsberg criterion,16 the nature of the semi-
conductor type of a solid can be determined. To ensure the reversibility of the
experiments, the measurements were performed with increasing and decreasing
temperature. The obtained semi-log plots (log o= f(1/T)) are givenin Fig. 3.

Fig. 3. Arrhenius plots of the electrical conductivity for the a) 5VMoO/support and b)
10VMoO/support catalyst; air (0, A) and isobutane (¢,A) ¢ —CeO,, A —TiO,.

Variations in conductivity for mixed or for supported oxides are generally
attributed to a doping effect.1’ This phenomenon results from the dissolution of
heterovalent ions in the lattice of the host oxide, which creates free charge car-
riers (electrons or holes) according to the valence induction law. This dissolution
is favored by calcination at high temperature of the support impregnated with the
precursor of the deposited oxide. For n-type semiconductors, such as TiO> and
CeOy, an increase in o results from the dissolution of a heterocation with a va
lence higher than 4. The deposition of MoOy—V Oy species by impregnation and
calcination is probably accompanied by a partial dissolution of 5+ and Mo®* in
the surface sub-layers of TiO, and CeO». The substitution of a Ti4* by aV>* or a
Mob* induces free conduction electrons. If pentavalent V5* or hexavalent Mo6*
are inserted into tetravalent sites, they can only share four valence electrons with
four neighboring O2-. The fifth and the sixth electron cannot be shared and are
delocalized around the V°* and the Mof* positive centers. Only a small amount
of thermal energy is required for the delocalization of these electrons and their
promotion into the conduction band.

For catalysts supported on CeOo, the electrical conductivity is higher than
for catalysts supported on TiO». As expected, the electrical conductivity of the
catalytic materials increased with increasing amount of deposited VO,—M0Oy.
Since these materials are predominantly n-type semiconductors, the dependence
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OXIDATIVE DEHY DROGENATION OF ISOBUTANE 1121

of the conductivity on the VO,—Mo0Oy loading is attributed to an increase in the
concentration of free electrons in the conduction band. On replacing air by isobu-
tane, the total conductivity of the supported VO,—MoOy material increased. When
the VO,—MO0O,/TiO2 and VO, —Mo00O,/CeO, materials were exposed to a redu-
cing atmosphere, the electrical conductivity increased by several orders of mag-
nitude, due to the reduction of the catalytic material and the formation of anion
vacancies with two eectrons (Eq. 1). These electrons can be readily promoted
into the conduction band:

(0%)0 +i-C4H10 — i-C4Hg + H2O + (V)0 1

where (02)0 represents an oxygen anion of the solid. The zero-charge super-
script indicates that it is a neutral entity with respect to the solid. (V)0 repre-
sents afilled anionic vacancy with the two electrons of the former anion trapped.
Catalytic testing

The catalytic data obtained in the oxidative dehydrogenation of isobutane are
presented in Table II. It can be observed that the alumina-supported catalysts
were the most active, followed by the ceria- and titania-supported ones. Simul-
taneousdly, the isobutene selectivity decreased in the same order: V-Mo/Al»,03 >
> V-Mo/CeO2 > V-Mo/TiO». One likely advantage of using high surface area
aluminais the possibility of a better dispersion of the active sites on the surface
of the support. On the other hand, it seems that the acidic character of aumina
did not negatively influence the catalytic behavior of the catalysts. The catalytic
activity increased with increasing vanadia—molibdena loading for all supports,
which was accompanied by a decrease of the isobutene selectivity. It should be
emphasized that the catalytic activities of the supported oxides were higher than
that of the respective unsupported oxide.18

In agreement with the redox mechanism of the oxidative dehydrogenation, a
higher concentration of free electrons implies a higher rate of incorporation of
gas-phase oxygen into lattice oxygen (the active oxygen species, which influen-
ces the rate of isobutane activation).

It should be noted that, for ceria- and titania-supported catalysts, the catalytic
performances were better for the solids with a higher conductivity. 5V MoO/TiO»
that exhibited the poorest catalytic propertiesis also the least conductive solid. Its
activation energy of conduction (Table I), which is directly connected to the heat
of formation of anionic vacancies, is the highest. This indicates that the endother-
mic reduction of 5VMoO/TiO, requires more energy.

The conversion of isobutane and the selectivity to isobutene for the sup-
ported MoOy—V Oy catalysts as a function of the reaction temperature are shown
in Fig. 4. The conversion of isobutane increased with increasing reaction tempe-
rature for all catalysts. The selectivity to isobutene passed through a maximum at
temperatures between 450 and 500 °C.
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In the UV—Vis spectra, the band corresponding to the Mo-V interaction (330
nm) had the smallest intensity for the 10V MoO/Al,O; catalyst compared to the
other supports. It can be also observed that the intensity of these bands decreased
with increasing amount of active component. It is considered that the interaction
between Mo and V isresponsible for the catalytic activity since a correlation was
observed between the intensity of these bands and the activity of the catalyst.

TABLE Il. Catalytic performance of the supported vanadium—molybdenum oxide catalysts in
the oxidative dehydrogenation of isobutane (VHSV = 1500 h'l, molar ratio isobutane to O,: 2:1)

Catalyst t/°C Conversion, % Selectivity, %
y ' i-C4,Hg  Cracking products COy
5VMOoO/AlL,O; 450 15.0 735 85 18.0
500 22.2 72.3 9.4 18.3
5VMo0O/CeO, 450 12.9 58.3 8.1 33.6
500 17.3 59.9 9.8 20.3
5VMoO/TiO, 450 10.7 48.0 4.2 47.8
500 16.8 50.7 8.8 405
10VMoO/Al,Oq 450 20.0 69.0 8.4 25.1
500 25.5 70.5 7.8 19.2
10VMo0O/Ce0, 450 15.2 53.7 7.6 38.7
500 20.7 55.0 8.1 24.8
10VMoO/TiO, 450 12.3 440 7.1 48,9
500 185 48.1 11.3 40.6

Fig. 4. Variation of the isobutane conversion (a) and isobutene selectivity (b) with the reaction
temperature over supported V-Mo-O catalysts (VHSV = 2000 h'1, i-C,H19:0, molar ratio: 1);
¢ —VMO0oO/Al,O3, m —VMoO/TiO,, A —VMoO/CeO, (—, 5 %; -,10 %).
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CONCLUSIONS

Promising catalytic results were obtained for the dehydrogenation of isobu-
tane in presence of oxygen using Mo—V-O/supported catalysts. The use of alumi-
na as the support with a high surface area led to an increase of both the catalytic
activity and the selectivity to isobutene.

The electrical conductivity measurements clearly indicated that the ceria-
and titania-supported systems are n-type semiconductors, and it was shown that
the catalytic performances were better on catalysts with a higher conductivity.

Increasing the amount of active component led to a higher catalytic activity,
but a diminished selectivity to isobutene.

U3BOJI

OKCHUAALINOHA AEXUAPOTEHN3ALINIA NU3OBYTAHA ITPEKO V-Mo
MEIIOBUTUX OKCUIOA HAHETUX HA ITIOVIOT'Y

GHEORGHITA MITRAN, IOAN-CEZAR MARCU, ADRIANA URDA u IOAN SANDULESCU

Department of Technological Chemistry and Catalysis, Faculty of Chemistry, University of Bucharest,
4-12, Blv. Regina Elisabeta, 030018, Bucharest, Romania

Banaaujym—monua6ed okcuau Hanetu Ha nomiore ox Al,Oz, CeO, u TiO, MOKpuM mocTyi-
KOM KapaKTepHCaHU Cy MPUMEHOM PEHTTeHCKe AU(pakioHe aHanuse, aacopuujom asora, UV-Vis
CIEKTPOCKOIIN]OM, MEPEHEM EJIEKTPHYHE IIPOBOJJBUBOCTH U TECTHPABEM aKTHBHOCTH y PEaKINjH
OKCHJATHBHE JeXuIporeHm3anuje nzo0yrana. Karanutuuke ocoOuHE OCOOWHE OKCHOATHBHE Je-
XUIpOTeHH3alje n300yTana y TemneparypHom uarepsary 400-550 °C 3aBuce ox mpupozae Hoca-
4ya u cagpxaja VM0OO Bpcra Ha Hocauy. Karanu3aTtopu HaHETH Ha alyMHHH]yM-OKCHJ Cy MHOTO
aKTHBHHjU OJ1 KaTaJM3aTopa KOjU Cy HAaHETH Ha TUTAHOKCH WM LIEPHjyM-OKCH.

(Mpumibero 4. nenemGpa 2009)
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Abstract: The Danube River is an international river, one part of which flows
through Serbia. The eco-chemical status of the Danube River is a constant topic
of interest both at the local level, in each country through which the Danube
flows, and at the international level. General interest to ensure the sustainable
and equitable use of waters and freshwater resources in the Danube River
Basin led to the development of a system for monitoring the river, which has
produced data sets of its eco-chemical status. These have been collected over
many years in Serbia; however, the present interest was focused only on the
period from 1992 until 2006, i.e., a 15-year period. The process of defining
trends of selected eco-chemical parameters, using linear regression analysis
with a defined level of significance, and their separation from natural variabi-
lity is of the highest importance for defining the changes in the water para-
meters. Through them, the fate and behavior of the eco-chemical parameters of
the Danube in Serbia can be recognized and the prediction of their trendsin the
near future can be attempted. The obtained results revealed a constant im-
provement and acceptable trends of the eco-chemical status of the Danube
River, as well as, substantial differencesin the quality of the inflowing and out
flowing water.

Keywords. Danube River; long-term spatial and tempora trends; self-purifi-
cation; linear regression.

