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Abstract

Reaction of 2-benzoylpyridine thiosemicarbazone (H2Bz4DH, HL1) and its N(4)-methyl (H2Bz4Me, HL2) and N(4)-phenyl
(H2Bz4Ph, HL3) derivatives with SnCl4 and diphenyltin dichloride (Ph2SnCl2) gave [Sn(L1)Cl3] (1), [Sn(L1)PhCl2] (2), [Sn(L2)Cl3]
(3), ½H2L2�þ2 ½Ph2SnCl4�2� (4) [Sn(L3)PhCl2] (5) and [Sn(L3)Ph2Cl] (6). Infrared and 1H, 13C and 119Sn NMR spectra of 1–3, 5 and 6

are compatible with the presence of an anionic ligand attached to the metal through the Npy–N–S chelating system and formation of
hexacoordinated tin complexes. The crystal structures of 1–3, 5 and 6 show that the geometry around the metal is a distorted octahedron
formed by the thiosemicarbazone and either chlorides or chlorides and phenyl groups. The crystal structure of 4 reveals the presence of
½ H2L2�þ2 and trans [Ph2SnCl4]2�.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Thiosemicarbazones and their metal complexes present
a wide range of pharmacological applications. Their antitu-
moral as well as their antifungal and antibacterial activities
have been extensively reported in the literature [1]. Tin
complexes are also known for their biological interest as
antitumorals, antimicrobials and biocides [2a,2b,2c]. The
therapeutic potential of some organotin compounds has
been studied [2d,2e,2f].

With this in mind some groups investigated whether thi-
osemicarbazones and tin could act synergistically. It was
found that dimethyltin complexes of 2-formylpyridine
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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and 2-acetylpyridine-derived thiosemicarbazone strongly
inhibit the growth of Friend leukemia cells (FLC) [3].
Additionally, the ability of [Sn(L)R2] (R = methyl, n-butyl,
phenyl) complexes of pyridoxal thiosemicarbazone to inhi-
bit FLC proliferation has been evaluated, and the n-butyl-
and phenyl-tin derivatives showed the lowest thresholds for
inhibition [4].

Previously, some of us prepared tin(IV) complexes of
N(4)-phenyl-2-benzoylpyridine thiosemicarbazone (H2Bz-
4Ph) and studied their antifungal properties [5]. We also
demonstrated the cytotoxic activity of n-butyltin complexes
of H2Bz4Ph against three human tumor cell lines. The di-
n-butyl compound proved to be particularly effective [6].

Considering the necessity for further research on bioac-
tive tin compounds, in the present work we carried out
reactions between 2-benzoylpyridine thiosemicarbazone
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(H2Bz4DH, hereafter named HL1) as well as its N(4)-
methyl (H2Bz4Me, HL2) and N(4)-phenyl (H2Bz4Ph,
HL3) (Fig. 1) derivatives with SnCl4 and Ph2SnCl2 in order
to obtain complexes with potential applications as cyto-
toxic or antimicrobial agents. The pharmacological profiles
of the studied compounds are presently under
investigation.

2. Experimental

2.1. Materials and measurements

Tin tetrachloride and diphenyltin dichloride were pur-
chased from Sigma–Aldrich and used without further puri-
fication. All other chemicals and solvents were of analytical
grade.

Partial elemental analyses were performed on a Perkin–
Elmer CHN 2400 analyzer. Atomic absorption analyses
were carried out with a Hitachi Z-8200 equipment. Infrared
spectra were recorded on a Perkin–Elmer FT-IR Spectrum
GX spectrometer using CsI pellets; an YSI model 31 con-
ductivity bridge was employed for molar conductivity mea-
surements; NMR spectra were obtained with a Bruker
DRX-400 Avance (400 MHz) spectrometer using deuter-
ated dimethylsulfoxide (DMSO-d6). The 1H and 13C
NMR chemical shifts in ppm are reported from internal
tetramethylsilane (TMS) on the % scale. The 119Sn NMR
spectra were measured relative to Sn(CH3)4.

2.2. Crystal structure determination

Crystal data, data collection procedure, structure deter-
mination methods and refinement results for the six tin(IV)
complexes are summarized in Tables 1–3.

In all six structures, the hydrogen atoms were positioned
on stereo-chemical basis and refined either with the riding
model (compounds 1–4) or isotropically [5 and 6]. The
Fig. 1. Generic structure of 2-bezoylpyridine-derived thiosemicarbazones show
HL1), methyl (H2Bz4Me, HL2) or phenyl (H2Bz4Ph, HL3).
methyl H-atoms positions of compound 4 were optimized
by considering the CH3 as a rigid group that was allowed
to rotate around the N–CH3 bond during the refinement.

2.3. Synthesis of [Sn(L1)Cl3] (1), [Sn(L1)PhCl2] (2),

[Sn(L2)Cl3] (3), [H2L2]2[Ph2SnCl4] (4),
[Sn(L3)PhCl2] (5) and [Sn(L3)Ph2Cl] (6)

The 2-benzoylpyridine derived thiosemicarbazones were
prepared as described in the literature [7,8]. The tin com-
plexes were obtained by refluxing an ethanol solution of
the desired ligand with SnCl4 or Ph2SnCl2 in 1:1 ligand-
to-metal molar ratio. Complexes 5 and 6 were obtained
as two products of the same reaction. The solids were
washed with ethanol followed by diethylether and then
dried in vacuo. Crystals of the complexes were obtained
by re-crystallization from ethanol and were stable in the
air for several hours.

