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Abstract—Trimetallic compounds have been synthesized by treating pyrazole-3,5-dicarboxylic acid with CS,,
di-, and triorganotin(IV) chlorides and HgCl, under reflux. The complexes have been characterized by
elemental analysis, IR, "H and ?C NMR spectroscopy. Dipole moments and charges were calculated by the

semi-empirical method. Two complexes

were studied by DFT (BLYP/3-21G, B3LYP-3-21G) and semi-

empirical methods (PM3, PM6, MNDO, AMI1, ab initio). IR data indicated that Sn was attached to oxygen of
the carboxylic groups in a bidentate manner and adopted trigonal bipyramidal geometry. Hg was bonded to
both S atoms of a ligand and exhibited square planner geometry in solid state. NMR data confirmed the four

coordinated geometry of compounds in solutions.
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INTRODUCTION

Organotin(IV) complexes have been the subject of
interest due to their biomedical and commercial applica-
tions [1]. Several organotin(IV) complexes were
efficient as antimicrobial [2] and antiviral agents.
Applications of metal complexes in treatment of numerous
human diseases have been developed [3, 4]. Bio-
chemical activity of organotin(IV) carboxylates is
greatly influenced by the structure of corresponding
molecules and the coordination number of tin atoms
[5-8].

Having in view the above applications and our prior
study of synthesis and characterization of hetero-
bimetallic complexes [9], we synthesized trimetallic
complexes of pyrazole-3,5-dicarboxylic acid contain-
ing Sn(IV) and Hg(II). The complexes were charac-
terized by elemental analysis, FT-IR, 'H and °C NMR
spectroscopy. Dipole moments, charges and EPS map

! The text was submitted by the authors in English.

were calculated by DFT and some semi-empirical
methods.

EXPERIMENTAL

The organic solvents, pyrazole-3,5-dicarboxylic
acid and HgCl, were purchased from Merck (Germany).
Carbon disulfide, acetone and ethanol were purchased
from Riedel-de Haen (Germany). Organotin(IV)
halides were purchased from Aldrich (USA). All sol-
vents were purified and dried by the reported methods
[10]. Melting points were measured on an electro-
thermal melting point apparatus; model Stuart SMP3
in capillary tubes. Elemental analysis was carried out
on a CHNS-932 Leco (USA) apparatus. FT-IR spectra
were recorded as KBr/CsBr discs by Perkin Elmer
1000 spectrophotometer in the frequency range of
4000250 cm'. 'H and “C NMR spectra were
recorded on a Bruker AM-300 MHz FT-NMR spectro-
meter using CDCl; as an internal reference.

The semi-empirical calculations were done by
MOPAC 2007 [11] program in gas phase using the
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PM6 [12], PM3 [13, 14], AMI1 [13], and MNDO [15]
methods. Absence of imaginary frequencies was
checked to confirm the global minimum in each case.
The model was built by using constraints on the
movement of each of four coordinated sulfur atoms
and on Hg™ ion on the x,y,z axes performing the
geometry optimization. The geometry optimization
was done without any constraints on any of the atoms.
The final RMS values were always less than one. DFT
calculations were performed in gas phase using Firefly
QC package [16] which is partially based on the
GAMESS (US) [16] source code using the BLYP
exchange-correlation functional [17, 18], B3LYP
hybrid functional [19, 20], ab initio calculations at the
Hatree-Fock level of theory were carried out with the
3-21G basis set with Firefly QC pakage [21, 22].

Synthesis of compounds I-III. Pyrazole-3,5-
dicaroxylic acid (1 mmol) was dissolved in methanol
(20 mL) in a round bottom two necks flask with

continuous stirring. Solid R,SnCl, (R = Me, n-Bu, Ph)
(2 mmol) was added in the above solution in portions.
The reaction mixture was refluxed for 4 h. The solvent
was evaporated slowly at room temperature. The
product obtained was dried in the air and recrystallized
from acetone : n-hexane (1 : 1) (Scheme 1).

