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a b s t r a c t

Transition metal complexes Mn(L1)2 (1), Mn(L2)2 (2), Co(L3)2Cl 4H2O (3), Zn(L3)2 DMF (4), Co(HL4)2(ClO4)2
3H2O (5) and Zn(L5)2 DMF (6) where HL1¼2-acetylpyridine thiosemicarbazone, HL2¼ 2-acetylpyridine N
(4)-methylthiosemicarbazone, HL3¼ 2-benzoylpyridine thiosemicarbazone, HL4¼ 2-benzoylpyridine N
(4)-methylthiosemicarbazone and HL5¼ 2-benzoylpyridine N(4)-phenylthiosemicarbazone, have been
synthesized. The complexes 1, 2, 5 and 6 were characterized by elemental analysis, IR spectra and single-
crystal X-ray diffraction studies. Preliminary in vitro screening indicated that all the tested compounds
showed significant antitumor activity against K562 leucocythemia cancer cell line.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Studies related to metal-based drugs are both promising and of
great interest in chemistry and biology. Heterocyclic thio-
semicarbazones (TSCs) and their transition metal complexes have
received considerable attention due to their coordination chem-
istry and broad range of pharmacological properties, notable for
antiparasital, antibacterial and antitumor activities [1e6]. Triapine,
a very good case in point, has been tested in phase I trial for patients
with advanced solid tumors [7]. In general, thiosemicarbazones are
obtained by condensation of the corresponding thiosemicarbazide
with aldehydes or ketones. The biological activities of thio-
semicarbazones often showed a high dependence on their sub-
stitutents. Minor modifications in the thiosemicarbazones can lead
to significant change in biological activity. Earlier reports on N(4)-
substituted thiosemicarbazones have concluded that the presence
of a bulky group at the terminal nitrogen considerably increases
biological activity [8e10]. Moreover, the metal complexes of thio-
semicarbazones can exhibit bioactivities which differ from those of
either ligands or the metal ions [11e13]. In some cases, the highest
biological activity is associated with a metal and some side effects

may decrease upon complexation [5]. Their mechanism of action is
still controversial in many respects, but it is known that TSCs act by
inhibiting ribonucleotide reductase, a key enzyme in the biosyn-
thesis of DNA precursors [14].

Although thiosemicarbazones and their metal complexes
derived from 2-acetylpyridine have been the subject of extensive
investigation [15,16], to our knowledge there are no reports in the
literature on structural and biological studies of their manganese
complexes whereas manganese is an essential trace element,
forming the active sites of a number of metalloproteins [17]. In
addition, our previous studies on a variety of substituted thio-
semicarbazones and their diverse metal complexes showed that
both 2-benzoylpyridine thiosemicarbazone HL3 and 2-benzoyl-
pyridine N(4)-methylthiosemicarbazone HL4 exhibited remarkable
biological activity in vitro against K562 leukaemia cell line [18]. In
particular, HL4 inhibits K562 leukaemia cell line at concentrations
more than 14,100-fold lower(0.002 mM) than HL3(28.2 mM) only by
the presence of bulky group CH3 at position N(4) of the thio-
semicarbazonemoiety. On the other hand, HL3 and its zinc complex
also exhibited significant antitumor activity against lung cancer
A549 cell lines [19]. Stimulated by these encouraging and prom-
ising results, it seemed useful and desirable to us to initiate
systematic investigation and compare the biological activity of
heterocyclic substituted thiosemicarbazones and their metal
complexes.
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Continuing with our research program concerning the coordi-
nation and the biological properties of thiosemicarbazones [20,21],
in the present work, with the main aim of comparison, we have
synthesized and tested the biological activity of a series of
heterocyclic substituted thiosemicarbazone ligands HL1eHL5

(Scheme 1) and their transition metal complexes formulated as Mn
(L1)2 (1), Mn(L2)2 (2), Co(L3)2Cl 4H2O (3), Zn(L3)2 DMF (4), Co
(HL4)2(ClO4)2 3H2O (5) and Zn(L5)2 DMF (6) against K562 leukaemia
cell line. Our objective is to compare the variation in antitumor
activity by changing different substituted groups attached at the
thiosemicarbazone moieties and metals and investigate the metal
chelation effect on biological properties of the complexes. In our
experiment, we have found that the title compounds with different
substituents and metals show significantly different levels of anti-
tumor activity. In addition, we also describe the synthesis, IR
spectra and single crystal X-ray crystal structures of complexes 1, 2,
5 and 6 here.

