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Abstract: By using 4-phenylbutyric acid (4-PBA) and aromatic nitrogen heterocycles, i.e., 2,2"-bipyridine (BIPY),
1,10-phenanthroline (PHEN), and 2,9-dimethyl-1,10-phenanthroline (Me,PHEN) as ancillary ligands, four cadmium
carboxylates were synthesized. The chemistry and biological applications of the homoleptic complex are discussed
for the 4-PB1, whereas the heteroleptic complexes containing BIPY, PHEN, and Me, PHEN are designated as 4-PBB,
4-PBP, and 4-PBD, respectively. Their synthesis and chemistry were explored fully through FT-IR and NMR (‘H
and °C) spectroscopy. The FT-IR data in the solid state show the metal coordination with the ligand moieties, where
the carboxylate group adopted multi-mode coordination. The absence and presence of resonance signals, along with
characteristic multiplicity in the solution 'H as well as *C NMR data, confirm targeted synthesis. The assessment of
the synthesized complexes for their binding ability with DNA was executed through multiple techniques, including
UV-Vis absorption spectroscopy, viscometry, and cyclic voltammetry. The findings from all techniques support that
the complexes interact with DNA through a dual mode of binding following a smooth process. The complex having
an attached phenanthroline was found to be active in all attributed to its increased planar area and availability of
bonding interactions. The antileishmanial study reveals that the synthesized complexes exhibit good to moderate
activity against the amastigotes of L. tropica as compared to the standard drug used in the study.

Keywords: Homo- and Heteroleptic Carboxylates, Chelating Bidentate, Salmon Sperm DNA, Cyclic Voltammetry,
Leishmaniasis Tropica Promastigotes, Gelardin’s Strain.

1. INTRODUCTION the exact cause of which is still unknown, remains

a big reason for mortality worldwide, affecting

The burden of disease in terms of tropical and major
non-communicable diseases is a big cause of hurdles
for humans all over the world. The people belonging
to the less developed countries are severely
suffering from the neglected tropical disease, i.e.,
Leishmaniasis, also known as the disease of the
poor. It is a parasitic infection caused by the bite of
infected sandflies [1, 2]. On the other hand, cancer,

both developed and less developed countries alike.
A prediction indicates that 16.3 million cases,
which would be related to cancer and 29.5 million
cases would be new by the time 2040 [3]. Despite
global efforts by the healthcare sector to address
this issue, the combined socioeconomic burden and
adverse effects of currently in use drugs for cancer
and leishmaniasis remain challenging. The fact
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that the well-known anti-cancer metallodrug cis-
platin is active on account of its ability to interact
with DNA motivates researchers in this direction
[4]. The literature study reveals that DNA is the
common target of the drugs used against cancer and
many other communicable or non-communicable
diseases [5].

There is a growing trend to modify the already
in-use drug for the targeted response. The well-
known example is the structural modification of
the NSAIDs. This trend encourages the use of
carboxylic acid as a ligand in the manufacture of
metal-based therapeutics. The reason behind this is
that the carboxylic acid is found to be an essential
structural component of the majority of drugs.
Besides this, the other structural and electronic
characteristics of the carboxylic acids are well-
suited for the biological system. Their ability to
adopt a multi-coordination mode is considered
important for getting interesting geometries that are
well-matched to the biomacromolecules [6, 7]. The
4-phenylbutyric acid is an expectedly good choice
in this regard, which already plays a significant
biological role in plants by acting as a chemical
binder [8]. It is prescribed to children to treat urea
cycle disorder by scavenging ammonia, to cure
inflammation, and mental disorders.

Being inspired by the biomacromolecule, the
use of nitrogen heterocycles as auxiliary ligands
alongside the carboxylic acid is a current research
focus of scientists in the field of bioinorganic
chemistry. The aromatic ring results in extended n
systems, which could develop various non-covalent
interactions [9]. This strategy results in a structure
that could mimic the biomacromolecules and hence
can compete and survive in the biological systems.
The incorporation of the nitrogen heterocycle into
the in-use drugs like furosemide and coumarin
derivatives results in enhanced targeted results.
Here, both the carboxylic acid and nitrogen
heterocycles work together as primary and auxiliary
ligands and result in fascinating topological and
biological characteristics [10, 11]. Alongside this,
the smart selection of the metal center matters a
lot. Cadmium, a delicate, silvery-white metal with
the atomic number 48 symbol Cd from Group 12,
shares chemical similarities with zinc. It possesses
fascinating chemistry and is capable of adopting
various coordination geometries [12]. Cadmium
can produce reactive oxygen species (ROS),

