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Abstract—The chemical and electrochemical syntheses of the zinc (I) and cadmium (II) complexes are car-
ried out on the basis of the tridentate Schiff base (H,L), the condensation product of (2-tosylaminoaniline)
N-(2-aminophenyl)-4-methylbenzenesulfunamide with 1-phenyl-3-methyl-4-formylpyrazole-5-thiol. The
structures and compositions of the synthesized metallochelates are proved by the data of C, H, and N ele-
mental analyses, IR spectroscopy, and 'H NMR spectroscopy. X-ray absorption spectroscopy is used to
determine the structure of the zinc complex. The binuclear structure of the cadmium complex is confirmed
by the X-ray diffraction data (CIF file CCDC no. 1471159). The optical properties of H,L and the zinc and
cadmium complexes in dimethyl sulfoxide (DMSO) solutions are studied.
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INTRODUCTION

Many complexes with different structural, spectral,
and magnetic properties were purposefully obtained
depending on the denticity of potential azomethine
ligand systems, condensation products of 1-phenyl-3-
methyl-4-formylpyrazole-5-thiol and various ali-
phatic and aromatic amines, and on the nature of the
complexing metal. The mononuclear chelates of zinc,
cadmium, and nickel based on bidentate ligands with
the tetrahedral configuration of the metal bonds
undergo in solutions fast intramolecular stereoisomer-
ization and intermolecular ligand exchange reactions
[1, 2]. In addition, bidentate Schiff bases, 5-thiopyra-
zole aldehyde derivatives, are convenient objects for
the directed synthesis of complexes with different cis
or trans geometry of the MN,S, chelate unit (M =
Ni(IT), Pd(IT)) depending on the steric properties of
the substituent at the N atom of the amine fragment of
the ligand [3—9]. The mononuclear copper(Il) com-
plexes of bi- and tridentate thiopyrazole ligands with
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different N,S and N,S,O environments are very inter-
esting, since they are convenient models for the inter-
pretation of the structural, spectral, and electronic
properties of the active centers of the “blue” copper
proteins [10—14]. The low-spin iron thiolate complex
based on the tridentate ligand, the condensation prod-
uct of thiopyrazole aldehyde and 8-aminoquinoline
with the Fe(IIT)N;S; chelate mode, is a model of nat-
ural metalloenzyme nitrile hydratase [15]. The mag-
netic properties of the binuclear copper(1l) complexes
based on tri- and pentadentate azomethine ligands
containing the thiopyrazole fragment were studied in
several works [16—19].

This study is devoted to the synthesis of the zinc(1I)
and cadmium(II) chelates based on the N,N,S-sul-
fonamide pyrazole-containing tridentate Schiff bases,
the study of their physicochemical properties and
structures, and the comparison of the results of the
electrochemical and chemical methods used for the
synthesis of the metal complexes.
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EXPERIMENTAL

1-Phenyl-3-methyl-4-formylpyrazole-5-thiol and
2-tosylaminoaniline were synthesized using earlier
described procedures [20, 21].

Synthesis of N-{2-[[3-methyl-1-phenyl-5-thioxo-
pyrazol-4-idene |methyl]aminophenyl}-4-methylben-
zenesulfonamide (H,L). A solution of 2-tosylaminoan-
iline (1.05 g, 0.004 mol) in ethanol (10 mL) was added
to a solution containing 1-phenyl-3-methyl-4-
formylpyrazole-5-thiol (0.87 g, 0.004 mol) in ethanol
(10 mL). The reaction mixture was refluxed for 2 h. A
bright orange crystalline precipitate formed on cooling
was filtered off, washed with hot isopropanol (10 mL),
and dried in vacuo. The yield of the orange crystals of
H,L was 1.55 g (89%), mp = 171—-172°C.

For C24H22N40252
anal. caled., %:  C, 62.34; H, 4.76; N, 12.12.
Found, %: C, 62.19; H, 4.75; N, 12.07.

IR (KBr), v, cm™": 3183 w v(N—H), 1638 s
V((C(=S)CH=CHN-), 1324 s v,(SO,), 1154 s
v,(SO,). '"H NMR (DMSO-d,), §, ppm: 2.40 (s, 3 H,
CH,), 2.43 (s, 3 H, CH,), 6.68—8.04 (m, 13 H,,,.),
8.67(d, 1 H, CH-NH, *J=12.4 Hz), 9.89 (s, | H, N—
H), 14.49 (d, 1 H, CH-NH, J = 12.4 Hz).