2. Chemistry

HL1eHL5, 3 and 4 were prepared according to the literature
method [19,20,22e26], respectively. The structures of 1, 2, 5 and 6
were confirmed by IR spectra and X-ray diffraction. The title
compounds are all tested against K562 leukaemia cell line, with
IC50 analysis.

The tentative assignments of the significant IR spectral bands of
ligands HL1, HL2, HL4, HL5 and their complexes are presented in
Table 1. The infrared spectral bandsmost useful for determining the
mode of coordination of the ligands are the n(C]N), n(NeN) and n

(C]S) vibrations. The IR spectra of HL1, HL2, HL4 and HL5 do not
display n(CeSH) in the region 2500�2600 cm�1 indicating that in
the solid state these ligands remain in the thione form [27]. The n

(C]N) band of thiosemicarbazone in four complexes undergoes
a negative shift of wavenumber compared to that of the ligand,
a clear sign of coordination via the imine nitrogen atom. The
increase in the frequency of n(NeN) band of the thiosemicarbazone
in the spectra of complexes is due to the increase in the bond
strength, again confirms the coordination via the imine nitrogen.
The thioamide band, which contains considerable n(C]S) char-
acter, is less intense in the complexes and is found at a lower
frequency, suggesting coordination of the metal through sulfur. The
breathing motion of the pyridine ring is shifted to a higher

frequency upon complexation and is consistent with pyridine ring
nitrogen coordination. The perchlorate complex 5 contains a single
broad band at 1144 cm�1 and an unsplit band at 625 cm�1, indi-
cating the presence of ionic perchlorate [28]. Based on the above
spectral evidences, it is confirmed that the thiosemicarbazone
ligand is tridentate, coordinating via the imine nitrogen, the pyridyl
nitrogen and thione/thiolate sulfur. These observations have also
been confirmed by X-ray single crystal structure analysis.

3. Results and discussion

3.1. X-ray crystallography

Table 2 summarizes crystal and refinement data for 1, 2, 5 and 6.
The molecular structures of 1, 2, 5 and 6 along with the atomic
numbering scheme are shown in Figs. 1e4, respectively. Selected
bond lengths and angles are listed in Table 3.

As shown in Figs. 1e4, each of complexes 1 and 2 contains the
mononuclear neutral molecule composed of two identical N2S tri-
dentate anionic ligands wrapped around hexa-coordinated
manganese (II) ion, the perchlorate complex 5 contains hexa-
coordinated cobalt(II) ion with two N2S tridentate neutral ligands,
two perchlorate anions and three water solvate molecules, and the
complex 6 consists of the whole mononuclear zinc(II) complex as
well as one crystallization DMFmolecule, respectively. For four new
complexes, the thiosemicarbazone ligand as neutral ligand or in the
deprotonated form coordinates in a N2S tridentate manner with the
metal atom using its imine nitrogen, thiolate (for complexes 1, 2
and 6) /thione(for complex 5) sulfur and pyridyl nitrogen resulting
in two 5-membered chelate rings. In view of the structural

Scheme 1. Heterocyclic substituted thiosemicarbazone ligands.

Table 1
IR spectral assignments (cm�1) of HL1, HL2, HL4, HL5, 1, 2, 5 and 6.