alter mitochondrial potential and activate caspase
enzymes, all of which combine to kill cancerous
cells with minimal impact on healthy cells [13].
Additionally, recent research is investigating the
use of quantum dots, targeted drug delivery, and
nanoparticles based on cadmium [14]. Besides all
this, the related toxicity is its weak point, which,
however, could be compensated by complexation
with suitable donor ligands, especially oxygen and
nitrogen [15]. The Lewis acidity of the Cd(II) makes
it quite useful in a number of catalytic processes.
The coordination versatility makes it applicable in
sensors. Its ability to adopt fascinating topological
features results in the generation of structural
frameworks when combined with suitable ligands
and is used for the storage of gaseous or solid
materials [16].

The study reveals that this kind of ligand and
metal combination produces fascinating results
in term of structure and application. The mixed
ligand Cd(II) carboxylates derived from the
substituted phenylacetic and nitrogen heterocycles
show enhance binding with DNA as compare to
relevant ligand and homoleptic carboxylates [15].
The coordination flexibility of the cadmium(Il)
and carboxylate group together with the nitrogen
heterocycles leads to interesting and stable
topological arrangements known “Chinese lantern”
[17]. Similarly, 1D and 2D polymeric structural
framework was observed for Cd(Il) complexes as
a consequence of coordination of nitrogen donor
ancillary ligands and show interesting application
as sensors [18]. The Cd(Il) based mixed ligand
carboxylates derived from the cyclic carboxylic
acids show efficient ability to bind with DNA
[19]. Taking into consideration the significant
role of carboxylic acid and nitrogen heterocycles
as ancillary ligands to modify the structure and
hence applications, herein, homo- and heteroleptic
carboxylates were synthesized. Their synthesis in
pure form, followed by complete spectroscopic
characterization, was carried out. Their DNA-
binding ability was assessed through multiple
techniques. They were also tested for their ability
to act as an antileishmanial agent.

2. MATERIALS AND METHODS
The chemicals

4-phenylbutyric
cadmium(II)

used during
acid, sodium
nitrate,

synthesis are
bicarbonate,
2,2"-bipyridine,
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1,10-phenanthroline, and  2,9-dimethyl-1,10-
phenanthroline shown in Scheme 1. These chemicals
were acquired from Aldrich, Fluka and Alfa-Aesar
(Johnson Matthey); They were analytical grade and
utilized as supplied without further purification.
The solvents, i.e., methanol, ethanol, chloroform,
acetone, and dimethyl sulphoxide (DMSO), were
of analytical grade and obtained from Germany’s
Merck. The Gallenkamp electrothermal apparatus
was used to determine melting points, which is
manufactured in the UK. For the samples in solid
state, the FT-IR data were recorded using a Bruker
TENSOR II (Germany) spectrophotometer in
the 4000400 cm™ range. The NMR ('H and C)
behavior was investigated using a 300 MHz Bruker
Advanced Digital NMR instrument. The electronic
spectra were recorded using the Shimadzu 1800
UV-Visible spectrophotometer. A Corrtest CS
300 (Potentiostat/Galvanostat) Electrochemical
Workstation, manufactured in China, was used to
collect the record of the voltammograms.

2.1. Synthesis
2.1.1. Synthesis of sodium salt of ligand acid

The sodium bicarbonate aqueous solution (3 mmol,
0.252 g) was added gradually to the methanolic
solution of 4-phenylbutyric acid (3 mmol, 0.498
g). The solution was continuously agitated at room
temperature to prepare sodium salts of the respective
acid. Stirring was continuous until neutralization.
The solid product was obtained by evaporating the
solvents under low pressure. The synthesis route is
shown in Scheme 2.

1.10-phenanthroline 2.2 bipyridine

2.9-dimethvl-1,10-phenanthroline

2.1.2. Synthesis of homoleptic complex (4-PB1)

The synthesis route for 4-PB1 is shown in Scheme
3. Methanolic solutions of ligand sodium salt,
4-PBNa (3 mmol, 0.558 g), were added to an
aqueous solution of Cd(II) nitrate (1.5 mmol, 0.355
g) and stirred continuously for seven to eight hours
at 50 °C. The reaction mixtures were filtered off,
and the solvent was evaporated using a rotary
evaporator to obtain the solid products.

