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Abstract

Three mononuclear cis-dioxovanadium(V) complexes of tridentate thiosemicarbazones derived from 5-methyl-3-formylpyrazole
(MPA) and N(4)-methyl/ethyl/dimethyl thiosemicarbazide have been synthesized and characterized. Single crystal X-ray analyses were
performed with [VO2L1] (1), [VO2L2] (2) and [VO2L3] (3), where L1, L2 and L3 denote the [1 + 1] thiosemicarbazone mono-anions
derived from MPA and N(4)-substituted methyl/ethyl/dimethyl thiosemicarbazide respectively. In all the complexes the vanadium atom
is in a distorted square pyramidal geometry with a N2SO2 chromophore. The interesting finding in the work is that in complexes 1 and 2,
the thioimine nitrogen unusually participates in coordination whereas in 3 it is the azomethine nitrogen (quite usual) which is involved in
the coordination process.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The coordination chemistry of vanadium is of great cur-
rent interest because of the discovery of its presence in
abiotic as well as biotic systems. The element is present
in some sea squirts [1,2]; mushrooms [3,4] and vanadium
containing enzymes such as nitrogenase [5] and haloperox-
idases [6], etc. Vanadium(V) complexes are known as
potent inhibitors of various enzymes. Another important
impetus to the coordination chemistry of vanadium in the
context of medical applications has arisen from the ability
of vanadium complexes to promote the insulin mimetic
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activity in pathophysiological state of diabetes mellitus in
humans [7–10]. This biological and catalytic relevance of
vanadium has prompted the synthesis of numerous model
vanadium compounds containing O, N donor ligands,
whose spectroscopic, magnetic and redox properties have
been widely investigated [11–21]. Some other vanadium
complexes of O, N donor ligands have been reported in
recent times [22]. Although a volume of work has enriched
the vanadium chemistry dealing with heterocyclic thiose-
micarbazones [23], up until now, little research has centered
on vanadium chemistry with thiosemicarbazones having
pyrazole as the heterocyclic part. Therefore, considering
the broad spectrum of potentially useful biological implica-
tions and the catalytic activity of the metal ion complexes
with 5-methyl-3-formyl pyrazole thiosemicarbazones, this
communication reports the synthesis, spectroscopic and
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X-ray crystallographic characterization of three dioxova-
nadium(V) complexes with 5-methyl-3-formylpyrazole-
N(4)-methyl/ethyl/dimethyl thiosemicarbazones HL1, HL2

and HL3 respectively. We have reported earlier the
synthesis and coordinating behaviour of HL1 towards the
Ni(II) ion [24]. As an extension of the work, we have used
the same ligand (HL1) along with two other similar ligands
to study dioxovanadium chemistry in a NNS donor envi-
ronment. In our previous work [24], we have noticed that
the tridentate ligand, HL1 out of two neighbouring nitro-
gen atoms – the azomethine and the thioimine – utilizes
the azomethine one as one of the donor sites. This common
observation is also extensively reported by other authors
[23,25] engaged in studies on the coordination behaviour
of heterocyclic thiosemicarbazone ligands towards
transition metal ions. The peculiarity of this work is that
instead of the azomethine nitrogen the unexpected thioi-
mine nitrogen exhibits coordination in HL1 and HL2,
whereas HL3 behaves as usual utilizing its azomethine
nitrogen as one of the donor atoms. This is quite a novel
observation.

2. Experimental

2.1. Reagents and starting materials

Solvents and reagents were obtained from commercial
sources and used without further purification unless other-
wise stated. N(4)-Methyl-3-thiosemicarbazide; N(4)-ethyl-
3-thiosemicarbazide; N(4)-dimethyl-3-thiosemicarbazide
were purchased from Aldrich Chemicals, USA. Ethanol
was purified using the established method [26].

2.2. Preparation of the ligands HL1, HL2, HL3

All three ligands were synthesized following the same
method as reported earlier for HL1 [24]. N(4)-Ethyl-3-thio-
semicarbazide and N(4)-dimethyl-3-thiosemicarbazide were
used instead of N(4)-methyl-3-thiosemicarbazide for HL2

and HL3 respectively.
HL1: Yield: �70%; mp: 201 �C; CHN: (Found: C, 43.54;

H, 5.82; N, 34.69%. Calculated for C7H11N5S: C, 42.63; H,
5.59; N, 35.53); mmax/cm�1 3300, 3190, 1620, 1565, 1040,
865; 1H NMR d (d6-DMSO) 2.26 (3H, s), 2.85 (3H, d),
6.34 (1H, s), 7.95 (1H, s), 8.50 (1H, s), 11.32 (1H, s);
m/z = 197 (M+, 100%).

