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1 | INTRODUCTION

Coordination compounds have tremendous applications
in various fields of science. The discovery of cisplatin,
that is, cis-[dichlorodiammine] platinum(Il), made
possible the usage of metals in the medical field.!"
Thiosemicarbazones usually act as chelating agents with
transition and nontransition metal ions connected
through sulfur and nitrogen atoms and have immense
pharmaceutical applications. Studies on copper and iron
complexes show an active hindrance for the DNA synthe-
sis than in the case of metal-free thiosemicarbazone.'?!
Copper complexes of thiosemicarbazones exhibit interest-
ing structures.'®! Antitumor activities of some transition
metal complexes of thiosemicarbazone derived from
3-acetylumbelliferone were also explored.[4] Ligand sys-
tems with ONS donor atoms are found to have sufficient
carcinostatic potency. Among the metals, copper and zinc
are the essential trace metals required for organisms to
perform several important biological processes. Their che-
lates have been studied very effectively as less toxic alter-
natives and are very selective in anticancer treatments.!*!

The interactions of metal complexes with DNA are
important for the development of effective chemothera-
peutic agents. Transition metal centers, particularly cop-
per complexes, can bind to DNA through various
covalent and noncovalent interactions.””! The reported
covalent interaction is via the coordination of copper
with the N-7 of the purine base and the phosphate group
of a polynucleotide chain.®! Barone et al. gave an excel-
lent review on the DNA-binding ability of Cu and Zn
complexes.'®! It is reported that the complexes that have
bulky ligands interact with DNA in groove binding mode
whereas complexes that have planar aromatic groups
interact with DNA in the intercalative mode of binding.
Thus, the ligand moiety plays a vital role in studying
DNA interactions with complexes.'”)

Cancer is believed to be a family of diseases that
involves abnormal cell growth and can spread to various
parts of the body. The drugs involved in its treatment are
toxic and can affect the normal functioning of DNA in
the cells. Developing anticancer drugs with high efficacy
and low toxicity are the most important challenges these
days. On the basis of the effect of zinc and copper on can-
cer progression, chelators that bind metal have been
developed as anticancer agents. There are many reports
in which metal complexes bind with the bipyridyl
ligands. Bipyridyl-containing metal complexes are excel-
lent antitumor agents that enhances the planarity of the
molecule and thereby strengthen the binding ability of
the complex.®! Thus, the development of less toxic and
cost-effective anticancer drugs has emerged as an essen-
tial area in pharmaceutical research.

All the above facts motivated us to develop zinc and
copperbased complexes of thiosemicarbazone derivatives
with 1,10-phenanthroline and 2,2'-bipyridine acting as
co-ligands and we evaluated their DNA binding, cleavage
and cytotoxicity. Even though many copper and zinc
complexes are known already, our focus is to develop bet-
ter biologically active complexes. The synthesis and char-
acterization of Complex 3 is already reported from our
group, and our current focus is more toward its DNA
binding and cleavage property.

2 | EXPERIMENTAL SECTION

2.1 | Materials

N4—phenyl thiosemicarbazone (Alfa Aesar), 3,5-dic-
hlorosalicylaldehyde, cyclohexylisothiocyanate (Alfa
Aesar), hydrazine hydrate (Sigma Aldrich), zinc acetate,
and copper acetate were of analytical grade and pur-
chased from commercial sources. The Spectrochem sol-
vents methanol, acetonitrile, and dimethylformamide
(DMF) were used without further purification.

2.2 | Synthesis of
3,5-dichlorosalicylaldehyde-N*-
phenylthiosemicarbazone (H,dspt)

H,dspt is
procedure.'®!

3,5-Dichlorosalicylaldehyde (0.191 g, 1 mmol) and
N*-phenylthiosemicarbazone (0.167 g, 1 mmol) in 20 mL
acetonitrile are stirred and heated for 2 h after adding a
drop of glacial acetic acid. The resulting solution was
kept aside and cooled. After some time, a yellow-colored
precipitate was formed, filtered, and washed with metha-
nol and dried (Scheme 1).

Yield: 0.227 g, 67%. Anal. Calc. for Cy4H;;N5CI,0S
(340.23 g mol™): C, 49.42; H, 3.26; N, 12.35; S, 9.42. Fou-
nd: C, 49.48; H, 3.30; N, 12.39; S, 9.48.

prepared as per an already reported

2.3 | Synthesis of metal complexes
2.3.1 | [Zn(dspt)(phen)]-DMF (1)

Complex 1 was prepared by refluxing a 20 mL 1:1
mixture of DMF and methanol solution of
3,5-dichlorosalicylaldehyde-N*-phenyl thiosemicarbazone
(1 mmol, 0.340 g) and zinc acetate (1 mmol, 0.219 g) for
4 h. To this solution, hydrated 1,10-phenanthroline
(1 mmol, 0.198 g) in 5 mL methanol was added. The
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SCHEME 1 Synthesis of the proligand (H,dspt)

a4
H

resulting solution was allowed to stand at room tempera-
ture and after slow evaporation, yellow-colored block-
shaped crystals were separated, filtered and washed with
methanol and dried in air (Scheme 2).

