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Abstract. A palladium(II) complex, [Pd(L)Cl] (1) with a new ONS donor azo–thioether ligand (L) (where L
= 2,4-dihydroxy-5-((2-(methylthio)phenyl)diazenyl)(phenyl)(phenyl)methanone) is successfully synthesized.
The ligand and complex are thoroughly characterized by several spectroscopic techniques. The geometry of
the complex is conﬁrmed by single-crystal X-ray analysis. Electronic structure and spectral properties are
interpreted by DFT and TDDFT calculations. The interaction of the complex with CT DNA was investigated
by UV-vis method and binding constant is found to be 5.42 9 104 M-1. Competitive binding titration with
ethidium bromide (EB) by ﬂuorescence titration method was carried out to understand the efﬁciency of the
complex to displace EB from EB-DNA complex. From ﬂuorescence titration Stern-Volmer dynamic
quenching constants, Ksv was calculated and is found to be 4.15 9 104 M-1. Cyclic voltammogram of the
complex exhibits signiﬁcant shifting of the reduction couple to the negative potential region and decrease in
current height in the presence of CT DNA.
Keywords. Palladium(II) complex; ONS donor azo–thioether ligand; X-ray structure; DNA binding study;
DFT computation.

1. Introduction
In the past few decades, the chemistry of transition
metal complexes with ONS donor ligand are extensively studied because of their plausible applications
in fundamental, applied sciences and coordination
chemistry beneﬁcial in industrial and synthetic processes such as catalysis, photochemistry, and biological systems.1–5 Due to the presence of both hard and
soft donors, the chemistry of transition metals with
ONS donor ligands is drawing unabated interest to
gain the information about their mode of coordination,
structural and spectral features.6–9 Moreover, because
of redox non-innocent nature of azo-thioether ligands,
the transition metal complexes have gained augmented
research interest in recent years owing to the participation in a variety of interesting redox reactions.5,10,11
The complexes encompassing azo functional ligands

have acknowledged escalated consideration owing to
their interesting physical, chemical, photophysical and
photochemical properties.12–14 Besides, the study of
compounds containing S and N atoms has engendered
copious research interest in recent years due to their
signiﬁcant antifungal, antibacterial and anticancer
activities.15,16 Moreover, thioether ligands are of fascinating and more important to the coordination chemists to develop effective model complexes to mimic
the active sites of several metallo proteins.17–19
Since the discovery of cis-platin as an antitumor
drug, various closely related platinum and palladium
complexes have designed and synthesized to improve
the therapeutic activity of the antitumour drugs.20
Because of the similarity in structure and coordination
chemistry of these two metals, palladium-based complexes are also investigated signiﬁcantly in the ﬁeld of
pharmaceutical chemistry.21,22 Palladium(II) complexes
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with ligands containing pyridine derivatives, quinoline, pyrazole and 1,10-phenanthroline, have shown
very promising antitumor activities.23,24 The anticancer activity of these compounds is relying mostly
on speciﬁc interactions with DNA, leading to damage
and ultimately to cell death. The study of the interaction of transition metal complexes with DNA gives
an idea to design the pharmaceutical molecules to
elucidate the mechanism and principles involved in the
site-speciﬁc recognition of DNA.25
As part of our continuing research on transition
metal complexes with azo-thioether ligands,26–31
herein we have designed and synthesized a new
thioether containing ONS donor ligand (L) (L = 2,4dihydroxy-5-((2-(methylthio)phenyl)diazenyl)(phenyl)
(phenyl)methanone) and its palladium(II) complex,
[Pd(L)Cl] (1). The compounds are characterized by
several spectroscopic techniques. The geometry of
palladium(II) complex is conﬁrmed by a single-crystal
X-ray study. The ability of the complex to bind with
CT DNA is investigated by UV-Vis method, while the
competitive binding with ethidium bromide (EB) is
carried out by ﬂuorescence method to assess the ability
of the complex to displace EB from EB-DNA system.
Theoretical calculations by DFT/B3LYP method are
carried to interpret the electronic structure, redox and
spectral properties of the complex.