INTRODUCTION

The Danube River is 2783 km long and has a basin of 817000 km2. Around
10 % of its length belongs to the territory of Serbia, through which the Danube
runs 587.4 km. It enters into Serbia from the north, from Hungary (1425.5 km
away from the sed), and outflows to the east, right on the border between Serbia,

* Corresponding author. E-mail: grzetic@chem.bg.ac.rs
# Serbian Chemical Society member.
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Romania and Bulgaria (825 km away from the sea). The Serbian part of Danube
belongs to the middle section of the river, from the Devin Gate (at the border of
Slovakia and Austria) to the Iron Gate (at the border of Serbia and Romania),
where the riverbed widens and the average bottom gradient is 0.6x10~4 %.1 The
average water volume of the Danube on entering Serbia is 2400 m3 s=1 and 5500
m3 s1 on leaving the country.1

The Serbian Danube can be divided into an upper and a lower section (Fig.
1). The upper section, covering the stretch from the Hungarian border to Bel-
grade, belongs to the Pannonian Basin. The lower section, from Belgrade to the
Bulgarian border, is strongly influenced by the Iron Gates | and 1l dam complex
(943 km and 863.4 km, respectively), which are located in the border area of Ro-
mania and Serbia. The dams cause slowdown of the flow velocity which can be
observed at the confluence of the Nera River (Romania) or at the end of Danube—
—Tisza—Danube (DTD) cana near Banatska Palanka (Serbia) during high water
level. During low water level, the slowdown of flow velocity becomes obser-
vable at the village Surduk (Serbia) 37 km upstream of Belgrade, but the con-
fluences of the big Danube tributaries (Tisza, Tamis, Sava and Velika Morava)
can aso be affected.2

The biggest Danube tributaries with confluences in the territory of Serbia are
the Tisza, the TamiS and the DTD cana on the left side, and Drava, Sava and
VelikaMorava on the right side.

Two large cities, Belgrade (1.7 million inhabitants) and Novi Sad (300,000
inhabitants) lie on the Danube River, as well as many smaller towns (Apatin, Ba-
¢ka Palanka, Pancevo, Smederevo, Donji Milanovac and Kladovo) and villages
(small settlements with less than 10,000 inhabitants contribute 48 % to the Ser-
bian population). None of them have a system for treating municipal waste waters.3

The eco-chemical status of the Danube River is a topic of constant interest
both on the local level, in each country thought which the Danube flows, and on
the international level through organizations such as the International Commis-
sion for the Protection of the Danube River (ICPDR).1 Their main interest is to
ensure sustainable and equitable use of the waters and freshwater resources in the
Danube River Basin. Protection of the River is strongly supported by data of its
eco-chemical status that have been collected over many years in Serbia. After
validation of the available records, it was decided to process data sets for the
period from 1992 until 2006 (a period of 15 years).

Thereis arange of factors that can influence the eco-chemical dynamics of a
river. They are useful only over a range of time scales; therefore eco-chemical
dynamics may only be fully investigated when long-term time-series data are
available.

The goal of this work was to investigate long-term changes of the eco-che-
mical status of the Danube River in relation to pollution changes during previous
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years and to identify seasonal fluctuations, averaged during the investigation pe-
riod, which could reveal some regularities of the Danube pollution over time.
Particular attention was paid to determine the average trends over time with the
aim to forecast the behavior of pollutants under different conditions or in the near
future.

The Danube River is constantly the focus of various environmental studies.
The most considered topics were pollution with: metals in the water4—" and sedi-
ments, 8-11 nutrients,12-17 radioisotopes,18-20 oil 21 etc. There are many studies
dealing with the general pollution status of the river, hence covering more than
one group of pollutants?2-25 and also from a regulatory point of view.26

EXPERIMENTAL
Materials and methods

The main sampling material for the measurement was the river water sampled and
analyzed according to APHA (1976-1992)27 and US EPA standard methods (1983).28 The
measured parameters (the corresponding methods are given in brackets) important for the
determination of the eco-chemical status of the Danube River were:

— suspended matter (13.060.30 JUS H.Z1. 160);2°

— nitrates (NOs-N) (APHA AWWA WEF 4500-NO3);30

—total nitrogen (N) (JUS SO 5663);31

—total phosphorus (P) (APHA AWWA WEF 4500-P);32

—Biological oxygen demand for 5 days (BOD-5) (EPA 360.2);33

— Chemical oxygen demand (COD) (JUS ISO 8467, 1SO 8467).34

Analysis of blanks and duplicates were the main instruments of quality assurance/quality
control (QA/QC) during measurement throughout the years.

Regular monthly measurements were performed every year for a period of 15 years
(1992—-2006).

Surface water samples were taken as they were assumed representative for the entire
water stream, while the water was always well mixed. Sampling was performed 40 cm below
the water surface from the water-front area, in order to prevent contamination of the sample
with mud from the bottom or floating particles from the water surface. The samples were
collected in 5-L plastic jerry cans.

The temperatures and pH of the water samples were determined on site. Samples for the
determination of dissolved oxygen concentrations were collected and treated separately. All
samples were stored at 4 °C and normally analyzed within one day. The maximum storage
time was less than 2 days after sampling.

Sampling locations

Seventeen sampling stations are located on the Serbian part of the Danube River (Fig. 1),
of which four were excluded from consideration because the data they provided was insuf-
ficient for the present investigations, due to a too short an operation time (just a few years).
Data from remaining stations were analyzed for the selected period, although some parameters
were not monitored for all the years and during every month. In other cases, sampling was
performed one to two times per month.

List of the sampling stations:

1. Bezdan —Hungarian border (inflow of the Danube River into Serbia),
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Apatin — downstream from the town,
Bogojevo (excluded from the considerations),
Backa Palanka (excluded from the considerations),
Novi Sad — before the confluence of the DTD canal,
Slankamen — upstream from the confluence of the Tisza River,
Centa (excluded from the considerations),
Zemun — before the confluence of the Sava River,
Pan¢evo — downstream from Visnjica, at the confluence of the TamiS River,
. Vin¢a (excluded from the considerations),
. Smederevo — above the steel factory, before the confluence of the Grand Morava
River,
12. Banatska Palanka — at the confluence of the VrSac canal, upstream from the con-
fluence of the Nera River
13. Veiko Gradiste — at the water meter,
14. Dobra—in the town,
15. Tekija—in the town, before the Iron Gate | dam,
16. Brza Palanka— at the water meter, between the Iron Gate | and Il dams and
17. Radujevac — after the Iron Gate Il dam (outflow of the Danube River from Serbia).

RBOONO O AMWN

= O

Fig. 1. Location of the sampling stations on the Serbian part of the Danube River.

RESULTS

The process of defining trends and their extrication from natural variability
is of highest importance for defining how environmental parameters change and
thereby recognizing the fate and behavior of the environment in the near future.
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Regression analysis was employed for determining whether a trend over time
was, on average, linear. Based upon these results, it was possible to describe the
direction of atrend (a negative or positive slope), while the quality of linear re-
gression lines of the trend could be described by the Pearson’s coefficient of de-
termination (R2). This is useful because it gives the proportion of the variance of
one variable that is predictable from the others.35.36

Selected parameters for the present investigations were, in principle, sum/
/collective parameters which covered severa inorganic or organic species. These
sum/collective parameters were divided into four groups:

1. Suspended matter and dissolved species (dry matter, residue after igni-
tion and conductivity). These parameters describe, in general, how much the river
water is burdened with inorganic and organic matter together, while the conduc-
tivity describes the amount of ionic species present in the water;

2. UV Absorption at 254 nm, COD and BOD. These parameters generally
cover dissolved organic matter and the biological activity in the river water;

3. Oxygen concentration and oxygen saturation. The oxygen parameters are
essential to all aquatic life, which maintains a healthy river water environment;

4. The pH, total P, total N, NOg, and N/P ratio. Nutrients, such as nitrogen
and phosphorus, occur naturally in water but very often they are the main causes
of pollution of rivers when their concentration levels are elevated.

In addition to these group parameters, there are numerous single parameters
that were, however, not the subject of this work since each of them could be a
separate topic of investigation.

The eco-chemica status of the Danube River, as an internationa river, is
best described through discussions of the available results from two different
aspects:

— trends of the measured parameters during time — investigation of long term
changes for the 1992—2006 period and

— trends of the measured parameters in space — investigation of long term
changes from place to place from the inflow to outflow pointsin Serbia.

Trends of the measured parametersin time and in space

Numerous studies in which the spatial and temporal trends of the water qua-
lity parameters of the Danube River were analyzed, have been performed in re-
cent years, 1337 many of them with the goal of predicting their values in futu-
re,38:39 or improving the theoretical models for their understanding.40-42

However, the present study is specific as it deals with the largest quantity of
data covering the broadest range of water quality parameters for the Danube that
has ever been accumulated. It applies median values for data reduction instead of
arithmetic or geometric means, which enables the use well-known parametric tests
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for trend detection. Therefore, one more aspect of investigations of the Danube
River is herewith revealed.

The source data sets each contain hundreds of measurements and some of
them have non-normal distributions, therefore median, minimum and maximum
values are the only remaining statistical parameters that give meaningful avera-
ged data appropriate for the present investigation. Hence, each number used in
this work corresponds to a yearly median value. Medians were assumed to be
sufficient and very useful for the purposes of this study as they are values that do
not reflect individual outliers which are sometimes present in large data sets.3536

To estimate the quality of the regression/fitness of the curves, the square of
the Pearson’s correlation coefficient, R2, was used. However, the value of R2
gives no information as to whether a correlation is significant or not. Thus, for
this purpose, a parametric method for calculating t values was used. The t value
was calculated using the formula:

RVn-2

V1-R?

where R is the correlation coefficient and n is number of observations.

The t value was calculated using a two-sided t-test and then compared with
the tabulated value®3 at the desired level of significance and (n-2) degrees of
freedom. The null hypothesis that there is no significant correlation between the x
and y coordinates in the charts (and therefore no significant trend) was rejected if
the calculated t value was greater than the tabulated value at the desired signi-
ficance level. A 95 % significance level (o = 0.05) was used. The coefficients R,
and therefore t, are influenced by the slope of the regression line and by the size
of the residuals, because the more the points are scattered from the regression
line, the worse the correlation coefficient is.353744

Long term changes in the Danube River parameters were recognized in time
and space. These changes can be well-presented in 3D (3 dimensions) surface
charts with continuous curves, which are very convenient for quick visual estima-
tion of trends, in addition to statistical analysis. The horizontal x and y axes pre-
sent time (years from 1992 until 2006) and space (sampling locations from Bez-
dan to Radujevac). The vertical z axis shows the yearly median values.