Yield: 0.558 g, 85%. Molar conductance (10> M DMF):
10 Q'cm’mol™’. Anal. Calc. for C,oH,,CLN:O,SZn
(656.87 g mol™): C, 53.02; H, 3.68; N, 12.79; S, 4.88. Fou-
nd: C, 53.08; H, 3.60; N, 12.71; S, 4.82.

2.3.2 | [Cu(dspt)(phen)]-DMF (2)

Complex 2 was prepared similar to Complex 1 by
refluxing 20 mL 1:1 mixture of DMF and methanol solu-
tion of H,dspt (1 mmol, 0.340 g), copper acetate (1 mmol,
0.199 g) and hydrated 1,10-phen (1 mmol, 0.198 g) for
4 h. A green precipitate formed was filtered and rec-
rystallized in 5 mL DMF. Dark green-colored block-
shaped crystals were obtained and dried in air
(Scheme 2).

Yield: 0.504 g, 77%. Molar conductance (10~ M DMF):
15 Q 'cm’mol™. Anal. Calc. for C,oH,NgCLCuO,S

SCHEME 2 The synthesis scheme for Complexes 1 and 2

SCHEME 3 The synthesis scheme for Complex 3 cl
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o | |
Cl - N N. ~ Cl
Acetonitril N
NHp + H cetonitrile \[S( N
HO H* HO

Cl Cl

(655.04 g mol™"): C, 53.17; H, 3.69; N, 12.83; S, 4.89. Fou-
nd: C, 53.11; H, 3.60; N, 12.88; S, 4.80.

2.3.3 | [Cu(dsct)(bipy)]-DMF (3)

[Cu(dsct)(bipy)]'DMF is synthesized as per our previous
report[lo] (Scheme 3).

The thiosemicarbazone, Hydsct (1 mmol, 0.346 g)
was dissolved in 1:1 methanol and DMF mixture. To
that, 2,2’-bipyridine (1 mmol, 0.156 g) in 10 mL meth-
anol was added. It was followed by the addition of
copper acetate (1 mmol, 0.199 g) in 5 mL methanol.
The resultant mixture was then further refluxed for
about 4 h and allowed to cool. Dark green-colored
block-shaped crystals were formed over a period of
7 days, which were then washed with methanol and
dried in air.

Yield: 0.497 g (78%). Molar conductance (10~> M DMF):
10 Q@ 'cm’mol™. Anal. Calc. for C,;H3oNsCLCuO,S
(637.08 g mol™1): C, 50.90; H, 4.75; N, 13.19; S, 5.09. Fou-
nd: C, 50.98; H, 4.70; N, 13.21; S, 5.03.

O~zn_
Zinc acetate o

N
Cl 1,10 phen H
OH
/@i/ /@ Complex 1
N
cl 2 \N)J\N
H H
Hodspt 4 A
Copper acetate = N= H 0 N,CH3
- 7C7
1,10 phen 7 / “CHs
P O~cu_
e
cl _N ‘N/’C‘N
H
Complex 2
/7\ w
J\ Copper acetate Cl h{‘ (”) CH;

OH
/N\
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Cl

N~ NH o- H-C-N’

H 2,2"-bipy )ii(j“\ : CH,
@ NN?Conn

Complex 3 @
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2.4 | Physical measurements

Carbon, hydrogen, nitrogen, and sulfur analyses were
carried out using a Vario EL III CHNS analyzer. Infra-
red spectra of the compounds were recorded on a
JASCO FT-IR-5300 Spectrometer in the 4,000-400 cm™
range using KBr pellets. Electronic spectra were
recorded on Thermo Scientific Evolution 220 model
UV-Visible spectrophotometer in the 200-1,000 nm
range using solutions in DMF. Diffuse reflectance spec-
troscopy (DRS) of the compounds was performed using
an Ocean Optics USB-4000. Barium sulfate (BaSO,)
powder was used as a background and standard refer-
ence during sample preparation. Molar conductivities of
the complexes in DMF solutions (10~ M) at room tem-
perature were measured using a Systronic model
303 direct reading conductivity meter. Proton nuclear
magnetic resonance (‘H NMR) spectra of the
thiosemicarbazone and Zn(II) complex were recorded
using Bruker AMX 400 FT-NMR Spectrometer with
deuterated dimethylsulfoxide (DMSO-dg) as the solvent
and TMS as the internal standard.