[Cd(4-PBA),] (4-PB1)

Yield = 67%; Physical state: white powder solid;
M.P. = 250-253 °C; FT-IR (4000400 cm™): 1546
(COO ) 1398 (COO ), 148 (Av), 462 (Cd-
0O); '"H NMR (in DMSO): 2.10-2.15 (t, 4H, H2, J
=7.5Hz), 1.73-1.83 (quint, 4H, H3, J = 7.2 Hz),
2.49-2.61 (m, 4H, H4), 7.13-7.29 m (m, 10H, H6,
6', H7,7', H8); *C NMR (in DMSO): 180.3 (C1),
35.3 (C2), 28.4 (C3), 34.6 (C4), 142.6 (C5), 128.8
(C6, 6", 128.6 (C7,7"), 126.0 (C8).

2.1.3. Synthesis of heteroleptic complexes (4-PBB,
4-PBP, and 4-PBD)

Heteroleptic carboxylates synthesis was done using
the same method as 4-PB1. The only exception was
that 1.5 mmol ethanolic solutions of 2,2’-bipyridine,
1,10-phenanthroline, and  2,9-dimethyl-1,10-
phenanthroline were added during continuous
stirring at 50 °C along with cadmium (II) nitrate to
synthesize 4-PBB, 4-PBP, and 4-PBD, respectively.
After filtering the resultant solutions and using
rotary evaporation to eliminate excess solvents, the
solid products were repeatedly cleaned with water

4-phenvlbutvric acid

Scheme 1: Ligands structures used in synthesis, numbered for NMR analysis.

\\/\WDH Stirring
0 + NaHCO; (aq) ———

room temperture

Scheme 2: Synthetic route for the sodium salt of 4-phenylbutyric acid (4-PBNa).
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and allowed to air dry. The resulting compounds
were recrystallized using a mixture of suitable
solvents. All of the synthesized complexes’ melting
points were noted. Scheme 3 shows the synthesis
pathway for complexes.

[Cd(4-PBA),(BIPY)] (4-PBB)

Yield = 73%; Physical state: white crystalline solid;
M.P. = 123-125 °C; FT-IR (4000400 cm™): 1550
(COO,,,); 1407 (COO 1), 143 (Av), 420 (Cd-
0), 533 (Cd-N), 763 (C-H),, ;¢ yns 'H NMR (in
CDCl,): 2.31-2.36 (t, 2H, H2, J = 7.2 Hz ), 1.85-
1.95 (quint, 2H, H3, J = 8.1 Hz), 2.53-2.58 (t, 2H,
H4, J = 7.5 Hz), 7.19-7.28 (m, 2H, H6, 6'), 7.09-
7.16 (m, 3H, H7,7', H8) ,8.92-8.94 (m, 1H,Ha),
7.48-7.53 (m, 1H, Hb), 7.94-7.99 (td, 1H, Hc, J
= 1.8, 7.8 Hz), 8.12-8.14 (d, 1H, Hd, J=8.1); *C
NMR (in CDCL,): 182.6 (C1), 35.6 (C2), 28.1 (C3),
35.0 (C4), 128.5 (CS5), 128.1 (C6, 6"), 126.1 (C7,
7", 121.4 (C8), 149.6 (Ca), 125.5 (Cb), 139.6 (Cc),
142.3 (Cd), 150.5 (Ce).

[Cd(4-PBA),(PHEN)] (4-PBP)

Yield = 85%; Physical state: white crystalline solid;
M.P. = 179-180 °C; FT-IR (4000400 cm™): 1554
(COO,,); 1409 (COO ), 145 (Av), 427 (Cd-
0), 566 (Cd-N), 849, 728 (C-H)out s H NMR
(in CDCl,): 2.49-2.57 (m, 6H, H2, H8), 1.85-1.93
(quintet, 4H, H3, J = 8.1 Hz), 2.30-2.36 (t, 4H, H4,

J=7.2Hz),7.07-7.21 (m, 10H, H6,6', H7,7"), 9.11-
9.14 (dd, 2H, Ha, J = 7.8, 1.8), 7.71-7.75 (m, 2H,
Hb), 8.39-8.42 (dd, 2H, He, J = 1.5, 8.1Hz), 7.90
(s, 2H, He'); *C NMR (in CDC,): 182.4 (C1), 35.6
(C2), 28.2 (C3), 35.2 (C4), 128.4 (C5), 128.1 (C6,
6'), 125.5 (C7, 7'), 124.8 (C8), 150.4 (Ca), 126.9
(Cb), 141.2 (Cc), 138.6 (Cd), 129.0 (Ce), 142.3 (Cf).