2.3.1. [Sn(L1)Cl3] (1)

Yellow solid. M.p.: 246.2–246.8 �C. Anal. Calc.
C13H11N4Cl3SSn (480.39): C, 32.50; H, 2.31; N, 11.66; Sn,
24.41. Found: C, 33.85; H, 2.36; N, 11.27, Sn, 25.05%.
Molar conductivity (1 · 10�3 mol L�1 DMF): 9.42 X�1

cm2 mol�1. IR (CsI pellets, cm�1): 1543m m(C@N), 715m
m(CAS), 657m q(py), 360m m(M–N), 336m m(M–S), 259m
m(M–Npy), 305m, 220w m(M–Cl). The main signals in 1H
NMR (DMSO-d6): d (ppm) = 9.13 (1H, d, H(6)), 8.83
(2H, s, N(4)H), 8.40 (1H, t, H(4)), 8.08 (1H, dd, H(5)),
7.72–7.60 (1H, d, H(3)). The main signals in 13C NMR
(DMSO-d6): d (ppm) = 171.74 C8AS, 144.42 C6, 144.42
C4, 142.02 C2, 140.33 C7@N, 129.80 C9, 128.20 C5,
127.29 C3. 119Sn NMR (DMSO): d (ppm) = �471 (s).

2.3.2. [Sn(L1)PhCl2] (2)

Yellow solid. M.p.: 264.8–265.3 �C. Anal. Calc.
C19H16N4Cl2SSn (522.01): C, 43.71; H, 3.09; N, 10.73;
ing the Z (left) and E (right) configurational isomers. R = H (H2Bz4DH,



Table 1
Crystal data, structure solution methods and refinement results for [Sn(L1)Cl3] (1) and [Sn(L1)PhCl2] (2) complexes

Compound [Sn(L1)Cl3] [Sn(L1)PhCl2]

Empirical formula C13H11N4Cl3SSn C19H16N4Cl2SSn
Formula weight 480.39 522.01
Temperature (K) 293(2) 293(2)
Crystal system Monoclinic Monoclinic
Space group P21/n Pn

Unit cell dimensionsa

a (Å) 8.305(4) 7.970(1)
b (Å) 12.485(3) 11.287(1)
c (Å) 17.200(5) 11.725(1)
b (�) 100.89(3) 96.382(5)
Volume (Å3) 1751(1) 1048.2(2)
Z, density calc. (Mg m�3) 4, 1.822 2, 1.654
Absorption coefficient, l (mm�1) 2.035 1.585
F(000) 936 516
Crystal size (mm) 0.12 · 0.12 · 0.12 0.03 · 0.04 · 0.18
Crystal color, shape Yellow, prism Yellow, needle
Diffractometer, scan SIEMENS-P4;2h � x KappaCCD/u and x
Rad., graph. Monoch. Mo Ka, k = 0.71073 Å Mo Ka, k = 0.71073 Å
h Range for data coll. (�) 2.03–24.99 3.14–24.99
Index range, h �6 6 h 6 9 �9 6 h 6 9

�1 6 k 6 14 �13 6 k 6 13
�20 6 l 6 20 �12 6 l 6 13

Completeness 100% to h = 24.99� 99.6% to h = 25.36�
Absorption correction Spherical [17] Multi-scan [18]
Max. and min. transm. 0.8614 and 0.8618 0.835 and 0.766
Obs. refls. [I > 2r(I)] 2663 3030
Data collection XSCANS [19] COLLECT [20]
Data red. and correct.b and struct. solutec and refinementd programs XSCANS [19] DENZO and SCALEPACK [21]

SHELXS-97 [22] SHELXS-97 [22]
SHELXL-97 [23] SHELXL-97 [23]

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Goodness-of-fit on F2 0.982 1.099
Reflections collected/unique [Rint] 6028/3079 (0.0352) 4765/3173 [0.0776]
Data/restraints/parameters 3079/0/199 3173/2/245
Robs, Rall 0.0369, 0.0445 0.0658, 0.0677
wR2obs, wR2all 0.1127, 0.1227 0.1698, 0.1752
Larg. peak and hole (e Å�3) 0.733 and �1.004 2.08 and �1.50

a Least-squares refinement of the angular settings for 32 reflections in the 10.29� < h < 17.3� range for 1 and 4765 reflections in the 3.14� < h < 24.99�
range for 2.