HL2: Yield: �67%; mp: 194 �C; CHN: (Found: C, 46.55;
H, 5.97; N, 32.86%. Calculated for C8H13N5S: C, 45.49; H,
6.16; N, 33.17) mmax/cm�1 3300–3210, 1622, 1538, 1027,
837; 1H NMR d (d6-DMSO) 1.06 (3H, t), 2.20 (3H, s),
3.21 (2H, m), 6.33 (1H, s), 7.61 (1H, s), 11.28 (1H, s);
m/z = 211 (M+, 53%).

HL3: Yield: �69%; mp: 194 �C; CHN: (Found: C, 46.55;
H, 5.97; N, 32.86%. Calculated for C8H13N5S: C, 45.49; H,
6.16; N, 33.17). mmax/cm�1 3300–3200, 1611, 1024, 865; 1H
NMR d (d6-DMSO) 2.25 (3H, s), 3.08 (6H, s), 6.24 (1H, s),
8.06 (1H, s), 10.79 (1H, s); m/z = 211 (M+, 82%).
2.3. Preparation of the complexes

2.3.1. Preparation of complex 1
To a solution of HL1 (0.447 g, 2.27 mmol) in hot puri-

fied ethanol (15 cm3) was added VO(acac)2 (0.601 g,
2.27 mmol). The green mixture was refluxed for 3 h at
water bath temperature, within which time the mixture
turned greenish yellow. This mixture was kept at room
temperature for slow evaporation. The yellow crystals so
formed were filtered off after 72 h, washed with etha-
nol:water (1:1 v/v) and dried over anhydrous CaCl2. Yield
ca. 76%. Yellow crystals of complex 1, suitable for X-ray
diffraction studies were grown by slow evaporation of an
ethanolic solution at room temperature.

2.3.2. Preparation of the complexes 2 and 3
These two complexes were prepared using a similar

method as described for 1 employing HL2 and HL3 as
the ligand respectively. Yields ca. 72% (for 2) and ca.
69% (for 3). Pale yellow crystals of 2 and deep orange crys-
tals of 3 suitable for X-ray crystallographic studies were
isolated by slow evaporation of an ethanolic solution of
the complexes at room temperature.

2.4. Physical measurements

Carbon, hydrogen and nitrogen contents of the ligands
HL1, HL2 and HL3 and of the V(V) complexes were deter-
mined with a Perkin–Elmer CHNS/O analyzer 2400 at
IACS, Kolkata. The molar conductance values of the com-
plexes were measured in DMF solution with a Systronic
Model 304 digital conductivity meter. The electronic spec-
tra of the complexes in acetonitrile solution and the diffuse
reflectance spectra of the complexes were recorded on a Hit-
achi model U-3501 spectrophotometer. IR spectra were
recorded on a Perkin–Elmer model 883 infrared spectro-
photometer. 1H NMR spectra of the aldehyde and the
ligands were recorded in d6-DMSO with a Bruker AM
300 L (300 MHz) superconducting FTNMR. Mass spectra
of the ligands were done with JEOLJMS-AX 500 mass spec-
trometer. Cyclic voltammetry was carried out using Sycopel
model AEW2 1820 F/S instrument. The measurements
were performed at 300 K in acetonitrile solution containing
0.2 M TEAP as the supporting electrolyte and 10�3–10�4 M
of the V(V) complexes, deoxygenated by bubbling with
nitrogen. The working, counter and reference electrodes
used were a platinum wire, a platinum coil and an SCE.