Synthesis of compounds IV-VI. A solid product
I-I1I (2 mmol) was dissolved in methanol (20 mL) in
a 250 mL round bottom flask. CS, (2 mmol) was
added drop wise in the above solution. The mixture
was stirred for 0.5 h and solid HgCl, (1 mmol) was
added in portions. The reaction mixture was stirred for
4 h at room temperature. The solvent was evaporated
slowly at room temperature. A product obtained was
dried in the air and recrystallized from methanol : n-
hexane (1 : 1) (Scheme 2).

Synthesis of compounds VII and VIII. Pyrazole-
3,5-dicaroxylic acid (1 mmol) was dissolved in
methanol (20 mL) in a round bottom two necks flask
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upon stirring. Solid R;SnCI (R = »n-Bu, Ph) (2 mmol)
was added in the above solution in portions. The
reaction mixture was refluxed for 6 h, the solvent was
evaporated slowly at room temperature. The product
obtained was dried in the air and recrystallized from
acetone : n-hexane (1 : 1) (Scheme 3).

Synthesis of compounds IX and X. The solid
product VII or VIII (2 mmol) was dissolved in
methanol (20 mL) in a round bottom flask. Then CS,
(2 mmol) was added drop wise in above solution and
stirred for 30 min. Solid HgCl, (1 mmol) was added in
portions and stirred for 6 h. The solvent was
evaporated slowly at room temperature. The product
was dried in the air and recrystallized from methanol :
n-hexane (1 : 1) (Scheme 4).

RESULTS AND DISCUSSION

Physical data of products are listed in Table 1.

FT-IR spectra were recorded in the range of 4000—
250 cm ' as KBr/CsBr discs. The strong band at
3218 cm™' characteristic for the NH group of the
ligand was not recorded in the spectra of complexes
IV-VI, IX, and X. In complexes I-X v,(COO) were
observed in the range of 1642—-1600 cm ' and v{(COO)
in the range of 14581425 cm . It was noted that the
value Av = v,(COO) — v{(COO) lower than 200 cm™'
indicated the bidentate carboxylate and higher than
200 cm ' was typical for the monodentate carboxylate
[23, 24]. Complexation of tin(IV) with the ligand was
supported by the presence of Sn—O bands in the range
495-445 cm ' [25] (Table 2).

It has been reported [26] that a single v(C—S) band
in the region around 1000 cm ' was indicative of dithio-
carbamate groups that were bonded symmetrically or
bidentate in nature. Splitting of the band around
1000 cm™' has been reported for dithiocarbamate
groups that acted as a monodentate ligand or were
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Table 1. Physical data of the synthesized complexes with pyrazole-3,5-dicarboxylic acid
Elemental analysis, %
Com Molecular Yield, | mp, °
p: Molecular formula weight, o) P, C H N S
no. g/mol %o C | calculated | calculated | calculated | calculated

(found) (found) (found) (found)

HL CsH;s05N, 174.11 - 290.0 - - - -

1 CoH,404CLLN,Sn, 522.60 75 230.1 20.68 2.70 5.35 -
(20.64) (2.75) (5.31)

I C,1H3504CL4N,Sn, 690.914 77 235.6 36.50 5,54 4.05 -
(36.54) (5.59) (4.09)

1 C20H204C14N,Sn;, 770.86 66 228.9 45.18 2.87 3.63 -
(45.13) (2.81) (3.67)

v C20H2605S4Sn,HgN,Cly 1396.70 67 213.4 17.18 1.87 4.00 9.16
(17.21) (1.91) (4.04) (9.12)
(30.42) (4.33) (3.27) (7.41)

VI CeoH4205S4SnHgN,4Cly 1892.83 65 255.6 38.03 223 2.95 6.76
(38.01) (2.20) (2.98) (6.72)

VII Cy9Hs5604CLIN,Sn, 734.13 73 268.9 47.44 7.68 3.81 -
(44.42) (7.73)) (3.86)

VIII C41H3,04C1LN,Sn, 854.83 63 237.8 57.60 3.77 3.27 -
(57.65) (3.81) (3.22)

IX CeoH11005S4SnsHgN, 1819.38 65 120.1 39.57 6.09 3.07 7.03
(39.53) (6.13) (3.03) (7.00)

X CgqHg205S4SnsHgN, 2058.99 70 185.6 48.95 3.03 2.71 6.21
(48.92) (3.00) 2.74) (6.25)

asymmetrically bonded [27-29].