Compound n(C]N) n(NeN) n(C]S) r(py)

HL1 1582 1109 835 620
1 1549 1125 798 632
HL2 1578 1114 836 621
2 1548 1158 817 633
HL4 1595 1144 840 625
5 1567 1171 784 648
HL5 1594 1132 838 623
6 1538 1173 788 644
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similarity of these complexes, only complex 1 was described in
some detail. X-ray single-crystal structure analysis reveals that the
asymmetric unit of the crystal of complex 1 consists of two slightly
different crystallographically independent molecules with bond
lengths and angles, which agree with each other and are within
normal ranges (see Table 3). The Mn(II) center is coordinated in an
N4S2 manner by two monodeprotonated ligand moieties and form
four five membered chelate rings. One sulfur atom, one imine
nitrogen atom and one pyridine nitrogen atom from one ligand and
one imine nitrogen atom from another ligand occupy the basal
positions, the two remaining positions in the octahedral geometry
are the axial ones which are occupied by one sulfur atom and one
pyridine nitrogen atom from different ligands. From the bond
angles, it is observed that the coordination geometry is quite far
from a perfect octahedron. The dihedral angle between the two
anionic ligands coordinated toMn(1) andMn(2) atomswas 68� and
98�, respectively.

The MneS distances of 2.521(3)e2.555(3) Å and MneN
distances of 2.232(6)e2.308(6) Å agree well with those in related
manganese complexes [21]. The measured CeS bond distances ca.
1.72 Å are within the normal range of CeS single bonds, indicating
that the thiosemicarbazone moieties adopt the thiol tautomeric
form and acted as a mononegative ligand [29]. The CeN and NeN
bond lengths are intermediate between formal single and double
bonds which is compatible with the notion that charge delocal-
ization extends throughout the entire molecular skeleton, affecting
the thiosemicarbazone chain as well as the ring. The two thio-
semicarbazone ligands have slightly different MneN(pyridine)
bond distances and they are longer than the MneN(imine)
distances, this may be attributed to the fact that the imine nitrogen
is a stronger base compared with the pyridine nitrogen [30].

Since the thiosemicarbazone moieties have both the hydrogen
bond donors and the hydrogen bond acceptors, the species provide
the possibility of forming hydrogen bonds in the crystal. The

Table 2
Summary of crystallographic data collection and refinement for 1, 2, 5 and 6.

Crystal Data 1 2 5 6

Formula C16H18MnN8S2 C18H22MnN8S2 C28H34Cl2CoN8O11S2 C41H37ZnN8S2O
Formula wt 441.44 469.50 852.58 801.29
Crystal system Triclinic Monoclinic Monoclinic Orthorhombic
Space group P-1 P21/c P2(1)/n Pbca
a/Å 7.612(3) 9.50071(8) 8.6535(14) 25.711(4)
b/Å 14.962(6) 13.988(1) 32.277(5) 10.9101(15)
c/Å 17.563(8) 16.776(2) 13.479(2) 28.288(4)
a/� 74.708(8) 90.00 90.00 90.00
b/� 78.817(9) 95.512(2) 96.842(3) 90.00
g/� 83.588(9) 90.00 90.00 90.00
Volume/Å3 1888.9(14) 2219.1(3) 3738.1(11) 7935.1(19)
Z 4 4 4 8
rcalcd/mgm�3 1.552 1.405 1.515 1.341
Crystal habit Block Block Block Block
Crystal color Red Red Red Yellow
Abs. coeff./cm�1 0.939 0.804 0.780 0.769
Crystal size/mm 0.20 � 0.18� 0.16 0.36 � 0.21� 0.15 0.24 � 0.18� 0.15 0.34 � 0.25� 0.22
q range/� 1.22e25.00 1.90e25.00 1.65e25.00 2.15e25.00
No. reflns collected 9622 9833 18862 31511
Data/restrnts/params 6529/1/487 3749/0/264 6576/0/471 6967/88/489
Gof on F2 0.944 0.922 1.061 1.015
Rint 0.0653 0.0473 0.0641 0.0659
R1, wR2 (I> 2s(I)) 0.0972, 0.2452 0.0446, 0.0998 0.0670, 0.1747 0.0583, 0.1664
R1, wR2 (all data) 0.1867, 0.2707 0.0852, 0.1081 0.0997, 0.1868 0.1103, 0.1898