2.5. Crystallographic measurements

A summary of crystallographic data is given in Table 1.
Complete tabulations of crystallographic data, bond
lengths and angles, atomic coordinates, thermal parameters
and completely labelled ball and stick diagrams are avail-
able as supporting information. Data were obtained using
a Bruker SMART diffractometer at 293(2) K (for 1),
93(2) K (for 2) and 295(2) K (for 3). Unit cell dimensions



Table 1
Experimental data for the crystallographic analysis

1 2 3

Empirical formula C7H10N5O2SV C8H12N5O2SV C8H12N5O2SV
Formula weight 279.21 293.24 293.23
Crystal system monoclinic triclinic monoclinic
Space group P2(1)/c (no. 14) P1 (no. 2) P2(1)/c

Unit cell dimensions
a (Å) 7.0455(6) 7.8195(9) 13.2257(9)
b (Å) 11.1341(11) 11.9824(14) 12.6042(9)
c (Å) 14.1478(14) 14.2299(17) 7.2882(5)
a (�) 90 114.102(2) 90
b (�) 93.785(2) 101.293(2) 92.031(2)
c (�) 90 94.933(2) 90

Z 4 4 4
Volume (Å)3 1107.41(18) 1172.8(2) 1214.18(15)
Temperature (K) 293(2) 93(2) 295(2)
Wavelength (Å) Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka 0.71073
Crystal size (mm3) 0.55 · 0.15 · 0.12 0.55 · 0.45 · 0.25 0.25 · 0.07 · 0.05
Absorption coefficient (mm�1) 1.077 1.021 0.987
F(000) 568 600 600
q (observed), q (calculated) (g/cm3) 0.000, 1.675 0.000, 1.661 0.000, 1.604
Reflections collected 2064 5153 10008
Goodness-of-fit on F2 1.026 1.032 1.155
Final R indices (I > 2r(I)) 0.0394 0.0294 R1 = 0.0669, R2 = 0.1502
R indices (all data) 0.0584 0.0324 R1 = 0.0830, wR2 = 0.1591
R, wR, S 0.0394, 0.1024, 1.03 0.0294, 0.0770, 1.03 0.0669, 0.1591, 1.15
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Fig. 1. Structure of the ligands: R = Me, R 0 = H in HL1; R = Et, R 0 = H
in HL2; R = Me, R 0 = Me in HL3.
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were refined by use of the settings of 25 accurately deter-
mined reflections, widely separated in reciprocal space.
Intensities were measured by x-scans. A total of 2064
reflections for 1, 5153 reflections for 2 and 10008 reflec-
tions for 3 were collected. The data were averaged
(Rint = 0.031% for complex 1, Rint = 0.0% for complex 2

and Rint = 0.0454% for complex 3). The structures were
solved by direct methods and subsequent Fourier syntheses
were used to determine the remaining non-hydrogen
atomic positions.

Intensities were collected for Lorentz and polarization
effects, and empirical absorption corrections were applied
based on a set of w-scans. Calculations for 1 and 2 were
carried out using Bruker SHELXTL and Bruker SAINT for 3

(data reduction), SHELXL-97 (absorption correction, struc-
ture solution or refinement and molecular graphics). The
structures were solved using direct methods and refined
on F2 using full matrix least squares techniques with aniso-
tropic displacement factors for all non-hydrogen atoms.
Positions of the hydrogen atoms were calculated from the
geometry of the molecular skeleton and their thermal dis-
placement parameters were refined isotropically on a
group-wise basis. Selected bond lengths and angles are
reported in Table 3. H-Bonding distances and angles are
shown in Tables 3a and b.

3. Results and discussion

3.1. Characterization of the ligands HL1, HL2 and HL3

The elemental analyses (C, H and N) and IR spectral
data [characteristic bands (cm�1) at 3300–3260 (mNH),
1575 (mCH@N), 1095 (mN–Pz), 1000 (mC@S)] are in good agree-
ment with the structures in Fig. 1. The absence of any band
in the 2600–2200 cm�1 region of the IR spectra of the free
ligands suggests the absence of any thiol tautomer in the
solid state [27,28].

