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Palladium(i) complex with 1-(2-pyridylazo)-2-naphthol (PAN): Synthesis, X-ray structure,
electrochemistry, DFT computation and DNA binding study
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Herein, we reports a simple approach for the synthesis of a palladium(i1) complex with 1-(2-pyridylazo)-2-naphthol (PAN). The
complex is characterized by several spectroscopic techniques. The structure is confirmed by single crystal X-ray diffraction
method. The interaction of the complex with CT-DNA isinvestigated by UV-Vis method and binding constant is found to be
3.9x10% M~1. Competitive binding titration with ethidium bromide (EB) by fluorescence titration method reveals that the complex
efficiently displaces EB from EB-DNA system and the Stern-Volmer dynamic quenching constant, K., is found to be 1.55x10%

1

M-, Electronic structure and UV-Vis spectrum of the complex are well interpreted by DFT and TDDFT calculations.
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Introduction

Metal-based antitumor drugs like cisplatin, fulvestrant,
goserelin, stilboestro, carboplatin and oxaliplatin are widely
used in clinics™™#, but there are some limitations due to the
drug resistance over a period of time and adverse side ef-
fects®8. These problems have stimulated a far-reaching
search and encouraged chemists to develop alternative strat-
egies based on different metals for more efficient, less toxic,
and target-specific noncovalent DNA binding anticancer
drugs®10. Therefore, attempts are being made to replace
cisplatin with suitable alternatives and hence numerous tran-
sition metal complexes were tested for their anticancer ac-
tivity"=17. Among the transition metals, palladium(i)) com-
plexes which can efficiently bind and cleave DNAunder physi-
ological conditions are considered as potential candidates
for antitumor drugs due to their structural and thermodynamic
similarities to platinum(il) complexes. A number of
palladium(i) complexes are developed and examined their
potential antitumor activity'®. Antiproliferative property in
breast cancer and normal cells along with the cytotoxic acti-
vity and DNA binding property of several palladium(il) com-
plexes are already been reported in literatures %20, DNA and
protein are considered as the main targets for anticancer
agents, since they are involved in many important mecha-
nisms in cells. The interaction between protein and drugs
provides valuable information about the structural features

that determine the therapeutic effectiveness and the phar-
macological response of drugs?'22.

Azo compounds are widely used in optical recording de-
vices, molecular switches and photovoltaic devices because
of their excellent thermal and optical properties?3-30. Azo dyes
exhibit remarkable biological activities and because of their
antibiotic, antifungal and anti-HIV activities they have im-
mense importance in medicinal chemistry3'-33. Herein, we
have used 1-(2-pyridylazo)-2-naphthol (PAN) as ligand which
is commonly used as a photometric reagent for wide variety
of metal ions and as a metal ion indicator in the complexo-
metric titration. The palladium(ll) complex with PAN is syn-
thesized and characterized by several spectroscopic tech-
niques. The structure is confirmed by single crystal X-ray
diffraction method and electronic structure is interpreted by
DFT calculation. Binding ability of the synthesized
palladium(i) complex with CT-DNA has also been explored
by UV-Vis and fluorescence method.

Experimental

Materials and methods:

Na,PdCl,, n-Bu,NPFg and 1-(2-pyridylazo)-2-naphthol
(PAN) were purchased from Sigma Aldrich. All other chemi-
cals and solvents were reagent grade commercial materials
and were used without further purification.
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Electronic spectra were measured on a Lambda 750
Perkin-Elmer spectrophotometer in methanol. IR spectra were
recorded on a RX-1 Perkin-Elmer spectrometer in the range
of 4000-400 cm™" with the samples in the form of KBr pel-
lets. 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-Buy,NPF¢ was used as the sup-
porting electrolyte in acetonitrile with scan rate of 50 mV s~
under nitrogen atmosphere.

Synthesis of [Pd(PAN)CI] (1):

0.147 g (0.5 mmol) of Na,PdCl, and 1-(2-pyridylazo)-2-
naphthol (PAN) (0.125 g, 0.5 mmol) was refluxed in metha-
nol for 8 h to yield a green solution. The solvent was then
removed under reduced pressure in arotary evaporator. The
crude product was further purified by column chromatogra-
phy using a silica gel (mesh 60-120). The green band of the
complex was eluted by 50% (v/v) ethyl acetate-petroleum
ether mixture. On removal of the solvent under reduced pres-
sure the pure complex was obtained as a light green solid
which was further dried under vacuum. Yield was 0.144 g
(74%).