[Cd(4-PBA),(Me,PHEN)] (4-PBD)
Yield = 83%; Physical state: brown crystalline solid,
M.P. = 156-158 °C; FT-IR (4000-400 cm™): 1548
(COO, gonm ), 1410 (COO' ), 138 (Av), 418 (Cd-
0); 550 (Cd-N), 859, 731 (C -H),, o lane’ 'H NMR
(in CDCl,): 2.37-2.42 (t,4H, H2,J = 7.2 Hz ), 1.93-
2.03 (quint, 4H, H3, J = 8.1 Hz), 2.60-2.66 (t, 4H,
H4, J = 7.5 Hz), 7.10-7.28 (m, 10H, H6,6', H7,7',
HS), 7.70-7.72 (d, 1H, Hb, J = 8.4 Hz), 8.33-8.36
(d, 2H, He, J = 8.1 Hz), 7.84 (s, 2H, He), 3.19 (s,
6H, HMe[hyl); BC NMR (in CDCL,): 182.7 (C1), 35.7
(C2), 28.3 (C3), 34.6 (C4), 128.1 (C5), 127.3 (C6,
6", 126.1 (C7, 7"), 125.5 (C8), 161.2 (Ca), 125.9
(Cb), 140.6 (Cc,), 139.0 (Cd), 128.5 (Ce), 142.3
(C1), 25.5 (Cyyppy)-
2.2. DNA Binding Behavior through UV-Visible
Spectroscopy

In 100 milliliters of deionized water, 20 milligrams
of lyophilized powder of sodium salt of salmon

C-0 0sC
_ BIPY | (}Cd\o

50°C
ONa
m +Cd(NOg), —~| PHEN
50°C
0040
TRs
+ N3N03
4-PBl | Me,PHEN
50°C

NaNO

4-PBB

s’ )
0CdO
VAN

4-PBP

+ NaNO;

Scheme 3: Synthetic routes for complexes 4-PB1, 4-PBB, 4-PBP, and 4-PBD.
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sperm were dissolved for roughly 24 hours while
being continuously stirred. The DNA sample was
found to be pure, with an absorption ratio (260/280)
of 1.68, corresponding to a DNA concentration of
166 uM. Ethanol was used as a solvent for the ligand
4-PBA and relevant complexes 4-PB1, 4-PBB,
4-PBP, and 4-PBD. The absorption spectra were
recorded at different DNA concentrations, with the
ligand and complexes at a fixed concentration. To
counteract the DNA absorption effect, the reference
and sample cells were having same amount of DNA
throughout the experiments. The compound-DNA
solution was incubated for roughly ten minutes
following each addition, then the spectra were
recorded [20].

2.3. DNA Binding Behavior through Cyclic
Voltammetry

Using 0.1M TBAP (tetrabutyl ammonium
perchlorate) as the supporting electrolyte, the
electrochemical process of the ligand acid 4-PBA
and its corresponding complexes (4-PB1, 4-PBB,
4-PBP, and 4-PBD) in DMSO solutions was
investigated. Measurement was taken on a Corrtest
CS 300 (Potentiostat/Galvanostat) Electrochemical
Workstation manufactured in China. The working
electrode, counter electrode, and reference electrode
in this three-electrode electrochemical workstation
are glassy carbon having a surface area of 0.03 cm?,
platinum wire, and saturated silver/silver chloride
(Ag/AgCl), respectively. The GC electrode was
polished and cleaned by an aqueous slurry of
alumina (ALO,) using a nylon buffing pad. The
experiments were conducted at room temperature
in the presence of Ar gas, both with and without
varying amounts of SS-DNA [21].

2.4. DNA Binding Behavior through Viscometry

Viscometry was also used to investigate the
compound-DNA interaction by using an Oswald
viscometer. The time required for the flow of
the DNA solution was measured using a digital
stopwatch both as the compounds were added
gradually and on their own. The average flow time
was determined after the experiment was run three
times. n° was calculated by using the flow times of
the pure solvent and the DNA solution. The n was
computed as the difference among the flow times of
pure standard DNA solution (t) and DNA solution
with different complex concentrations (t°). The

viscosities of the DNA solution alone and having
varying concentrations of ligand and derived
complexes were then plotted on the graph between
(m/M°)"? and [Compound]/[DNA] [22].