3.2. 1H NMR spectra of the ligands

The 1H NMR spectra (dH ppm) in d6-DMSO at
300 MHz of the ligand HL1, HL2 and HL3 give singlets
at d 2.26 (3H), d 2.20 (3H) and d 2.25 (3H) assignable to
C5–CH3 (ring pz) and singlets at d 6.34 (1H), d 6.33 (1H)
and d 6.24 (1H) due to C4–H (ring pz) respectively. A nar-
row split doublet at d 2.85 (J = 6 Hz, 3H) for HL1 is
ascribed to the terminal N–CH3; a narrow-split multiplet
at d 3.21 (2H) and triplet at d 1.06 (J = 6.5 Hz, 3H) for
HL2 are ascribed to terminal NCH2CH3 and NCH2CH3

respectively and a singlet at d 3.08 (6H) for HL3 is ascribed
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to terminal N(CH3)2. A slightly broad singlet at d 7.95 (1H)
for HL1, at d 7.61 (1H) for HL2 and a singlet at d 8.06 (1H)
for HL3 are ascribed to the azomethine proton of the
ligand. A singlet at d 11.32 (1H) for HL1, at d 11.28 (1H)
for HL2 and at d 10.79 (1H) for HL3 confirm the presence
of azomethine NH in all three ligands.

3.3. Characterization of the complex species

The V(V) complexes have been prepared employing a
V(IV) starting material such as VO(acac)2. Molecular
dioxygen from air serves as the oxidant during the course
of the reaction. All the complexes gave satisfactory C, H,
N analyses (Table 2) and are diamagnetic in nature. The
molar conductance values of the complexes in DMF clas-
sify them as non-electrolytes [29].

3.3.1. IR spectra of the complexes

A comparative study of the IR spectral data of the
reported complexes with those of the uncomplexed ligand
gives meaningful information regarding bonding sites of
the ligand molecules. The IR spectra of the complexes show
a broad band spanning in the 3400–2900 cm�1 region, prob-
ably arising from the H-bonding between one of the V@O
groups with one pyrazole N atom. The IR band appearing
at 1573 cm�1 in the free ligand HL1, HL2, HL3 spectra
(CH@N) has been observed to shift towards a lower wave-
number by 25–30 cm�1 in the IR spectra of 1, 15–20 cm�1

for 2 and by 35–40 cm�1 for 3, due to involvement of the
azomethine nitrogen [30] in bonding. In addition, a strong
two-band pattern in the 960–840 cm�1 region is the signa-
ture of the cis-dioxovanadium(V) moiety [31] which may
be assigned to symmetric and asymmetric m(O@V@O)
vibrations of the cis-VO2 group [32].

An intense strong band at ca. 850 cm�1 characteristic
for mC@ S in all three ligands are found to suffer downfield
shifts (ca. 80–100 cm�1) after complexation in all the com-
plexes. This indicates that the sulfur atom of the C@S in its
deprotonated thiol form functions as the coordination site
[30].

3.3.2. Solution spectra of the complexes

A DMF solution of the complexes record spectral data
around 34364 cm�1 for 1, 34350 cm�1 for 2 and two
bands, one around 33350 cm�1 and the other around
24250 cm�1, for 3. Thus for all the complexes, the intense
absorption band around 34000 cm�1 corresponds to an
intraligand transition whereas the additional band for 3
Table 2
Analytical data and pertinent physico-chemical properties of the complexes

Complex Colour %C %H

[VO2L1] pale yellow 30.08(30.11) 3.58(
[VO2L2] yellow 32.76(33.01) 4.09(
[VO2L3] yellow 32.76(33.01) 4.09(

Elemental analyses found (calc.).
around 24250 cm�1 is assignable to a L–V (dp) LMCT
band [33].

3.3.3. 1H NMR spectra of the Complexes

The 1H NMR spectral data (d ppm) of 1–3 in d6-DMSO
at 300 MHz give singlets at d 2.32 (3H), 2.32 (3H) and d
2.30 (3H) assignable to C5–CH3 (Ring Pz) and singlets at
d 6.66 (1H), d 6.66 (1H) and d 6.63 (1H) ascribed to C4–
H (Ring Pz) respectively. A narrow split doublet at d
2.95 (J = 6 Hz, 3H) for 1 is ascribed to the terminal
NCH3, a narrow split multiplet at d 3.43 (2H) and triplet
at d 1.18 (J = 6.5 Hz, 3H) for 2 are ascribed to terminal
NCH2CH3 and NCH2CH3 respectively, a narrow split sin-
glet at d 3.26 (6H) for 3 is ascribed to the terminal
N(CH3)2. A slightly broad singlet at d 8.15 (1H) in 1, at
d 7.73 (1H) in 2 and appearance of a singlet at d 8.46
(1H) in 3 is ascribed to the azomethine proton. Thus
although the azomethine CH proton appears downfield
(compared to the corresponding free ligand) in all the com-
plexes, that in 3 undergoes the maximum downfield shift.
This indicates that in 3 the CH azomethine proton, being
nearby to the azomethine nitrogen donor center, feels max-
imum reduction in electron density. In 1 and 2 the azome-
thine CH proton is quite far from the thioimine nitrogen
donor center and hence causes less reduction in electron
density around CH. The absence of a singlet around d
11.3 in 1, d 11.1 in 2 and d 10.8 in 3 confirms the enethio-
lization process prior to complexation followed by depro-
tonation during complexation. This is also evident from
the X-ray crystal structure studies.