2. Experimental
2.1 Materials and methods
All the reagents and solvents were purchased from
commercial sources and used as received.
2-(Methylthio)aniline, 2,4-dihydroxy benzophenone,
[n-Bu4N][ClO4] (TBAP) and PdCl2 were purchased
from Sigma Aldrich. The solutions spectral studies
were carried out using spectroscopic grade solvents.
CT DNA was purchased from Sisco Research Laboratory Pvt. Ltd. (SRL), India. The stock solution of
CT-DNA was prepared by dissolving sodium CT-DNA
salt in Tris-buffer solution (NaCl 50 mM, Tris-HCl
5 mM, pH was adjusted to 7.5 with 0.5 M NaOH) and
stored at 4 °C in the refrigerator. The DNA concentration per nucleotide was determined UV-vis method
using e = 6600 M-1 cm-1 at 260 nm.32
Microanalyses (C, H, N) data were obtained using a
PerkinElmer Series-II CHN-2400 CHNS/O elemental
analyzer. Electronic spectra were measured on a
Lambda 750 PerkinElmer spectrophotometer. Fluorescence spectra were taken on a Shimadzu RF-6000
spectro ﬂuorophotometer. IR spectra were recorded on
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a RX-1 PerkinElmer spectrometer in the range of
4000–400 cm-1 with the samples in the form of KBr
pellets. NMR spectrum was recorded in CDCl3 on a
Bruker (AC) 300 MHz FT-NMR spectrometer in the
presence of TMS as an internal standard. HRMS mass
spectra were obtained on a Waters (Xevo G2 Q-TOF)
mass spectrometer. Cyclic voltammetric measurements were carried out using a CHI Electrochemical
workstation. A platinum wire working electrode, a
platinum wire auxiliary electrode and Ag/AgCl reference electrode were used in a standard three-electrode
conﬁguration. [n-Bu4N][ClO4] was used as the supporting electrolyte in acetonitrile and the scan rate
used was 50 mV s-1 under nitrogen atmosphere.

2.2 Synthesis of ligand (L)
2-(Methylthio)aniline (1.529 g, 11 mmol) was dissolved in 20 mL of 6 M hydrochloric acid and cooled.
To it, 10 mL sodium nitrite (0.759 g, 11 mmol)
solution was added dropwise under constant stirring
condition at 0 °C. The diazotized solution was then
added to 30 mL 2,4-dihydroxy benzophenone
(2.354 g, 11 mmol) solution in 5 M sodium hydroxide.
A deep red precipitate was appeared and collected by
ﬁltration. The precipitate was washed with cold distilled water. The crude product was puriﬁed by column
chromatography using silica gel (60–120 mesh). The
desired red band of the ligand (L) was eluted with 30%
(v/v) ethylacetate–petroleum ether mixture. The yield
was 2.81 g, 70 %.
Anal. Calc. for C20H16N2O3S (L): C, 65.92; H, 4.43;
N, 7.69; Found: C, 65.7; H, 4.3; N, 7.6%. 1H NMR
(300 MHz, CDCl3): d 13.69 (1H, s), 12.92 (1H, s),
8.28 (1H, s), 7.77 (1H, d, J = 6.2 Hz), 7.68 (1H, d, J =
7.2 Hz), 7.29–7.64 (7H, m), 6.72 (1H, s), 2.61 (3H, s).
FT–IR t (KBr, cm-1): 3300–3400 t(OH), 1677
t(C=O), 1440 t(N=N). kmax (e, M-1 cm-1) in acetonitrile: 435 (2153), 328 (8511), 285 (12828). ESIMS m/z: 364.2, [M ? H]?.

2.3 Synthesis of palladium(II) complex, [Pd(L)Cl]
(1)
0.089 g (0.5 mmol) of PdCl2 was dissolved in 25 mL
acetonitrile under reﬂuxing condition. To it 10 mL
acetonitrile solution of L (0.182 g 0.5 mmol) was
added and reﬂuxed for 10 h. The initial orange colour
was changed to deep red. The reaction mixture was
cooled and solvent was removed under reduced pressure. The yield was 0.192 g, 76%.
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Anal. Calc. for C20H15ClN2O3PdS, [Pd(L)Cl]: C,
47.54; H, 2.99; N, 5.54; Found: C, 47.4; H, 2.8; N,
5.4%. 1H NMR (300 MHz, CDCl3): d 12.45 (1H, s),
8.27 (1H, s), 7.76 (1H, d, J = 6.8 Hz), 7.64 (1H, t, J =
8.0 Hz), 7.28–7.57 (7H, m), 6.83 (1H, s), 3.02 (3H, s).
FT–IR t (KBr, cm-1): 3337 t(OH), 1657 t(C=O),
1413 t(N=N). kmax (e, M-1 cm-1) in acetonitrile: 490
(2940), 405 (2977), 322 (14475), 286 (17228). ESIMS m/z: 528.3, [M ? Na]?.