Anal. Calcd. for C45H,oCIN;OPd: C, 46.18; H, 2.58; N,
10.77%. Found: C, 46.02; H, 2.51; N, 10.69%; IR data (KBr,
cm™1): 1502 v(C=N), 1411 v(N=N); 'H NMR data (CDCl,,
ppm): 8.92 (1H, d, J 6.2 Hz), 8.27 (1H, d, J 7.2 Hz), 7.24-
7.94 (TH, m), 6.82 (1H, d, J 7.4 Hz); UV-Vis (in CH,Cl,),
Ay (&, M~1 cm™): 665 (9765), 616 (9063), 570 (sh.) 440
(7883), 342 (sh.), 306 (11891), 258 (16872). Electrochemis-
try (in acetonitrile): E4;, =-0.61V (AE =80 mV) and Epc =
-1.38 V.

Crystal structure determination and refinement:

Single crystals of PA[PAN]CI (1) was grown by slow diffu-
sion of n-hexane into dichloromethane solution of the com-
plex solution at room temperature and at ambient condition
for a week. X-Ray data were collected using an automated
Bruker AXS Kappa smartApex-Il diffractometer equipped with
an Apex-Il CCD area detector using a fine focus sealed tube
as the radiation source of graphite monochromated Mo Kot
radiation (A = 0.71073 A). Details of crystal analyses, data
collection and structure refinement are summarized in Table
1. Reflection data were recorded using the @ scan tech-
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Table 1. Crystallographic data and refinement parameters of
[Pd(PAN)CI] (1)

Empirical formula C45H4oCIN3OPd
Formula weight 390.11

Crystal system Monoclinic
Space group P21lc

a(A) 16.621(5)

b (A) 7.101(5)

c(A) 19.538(5)

B () 23.705(5)

vV (A3) 2741(2)

z 8

Pealed (9€m™) 1.890

u (mm=") 1.549

T(K) 293(2)

hkl range -20t020,-81t0 8,-2810 28
F(000) 1536

6 range (°) 2.75to0 25.50
Reflns. collected 39781

Unique reflns. (Ri) 5092
Observed data (I >20(/)) 4698
Data/restraints/parameters 5092/0/379
R1, wR2 (/>20(1)) 0.0379, 0.1262
GOF 1.153

Largest diff. peak/hole (e A=3) 1.390/ -0.981

nique. The structure was solved and refined by full-matrix
least-squares techniques using the SHELX-9734. The absorp-
tion corrections were done by multi-scan (SHELXTL program
package) and all the data were corrected for Lorentz, pola-
rization effect. Hydrogen atoms were included in the refine-
ment process as per the riding model.

Computational details:

All computations were performed using the Gaussian09
(G09) program3®. Full geometry optimization of Pd[PAN]CI
(1) was carried out using the DFT/B3LYP method36:37. Al
elements except palladium were assigned the 6-31G(d) ba-
sis set. The LanL2DZ basis set with effective core potential
was employed for the palladium atom38-40. Vibrational fre-
quency calculation was performed to ensure that the opti-
mized geometry was local minima on the potential energy
surface. Vertical electronic excitations based on B3LYP opti-
mized geometry was computed using the time dependent
density functional theory (TDDFT) formalism*'=43 in
dichloromethane using conductor-like polarizable continuum
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model (CPCM)*~6_ GaussSum*’ was used to calculate the
fractional contributions of various groups to each molecular
orbital.

DNA binding experiments:
Absorption spectral titration:

Allexperiments involving CT-DNAwere performed in Tris-
HCI/NaCl buffer solution, pH 7.5. UV-Vis titrations were per-
formed for the complex by keeping the concentration of the
complex constant (5.0x10~% M) in 1:10 acetonitrile/buffer so-
lution, while varying the concentration of CT-DNA via steady
addition of CT-DNA (1.0x1073 M). The absorption spectra
were recorded in the range of 350-800 nm. CT-DNA solu-
tions were added stepwise until a saturation state was
achieved. After each addition, the solutions were allowed to
equilibrate for 5 min before collecting the absorption spec-
tra. The equilibrium binding constant (K,) of the complex with
CT-DNA was determined from the spectral titration data us-
ing the following eq. (1)*2.