3.3.4. Electrochemistry

Cyclic voltammograms of 1 and 3 were measured in ace-
tonitrile within the potential window +0.20 to �1.5 V. The
complexes display irreversible single step one electron
responses around �0.78 V vs. SCE corresponding to
V(V)/V(IV) reduction. The electrochemical study of 2

could not be performed because of its very poor solubility
in the said solvent.

3.3.5. Structure description

The molecular structures of 1–3, including the atom
labelling, are shown in Fig. 3a–c respectively (atom labels
of 2 appear in lower case in Fig. 3b). Their selected bond
lengths and angles are given in Table 3a and b. The
[VO2Lx], x = 1–3 unit of the complexes is neutral and
mononuclear. In each complex, the unit cell comprises of
four molecules. The V atom in each complex is coordinated
%N KM X�1 cm2 mol�1 (in DMF)

3.59) 25.07(25.09) 31
4.15) 23.89(24.25) 35
4.15) 23.89(24.25) 34
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to two nitrogen atoms, one thiolato sulfur and two termi-
nal oxo groups. Out of the two nitrogen donor atoms,
the pyrazolyl nitrogen is common in all the cases. The other
nitrogen is the thioimine (N1 for 1, N2A/2B for 2) and the
azomethine (N3 for 3) one.

The thiosemicarbazone molecule functions as singly
deprotonated tridentate ligand. The deprotonation is
accompanied by tautomerization to the iminothiolate
form. The coordination geometry around the V atom in
all the three complexes is best described as square pyrami-
dal with a slight distortion towards a trigonal bipyramidal
geometry. The Schiff base ligand is coordinated meridio-
nally, occupying the three equatorial positions. The
remaining equatorial position is occupied by one of the
two oxo groups (O2). The apical position is satisfied by
another oxo group (O1). The s parameters of the com-
plexes (0.20 for 1, 0.18 for 2 (unit-A), 0.26 for 2 (unit-B)
and 0.14 for 3) also support their square pyramidal geom-
etry. [34,35] The maximum distortion toward trigonal bipy-
ramidal geometry occurs in 2 (unit-B). All the bond angles
comprising the adjacent donor atoms in the basal plane
Fig. 2. (a) H-bonding in 1; (b) H-bo
and V as well as any one donor atom, V and O1 i.e.,
O1VO2, SVO1, N1VO1 (for 1, 2), N2VO1 (for 3), N3VO1

(for 1, 3) and N2VO1 (for 2) are increased from the ideal
value of 90� (Table 3b) because of the shifting of the V-
atom from the square plane toward the apical oxygen
(O1). The V-atom is shifted from the square plane upward
through a distance of 0.560 Å in 1, 0.569 Å in 2 (unit-A),
0.568 Å in 2 (unit-B) and 0.559 Å in 3.

The average V@O distances 1.623 Å in 1, 1.632 Å in 2

and 1.614 Å in 3, being slightly longer than the normal
V@O double bond length of 1.595 Å, indicate that the oxy-
gens are involved in weak hydrogen bonding interactions
[36]. The V–N(1) and V–N(3) distances 2.055 and
2.048 Å in 1, V–N(2A) and V–N(1A) distances 2.071 and
2.050 Å in 2, V–N(3) and V–N(2) distances 2.184 and
2.043 Å in 3 are in accordance with literature values for
V–N distances [36,37].