2.5 | X-ray crystallography

Single crystal X-ray diffraction experiments for the com-
plexes were performed on a Bruker SMART APEXII CCD
diffractometer, equipped with a graphite crystal,
incident-beam monochromator, and a fine focus sealed
tube with Mo Ka (A = 0.71073 A) radiation as the X-ray
source. The unit cell dimensions were measured, and the
data collection was performed at 292[2] K. The programs
APEX2 and SAINT were used for cell refinement, and
SAINT and XPREP were used for data reduction.!!
Absorption corrections were carried out using SADABS
based on Laue symmetry using equivalent reflections."?!
The structures were solved by direct methods and refined
by full-matrix least-squares refinement on F° using
SHELXL-2014/7""! provided in WinGX." The molecu-
lar and crystal structures were plotted using DIAMOND
version 3.2g'"*! and ORTEP.

An outline of the information and crystallographic
parameters of the complexes are given in Table 1. In the
Cu(I) and Zn(II) complexes, anisotropic refinements
were performed for all non hydrogen atoms, and all H
atoms on C were placed in calculated positions, guided
by difference maps, with C-H bond distances of
0.93-0.96 A. H atoms were assigned as Ujs, = 1.2U¢q (1.5
for Me). The hydrogen atoms attached to N(3) for 1 and
2 were located from difference maps, and N-H distances
were restrained using DFIX instruction to possess a par-
ticular target value. The values (2 0 0), (1 0 0), (0 1 1),

TABLE 1
Complexes 1 and 2
Parameters
Empirical
formula

Formula
weight

Crystal, system,
space group

Complex 1

C29H24C12N602SZH

656.87

Monoclinic, P2,/c

Unit cell dimensions

a(A)

b (A)

cd)

a(®)

pC)

r ©)
Volume (A%)
z

Calculated
density
(mg/m?)

Absorption
coefficient, u
(mm™)

F(000)

6 range for data
collection

Limiting
indices

Reflections
collected

Unique
reflections
(Rint)

Completeness
to @

Max. and min.
transmission

Goodness-of-fit
on F?

Final R indices
[I> 26(1)]

R indices (all
data)

Largest diff.
peak and
hole

21.5125(14)
13.8306(9)
9.6840(6)
90
91.929(3)
90
2879.7(3)

4

1.515

1.150

1,344
2.400° to 28.313°

-28 <h <27,
-18<k<16,
-12<1<12

34,693

7,167 [R
(int) = 0.0389]

25.242(99.9%)

0.8030 and 0.7740

1.019

R, = 0.0376,

WR, = 0.0827

R, = 0.0663,
WR, = 0.0934

0.419 and —0.386

Crystallographic data and structure refinement for

Complex 2
C29H24C12CUN602S

655.04

Monoclinic, P2,/c

21.703(4)
13.744(2) A
9.7101(17) A
90

91.896(8)

90

2894.8(8)

4

1.503

1.050

1,340
2.392° to 28.253°

-28<h <28,
-18<k<12,
-12<1<12

23,162

7,163 [R
(int) = 0.0975]

25.242(99.9%)
0.8030 and 0.7740
0.936

R, = 0.0518,

WR, = 0.0915

R, = 0.1492,
WR, = 0.1191

0.301 and —0.457

Ry = Z|[F,|-|Fe|[/Z|Fo| WR, = [EW (Fo-F2)*/Zw (Fo2)*]'2
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and (1 1 0) in Complex 1 and (20 0), (100) and (1 1 0) in
Complex 2 are omitted due to bad agreement.

2.6 | Computational methodology

Density functional theory (DFT) calculations were car-
ried out using the Gaussian09'®! package at DFT based
on the B3LYP/LANL2DZ basis set. The optimized struc-
ture was visualized using Chemcraft version 1.6 package.
The highest occupied molecular orbital energy (Exomo)s
the lowest unoccupied molecular orbital energy (Epymo)
and HOMO-LUMO energy gap (AE) for the complexes
were calculated, and with the help of those wvalues,
different quantum chemical parameters were also
studied.

Electrostatic potential (ESP) colored molecular sur-
face map with ESP surface extrema via VMD based on
the data outputted by Multiwfn is plotted.'”! A blue-
white-red color code is employed, where the blue is used
for an electropositive region, white for neutral, and red
for an electronegative region.

2.7 | Molecular docking study

The molecular docking studies were performed using
Auto Dock Tools (ADT) and AutoDock vina. The cif for-
mat files were converted to pdb files using Mercury soft-
ware. The crystal structure of the B-DNA dodecamer
d(CGCAAATTTCGC), (PDB ID: 1BNA) was downloaded
from the protein data bank.!"®°! Qutputs of the docked
poses were exported to Discovery Studio for visual inspec-
tion of the binding modes and for the probable polar and
hydrophobic interactions of the complexes with DNA.
The results were visualized using VMD software.