The compounds

the chemical shift for aromatic protons of the pyrazole

exhibited single v(C-S) bands between 940 and
956 cm ' which was attributed to bonding of two
sulfur atoms with tin atom. Complexation of Sn(IV)
and Hg(Il) with the ligand was confirmed by the new
bands recorded at 335-331 cm™', v(Sn—Cl), and 287—
279 cm ', v(Hg-S) [30, 31].

"H NMR spectra. "H NMR data of the ligand and
complexes were recorded in DMSO-dgs. The number of
protons observed in the spectra were in close
agreement to those theoretically calculated by the
incremental method [32]. The OH group signals (13.68
and 13.61 ppm) of the free ligand were not recorded in
the spectra of complexes confirming deprotonation of
the carboxylic group and its complexation with tin.
The complexation did not cause significant change in

ring. The values %J['"°Sn, 'H] (82 and 81 Hz, respec-
tively) for III, VI, VIII, and X supported the five coor-
dinated environment around tin atom in solutions [33].

Compound 1. Sn—CH;Cl, 1.22 s, 2J97. Compound
II. Sn—CH,CH,CH,CH;Cl, 0.86-0.94 m, 0.21 t (7.3).
Compound III. Sn—C¢HsCl, 7.90 d, %J 82, 7.51-7.56
m, 7.41-7.49 m. Compound IV. Sn—CH;Cl, 1.25 s, 2J
95. Compound V. Sn—CH,CH,CH,CH;Cl, 0.85-0.95
m, 0.25 t (7.2). Compound VI. Sn—C¢H;Cl, 7.94 d, °J
82, 7.52-7.58 m, 7.44-7.53 m. Compound VII. Sn—
CH,CH,CH,CHs3, 0.61-1.4 m, 0.25 t (7.2). Compound
VIIL. Sn—C¢Hs, 7.98 d %J 82, 7.56-7.61 m, 7.40-7.57
m. Compound IX. Sn—CH,CH,CH,CHj3;, 0.66—1.17 m,
0.28 t (7.2). Compound X. Sn—C¢Hs, 7.89 d, *J 81,
7.54-7.60 m, 7.42-7.59 m.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85 No. 7 2015



SYNTHESIS, SPECTRAL, DFT, AND SEMI-EMPIRICAL STUDY 1729
Table 2. IR data (cm™") of synthesized compounds with pyrazole-3,5-dicarboxylic acid

Comp. v(NH) veao) Av v(C=S) | (C-S) | v(Sn—0O) | v(Sn—C) | v(Hg-S) | v(Sn—Cl)
no. vas(COO) | vy(COO)
HL 3218 1702 1491 211 - - - - - -
| 3222 1642 1456 186 - - 495 580 - 331
II 3228 1630 1425 195 - - 453 560 - 334
001 3225 1615 1428 187 - - 450 258 - 331
v - 1605 1442 163 1014 956 452 570 286 331
A% - 1610 1445 165 1015 985 455 590 287 335
VI - 1685 1429 156 1015 985 452 250 279 332
VII 3221 1640 1458 182 - - 448 580 - -
VIII 3224 1605 1427 178 - - 470 260 - -
IX - 1600 1458 142 1020 980 490 570 287 -
X - 1628 1435 193 1010 985 445 252 285 -

3C NMR spectra. Proton decoupled “C NMR
spectra were recorded in DMSO-ds. The data verified
complexation of the ligand with tin and mercury. The
spectra enabled to assign the number of non-equivalent
carbon atoms and to identify the types of carbon atoms
(butyl, aromatic, carbonyl etc.) [34]. The chemical
shift at 161.8 ppm was assigned to carboxylate carbon
(C' and C") of the free ligand. This signal was shifted
downfield (172.1-173.3 ppm) in the spectra of
complexes I-X. The signal in the range 202.7-
206.1 ppm in the spectra of complexes IV-VI, IX, and
X provided the evidence for the CSS™ group
coordination with mercury. The Hg-S linkage was
evident from the S—Hg vibrational peak of the
corresponding IR spectra of the complexes.