2.5. Antileishmanial Activity

Anti-leishmanial screening against two strains of
Leishmania, i.e., L. tropica (promastigotes), of all
synthesized co-crystals 2-7. RPMI 1640 media
(Sigma, ST. Louis, USA) containing 10% fetal
bovine serum (PAA Lab GmbH, Australia) was used
to cultivate leishmanial parasites. The analysis was
conducted using Leishmania culture at a density of
1x10° cells/mL. The experiment was carried out in
a Costar 96-well plate with concentrations ranging
from 1 mg/mL to six serial dilutions. Leishmanial
cells at a concentration of 1x10° were utilized as the
control and RPMI medium as the blank. A Cooled
incubator was used to incubate the seeded 96-well
plate with test dilutions for 72 hours. Using an
inverted microscope, the culture was examined for
cell viability. The MTT assay was performed the
OD was measured at 540 nm. The program EZ-
Fit 5.03 Perrella Scientific was used to get the IC, |
values [23]; furthermore, similar values of IC,
were observed in a previous study by Ebrahimisadr
etal., [24].

3. RESULTS AND DISCUSSION

The four targeted complexes were synthesized in
good acceptable yield and pure condition, which is
clear from their short-range melting points. They
exhibit solubility in DMSO, chloroform, ethanol,
and acetone, etc. The physical data is presented
in Table S1, whereas the relevant spectroscopic
characterization and the activities, which include
DNA binding studies and antileishmanial ability,
are discussed in the following sections.

3.1. FT-IR Spectroscopic Studies

The solid-state FT-IR data recorded in 400 to
4000 cm™! are presented in Table S2, whereas the
selected data are also present in the experimental
section. The acid deprotonation is verified by the
lack of a prominent band at 3500-3000 cm™ as a
result of the hydroxyl (-OH) group of the acid.
The complexation is apparent by the formation of
new bands between 400 to 550 cm™ due to Cd-
O/N bonds. The bands associated with C=0O at
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1685 cm™! were replaced with two new vibrational
bands. One indicated COO" asymmetric (1554—
1546 cm™) and the other COO" symmetric (1410—
1398 cm™) vibrations provided a clue for the
complex formation. [25, 26]. Their difference., Av
=CO00,,,..- COO, . is of significant importance
to get a clue about the possible coordination mode
adopted by the carboxylate moiety [27, 28]. Deacon
and Phillips, studied a large number of FT-IR data
of acetates and concluded that Av < 200 cm!
indicated the presence of bidentate coordination,
while a monodentate mode is indicated by Av >
200 cm!. Another difference between bidentate
(i.e., chelating) and bridging is that the former has
a smaller Av [29]. According to this description, a
chelating bidentate mode of coordination, with Av
values of 178 cm!, 156, 145, and 134, is expected
for complexes 4-PB1, 4-PBB, 4-PBP, and 4-PBD,
respectively. Two new significant bands in the
fingerprint region appear in the 400-600 cm
range, confirming the coordination of the N-donor
moiety and acid ligand to the metal center [30].
Strong vibrational bands in the region 700900 cm
!, which correspond to C—H out-of-plane vibrations
from the aromatic nitrogen heterocyclic ligands,
were seen in all of the heteroleptic Cd complexes.
These observed vibrational bands are similar to
those reported previously [31]. The C-H (out
of plane) vibrational bands for the heterocyclic
aromatic rings at 774 cm™' (BIPY in 4-PBB), 726
cm ' (PHEN in 4-PBP), and 734 cm™' (Me,PHEN
in 4-PBD) verified the binding of BIPY, PHEN, and
Me PHEN in complexes. These are in accordance
with the observed FT-IR data of the reported similar
complexes [32, 33].

3.2. Multi-Nuclear NMR (‘H, *C) Spectroscopy
3.2.1. '"H NMR spectral description

The loss of the hydroxyl proton signal in the
synthesized carboxylates’ NMR spectrum is a clear
indication that the ligand acids were deprotonated.
The other protons of the ligand moieties are only
slightly shifted in their corresponding spectrum
areas, suggesting that they are not directly involved
in coordination with the metals [8, 34]. The existence
of the N-donor heterocycle in the structure of the
synthesized complexes is indicated by signals in the
less shielded part of the spectra that indicates the
downfield region of the spectra. Complex (4-PBB),
containing 2,2’-bipyridine as a nitrogen-donor