b Corrections: Lorentz and polarization for 1 and 2. Absorption correction was numerical for 1 and empirical for 2.
c Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full-matrix least-squares refinement of the non-

hydrogen atoms.
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Sn, 22.74. Found: C, 44.21; H, 2.90; N, 10.75; Sn,
23.71%. Molar conductivity (1 · 10�3 mol L�1 DMF):
6.07 X�1 cm2 mol�1. IR (CsI pellets, cm�1): 1551m
m(C@N), 730m m(CAS), 654m q(py), 265w m(M–C),
360m m(M–N), 319w m(M–S), 242w m(M–Npy), 210w
m(M–Cl). The main signals in 1H NMR (DMSO-d6): d
(ppm) = 8.29–8.23 (1H, m, H(6)), 8.45 (1H, s, N(4)H),
8.29–8.23 (1H, m, H(4)), 8.29–8.23 (1H, m, H(3)), 7.82
(1H, dd, H(5)). The main signals in 13C NMR
(DMSO-d6): d (ppm) = 172.65 C8AS, 144.08 C2,
143.71 C6, 143.25 C4, 142.99 C7@N, 131.01 C9,
127.10 C5, 126.36 C3; 139.66 C21, 135.28 C22 and
C26, 130.29 C24, 128.84 C23 and C25. nJ(119Sn13C):
296.7 Hz 1J(119Sn13C21), 82.1 Hz 2J(119Sn13C22, C26),
123.8 Hz 3J(119Sn13C23, C25), 24.4 Hz 4J(119Sn13C24)
and 27.6 Hz 2J(119Sn13C6). 119Sn NMR (DMSO): d
(ppm) = �374 (s).

2.3.3. [Sn(L2)Cl3] (3)

Yellow solid. M.p.: 279.0–280.2 �C. Anal. Calc.
C14H13N4Cl3SSn (494.38): C, 34.01; H, 2.65; N, 11.33;
Sn, 24.01. Found: C, 34.11; H, 2.59; N, 11.33; Sn,
24.39%. Molar conductivity (1 · 10�3 mol L�1 DMF):
8.96 X�1 cm2 mol�1. IR (CsI pellets, cm�1): 1554s
m(C@N), 721m m(CAS), 633w q(py), 353w m(M–N), 338m
m(M–S), 249w m(M–Npy), 308m, 210w m(M–Cl). The main
signals in 1H NMR (DMSO-d6): (d, ppm) = 9.14 (1H, d,
H(6)), 9.17 (2H, q, N(4)H), 8.44 (1H, t, H(4)), 8.11 (1H,
dd, H(5)), 7.83 (1H, d, H(3)), 2.79 (1H, d, H(15)). The main
signals in 13C NMR (DMSO-d6): d (ppm) = 168.78 C8AS,



Table 2
Crystal data, structure solution methods and refinement results for [Sn(L2)Cl3] (3) and [H2L2]2[Ph2SnCl4] (4) complexes

Compound [Sn(L2)Cl3] [H2L2]2[Ph2SnCl4]

Empirical formula C14H13N4Cl3SSn C40H40N8Cl4S2Sn
Formula weight 494.38 957.41
Temperature (K) 294(2) 293(2)
Crystal system Monoclinic Triclinic
Space group P21/c P�1
Unit cell dimensionsa

a (Å) 8.353(1) 8.182(1)
b (Å) 13.380(1) 9.179(1)
c (Å) 17.410(1) 15.129(1)
a (�) 90.00 74.925 (2)
b (�) 102.21(1) 81.424(2)
c (�) 90.00 73.201(2)
Volume (Å3) 1901.8(3) 1046.94(5)
Z, density calc. (Mg m�3) 4, 1.727 1, 1.519
Absorption coefficient, l (mm�1) 1.877 1.006
F(000) 968 486
Crystal size (mm) 0.15 · 0.11 · 0.10 0.04 · 0.12 · 0.16
Crystal color, shape Yellow, prism Yellow, fragment
Diffractometer, scan KappaCCD/u and x
Rad., graph. Monoch. Mo Ka, k = 0.71073 Å
h Range for data coll. (�) 2.84–25.0 3.03–25.00
Index range, h �9 6 h 6 9 �9 6 h 6 9

�15 6 k 6 15 �10 6 k 6 10
�20 6 l 6 17 �17 6 l 6 17

Completeness 99.7% to h = 25.00� 99.7% to h = 25.00�
Absorption correction GAUSSIAN [24] None
Max. and min. transm. 0.835 and 0.766 –
Obs. refls. [I > 2r(I)] 2590 3327
Data collection COLLECT [20]
Data red. and correct.b and struct. solutec and refinementd programs DENZO and SCALEPACK [21]

SHELXS-97 [22]
SHELXL-97 [23]

Refinement method Full-matrix least-squares on F2

Goodness-of-fit on F2 1.036 1.052
Reflections collected/unique [Rint] 16009/3334 [0.0534] 11566/3677 [0.036]
Data/restraints/parameters 3334/0/210 3677/0/270
Robs, Rall 0.0353, 0.0539 0.0285, 0.0336
wR2obs, wR2all 0.0818, 0.0927 0.0689, 0.0727
Larg. peak and hole (e Å�3) 0.766 and �0.642 0.265 and �0.719

a Least-squares refinement of the angular settings for 16009 reflections in the range 2.84� < h < 25.00� for 3 and 11566 reflections in the range
3.03� < h < 25.00� for 4.

b Corrections: Lorentz and polarization for 3 and 4 and numerical absorption for 3. No absorption correction was applied to 4 as l times crystal
dimension was less than 0.16.

c Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full-matrix least-squares refinement of the non-

hydrogen atoms.
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144.51 C6, 144.39 C4, 141.67 C2, 141.16 C7@N, 129.22 C9,
128.33 C5, 127.53 C3, 29.13 C15.119Sn NMR (DMSO): d
(ppm) = �477 (s).