The carbon of phenyl and alkyl groups attached to
tin were observed at almost similar positions as
calculated from incremental method [32].

Compound I. Sn—CH;CI, (C%) 28.1, 'J 298. Com-
pound II. Sn—C4H,Cl; (C%) 28.3, 'J 551, (C*) 27.4 21
24, (C") 26.6, °J 65, (C°%) 14.3. Compound III. Sn—
CeHsCl, (C%) 147.5, 'J 434, (C°) 137.5, %J 34, (CY),
135.2, °J 43, (C%) 129.4. Compound IV. Sn—CH;Cl,
(C*% 28.3, 'J 299. Compound V. Sn—C,HoCl; (C%)
28.7, 'J 551, (CP) 27.2, 2J 24, (CY) 26.5, °J 65, (CY)
14.1. Compound VI. Sn—C¢H;Cl, (C*) 147.3, 1] 434,
(CP 137.6, %J 34, (C"), 135.5 *J 43, (C°) 129.3.
Compound VIL Sn—C,H, (C%) 28.6, 'J 573, (C") 26.4,

2J 23, (C) 25.7, °J 65, (C°) 14.7. Compound VIII.
Sn—C¢Hs, (C%) 142.3, 'J 638, (CP) 136.2, 27 47.8, (C)
135.3, °J 58, (C% 129.4. Compound IX. Sn—C,H,
(C*) 28.6, 'J 573, (CP) 26.3, %7 23, (C") 25.4,°J 65, (C?)
14.2. Compound X. Sn—-C¢Hs, (C%), 142.1, 17 638,
(CP) 136.0, %7 47.8, (C") 135.9, °J 58, (C°) 129.2.

Semi-empirical study. The calculated bond lengths
and bond angles are all typical to organotin(IV)
compounds [35]. The Hg ion lied on the plane formed
by the four sulphur atoms: 0.00 A (IV), 0.01 A away
(V), and 0.04 A away (X). The Hg"*-S bonds length of
2.73 A have been observed in the dithiocarbamate
complexes of Hg™. The PM6 method overestimated
the longer Sn—O bond length, though other bonds
including the shorter Sn—O bond, Sn—Cl and Sn—-C
were correctly estimated. The values were shorter than
sum of van der Waals radii for these ions, 3.68 A. The
calculated dipole moments were, D: 0.001 (IV), 0.317
(V), 1.370 (VI). Substitution of chlorine with the
phenyl group in the complex X reduced the electron
density at Sn and increased the positive charge. The
charge at the central Hg ion was however not affected.

DFT study. In the structure obtained for complex I
by B3LYP-3-21G method the angle between the
planes between two carboxylate groups (Sn'’~0°’—C*-
0*) and (Sn'-0*-C*-0*) was 0.0° with two chloride
groups diagonally opposite to each other. Similar
structures were also obtained with by BLYP/3-21G
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Table 3. Selected bond angles of complex I

ABBAS et al.