[DNA] [DNA] 1
= * (1)
(ep—&) Ky(ep—&)

where [DNA] is the concentration of CT-DNA in base pairs,
the apparent absorption coefficients €,, €;and &, correspond
to A,,sq/lcomplex], to the absorbance for the free palladium(i)
complex, and to the absorbance of the palladium(ir) complex
in the fully bound form, respectively. K, is the equilibrium
binding constant in M~",

(65— €,)

Competitive study with EB by fluorescence method:

The competitive binding study of Pd(ll) complex with EB
was carried out by fluorescence method in order to under-
stand the efficiency of displacement of EB from CT-DNA-EB
system by the Pd(il) complex. The CT-DNA-EB complex was
prepared by adding 10 uM EB and 12 uM CT-DNA in Tris-
HCI/NaCl buffer solution, pH 7.5. The fluorescence spectra
of EB bound to CT-DNA at 607 nm were obtained at an ex-
cited wavelength of 530 nm. The intercalating effect of the
Pd(11) complex with the DNA-EB was studied by gradual ad-
dition of complex solution into the solution of the DNA-EB.

Results and discussion

Synthesis and formulation:

The palladium(i) complex, [Pd(PAN)CI] (1) was synthe-
sized by the reaction of 1-(2-pyridylazo)-2-naphthol (PAN)

and Na,PdCl, in 1:1 mole ratio under refluxing condition in
methanol solution (Scheme 1). Color of the reaction mixture
was changed from red to deep green. The complex was thor-
oughly characterized by spectroscopic techniques. IR spec-
trum of the ligand exhibits characteristic peaks of v(O-H)
and v(N=N) at 3061 and 1433 cm~" respectively but in the
complex V(N=N) stretching is significantly shifted to lower
frequency region and is observed at 1411 cm~" suggesting
the coordination of the azo-N atom to Pd(l). 'H NMR signals
in CDCl5 is slightly downfield shifted for the complex com-
pare to free ligand values. The structure of complex was con-
firmed by single crystal X-ray diffraction study.

B o
/N N
7 ci
| Na,PdCly \Pd/
X >
SN Reflux for 8 h in MeOH NQN/ \
I il OH o
PAN [PA(PANYCI] (1)

Scheme 1. Synthesis of [Pd(PAN)CI] (1) complex.

Crystal structure

Single crystals suitable for structure determination were
obtained by slow diffusion of n-hexane into dichloromethane
solution of [Pd(PAN)CI] (1). Crystallographic data collection
and refinement parameters are given in Table 1; selected
bond lengths and angles are given in Table 2. The perspec-
tive view of the molecule along with atomic numbering
scheme is shown in Fig. 2. In the complex the geometry about
palladium(n) is distorted square planar because of the sig-

\CB

7 . | G13 o1
/ ‘34\ e e e
02\ -_-{ \ g \c15 \Cn

GV\

N1\/ \cm
/\ / \ /09

Fig. 1. ORTEP plot 35% ellipsoidal probability of [Pd(PAN)CI] (1).
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Table 2. Selected X-ray and calculated bond distances (A) and
angles (°) of 1

Bonds (A) X-Ray Calcd.
Pd1-Cl1 2.269(4) 2.317
Pd1-01 2.074(4) 2.061
Pd1-N1 1.958(5) 2.035
Pd1-N3 1.937(3) 1.975
N2-N3 1.293(4) 1.299
01-Cc7 1.348(2) 1.288
Angles (°)

N1-Pd1-N3 79.0(2) 79.406
N1-Pd1-O1 160.5(2) 160.962
N1-Pd1-Cl1 99.3(2) 98.428
N3-Pd1-O1 81.4(2) 81.556
N3-Pd1-Cl1 178.2(2) 177.834
01-Pd1-C1 100.1(2) 100.609

e

HOMO-2

5

LUMO+2

HOMO

HOMO-1

#

LUMO LUMO+1

Fig. 2. Contour plots of some selected molecular orbital of 1.

nificant deviation of chelate bite angles from 90° (N1-Pd1-
N3, 79.0(2)° and O1-Pd1-N3, 81.4(2)°). The Pd-N(azo) bond

o

(Pd1-N3,1.937(3) A) is slightly shorter than the Pd-N(pyridyl)
bond (Pd1-N1, 1.958(5) A) may be due to strong dm(Pd) —
n* (N=N) back donation in the complex. The Pd1-O1 and
Pd1-Cl1 bond distances 2.074(4) and 2.269(4) A respectively

in the complex are found to be as expected?®.