2.8 | DNA binding studies

The binding affinity between the complexes and DNA
was studied in Tris-HCI buffer (pH: 7.4) at room temper-
ature. Absorption spectroscopy was used to determine
the concentration of DNA per nucleotide. An absorption
titration experiment with a fixed concentration of com-
plex (25 pM) with a gradually increasing concentration of
CT-DNA (8.6 to 86 pM) was performed. An identical
quantity of CT-DNA is supplied to both the test and refer-
ence solution while measuring the absorbance to elimi-
nate the absorbance of CT-DNA itself. From the
absorption spectral titration data, the binding constant
K, for the interaction of complex was calculated by the
equation

O'r)ganometalllc WI LEY. 50f16

Chemistry
[DNA] _[DNA] 1
[ca—er] [en—er]  Kb([ep—er])

The apparent extinction coefficient €, corresponds to
Aops/([M)), €r is the extinction coefficient of the free com-
pound and ¢, is the extinction coefficient of the com-
pound when it is fully bound to DNA. Now, a plot of
([DNA])/((e4 — €r)) against [DNA] is drawn; the slope of
the plot corresponds to 1/((e, — €r)), and the intercept cor-
responds to 1/(K, (e, — €)). Thus, the binding constant of
Ky is the ratio of the slope to the intercept. The mode of
binding between the CT-DNA and complexes was also
examined using fluorescence spectral titration. It is
recorded at room temperature. Ethidium bromide (EB) is
used as a standard intercalator. The EB intercalates with
CT-DNA, resulting in high fluorescence, which further
reduces by the addition of the complexes. The fluores-
cence quenching can be explained via the Stern—Volmer
equation:

F
FO:1+Kq[Q}.

K is the linear Stern-Volmer quenching constant, and
the concentration of the complex is represented by
[Q]. F, and F are the fluorescence intensity in the
absence and presence of the complex, respectively. The
slope of the plot of F,/F against [Q] gave the quenching
constant, K.

2.9 | Agarose gel electrophoresis

In the gel electrophoresis experiments, supercoiled
PTZ57R plasmid DNA dissolved in Tris HCI buffer (7.2)
was treated with metal complexes and made up to 10 pL
using nuclease-free water, and the mixture was incubated
at 37 °C for 24 h. Each sample was loaded into a 1% aga-
rose gel. Electrophoresis was taken for 1 h at 40 V in
1XTAE buffer. Then, the gel is visualized under UV light.
The cleavage result was calculated using the Biorad
Geldoc software version 4.1.

2.10
assay

Cytotoxicity evaluation by the MTT

The MDA-MB-231 cell line was initially procured from
the National Centre for Cell Sciences (NCCS), Pune,
India and maintained in Dulbecco's modified Eagles
medium (DMEM) Himedia. The cell line was cultured in
25 cm? tissue culture flask with DMEM supplemented
with 10% fetal bovine serum (FBS), r-glutamine, sodium
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bicarbonate and an antibiotic solution containing penicil-
lin (100 U/mL), streptomycin (100 pg/mL), and
amphotericin B (2.5 pg/mL). Cultured cell lines were
kept at 37 °C in a humidified 5% CO, incubator. The via-
bility of cells was evaluated by direct observation of cells
by an inverted phase-contrast microscope and followed
by the MTT assay method.

2.10.1 | Antiproliferative effect by MTT
method

Fifteen milligrams of MTT (Himedia, M-5655) was rec-
onstituted in 3 mL phosphate-buffered saline (PBS) until
completely dissolved and sterilized by filter sterilization.
After 24 h of the incubation period, the sample content
in wells was removed, and 30 pL of the reconstituted
MTT solution was added to all test and control wells. It
was gently shaken well and then incubated at 37 °C in a
humidified 5% CO, incubator for 4 h. After the incuba-
tion period, the supernatant was removed and 100 pL of
the MTT solubilization solution (DMSO) was added and
the wells were mixed gently by pipetting up and down to
solubilize the formazan crystals. The absorbance values
were measured by using a microplate reader at a
wavelength of 570 nm and the percentage viability is
calculated as below.

Mean OD samples x 100
Mean OD of the control group’

Y%viability =

3 | RESULTS AND DISCUSSION

The complexes are soluble in DMF and DMSO and are
nonelectrolytes

S =
d» 02 B F
)

c29 N Cc27 C4

in nature (5-10 Q 'cm?mol™}).[%!

The thiosemicarbazones and their complexes were
characterized by infrared (IR), 'H NMR, and UV-Visible
spectroscopic  techniques and single-crystal X-ray
diffraction studies. IR, UV spectra and single-crystal
details of Complex 3 are the same as reported by us.[1!

3.1 | Description of crystal structures

The single crystals of complexes appropriate for X-ray dif-
fraction studies were acquired from DMF at room tem-
perature. Coordination to the metal ions lengthens the
C-S bond substantially to 1.73 A (1), 1.737(4) A
(2) from 1.680 A in unsubstituted salicylaldehyde-N*-
phenylthiosemicarbazone,'?!! as expected on coordina-
tion to thiolate sulfur.