heterocycle, exhibits spectra with four extra signals
arising from the four protons of the heterocycle in
a distinctive multiplicity pattern. These protons’
chemical shift values were given in the following
sequence: Ha > Hd > Hg > Hb, which is in
accordance with their free precursor and published
data for analogous complexes Complexation of the
1,10-phenanthroline is indicated by the four extra
signals seen in the spectra of 4-PBP, which were
given chemical shift values in the following order:
Ha > Hg > He > Hb. These values fall within the
range reported for Phen-based complexes [35].
The presence of 2,9-dimethyl-1,10-phenanthroline
is verified by the three new signals present in
the deshielded part of 4-PBD spectra, which are
resonating signals as well as the singlet at 3.19 ppm
ascribed to the methyl group proton. They were
given chemical shift values that correspond to the
free Me,Phen ligand in the following order: Hg >
He > Hb. The magnetic anisotropic effect, along
with the electric dipoles connected to the N-atom,
causes these peaks to move to the lower field [36].
The '"H NMR spectra of all complexes are presented
in the supplementary file in Figures S1 to S4.

3.2.2. 3C NMR spectral description

BC NMR spectroscopy, which detected the
resonance signals from each carbon of the ligand
moiety and the nitrogen donor heterocycles,
provided additional support for the findings of the
"H NMR spectral analysis. The spectra of the related
complexes show a considerable downfield shift at
178.3 ppm for the resonance signal attributed to the
C=0 group of the ligand 4-PBA. This downfield
shift is explained by the deprotonated carboxylate
group working in combination with the positively
charged metal center to remove this group’s electron
density. Five extra signals arise in the spectra of
complexes 4-PBB, showing attachment of the
bipyridine. Its carbon exhibits resonance, and the
order of its chemical shift values is Ce > Ca > Cd
> Cg > Cb [3]. The emergence of six new signals
indicates the coordination of 1,10-phenanthroline
and 2,9-dimethyl-1,10-phenanthroline in the spectra
of complexes 4-PBP and 4-PBD. These signals
have been assigned chemical shift values in the
following order: According to the free precursors
and their related reported complexes, Ca > Cz > Cg
> Cd > Ce > Cb [19]. The *C NMR spectra of all
complexes are presented in the supplementary file
in Figure S1 to S4.
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3.3. DNA Binding Behavior using UV-Visible
Spectroscopy

Using UV-Visible spectroscopy, the ability of
the ligand 4-phenylbutyric acid (4-PBA) and its
complexes to interact with DNA was examined.
The absorption spectra of all the complexes with
and without DNA addition are presented in Figure
1. Absorption values within 230 and 320 nm were
ascribed to intra-ligand m—m* transitions in the
absence of DNA [38]. The method of interaction
is typically shown by the spectra obtained by
following a consecutive addition of DNA. Ligand
(4-PBA) exhibits a hypochromic effect without
any accompanying shift in absorption maxima.
Some authors in previous studies describe that such
changes are associated with groove binding and
others with the intercalation. This data has been
presented previously, and an intercalative binding
interaction is described for the said ligand in the
cited data [8].

The absorption spectra of the complexes
presented in Figure 1 clearly reveal that the
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incremental addition of DNA causes a decrease in
the absorption intensity, i.e., a hypochromic effect.
This hypochromism is the result of a decrease in the
electronic transition. The orbital of the DNA and
the respective interacting moieties overlap during
interaction. The empty or partially filled orbital
gets filled, leading to a hypochromic effect. This is
accompanied by a red shift for the complex 4-PB1,
indicating that the said complex interacts with DNA
through intercalation [39]. The spectra of other
complexes, as presented in Figure 1, reveal a red to
no shift in their absorption maxima.

Loganathan et al. [40] favored groove binding
above intercalation for such kinds of changes,
while Mishra et al. [41] observed that the presence
of hypochromic effect instead of any corresponding
wavelength shift is considered the outcome of
intercalation. This leads to the conclusion that they
interact with DNA through a dual way of binding,
i.e., groove and intercalation [42].