Fig. 1. Molecular structure of complex 1.
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molecules of complex 1 are held together in the crystal packing
through an extended network of intermolecular hydrogen bonds
involving amino nitrogen atoms N(1), N(5) and N(9), the hydrazine
nitrogen atoms N(2), N(6) and N(10), the coordinated sulfur atom S
(1) and S(3) (see Fig. 5, Table 4). The terminal N(1) hydrogen atom
on one 2-acetylpyridine thiosemicarbazone ligand participates in
forming two hydrogen bonds. One is with hydrazine nitrogen atom

N(10) interaction with N(1)/N(10) 3.042(1) Å (symmetry code:
xþ1, y, zþ1) and the other with the S(3) interactionwith N(1)/S(3)
3.494(7) Å (symmetry code: x, y, zþ1) from the second independent
molecule. The terminal N(9) hydrogen atom also participates in
forming two hydrogen bonds. One is with hydrazine nitrogen atom
N(2) interactionwith N(9)/N(2) 3.049(9) Å (symmetry code: x� 1,
y, z� 1) and the other with the S(1) interaction with N(9)/S(1)
3.556(7) Å (symmetry code: x, y, z� 1). In addition, the hydrazine
nitrogen atom N(6) acts as H-bond acceptor while the uncoordi-
nated terminal amino nitrogen atoms N(5) as donor. The intermo-
lecular N(5)/N(6) separationwas 3.414(1) Åwith the N(5)eH(5B)/
N(6) angle being about 169.3�(symmetry code:�xþ1, �yþ1, �z).

Similarily, intermolecular hydrogen bonds of complexes 2, 5 and
6 also link the different components to stabilize the crystal struc-
ture (see Figs. 6e8), differing only in the hydrogen bond donors and
acceptors (see Table 4). These intermolecular hydrogen bonds
include: terminal thioamide nitrogen atoms N(1) and N(5), the
hydrazine nitrogen atom N(2) , the coordinated sulfur atom S(2) for
complex 2, the terminal thioamide nitrogen N(1) and N(5), and
hydrazine nitrogen N(2) and N(6) atoms of thiosemicarbazone
ligands, the oxygen O(5) and O(8) atoms of perchlorate anion and
the oxygen O(1w) atom of water solvent molecules for complex 5,
terminal thioamide nitrogen atoms N(1), N(5), the oxygen atom O1
from DMF solvent molecule , the coordinated sulfur atom S(2) for
complex 6, respectively.

3.2. Antitumor activity

In terms of the cytotoxic activity of thiosemicarbazones [31,32],
we have tested the ability of the thiosemicarbazones and their
metal complexes to inhibit tumor cell growth against K562

Fig. 3. Molecular structure of complex 5.

Fig. 2. Molecular structure of complex 2.
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leukaemia cell line. In our experiments, IC50 values (compound
concentration that produces 50% of cell death) in micro molar units
were calculated (see Fig. 9). To comprehend the structureeactivity
relationship well, IC50 values of the parent ligands HL3 and HL4

were added in Fig. 9 for comparison [18]. Although a clear struc-
tureeactivity relationship cannot be deduced from the limited
number of compounds investigated, several preliminary conclu-
sions may be drawn.

As shown in Fig. 9, heterocyclic substituted thiosemicarbazones
and their metal complexes show particularly effective antitumor
activity against K562 leukaemia cell line, due to the NNS tridentate
system [33]. The comparison of cytotoxic activity of the free ligands
and theirmetal complexes indicates that HL2 showsmuch lower IC50
value (4.58 mM) than the HL1 (29.74 mM), both HL4 and HL5 show
much lower IC50 values (0.002 mM for HL4, 1.43 mM for HL5) than HL3