To determine whether there was a temporal trend, the change between me-
dian yearly values at each single location was observed for the period from 1992
until 2006.

To determine whether there was a spatia trend, the change of median yearly
values between sampling locations was observed for every year from 1992 until
2006.

t= (1)
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First group of parameters (Fig. 2)

Suspended matter (Fig. 2a). Temporal trends for change of median yearly
values between 1992 and 2006 observed for each sampling station (from Bezdan
to Radujevac) had positive slope for 8 locations and negative ones for 5; the
average slope was positive but significant trends were observed only at Slanka-
men, Radujevac (negative trends) and Smederevo (positive trend). Therefore, no
clear tendency for changes in the amount of suspended matter over the years
could be estimated.

Spatial trends for the change of median yearly values between sampling
locations observed for each year from 1992 until 2006 had negative slope for
every year and al of them were statistically significant, except for years 1993
and 2005 (which aso had negative slope but their t-value vas less than the critical
value). A decreasing tendency of the amount of suspended matter from Bezdan
toward Radujevac was evident.

Dry matter (Fig. 2b). The tempora trends for the change of the median
yearly values for the period from year 1992 until 2004 observed for each samp-
ling station (from Bezdan to Radujevac) had positive slopes for only 2 locations
(but not statistically significant) and negative for 11. The average slope was he-
gative, but statistically significant negative trends were observed only for 2 loca
tions (Smederevo and Dobra), and 2 more had t-values close to the critical value.
On the other hand, 11 of 13 locations showed negative trends which statistically
had a very low probability (P < 0.05); therefore, a negative trend for dry matter
over the years was observed.

The dry matter concentrations are well correlated with conductivity and
ignition residual. The correlation coefficients for dry matter/ conductivity
correlation were positive for all 13 sampling locations and statistically significant
for 5 of them (average R = 0.42) and for dry matter/ignited residual correlation,
the coefficients were positive at 11 and statistically significant at 6 sampling
locations (average R = 0.37). It is interesting that the dry matter and ignition
residual were much better correlated at the first 5 sampling locations (from
Bezdan to Zemun with the average R being 0.76) than at other sampling locations
downstream from Zemun.

The spatial trends for the change of median yearly values from place to place
observed for each year from 1992 until 2004 (without 1993) had negative values
in 10 years out of 12; the average slope was also negative. The slope was signi-
ficant for 4 negative trends (years 1994, 2002, 2003 and 2004) while two positive
slopes (for years 1992 and 2000) had t-values less then critical. It can be con-
cluded that the dry matter content decreases from Bezdan toward Radujevac.

Conductivity (Fig. 2c). The temporal trends for the change of median yearly
values for the period 1992 until 2006 were observed for each sampling station
(from Bezdan to Radujevac). The slope was negative for 12 locations
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Fig. 2. Temporal and spatia trends of the amount of &) suspended matter,
b) dry matter and c) conductivity.
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and positive just for one; the average dope was negative but a significant trend
was observed only at Zemun. Although a statistically significant negative trend
was observed at only one place, a decreasing trend through the years was evident,
based on the fact that the slope was negative at 12 out of 13 locations, which is
statistically highly unexpected.

The spatial trends for the change of the median yearly values from place to
place observed for each year from 1992 until 2006 had negative slopes for 6
years (3 of them statistically significant, 1997, 2002, 2003) and positive slopes
for 9 years (4 of them statistically significant 1994, 1998, 2000, 2006). The ave-
rage slope was dlightly positive, but based on an even distribution of statistically
significant trends, an unambiguous conclusion about increasing or decreasing of
conductivity from Bezdan to Radujevac cannot be drawn.

Generally speaking, suspended mater, dry mater and conductivity are very
much dependant on hydrological conditions, such as flow rate and water level, or
current seasonal conditions, such as rainy or dry periods.4> The decrease in the
flow rate that is present in the Danube River in Serbia, particularly in the region
of the artificial lake before Iron Gate,846 favors a tendency of decreasing
suspended matter in the river water from Bezdan toward Radujevac.

Second group of parameters

The surrogate parameters characteristic for organic matter, COD, BOD and
UV absorption at 254 nm, are very well correlated. COD and BOD showed
negative trends with time (from 1992 until 2006) and in space (from Bezdan to
Radujevac) (Fig. 3). The absorbance at 254 nm has long been an acknowledged
parameter for the description of organic carbon compounds (aromatics, pheno-
lics, hydrocarbons, and most chromophores) in water analysis (DIN38404). How-
ever, the choice of this wavelength was made, above al, for historical rather than
analytical reasons. In most cases, organic matter generates the strongest signal at
other wavelengths.

As for the first group, the second group of parameters was also investigated
through time and space. The same principles for trend analysis were applied.

COD. The temporal trends for the change of median yearly values for the
period from 1992 until 2006 observed for all sampling stations (from Bezdan to
Radujevac) had negative slope for 12 out of 13 locations; the average slope was
aso negative and datisticaly significant trends were observed at Bezdan,
Slankamen and Banatska Palanka. Only one positive (and simultaneously
statistically significant) trend was observed at the Zemun sampling location.
Therefore, it can be concluded that the summary trend for COD decreased over
the years.

The COD values were well correlated with the BOD-5 values. The corre-
lation coefficients for the COD/BOD-5 correlation were positive for 12 of the 13
sampling locations and statistically significant for 4 of them (average R =0.39).
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Fig. 3. Temporal and spatial trends of the a) COD values,
b) BOD-5 values and ¢) UV absorption.
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The spatial trends for the change of the median yearly values from location
to location observed for each year from 1992 until 2006 had negative slopes for
every year and al of them were significant, except for the years 1993 and 2004
(which also had a negative slope but their t value vas smaller than the critical va-
lue). A decreasing tendency of COD from Bezdan toward Radujevac was evi-
dent.

BOD-5. The temporal trends for the change of the median yearly values for
the period from 1992 until 2006 observed for each sampling station (from Bez-
dan to Radujevac) had negative slopes for 12 out of 13 locations; the average
slope was also negative and statistically significant trends were observed at Bez-
dan, Apatin, Slankamen Pancevo, Banatska Palanka and Veliko Gradiste. The
only positive (but not statistically significant) trend was observed at Tekija samp-
ling location. Therefore, it can be concluded that the BOD-5 value decreased
through the investigated years.

The gpatial trends for the change of the median yearly values from location
to location observed for every year from 1992 until 2006 had negative slopes for
al year (except in 1993 which was not statistically significant). Four years (1995,
1997, 1999 and 2000) were statistically significant while for another four years
(1992, 1996, 2001 and 2003), the t values were close to the critical level. A de-
creasing tendency of BOD-5 from Bezdan toward Radujevac was evident, but a
change of the rate of decrease was observed and it became less negative from
1995 to 2006. If the slope coefficients are plotted against time, a regression line
with a positive slope was obtained, with an R2 value of 0.706, at value of 4.897
and a P value of 0.000625, indicating that soon after 2006 there will be no further
decrease of the BOD-5 value in the Serbian part of the Danube.

UV Absorption at 254 nm. The temporal trends for the change of the median
yearly values for the period 1992 until 2006 observed for every sampling station
(from Bezdan to Radujevac) were evenly distributed (6 negative and 7 positive).
The negative slopes possessed no statistical significance and among the positive
slopes, 4 were statistically significant (Zemun, Smederevo, Veliko Gradiste, Do-
bra). The average slope was aso positive but, nevertheless, it cannot be unam-
biguoudly stated that the UV absorption increased over the years. However, it is
interesting that at first 4 (of the 13 in total) sampling locations (Bezdan to Slan-
kamen), the regression slopes were all negative and at last five sampling loca
tions (Veliko Gradite. to Radujevac), the regression slopes were all positive. After
closer data inspection, it was noticed that the UV absorption rapidly increased
until 1995 or 1996, after which it slowly decreased or stagnated. The rate of de-
crease after 1996 was larger in upper than in lower section of the River, resulting
in negative overal tempora trends in the upper and positive overall temporal
trends in the lower section.
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The UV absorbance values are well correlated with the pH values. The cor-
relation coefficients for the UV absorption/pH correlation were positive for 10
out of the 13 sampling locations and statistically significant for 5 of them (ave-
rage R=0.32).

Spatia trends for change of median yearly values from place to place ob-
served for each year from 1992 until 2006 had negative slope for first 7 years
(1992-1998) and 3 of them were statistically significant (1992, 1994 and 1996).
In 1999 and afterwards, the regression slope became positive (except in 2001 and
2002) but it was statistically significant only for the years 1999, 2000 and 2005.
Therefore, an increasing or decreasing tendency of UV absorption from Bezdan
toward Radujevac cannot be declared.

Third group parameters

Oxygen parameters are quite significant. They are very well correlated, they
show practically negative trends in time (from 1992 until 2006) and in space
(from Bezdan to Radujevac) but they are statistically insignificant (Fig. 4).

Dissolved oxygen. The temporal trends for the change of the median yearly
values for 1992 until 2006 was observed for every sampling station (from Bezdan
to Radujevac) and they had negative slopes for 11 out of the 13 locations; the
average sope was aso negative but a statistically significant trend was observed
only at Banatska Palanka. Positive, but statistically insignificant, trends, were ob-
served only at the Pancevo and Smederevo sampling locations. A decreasing trend
through the years can be postulated based on the fact that the slope was negative
at 11 out of 13 locations, which statistically would have avery low probability.

A negative correlation was observed between the amount of dissolved oxy-
gen and temperature at 11 out of 13 locations (3 out of the 11 were statistically
significant) with an average R value of —0.32. Oxygen saturation was positively
correlated with dissolved oxygen at all 13 locations (7 of them with statistical
significance). The average R value was 0.59.