Chemical synthesis (CS) of the complexes. An equi-
molar amount of the corresponding zinc or cadmium
acetate dihydrate dissolved in methanol (5 mL) was
added to a boiling methanol—acetonitrile solution
(15 mL) containing azomethine H,L (0.00025 mol).
After reflux for several hours, crystalline precipitates
of the complexes formed on cooling were filtered off,
washed with hot isopropanol, and dried in vacuo.

The yield of complex I in the form of bright yellow
crystals was 0.168 g (64%), mp > 250°C.

For C25H24N403822n
anal. caled., %:  C, 53.86; H, 4.31; N, 10.05.
Found, %: C, 53.78; H, 4.27; N, 10.11.

IR (KBr), v, cm~!: 1618 s v(C=N), 1254sv,(SO,),
1137 s v(SO,).

'H NMR (DMSO-dy), 9, ppm: 2.28 (s, 3 H, CH;),
2.39 (s, 3 H, CH;), 3.89 (q, 1 H, CH,;0H, 3J =
14.7 Hz), 4.02 (d, 3 H, CH;0H, 3/ = 14.7 Hz), 6.79—
7.73 (m, 13 H,,,,.), 8.72 (s, | H, CH=N).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 42

GARNOVSKII et al.

The yield of complex II in the form of yellow crys-
tals was 0.196 g (65%), mp > 250°C.

FOI‘ C50H48N806S4Cd2
anal. calcd., %: C, 49.64; H, 3.97; N, 9.27.
Found, %: C, 49.51; H, 3.94; N, 9.11.

IR (KBr), v, cm~': 1612 s v(C=N), 1257 s v (SO,),
1117 s v,(SO,).

'HNMR (DMSO-d;), 8, ppm: 2.30 (s, 3 H, CH;),
2.33 (s, 3 H, CH;), 4.09 (q, 1 H, CH,;0H, 3J =
16.3 Hz), 4.18 (d, 3 H, CH;0H, 3J = 16.3 Hz), 6.70—
7.84 (m, 13H,,.,,),8.45(s+d,3Jcqy.y=246Hz, 1 H,
CH=N).

Electrosynthesis of the complexes was carried out by
a standard classical procedure [22] using an
EG&GPAR/173 potentiostat in a methanol—acetoni-
trile (1 : 1) mixture with the platinum electrode as a
cathode and metal sheets (Zn and Cd) as an anode.
The working solution (25 mL) contained H,L
(0.001 mol) and Et,NCIO, (0.01 g) as a conducting
additive. Electrolysis was carried out in a U-shape
glass tube with undivided anodic and cathodic spaces
at a current strength of 15 mA and an initial voltage of
12 V for 1.5 h. After the end of electrolysis, the formed
precipitates of the complexes were filtered off, washed
with hot isopropanol, and dried in vacuo.

The spectral and analytical data of the electro-
chemically and chemically synthesized compounds
coincide. The ECS yields of complexes I and II are 73
and 78%, respectively.

Elemental analysis to C, H, and N was carried out
on a Carlo Erba Instruments TCM 480 analyzer. The
IR spectra of the samples in KBr pellets were recorded
on a Nicolet Impact-400 instrument in a range of
4000—400 cm~ . The melting point was measured on a
Koffler table. '"H NMR spectra were recorded on a
Varian Unity 300 spectrometer with a working fre-
quency of 300 MHz in the regime of internal stabiliza-
tion of the 2H polar resonance line in DMSO-d, at
20°C. Absorption spectra were recorded on a Cary 100
spectrophotometer (Varian). Fluorescence measure-
ments were carried out on a Cary Eclipse spectrofluo-
rimeter (Varian) using DMSO (spectral purity grade,
Aldrich) to prepare solutions.

X-ray absorption spectroscopy. The X-ray absorp-
tion Zn K edge of compound I was obtained on the
Structural Materials Science station at the Kurchatov
Center of Synchrotron Radiation and Nanotechnolo-
gies (Moscow) [23]. The EXAFS (extended X-ray
absorption fine structure) spectrum was processed
using standard procedures of background isolation,
normalization to the jump of the Zn K edge, and
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atomic absorption (|,) isolation [24], after which the
Fourier transformation of the isolated EXAFS ()
spectrum was performed in the range of wave vectors
of photoelectrons k from 2.6 to 12—13 A~! with the
weight function k®. The obtained module Fourier
transformant (MFT) of EXAFS corresponded to the
radial function of the atomic distribution around the
absorbing zinc ion with the accuracy to the phase shift.
The exact values for parameters of the nearest envi-
ronment of the zinc ion in the studied compound were
determined by the nonlinear fitting of the parameters
of the corresponding coordination spheres by the
comparison of the calculated EXAFS spectrum and
that isolated from the full absorption spectrum using
the Fourier filtration method. This nonlinear fitting
was performed using the IFFEFIT program package
[25]. The phases and scattering amplitudes of the pho-
toelectron wave necessary for the construction of the
model spectrum were calculated using the FEFF7
program [26].