DFT calculation:

The geometry of the complex [Pd(PAN)CI] (1) was fully
optimized in singlet ground state by DFT method using B3LYP
exchange-correlation functional. The optimized geometric
parameters are given in Table 2. The calculated bond pa-
rameters are reasonably well reproducing the X-ray crystal
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structures data. Contour plots of selected molecular orbitals
are given in Fig. 3; energy and compositions of selected
molecular orbitals are given in Table 3. The higher energy
occupied molecular orbital (HOMO) has 92% contribution of
PAN. The HOMO-1 and HOMO-2 have 67-75% pm(Cl) char-
acter along with reduced contribution of dr(Pd) (18-22%).
The HOMO-3, HOMO-5 and HOMO-7 are concentrated on
(63-93%) PAN while HOMO-4 is contributed by dm(Pd) or-

20
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Fig. 3. UV-Vis spectrum of 1 in CH,Cls.

Table 3. Energy and % of composition of some selected molecular

orbitals of 1

MO Energy (eV) % Composition

Pd PAN Cl
LUMO+5 -0.20 02 98
LUMO+4 -0.48 01 99
LUMO+3 -1.24 0 100
LUMO+2 -1.60 02 98 0
LUMO+1 -2.12 53 35 12
LUMO -3.34 06 93 01
HOMO -5.93 06 92 02
HOMO-1 -6.41 22 12 67
HOMO-2 —6.46 18 07 75
HOMO-3 -6.74 04 93 03
HOMO-4 -6.95 83 11 06
HOMO-5 -7.48 33 63 04
HOMO-6 -7.57 05 55 40
HOMO-7 -7.70 34 63 03
HOMO-8 -8.01 25 61 14
HOMO-9 -8.37 54 30 16
HOMO-10 -8.77 03 97 00
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bitals (83%). The low lying virtual orbital, LUMO has 93% m*
(PAN) character while LUMO+1 has 53% dm(Pd) and 35%
7*(PAN) character. The HOMO to LUMO energy gap in the
complex is 2.59 eV.

TDDFT calculation and electronic spectra:

The UV-Vis spectrum of the complex in CH,Cl, exhibits
low energy closes by peaks at 665 nm (g, 9765 M~' cm™1),
616 nm (mr, 9063 M~" cm™") and a shoulder peak at 570 nm.
A moderately intense broad peak is observed at 440 nm (e,
7883 M~ cm™). Sharp ligand centered peaks are observed
at 306 nm (g, 11891 M~ cm™") and 258 nm (g, 16872 M~
cm1) along with a shoulder at 342 nm (Fig. 3).

To get deep insight into the electronic transitions, TDDFT
calculation on the optimized geometry of the complex was
performed. We found a low energy singlet-singlet vertical
excitation at 584 nm corresponds to HOMO—LUMO transi-
tion (f = 0.2108) having ILCT (intra-ligand charge transfer)
character. The experimental band at 440 nm have XLCT
(halogen to ligand charge transfer) character (A, .y, 399
nm, f=0.2794). The high energy intense transitions at 306
nm and 258 nm have ILCT character (Table 4).

Electrochemistry:

The electrochemical behavior of the complex was inves-
tigated by cyclic voltammetry (CV) in presence of n-Bu,NPFg
in acetonitrile solution at scan rate 50 mV s~'. Cyclic
voltammogram of the complex exhibits one reversible reduc-
tion couple at -0.61 V (AE = 80 mV) along with an irrever-
sible cathodic reduction peak at —1.38 V (Epc), negative to
reference electrode (Ag/AgCl) in the potential range 2.0 to

-2.0 V (Fig. 4). The reversible reduction couple at -0.61 V
corresponds to L/L*~ reduction, and the cathodic peak at
~1.38 V corresponds to further reduction of L*~ to L2~ in the
complex.

