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Synthesis, characterisation, crystal structures and
biological studies of palladium(II) complexes
containing 5-(2-hydroxy-3-methoxy-phenyl)-2,4-
dihydro[1,2,4]triazole-3-thione derivatives†

A. Shanmugapriya,a F. Dallemerb and R. Prabhakaran *a

A series of new Pd(II) complexes (1–4) were obtained from the reactions between K2[PdCl4], 3-methoxy-

salicylaldehyde-4(N)-substituted thiosemicarbazone [H2L1–H2L4] and 1,3-bis(diphenylphosphino)propane

[dppp]. All the complexes were characterized by various spectroscopic techniques (IR, electronic, 1H-NMR and

ESI-MS). The crystal structures of complexes 2 and 4 have been determined by single crystal X-ray diffraction.

The binding affinity and binding mode of the palladium complexes (1–4) towards calf-thymus (CT) DNA and

BSA (Bovine Serum Albumin) were studied by using UV-vis and fluorescence emission spectroscopy. These

results showed that the binding of the complexes to DNA is through electrostatic interaction and the quenching

of the complexes is static. Further they cleaved supercoiled DNA pBR322 without any added external agents.

The alterations in the secondary structure of BSA by the Pd(II) complexes were confirmed by synchronous and

three dimensional fluorescence spectroscopy. The cytotoxicity of the complexes was evaluated by an MTT

assay in the MCF-7 cell line and complex 3 exhibited significant activity (IC50 = 5.60 � 0.04 mM), which was

comparable with those of the other complexes. The morphological changes assessed by acridine orange and

ethidium bromide staining revealed that the cell death occurred through apoptosis.

Introduction

Serious side-effects caused by cisplatin and its analogues,
carboplatin and oxaliplatin, including nephrotoxicity and drug
resistance by tumor cells, provide an incentive for the discovery of
more efficient cytotoxic complexes with other transition metals.1,2

Due to many similarities between Pt(II) and Pd(II), there is con-
siderable interest in the study of palladium(II) complexes as
anticancer drugs.1,3 Coordination of the biologically active organic
molecules as ligands to the transition metal ions shows promise
in this field due to their unique ability to bind different biological
targets.1,4 The coordinated ligands play an important role in the
anticancer activity of metallodrugs because they can modify key
parameters such as reactivity and lipophilicity.5

The nature of multidentate ligands has a profound effect on
the coordination chemistry of metal complexes and also the

design and ‘‘tailoring’’ of the ligand properties can lead to
innovative metal chemistry.6,7 There has been special interest on
thiosemicarbazone ligands in recent years due to their coordi-
nation versatility,8–11 analytical uses12 and pharmacological
activity.8–13 Thiosemicarbazones usually possess two nucleo-
philic centres namely N(3)–H and S–H in their thione or thiolate
form and a polar double bond (CQN). There are two possibilities
for intra molecular cyclisation to afford a 1,2,4-triazolidine-3-
thione (I) ring, which is formed by the cyclic fusion of N(3)–H
with CQN and a 1,3,4-thiadiazoline-2-amine (II) ring, which is
formed through the cyclic fusion of S–H with CQN.14

In many cases, coordination of ligands to metal ions increases
the bioactivity of compounds, suggesting that complexation is an
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interesting strategy for dose reduction.15–18 Salicylaldehyde
thiosemicarbazones are derived from the incorporation of three
donor atoms [O, N, and S], increasing the coordination capacity
of the thiosemicarbazones upon coordination. Metal complexes of
salicylaldehyde thiosemicarbazones have been studied for their
in vitro antitumor activity, and in some cases, they were found to
be generally more active than free ligands.19,20 A number of
palladium(II) thiosemicarbazone complexes have been synthesised
and examined for their potential as antitumor agents.2,21–25

Generally, anticancer agents damage DNA or block DNA
synthesis indirectly through inhibition of the biosynthesis of
nucleic acid precursors, or by disrupting the hormonal stimu-
lation of cell growth.26 Therefore, investigations on the inter-
action of DNA with suitable molecules are very important for
designing new types of pharmaceutical molecules. In addition,
metal complexes that bind and cleave DNA or proteins under
physiological conditions are of current interest owing to their
varied applications in nucleic acid and protein chemistry.27–30

In this paper, we reported the derivatives of 3-5-(2-hydroxy-
3-methoxy-phenyl)-2,4-dihydro[1,2,4]triazole-3-thione and their
corresponding Pd(II) complexes (1–4) were synthesized and
characterized by various spectroscopic techniques and their
DNA/BSA binding, DNA cleavage, cytotoxicity and apoptosis were
studied.

Experimental

1,3-Bis(diphenylphosphino)propane was purchased from Sigma
Aldrich Ltd. The ligands [H2L1–4], the palladium precursor
K2[PdCl4] and palladium(II) complexes were synthesized accord-
ing to the standard literature procedures.24,31,32 All the reagents
used were of analar grade, and were purified and dried according to
the standard procedure.33 Protein free calf thymus DNA (CT-DNA),
ethidium bromide (EB), bovine serum albumin (BSA), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT) were
purchased from Hi Media. Infrared spectra were measured using
KBr pellets on a JASCO FT-IR 4100 instrument between 400 and
4000 cm�1. The melting points were measured using a Lab India
apparatus. The electronic spectra of the complexes were recorded
in chloroform using a JASCO V-630 spectrophotometer in the
800–200 nm range. Emission spectra were recorded by using
JASCO FP-6600 and JASCO FP-8300 spectrofluorimeters. 1H-NMR
spectra were recorded in DMSO at room temperature using a
Bruker 400 MHz instrument, chemical shifts relative to tetra-
methylsilane. The mass spectra of complexes 1 and 3 were
recorded in DMSO using a Waters Q-Tof Micro instrument. Single
crystal data collection and correction for new Pd(II) complexes 2
and 4 were done at 293 K with a CCD kappa diffractometer using
graphite monochromated Mo Ka (l = 0.71073) radiation.34 The
structure solution was done by using SHEL-XTL-9735 and refined
by full matrix least squares on F2 using SHEL-XTL-97.36

Preparation of complex 1

0.069 g (0.3063 mmol) of 3-methoxysalicylaldehyde-4(N)-thiosemi-
carbazone [H2-Msal-tsc] was dissolved in dichloromethane (30 cm3)

and was added to K2[PdCl4] (0.100 g, 0.3063 mmol) in hot
methanol (30 cm3). The mixture was refluxed for 10 min. To this,
0.063 g of 1,3-bis(diphenylphosphino)propane (0.1531 mmol)
was added. After 5 h of refluxing, the reaction mixture was
allowed to stand for 3 days at room temperature. A reddish
brown solid formed was subjected to thin layer chromatography,
where two spots were identified and isolated by silica gel column
chromatography using a benzene–methanol solvent mixture.
The light yellow band was eluted with 98 : 2 benzene–methanol,
which afforded yellow crystals and it was identified to be
[PdCl2(dppp)] and the light red band was eluted with a 90 : 10
benzene–methanol mixture and was crystallized by using a
chloroform–ethylacetate mixture to afford a yellowish orange
solid [(3-methoxysalicylaldehyde-thiosemicarbazone)(5-(2-hydroxy-
3-methoxy-phenyl)-2,4-dihydro-[1,2,4]triazole-3-thione)palladium(II)]
[Pd(H-Msal-tsc)(Msal-taz)]�Cl (1).