The X-ray diffraction analysis of complex II was
carried out on an Agilent Technologies Xcalibur E dif-
fractometer equipped with a CCD detector and a
monochromatic radiation source (MoK, radiation,
A =0.71073 A) using the CrysAlisPro standard proce-
dure [27]. The structure was solved by a direct method
and refined in the full-matrix anisotropic approxima-
tion for all non-hydrogen atoms. The hydrogen atoms
in complex II were localized from the difference elec-
tron density syntheses and refined in the isotropic
approximation. The main crystallographic data for
complex Il the refinement parameters are presented in
Table 1. All calculations were performed using the
SHELXS-97 program package [28]. The full array of
X-ray diffraction data was deposited with the Cam-
bridge Crystallographic Data Centre (CIF file CCDC
no. 1471159; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

The single crystals of complex II for X-ray diffrac-
tion analysis were obtained by the slow evaporation of
the complex in a methanol—acetonitrile (1 : 1) mix-
ture.

RESULTS AND DISCUSSION

Through the earlier works [29, 30] on the study of
the complexation ability of the tosylamino-function-
alized 5-hydroxypyrazole-containing tridentate Schiff
base with Zn?", Cu?*, Co?", and Ni?* ions, we carried
out the CS and ECS of the zinc and cadmium chelates
with the sulfur-containing analog of the Schiff base
H,L in a methanol—acetonitrile solution (scheme).
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Table 1. Crystallographic data and the experimental and
refinement characteristics for complex IT

Parameter Value
Empirical formula Cs50HygCdyNgO6S,
Fw 1210.00

Crystal size, mm 0.32 x 0.16 x 0.11

Temperature, K 153(2)
Crystal system Triclinic
Space group Pl
a, A 8.9292(5)
b, A 10.2132(6)
¢, A 14.5173(8)
o, deg 91.0299(8)
B, deg 105.6954(7)
v, deg 108.4688(7)
v, A3 1201.09(12)
Z 1
Pealed> &/CmM’ 1.673
u, mm™! 1.119
F(000) 612
0 ranges, deg 1.47-29.11
Ranges of reflection indices —12<h<12,
—13<k<13,
—19</<19
Number of measured reflections 13266
Number of independent reflections 6368
Number of reflections with 1> 26(/) 5783
Number of refined parameters 322
GOOF (all reflections) 1.001
R, (I>26(1)) 0.0280
WwR, (all reflections) 0.0871
AP max/ AP rmins € A3 0.681/—0.571
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The overall complex formation process in the elec-
trolytic cell can be presented as follows:

(—)Pt/CH,OH/CH,;CN + H,L/M(+), M = Zn, Cd.
The ECS of the zinc complex is the following:
Cathode: H,L + 2e — L>~ + H,.
Anode: Zn’ + L2~ + CH;0H — ZnL - CH;OH + 2e.
The ECS of the cadmium complex is the following:
Cathode: 2H,L + 4e — 21> + 2H,.

Anode: 2Cd° + 21>~ + 2CH;0H
5 Cd,L, - 2CH;OH + 4e.

Several tautomers can be formed for H,L as for its
oxygen analog [29]. According to the IR and '"H NMR
spectral data, the thioenamine form is most stable in
both the solution and solid state (scheme). The IR
spectrum of H,L exhibits an intense band of stretching
vibrations of the vinylogic thioamide group C(=S)—
CH=CHN at 1638 cm™! [31], a V(N—H) stretching
vibration band at 3215 cm~!, and asymmetric and sym-
metric stretching vibrations v(SO,) of the tosyl frag-
ment at 1324 and 1154 cm™!, respectively. The
'H NMR spectrum recorded in DMSO-d, contains
doublet signals from the proton of the CH and NH
groups of the aminomethylene fragment CHANH at
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8.67 and 14.49 ppm, respectively, with the vicinal
spin-spin coupling constants 3/ = 12.4 Hz.

As compared to the IR spectrum of noncoordi-
nated azomethine H,L, the IR spectra of complexes I
and II exhibit the disappearance of the band of v(N—
H) stretching vibrations of the tosylated amino group
at 3215 cm~! and vibrations of the vinylogic thioamide
group C(=S)—CH=CHN at 1638 cm~! and the disap-
pearance of bands of v(C=N) stretching vibrations of
the azomethine group at 1618 and 1612 cm~! for com-
plexes I and I, respectively.