The spatial trends for the change of the median yearly values from location
to location observed for each year from 1992 until 2006 had a negative slope for
every year (except in 1998 which was not statistically significant). Three of them
(2002, 2003 and 2006) were statistically significant. The average slope was also
negative. Therefore it can be inferred that dissolved oxygen decreased from Bez-
dan toward Radujevac.

Oxygen saturation. The temporal trends for the change of the median yearly
values for the period from 1992 until 2006 observed for al sampling stations
(from Bezdan to Radujevac) varied between 6 negative and 7 positive values
none of them statistically significant. The average slope was dightly negative.
No trend through the years could be identified.

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

2010 Copyright (CC) SCS



ECO-CHEMICAL STATUS OF THE DANUBE RIVER 1137

The spatial trends for the change of the median yearly values from location
to location observed for all years from 1992 until 2006 were equally distributed
among positive and negative values. The average slope was only dlightly nega-
tive and there was only one statistically significant trend (negative in 2005). No
decrease in the oxygen saturation from Bezdan toward Radujevac could be proven.

Fig. 4. Temporal and spatial trends of &) the amount of dissolved oxygen and
b) the oxygen saturation values.
Fourth group of parameters

Among these parameters (Fig. 5), the pH value is a special parameter. Levels
of pH greater than 8.5 usualy indicate the presence of algal blooms because
intense photosynthesis by algae removes CO, from the water, which increases
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the pH value. Increased algal activities are closely related to the nutrient content
(N and P) and oxygen saturation. The greater is the content of nutrients, the
greater isthe algal activity and, consequently, the production of oxygen increases
resulting in increased oxygen saturation.

Fig. 5. Temporal and spatial trends of a) the pH values and b) concentration of nitrates.

pH Value. The temporal trends for the change of the median yearly values for
the period from 1992 until 2006, observed for al sampling station (from Bezdan to
Radujevac) had a negative dope for 6 out of 13 locations, while the other 7 were
positive. Among the 4 statistically significant slopes, one was negative and other
3 were positive. The average slope was dightly positive. Interesting, before
Smederevo, aimost al the dopes were negative and thereafter positive.
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The spatial trends for the change of the median yearly values from location
to location observed from 1992 until 2006 had negative slope for every year and
9 of the 15 were statistically significant. A tendency of decreasing pH value from
Bezdan toward Radujevac is evident.

Concentration of nitrates. The temporal trends for the change of the median
yearly values for the period 1992 until 2006 observed at all sampling station
(from Bezdan to Radujevac) had negative slopes, and 8 of them were statistically
significant. Therefore, it can be concluded that the concentration of nitrates de-
creased over the years.

A dlight negative correlation was established between the nitrate concentra-
tions and the pH values at 10 of 13 locations, with an average R value of —0.17.
The nitrate concentrations were positively correlated with the total P concentra-
tions at all 13 locations (8 of them with statistical significance). The average R
value was 0.65.

The spatial trends for the change of the median yearly values from location
to location observed for every year from 1992 until 2006 had negative slopes for
9 years (6 had statisticaly significant slopes) while for the other 5, the trends
were positive but only one was statistically significant. The average slope was
negative; hence, a decreasing tendency of the nitrate concentration from Bezdan
toward Radujevac was evident.

In general, the total P and total N showed negative trends in time (from 1992
until 2006) and in space (from Bezdan to Radujevac) (Fig. 6). Nutrients are usu-
ally the limiting factorsin algal growth.

Concentration of total P. The temporal trends for the change of the median
yearly values for period 1992 until 2006 observed for every sampling station
(from Bezdan to Radujevac) had negative slopes for al locations, 2 of them
(Bezdan, Slankamen) were statistically significant, but another four had t values
close to critical value. Therefore, it can be concluded that the total P decreased
over the years.

The spatial trends for the change of the median yearly values from location
to location observed every year from 1992 until 2006 had negative slopes for 14
out of the 15 years (8 were statistically significant), and just one was positive but
not statistically significant. The average slope was negative. Hence, total P con-
centration showed a decreasing tendency from Bezdan toward Radujevac.

Concentration of total N. Unfortunately, the data for the assessment of trend
in the total N concentration was insufficient due to a lack of measurements prior
to 2002 (with exception of the year 1995 for some sampling locations). For this
reason, it is very hard to detect statistically significant trends within the small
data sets because they have very high critical t values for comparison with test
statistics. These limited data, however, indicated that the concentration of total N
decreased over the years, which is consistent with the negative trend of nitrate
concentrations (nitrates participate to a significant extent to the total N load).
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Fig. 6. Temporal and spatial trends of the amount of @) total P, b) total N and c) the N/P ratio.
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The total N concentration correlated very well with the nitrate concentra-
tions. The correlation with the pH values was similar to the correlation with the
nitrate concentrations and exhibited a negetive average value.

If the change in the total N concentration is followed downstream from Ze-
mun to Radujevac (with exception of Bezdan, there is not sufficient data for the
sampling locations before Zemun), a few statistically significant negative trends
can be observed (in years 2002 and 2004). The average trend was aso hegative
but the limited monitoring time of the trend prevents a serious conclusion to be
derived, athough indications of a decrease in the total N concentrations from
Bezdan toward Radujevac do exist.

Total nitrogen to total phosphorus ratio (TN/TP). The TN/TP ratio is used to
compare the availability of these nutrients. Ratios smaller than 10 indicate that
nitrogen is limiting. Ratios greater than 16 indicate that phosphorus is limiting,4’
whereas ratios greater than 10 but smaller than 16 indicate that there are enough
of both nutrients for excessive algal growth. Throughout all the years, the TN/TP
ratio was over 16, which indicates that phosphorous could be the limiting factor
for algal growth in the Danube River, but since data for total N is limited (as
mentioned above) serious trend analysis can not be performed.

DISCUSSION

In this discussion, al the particular conclusions drawn on the basis of linear
regression analysis with a defined significance level of 95 % concerning time and
space trends are summarized (Tables | and I1).

First group parameters

Suspended matter. With time (1992-2006) no clear tendency for the sus-
pended matter change could be estimated, but in space (from the inflow to out-
flow point), a tendency of the suspended matter to decrease from Bezdan toward
Radujevac was evident.

Dry matter. With time, a decreasing (improving) trend for the dry matter
could be observed and in space, it could be concluded that the dry matter content
decreased from Bezdan toward Radujevac.

Conductivity. With time, a decreasing trend was found but in space, no trend
of the conductivity from Bezdan to Radujevac could be clearly evidenced.

Second group parameters

COD. With time, a decreasing trend for COD was found and in space, a
tendency of the COD to decrease from Bezdan toward Radujevac was evident.

BOD-5. In time, the BOD-5 exhibited a decreasing trend and in space, aten-
dency of BOD-5 to decrease from Bezdan toward Radujevac was evident. A
change in the rates of decrease was observed as they become less negative be-
tween 1995 and 2006. This indicates that soon after 2006, the BOD-5 will not be
aspatially decreasing parameter in the Serbian part of the Danube.
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UV Absorption at 254 nm. In time, it cannot be unambiguously stated that
the UV absorption was increasing and in space, no changing tendency of the UV
absorption from Bezdan toward Radujevac was evidenced.

Third group parameters

Dissolved oxygen. In time, the decreasing trend had a very low probability
and in space, it could only be suspected that a decrease in dissolved oxygen con-
tent from Bezdan toward Radujevac existed.

Oxygen saturation. In time, no trend through the years could be identified
but in space, a decrease in oxygen saturation from Bezdan toward Radujevac
could be proven.

Fourth group parameters

pH Value. In time, trends for the change of the median yearly values for
period from 1992 until 2006 could not be identified, while in space, atendency of
pH value to decrease from Bezdan toward Radujevac was evident.

Concentration of nitrates. In time, it could be concluded that the concen-
tration of nitrates exhibited a decreasing trend and in space, a tendency of the
nitrate concentration to decrease from Bezdan toward Radujevac was evident.

Concentration of total P. In time, it could be concluded that the concentra-
tion of total P had a decreasing trend and in space, a tendency of the total P con-
centration to decrease from Bezdan toward Radujevac was evident.

Concentration of total N. The limited data indicated that the concentration of
total N had a decreasing trend in time and in space, the total N concentration de-
creased from Bezdan toward Radujevac.

TN/TP ratio. Throughout all the years, the TN/TP ratio was over 16, which
indicates that phosphorous could be the limiting factor for algal growth in the
Danube River, but since the data for total N was limited (as mentioned above), a
serious trend analysis could not be realized.

The strong positive correlation of nitrates with total P and total N indicates
that these nutrients have same source, probably fertilizers used in agriculture.

The analysis of the trends of the investigated parameters strongly indicates
that the eco-chemical status of the Danube River isimproving with time. None of
the parameters have reached their natural minimum, such as dry matter,
conductivity, COD, BOD-5, pH, nitrates, total P and possibly total N, therefore
further improvements in the eco-chemical status of the Danube River are to be
expected. However, some of the parameters, such as suspended matter, UV ab-
sorption at 254 nm, oxygen saturation and pH did not show decreasing trends.
For the later group of parameters, there are no indications that they are going to
improve in the near future.
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The trends related to space, which are particularly important for Serbia, are
very indicative; the eco-chemical parameters are improving from the inflow to
the outflow point for al parameters except for conductivity, oxygen saturation
and UV absorption at 254 nm. Several reasons are responsible for this, such as a
decrease in the flow rate, self-purification of the river, contribution of tributaries,
but the most important fact is the existence of the Berdap Dam (Iron Gate 1) at
the outflow point of Serbia that strongly influences the process of self-
purification,48 which is characteristic for the entire region of Serbia being cons-
tantly present for the whole period covered by this article.

Only dissolved oxygen showed undesired but statistically insignificant trends
(decreasing) in time and space that are most probably the result of a gradual tem-
perature increase from Bezdan to Radujevac.

CONCLUSIONS

The general concluding remark is that the eco-chemical status of the Danube
River is constantly improving. The total river load is much higher at the entrance
of the Danube River into Serbia (Bezdan) in comparison to the outflow point
(Radujevac). The improvement of the eco-chemical status is twofold: with time
(from 1992 until 2006) and in space (from Bezdan to Radujevac).