[PdCl2(dppp)] (1a). Yield: 26%, m.p: 4250 1C; FT-IR (cm�1)
in KBr: 1465, 1094, 691 (for PPh3); UV-vis. (DMSO), lmax (nm)
(dm3 mol�1 cm�1): 231 (62 795) (intra ligand transition); 313
(79 096) (LMCT); 1H-NMR (DMSO-d6 ppm): d 1.19 (q, P–CH2),
d 1.47 (m, –CH2–), d 7.46–7.53 (m, aromatic protons).

[Pd(H-Msal-tsc)(Msal-taz)]�Cl (1). Yield: 43%, m.p: 153 1C;
FT-IR (cm�1) in KBr: 3442 (nOH), 1595 (nCQN), 846 and 964
(nCQS); UV-vis. (CHCl3), lmax (nm) (dm3 mol�1 cm�1): 247
(62 318) (intra ligand transition) 304 (27 932), 340 (22 154),
401 (9925) (LMCT); 1H-NMR (DMSO-d6 ppm): d 11.26 (s, –OH),
d 10.50 (s, NHCQS), d 8.26 (s, –CHQN), d 6.80 (t ( J = 15.8), NH2),
d 6.71–7.22 (m, aromatic protons), d 6.55 (d ( J = 7.4) triazole
–N2H), d 6.47 (s, triazole –N3H), d 3.80 (s, –OCH3); ESI-MS
(DMSO), m/z value: 589.1237.

Preparation of complex 2

Complex 2 was prepared using the procedure described for
complex 1, with 3-methoxysalicylaldehyde-4(N)-methylthiosemi-
carbazone [H2-Msal-mtsc], (0.073 g, 0.3063 mmol) dissolved in
dichloromethane (30 cm3), K2[PdCl4] (0.100 g, 0.3063 mmol) and
1,3-bis(diphenylphosphino)propane (0.063 g, 0.1531 mmol). A
reddish brown solid formed was subjected to thin layer chromato-
graphy, where two spots were identified and isolated by silica gel
column chromatography using a benzene–methanol solvent
mixture. The light yellow band was eluted with 98 : 2 benzene–
methanol, which afforded yellow crystals and it was identified
to be [PdCl2(dppp)] (2a) and the light red band was eluted with
a 90 : 10 benzene–methanol mixture and was crystallized by
using a chloroform–methanol mixture to afford red crystals
of [(3-methoxysalicylaldehyde-4(N)-methylthiosemicarbazone)(5-
(2-hydroxy-3-methoxy-phenyl)-4-methyl-2,4-dihydro-[1,2,4]triazole-
3-thione)palladium(II)] [Pd(H-Msal-mtsc)(Msal-mtaz)]�Cl (2) suitable
for X-ray crystallographic studies.

[PdCl2(dppp)] (2a). Yield: 23%, m.p: 4250 1C; FT-IR (cm�1)
in KBr: 1465, 1094, 691 (for PPh3); UV-vis. (DMSO), lmax (nm)
(dm3 mol�1 cm�1): 231 (62 795) (intra ligand transition); 313
(79 096) (LMCT); 1H-NMR (DMSO-d6 ppm): d 1.19 (q, P–CH2),
d 1.47 (m, –CH2–), d 7.46–7.53 (m, aromatic protons).

[Pd(H-Msal-mtsc)(Msal-mtaz)]�Cl (2). Yield: 46%, m.p: 175 1C;
FT-IR (cm�1) in KBr: 3422(nOH), 1590(nCQN), 821 and 1021(nCQS);
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UV-vis. (CHCl3), lmax (nm) (dm3 mol�1 cm�1): 247 (40 441) (intra
ligand transition), 309 (20 793), 341 (16 671), 401 (8350) (LMCT);
1H-NMR (DMSO-d6 ppm): d 12.05 (s, –OH), d 10.48 (s, NHCQS),
d 9.69 (s, terminal –NH), d 7.44 (d ( J = 7.8), –CHQN), d 6.66–7.39
(m, aromatic protons), d 6.35 (s, triazole –N2H), d 3.81 (s, –OCH3),
d 2.91 (s, –CH3).

Preparation of complex 3

Complex 3 was prepared using the procedure described for
complex 1, with 3-methoxysalicylaldehyde-4(N)-ethylthiosemi-
carbazone [H2-Msal-etsc] (0.077 g, 0.3063 mmol), K2[PdCl4]
(0.100 g, 0.3063 mmol) and 1,3-bis(diphenylphosphino)propane
(0.063 g, 0.1531 mmol). A reddish brown solid formed was
subjected to thin layer chromatography, where two spots were
identified and isolated by silica gel column chromatography
using a benzene–methanol solvent mixture. The light yellow
band was eluted with 98 : 2 benzene–methanol, which afforded
yellow crystals and it was identified to be [PdCl2(dppp)] and the
light red band was eluted with a 90 : 10 benzene–methanol
mixture and was crystallized by using a chloroform–methanol
mixture to afford red crystals of [(3-methoxysalicylaldehyde-
4(N)-ethylthiosemicarbazone)(4-ethyl-5-(2-hydroxy-3-methoxy-
phenyl)-2,4-dihydro-[1,2,4]triazole-3-thione)palladium(II)] [Pd(H-
Msal-etsc)(Msal-etaz)]�Cl (3).

[PdCl2(dppp)] (3a). Yield: 28%, m.p: 4250 1C; FT-IR (cm�1)
in KBr: 1465, 1094, 691 (for PPh3); UV-vis. (DMSO), lmax (nm)
(dm3 mol�1 cm�1): 231 (62 795) (intra ligand transition); 313
(79 096) (LMCT); 1H-NMR (DMSO-d6 ppm): d 1.19 (q, P–CH2),
d 1.47 (m, –CH2–), d 7.46–7.53 (m, aromatic protons).