The asymmetric unit in 2 contains two independent
molecules; however, there are conformational differences
between them. The vanadium atoms, being separated by
a distance of 5.515 Å in the two units A and B, are
nding in 2; (c) H-bonding in 3.



Fig. 3. (a) Molecular structure and atom-numbering scheme for 1 with thermal ellipsoids drawn at the 50% probability level; (b) molecular structure and
atom-numbering scheme for 2 with thermal ellipsoids drawn at the 50% probability level. Two equivalent molecules in the asymmetric units, A and B are
shown; (c) molecular structure and atom-numbering scheme for 3 with thermal ellipsoids drawn at the 50% probability level.
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deviated downward by 0.315 Å and upward by 0.240 Å
from the mean plane forming a skew conformation at
C1B and C8B and eclipsed at C1A and C7A. The units
A and B are joined by weak intermolecular hydrogen
bonding.

In case of 1, C1, C2, C3, C4, N3, N4, C5, N2, N1, C6, S
are roughly in the same plane (with a maximal deviation of
0.063 Å) with the vanadium atom shifted by 0.317 Å out of
that plane towards O1 [32]. Due to that latter deviation the
conformation of the six-membered chelate ring containing
V, N3 C4, C5, N2 and N1 atoms is concluded to be an
envelope at V. Cremer and Pople [38] puckering analysis
shows that the four membered chelate ring containing V,
N1, C6 and S atoms also adopts an envelope conformation,
but in that case on C6 (with a deviation of 0.111 Å) from
the mean plane containing V, S and N1 atoms.

In the case of 2, C1A/1B, C2A/2B, C3A/3B, C4A/4B,
N1A/1B, N3A/3B, C5A/5B, N4A/4B, N2A/2B, C6A/6B
and S1A/1B [A for unit-A and B for unit-B] are roughly
in the same plane [with a maximal deviation of 0.059 Å
for unit-A and 0.056 Å for unit-B]. The vanadium atom
is shifted upward by 0.315 Å [for unit-A]/downward by
0.242 Å [for unit-B] out of that plane towards O1A (for
unit-A)/O2B (for unit-B). Thus the six-membered chelate
ring encompassing V1A/1B, N1A/1B, C4A/4B, C5A/5B,
N4A/4B and N2A/2B atoms is enveloped at the vanadium
center in each case. Cremer and Pople [38] puckering anal-
ysis shows that the four membered chelate ring containing



Table 3
Selected bond lengths (Å) and angles (�), with esds in parentheses

1 (Å) 2 (Å) 3 (Å)

(a) Selected bond lengths for 1, 2 and 3

V–S 2.4436(8) V1A–N1A 2.0501(16) V–S1 2.3566(14)
V–O1 1.6185(19) V1A–N2A 2.0712(14) V–O1 1.629(3)
V–O2 1.627(2) V1A–S1A 2.4368(6) V–O2 1.599(3)
V–N1 2.055(2) V1A–O1A 1.6289(14) V–N2 2.043(3)
V–N3 2.048(2) V1A–O2A 1.6352(12) V–N3 2.184(4)
N3–N4 1.360(3) V1B–N2B 2.0712(13) N3–N4 1.357(6)

V1B–N1B 2.0372(16)
V1B–O2B 1.6286(13)
V1B–O1B 1.6316(12)
V1B–S1B 2.4400(6)
N1A–N3A 1.3563(18)

(b) Selected bond angles (�) for 1, 2 and 3

O1–V–S 100.28(7) S1A–V1A–O1A 101.87(5) N3–V–S1 76.19(10)
O2–V–S 101.45(8) S1A–V1A–O2A 100.08(5) O2–V–O1 109.32(16)
O1–V–O2 109.98(10) S1A–V1A–N1A 144.28(4) N2–V–O2 101.19(14)
O1–V–N1 116.96(9) S1A–V1A–N2A 67.42(4) O1–V–N2 97.12(14)
O1–V–N3 102.47(9) O1A–V1A–O2A 109.23(6) N2–V–N3 73.14(14)
V–N3–N4 122.82(16) O1A–V1A–N1A 102.44(6) V–N3–N4 125.30(3)
N1–V–N3 78.74(8) O1A–V1A–N2A 117.04(6) O2–V–N3 112.68(14)
N1–V–S 67.27(6) O2A–V1A–N1A 96.16(6) O2–V–S1 103.52(14)
N3–V–S 144.98(6) O2A–V1A–N2A 133.55(6) O1–V–N3 137.95(13)
N1–V–O2 132.90(10) N1A–V1A–N2A 78.31(6) O1–V–S1 96.12(10)
N3–V–O2 95.37(9) S1B–V1B–O1B 100.37(5) N2–V–S1 146.17(10)