The disappearance of the doublet signals of the
aminomethylene fragment and the appearance of the
singlet signal of the CH=N proton of the imino group
at 8.72 ppm are observed in the '"H NMR spectra
(DMSO-dy) of zinc complex I. In addition, the

'H NMR spectrum of complex I contains signals of
coordinated methanol: a quartet from the proton of
the hydroxyl group at 3.89 ppm and a doublet from the
methyl group at 4.02 ppm with the vicinal constant
3J=14.7 Hz. Along with the aforementioned changes
(the quartet of the methyl group at 4.09 and the dou-
blet at 4.18 ppm with 3J = 14.7 Hz of coordinated
methanol), the spectrum of the cadmium complex
exhibits signals from the HC=N protons of the imino
group at 8.45 ppm with the characteristic constants
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Fig. 1. (a) Normalized XANES and its first derivative and (b) MFT EXAFS Zn K-edge of comlex I (solid line: experimental, the

open cycles show the best fit).

3Jcq_n = 24.6 Hz, which additionally evidences for the
formation of a bond of the nitrogen atom of the
CH=N azomethine group with cadmium. Thus, both
IR and NMR data favour a {MN,OS} coordination for
the complexes I and II with participation of the imine
nitrogen atom of the CH=N bond, the nitrogen atom
of the tosylated amino group, the thiol sulfur atom,
and oxygen of coordinated methanol.

The local atomic structure of complex I was deter-
mined by X-ray absorption spectroscopy. The data on
the nearest atomic environment of the zinc ions in this
compound were obtained from an analysis of the
XANES (X-ray absorption near edge structure) and
EXAFS Zn K-edge absorption. The X-ray Zn K-edge
absorption and MFT EXAFS of complex I are shown
in Fig. 1a. The XANES is presented by two major
maxima (C, D), and the pre-edge structure (A) is
absent because of the completely filled 3d shell of
zinc(II). The first derivative of the Zn K edge also has
two maxima, indicating the splitting of the free p*
states of zinc cause by the low-symmetry environment
of the zinc ions in the complex. The shapes of the Zn
K edge and its first derivative are characteristic of the
zinc complexes with the tetrahedral structure of the
coordination sites of the molecules.

The quantitative characteristics of the local atomic
structure of complex I were obtained from an analysis
of the EXAFS Zn K edge of this compound. It is seen
from Fig. 1b that the MFT EXAFS consists of the
major peak at » =~ 1.60 A unambiguously correspond-
ing to the scattering on the nearest coordination
spheres consisting of the nitrogen atoms of the ligands
and the shoulder at » = 1.84 A corresponding, most
likely, to the scattering on the coordination sphere
containing sulfur atoms. The less intense peaks at lon-
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ger distances at » = 2.3—2.5 A correspond to the scat-
tering on the next coordination spheres of the ligands.

The parameters of the local atomic environment of
the zinc ion in complex I obtained for the best model
of the coordination polyhedron (the minimum value
of the goodness-of-fit function (M) corresponds to
this model) are presented in Table 2. Two nitrogen
atoms are arranged at a medium distance of 2.01 A,
and one light atom (possibly, oxygen) of the addition-
ally coordinated solvent (methanol) molecule is
remote at a longer distance of 2.08 A. Since the scat-
tering amplitude of photoelectrons from the oxygen
and nitrogen atoms is the same, these atoms cannot be
distinguished in the first two coordination spheres.
The coordination sphere consisting of one sulfur atom
of the ligand is arranged at a distance of 2.29 A. The
subsequent MFT peaks correspond to the coordina-
tion sphere consisting of the carbon atoms of the
ligands at the distances 2.87—3.00 A. The values
obtained for the Debye—Waller factor (62 = 0.0038—
0.0045 A?) are characteristic of the coordination
spheres of this composition and radius.

Table 2. Parameters of the local atomic environment of the
zinc ions in complex I obtained from the multisphere fitting
of the EXAFS Zn K-edge absorption*

Coor- Coor-
Com- dination| R, A o2, A? |dination GOOF,
pound ’ %
number sphere
2 2.01 0.0038 N/O 2.9
I 1 2.08 0.0038 N/O
1 2.29 0.0045 S

* R are interatomic distances, o2 is the Debye—Waller factor, and
GOQOF is the goodness-of-fit function.
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Fig. 2. Structure of dimeric complex II in representation of
atoms by thermal shift ellipsoids with 50% probability.