[Pd(H-Msal-etsc)(Msal-etaz)]�Cl (3). Yield: 43%, m.p: 189 1C;
FT-IR (cm�1) in KBr: 3436 (nOH), 1596 (nCQN), 853 and 967 (nCQS);
UV-vis. (CHCl3), lmax (nm) (dm3 mol�1 cm�1): 252 (18 517) (intra
ligand transition), 320 (10 813), 405 (3218) (LMCT); 1H-NMR (DMSO-
d6 ppm): d 12.26 (s, –OH), d 12.02 (s, NHCQS), d 11.12 (s, terminal
–NH), d 7.71 (d ( J = 8), –CHQN), d 6.67–7.38 (m, aromatic protons),
d 6.38 (s, triazole –N2H), d 3.76 (s, –OCH3), d 2.88 (m, –CH2), d 1.26
(t ( J = 12), –CH3); ESI-MS (DMSO), m/z value: 645.2493.

Preparation of complex 4

Complex 4 was prepared using the procedure described for
complex 1, with methoxysalicylaldehyde-4(N)-phenylthiosemi-
carbazone [H2-Msal-ptsc] (0.092 g, 0.3063 mmol), K2[PdCl4]
(0.100 g, 0.3063 mmol) and 1,3-bis(diphenylphosphino)propane
(0.063 g, 0.1531 mmol). A reddish brown solid formed was
subjected to thin layer chromatography, where two spots were
identified and isolated by silica gel column chromatography
using a benzene–methanol solvent mixture. The light yellow band
was eluted with 98 : 2 benzene–methanol, which afforded yellow
crystals and it was identified to be [PdCl2(dppp)] and the light red
band was eluted with a 90 : 10 benzene–methanol mixture and
was crystallized by using a dichloromethane–methanol mixture
to afford orange crystals of [(3-methoxy salicylaldehyde-4(N)-
phenylthiosemicarbazone)(5-(2-hydroxy-3-methoxy-phenyl)-4-phenyl-
2,4-dihydro-[1,2,4]triazole-3-thione)palladium(II)] [Pd2(Msal-ptsc)-
(Msal-ptaz)(H-Msal-ptsc)(Msal-ptaz)]�Cl (4) suitable for X-ray
crystallographic studies.

[PdCl2(dppp)] (4a). Yield: 25%, m.p: 4250 1C; FT-IR (cm�1)
in KBr: 1465, 1094, 691 (for PPh3); UV-vis. (DMSO), lmax (nm)
(dm3 mol�1 cm�1): 231 (62 795) (intra ligand transition); 313
(79 096) (LMCT); 1H-NMR (DMSO-d6 ppm): d 1.19 (q, P–CH2),
d 1.47 (m, –CH2–), d 7.46–7.53 (m, aromatic protons).

[Pd2(Msal-ptsc)(Msal-ptaz)(H-Msal-ptsc)(Msal-ptaz)]�Cl (4).
Yield: 48%, m.p: 210 1C; FT-IR (cm�1) in KBr: 3418 (nOH),
1594 (nCQN), 858 and 975(nCQS), 738 (nC–S); UV-vis. (CHCl3),
lmax (nm) (dm3 mol�1 cm�1): 246 (27 575) (intra ligand transi-
tion), 300 (14 068), 375 (4817), 400 (5825) (LMCT); 1H-NMR
(DMSO-d6 ppm): d 12.51 (s, –OH), d 11.29 (s, NHCQS), d 10.30
(s, terminal –NH), d 7.95 (s, –CHQN), d 6.29–7.69 (m, aromatic
protons), d 6.18 (d ( J = 7.8), triazole –N2H), d 3.78(s, –OCH3).

DNA binding studies

DNA binding studies were carried out according to the method
described in the earlier reports.24 Various concentrations of
CT-DNA (5–50 mM) in Tris–HCl buffer (pH 7.2) were treated with
complexes (1–4) (10 mM) in 1% aqueous DMSO. Detailed
procedures for the DNA binding experiment are provided in
the ESI.†

Competitive binding with ethidium bromide

Ethidium bromide studies were carried out according to the
earlier reported methods.24,25 Detailed procedures for the DNA
binding experiments are provided in the ESI.†

DNA cleavage studies

The cleavage of DNA was monitored by using agarose gel electro-
phoresis37 and the detailed procedure is given in the ESI.†

Bovine serum albumin binding studies

Protein binding studies were done according to the earlier
reported methods24,25 and are described in the ESI.†

Cytotoxicity studies

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay38. The cytotoxic activity of the new palladium(II)
complexes was evaluated and the IC50 values were determined
from nonlinear regression using GraphPad Prism 5.39 The
observation of the morphological changes of the apoptotic cells
was performed according to the method with slight modifi-
cations.40 Acridine orange/ethidium bromide staining was carried
out by the method of Gohel et al.41 The experimental procedures
are given in the ESI.†

Results and discussion

The reactions of 3-methoxysalicylaldehyde-4(N)-substituted thio-
semicarbazone (H2L1–4) with K2[PdCl4] and 1,3-bis(diphenyl-
phosphino)propane [dppp] in 1 : 1 methanol–dichloromethane
resulted in the formation of new complexes 1–4 (Scheme 1),
the analytical data of which confirmed their stoichiometry
(1–4). The structures of complexes 2 and 4 were confirmed
by X-ray crystallographic studies. These complexes are
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soluble in common organic solvents such as dichloro-
methane, chloroform, ethanol, methanol, dimethylformamide
and dimethylsulfoxide.

IR spectroscopy

A strong absorption at 1539–1593 cm�1 for the ligands [H2L1–4]
corresponding to the presence of the n(CQN) group shifted to a
higher frequency (1590–1596 cm�1) for all the complexes,
which can be attributed to the donation of a lone pair of the
nitrogen to the metal during the coordination (Fig. S1–S5,
ESI†).24,42 A band in the region of 3310–3457 cm�1 was attri-
buted to the presence of the –OH group of free ligands [H2L1–4]
and this band was observed at 3418–3442 cm�1 for the com-
plexes (1–4), suggesting the non-participation of phenolic OH
in bonding. The absence of the n(S–H) stretching frequency in
the region of 2500–2600 cm�1 and the presence of n(N–H)

stretching frequency in the range of 3171–3258 cm�1 in the
IR spectra of the metal complexes (1–4) indicate that the thione
sulphur atom coordinated to the metal ion rather than thiolate.
This is further inferred from the presence of a strong stretching
frequency in the 772–788 cm�1 region due to the shift in the
n(CQS) in the ligand to 821–853 cm�1 in the metal complexes
(1–3).43,44 Whereas in complex 4, there were two signals at
858 cm�1 and 738 cm�1, corresponding to the presence of n(CQS)

and n(C–S), respectively,25,43 and the reason for this observation
became clear to us only after solving the X-ray single crystal
structure of complex 4.