Selected bond lengths and bond angles are summa-
rized in Table S1. The ORTEP diagrams of the com-
pounds along with the atom numbering scheme are
given in Figures 1 and 2. Complexes 1 and 2 got crystal-
lized in the monoclinic P2,/c space group. The central
atom (Zn/Cu) in the complex is coordinated by phenolate
oxygen (0O(1)), azomethine nitrogen (N(1)), thiolato
sulfur (S(1)) of the thiosemicarbazone, and the
pyridine nitrogen (N(4) and N(5)) of bipyridine and
1,10-phenanthroline derivative, respectively. DMF mole-
cule is present outside the coordination sphere. The
geometry of the complexes is derived from the trigonality
index, ts = ((f — ))/60, where f and a are the greatest
basal angles.??! The 75 value for Compound 1 is 0.55,
indicating that it exhibits a distorted trigonal bipyramidal
geometry, whereas Complex 2 has 15 = 0.28, which
exhibits a distorted square pyramidal geometry.[zl] The
ONS donor atoms of thiosemicarbazones occupy the
upper plane, and the NN-donor heterocyclic bases exhibit
pivotal central restricting mode, that is, axial-
equatorial binding mode. The dianionic form of the

FIGURE 1 Oak Ridge Thermal Ellipsoid
Plot (ORTEP) of [Zn(dspt)(phen)]-DMF (1).
Displacement ellipsoids are drawn with 30%
probability
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FIGURE 2 Oak Ridge Thermal Ellipsoid
Plot (ORTEP) of [Cu(dspt)(phen)]-DMF (2).
Displacement ellipsoids are drawn with 30%
probability

thiosemicarbazones occurring due to the enolization of
the -NH-C(=S)-NHPh moiety to -N—C(-SH)-NHPh
and phenolic -OH, eventually resulting in the
n-conjugation in the planar structure, which encourages
its equatorial binding. Thus, heterocyclic bases adopt
axial-equatorial binding. The results are different as com-
pared to that of the binding of monoanionic ONS donor
ligands that are reported.!*>! The C(7)-N(1) and N(2)-C
(8) distances are comparable with that of C=N bond
length. The N(1)-N(2) bond lengths in both compounds
are larger due to extensive conjugation of the ligand on
complex formation. The Cu(1)/Zn(1)-N(3) bond lengths
are shorter as compared with the Cu/Zn-N bond
lengths of bipyridine and phenanthroline, which indicate
that the thiosemicarbazone moiety dominates
equatorial bonding. Restricted bite angles imposed by
thiosemicarbazone and heterocyclic bases can be the rea-
son for the deviation from a perfect geometry. The Cu-N
bond lengths of the heterocyclic bases are longer
than those reported for mononuclear copper(Il)/zinc
(IT) complexes, indicating a weaker binding of the bases
compared with the thiosemicarbazone.?>?*!

3.2 | Supramolecular interaction

The packing of molecules in the crystal lattice is stabi-
lized by hydrogen bonding, n-- -z, and C-H.--n interac-
tions (Tables S2-S5). The crystal structure of
Complex 1 displays intermolecular and intramolecular
interactions. Three prominent =---m interactions are
observed among Cg(8)---Cg(4), Cg(5)---Cg(8) and
Cg(4)---Cg(5) at distances of 3.70, 3.68, and 3.79 A,
respectively (Figure 3). An appreciable C-H- - & interac-
tion is observed between C(19)-H(19) and Cg(6) at a H
(19)- - -Cg(6) distance of 2.66 A (Figure 3). The oxygen

Chemistry

FIGURE 3 C-H--rand =7 interactions in [Zn(dspt)(phen)]-
DMF (1)
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FIGURE 5 Hydrogen bonding interactions in [Cu (dspt)
(phen)]-DMF (2)

atom of DMF acts as an acceptor to form hydrogen bond
with C(16)- - -H(16) at a distance of 2.48 A. Other hydro-
gen bonding interactions are CI(1) to the bipyridine ring
C (17)- - -H(17) with a distance of 2.78 A, benzene ring C
(10)- - -H(10) is interacting with N2 at a distance of 2.32 A
(Figure 4).

FIGURE 4 Hydrogen bonding interactions
present in [Zn(dspt)(phen)]-DMF (1)

In Complex 2, the solvent DMF molecule makes a
hydrogen bonding interaction with C(25)-H(25)---O
(2) and another hydrogen bonding C(24)-H(24)---Cl
(1) with D- - -A distances of 2.46 and 2.82 A, respectively
(Figure 5). One C-H- - &t interaction of the type C(21)-H
(21)- - -Cg(6) with H-. - -Cg distance 2.67 A is also present
in the molecule, where Cg(6) is the ring comprising of
atoms C(1)-C(2)-C(3)-C(4)-C(5)-C(6) (Figure 6).