2.3.4. [H2L2]2 [Ph2SnCl4] (4)

Yellow solid. M.p.: 235.9–237.3 �C. Anal. Calc.
C40H40N8Cl4S2Sn (957.41): C, 50.18; H, 4.21; N, 11.70;
Sn, 12.40. Found: C, 50.87; H, 4.21; N, 11.54; Sn,
12.90%. IR (CsI pellets, cm�1): 1597m m(C@N), 790m
m(C@S), 660s q(py), 288m m(M–C), 304w, 237m m(M–Cl).
The main signals in 1H NMR (DMSO-d6): d (ppm), Z iso-
mer: 12.83 (1H, s, N(3)H), 8.86 (1H, d, H(6)), 8.72 (1H, q,
N(4)H), 8.01 (1H, t, H(4)), 7.66–7.26 (1H, m, H(5)), 7.66–
7.26 (1H, m, H(3)), 3.09–3.04 (1H, m, H(15)). The main
signals in 13C NMR (DMSO-d6): d (ppm), Z isomer:
178.08 C8@S, 151.48 C2, 148.85 C6, 142.84 C7@N,
138.16 C4, 136.96 C9, 126.02 C3, 124.84 C5, 31.24 C15.
The main signals in 1H NMR (DMSO-d6): d (ppm), E iso-
mer: 9.19 (1H, q, N(4)H), 8.92 (1H, s, N(3)H), 8.56 (1H, d,
H(6)), 8.23 (1H, m, H(4)), 8.30 (1H, d, H(3)), 7.66–7.26
(1H, m, H(5)), 3.09–3.04 (1H, m, H(15)). The main signals
in 13C NMR (DMSO-d6): d (ppm) E isomer: 177.62 C8@S,
154.49 C2, 148.68 C6, 136.46 C4, 133.26 C9, 131.13 C7@N,
123.97 C5, 121.64 C3, 31.41 C15.

2.3.5. [Sn(L3)PhCl2] (5)

Orange solid. M.p.: 254.1–256.3 �C. Anal. Calc.
C25H20N4Cl2SSn (598.10): C, 50.20; H, 3.37; N, 9.37; Sn,



Table 3
Crystal data, structure solution methods and refinement results for [Sn(L3)PhCl2] (5) and [Sn(L3)Ph2Cl] (6) complexes

Compound [Sn(L3)PhCl2] [Sn(L3)Ph2Cl]

Empirical formula C25H20N4Cl2SSn C31H25N4ClSSn
Formula weight 598.10 639.75
Temperature (K) 294(2) 294(2)
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n
Unit cell dimensionsa

a (Å) 9.180(1) 13.299(1)
b (Å) 12.680(1) 14.381(1)
c (Å) 21.950(1) 15.352(1)
b (�) 101.58(1) 105.85(1)
Volume (Å3) 2503.0(3) 2824.5(2)
Z, density calc. (Mg m�3) 4, 1.587 4,1.504
Absorption coefficient, l (mm�1) 1.339 1.100
F(000) 1192 1288
Crystal size (mm) 0.12 · 0.08 · 0.04 0.12 · 0.12 · 0.12
Crystal color, shape Orange, fragment Yellow, fragment
Diffractometer, scan KappaCCD/u and x
Rad., graph. monoch. Mo Ka. k = 0.71073 Å
h Range for data coll. (�) 3.23–24.99 3.10–25.0
Index range, h �10 6 h 6 10 �14 6 h 6 15

�15 6 k 6 12 �15 6 k 6 17
�22 6 l 6 26 �18 6 l 6 18

Completeness 99.5% to h = 24.99� 99.8% to h = 25.00�
Absorption correction Multi-scan [18]
Max. and min. transm. 0.948 and 0.856 0.879 and 0.879
Obs. refls. [I > 2r(I)] 3471 3719
Data collection COLLECT [20]
Data red. and correct.b and struct. solutec and refinementd programs DENZO and SCALEPACK [21]

SHELXS-97 [22]
SHELXL-97 [23]

Refinement method Full-matrix least-squares on F2

Goodness-of-fit on F2 1.088 1.076
Reflections collected/unique [Rint] 13659/4378 [0.0372] 16081/4962 [0.0427]
Data/restraints/parameters 4378/0/318 4962/0/368
Robs, Rall 0.0360, 0.0508 0.0358, 0.0569
wR2obs, wR2all 0.0912, 0.0999 0.0819, 0.0949
Larg. peak and hole (e Å�3) 0.826 and �0.691 0.819 and �0.849

a Least-squares refinement of the angular settings for 13659 reflections in the range 3.23� < h < 24.99� for 5 and 16081 reflections in the range
3.10� < h < 25.00� for 6.

b Corrections: Lorentz, polarization and empirical absorption.
c Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full-matrix least-squares refinement of the non-

hydrogen atoms.
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19.85. Found: C, 50.44; H, 3.32; N, 9.39; Sn, 20.01%. IR
(CsI pellets, cm�1): 1535m m(C@N), 738s m(CAS), 640m
q(py), 272m m(M–C), 347m m(M–N), 329w m(M–S), 241w
m(M–Npy), 216w m(M–Cl). The main signals in 1H NMR
(DMSO-d6): d (ppm) = 10.63 (2H, s, N(4)H), 8.32 (1H, d,
H(6)), 7.89 (1H, t, H(4)), 7.66 (1H, dd, H(5)), 7.11 (1H,
m, H(3)). The main signals in 13C NMR (DMSO-d6): d
(ppm) = 167.45 C8AS, 153.42 C2, 144.24 C6, 142.23
C7@N, 133.30 C4, 130.77 C9, 127.82 C3, 127.46 C5;
139.73 C21, 132.82 C22 and C26, 128.26 C23 and C25.
119Sn NMR (DMSO): d (ppm) = �387.