(28.2 mM), complexes 2 and 5 show higher antitumor activities than
complexes 1 and 3, respectively, which indicate that these
compounds showedhighdependenceson their substitutents that the
presence of bulky groups at position N(4) of the thiosemicarbazone
moiety enhanced the antitumor activities [7]. But reversed as
expected where the more bulky N(4) substituent leads to more
activity, N(4)-phenyl substituted thiosemicarbazone HL5 show
remarkablely lower antitumor activity than N(4)-methyl substituted

thiosemicarbazone HL4 [11]. The biochemical mechanism of cyto-
toxicity is not understood. In addition, HL3 shows lower IC50 value
(28.2 mM) than the HL1 (29.74 mM), HL4 showsmuch lower IC50 value
(0.002 mM) than the HL2 (4.58 mM) indicating importance of the
substituent group of the parent ketone in thiosemicarbazones on
antitumor activities [34,35]. And at the same time, it is clearly
observed that complexationwithmetalshas a synergeticeffecton the
antitumor activity of these compounds and the antitumor activity
depends upon the type of metal ion. Coupling of HL1 and HL2 to Mn
(II), respectively, leads to enhancement of the antitumor activity of
Schiff base ligands. To the best of our knowledge until date, less bio-
logical information has been reported about Mn(II) complexes of
thiosemicarbazones. Nevertheless, several studies have also sug-
gested that theMn (II) complexes have higher biological activity than
their free ligands [36,37].Onthecontrary, twocobalt complexes1and
3 show lower antitumor activities than their separate ligands, which
is consistentwith the previously reported cobalt cases [38,39]. As can
beexpected, zinc(II)complex4 results inenhancedantitumoractivity,
in a similar way to that observed against lung cancer A549 cell lines
[19]. This confirms the conclusion that the antitumor activities of
thiosemicarbazones can be enhanced by coordinating the ligand to
zinc cations [40,41]. It was surprising and not predictable that, in
contrast to many zinc(II) complexes reported, complex 6 indicates

Table 3
Selected bond lengths (Å) and angles (deg) for 1, 2, 5 and 6.

1 2 5 6

Mn1eN3 2.286(6) Mn1eN3 2.256(3) Co1eN8 2.178(3) Zn1eN7 2.174(2)
Mn1eN4 2.308(6) Mn1eN4 2.266(3) Co1eN7 2.157(3) Zn1eN8 2.218(3)
Mn1eS1 2.555(3) Mn1eS1 2.520(1) Co1eS2 2.444(1) Zn1eS2 2.4214(11)
Mn2eS3 2.541(3) Mn1eN7 2.275(3) Co1eN3 2.150(3) Zn1eN3 2.196(3)
Mn2eN11 2.259(6) Mn1eN8 2.270(3) Co1eN4 2.154(3) Zn1eN4 2.206(3)
Mn2eN12 2.265(6) Mn1eS2 2.518(1) Co1eS1 2.514(1) Zn1eS1 2.4088(11)
S1eC1 1.748(8) S1eC2 1.719(4) S1eC2 1.676(3) S1eC7 1.717(4)
N3eC3 1.293(9) S2eC11 1.747(4) S2eC16 1.688(4) S2eC26 1.721(3)
S3eC17 1.736(8) N3eC3 1.298(4) N3eC3 1.288(4) N3eC8 1.299(4)
C19eN11 1.277(9) N7eC12 1.298(5) N7eC17 1.290(4) N7eC27 1.305(4)

N8eMn1eS2 140.78(2) N3eMn1eS2 97.86(8) N8eCo1eS2 153.22(8) N7eZn1eS1 109.25(7)
N7eMn1eS1 96.32(2) N8eMn1eS2 144.83(1) N7eCo1eS1 97.20(8) N4eZn1eS1 152.26(8)
N3eMn1eS2 133.50(2) N4eMn1eS1 143.93(9) N3eCo1eS2 101.84(8) N3eZn1eS2 111.06(8)
N4eMn1eS1 136.67(2) N7eMn1eS1 123.67(8) N4eCo1eS1 152.26(8) N8eZn1eS2 151.22(8)
N11eMn2eS4 124.38(2)
N16eMn2eS4 146.93(2)
N12eMn2eS3 142.77(2)
N15eMn2eS3 107.04(2)

Fig. 4. Molecular structure of complex 6.