The binding constant (Kb) wvalues were
measured using the Benesi-Hildebrand equation,

VIDNA] (M)

s 1 1.5

Absorbance

0.0 T T 1
250 30 350
Wavelength (nm)

V[DNA] (uMy!
] [ X3 1 L5

4-PBD

Absorbance

250 300
Wavelength (nm)

Fig. 1. Absorption spectra of the complexes recorded in the absence and in the presence of increasing DNA
concentrations (0.74-7.11 uM for 4-PB1, 0.74-7.67 uM for 4-PBB, 0.74-5.77 uM for 4-PBP, and 0.74-7.67 uM
for 4-PBD). In each spectrum, line (a) indicates the free complex, while the remaining lettered spectra represent

progressively increasing DNA concentrations.
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which is given in the cited data along with its
figurative explanation. Using this, the plot was
plotted between A’/A-A’as ordinate and 1/[DNA]
as abscissa. The ratio of intercept to slope (c/m)
was calculated, which gives the value of Kb, i.e.,
the efficiency of binding (see Table 1) [43]. The
complexes have higher Kb values than the ligands,
attributed to the chelating action. This enhances
the complexes’ planner activity and functioning
and enables effective stacking between DNA base
pairs, resulting in increased binding [44]. The
complex 4-PBP with phenanthroline attached as the
heterocycle moiety exhibited the strongest binding.
This is probably because of the expanded planar
area of the strong intercalating 1,10-phenanthroline,
chelation, and n-n* interaction. This kind of
behaviour has been observed for the reported
phenanthroline based complexes [45]. The Gibbs
free energy was calculated to get an understanding
of the process’s viability, i.e., whether it was
feasible or not:

AG = -RT In Kb

As previously reported for comparable complexes,
the data for this parameter show that the ligand
acids and their complexes undergo a spontaneous
binding process [39].

3.4. DNA Binding Behavior using Cyclic
Voltammetry (CV)

The cyclic voltammetry-based DNA-interaction
studies reinforced the results of the UV-visible
absorption spectroscopy. The electrochemical data
(CV) were recorded during a gradual increment
in DNA concentration. The changes in the cyclic
voltammograms were observed to decide about

Sharif et al

the manner in which DNA binding proceeds.
Compounds with more than one redox center
often show peaks or formal potentials that are both
positive and negative at the same time, and increases
or decreases in current intensity. Findings from the
literature indicate that a positive shift is indicative
of an intercalative mode of binding, whereas a
positive shift mixed with a negative shift shows dual
interaction [41]. The complexes’ voltammograms
are presented in Figure 2. The voltammogram of
ligand 4-PBA is reported in the cited data [8]. The
complex 4-PB1 experienced a positive shift in the
relevant oxidation and reduction peaks, indicating
its interaction with DNA through intercalation (see
Figure 2). The oxidation and reduction potential
peaks of aromatic heterocycles and redox couples
linked to the structural motifs of synthesized
complexes 4-PBB, 4-PBP, and 4-PBD exhibit a
heterogeneous pattern of change (see Table S2).
For complexes involving many oxidation-reduction
potentials, the combination of these changes in the
complexes’ voltammograms is very typical [46]. It’s
crucial to remember that the complex 4-PBB’s cyclic
voltammogram showed one separate oxidation and
reduction, which was linked to the emergence of
new potential electroactive species. Because the
concentration of the electroactive species decreases
and the attached species diffuses slowly towards the
electrode surface, the complex binding to the DNA
causes a drop in current [47]. On the other hand,
the species that become adsorbed on the electrode’s
surface could be the cause of the perceived rise in
current intensity, offsetting the actual decrease in
current [48].

3.5. DNA binding behaviour using Viscometry

DNAbinding can also be studied through viscometry

Table 1. Binding constant (Kb) and Gibbs’ free energy (AG) against the respective Amax.

A, (nm)
Codes Compound Before After Kb (M) AG (KJ/mol)
DNA DNA
4-PB1 [Cd(4-PBA),] 260 260 6.60x10* -27.49
286 283 9.70x10¢ -28.45
4-PBB [Cd(4-PBA),BIPY]
240 234 7.82x10* -27.92
269 - 3.66x10° -31.73
4-PBP [Cd(4-PBA),PHEN]
229 - 3.94x10° -31.91
274 271 2.59%10° -30.88
4-PBD [Cd(4-PBA),(Me,PHEN)]
230 229 1.73x10° -29.88
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Fig. 2. Cyclic voltammograms of the complexes in the absence and during increasing concentration of DNA.

and the test which is significant to indicate this
binding is the hydrodynamic measurements
because they are sensitive to variations in length. A
literature review shows that an increase in viscosity
values is the outcome of DNA interaction via the
intercalation mode. This is due to the DNA base
pairs’ lengthening to make room for the binding
moieties. Conversely, non-intercalative interactions
occur in the DNA helical structure folding or
bending, which causes the viscosity to drop little or
not at all [49]. Figure 3 makes it clear how the ligand
acid 4-PBA interaction behaviour and its complexes
affect the viscosity of DNA. In the case of ligand
acid 4-PBA and complex 4-PB1, a consistent rise
in viscosity was noted, which is suggestive of the
intercalation method. On the other hand, all other
complexes exhibit a moderate to gradual increase/
irregularity that enables the coexistence of surface
binding modes and intercalation.