2.3.6. [Sn(L3)Ph2Cl] (6)

Yellow solid. M.p.: 185.1–187.2 �C. Anal. Calc.
C31H25N4ClSSn (639.75): C, 58.20; H, 3.94; N, 8.77; Sn,
18.55. Found: C, 57.42; H, 4.04; N, 8.64; Sn, 19.47%.
Molar conductivity (1 · 10�3 mol L�1 DMF):
51.60 X�1 cm2 mol�1. IR (CsI pellets, cm�1): 1542m
m(C@N), 734m m(CAS), 639w q(py), 279w, 266w m(M–C),
346w m(M–N), 339w m(M–S), 285w m(M–Npy), 228w
m(M–Cl). The main signals in 1H NMR (DMSO-d6): d
(ppm) = 10.15 (2H, s, N(4)H), 8.82 (1H, d, H(6)), 7.83
(1H, t, H(4)), 7.49 (1H, dd, H(5)), 7.11 (1H, d, H(3)).
The main signals in 13C NMR (DMSO-d6): d
(ppm) = 167.02 C8AS, 155.19 C2, 147.56 C6, 146.88
C7@N, 139.79 C4, 128.22 C9, 126.42 C3, 126.32 C5;
153.65 C21, 132.81 C22 and C26, 128.27 C23 and C25.
nJ(119Sn13C): 1307.4 Hz 1J(119Sn13C21), 66.2 Hz
2J(119Sn13C22, C26), 111.1 Hz 3J(119Sn13C23, C25). 119Sn
NMR (DMSO): d (ppm) = �344 (s).
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3. Results and discussion

3.1. Formation of the tin(IV) complexes

Microanalyses and molar conductivity measurements
suggest the formation of the following complexes:
[Sn(L1)Cl3] (1), [Sn(L1)PhCl2] (2), [Sn(L2)Cl3] (3),
[Sn(L3)PhCl2] (5) and [Sn(L3)Ph2Cl] (6), in which an anio-
nic thiosemicarbazone is attached to the metal centre and
the remaining coordination sites are occupied either by
chloride ions or by both chloride ions and phenyl groups.

Microanalyses of 4 are compatible with the presence of
½H2L2�þ2 ½Ph2SnCl4�2�, which was also corroborated by
Mössbauer data and crystal structure determinations (see
below).

The formation of complexes 1–3, 5 and 6 can be summa-
rized in Scheme 1.

The formation of the [Ph2SnCl4]2� dianion as in 4 is not
an uncommon process in tin chemistry. In fact, there are a
number of papers describing complexes where such ion is
present [9].
Scheme
3.2. Spectroscopic characterization

The vibrations attributed to m(C@N) at 1585–1595 cm�1

in the infrared spectra of the free thiosemicarbazones shift to
1535–1554 cm�1 in the spectra of complexes 1–3, 5 and 6, in
agreement with coordination of the azomethine nitrogen
[10]. The m(C@S) absorption which lays at 796–800 cm�1

in the spectra of the ligands shift to 715–738 cm�1 in the
spectra of complexes 1–3, 5 and 6, indicating coordination
of a thiolate sulfur. The in-plane deformation mode of the
pyridine ring at 595–607 cm�1 in the spectra of the thiose-
micarbazones shift to 633–657 cm�1 in complexes 1–3, 5

and 6 suggesting coordination of the hetero-aromatic nitro-
gen [5,10]. In the spectra of the complexes absorptions at
265–279 cm�1 were assigned to m(Sn–C), those at 346–
360 cm�1 to m(Sn–N(imine)), and the bands at 319–
339 cm�1, 241–285 cm�1 and at 210–308 cm�1 to m(Sn–S),
m(Sn–Npy) and m(Sn–Cl), respectively [5,11].

The infrared spectrum of H2Bz4Me presents a sharp
band at 3298 cm�1 along with a broad absorption in
the 3300–3250 cm�1 range attributed to m(N3–H) and
1.



T
ab

le
4

S
el

ec
te

d
b

o
n

d
le

n
gt

h
s

(Å
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m(N4–H). In the spectrum of 4 a new absorption observed
at 3344 cm�1 is consistent with protonation at the pyridine
nitrogen, which gives rise to an additional N–H stretching
vibration. In addition, the in-plane-deformation mode of
the pyridine ring at 603 cm�1 in the spectrum of the thio-
semicarbazone shifts to 660 cm�1 in that of 4.