The structure of dimeric cadmium chelate IT was
proved by X-ray diffraction analysis. The structural
unit of complex II is the centrosymmetric dimer
[Cd(L)(CH;0H)],, whose general view is shown in
Fig. 2. The S(2) atom of the mercaptopyrazole frag-
ment performs the bridging function in the binuclear
complex.

The coordination polyhedron of the cadmium
atom is a distorted square pyramid. The dideproton-
ated residue of azomethine L?~ is coordinated to the
Cd?" jon through the tridentate coordination mode by
the amine and azomethine nitrogen atoms (N(1) and
N(2), respectively) and the S(2) atom of the mercap-
topyrazole fragment. The fourth coordination site in
the equatorial plane is occupied by the O(3) atom of
the methanol molecule. The apical position is occu-
pied by the S(2a) atom of the second monomeric frag-
ment. The Cd(1)-S(2) and Cd(1)-S(2a) bond
lengths are 2.6041(5) and 2.6367(5) A, respectively.
The Cd(1)S(2)Cd(la) bond angle is 80.69(2)°,
and the Cd(1)--Cd(la) distance in the dimer is
3.3929(3) A (Table 3).

The structure of the monomeric fragment
[CAL(CH;0H)] is shown in Fig. 3. The azomethine
ligand in the complex is not planar as a whole. The
phenyl substituent is substantially turned relative to
the pyrazole cycle. The dihedral angle between their
mean planes is 41.43°. The benzene ring of the tosyl-
amine fragment is also noncoplanar to the pyrazole
cycle: the dihedral angle between their mean planes is
41.63°.

The five-membered chelate cycle
Cd(1)N(1)C(1)C(6)N(2) has an envelope conformation,
whose flap (Cd(1) atom) shifts from the mean plane of
other atoms of the cycle by 0.867 A. The six-membered
metallocycle Cd(1)N(2)C(7)C(8)C(9)S(2) has a sofa
conformation: the Cd(1) atom shifts from the mean plane
of other atoms of the cycle by 0.381 A.

The hydrogen atom of the methanol molecule
forms the intramolecular hydrogen bond O(3)—

Table 3. Selected interatomic distances and bond angles in the coordination polyhedra of the cadmium atoms in the struc-

ture of complex IT*

Bond d, A Bond d,A
Cd(1)=N(1) 2.2560(17) Cd(1)—S(2) 2.6041(5)
Cd(1)-N(2) 2.2794(17) Cd(1)=S(2)! 2.6367(5)
Cd(1)-0(3) 2.2789(17)

Angle o, deg Angle o, deg
N(1)Cd(1)O(3) 97.29(6) N(Q2)Cd(1)S(2) 89.83(4)
N(1)CA(1)N(2) 73.82(6) N(1)Cd(1)S(2)i 103.14(5)
O(3)Cd(1)N(2) 162.51(7) 0(3)Cd(1)S(2)’ 103.82(5)
N(1)Cd(1)S(2) 152.71(5) N(2)Cd(1)S(2)! 92.98(4)
0(3)Cd(1)S(2) 92.15(5) S(2)Cd(1)S(2)! 99.31(2)

* Crystallographic positions: L x+ 1, —y,—z+ 1

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 3. Structure of the monomeric fragment of complex IT in representation of atoms by thermal shift ellipsoids with 50% prob-

ability.

H(3)---O(2) with the O(2) atom of the tosyl fragment:
D—H 0.866, H-A 1.831, DA 2.660(3) A, angle
DHA 160°.

The optical and photoluminescence properties of
H,L and the related zinc (I) and cadmium (II) com-
plexes were studied at room temperature in a DMSO
solution. The data obtained are given in Table 4.

The electronic absorption spectra of solutions of
compounds H,L, I, and II are presented in Fig. 4.

The electronic absorption spectrum of H,L in the
spectral range from 300 to 550 nm is characterized by
two absorption bands with maxima at 338 and 432 nm
and molar absorption coefficients at the maxima of
these bands of 16500 and 8900 L mol~! cm™, respec-
tively (Table 4, Fig. 4). Unlike H,L, complexes I and
II exhibit one absorption band with a maximum at
394 nm in the same spectral range. The electronic
absorption spectra of the complexes are characterized
by similar in shape and position but noticeably differ-
ent in intensity (€ = 15850 and 29400 L mol~! cm~! for
I and II, respectively) long-wavelength absorption
bands (Table 4, Fig. 4). Complex formation results in
the hypsochromic shift of the maxima of the long-
wavelength absorbance of complexes I and Il by 38 nm
compared to that of H,L.

Neither H,L, no its metal complexes I and II lumi-
nesce in a DM SO solution at room temperature.
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