The results of the present study showed that the slopes of the decreasing
trend lines are not significantly affected either by tributaries (Sava, Tisa, Tamis
or Velika Morava) or bigger pollutant sources, such as cities and industrial cen-
ters (Novi Sad, Belgrade, Pancevo or Smederevo).

The time improvement is most probably related to several factors:

— the decrease in industria activities in Serbia during the last decade of the
20th century;

—the coordinated activates of countries|ocated in the Danube Basin — ICPDR;

—the constrained use of fertilizersin the agricultural sector of Serbia.

Space improvements are related to following factors:

— the contribution of tributary rivers, especially the Sava River, to the total
discharge (Q) of the Danube River;

— the decrease in the flow rate, particularly in the lower section of the Da-
nube, closely related to the Iron Gate, favors self-purification of some river water
quality parameters,

— transition of the river surroundings affected by high agricultural activity
and dense population in the upper stream of the River to the Djerdap National
Park in the lower part of the River.

It is suspected that a part of the river load is transferred into river sediments
due to self-purification and precipitation, but thorough investigations are yet to
be performed.
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U3BOJ
JAYTOPOYHE I[TPOMEHE EKOXEMUJCKOI' CTATYCA JIYHABA HA TEPUTOPUJN CPBUIE

VBAH )KI/IBAJII/IHOBI/I”Bl, KOHCTAHTHH I/U[I/IJEBI/I"HZ, WUBAH I'PXXETUR? u AJIEKCAHIAP [TOTIOBUR?

! Cp6ujasooe, Byaesap ymeiinociiu 2, 11070 Beozpad u 2Xe/lmjcrcu axyaitieiti, Ynusepauitieii y Beozpaoy,
Cinyoeniticku wipz 12—16, 11000 Beozpao

Jlynas je mehyHapoaHa peka koja jeqHHM JesioM nponasu u kpo3 Cpbujy. Exoxemujcku cra-
tyc JlyHaBa je Tema Koja je KOHCTaHTHO y KWK MHTEPECOBama KaKo Ha JIOKamHOM (YHyTap Ap-
»aBa Kpo3 Koje J[yHaB mpoTHue), TaKO M Ha MelyHapoaHOM HHBOY. YcCIie]] TeHEpaHOT HHTepeca
Ia ce 06e30enu U OAp)KMBa paBHOMEpHA yHoTpeba BOJIE U CIAaTKOBOAHUX pecypca y OaceHy peke
JlyHaB, pa3BujeH je peuHH MOHUTOPHHI CHCTEM KOjH je Ipyle IoJaTraka 0 eKOXEMH]CKOM CTaTyCy
JynaBa Ha npoctopy CpOuje nmpuKkyIbao ToKoM Buie roauna. OBaj paj je (poKycupaH Ha IeTHa-
ecroromummpby  nepuon, ox 1992, mo 2006. romume. YTBphHBame IocTOjama TpeHIOBA
kopumhemeM JHHEApHEe perpecwje, y3 TayHO oxapeheH HHBO 3Hadaja BpPEIHOCTH OXaOpaHUX
EKOXEMHJCKUX TapaMeTapa Kao W yTBphHBama pa3iiKe y OJHOCY Ha MPUPOAHY BapujaOWUIHOCT
napameTapa, OWJIO je OJl BEIMKOI 3Hauaja 3a oApehuBame NpoMeHe peyHux napamerapa. [Tomohy
BUX, NOKYIIaHO je oipehuBame Cya0OMHE M INOHAIIamka €KOXEMHjCKMX Iapamerapa JlyHaBa Ha
teputopuju CpbOuje u mpeaBubame mwHXxoBe BpeaHocTH y OyayhHoctu. [loOujeHu pesynTati
OTKPWJIN Cy KOHCTaHTHO MOIpPaBJbarbeé U MPUXBATIFMBE TPEHIOBE IPOMEHA EKOXEMHjCKOT' CTaTyca
JlyHaBa xao W MpUMETHE pa3inke KBajauTeTa Bojae miaMely ymaza y CpbOujy u m3naza JlyHaBa u3
Cpouje.

(Mpumsbeno 2. HoBeMOpa, peBuanpano 8. neembpa 2009)
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Abstract: The enzyme CYP1A is an established biomarker of fish exposure to
polycyclic aromatic hydrocarbons (PAHS) and polychlorinated biphenyls
(PCBs). The metallothioneins (MT), afamily of Cys-rich proteins, bind awide
range of metals and participate in their metabolism. The aim of the study was
to examine the correlation between CYPIA and MT expression in
commercialy important fish species Mullus barbatus and Merluccius
merluccius and contaminants (PAHs, PCBs, toxic metals) in seawater and
sediment from three localities with different level of contamination in the
Adriatic Sea in winter, i.e., Platamuni, Vadanos and the port of Bar. The
relative concentration of CY P1A was the highest in both fish species from Bar.
Increased concentrations of PCBsin the seawater were observed only in Bar. A
species-specific higher increase in the protein concentration of CYP1A was
observed in Mullus barbatus compared to Merluccius merluccius. The levels of
MT were the highest in Merluccius merluccius from Bar and in Mullus
barbatus from Valdanos. The induction of MT correlated with the elevated
concentrations of Cu and Pb determined by chemical analysis of the seawater
from Bar and Valdanos, respectively. According to the chemical analysis of the
seawater and the biological response of the fish, the Platamuni locality
exhibited the lowest level of contamination.

Keywords: CYP1A; metalothionein; polycyclic aromatic hydrocarbons; poly-
chlorinated biphenyls; metals; fish.
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INTRODUCTION

Biochemical markers or biomarkers represent early warning signals that re-
flect on adverse biological responses to anthropogenic environmental toxins.! In
order to assess the exposure to or the effects of environmental pollutants on aqua-
tic ecosystems, different biomarkers are examined, i.e. the biotransformation en-
zymes (phases | and |1), oxidative stress parameters, biotransformation products,
stress proteins, metallothioneins, immunological, reproductive and endocrine pa-
rameters, genotoxic and physiological, histological and morphological parameters.!

The phase | biotransformation enzymes, notably CYP1A, belong to a group
of very sensitive biomarkers in fish. They are responsible for the biotransforma-
tion of xenobiotic compounds, such as polycyclic aromatic hydrocarbons (PAHS)
and polychlorinated biphenyls (PCBs).2* The induction of CYP1A occurs through
ligand binding of PAHs and PCBs to a cytoplasmic receptor, known as the hyd-
rocarbon receptor. Upon heterodimerization with the aryl hydrocarbon nuclear
translocator, the complex trang ocates to the nucleus. Thisis followed by its spe-
cific binding to the xenobiotic-response element on the DNA upstream from the
CYP1A gene promoter and up regulation of gene transcription, which leads to
elevated mMRNA and protein levels, and increased CY P1A catalytic activity.>

Metallothioneins (MTs) are a specia group of stress proteins which are in-
ducible by both essential and toxic metals. The MTs constitute a family of low-
-molecular-weight, cysteine-rich proteins that regulate the essential metals Cu
and Zn.6 For nonessential metals, MT assumes a sequestering function that pro-
tects against metal toxicity.” Induction of MT following exposure to toxic metals
can serve as a defense mechanism and a biomarker of environmental exposure to
chemical stressors, such as toxic metals. Another hallmark of MTsis their induc-
tion by multiple toxic metal species at the transcriptional level. Studies of the
regulation of MT gene expression revealed that the induction by metalsis adirect
response to increases in the intracellular metal concentrations and is mediated
through the action of metal-binding regulatory factors.8

The aim of the present study was to examine the correlation between the ex-
pression of biomarkers (CYP1A and MT) in fish and chemical contaminants
(PAHSs, PCBs and toxic metals) in seawater and sediment. Relative changes of
CYP1A and MT concentrations in the hepatopancreas of Red mullet Mullus bar-
batus and European hake Merluccius merluccius were examined. The fish were
caught in three different types of localities in the Adriatic Sea in winter: Plata-
muni, an open sea locality; Vadanos, a locality of low urban and industrial in-
fluence, and the port of Bar, alocality of intense industrial and anthropogenic ac-
tivity. Both fish species are of considerable commercial importance.

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

2010 Copyright (CC) SCS



CYP1A AND METALLOTHIONEIN INDUCTION IN FISH 1151

EXPERIMENTAL
Animals

Specimens of Mullus barbatus and Merluccius merluccius were collected by trawling at
Platamuni, Valdanos and the port of Bar (Fig. 1). The investigations took place in winter (25t
February, 2009). At least seven (and up to nine) individua fish of one species were pooled.
The fish were killed immediately by spinosectomy according to standard animal care regu-
lations. The hepatopancreas was quickly removed, washed in ice-cold 0.15 M NaCl and fro-
zen in liquid nitrogen. Individuals of the same size were selected to ensure uniformity of
samples.

Fig. 1. A map of the Adriatic coast of Montenegro with the locations where the sea water
samples were collected and the fish caught (Platamuni, Valdanos, port Bar).

Deter mination of PAHs and PCBs

The sampling of water and sediments was performed after trawling at the same place as
where the fish were caught. PCBs from filtered seawater (1 L) were extracted using a
Bakerbond spe™ C18, 6 ml, 500 mg column (JT Baker products).® Prior to extraction, the
column was washed with ethyl acetate, dried under vacuum for 30 s and conditioned with 2x5
ml of methanol, followed by 2x5 mL of water. Samples were added to the column and drawn
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through the column at 10 mL minl. After washing with water, the column was dried under
vacuum for 30 min. Compounds from the column was eluted using 2x2.5 mL of ethyl acetate
at aflow rate of 2 mL min?, followed by 2x2.5 mL of dichloromethane, before being con-
centrated to 1 mL at room temperature by evaporation under a gentle stream of nitrogen gas.
PCBs from sediments were extracted using a Soxhlet apparatus employing an acetone/hexane
mixture (51:49, v/v) for 8 h.10 The dried and evaporated extract was transferred to a silica gel
column (10 g, 100-200 mesh activated at 130 °C for 18 h before use), eluted using hexane and
concentrated to 1 mL at room temperature by evaporation under a gentle stream of nitrogen gas.