Electronic spectroscopy

The electronic spectra of the palladium(II) complexes (1–4) were
recorded in chloroform and they displayed three to four bands
in the region around 246–405 nm (Fig. S6, ESI†). The bands
appearing in the 246–252 nm region were assigned to the
intra ligand transition.45 The bands that were found around
300–405 nm were assigned to the ligand to metal charge
transfer (LMCT) transitions (s - d).46

1H-NMR spectroscopy

The 1H-NMR spectra of the ligands and the complexes (1–4)
were recorded in DMSO (Fig. S7–S11, ESI†). The spectrum of the
ligands [H2L1–4] showed a singlet at d 9.13–10.00 ppm corres-
ponding to the (N(2)H–CQS) group.24 However in complexes
1–4, a singlet appeared at d 10.48–12.02 ppm due to the (N(2)H–
CQS–) group, indicating that the ligand remains in its thionic
form.47 This shift showed that the thiosemicarbazone coordi-
nated to the palladium through the thione sulphur atom
rather than thiolate sulphur.48 In the ligands, a sharp singlet
corresponding to the presence of phenolic –OH was found at
d 11.34–11.76 ppm. However, this peak was upfield shifted to
d 11.26–12.51 ppm in the complexes (1–4) indicating the non-
participation of the phenolic oxygen in coordination.49 In all the
complexes, the aromatic protons of the coordinated ligands were
found as a multiplet at d 6.19–7.95 ppm and a singlet corresponding
to the –OCH3 protons was also found at d 3.76–3.81 ppm.50

Scheme 1 Synthesis of new palladium(II) complexes.
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For complexes 1 and 4, a singlet observed at d 8.26 and
d 7.95 ppm was attributed to the presence of the azomethine
proton. However, for complexes 2 and 3, a doublet appeared
at d 7.44 and d 7.71 ppm, which may be due to the nuclear
quadrupolar effect of the nitrogen atom.51 In the spectra of
complexes 2–4, a singlet was observed at d 9.69–11.12 ppm
corresponding to the presence of the terminal –NH group of the
coordinated ligand and in the spectrum of complex 1, a triplet
observed at d 6.80 ppm was attributed to the presence of the
terminal NH2 protons.52 For complexes 1 and 4, a doublet
appearing at d 6.55 ppm and d 6.18 ppm has been attributed
to the presence of the NH proton of the triazole moiety. However,
in the spectra of complexes 2 and 3, a singlet was observed for
the triazole –NH proton at d 6.35 ppm and d 6.38 ppm, which
confirmed the participation of substituted triazole in coordina-
tion with the palladium ion.53 The signal for the methyl proton
was observed at d 2.91 ppm as a singlet and at d 1.26 ppm as
a triplet for complexes 2 and 3, respectively. In addition, the
spectrum of 3 showed a multiplet at d 2.88 ppm corresponding
to the methylene protons.24

X-ray crystallography

The spectroscopy characterisation of complexes 2 and 4 gave
some idea about the composition of the complexes, but they
failed to indicate the definite binding mode of the thiosemi-
carbazone and the structures of the complexes. In order to
confirm the exact structures, X-ray crystallographic studies were
done for the new complexes (2 and 4). The ORTEP diagrams of
the complexes are given in Fig. 1 and 2. The crystallographic
data, selected bond distances and bond angles are listed in
Tables 1 and 2. From the unit cell dimensions, it is clear that
complex 2 crystallised in the monoclinic system with the space
group P121/C1 (Fig. 1). In complex 2, the palladium atom is
coordinated through the phenolic oxygen, N1 hydrazinic nitrogen
and thione sulphur atom by forming six member and five
member rings and the fourth coordinate site is occupied by
the sulphur atom of 5-(2-hydroxy-3-methoxy-phenyl)-4-methyl-
2,4-dihydro[1,2,4]triazole-3-thione, which is formed by the cycli-
sation of H2L2. The [Pd1–O2] bond distance (2.0175(19) Å),

[Pd1–N1] bond distance (1.996(2) Å), [Pd1–S1] bond distance
(2.2575(8) Å) and [Pd1–S2] bond distance (2.3322(8) Å) were
found to be similar to the reported values.24,48 The trans angles
[N1–Pd1–S2] and [O2–Pd1–S1] were found to be 172.49(8) and
176.23(6), indicating the significant distortion of the square
planar geometry around the palladium ion (Table 2).48,54 The
presence of a chloride ion outside the coordination sphere com-
pensated the charge of palladium as Pd(II), resulting in the
formation of an ionic complex. Complex 2 undergoes three intra-
molecular hydrogen bonding interactions through the hydrogen
atom of the imine nitrogen of the triazole moiety (N5) with the
phenolic oxygen atom (O2) having an N(5)–H(5)� � �O(2) distance
of 2.580 Å and a hydrogen atom of the imine nitrogen N(5) of the
triazole moiety with the methoxy oxygen atom (O1) having an
N(5)–H(5)� � �O(1) distance of 2.883 Å and a hydrogen atom of the
phenolic oxygen (O4) with the azomethine nitrogen (N4) atom
having an O(4)–H(4)� � �N(4) distance of 2.966 Å (Table S1, ESI†).
In addition, complex 2 undergoes two intermolecular hydrogen
bonding interactions through the hydrogen atom of the phenolic
oxygen atom (O4) with the chloride atom (Cl1) having an
O(4)–H(4)� � �Cl(1) distance of 3.218 Å and the hydrogen atom of
imine nitrogen (N2) with the chloride atom (Cl1) of the second
molecule having an N(2)–H(2)� � �Cl(1) distance of 3.043 Å. The
chloride atom bridged the two molecules through hydrogen
bonding (Fig. S12, ESI†).