15 10 05 00 -05 -10 -15 -2.0
E (V)

Fig. 4. Cyclic voltammogram of 1 in acetonitrile.

DNA binding studies:
UV-Vis method:

The binding mode and strength of binding of the complex
to CT-DNA was studied by using UV-Vis method in Tris buffer
solution. UV-Vis method is one of the most useful techniques
to study the binding of any drug to DNA. Absorption titration
experiments of the Pd(I) complex in buffer solution were per-
formed using a fixed Pd(i) complex concentration (50 uM)
to which DNA stock solution were added gradually. The bind-
ing of the Pd(i1) complex to DNA led to a decrease in the
absorption intensity at 436 nm, at 611 and 662 nm (Fig. 5).
To quantitatively evaluate the affinity of the Pd(ll) complex

Table 4. Vertical electronic transition calculated by TDDFT/CPCM method of 1 in acetonitrile

A E (eV) Osc. Key excitations Character? xexpt. (nm)

(nm) strength (f) (1073, M~ cm™")

584.0 2.1230 0.2108 (92%) HOMO—LUMO w(L)—>m*(L) 614
ILCT

4473 2.7718 0.2794 (95%) HOMO-1—LUMO pre(Cl)/dm(Pd)—m*(L) 441
XLCT/MLCT

3316 3.7393 0.1163 (73%) HOMO-6—LUMO 7(L)/pm(Cl)—m*(L) 342 (sh.)
ILCT/XLCT

292.1 4.2449 0.2039 (93%) HOMO—>LUMO+3 (L)L) 307
ILCT

259.7 47733 0.1334 (43%) HOMO-8—LUMO+2 w(L)—>m*(L) 259
ILCT

AMLCT: Metal to ligand charge transfer; ILCT: Intra-ligand charge transfer and XLCT: Halogen to ligand charge transfer transition.
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Fig. 5. Change in absorption spectra of 1 in Tris-HCI/NaCl buffer with
gradual addition of CT-DNA. Inset: Plot of [DNAJ/(e, — &) ver-
sus [DNA].

towards DNA we have monitored the change in absorption
at 436 nm, the binding constant K, of the Pd(1l) complex to
CT-DNA is found to be 3.9x10* M. This value is compa-
rable to the reported values of binding constants for other
Pd(1) complexes towards CT-DNA%°.

Fluorescence method:

Fluorescence method is one of the 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. An enhancement of fluorescence in-
tensity is observed due to the intercalation of EB into CT-
DNA. 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. Herein, Pd(ll) complex was
gradually added to CT-DNA, pre-treated with EB and the fluo-
rescence intensity gradually decreased with the increasing
concentration of Pd(1l) complex (Fig. 6). This is a clear indi-
cation that the complex competes with EB to the binding sites
of DNA. The fluorescence quenching curve of the EB-CT-
DNA system for the complex is in good agreement with the
linear Stern-Volmer equation (eq. (2))%0.

I/l =1+ Ky [Q] (2)
where, |, and / are the fluorescence intensities of the CT-
DNA solutions in the absence and in the presence of the

complex, respectively. K, is the Stern-Volmer dynamic
quenching constant and [Q] is the total molar concentration
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Fig. 6. Emission spectra (Ao, = 540 nm) of EB-CT-DNA in presence

of increasing amount of Pd(I1) complex 1. Inset: Plots of emis-
sion intensity I/ versus Q.

of the quencher. K, is obtained by the slope of the plot and
is found to 1.55x10* M~". The moderate value of Ky, sug-
gests the Pd(1l) complex can displace EB and tightly bound
to CT-DNA.

Conclusion

In summary, we have utilized spectroscopic techniques
like FT-IR, UV-Vis, "H NMR and fluorescence to characte-
rize the palladium(i) complex with 1-(2-pyridylazo)-2-naph-
thol (PAN) and the structure of the complex was confirmed
by single crystal X-ray diffraction method. The ability of the
complex to bind with CT-DNA is investigated by absorption
titration and binding constant found to be 3.9x104 M~'. Com-
petitive binding titration with ethidium bromide (EB) by fluo-
rescence method (K, = 1.55%10% M~") indicated the com-
plex is quite capable to displace EB from EB-DNA. DFT and
TDDFT calculations are well interpreted the electronic struc-
ture and electronic spectrum of the complex.
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