3.3 | IR spectra

The IR spectra of H,dspt and its complexes were
recorded. The appearance of the bands around the
3,470 cm™" region confirmed the presence of hydroxyl
groups in the thiosemicarbazone. A band at
1,298 cm™" for H,dspt was assigned to C-O stretching
vibration. The azomethine stretching vibration v(C=N)
appeared at 1,638 cm™'. The bands corresponding to
UC=S) were detected around 1,275 cm™' for the
ligand. Further, the appearance of the band in the
1,110 cm™ region indicates the presence of v(N-N)
stretching frequency. Hence, the IR spectrum of the
proligand is confirmed.**!

The IR spectra of the complexes were studied to
understand the binding of a tridentate ligand to the metal
center. The absence of the band corresponding to the O-
H stretching frequency for the thiosemicarbazone shows
the deprotonation of a hydroxyl group and participation
of oxygen in coordination with the metal. The bands cor-
responds to ¥(C=N) and v(C-S) are slightly shifted to
lower wavenumbers for the complexes. The increase in
the frequency of v(N-N) band in the spectra of the
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complexes due to the increase in the bond strength again
confirms the coordination via the azomethine nitrogen.
Thus, the IR data confirm the formation of the complex
and its ONS donor behavior.?*! IR spectral assignments
of thiosemicarbazone and complexes are tabulated in
Table S6.

3.4 | Electronic spectra

The electronic spectra of the complexes are recorded in
DMF solution (1 x 10> M) (Table S7 and Figures S1 and
S2). The absorption bands in the range of 260 (24,090 ¢/
M~ cm™) and 320 nm (9,240 ¢/M™' cm™") for H,dspt
have been attributed to 1 — #* and n — #* transitions.
The spectra of complexes showed two bands at the
320-330 nm range, which were allocated to & — =* and
n — 7* excitations, respectively, of ligands. The bands
have slightly higher wavelengths as a result of complexa-
tion. The complexes also exhibited charge transfer bands

in the 410-420 nm range. For Complex 2, a broad peak
around 570 nm (25,700 ¢/M~" cm™) is characteristic of
the d-d transition (1x10° M).**?”! Diffuse reflectance
spectroscopy of complexes were also taken, and results
were comparable and are given in Figures S3-S5
(Table S8).

3.5 | 'H NMR spectra

The '"H NMR spectra of the proligand, H,dspt, and its
complexes were recorded with DMSO-dg as the solvent
and trimethylsilane (TMS) as the internal standard. The
'H NMR spectrum of the proligand H,dspt is compared
with that of Complex 1. The peaks of the -OH proton
(11.8 ppm) and -NH (10.2 ppm) protons of the ligand dis-
appear on complexation in Complex 1. The peak around
9 ppm represents —-CH=N peak. The low field position of
-*NH around 7.16 ppm could be attributed to the
deshielding caused by the phenyl group and the adjacent



10 of 16 WI LEY

Organometalllc

MATHEWS anp KURUP

Chemistry

ELUMO =2923eV
AE=2.012eV

EHOMO =-4935eV

FIGURE 7

-N=C< of the system -N=C (SH)-NH-C4Hs. These
results indicate that the coordination is via deprotonation
of ONS donor ligand through iminolic nitrogen and
phenolic oxygen. This provides evidence for the coordina-
tion of thiolato sulfur through iminolization after
deprotonation.?®!

3.6 | DFT study

To understand the electronic transitions occurring in the
complexes, DFT calculations were carried out using
B3LYP/LANL2DZ basis set using the Gaussian 09 pro-
gram. The main orbitals that take part in chemical reac-
tions are called the frontier molecular orbitals (FMOs)
(Figure 7). HOMO, the highest occupied molecular
orbital, behaves as an electron donor, while LUMO, the
lowest unoccupied molecular orbital, behaves as an a
electron acceptor. Localization of HOMO in all these
complexes is in the ligand moiety and LUMO localizes in
the base region. Molecular chemical stability is indicated
by the energy gap between the HOMO and LUMO. Many
properties like chemical reactivity, kinetic stability, opti-
cal polarizability, chemical hardness, softness, and elec-
tronegativity can be determined by the help of the energy
gap between HOMO and LUMO (Table 2).

To get an idea about the in-depth analysis of the elec-
tronic differences in these complexes, molecular ESPs
were mapped on the electron density surface (Figure 8).

ELUMO =-2.632¢eV
AE=2.450 eV

EHO.\{O =-5.082eV

ELUMO =-2.558¢eV
AE =2.398 ¢V

¢

\-\ 05
O g

\
¢ \ @ @

EHO.\,(O =-4956eV

Frontier orbitals of Complexes 1, 2, and 3 along with their associated energies

The map shows the information about the charge distri-
bution of a molecule because of the properties of the
nucleus and the nature of ESP energy. With the help of
color coding, we can visualize the molecular shape and
ESP. The red region indicates a highly negative potential
and the blue region indicates a positive ESP. It indicates
that the red color region will have an electrophilic attack
and the blue color region will have a nucleophilic attack.
The ESP plot clearly indicates the difference in the pres-
ence of cyclohexyl ring in Complex 3 as compared with
the phenyl ring in Complexes 1 and 2. The maximum
negative ESP is on the base containing region and the
positive potential is on the ligand moiety.