3.6. Antileishmanial Activity
The antileishmanial effectiveness of the ligand

4-PBA and its homo- and heteroleptic cadmium
(I) carboxylates against Leishmania tropica

promastigotes was evaluated using the ATCC
strain. Promastigote vitality was evaluated in
both treated and control samples after a 24-hour
incubation period. Surprisingly, treated samples
showed a significant decrease in viability when
compared to control samples, as shown in Table 2.
The ligand 4-PBA appeared to be inactive against
tested standards with IC, values of 3.39 + 0.01,

~2—-4.PBl -#»-4PBB -+ 4.PBP 4-PBD
1.03
1.022
g; 1.014 ~
£ zat
1.006 P /-/
0.998
0 007 014  0.21

r = [Compound]/[DNA]

Fig. 3. Graph indicating the effect of a change in the
viscosity of DNA.
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Table 2. Antileishmanial activity (ICso + S.D.) of ligand and synthesized Cd(II) carboxylates.

Code Sample IC,, (uM) £ S.D.
4-PBA 4-Phenylbutyric acid 60.35 +0.02
4-PB1 [CA(L1),] 40.35+0.02
4-PBB [Cd(L1),bipy] 24.54 +0.02
4-PBP [Cd(L1),Phen] 15.63 +0.05
4-PBD [Cd(L1),(Me,Phen] 18.16 +£0.02
Standard Drugs Amphotericin 3.39+£0.01
Miltefosine 31.8+0.02
Pentamidine 9.23 +0.01

31.8 £ 0.02, and 9.23 £+ 0.01 uM for amphotericin,
miltefosine, and pentamidine, respectively
[50]. However, all synthesized cadmium metal
complexes showed good to moderate anti-
leishmanial potential against L. fropica. Among
them, [Cd(L1),Phen] (4-PBP, IC,, = 15.63 + 0.05
uM) appeared to be the most potent antileishmanial
agent, followed by [Cd(L1),(Me,Phen] (4-PBD,
IC,, = 18.16 + 0.02 puM) and [Cd(L1),] (4-PBB,
IC,, =24.54 £ 0.02 uM). The two 4-Phenylbutyric
acid-containing [Cd(L1),] (4-PB1 = 40.35 + 0.02
uM) appeared to be the least active member of the
metal complexes. The increased planar surface
afforded by the connected heterocyclic moieties for
stacking contact with the pathogen’s DNA, which
results in DNA damage, may be the cause of these
compounds’ powerful nature, in addition to a variety
of structural variables important for anti-pathogen
activity. The suppression of the pathogen’s active
enzymes is another potential cause of activity. The
active complexes may interact with the enzyme
in different ways, changing its mechanism and
ultimately deactivating it [51, 52]. The most
effective synthesized complex, 4-PBD, killed the
promastigotes even at low concentrations.

4. CONCLUSIONS

Here, Cd(II) complexes were synthesized using
bioactive moieties such as nitrogen heterocycles and
4-phenylbutyric acid. The synthesis was carried out
with consideration for their potential application as
drugs that can target DNA. The 4-phenylbutyric acid
in combination with the structural and electronic
properties of 2,2'-bipyridine, 1,10-phenanthroline,
and 2,9-dimethyl-1,10-phenanthroline successfully
adjusted the geometric environment surrounding
the Cd(I) core. The bidentate coordination of

4-phenylbutyric acid is evident by the FT-IR
data. The proton and carbon of the compound
under investigation are clearly responsible for the
resonance signal seen in the 'H and "C spectra.
The compounds were found to interact with DNA
by intercalation, groove binding, and mixed
modes of interaction following a spontaneous
process, as indicated by the -ve values of AG.
The antileishmanial activity against L. tropica
promastigote was assessed in vitro for the ligand
and its derived complexes. The results imply that
they could be explored further to be used as an
effective drug candidate against leishmaniasis.
According to the results, this type of structural
design compound could be very helpful in the
search and finding for new, effective treatments for
DNA-related disorders.
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