Complex 4 crystallised in the triclinic crystal system with the
space group P%1. The crystal structure of 4 revealed that there are
two independent mononuclear complexes in the single crystallo-
graphic unit. The crystal consists of one thiolate sulphur ONS
complex and another thione sulphur ONS complex (Fig. 2).
In complex 4, the neutral Pd(II) complex unit, the palladium
atom is coordinated through phenolic oxygen (O1), azomethine
nitrogen (N1) and thiolate sulphur (S1) by forming six member
and five member rings and the fourth coordinate site is occupied
by the thione sulphur (S2) atom of 5-(2-hydroxy-3-methoxy-
phenyl)-4-phenyl-2,4-dihydro[1,2,4]triazole-3-thione, which is
formed by the cyclisation of H2L4. The [Pd1–O2] bond distance

Fig. 1 ORTEP diagram of [Pd(H-Msal-mtsc)(Msal-mtaz)]�Cl (2) showing
thermal ellipsoids at 50% probability level.

Fig. 2 ORTEP diagram of [Pd2(Msal-ptsc)(Msal-ptaz)(H-Msal-ptsc)(Msal-
ptaz)]�Cl (4) showing thermal ellipsoids at 50% probability level.
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(2.0288(18) Å), [Pd1–N1] bond distance (1.992(2) Å), [Pd1–S1] bond
distance (2.2386(7) Å) and [Pd1–S2] bond distance (2.3238(8) Å) were
found to be similar to the literature values.24,48 However, in the ionic
Pd(II) unit, the palladium atom is coordinated through phenolic
oxygen (O5), azomethine nitrogen (N7) and thione sulphur (S3) by
forming six member and five member rings. The remaining coordi-
nate site is occupied by the thione sulphur (S4) atom of 5-(2-hydroxy-
3-methoxy-phenyl)-4-phenyl-2,4-dihydro[1,2,4]triazole-3-thione,

which is formed by the cyclisation of H2L4. The [Pd2–O5] bond
distance (2.015(2) Å), [Pd2–N7] bond distance (1.984(2) Å), [Pd1–S3]
bond distance (2.2537(8) Å) and [Pd2–S4] bond distance (2.3135(8) Å)
were found to be similar to the reported values.24,54 The presence of
a chloride ion outside the coordination sphere compensated the
charge of palladium as Pd(II), resulting in the formation of an ionic
complex unit. The elongation of the Pd(1)–S(2) and Pd(2)–S(4) bonds
may be due to the strong trans influence of N(1) and N(7) nitrogen on
thione sulphur–palladium. This is further evident from the shorter
bond distance of the (1.701(3) Å) C16–S2 and (1.707(3) Å) C45–S4
bonds of the coordinated ligand.55 The trans angles [N1–Pd1–S2] and
[O1–Pd1–S1] were found to be 171.47(7)1 and 177.04(6)1 for the
neutral complex unit and [N7–Pd2–S4] and [O5Pd2–S3] were found
to be 172.33(7)1 and 176.22(7)1 for the ionic complex unit, respec-
tively, which indicates the significant distortion around the square
planar palladium ion (Table 2).54

The imine nitrogen of the triazole moiety in the neutral and
ionic units in 4 is involved in two intramolecular hydrogen
bonding with the phenolic oxygen atoms O(1) and O(5) of the
salicylaldehyde thiosemicarbazone moiety, with N(4)–H(4)� � �O(1)
and N(10)–H(10)� � �O(5) distances of 2.588 Å and 2.632 Å and
another with the methoxy oxygen atoms O(2) and O(6) of the
salicylaldehyde thiosemicarbazone moiety, with N(4)–H(4)� � �O(2)
and N(10)–H(10)� � �O(6) distances of 2.908 Å and 2.919 Å. In the
neutral unit, there is one intermolecular hydrogen bonding
interaction between the phenolic oxygen O(3) atom and the
chloride atom Cl(1) of the second molecule having an
O(3)–H(3)� � �Cl(1) distance of 3.204 Å. In the ionic unit, there
are two intermolecular hydrogen bonding interactions between
the hydrogen atom of imine nitrogen N(8) and the chloride

Table 1 Crystallographic data of complexes [Pd(H-Msal-mtsc)(Msal-mtaz)]�Cl (2) and [Pd2(Msal-ptsc)(Msal-ptaz)(H-Msal-ptsc)(Msal-ptaz)]�Cl (4)

[Pd(H-Msal-mtsc)(Msal-mtaz)]�Cl (2) [Pd2(Msal-ptsc)(Msal-ptaz)(H-Msal-ptsc)(Msal-ptaz)]�Cl (4)

Empirical formula C20H23N6O4PdS2Cl C60H52N12O8Pd2S4Cl
Formula weight 614.41 1445.62
Temperature 293 K 293 K
Wavelength 0.71073 Å 0.71073 Å
Crystal system Monoclinic Triclinic
Space group P121/C1 P%1
Unit cell dimension
A 9.0019(3) Å 12.88650(10) Å
B 10.3208(3) Å 13.4398(2) Å
C 25.8409(9) Å 19.0250(3) Å
a 901 74.73101
B 94.1371 87.45501
G 901 84.53601
Volume 2394.52(14) Å3 3163.58(7) Å3

Z 4 2
Density 1.713 Mg m�3 1.518 Mg m�3

Absorption coefficient 1.102 mm�1 0.806 mm�1

F(000) 1248 1466
Crystal size 0.12 � 0.07 � 0.02 mm 0.38 � 0.28 � 0.24 mm
Theta range for data collection 3.47 to 28.391 3.17 to 24.711
Index range 11r h r �11, 13r k r �13, 31 r l r �33 15r h r �15, 15r k r �15, 22 r l r �22
Reflection collected 10 154 70 651
Completeness to theta 24.661 24.661
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 5543/0/312 10 769/36/778
Goodness of fit on F2 1.035 1.064
Final R indices [I 4 2 s(I)] R1 = 0.0720, wR2 = 0.0647 R1 = 0.0382, wR2 = 0.0827
R indices (all data) R1 = 0.0403, wR2 = 0.0729 R1 = 0.0331, wR2 = 0.0871

Table 2 Selected bond lengths (Å) and angels (1) for complexes 2 and 4

(2) (4)

Bond lengths
Pd1–S1 2.2575(8) 2.2386(7)
Pd1–S2 2.3322(8) 2.3238(8)
Pd1–O2 2.0175(19) 2.0288(18)
Pd1–N1 1.996(2) 1.992(2)
Pd2–S3 — 2.2537(8)
Pd2–S4 — 2.3135(8)
Pd2–O5 — 2.015(2)
Pd2–N7 — 1.984(2)

Bond angles
S1–Pd1–S2 86.87(3) 86.95(3)
O2–Pd1–S2 96.58(6) 95.99(6)
N1–Pd1–S1 85.81(8) 84.56(7)
N1–Pd1–O2 90.78(9) 92.51(8)
O2–Pd1–S1 176.23(6) 177.04(6)
N1–Pd1–S2 172.49(8) 171.47(7)
S3–Pd2–S4 — 86.85(3)
O5–Pd2–S4 — 95.88(6)
N7–Pd2–S3 — 85.84(7)
N7–Pd2–O5 — 91.52(9)
O5–Pd2–S3 — 176.22(7)
N7–Pd2–S4 — 172.33(7)
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atom Cl(1) having an N(8)–H(8)� � �Cl(1) distance of 3.055 Å and
another hydrogen bonding interaction between the terminal
nitrogen N(9) and the chlorine atom Cl(1) having an N(9)–
H(9)� � �Cl(1) distance of 3.144 Å (Table S1, ESI†). In addition
to these, an intramolecular hydrogen bonding interaction is
observed between the hydrogen atom of the phenolic oxygen of
the ionic unit and the imine nitrogen of the neutral unit with an
O(7)–H(7)� � �N(2) distance of 2.909 Å (Fig. S13, ESI†).