3.7 | Molecular docking with DNA
Molecular docking is an important in silico computa-
tional tool for the design of new chemotherapeutic drugs,

TABLE 2 Global chemical reactivity descriptors for
Compounds 1, 2, and 3

1 2 3
Electronegativity 3.929 3.857 3.757
Chemical hardness 1.006 1.225 1.199
Chemical potential -3.929 —3.857 —3.757
Chemical softness 0.497 0.408 0.416
Electrophilicity index 7.672 6.071 5.885
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FIGURE 8 Molecular electrostatic potential maps for Complexes 1-3

TABLE 3 Docking interactions of the compounds with 1BNA

Compound Docking score (kcal/mol) Hydrogen bonding interaction Electrostatic/hydrophobic interactions
1 -84 G4(H9):N2 G22(04'):H3' A6:01

2 —8.6 C23(04'):H3 C21:02 G4:N3

3 -8.4 C23(03):.C24 G4:N3 C21:02

which foresees various noncovalent interactions present
between the drug molecule and the nucleic acids of
DNA. To get an insight into the preferred mode of
binding and to wunderstand the drug molecule-
biomolecule interaction, the docking technique is
adopted. Energy, hydrogen bonding and hydrophobic
interactions between complexes and DNA were
analyzed by the different conformation of the docked
complexes. The docking score and various interactions
are shown in Table 3.

The docking results shows that the DNA binds com-
fortably with the complexes with various interactions like
van der Waals interaction, hydrophobic and hydrogen

FIGURE 9 Molecular
docking interaction of
Complexes 1-3 with 1-BNA

bonding contacts (Figure 9). The complexes were sub-
jected to molecular docking with the crystal structure of
the B-DNA dodecamer d (CGCAAATTTCGC), with PDB
ID:1BNA using Auto Dock. The binding energy of Com-
plexes 1-3 are —8.4, —8.6, and —8.4 kcal mol ™. Molecular
docking studies of the complexes with B-DNA dodecamer
reveal that the docked Complex 2 can bind more effi-
ciently to the DNA molecule and can be a potential scaf-
fold to be used for therapeutic purposes. The presence of
phenanthroline and bipyridine moiety in these complexes
enriches the hydrophobic interactions with the base pairs
of DNA.?*3% Thus, it can be a promising DNA-targeting
anticancer drug.
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FIGURE 10 Absorption titration of Complex 1 (25 pM) with
different concentrations (8.6-86 pM) of CT-DNA

Absorbance

250 300 350 400 450
wavelength (nm)

FIGURE 11 Absorption titration of Complex 2 (25 pM) with
different concentrations of CT-DNA (8.6-86 M)

3.8 | DNA binding

The transition metal complexes can bind to DNA via
covalent or noncovalent interactions. A nitrogen base of
DNA, for example, guanine N7, can be replaced by the
labile ligand and is termed as a covalent interaction.
Noncovalent interactions comprise of intercalation and
electrostatic or groove binding.[m In these complexes, we
see an intercalative mode of binding.[**! The intercalative
mode is confirmed by the notable decrease in the inten-
sity and the shift of electronic spectral bands. This can be
due to the stacking interaction observed between the aro-
matic chromophore of the complexes and DNA base
pairs. The strength of intercalative interaction depends

Absorbance

v T T T g T T T §
250 300 350 400 450 500
wavelength (nm)

FIGURE 12 Absorption titration of Complex 3 (25 pM) with
different concentrations of CT-DNA (8.6-86 pM)

TABLE 4 CT-DNA binding constant (K;) from absorption
spectroscopy, quenching constant (K) values from fluorescence

spectroscopy

Compound K, M) KoM
1 1.7 x 10* 4.6 x 10°
2 3.7 x 10* 4.7 x 10°
3 5x10° 4.1 % 10°

'9= 4a

-

A 2
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FIGURE 13 Plot of [DNA]/(e, — &) versus [DNA] for the
titration of the complexes with CT DNA. (blue, 1; red, 2; and green, 3)

on the degree of hypochromism and the amount of
shift.>3) A fixed amount (25 pM) of complexes was
titrated with an increasing amount of CT-DNA, which
ranges from 8.6-86 pM. Intraligand transitions are
observed at about 246 nm and metal-to-ligand transitions
are observed at around 403 nm. The absorption spectra
shows that as the amount of DNA is increased, a
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FIGURE 14 Fluorescence quenching curves of ethidium
bromide (EB) bound to DNA (86 pM) with different concentrations
of Complex 1 (0.5-5 pM)
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FIGURE 15 Fluorescence quenching curves of ethidium

bromide (EB) bound to DNA (86 pM) with different concentrations
of Complex 2 (0.5-5 pM)

significant hypochromism is observed (Figure 10-12) and
the binding constants (K;) thus determined are tabulated
in Table 4. The observed values of K, revealed that the
complexes bound to DNA are relatively stronger
(Figure 13).