The PCB concentrations were determined by gas chromatography (GC) with an ECD
detector and linear programmable temperature vaporizer (PTV) injector.1112 A capillary co-
lumn BPX5 30 mx0.25 mmx0.25 um was used for all the determinations. The operating con-
ditions were: detector temperature 310 °C, column temperature programmed to start at 80 °C
for 2 min, first ramp 30 °C min® to 150 °C, second ramp 5 °C min'! to 280 °C and holding for
the next 5 min. The concentrations of PCBs in the samples were calculated using araclor
standards. The absence of an individual peak is not reported as zero but as less than the de-
tection limit.

The PAHSs from filtered seawater (1 L) were extracted using a Bakerbond spe™ PAH
Aqua, 6 mL column (JT Baker products).1® The column was conditioned with cyclohexane
and dichloromethane, dried for 15 s after each addition and again conditioned using a water/2-
-propanol mixture (92:8). The sample (1 L with the addition of 100 mL of 2-propanol) was
applied to the column at 5 mL min and dried using vacuum for 10 min. The PAHs were
eluted using 2x3 mL and 1x2 mL of dichloromethane and then concentrated to 1 mL at room
temperature by evaporation under a gentle stream of nitrogen gas.

The PAH concentrations were determined by GC with a FID detector and a linear PTV
injector.14 A capillary column DB5-MS 30 mx0.25 mmx0.25 um was used for all the determi-
nations. The operating conditions were: detector temperature 310 °C, column temperature pro-
grammed to start at 40 °C for 1 min, first ramp 15 °C min' to 150 °C, second ramp 5 °C min'1
to 290 °C and holding for the next 11 min. The concentrations of PAHs in the samples were
calculated using PAH mix 13 (Supelco) standards. The absence of individual peaks is not
reported as zero but as |ess than the detection limit.

Deter mination of metals

Water samples were taken in polyethylene bottles of 1.5 L volume, preserved with 5 cm3
concentrated nitric acid during the sampling. After transport, the samples were kept at room
temperature until analysis. Before analysis of the investigated toxic metals, to enable its deter-
mination, their concentration in samples were increased. For metal content determination in
samples of seawater from the Montenegrin coast, the extraction method by ammonium pyrro-
lidine dithiocarbamate/methy! isobutyl ketone (APDC/MIBK) was used, i.e., method of sepa-
ration of complex metals with the organic solvent MIBK, previously examined in 1 % solu-
tion of APDC, at pH 3 and analyzed with atomic absorption spectrometry (AAS).1516

Isolation of the hepatopanceas fractions

The microsomal fraction of the hepatopancreas was prepared following the procedure of
Krauss et al.1” The tissues were excised and homogenized (1 g liver mL™1) in STM buffer:
0.25 M sucrose, 50 mM Tris-HCI, pH 7.4, 4 mM MgCI2, 1 mM PMSF) and centrifuged at
10000 x g at 4 °C for 25 min. The obtained post mitochondrial supernatant was then centri-
fuged at 150000 x g, 4 °C for 60 min. The obtained microsomal pellets were resuspended in
STM buffer and used for analysis of CYP1A, while the supernatant was used for analysisof MT.
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D S-polyacrylamide gel electrophoresis and immunoblot analysis

For the SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 20 pg of microsomal
proteins were loaded onto 4 % stacking/12 % separating slab gels as described by Laemmli.18
The gels were stained using Coomassie Brilliant Blue R-250. The proteins separated by SDS-
-PAGE were electroblotted onto PVDF membranes (Hybond-P, Amersham Pharmacia Bio-
tech). Immunoblot analysis was performed according to Towbin et al.1° using polyclonal anti-
bodies to fish CYP1A and MT (CP226 and KH-1, respectively; Biosense Laboratories, Nor-
way). The immunoreactive bands were identified by an enhanced chemiluminescence (ECL)
detection system (Santa Cruz Biotechnology) according to the manufacturer’s instructions.
Protein concentrations were determined according to Lowry et al.2% The bands were visua-
lized and quantified with TotalLab (Phoretix) electrophoresis software (version 1.10).

RESULTS AND DISCUSSION
The effects of exposure to PAHs and PCBs on CYP1A expression

Chemical analysis of the environment and animal tissues provides informa
tion concerning the presence of specific xenobiotic compounds. However, this
data on its own is not particularly indicative of the concentrations to which the
animals were exposed and cannot serve as bioaccumul ation markers for exposure
assessment.2 In addition, the application of biomarkers to complement traditional
chemical methods of detecting pollution can reveal the presence of contaminants
that were not initially suspected. CYP1A is an established biomarker of exposure
to PAHs and PCBs.2 In order to detect CYP1A, equal quantities of microsomal
proteins were separated by SDS-PAGE and subjected to immunoblot analysis
using polyclonal antibody to CYP1A protein (Fig. 2). CYP1A was detected in
both fish species at all examined localities. The highest degree of induction was
observed in both fish species that were caught in the port Bar (Fig. 2 and Table
1). The results presented in Fig. 2 indicate a species-specific response of CYP1A.
They show that the protein concentration of CYP1A was about 5-fold higher in
the hepatopancreas of Mullus barbatus than in Merluccius merluccius (Tablel).

Fig. 2. Immunoblot analysis with anti-
-CYP1A antibody. P — Platamuni;
V — Valdanos;, B — Bar. Twenty pg of
proteins were subjected to 12 % SDS-
-PAGE, electroblotted to membranes
and immunaoblotting was performed
with a polyclona antibody for CYP1A.
The antigen—antibody complex forma
tion was detected using an ECL de-
tection system.

Virgin et al. showed that there are large differencesin CYPIA mRNA induc-
tion between species.21 Thus, the Atlantic tomcod exhibited significant induction
of CYPIA mRNA after exposure to chemicals (97-fold) and changes in the en-
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vironment (34-fold), whereas in the smooth flounder, a considerably lower level
of CYP1A induction was observed in response to chemical exposure (14-fold)
but no change in expression after exposure to adjustments in the environment.21
In hog chokers and striped bass, very low levels of CYP1A gene induction were
detected. The degree of CYPIA mRNA inductibility above the basal level differs
significantly among fish taxa, most likely as a result of differences in the regu-
lation of gene expression. Based on their findings, the authors concluded that ca-
reful selection of sentinel species should be exercised prior to the use of CYPIA
MRNA induction datain environmental monitoring programs.

TABLE |. Quantification by immunoblot analysis with anti-CYP1A antibody. Antigen—anti-
body complexes (changes of the relative concentrations of CY P1A), were analyzed by densi-
tometry using Total Lab (Phoretix) electrophoresis software

. Fish
Location Mullus barbatus Merluccius merlucius
Platamuni 446.3+15.1 88.2+2.8
Valdanos 603.7+21.5 117.1+4.2
Bar 824.1+33.4 139.2+4.9

Due to their mutagenic and carcinogenic properties, measurement of PAH
concentrations are included in most monitoring programs.22 PCBs are produced
for diverse industrial applications and athough their use has been banned since
the 1970s, due to their resistance to breakdown and tendency for bioaccumula-
tion, PCBs continue to cycle through the environment.1

Analysis of the seawater did not reveal the presence of PAHs (Tablell). The
limit of detection of PAHs using a GC column is 10 ng L~ and the presence of
PAHSs at lower concentrations cannot be excluded. PCBs were observed in the
seawater only in Bar, where the concentrations of PCB-28, PCB-52 and PCB-153
were 20, 15 and 15 ng L1, respectively (Table I11). According to Nagpal,23 the
recommended maximal concentration of total PCB is 0.1 ng L~1. Thus, the con-
centrations of PCBs measured in the port of Bar could be taken as representing
contamination of the seawater. Since the minimal concentration of PCBs that
exerts a negative impact on marine organisms, as reported in the Environmental
Quiality Standards for the Mediterranean Seain Israel,24 is 42 ng L1, the concen-
trations detected in Bar are at an acceptable level. The presence of PCBs in sea-
water is in correlation with the highest level of CYP1A induction in the hepato-
pancreas from Mullus barbatus and Merluccius merlucciusin Bar. Asthe limit of
detection of PCBs using a GC column is 10 ng I-1 (which is above the recom-
mended maximum concentration described by Nagpa?23), the presence of other
PCBs at other localities cannot be ruled out. The concentrations of PCBs in sedi-
ments are presented in Table 111. The results reveal ed the presence of pcb101 in Val-
danos (2.31 ng g 1) and in samples PCB-101, PCB-138, PCB-153 and PCB-180
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at Bar at concentrations 2.85, 3.05, 3.55 and 3.65 ng g1, respectively. Consi-
dering that the recommended maximum concentration of total PCBs is 2 ug per
100 g in sediments (Nagpal23), the detected PCBs in the sediment are under the
recommended maximum. However, the presence of PCBs in sediment could in-
duce the sensitive biomarker CY P1A in the hepatopancreas.