Method
Bon((ile angle, DFT ab initio semi-empirical
s BLYP/3-21G | B3LYP/3-21G | HF/3-21G PM3 | PM6 | AMI | MNDO
0-Sn-0O 0’-Sn'-0*
s7.8 | s12 | s20 | 519 | 487 | 555 | 407
09_Sn10_020
585 | 581 | osa4 | 22 | 409 | 557 | 411
o'-C*-0?
0-C-0 o2 | 188 | 196 | 1102 | 1190 | 1113 | 1192
09_C8_O20
1gs | 178 | n77 | 1095 | 1176 | 1108 | 1187
C-Sn—Cl C¥-Sn'-CI*
1036 | 1038 | 1057 | 1061 | 1098 | 1049 | 1231
CZS_Snl_C133
1036 | 1038 | 1057 | 1061 | 1098 | 1049 | 1083
CIZ_SHIO_CIII
1030 | 1038 | 1043 | 1054 | 1088 | 1042 | 1079
C16_Sn10_C111
1030 | 1029 | 1042 | 1054 | 1088 | 1042 | 1079
C-Sn—-C C'-sn'’-C'
1272 | 127.6 1259 | 1194 | 1222 | 1224 | 1226
C29isn17C25
1279 | 1280 | 1253 | 1199 | 12243 | 1228 | 1231
Table 4. Selected bond lengths of complex I
Method
Bond Bondéength, DFT ab initio semi-empirical
BLYP/3-21G | B3LYP/3-21G |  HF/3-21G PM3 | PM6 | AMl | MNDO
O-Sn Sn'-0? 2.13 2.09 2.01 202 | 212 | 224 2.00
(short) Sn'*-0% 2.13 2.10 2.02 202 | 212 | 224 | 2.00
0O-Sn Sn'-0* 2.52 2.52 2.77 262 | 293 | 233 3.31
(long) Sn'’-0° 2.47 2.45 2.62 259 | 284 | 231 | 328
0-C c-o* 1.28 1.26 1.22 124 | 123 | 1.28 1.24
(short) -0’ 1.28 1.26 1.23 124 | 123 | 129 | 124
0-C Cc-0% 1.36 1.34 1.33 132 | 133 | 130 1.33
(long) -0 1.36 1.34 1.33 132 | 133 | 130 | 1.33
Sn—Cl Sn'-CI* 248 2.46 243 236 | 234 | 242 231
Sn'’—C1" 2.49 2.46 2.44 236 | 235 | 242 231
Sn—C Sn'-C* 2.17 2.15 2.14 209 | 2.11 | 2.08 2.08
Sn'-C¥ 2.17 2.15 2.14 209 | 2.11 | 2.08 2.08
Sn'’-C"? 2.17 2.15 2.14 209 | 2.11 | 2.08 2.08
Sn'’-C'® 2.17 2.15 2.14 209 | 211 | 2.08 2.08
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Table 5. Selected bond angles of complex III
Method
Bond angle, deg DFT ab initio semi-empirical
BLYP/3-21G \ B3LYP/3-21G | HF/3-21G PM3 \ PM6 \ AM1
0’-Sn'-0*
57.8 \ 57.2 \ 52.0 51.9 \ 48.7 \ 55.5
O0-Sn-O0 0°-Sn'"_ 0%
59.1 \ 58.8 \ 57.5 52.0 \ 495 \ 55.7
0*-C*-0?
118.8 \ 118.1 \ 116.8 110.1 \ 1194 \ 111.2
0-C-0 o°-c-0o*
118.0 \ 117.3 \ 115.7 109.4 \ 118.0 \ 110.7
C5oisnlicl61
101.8 \ 101.7 \ 102.2 104.9 \ 108.7 \ 104.3
C39_Snl_C16]
C—Sn_Cl 101.8 | 101.7 1022 1049 | 1087 | 1043
C]Zﬁsnloiclll
101.2 \ 101.2 \ 101.6 106.4 \ 107.8 \ 103.7
C23_Sn10_C11 1
101.2 \ 101.2 \ 101.6 106.4 \ 107.8 \ 103.7
C12_Sn10_C23
128.7 \ 129.0 \ 127.8 117.0 \ 123.0 \ 120.7
C-Sn—C C”—Snl—CSO
129.3 \ 129.6 \ 128.0 \ 120.2 \ 123.6 \ 121.4

and semi-empirical PM3, PM6, MNDO, ab initio and
AMI1 methods.