NMR spectra of 1–6 were run in DMSO-d6 because this
is the only solvent in which all ligands and complexes are
enough soluble for recording 13C spectra. The 1H reso-
nances were assigned on the basis of chemical shifts, mul-
tiplicities and coupling constants. The carbon type (C, CH)
was determined by using distortionless enhancement by
polarization transfer (DEPT135) experiments. The assign-
ments of the protonated carbons were made by 2D hetero-
nuclear multiple quantum coherence experiments
(HMQC) using delay values which correspond to 1J(C,
H). A 119Sn NMR study was performed for 1–3, 5 and 6.

In the 1H and 13C spectra of the uncomplexed thiose-
micarbazones all signals are duplicated as a consequence
of the existence of structural Z and E isomers (see
Fig. 1) in solution [5,10]. The Z form is present in the sol-
ids, as shown previously by us [5,10b].

The N3–H signal is absent in the spectra of complexes
1–3, 5 and 6, in agreement with deprotonation and forma-
tion of an anionic ligand. Upon complexation the signals
of the pyridine hydrogens undergo significant shifts. Sim-
ilarly in the 13C NMR spectrum large shifts occur for
C@S, C@N and the pyridine carbons, in accordance with
coordination of the sulfur, the imine nitrogen and the het-
ero-aromatic nitrogen, leading to compounds in which the
thiosemicarbazone adopts the E form which is also
adopted in the solids, as revealed by the crystal structures
of the complexes (see below).

The 1H and 13C spectra of compound 4 are not appre-
ciably different from those of the free ligand, due probably
to exchange of the proton at Npy with deuterium from
DMSO-d6. The 1H and 13C NMR signals are duplicated,
indicating that the thiosemicarbazone exists as the Z
and E isomeric forms.

Only one signal was observed in the 119Sn NMR spec-
tra of complexes 1–3, 5 and 6 in agreement with the pres-
ence of one tin site. The signals of 119Sn were found at
�471 ppm for [Sn(L1)Cl3] (1); �374 ppm for
[Sn(L1)PhCl2] (2); �477 ppm for [Sn(L2)Cl3] (3);
�387 ppm for [Sn(L3)PhCl2] (5) and �344 ppm for
[Sn(L3)Ph2Cl] (6). The signals of 119Sn in the spectra of
1–3, 5 and 6 recorded in CH2Cl2 (data not shown) were
found practically at the same positions, indicating that
DMSO-d6 probably did not coordinate to the metal.

Our data suggest that the 119Sn signal shifts to more
negative frequencies upon increasing the number of chlo-
ride ions in the metal coordination sphere probably due to
p back-donation from p-electrons of the halogen to the
empty 5d orbitals of tin with appropriate symmetry [12].
Thus, as mentioned above the chemical shifts were
�471 ppm for [Sn(2Bz4DH)Cl3] (1) and �374 ppm for
[Sn(2Bz4DH)PhCl2] (2). Similarly, for [Sn(2Bz4Ph)PhCl2]
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(5) we found �387 ppm and for [Sn(2Bz4Ph)Ph2Cl] (6) we
found �344 ppm.

The values of 1J(119Sn13C) have been determined as
296.7 (2) and 1307.4 (6). The C–Sn–C angle has been calcu-
lated for complex 6 based on the Lockhart equation
1J = 11.4h � 875 [11c]. We found: h = 169�. Crystal struc-
ture determinations (see below) showed that h = 158� (6),
indicating that the structure in solution is not exactly the
same as in the solid. The nJ(119Sn13C) (n = 2, 3) coupling
constants were determined for complexes 2 and 6. For 2,
it was also possible to observe the coupling of tin with
C(6) in the pyridine ring, 2J(119Sn13C), and we could deter-
mine 4J(119Sn13C24) (see Section 2.3.).

The 119Sn NMR spectra of 4 were quite different in
DMSO and CH2Cl2. In this case reaction with DMSO
occurred. Two 119Sn signals have been observed in CH2Cl2
at �224 and �378 ppm, which were attributed to the cis,
trans isomers of [Ph2SnCl4]2�. The existence of these iso-
mers of [Ph2SnCl4]2� in the solid was confirmed by the
Mössbauer spectrum of 4 (as powder) reported previously
by us [13], which showed the presence of two tin sites with
parameters compatible with data reported in the literature
for cis- and trans R2SnX4 complexes [14,15]. The crystal
structure of 4 shows the presence of trans [Ph2SnCl4]2�.
Therefore 4 has been fully characterized in the solid by
Mössbauer spectroscopy [13] and crystal structure determi-
nations (see below).
3.3. X-ray diffraction analysis

Selected intra-molecular bond distances and angles for
complexes 1–6 are given in Table 4. H-bond distances
and angles for all compounds are detailed in Table 5. Figs.
2–7 are ORTEP [16] drawings of the molecules. Programs
and methods used in the X-ray diffraction experiments
and structural analysis are detailed in references [17–24].