TABLE II. Concentrations of PAHs (ng L-1) in seawater collected from Platamuni, Valdanos
and the port of Bar

Compound Platamuni Vadanos Bar
Acenaphthylene <10 <10 <10
Fluorene <10 <10 <10
Phenantrene <10 <10 <10
Anthracene <10 <10 <10
Pyrene <10 <10 <10
Benz(A)anthracene <10 <10 <10
Chrysene <10 <10 <10
Benzo(B)fluoranthene <10 <10 <10
Benzo(K)fluoranthene <10 <10 <10
Benzo(A)pyrene <10 <10 <10
Benzoperylene <10 <10 <10
Indeno(1.2.3.cd)pyrene <10 <10 <10
Dibenzo(A)anthracene <10 <10 <10

Table Il1. Concentrations of PCBs in seawater and sediment collected from Platamuni, Val-
danos and the port of Bar

Compound Location
Platamuni Valdanos Bar
PCBsin seawater, ng L1
2,4,4 -trichlorobiphenyl (PCB-28) <10 <10 20
2,2' 5,5 -tetrachlorobiphenyl (PCB-52) <10 <10 15
2,2',4,5,5' -pentachl orobiphenyl (PCB-101) <10 <10 <10
2,2',3,4,4' 5 -heksachlorobiphenyl (PCB-138) <10 <10 <10
2,2 4,4 5,5 -heksachlorobiphenyl (PCB-153) <10 <10 15
2,2' 3,44 5,5 -heptachlorobiphenyl (PCB-180) <10 <10 <10
PCBs in sediment, ng/g
2,4,4 -trichlorobiphenyl (PCB-28) <10 <10 <10
2,2 5,5 -tetrachl orobiphenyl (PCB-52) <10 <10 <10
2,2',4,5,5 -pentachl orobiphenyl (PCB-101) <10 231 2.85
2,2',3,4,4' 5 -heksachlorobiphenyl (PCB-138) <10 <10 3.05
2,2',4,4' 5,5 -heksachlorobiphenyl (PCB-153) <10 <10 3.55
2,2,3,4,4 5,5 -heptachl orobiphenyl (PCB-180) <10 <10 3.65

The effect of exposure to toxic metals on MT expression

Considering that M Ts play arole in the metabolism of essential metals, they
possess basal levels of expression. The occurrence of higher doses of both essen-
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tial and toxic metals provokes the induction of MTs.6.7 The same quantity of the
supernatant fractions were separated by SDS-PAGE and subjected to immuno-
blot analysis using polyclonal antibodiesto MT (Fig. 3 and Table 1V). These ex-
periments revealed that MT was present in all samples; however, MT induction
was observed in Merluccius merluccius from Bar (Fig. 3) and in Mullus barbatus
from Valdanos (Fig. 3).

Fig. 3. Immunoblot analysis with anti-
-metallothionein antibody. P — Platamu-
ni; V — Vadanos, B — Bar. Twenty ug
of proteins were subjected to 12 %
SDS-PAGE, €electroblotted to membra-
nes and immunoblotting was performed
with a polyclonal antibody for metallo-
thionein. The antigen—antibody complex
formation was detected using an ECL
detection system.

TABLE V. Quantification of immunoblot analysis with anti-metallothionein antibody. Anti-
gen—antibody complexes (changes of the relative concentrations of anti-metallothionein), were
analyzed by densitometry using Total Lab (Phoretix) electrophoresis software

Location Fish

Mullus barbatus Merluccius merlucius
Platamuni 16.5+0.6 80.7+2.5
Vadanos 40.9+1.3 107.4+35
Bar 26.9+0.9 132.1+4.1

Analyses of metals in seawater obtained from the localities of Platamuni,
Valdanos and the port in Bar during winter are shown in Table V. In view of the
acceptable average concentrations according to the Environmental Quality Stan-
dards for the Mediterranean Sea in Israel?4 for the examined metals, it can be
concluded that the concentration of Pb in Vadanos and of Cu in Bar were signi-
ficantly increased. Namely, the recommended average concentration for both Pb
and Cu is 0.005 mg L—1. The measured concentrations for Pb (Valdanos) and Cu
(Bar) were 0.022 and 0.009 mg L1, respectively. The minimal concentrations of
Pb and Cu that have a negative impact on marine organisms are 0.005 and 0.003
mg L1, respectively.

The observed presence of Cu and Pb in seawater is in correlation with MT
induction in the hepatopanceas of Merluccius merluccius from Bar and in Mullus
barbatus from Vadanos. In contrast to the species-specific induction of CYP1A,
3-5-fold higher MT protein concentrations were observed in the hepatopancreas
of Merluccius merluccius compared to Mullus barbatus (Fig. 3 and Table IV).
Species-specific MT induction in fish was reported by Lam et al.25> When carp
was exposed to sub-lethal doses of Cu, Zn and Cd, MT mRNA in the gill and
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liver was not induced while exposure of tilapia caused a significant induction of
MT mRNA in the same tissues.2> These results imply that the MT level in carp is
not areliable biomarker for monitoring metal pollution; the MT level intilapiais
a better biomarker. In view of these results, it can be concluded that MT induc-
tion in the hepatopancreas of Meluccius merluccius is a more reliable biomarker
than in Mullus barbatus.

TABLE V. Concentrations of metals (mg L™1) in seawater collected from Platamuni, Vadanos
and the port of Bar

Location Depth, m Pb Zn Cd Cu Co Ni
Platamuni 0 0.0 0.0 0.0 0.0 0.0 0.0
Platamuni 80 (bottom) 0.0 0.014 0.0 0.001 0.0 0.0
Valdanos 0 0.002 0.017 0.00012 0.005 0.0 0.0
Valdanos 20 (bottom)  0.022 0.009 0.0 0.0 0.0 0.0
Bar 0 0.0 0.0 0.0 0.0 0.0 0.0
Bar 10 (bottom)  0.003 0.010  0.00008  0.009 0.0 0.0

Whereas heavy pollution causes the sudden death of large numbers of fish,
exposure to sub-lethal levels of pollutants has to be estimated by measurements
of specific biochemical, physiological or histological responses of fish.26 To-
gether with chemical analysis, biomarker responses represent an additional ap-
proach in the study of the biological impact of environmental contaminants. The
observed changes at the molecular level show that the pollutants had entered the
organisms, been distributed between the tissues and elicited toxic effects at criti-
cal targets. This biochemical response is only the first signal of exposure to con-
taminants and is usually reversible, contrary to the changes manifested at higher
levels of organization of an organism, the population, community and ecosystem.1

CONCLUSION

Increased expression of CY P1A and metallothioneins, biomarkers of fish ex-
posure to PAHS/PCBs and toxic metals, respectively, correlated with increased
levels of environmental contaminants observed by chemical analysisin Valdanos
and Bar in winter. Fish from the Platamuni locality, an open sea area with very
low anthropogenic and industrial influences, exhibited the lowest level of conta-
mination and displayed significantly lower levels of biomarker responses.
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U3BOA

EKCIIPECUJA CYP1A I METAJIOTUOHENHA VY XEITATOITAHKPEACY OCJIMhA 1
TPJBE U3 JAIPAHCKOI' MOPA

MUPJAHA MUXAUJIOBUR', MUOJIPAT TIETPOBURY, HEBEHA I'PJIOBUR’, CBETJIAHA JJUHUR?,
AJIEKCAHJIPA YCKOKOBUR', MEJINTA BUJIAKOBUR', IJIMJAHA TPUIOPOB’, IECAHKA BOTOJEBUR?,
CBETJIAHA UBAHOBUA-MATUHR', BECHA MAPTUHOBUR?, JEJIEHA APAMBALINR?,
JIAHUJEJIA JOKCUMOBUR?, CBETJIAHA JIABYC-BJIATOJEBUR® u TOPAH ITO3HAHOBUR!

" Wnimuimym 3a 6uonowka ucitipanusarsa “Curtiua Cilianikosuh”, Yuusepsuiiei y beozpady, beozpad, > Unciiuitiyim
. _ 3 JE . R _
3a 6uoaozujy mopa, Koitiop, Lipna I'opa u” Unciiuitly i 3a jasHo 30pasmve “Muaan Josanosuh-baityiu", beozpao

CY P1A npencrasiba 100po okapakTepucaH GHoMapkep Ko puba npH U3Naramby MOJHIUKIIH-
YHUM apoMatHyHuM yriboBogonuIuMa ([TAX) u nomuumkmmaauM Gudpexonuma (IL[B). Mertao-
tronennn (MT) mpercraBibajy GamMuiinjy NpoTEHHA KOjH BE3yjy METale M YYECTBY]Y Y HHXOBO]
MeTaboIM3My, TPAaHCHOPTY M perynanuju. Llnss oBor pana je 6mo ma ce UCIUTAjy Kopelanuje 13-
meljy npomena y HuBoy CYPLA u MT y xenartonaHkpeacy JBe KoMepiujaiHo Baxue pube: Mullus
barbatus (tpspa) u Merluccius merluccius (ocnuh) u kontamunanarata: [TAX, ITIB u TokcHIHEX
Merana) Ha Tpu Jokanurera y JaapHckom mopy ([Tnaramynu, Bampanoc u nyka bap) y sumy.
CYP1A je y najBehem creneny MHIyKOBaH Ha JokaiauteTy bap y o0e ucnutiBaHe BpCTe, IITO je Y
Kopenaiyju ca npucyctsom mosehane komuunne [ y mopckoj Boau y bapy. Huso MT je HajBe-
hu xox ocimha m3nossseHor y bapy, a ko Tpibe y Banmanocy. To je y kopenanuju ca ©3MEpeHUM
noBefiaHUM KOHIIEHTpanujama 6akpa y bapy, a onosa y Bannanocy. Ha ocHOBY M3y4aBaHHX Mapa-
Merapa, [naTaMyHH Cy JIOKaJIUTET ca HajMambHM CTCIICHOM KOHTaMUHAIIHje.

(Mpumsseno 29. oktoOpa, peBuaupano 11. nenembpa 2009)
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EXTENDED ABSTRACT
Liquid-iquid equilibriain solutionswith
potential ecological importance
ZORAN P. VISAK

Centro Quimica Estrutural, Instituto Superior Técnico, Avenida Rovisco Pais 1,
1049-001, Lisboa, Portugal

(Received 23 February, revised 18 March 2010)

Abstract: In the last three years, our research follows two main issues, defined
by the slogans: “green meets toxic” and “green meets green”. The first issue
considers the potential use of ambient friendly solvents for toxic organic com-
pounds of industrial and practical importance. The other is related to liquid
phase behavior in solutions of ecologically sustainable substances. The “green”
solvents studied are: ionic liquids, liquid poly(ethylene glycol), glycerol and
1,2- and 1,3-propanediol.

Keywords. sustainable solvents; phase equilibria, poly(ethylene glycol); glyce-
rol; propanediols; ionic liquids.