2.4 DNA binding study
The binding efﬁciency of the palladium(II) complex
with CT DNA was carried out by UV-vis and ﬂuorescence methods. All experiments involving CT DNA
were performed in Tris-HCl/NaCl buffer solution, pH
7.5. UV-vis titration was performed for the complex
by keeping the invariable concentration (5.0 9 10-5
M) of the complex in 1:10 acetonitrile/buffer solution
while varying the concentration of CT DNA via steady
addition of CT-DNA (1.0 9 10-3 M). The absorption
spectra were recorded in the range of 250–700 nm. CT
DNA solutions were added stepwise until a saturation
state was achieved. After each addition, the solutions
were allowed to equilibrate and the solutions were
found to be in equilibrium by 5 min. The equilibrium
binding constant (Kb) of the complex with CT DNA
was determined from the UV-vis titration using the
Benesi-Hildebrand relation given in eqn. (1).33
½DNA
½DNA
1
¼
þ
ðea  ef Þ ðeb  ef Þ Kb ðeb  ef Þ

ð1Þ

where [DNA] is the concentration of CT DNA in base
pairs. The ea, ef and eb are the apparent absorption
coefﬁcients correspond to Aobsd/[complex], to the
absorbance for the free palladium(II) complex, and to
the absorbance of the palladium(II) complex in the
fully bound form, respectively. Kb is the equilibrium
binding constant in M-1.
The competitive binding study of palladium(II)
complex with EB was carried out by ﬂuorescence
method to understand the efﬁciency of displacement of
EB from CT DNA-EB system by the palladium(II)
complex. The CT DNA-EB complex was prepared by
adding 10 lM EB and 12 lM CT DNA in Tris-HCl/
NaCl buffer solution, pH 7.5. The ﬂuorescence spectra
of EB bound to CT DNA at 602 nm were obtained at
an excited wavelength of 540 nm. The intercalating
effect of the palladium(II) complex with the DNA-EB
was studied by the gradual addition of complex solution into the solution of the DNA-EB. The Stern-
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Volmer dynamic quenching constant (Ksv) was calculated from the linear Stern-Volmer equation
(Eq. (2)).34
I0 =I ¼ 1 þ Ksv ½Q

ð2Þ

Where, I0 and I are the ﬂuorescence intensities of the
CT DNA solutions in the absence and in the presence
of the complex, respectively. Ksv is the Stern-Volmer
dynamic quenching constant and [Q] is the total molar
concentration of the quencher. Ksv was calculated
from the slope of the plot.

3. Results and Discussion
3.1 Synthesis and spectral characterization
The ONS donor azo–thioether ligand (L) (where L =
2,4-dihydroxy-5-((2-(methylthio)phenyl)diazenyl)(phenyl)
(phenyl)methanone) was synthesized by diazo–coupling reaction between 2-(methylthio)aniline with 2,4dihydroxy benzophenone in 1:1 mole ratio in sodium
hydroxide solution. New palladium(II) complex,
[Pd(L)Cl] (1) was synthesized under reﬂuxing condition by the reaction of PdCl2 and L (Scheme 1). Both
the compounds were thoroughly characterized by
several spectroscopic techniques. 1H NMR data in
CDCl3 is well-supported the proposed structure of the
ligand (L). Two sharp singlets for phenolic-OH protons appeared at 13.69 and 12.92 ppm. The singlet
peak at 2.61 ppm corresponds to S-CH3 protons. The
aromatic proton signals appeared in the range of
6.72–8.28 ppm. IR spectrum of free ligand (L) shows
characteristic t(OH), t(C=O) and t(N=N) stretching
at 3300–3400, 1677 and 1440 cm-1 respectively. The
t(N=N) stretching in the complex signiﬁcantly
reduced compare to free ligand value and observed at
1413 cm-1 suggesting the coordination of azo-N to
palladium center. Electronic spectra of L and complex
1 were taken in acetonitrile and are shown in Figure 1.
Free ligand exhibits moderately intense band at 435
nm along with intense bands at 328 nm and 285 nm.
For palladium(II) complex moderately intense low
energy bands appeared at 490 nm and 405 nm. In
addition, two high energy intense sharp bands
appeared at 322 and 286 nm.

3.2 Crystal structure
Suitable X-ray quality crystals of [Pd(L)Cl] (1) were
grown by slow diffusion of dichloromethane solution
of the complex into n-hexane. ORTEP plot of the
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Scheme 1. Synthesis of ONS donor ligand (L) and its palladium(II) complex, [Pd(L)Cl] (1).