Crystal and molecular structures of H2Bz4DH [25] and
of its N(4)-methyl (H2Bz4Me) and N(4)-phenyl derivatives
(H2Bz4Ph) [5,10b] show that in the solid the compounds
adopt the ZZ configuration in relation to C7–N2 and N3–
C8, with an intra-molecular N3–H� � �Npyhydrogen bond.
Table 5
Hydrogen bonds distances (Å) and angles (�) for [Sn(L1)Cl3] (1), [Sn(L1
[Sn(L3)Ph2Cl] (6) with d(H� � �A) < r(Å) + 2.00 Å and \D–H� � �A > 110�

Compound D–H� � �A d(D–H) d(H� � �A) d(D–H

1 N4–H4A–Cl1 0.860 2.488 3.311
N4–H4B–Cl2 0.860 2.470 3.319

2 N4–H4A–Cl1 0.860 2.496 3.308
N4–H4B–Cl2 0.860 2.699 3.416

3 N4–H4–Cl3 0.860 2.398 3.258

4 N1–H1–Cl1 0.860 2.441 3.239
N4–H4–Cl1 0.860 2.511 3.265

5 N4–H4–Cl2 0.860 2.582 3.422

6 N4–H4–Cl 0.860 2.683 3.494
In 4, the hetero-aromatic nitrogen is protonated pre-
cluding the existence of the N3–H� � �Npy hydrogen bond
observed in the structure of H2Bz4Me. The thiosemicarba-
zone acts as a positively charged [H22Bz4Me]+, counter-ion
of a [Ph2SnCl4]2� centrosymmetric octahedral complex.
The tin(IV) ion is equatorially coordinated to four chloride
ions [Sn–Cl distances of 2.5717(6) and 2.6089(6) Å] and
axially to two negatively charged phenyl groups [d(Sn–
C) = 2.146(2) Å]. The phenyl ring plane bisects adjacent
Sn–Cl bonds.

It is also to be noted, by comparing the molecular con-
figuration of the uncoordinated [H22Bz4Me]+ ion in 4 (see
Fig. 5) with the related anionic ligand in 3 (see Fig. 4), the
key role played by the rotational degree of freedom around
the N3–C8 bond in the chelating ability of the ligand to
form the tin–sulfur bond.

The bond distances in the cationic thiosemicarbazone are
different from those in the neutral compound reported previ-
ously [10b]. Hence in H2Bz4Me d(N1–C6) = 1.334(2) Å and
d(N1–C2) = 1.347(2) Å whereas d(N1–C6) = 1.328(3) Å
and d(N1–C2) = 1.350(3) Å in 4. Other bond distances in
the neutral thiosemicarbazone also undergo variations in
4. Significant differences were found in the C6–N1–C2
[118.1(2)�] and C2–C7–N2, [127.5(1)�] angles in H2Bz4Me,
which change to 123.5(2)� and 115.0(2)�, respectively in 4.
The C6–N1–C2 angle is larger in the neutral thiosemicarba-
zone due to the spatial requirements of the electron pair on
the nitrogen, hence confirming that protonation at Npy

occurs in 4.
The crystal of complex 4 is further stabilized by intermo-

lecular N1–H1� � �Cl1 [d(H1� � �Cl1) = 2.441 Å, \(N1–
H1� � �Cl1) = 154.74� and N4–H4� � �Cl1 (d(H4� � �Cl1) =
2.511 Å, \(N4–H4� � �Cl1) = 146.91�) hydrogen bonds.

In all other complexes the metal centre is in a quite sim-
ilar arrangement with the thiosemicarbazone acting as a
negatively charged ligand which results from deprotona-
tion at N(3). The bonding closely resembles coordination
of these ligands to palladium(II) in previously studied com-
pounds [10a]. The metal is located in a distorted octahedral
environment. The ligand defines an equatorial plane of
coordination and acts as a tridentate Npy–N–S chelating
system [Sn–Npy bond distances of 2.199(3) (1), 2.253(9)
)PhCl2] (2), [Sn(L2)Cl3] (3), [H2L2]2[Ph2SnCl4] (4), [Sn(L3)PhCl2] (5),

� � �A) \(D–H� � �A) A Symmetry operation

160.54 Cl1 [x � 1/2, �y + 1/2, z � 1/2]
169.43 Cl2 [�x + 1/2, y � 1/2, �z + 3/2]

157.89 Cl1 [x � 1/2, �y, z + 1/2]
141.65 Cl2 [x � 1, y, z]

178.88 Cl3 [�x + 2, y + 1/2, �z + 1/2]

154.74 Cl1 [�x + 1, �y + 2, �z]
146.91 Cl1 [�x + 1, �y + 2, �z]

165.91 Cl2 [�x + 2,y + 1/2, �z + 1/2]

157.76 Cl [�x + 1/2, y � 1/2, �z + 1/2]



Fig. 2. Molecular plot of [Sn(L1)Cl3] (1) showing the labeling scheme of the non-H atoms and their displacement ellipsoids at the 50% probability level.