In the present study, the mode of binding of com-
plexes and DNA was ascertained by the EB displacement
by fluorescence emission spectral studies.** An increas-
ing amount of complexes with DNA pretreated with EB
causes an appreciable decrease in emission intensity,
thereby indicating the replacement of EB by the com-
plexes (Figures 14-16). These observations suggest that

Chemistry

160
140 EtBr
120

100

Intensity

80
60
40

20

6(I)0 I 7(I)0 l B(I)O
Wavelength (nm)
FIGURE 16 Fluorescence quenching curves of ethidium

bromide (EB) bound to DNA (86 pM) with different concentrations
of Complex 3 (0.5-5 pM)

Stern—Volmer plot
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FIGURE 17 Plot of Stern-Volmer plot of fluorescence

titrations of the complexes with CT DNA. (1, blue; 2, orange; and 3,
green)

complexes bind to DNA via intercalative mode.**! In
both complexes, the Stern-Volmer plot was found to be
linear, and the Stern-Volmer constant is higher
(Figure 17). The K, and K, values are tabulated in
Table 4. The value shows that the binding ability of the
three  complexes with CT-DNA  follows the
order 2> 1> 3.

3.9 | DNA cleavage

To explore the DNA cleavage ability of Complexes 1-3,
PTZ57R DNA (2,886 base pairs) was incubated at 37 °C
in Tris—-HCI buffer at pH 7.2 for 24 h in the absence of
any external agent.m] Complexes cleave SC (Form I)
DNA into nicked circular (NC) (Form IT) DNA moder-
ately (Figure 18). At 4 pM, the DNA cleavage efficiency
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FIGURE 18 Electrophoresis separations of PTZ57R DNA induced by complexes 1-3 (in 1, 2, 3, and 4 pM concentrations, respectively)
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FIGURE 19 Graphical representation of in vitro cytotoxicity
result showed by the complexes

follows the order complex 3 > 2 > 1. The stability of
DNA is controlled by the phosphodiester backbone.!>>¢!
3.10 | In vitro cytotoxicity

The in vitro cytotoxicity of Complexes 1 and 2 was
studied against a human breast cancer cell line (MD-

control §.25ug/m  12.5puz/mi

MBA-231)*7 (Figure 19). Complexes were dissolved in
DMSO and a blank sample with the same volume of
DMSO was taken as control. The results were analyzed
by their ICsy value, that is, the cell inhibition value. The
results showed that Complex 2 exhibited the highest
inhibitory effect value of ICso = 23.93 pg/ml as compared
with Complex 1 (ICso = 44.40 pg/ml). Phase-contrast
images are shown in Figure 20.

4 | CONCLUSION

Here, we have reported two novel and one already
reported Cu(Il) and Zn(IT) complexes involving tridentate
donor thiosemicarbazones. The complexes have been
well characterized by spectroscopic techniques and
single-crystal X-ray diffraction analysis. The difference in
Complexes 1 and 2 is the metal atom present in the sys-
tem with 1,10-phenanthroline acting as co-ligand and the
third complex with a different thiosemicarbazone with
2,2-bipyridine acting as the co-ligand. There are nice and
significant C-H---x, n---n stacking, H-bonding interactions
present in every molecule, which resulted in the stabilization

25 pg/mi 50 pg/mi

pg/mi

FIGURE 20 Phase-contrast images of Complexes 1 and 2 at different concentrations
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of the compounds. Analyses of frontier orbitals of the com-
plexes were carried out. The DNA binding ability of the
complexes was studied using absorbance and fluorescence
spectroscopic technique. Complexes bind effectively to
DNA in the order 10° M™' through intercalative mode of
binding. The DNA cleavage ability of the complexes
showed that complexes cleaved DNA without an oxidizing
agent. Further molecular docking confirmed the binding
affinity of the complexes with DNA. It has been established
that the total hydrophobicity of the ligand system directed
by the substituent existing in the ligand part of the metal
complex plays a critical role in the DNA binding, cleavage,
and anticancer properties. Thus, when the base is a phen ring
rather than a bipy ring, there is an enhancement in the DNA
binding ability. The in vitro cytotoxicity of 1 and 2 com-
plexes against a human breast cancer cell line (MD-
MBA-231) exhibits lower antitumor activity for Complex
2 compared that of Complex 1. This result agrees well
with their DNA binding abilities. Thus, our complexes
showed relevant biological activities targeting DNA and
thus giving new potential anticancer drugs with useful
reference.
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