3.3 DFT and TDDFT calculations

Figure 1. UV-vis spectra of L (—) and [Pd(L)Cl] (1) (—)
in acetonitrile.

complex along with atom numbering scheme is shown
in Figure 2 and selected bond distances and angles are
summarized in Table S2 (Supplementary Information).
The complex was crystallized in the monoclinic
crystal system with P21/c space group. The tridentate
ONS donor ligand L binds to the palladium center
through phenolic-O, azo-N and thioether-S atoms. The
geometry of the coordination sphere of the complex
can be described as square planar with a slight deviation of chelate bite angles from 90° (\N1-Pd1-O1,
92.19(10)° and\N1-Pd1-S1, 87.32(8)°). The azo bond
distance, N1-N2 is found to be 1.271(4) Å in the
complex. The Pd-N bond (Pd1-N1) distance 1.975(3)
Å is comparable to the other reported Pd-N(azo) bond
distances.35–39 The Pd-O bond distance (Pd1-O1)
1.996(3) Å in the complex is also in good agreement
with the reported palladium complexes.39–43 Similarly,
the Pd-S(thioether) bond (Pd1-S1, 2.2365(11) Å) distance is found to be well corroborated with the literature value.38,44–46

The full geometry optimization of free ligand (L) and
[Pd(L)Cl] (1) were carried out by DFT/B3LYP
method. Calculated bond distances and bond angles
are summarized in Table S2 (Supplementary Information) for 1. The calculated structural parameter is in
good agreement with the X-ray data. The maximum
deviations in bond distances are observed for Pd-S and
Pd-Cl bonds by *0.08 Å and *0.06 Å respectively.
For free ligand, HOMO and HOMO-1 have
p-bonding in character, while HOMO-2 has nonbonding in nature and concentrated on azo(N=N)
moiety (Figure S2, SI). The LUMOs of L have p antibonding in character and the HOMO-LUMO energy
gap is found to be 3.31 eV. The HOMO of the complex 1 has 62% ligand contribution and concentrated
on phenolate moiety along with 24% contribution of
pp(Cl) orbitals and reduced contribution of dp(Pd)
(14%). HOMO-1 is purely ligand character (83%),
while HOMO-2 has 82% pp(Cl) and 11% dp(Pd)
contributions (Table S3, Figure S3, SI). HOMO-4 and
HOMO-6 have a signiﬁcant contribution of dp(Pd)
orbitals along with the contribution of pp(Cl) and
p(L) orbitals. The LUMO of the complex has 97%
p*(L) character with signiﬁcant contribution of
p*(N=N). The LUMO?1 has mixed dp(Pd) and
p*(L) character. LUMO?2 to LUMO?5 have 98–100%
p*(L) character. The HOMO-LUMO energy gap is
signiﬁcantly reduced in the complex compare to free
ligand and found to be 3.12 eV.
To get deep inside into the electronic transitions in
the compounds, TDDFT calculations were carried out
by B3LYP/CPCM method in acetonitrile. The low
energy moderately intense band for L at 435 nm corresponds to the HOMO ? LUMO transition (kcal.= 448 nm, f = 0.398) p?p* transition (Table S4, SI).
The intense band at 328 nm corresponds to mixed
HOMO-1 ? LUMO and HOMO ? LUMO?1
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Figure 2. ORTEP plot of complex 1 with 35% ellipsoidal probability.

transitions. The sharp band at 285 nm corresponds to
HOMO-3 ? LUMO?1 (p?p*) transition. For complex, [Pd(L)Cl] the low energy moderately intense
band at 490 nm has mixed ILCT and MLCT character
and corresponds to HOMO ? LUMO transition. The
experimentally observed band at 322 nm corresponds
the HOMO-5?LUMO transition having ILCT character. Similarly, the high energy band at 286 nm has
ILCT character (Table S4).
3.4 DNA binding studies
3.4a UV-vis method The binding mode and efﬁciency
of the palladium(II) complex, [Pd(L)Cl] (1) to CT
DNA was studied by using UV-vis method. UV-vis
titration is a well known method that is used to monitor the interaction of a compound with DNA. The
binding ability of the complexes to CT DNA, in Tris
buffer solution, was studied by measuring its effects
on the UV-vis spectrum. Absorption titration experiment of the palladium(II) complex in buffer solution
was performed using a ﬁxed complex concentration
(50 lM) to which DNA stock solution was gradually
added. The binding of the complex to DNA led to a
decrease in the absorption intensity at 322 nm (Figure 3). To compare quantitatively the afﬁnity of the
palladium(II) complex toward DNA, the intrinsic
binding constant Kb of the compound bind to CT-DNA
is calculated by monitoring the changes of absorbance
with increasing concentration of DNA. The intrinsic
binding constant Kb of the complex is found to be
5.42 9 104 M-1. This value is comparable to the
reported values of binding constants for other palladium(II) complexes towards CT DNA.41,47–51

Figure 3. Change in absorption spectra of 1 (50 lM) in
Tris-HCl/NaCl buffer with the gradual addition of CT DNA
(0–140 lM). Inset: Plot of [DNA]/(eb – ef) versus [DNA].