Repeated attempts to get good quality crystals of complexes
1 and 3 suitable for the X-ray single crystallographic studies
were unsuccessful. Hence, the stoichiometry of the complexes 1
and 3 were further confirmed by Electrospray Ionization Mass
Spectroscopy (ESI-MS), the m/z value is 589.1237 and 645.2493
respectively (Fig. S14 and S15, ESI†).

A plausible mechanism for the formation of the 5-(2-
hydroxy-3-methoxy-phenyl)-2,4-dihydro-[1,2,4]triazole-3-thione

derivatives from the 3-methoxysalicylaldehyde thiosemicarb-
azones is given in Scheme 2.

DNA binding studies

Electronic absorption titration. The electronic absorption
spectra of complexes 1–4 showed two to three absorption bands
at 252–256 nm and 306–400 nm, which were assigned to the
intra ligand transition (IL) and the ligand to metal charge transi-
tion (LMCT). The absorption spectra of complexes 1–4 at a
constant concentration (10 mM) in the absence and presence of
different concentrations of nucleotide CT-DNA (5–50 mM) are
shown in Fig. 3. As the DNA concentration is increased, hyper-
chromism with small blue shifts of 2 nm and 1 nm (for 1, 2 and 3)
and 4 nm (for 4) was observed in the intra ligand band. The LMCT
bands exhibited small hyperchromism without any shift for
complexes 1, 2 and 4 and a blue shift of 2 nm for complex 3

Scheme 2 The plausible mechanism of the formation of 5-(2-hydroxy-3-methoxy-phenyl)-2,4-dihydro-[1,2,4]triazole-3-thione derivatives.

Fig. 3 Absorption titration of complexes 1–4 at a fixed concentration (10 mM) with increasing concentrations (5–50 mM) of CT-DNA (Tris–HCl, pH 7.2).
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was observed. The observed hyperchromism with a small blue
shift implied that the complexes bind to DNA through the
electrostatic binding mode.56

From the binding constant (Kb) values (Table 3 and Fig. 4), it
is inferred that all the complexes bind with CT-DNA efficiently.
Among the four complexes, complex 3 binds more strongly with
CT-DNA compared to the remaining complexes. Based on the
Kb value, we can arrange the complexes in the following order
with respect to the electron donating ability of the ligand i.e.
the substitution on the N-terminal nitrogen atom, 3 (ethyl) 4 2
(methyl) 4 1 (hydrogen) 4 4 (phenyl).

Competitive studies with ethidium bromide. Ethidium bro-
mide (EB) is a common fluorescent probe for DNA structure
determination and has been employed in the examinations of
the mode and process of binding of the metal complexes (1–4)
to DNA. The fluorescent emission of EB bound to DNA in the
absence and presence of Pd(II) complexes (1–4) is shown in
Fig. 5. The emission intensity of EB–DNA decreased apparently
as the concentration of the complexes (1–4) increased, which
indicates that all the four complexes replaced EB from the
EB–DNA system. Further, the apparent DNA binding constant
(Kapp) was calculated by using the following equation,

KEB[EB] = Kapp[complex]

Table 3 The Kb (binding constant), KSv (quenching constant) and Kapp

(apparent with EB) values for the interaction of complexes 1–4 with
CT-DNA

Complex Kb (�105 M�1) Ksv (�103 M�1) Kapp (�106 M�1)

1 1.010 � 0.10 1.86 � 0.09 7.49
2 2.176 � 0.12 2.61 � 0.11 7.04
3 2.743 � 0.15 4.14 � 0.13 6.53
4 0.849 � 0.09 1.53 � 0.08 6.80

Fig. 4 Plot of [DNA] versus [DNA]/(ea � ef).

Fig. 5 Fluorescence quenching curves of ethidium bromide bound to DNA by complexes 1–4. [DNA] = 10 mM, [EB] = 10 mM and [complex] = 0–100 mM.
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where the compound concentration is the value at 50% reduc-
tion in the fluorescence intensity of EB, KEB (1.0 � 107 M�1) is
the DNA binding constant of EB, [EB] is the concentration of
EB =10 mM. The calculated values of the quenching constant
(Ksv) and apparent binding constant (Kapp) are listed in Table 3.
The determined quenching constants and binding constants of
the complexes suggested an intercalative binding mode of the
complexes to CT-DNA57 (Table 3 and Fig. 6).

DNA cleavage. To assess the DNA cleavage ability of com-
plexes 1–4, supercoiled (SC) pBR322 DNA was incubated with
50 mM concentration of the complexes in 5 mM Tris–HCl/50 mM
NaCl buffer at pH 7.2 for 2 h without the addition of a reductant
(Fig. 7). Upon gel electrophoresis of the reaction mixture, DNA
cleavage was observed, during which the SC DNA was converted
into nicked circular (NC) DNA and linear DNA. The complexes
did not require addition of any external agents to cleave the DNA.
However, the metal precursors K2[PdCl4], free ligands [H2L1–4]
and 1,3-bis(diphenylphosphino)propane (dppp) did not show
any appreciable cleavage activity. From this result, it is clear that
the palladium(II) complexes (1–4) have the potential to cleave the

supercoiled DNA and the new complexes (1–4) alone are respon-
sible for the cleavage of the DNA.58 Among the four complexes,
complex 1 exhibited better DNA cleavage as compared to the
other complexes. Moreover, in our complexes the possible
cleavage mechanism was a hydrolytic cleavage mechanism.59

While comparing the DNA binding profile of the complexes
with the cleavage ability of them, it is concluded that the
binding affinity and cleavage ability are not proportionate with
each other.