Fig. 3. Molecular structure of [Sn(L1)PhCl2] (2).
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(2), 2.200(3) (3), 2.252(3) (5) and 2.500(3) Å (6); Sn–N dis-
tances of 2.198(3) (1), 2.249(8) (2), 2.189(3) (3), 2.217(3) (5),
and 2.322(3) Å (6), and Sn–S distances of 2.444(1) (1),
2.492(3) (2), 2.446(1) (3), 2.488(1) (5), and 2.519(1) Å (6)].
The remaining equatorial site is occupied by a negatively
charged phenyl ligand in 2 and 5 [d(Sn–C) = 2.12(1) and
2.156(4) Å, respectively] and by a chloride ion in 1, 3 and
6 [Sn–Cl distances of 2.359(2), 2.352(1), and 2.5721(9) Å,
respectively]. The octahedral coordination is completed at
the axial positions by two chloride ions in 1 [Sn–Cl dis-
tances of 2.444(2) and 2.428(2) Å], 2 [Sn–Cl distances of
2.502(3) and 2.472(3) Å], 3 [Sn–Cl distances of 2.352(1)
and 2.416(2) Å], and 5 [Sn–Cl distances of 2.470(1), and
2.512(1) Å, respectively], and by two phenyl anions in 6

[Sn–C distances of 2.132(4) and 2.134(4) Å].
The expected lengthening of the C8@S bond [from

1.663(2)–1.680(2) Å in the ligands to 1.742(13)–1.757(4) Å
in 1–3, 5 and 6] and shortening of the N3–C8 bond [from
1.360(2)–1.367(2) Å in the ligands to 1.310(4)–1.333(15) Å
in 1–3, 5 and 6] upon coordination is observed. Therefore



Fig. 4. Molecular structure of [Sn(L2)Cl3] (3).
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the C–S bond changes from a double to a predominantly
single bond whereas N3–C8 acquires some double bond
character.

Furthermore, in the tin complexes the Pyr(C@N)N�

(C@S)N skeletal fragment of the ligand molecules are
nearly planar [rms deviation of atoms from least-squares
plane of 0.0924 Å (1), 0.048 Å (2), 0.045 Å (3), 0.087 Å
(5), and 0.058 Å (6)] with the tin metal laying close onto
the coordination plane (at less than 0.17 Å).
Fig. 5. View of centro symme
As already mentioned, a twisting of 180� in the N2–N3
bond of thiosemicarbazones to match the steric require-
ments of tridentate coordination was evidenced. Hence
some dihedral angles in the free ligands undergo significant
changes on complexation. The C8–N3–N2 angle goes from
117.1(1)� in free H2Bz4DH [25] to 115.4(3)� in 1 and
115.3(10)� in 2; N3–C8–S goes from 119.4(1)� in the free
ligand [25] to 129.0(3)� in 1 and 128.3(10)� in 2; N4–C8–
S varies from 124.7(1)� in the ligand [25] to 114.7(3)� in 1

and 116.4(9)� in 2.
Similarly in free H2Bz4Me \(C8–N3–N2) = 119.3(2)�,

\(N3–C8–S) = 118.3(2)� and \(N4–C8–S) = 124.8(2)�
[10b]. These angles change to 115.2(3)�, 128.8(3)� and
114.9(3)�, respectively, in complex 3. In H2Bz4Ph the
C8–N3–N2 angle is 120.5(2)�; N3–C8–S is 117.7(1)� and
N4–C8–S, 128.0(1)� [5] and upon coordination they change
to 116.5(3)�, 128.3(3)� and 114.5(3)�, respectively, in com-
plex 5 and to 115.4(3)�, 128.0(3)� and 114.6(3)�, respec-
tively, in 6. In 6 the C31–Sn–C21 angle is 158.0(2)� which
differs considerably from that corresponding to perfect
octahedral geometry.

In complex 1 inter-molecular N4–H4A� � �Cl1 [d(H4A� � �-
Cl1) = 2.488 Å, \(N4–H4A� � �Cl1) = 160.54�] and N4–
H4B� � �Cl2 [d(H4B� � �Cl2) = 2.470 Å, \(N4–H4B� � �Cl2)
= 169.43�] bonds were observed. Similarly, in 2 N4–
H4A� � �Cl1 [d(H4A� � �Cl1) = 2.496 Å, \(N4–H4A� � �Cl1) =
157.89�] and N4–H4B� � �Cl2 [d(H4B� � �Cl2) = 2.699 Å,
\(N4–H4A� � �Cl2) = 141.65�] bonds were evidenced, in
which the chlorides are located in a second molecule. In com-
plexes 3, 5 and 6 intermolecular N4–H4� � �Cl bonds were also
observed [d(H4A� � �Cl) = 2.398 Å, \(N4–H4A� � �Cl) =
178.88� for 3; d(H4A� � �Cl2) = 2.582 Å, \(N4–H4A� � �Cl2)
tric [H2L2]2[Ph2SnCl4] (4).



Fig. 6. Molecular structure of [Sn(L3)PhCl2] (5).

Fig. 7. Molecular structure of [Sn(L3)Ph2Cl] (6).
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= 165.91� for 5, and d(H4A� � �Cl) = 2.683 Å, \(N4–
H4A� � �Cl) = 157.76� for 6] (see Table 5).
4. Supplementary material

Crystallographic data for complexes 1–6 have been
deposited with the Cambridge Crystallographic Data
Center, CCDC numbers 297869 (1), 297870 (2), 297871
(3), 297872 (4), 297873 (5), 297874 (6). Copies of this
information may be obtained free of charge from: The
Director, CCDC, 12, Union Road Cambridge, CB2
1EZ, UK, fax: +44 1223 336 033; e-mail: depos-
it@ccdc.cam.ac.uk or via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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