M.X. Li et al. / European Journal of Medicinal Chemistry 45 (2010) 3169e3177 3173



Author's personal copy

lower cytotoxicity upon complexation similar to that of Pd complex
with 2-benzoylpyridine N(4)-phenylthiosemicarbazone [11]. A
detailed evaluation of mechanismwill be investigated in the future.
However, it should be emphasized that despite the fact that
complexes3,5 and6 in this study resulted in lowerantitumoractivity
than their respective ligands, in general their antitumor activity are

still very gratifying likely attributable to striking antitumor activity of
their corresponding ligands, especially HL4. Therefore, the complexes
studied in the present work may be endowed with important anti-
tumoractivitypropertiesandwouldbegoodcandidates tobeused for
medical practice as a metal-based drug.

4. Conclusions

In summary, the present investigation elucidate preliminary
structureeactivity relationships. The in vitro screening results of
cytotoxic activity suggest that their mechanism of action is
different and changing the different substituent groups and metal
cations in the thiosemicarbazones must play a significant role in
these compounds growth inhibitory activity. These promising
results are encouraging further research in this field, for future
applications. Our continuing and detailed studies of the toxicity of
these compounds, as well as mechanism of action are in process,
which could be helpful in designing more potent antitumor agents
for therapeutic use.

5. Experimental

5.1. Materials and chemicals

All solvents and reagents are commercially available and were
used without further purification. Instrumentation: Elemental
analysis of C, H and N was performed with a Perkin-Elmer240
analyzer. The infrared spectra were recorded from KBr discs with
a Nicolet 170 FT infrared spectrophotometer.

5.2. Synthesis

5.2.1. Synthesis of complex 1
An ethanol solution containing Mn(Ac)2$4H2O (0.12 g, 0.5

mmol) was added with constant stirring and slow heating to 30 mL
of a solution of 2-acetylpyridine thiosemicarbazone (0.19 g,
1.0 mmol) in the same solvent. After refluxed for 5 h, the resultant

Fig. 5. Hydrogen bond in dashed lines in complex 1.

Table 4
Hydrogen bond lengths (Å) and bond angles (deg) in 1, 2, 5 and 6

DeH/A d(H/A) d(D/A) :(DHA)

1
N(1)eH(1A)eN(10)a 2.20 3.042(1) 166.2
(1)eH(1B)eS(3)b 2.68 3.494(7) 159.6
N(5)eH(5B)eN(6)c 2.57 3.414(1) 169.3
N(9)eH(9A)eN(2)d 2.19 3.049(9) 177.7
N(9)eH(9B)eS(1)e 2.82 3.556(7) 145.2

2
N(1)eH(1A)eS(2)f 2.47 3.324(3) 171.4
N(5)eH(5A)eN(2)g 2.31 3.137(5) 160.7

5
N(1)eH(1D)eO(1W) 2.09 2.867(4) 150.3
N(2)eH(2A)eO(1W) 2.15 2.843(4) 138.0
N(5)eH(5B)eO(8)h 2.13 2.962(5) 161.8
N(5)eH(5B)eO(5)h 2.43 3.170(10) 144.1
N(6)eH(6B)eO(8)h 2.34 3.095(5) 147.1

6
N1eH1BeO1i 2.20 3.035(5) 164.9
N5eH5BeS2j 2.73 3.387(3) 134.6

Symmetry transformation used to generate the equivalent atoms are given in the
footnotes listed below.

a xþ 1, y, zþ 1.
b x, y, zþ 1.
c �xþ 1, �yþ 1, �z.
d x� 1, y, z� 1.
e x, y, z� 1.
f �xþ 1, y� 1/2, �zþ 1/2.
g �xþ 1, yþ 1/2, �zþ 1/2.
h �xþ 2, �y, �zþ 1.
i x, yþ 1, z.
j �xþ 1, �yþ 1, �z.

M.X. Li et al. / European Journal of Medicinal Chemistry 45 (2010) 3169e31773174
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solution was filtered. Deep-red crystals suitable for X-ray studies
were obtained by slowly diffusing a layer of Et2O into a layer of DMF
solution containing 1. Yield: 65% - C16H18MnN8S2 (441.44). Calc: C
43.49, H 4.08, N 25.37; found C 43.56, H 4.16, N 25.07.