In the past ten years, Portugal has rapidly advanced in scientific research and
development, showing a consistent state strategy in this respect. Statistics and
facts obviously spesk in favor to this claim:1 i) in 2008, Portugal invested over
2,513,000,000 Euro for this purpose, i.e.,, 1.51 % of the gross national product
(GNP), which is the highest level ever, surpassing those of Ireland and Spain; ii)
within the aforementioned funds, nearly a half came from the private sector and
this increase is enormous — amost three times more compared to 2005; iii) the
number of researchers per thousand active members of the population reached
7.2, being now over the average in the European Union; iv) Portuga probably
has one of the best stimulation politics for private investments in research —
companies could have tax reductions of up to 82.5 % of their scientific input; v)
in the period 2004-2008, Portugal had one of the best increase rates of scientific
production — the number of publication per million inhabitants in journals
acknowledged by the Information Sciences Ingtitute (IS1) list, increased from 373
to 626 (nearly 70 %).

zoran.visak@ist.uti.pt
doi: 10.2298/J5C100223100V
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This favorable scientific environment enabled us, and still does, the reali-
zation of good and productive scientific investigations. In the last three years,
two main research topics — or slogans — emerged: “green meets toxic” and “green
meets green”’. The first considers ambient friendly solvents for toxic organic
compounds (generally solvents as well) of industrial and practical importance.
However, the other topic is related to liquid phase behavior in solutions of
“green” — ecologically sustainable — substances.

Ambient friendly solvents of our interest are ionic liquids, liquid poly(ethy-
lene glycal), glyceral, 1,2- and 1,3-propandiol.

lonic liquids constitute a class of compounds the number of which — already
enormous (over 1,000,000 known class members)? — is constantly rising. The
present definition is that they are ionic compounds (salts) that possess glass tran-
sition and/or melting points below 100 °C.3 The complex but diverse structure
and versatile solvent properties of ionic liquids offer wide possibilities for both
fundamental studies and practical applications.24 Their high asymmetry, robust
(ugly) cations (and sometimes anions as well) contribute to their low melting
points. Some of the “green” aspects of ionic liquids — toxicity and biodegrade-
bility — are till under discussion,3 while achieving good purity remains a chal-
lenging task.>6 However, their favorable properties, extremely low volatility, 9
in principle zero flammabilityl0 and relative thermal stabilityll yet makes them
good candidates for aternative solvents. Due to their dual nature —they consist of
polar and non-polar domains — they have versatile solvent—solute properties and
exhibit arich phase behavior.12

Liquid poly(ethylene glycol) (PEG) (average molar weight 200 and 400 g
mol—1) is a good polar solvent which acts both as a proton donor and proton
acceptor.13 It is ambient friendly since it has a rather high boiling point but has a
very low toxicity as well and is biodegradable to a large extent.14 Another inte-
resting aspect of PEG isthat it may change its polarity depending on the polarity
of the other component in a solution!® — this aspect obviously contributes to its
diversity as a solvent.

1,2- and 1,3-Propandiol and glycerol have high boiling points as well and
thus present ecologically sustainable substances. Generally, their toxicity is low,
particularly that of glycerol which is practically edible. All these polyalcohols are
quite polar and good hydrogen bonding solvents.

Within the aforementioned slogan “green meets toxic”, the first issue that
was considered is solutions of a highly toxic compound — nicotine — and ionic
liquids. In this respect, ionic liquids, 1-alkyl-3-methyl-imidazolium bis(trifluoro-
methyl sulfonyl) amide ([C,mim][NTf5], n = 2-10)) and 1-ethyl-3-methyl-imida-
zolium ethyl sulfate ([Comim][EtSO4] — ECOENG212) were initially studied. It
was found that ionic liquids of the first series were al completely miscible with
nicotine over a wide range of temperatures. However, the solubility tests in the

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

2010 Copyright (CC) SCS



SOLUTIONS WITH POTENTIAL ECOLOGICAL IMPORTANCE 1163

case of ECOENG212 showed a very limited miscibility —a“wall-like” phase dia-
gram was obtained.16 The latter presents an extremely narrow one-phase region
on the nicotine-rich side and a much higher miscibility on the ionic liquid-rich
side. Thus, it was decided to combine the two ionic liquids with the same cation
[Comim][NTf5] and [Comim][EtSO4] (these are completely miscible) to form a
combined solvent. For distinct molar ratios of these two ionic liquids (actually
ratios of two different anions), it was possible to fine-tune the temperature-com-
position phase diagram for the system (nicotine + combined solvent) — the sol-
vent compositions that provide complete miscibility at ambient temperatures
were determined.16

The same strategy was applied when the ionic liquids 1-alkyl-3-methyl-imi-
dazolium chloride ([Cymim][Cl], n = 6-10) were applied.16 When the number of
the carbon atoms in the cation (n) is 10, theionic liquid is a very good solvent for
nicotine — the upper critical solution temperature (UCST) is below 298.15 K.
However, as the carbon number n decreases, the mutual miscibility in the system
is reduced. Therefore, in these cases, the combined solvents for tuning the nico-
tine phase diagrams were practically distinct mixtures of imidazolium cations and
acommonly — chlorides.

Following the other slogan “green meets green”, ionic liquids and agueous
(high average molecular mass) polyethylene glycol solutions were combined.1’
The main issue was to use ionic liquids as salts to eventually provoke a salting-
-out effect — low critical solution temperature (LCST) decreases — in PEG solu-
tions with water, following the long-known pattern with inorganic sats that is
applied in extraction and separation processes, mainly in biochemistry.18-20 |n
this respect, 1-akyl-3-methyl-imidazolium chloride ([Cymim][CI], n = 2-10) and
ECOENG212 were studied. However, although ionic liquids are salts (molten
salts), their behavior towards aqueous PEG solutions was shown to be much
more complex than that of inorganic salts. While ionic liquids with short alkyl
chains provoked a salting-out effect, those with long ones realized the opposite,
the so-called salting-in phenomenon — PEG solubility in water, and thus the
LCST of the solution, increased. To be more precise ECOENG212 provoked
both effects — the initial salting-in effect was followed by the salting out. The
results revealed the possibility of combining ionic liquids and inorganic salts to
adjust liquid phase demixing (salting-in or salting-out) effects in agueous PEG
solutions.

Another study that is related to the “green” issue is connected to solutions of
imidazolium ionic liquids with polyalcohols. In this work:-21 liquid-liquid equi-
libria (LLE) of solutions of imidazolium-based ionic liquids with either bistrifla-
mide ([C,mim][NTfy], n = 2 and 10) or triflate anions ([Comim][OTf]), with 1-
-propanol, 1,2-propanediol, 1,3-propanediol and glycerol (1,2,3-propanetriol) were
studied. The obtained phase diagrams showed a remarkable difference in solva
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tion properties between the ionic liquids with NTf, or OTf anions towards the
aforementioned alcohals; thus, while [Comim][NTf5] constantly exhibited partia
miscibility, [Comim][OTf] was always completely miscible. This divergence is
likely to be related to the distinct abilities of NTf> and OTf anions towards
hydrogen bonding. There are more than a few evidences and/or facts — based on
distinct liquid phase behavior, anion basicity or spectroscopic studies — that speak
in favor of this claim (in this respect see ref. 21 and references cited therein). The
results of this work enabled speculation on the possibility of using a combined
solvent — a mixture of [Comim][NTf5] and [Comim][OTf] ionic liquids (or, again,
actually a mixture of two anions and a common cation) for a practical purpose —
to separate 1,3-propanediol from glycerol and water. Namely, 1,3-propanediol is
an important substance in the production of some polymers (polyesters, poly-
ethers and polyurethanes).22 One of the methods for its production is fermen-
tation from glycerol and the most costly part of this process is the separation of
the diol from the fermentation broth. This presents quite a technological chal-
lenge, since 1,3-propanediol and glycerol both have high boiling points — the
hitherto applied separation methods all have questionable efficiency and/or high
energy consumption.22 Therefore, in this work, a phase diagram was presented
that clearly indicates the possibility to realize the aforementioned separation by a
sustainable process under ambient conditions.

Our near-future research is aso attempting to combine ecologically favo-
rable compounds, ionic liquids, liquid polymers and glycerol — this time in an
attempt to obtain hybrid sustainable materials. These studies are to be pursued
within our project “green meets green” — “Sustainable hybrid solvents or mate-
rials based on ionic liquids, glycerol and liquid polymers’, that has been ap-
proved by the Foundation for Science and Technology (FCT) of the Portuguese
Ministry of Science, Technology and High Education (MCTES).23

U3BO ]
PABHOTEXA TEUHOCT-TEUHOCT Y PACTBOPUMA O] IIOTEHLIUJAJIHOI'
EKOJIOLIKOI 3HAUAJA
30PAH I1. BUILIAK
Centro Quimica Estrutural, Instituto Superior Técnico, Avenida Rovisco Pais 1, 1049-001, Lisboa, Portugal
Haia ucTpakuBarma y IOCIEAE TPU FOJUHE HAY y [Ba MpPaBLa: a) OBE3HBamba SKOJIOLIKIX
pacTBapaya M TOKCHYHHX je/HICHa M 0) IMOBE3MBama CKOJOIIKHX pacTBapada W HETOKCHYHHX,
MIOJHONIBMBHX KOMIOHEHTH. [IpBa nMHMja HCTpaXkuBama Iopa3yMeBa IIOTEHIjaTHO KopuIheme
“3enmeHnx” pacTBapada 3a OpPraHCKE, TOKCHYHE CYIICTaHIE Of WHIYCTPHjCKOT M JIAaOOPaTOPHjCKOT

3Havaja. [Ipyra ce OIHOCH Ha MOHAIIAKkE TCYHHX, CKOJOIIKUX, pacTBopa. [IpoydyaBaHH eKOIOIIKA
pacTBapayd Cy: jOHCKE TeUHOCTH, TEUHH TOJU(ETUICH-TIIMKOIM), Tiuiepol, 1,2- u 1,3-nponanaunon.

(Mpumiseno 23. Gpedpyapa, pesuaupano 18. mapra 2010)
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