Protein binding studies

The interactions of drugs with plasma proteins particularly
with serum albumin are very important to study, because
binding to these proteins may lead to a loss or an improvement
of the biological properties of the drugs or provide paths for
drug transportation.60

UV absorption spectra of BSA. UV absorption spectroscopy is
useful to distinguish between static and dynamic quenching,
which is done by careful examination of the absorption spectra
of BSA in the presence of complexes. The UV absorption spectra
of BSA in the absence and presence of four complexes 1–4
showed that the absorption intensity of BSA enhanced when
the compounds were added, and there was a blue shift in the
wavelength for all the complexes (Fig. 8). The changes in the
absorption spectra for the BSA + complexes indicated that
the palladium(II) complexes interact with the BSA and we propose
that the possible quenching mechanism of BSA by complexes
followed static quenching.61

Fluorescence quenching studies of BSA. The interaction of BSA
with the complexes (1–4) was studied by fluorescence measure-
ments at room temperature. A solution of BSA (10 mM) was titrated
with various concentrations of the complexes (0–70 mM). The
effects of the complexes on the fluorescence emission spectra of
BSA are shown in Fig. 9. The addition of the complexes (1–4) to a
solution of BSA resulted in a significant decrease in the fluores-
cence intensity of BSA with a blue shift (Fig. 9). It is mainly
because the active site in the protein is buried in a hydrophobic
environment.62 These results suggested a definite interaction of
the complexes with the BSA protein.

Fig. 6 Plot of [Q] versus I0/I.

Fig. 7 Gel electrophoresis diagram showing the cleavage of the super-
coiled pBR322 DNA by complexes 1–4 in 5% DMSO and 95% 5 mM Tris–
HCl/50 mM NaCl buffer at pH 7.2 and at 37 1C with an incubation time
of 2 h. Lane B: buffer + plasmid; Lane P: plasmid alone; Lane M: DNA ladder;
Lane 1–4: complexes 1–4 (50 mM). Forms SC, NC, and LC are supercoiled,
nicked, circular and linear circular DNA, respectively.

Fig. 8 UV absorption spectra of BSA (10 mM) in the absence and presence
of the complexes.
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Fluorescence quenching data were further analysed with
the Stern–Volmer equation and the Scatchard equation. The
quenching constants (Ksv) were calculated from slope of the
plot I0/I versus [Q] the concentration of complexes (1–4), which
resulted in a linear plot (Fig. 10). The observed linearity in the
plots indicated the ability of the complexes to quench the
emission intensity of BSA. The value of the binding constant
(Kb) can be determined from the slope of the plot log[(F0 � F)/F]

versus log[Q] (Fig. 11). The calculated values of the quenching
constant (Ksv), binding constant (Kb) and the number of binding
sites (n) are listed in Table 4. Complex 3 has a higher magnitude
of binding than other complexes.

Synchronous fluorescence spectroscopic studies of BSA.
A synchronous fluorescence spectroscopic study was used to
obtain information about the molecular environment in the
vicinity of the fluorophore moieties of BSA.63 Synchronous

Fig. 9 Fluorescence quenching of BSA (1 � 10�6 M; lexi = 280; lemi = 346 nm) in the absence and presence of various concentrations of the
complexes (0–70 mM).

Fig. 10 Stern–Volmer plot of BSA. Fig. 11 Plot of log[Q] vs. log[(F0 � F)/F].
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fluorescence spectra show the tyrosine residue of BSA only at a
wavelength interval Dl of 15 nm, whereas the tryptophan
residues of BSA at a Dl of 60 nm. When the concentration of
the complexes (0–70 mM) added to BSA (10 mM) was increased,
a decrease in the fluorescence intensity was observed for all the
complexes in both tryptophan and tyrosine. However, the
tryptophan spectra were accompanied by a blue shift (Fig. S16,
ESI†) and revealed that the binding around the tryptophan
residues was strengthened. These experimental results indicated
that the metal complexes bind to the active site of the protein
and brought a conformational change in the secondary structure
of the protein.

Three dimensional fluorescence spectroscopy. Three-
dimensional fluorescence spectroscopy has become a popular
fluorescence analysis technique and it can provide more detailed
information about the conformational changes of proteins. The
conformational and micro environmental changes of BSA were

investigated by comparing their spectral characteristics in the
absence and presence of the complexes. The three-dimensional
fluorescence spectra and the contour one are shown in Fig. 12.
The normal fluorescence peaks are located in the lower right of
the Rayleigh scattering regions.64,65 Two typical fluorescence
peaks could be found in the fluorescence spectra, which are
marked as peaks 1 and 2. Peak 1 (lexc = 280.0 nm and lemi =
325.0 nm) mainly revealed the spectral behavior of the trypto-
phan and tyrosine residues, while peak 2 (lexc = 230.0 nm and
lemi = 325.0 nm) may mainly exhibit the fluorescence emission
characteristic of the polypeptide backbone structures (Table 5).
As shown in Fig. 12, both of the fluorescence emission peaks
in the three dimensional fluorescence spectra of BSA were
quenched after the addition of the complexes, indicating that
there were interactions between BSA and the complexes. The
intensity changes of peaks 1 and 2 revealed that the binding of
the complexes to BSA induced some conformational and micro-
environment changes in BSA.66

Cytotoxicity studies

Cytotoxic activity against human tumour cell lines. The
positive results obtained in the DNA binding, DNA cleavage
and protein binding studies motivated us to evaluate the cyto-
toxicity of the complexes against MCF-7 human breast cancer
cells using the colorimetric MTT assay (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide). The cells were incubated

Table 4 Binding constant (Kb), quenching constant (Ksv) and number of
binding sites (n) for the interaction of complexes (1–4) with BSA

Complex Kb (�M�1) Ksv (�103 M�1) n

BSA + 1 3.10 � 102 � 0.11 2.74 � 0.07 0.77 � 0.05
BSA + 2 2.45 � 103 � 0.15 3.82 � 0.11 0.96 � 0.08
BSA + 3 7.72 � 103 � 0.21 3.56 � 0.14 1.06 � 0.09
BSA + 4 1.62 � 102 � 0.13 2.57 � 0.10 0.71 � 0.06

Fig. 12 The 3D fluorescence spectra of BSA (A) and BSA + 1 (B), BSA + 2 (C), BSA + 3 (D), and BSA + 4 (E).
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with each compound for a period of 24 h and cisplatin was
widely used as a standard. For an incubation period of 24 h, the
new palladium(II) complexes exhibited a decrease in the cell
viability and no substantial effect was observed in cell proli-
feration by the K2[PdCl4], ligands, dppp, when compared with
the control cells (Table 6). The inducing ability of the com-
pounds was investigated by using the percentage of cell viability
versus the concentration of compounds (Fig. S17, ESI†). It is
important to mention that all the complexes (1–4) showed a
better growth inhibitory effect than the well-known standard
anticancer drug cisplatin with a IC50 value of 23.7 mM against
the MCF-7 cell line.21–23 Among the four complexes, complex 3
was the most effective with an IC50 value of 5.60 mM against
MCF-7 as compared to the other complexes 1 (9.74 mM),
2 (8.98 mM) and 4 (11.48 mM). The observed cytotoxic effects
of the new palladium(II) complexes towards the MCF-7 cell line
were better than those of the previously reported palladium
complexes.24,25 The results observed for the cytotoxicity of
the complexes are following a very similar trend, which was
observed in the DNA/protein binding and antioxidant activity.
In general, the Pd(II) complexes exhibited anticancer activity in
the order of 3 4 2 4 1 4 4.