5.2.2. Synthesis of complex 2
Complex 2 was prepared by a similar procedure to that of 1

using 2-acetylpyridine N(4)-methylthiosemicarbazone in place of
2-acetylpyridine thiosemicarbazone, the resultant solution was
filtered. Deep-red crystals suitable for X-ray studies were obtained
by slow evaporation of its DMF solution. Yield: 65% e

C18H22MnN8S2 (469.50). Calc: C 46.01, H 4.69, N 23.86; found C
46.06, H 4.65, N 23.74.

5.2.3. Synthesis of complex 5
An ethanol solution containing Co(ClO4)2$6H2O (0.091 g,

0.25 mmol) was added dropwise with constant stirring to 2-ben-
zoylpyridine N(4)-methylthiosemicarbazone (0.135 g, 0.5 mmol)
suspended in ethanol(30 mL). After refluxed for 5 h, the resultant

solution was filtered. Deep-red crystals suitable for X-ray studies
were obtained by slow evaporation of its ethanol solution. Yield:
60% e C28H34Cl2CoN8O11S2 (852.58). Calc: C 39.41, H 3.99, N 13.14;
found: C 39.05, H 4.62, N 12.94.

5.2.4. Synthesis of complex 6
An methanol solution containing Zn(ClO4)2$6H2O (0.091 g, 0.25

mmol) was added dropwise with constant stirring to 2-benzoyl-
pyridine N(4)-phenylthiosemicarbazone (0.166 g, 0.5 mmol) sus-
pended in methanol (30 ml). After refluxed for 5 h, the resultant
solutionwas filtered. Yellow crystals suitable for X-ray studies were
obtained by slowly diffusing a layer of Et2O into a layer of DMF
solution containing 6. Yield: 60% e C41H37ZnN9OS2 (801.29). Calc: C
61.40, H 4.62, N 15.72; found: C 61.69, H 4.97, N 15.30.

5.3. X-ray crystallography

Crystallographic data were collected with a Siemens SMART-
CCD diffractometer with graphite-monochromated MoKa radiation

Fig. 7. Hydrogen bond in dashed lines in complex 5.

Fig. 6. Hydrogen bond in dashed lines in complex 2.
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(l¼ 0.71073 Å). The structure was solved by Direct Methods and
refined by full-matrix least-squares on F2 with anisotropic
displacement parameters for all non-hydrogen atoms using Shelxtl
[42]. Hydrogen atoms were fixed geometrically at calculated
distances and allowed to ride on the parent non-hydrogen atoms,
except for the hydrogen atoms of the lattice water molecules which
were not added and refined in complex 5. Crystallographic data of
four complexes are summarized in Table 1.

CCDC 757299, 757300, 715337 and 757301 contain the supple-
mentary crystallographic data for 1, 2, 5, and 6, respectively. These
data can be obtained free of charge from the Cambridge Crystal-
lographic Centre via www.ccdc.cam.ac.uk/data_request/cif.

5.4. Antitumor experiments

K562 (a human leucocythemia cancer cell line purchased from
the Institute of Biochemistry and Cell Biology, SIBS, CAS) was
cultured in RPMI-1640 medium supplemented with 10% FBS,
100 UmL�1 of penicillin, 100 mg (200 mL per well) of streptomycin
at 37 �C in humid air atmosphere of 5% CO2. Cell cytotoxicity was
assessed by the MTT assay. Briefly, cells were placed into a 96-well-
plate (5�103 cells per well). The next day the compound diluted in

culture medium at various concentrations was added (200 mL per
well) to the wells. 48 h later 20 mL of MTT (0.5 mgmL�1 MTT in
PBS) was added and cells were incubated for a further 4 h. 200 mL of
DMSO were added to each culture to dissolve the MTT crystals. The
MTT-formazan product dissolved in DMSO was estimated by
measuring absorbance at 570 nm with a micro plate reader. Then
the inhibitory percentage of each compound at various concen-
trations was calculated, and the IC50 value was determined.
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