S1B–V1B–O2B 101.58(5)
S1B–V1B–N1B 145.92(4)
S1B–V1B–N2B 67.42(4)
O1B–V1B–O2B 109.08(6)
O1B–V1B–N1B 97.01(6)
O1B–V1B–N2B 130.44(6)
O2B–V1B–N1B 100.07(6)
O2B–V1B–N2B 120.32(6)
N1B–V1B–N2B 78.97(6)
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V1A/1B, N2A/2B, C6A/6B and S1A/1B (unit-A and B)
also looks like an envelope on C6 (A and B) with a devia-
tion of 0.067 Å (for unit-A)/0.021 Å (for unit-B) from the
mean plane containing the V1A/1B, S1A/1B and N2A/
2B atoms.

In the case of 3, C1, C2, C3, C4, N1, N2, C5, N3, N4, C6
and S1 are roughly in the same plane (with a maximal devi-
ation of 0.200 Å) with the vanadium atom shifted by
0.354 Å out of that plane towards O2. Because of this devi-
ation, the conformation of the five-membered chelate ring
containing V, C4, C5, N3 and N2 atoms is proposed to be
Table 4
Details of hydrogen bond distances (Å) and angles (�)

Complex D–H� � �A d (D–H)

1 N4–H4A� � �O2 0.8500
N5–H5B� � �O1 0.8600
N3A–H3AB� � �O1B 0.8800
N5A–H5AB� � �N4A 0.8800
N5A–H5AB� � �O2B 0.8800

2 N3B–H3BB� � �O2A 0.8800
N5B–H5BB� � �N4B 0.8800
N5B–H5BB� � �O1A 0.8800

3 N1–H1A� � �O1 0.8600
an envelope at V. The other five membered chelate ring con-
taining V, N3, N4, C6 and S1 atoms is also in an envelope
conformation on C6 (with a deviation of 0.204 Å) from the
mean plane containing the V, N3, N4 and S1 atoms.

Complex 1 is stabilized through a network of weak
H-bond interactions (Fig. 2a). The details are presented in
Table 4. The H-bond distances between N3B and O2A
[2.708 Å] and O1B and N3A [2.748 Å] support a weakly H-
bonded structure in 2 (Fig. 2b, Table 4). Similarly the H-
bond distance between N1 and O1 in 3 is 2.77 Å, which also
indicates the presence of weak H-bonding (Fig. 2c, Table 4).
d (H� � �A) d (D� � �A) \(DHA)

1.97 2.760(3) 151
2.16 2.980(3) 161
2.00 2.7477(18) 141
2.36 2.687(2) 102
2.11 2.837(2) 140

1.84 2.7080(18) 170
2.41 2.705(2) 100
2.12 2.972(2) 163

1.90 2.7722(4) 160
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4. Conclusion

We have prepared three V(V) complexes employing
N(4)-mono/disubstituted pyrazole derived thiosemicarba-
zone ligands. In the case of N(4)-monosubstituted (HL1

and HL2) ligands, the unexpected thioimine nitrogen and
not the expected azomethine nitrogen functions as one of
the donor sites, whereas for the N(4)-disubstituted ligand
(HL3), the expected azomethine nitrogen acts as the donor
site. The coordinating behaviour of similar types of N(4)-
substituted aldehydo thiosemicarbazone ligands so far
reported, in general, establishes that it is the azomethine
nitrogen which functions as one of the donor sites toward
transition metal ions. This peculiar coordinating behaviour
of the thioimine nitrogen is unique for these N(4)-mono-
substituted pyrazole derived ligands toward V only.
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Appendix A. Supplementary material

CCDC 617225, 617226 and 617227 contain the supple-
mentary crystallographic data for 1, 2 and 3. These data
can be obtained free of charge via htpp://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version, at
doi:10.1016/j.poly.2006.09.005.
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