Morphological analysis. The induction of apoptosis by
chemotherapeutic agents has always been an ideal choice for
the development of new anticancer therapeutics. Therefore,
we examined the induction of apoptosis, for which MCF-7 cells
were treated with different concentrations of palladium(II) com-
plexes (1–4) and were observed under phase inverted micro-
scopy. The untreated cells were normal in size and shape.

In contrast, the complex treated cells exhibited morphological
changes predominantly cell shrinkage, membrane blebbing
and nuclear condensation, which are shown in Fig. 13. These
changes correspond to the apparent characteristic of cell
apoptosis67 and implied that the growth inhibitory effect of
the palladium(II) complexes might result from their apoptosis
inducing activity.

Apoptosis study. Apoptosis studies were performed by a
staining method using acridine orange (AO) and ethidium
bromide (EB) to identify the difference in the membrane inte-
grity between necrosis and apoptosis. AO can pass through the
cell membrane of living and apoptotic cells, while staining by
EB indicate the loss of membrane integrity. Under a fluorescence
microscope, the living cells appear green, the necrotic cells
appear red and the apoptosis cells appear greenish yellow or
orange and morphological changes such as membrane blebbing,
nuclear shrinkage will be observed. After 24 h treatment,
complexes 2 and 3 showed membrane blebbing, cell shrinkage,
condensed and fragmented nuclei in the MCF-7 cell lines,
which are characteristic of early apoptosis (yellow fluorescence)
and late apoptosis (orange red fluorescence)68,69 (Fig. 14).
In contrast, the control cells showed a green intact nuclear

Table 5 Three dimensional fluorescence spectral parameters for BSA in
the absence and presence of palladium(II) complexes 1–4

System

Peak 1 (nm) Peak 2 (nm)

lex lem Dl lex lem Dl

BSA 280 325 45 230 325 95
BSA + 1 280 325 45 230 324 94
BSA + 2 280 326 46 230 324 94
BSA + 3 280 325 45 230 325 95
BSA + 4 280 326 46 230 323 93

Table 6 In vitro cytotoxic activity of the compounds against the MCF-7
cell line expressed as IC50 values (mM). The results are expressed as the
mean � SD (n = 3)

Compounds

IC50 values (mM)

MCF-7

Cisplatin 23.7 � 0.07
H2L1 4100
H2L2 4100
H2L3 4100
H2L4 4100
K2[PdCl4] 4100
dppp 4100
1 9.50 � 0.10
2 8.98 � 0.07
3 5.60 � 0.04
4 11.4 � 0.11

Fig. 13 Morphological changes induced by complexes 1–4 treated with
breast cancer cells. The MCF-7 cells were treated with complexes 1–4
(6.25 mM and 12.5 mM) for 24 h and the cells were visualized under inverted
microscopy (100�) to investigate the morphological alteration. Yellow
arrows show the normal cells, red arrows indicate nuclear condensation
and cell shrinkage and green arrows indicate membrane blebbing, cell
deformation or abnormal cell shape. In this figure, (A and B) show the
MCF-7 treated cells with 6.25 mM and 12.5 mM concentrations of the
complexes.
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structure and a good cellular morphology. From these results,
we concluded that complexes 2 and 3 induced the apoptosis in
the MCF-7 cancer cells.

Conclusions

New palladium(II) complexes were synthesised and charac-
terised by various spectral and analytical techniques. Further,
the exact structures of complexes 2 and 4 were confirmed by
X-ray crystallographic studies. Complex 2 is a mononuclear
complex with ONS chelation of the ligand and the fourth site
was occupied by the thione sulphur atom of 5-(2-hydroxy-3-
methoxy-phenyl)-4-methyl-2,4-dihydro[1,2,4]triazole-3-thione, which
is formed by the cyclization of H2L2. The presence of a chloride
ion outside the coordination sphere compensated the charge
of palladium as Pd(II), resulting in the formation of an ionic
complex. Whereas, complex 4 contains two independent units
in the single crystallographic unit cell. The palladium atom
with the neutral unit shows ONS chelation of the ligand and the
fourth coordinate site was occupied by the thione sulphur atom
of 5-(2-hydroxy-3-methoxy-phenyl)-4-phenyl-2,4-dihydro[1,2,4]-
triazole-3-thione and in the second unit, the palladium ion
coordinated with the ligand as a monobasic tridentate donor
and thione sulphur bonded 5-(2-hydroxy-3-methoxy-phenyl)-
4-phenyl-2,4-dihydro[1,2,4]triazole-3-thione, which is formed
through the cyclization of H2L4. The chloride ion is present
outside the coordination sphere for the charge compensation of
the palladium ion. From the result of the DNA binding studies,
it is concluded that the complexes exhibited significant binding
affinity and the interaction of the complexes with DNA is through
electrostatic interaction. All the complexes cleaved supercoiled
DNA without any external agents. The fluorescence quenching
experiments with BSA confirmed the binding ability of the
complexes and the static type of quenching. In addition, the
synchronous and 3D fluorescence spectral investigations revealed
that the complexes induced a small change in the secondary
structure of the protein. The in vitro cytotoxicity of the com-
pounds was evaluated against the MCF-7 (human breast cancer)
cell line by comparing with cisplatin and complexes 2 and 3
exhibited significant cytotoxicity. Morphological analysis was
performed using inverted phase contrast and fluorescence
microscopes by AO/EB staining assay, which showed that com-
plexes 2 and 3 were able to prompt the cell death of the human

MCF-7 breast cancer cells through apoptosis. There is a corre-
lation between the DNA binding and the cytotoxicity of the
complexes, proving that complexes 2 and 3 can be better candi-
dates for use as anticancer drugs.
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