The carboxylate oxygen (with the short C—O bond)
was bound to tin with a longer Sn—O bond while the
carboxylate oxygen (with the long C-O bond) was
bound to tin with shorter Sn—O bond (Tables 3, 4).
MNDO and PM6 methods probably overestimated the
longer Sn—O bond length, though other bonds
including Sn—Cl and Sn—C were correctly estimated. In
bond angle estimations the MNDO and PM6 methods
calculated a comparatively low value of O-Sn—O
angle, while AM1 method computed a lower value of
O—C-O angle. The dipole moment calculated by
MNDO and PM6 methods was different from the rest
DFT, ab initio and Semi-empirical methods.

Computed dipole moments of the complex I, D:
0.974 (BLYP/3-21G), 1.098142 (B3LYP/3-21G),
1.538965 (HF/3-21G), 1.262 (PM3), 2.074 (PM6),
1.048 (AM1), 2.020 (MNDO).

In the structure III obtained by B3LYP-3-21G
method the planes between two carboxylate groups

(Sn'-0’-C*-0*) and (Sn'-0’-C’-0") were 0.0° with
the two chloride groups diagonally opposite to each
other. Similar structures were obtained with by
BLYP/3-21G and semi-empirical PM3, PM6 and AM1
methods. (The MNDO method yielded a distorted
structure, therefore is not considered.)

The carboxylate oxygen (with the short C—O bond)
is bound to tin with a longer Sn—O bond while the
carboxylate oxygen (with the long C—O bond) is bound
to tin with shorter Sn—O bond (Tables 5, 6). The PM6
method probably overestimated the longer Sn—O bond
length, though other bonds including Sn—Cl and Sn—C
were correctly estimated. In bond angle estimations
again the PM6 method calculated a comparatively low
value of O—Sn—O angle, while AM1 method computed
a lower value of O—C-0O angle.

Computed dipole moments of the complex III, D:
1.093779 (BLYP/3-21G), 1.090595 (B3LYP/3-21G),
0.993010 (HF/3-21G), 1.004 (PM3), 2.046 (PM6),
1.236 (AM1).
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Table 6. Selected bond lengths of complex ITI

ABBAS et al.

Method

Bond Bond length, A DFT ab initio semi-empirical
BLYP/3-21G | B3LYP/3-21G HF/3-21G PM3 | PM6 | AMI
O-Sn Sn'-0? 2.15 2.12 2.06 201 | 212 | 224
(short) Sn'%- 0¥ 2.15 2.12 2.06 201 | 212 | 224
O-Sn Sn'-0* 2.46 2.44 2.46 263 | 294 | 233
(long) $n'"-0° 241 238 2.40 260 | 287 | 231
0-C c-o* 1.29 1.27 1.24 124 | 123 | 1.28
(short) -0’ 1.29 127 125 124 | 123 | 129
0-C ct-o* 1.34 1.33 131 132 | 133 | 130
(long) -0’ 1.35 1.33 1.31 132 | 133 | 130
Sn—Cl Sn'-C1*! 248 2.46 2.45 236 | 234 | 242
Sn'’—C1" 2.49 2.47 2.46 236 | 235 | 243
Sn—C Sn'-C* 2.15 2.13 2.12 204 | 210 | 2.08
Sn'-C* 2.15 2.13 2.12 204 | 210 | 2.08
Sn'’—C" 2.15 2.13 2.12 204 | 210 | 2.09
Sn'’-—C* 2.15 2.13 1.12 204 | 210 | 2.09

CONCLUSIONS 3. Gielehn, M. and Tiekink, E., Metallotherapeutic Drugs

IR data confirmed trigonal bipyramid and square
planar geometry around Sn(IV) and Hg(l),
respectively. The bonding behavior was verified by
semi-empirical study. NMR data revealed the 4-
coordinated geometry of products in solutions. Charge
calculations by semi-empirical method indicated that
substitution of chlorine with aryl groups increased the
positive charge in complex X as compared to complex
IV and V due to decrease of electron density at Sn(IV)
while the charge at the central Hg ion was not affected.
The PM6 method calculated comparatively low value
of O-Sn—O angle, while AM1 method computed a
lower value of O—C—O angle for complex I and III.
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