3.4b Fluorescence method Fluorescence method is an
effective way to study the interaction of metal complexes with CT DNA. Ethidium bromide (EB) is one
of the most sensitive ﬂuorescence probes that can bind
to DNA. Enhancement of ﬂuorescence intensity is
observed due to the intercalation of EB into CT
DNA.52 When metal complex intercalates into DNA it
leads to a decrease in ﬂuorescence intensity due to the
replacement of EB from EB-CT DNA system.53
Herein, palladium(II) complex was gradually added to
CT DNA, pre-treated with EB and the ﬂuorescence
intensity gradually decreased with the increasing
concentration of the complex (Figure 4). The titration
curves indicate that the complex competes with EB to
the binding sites of CT DNA. The Stern-Volmer
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dynamic quenching constant is calculated from the
slope of the linear plot of I0/I vs. [Q]. For the complex,
the Ksv is found to be 4.15 9 104 M-1, which is
corroborative to reported Ksv values of palladium(II)
complexes.38,54–56

observations strongly suggest the interaction of palladium complex with CT-DNA.

3.4c Electrochemistry Cyclic voltammetric study was
carried out in acetonitrile using [nBu4N][ClO4] as
supporting electrolyte and Ag/AgCl reference electrode. When scanned in the potential range 1.5 to -1.5
V free ligand (L) exhibits an irreversible peak at
-1.08 V, whereas complex 1 exhibits quasi-reversible
reduction couple with E1/2 = -0.55 V (DE = 110 mV).
The reduction couple of the complex corresponds to
the reduction of L as LUMO of the complex has 97%
p*(L) character with a signiﬁcant contribution of
p*(N=N). Moreover, the cyclic voltammetric method
was employed to study the interaction of complex 1
with CT-DNA. The cyclic voltammogram was taken
upon the increasing concentration of CT-DNA (0–100
lM) to 1.0 9 10-3 M solution of the complex. It was
observed that the peak current signiﬁcantly decreased
along with the negative shift of reduction peak
potential (Figure 5). The noticeable decrease in peak
current may be due to the decrease in free complex
concentration and/or due to the slow diffusion of the
complex bound to CT-DNA.57 Further, to understand
the speciﬁc changes in electrochemical potentials
Differential Pulse Voltammetry (DPV) was performed
using [nBu4N][ClO4] as supporting electrolyte. The
reduction potential of complex 1 is signiﬁcantly shifted to lower potential region from -0.54 V to -0.61 V
in the presence of CT DNA (Figure 6). These

Herein, a new ONS donor azo-phenol ligand, L was
synthesized and characterized. The palladium(II)
complex (1) of the ligand was successfully synthesized
and characterized by several spectroscopic techniques.
The distorted square planar geometry of the complex
is conﬁrmed by single-crystal X-ray diffraction
method. Electronic structure and spectral properties
are interpreted by DFT and TDDFT calculations. The
interaction of the complex with CT DNA was investigated by UV-vis method and binding constant revels
that the complex strongly binds with CT DNA.
Competitive binding titration with ethidium bromide
(EB) by ﬂuorescence titration method reveals that the

Figure 4. Emission spectra (kex = 540 nm) of EB-CT
DNA ([EB] = 1.0 9 10-5 M and [DNA] = 1.2 9 10-5M) in
presence of increasing concentration of complex 1 (0–100
lM). Inset: Plots of emission intensity I0/I versus Q (Q is
the total molar concentration of the 1).

4. Conclusions

Figure 5. Cyclic voltammogram of free ligand (L) (—)
and palladium(II) complex 1 (1 mM) in absent (—) and
presence (—) of CT DNA (100 lM).

Figure 6. Differential Pulse Voltammograms of 1 mM of
complex 1 (—) and in presence of 100 lM CT DNA (—).
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complex efﬁciently displaces EB from EB-DNA system. The signiﬁcant shifting of the reduction potential
to the negative potential region and decrease in current
height in cyclic voltammograms are also conﬁrmed the
binding of the complex with CT DNA.
Supplementary Information (SI)
Crystallographic data for the structure of [Pd(L)Cl] (1) was
deposited with the Cambridge Crystallographic Data center
with the CCDC No. 1845798. Copies of this information
may be obtained free of charge from the Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (e-mail:
deposit@ccdc.cam.ac.uk or www:htpp://www.ccdc.cam.ac.
uk). Tables S1-S4 and Figures S1-S3 are available at www.
ias.ac.in/chemsci.
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