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ABSTRACT: This article reports the synthesis, characterization, and antitumor
properties of newly synthesized benzimidazole-based Ag(I)-(BNHCs) complexes
from their proligands. All of the compounds underwent comprehensive
characterization using techniques such as 1H, COSY, 13C NMR, IR spectroscopy,
electrospray ionization (ESI)-mass, elemental, and single-crystal X-ray diffraction
(XRD) analysis. Density functional theory (DFT) studies were carried out to
observe the electronic effects of bound ligands to modulate the selectivity and
reactivity of silver complexes. Time-dependent DFT (TD-DFT) studies assessed
the optical properties of synthesized complexes and were further highlighted by
orbital contributions with oscillator strengths. All compounds were tested against
breast cancer MCF-7 and T47D cell lines. The synergistic effects of
benzimidazole-incorporated aryl constituent structuring silver complexes were
also observed. Nearly all silver complexes have been found to be promising
anticancer agents with the added benefit of low cytotoxic effects toward normal cells. Intriguingly, [AgL4(Cl)] exhibited the best
cytotoxic activity among our screened complexes as IC50 values for both MCF-7 and T47D were 9 ± 1.04 and 11 ± 1.41,
respectively. The apoptosis mode of cell death was confirmed by phosphatidylserine exposure and annexin V/PI staining imaging
method. CT-DNA interactions of the most active silver complex ([AgL4(Cl)]) and its proligand (HL4(Cl)) were carried out to
support the mode of compound-DNA interaction. Strong DNA binding affinities (Kb) with compounds through electrostatic and
intercalation modes induced structural changes in DNA. Moreover, molecular docking studies were carried out to comprehend the
possible interactions of compounds with various receptors such as EGFR (epidermal growth factor receptor), VEGFR2 (vascular
endothelial growth factor receptors), FGFR (fibroblast growth factor receptor), and SRC (proto-oncogene tyrosine kinase protein)
of tyrosine kinase family serves as crucial receptors in breast cancer.

1. INTRODUCTION
Cancer continues to present a substantial burden on global
health, underscoring the pressing need for innovative
pharmacological strategies.1−3 Breast cancer is the second
most common cause of cancer-related deaths, accounting for
11.6%, followed by lung cancer and colorectal cancer.1,4 Breast
cancer onset emerges from the disruption of intricate cellular
communication alleyways within mammary epithelial cells.5 A
convergence of growth dynamics and chemokines inside the
tumor microenvironment facilitates a cascade of complex
signals that drive the advancement of cancer. These signals
engage with a broad spectrum of receptors, including the
prominent EGFR (epidermal growth factor receptor) type I
receptor of tyrosine kinase (TK) family and VEGFR2
(Vascular endothelial growth factor receptors), FGFR
(fibroblast growth factor receptor), SRC (proto-oncogene
tyrosine kinase protein) also known as nonreceptor tyrosine
kinase protein, and HGFR (Hepatocyte growth factor
receptor) is a part of MET gene. The aberrant receptor

activity is responsible for uncontrolled growth and tumor cell
proliferation. To comprehend the full aspect of drug design
and the mode of action, there is a dire need to understand the
root causes that pose significant long-term disease manage-
ment. These receptors were chosen for docking analysis due to
their active involvement in breast cancer cells.
Chemotherapy is a cornerstone of cancer treatment,

primarily utilizing carbon-based compounds to target tumor
cells. However, with the discovery of Cisplatin,6 inorganic
compounds emerged as potential anticancer agents accom-
panying various transition metals, gold(I) and iridium(III),
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ruthenium(II), palladium(II), zinc(II), and Cd (II) ions.7−11

Since then, Pt-based anticancer drugs have been ruling in
chemotherapy with the addition of carboplatin and oxaliplatin.
However, their limited specificity and escalating resistance
have substantially lowered their biomedical utility thus
catalyzing the research efforts amid at developing more
efficient drugs.12 Consequently, novel metallodrugs are
emerging as potential candidates, via opting for alternative
mechanisms of action as compared to conventional platinum-

based drugs, barely interfering in DNA replication and
transcription. The novel metallodrugs exhibit significant
structural diversity characterized by variations in metal type
and oxidation states such as silver(I).13−15 These drugs also
feature a wide array of redox ligands including N-heterocyclic
carbenes (NHCs), pyridiylidenes (PYAs),16,17 phosphines,18

and dithiocarbamates.19,20

Silver complexes have long been known as promising
contenders due to their therapeutic actions.21−24 Recently,

Scheme 1. Synthetic Route to Proligands and Silver-BNHCs Complexes
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most cancer-targeting drugs consist of silver metal with a
variety of plausible ligand designs to achieve the required
mechanism mode, as silver complexes have still not entered
into clinical trials. Owing to their multifaceted properties and
ability to precise targeting mode for anticancer drugs, silver
compounds can interact with DNA through metallization. In
addition to this, demand for Ag complexes has arisen due to
their low toxicity and ease of synthesis. More precisely,
imidazolium-based silver drugs have attained strong binding
capabilities between metal and ligand moiety to ensure stable
carbene complexes that help in therapeutic action by slowing
down the release of silver ions at the target site to enhance
drug effect.25 Numerous, silver(I) NHCs have been evaluated
as having soft functional substituents on imidazolium nitrogen
atoms as robust electron reservoirs to offer stability. It can
intercalate between DNA base pairs via electrostatic bind-
ing.26,27

Pharmacological outcomes of various benzimidazole-func-
tionalized silver-NHCs have remained understudied. Taking
this into account, this study reports benzimidazole-based silver
complexes with various neutralizing NHC scaffolds to
underscore the effect of ligands on silver ions and their
contribution to their biological activities. N-arylation of these
complexes further assisted in the stability and activity of these
complexes. The anticancer activity of the BNHCs proligands
was also examined. Molecular docking analysis and density
functional theory (DFT) studies were carried out to get insight
into the synergistic effect of carbene responsible for the
profound activity of silver complexes toward MCF-7 and
T47D cell lines. It may depend on the nature and lipophilicity
of the ligand and extensive back bonding of the silver carbene
bond.

2. RESULTS AND DISCUSSION
The precursors for proligands were synthesized by treating one
equivalent of cyclopentyl bromide and (2-chloro-2-methyl-
propyl) benzene with benzimidazole to yield 1 and 2 as shown
in Scheme 1.28 1 and 2 were further utilized under inert
conditions to obtain the NHC proligands ([Ag(L1)(Cl)]-
[Ag(L5)(Cl)]) by following the reported procedure30 with
optimized reaction time and medium. The precursors under-
went N-arylation upon adding various aryl halides (R-X) in
toluene upon reflux, producing proligands. All of the
synthesized compounds were characterized by 1H, 13C, and
COSY NMR, IR, HR ESI-TOF mass, and single-crystal X-ray
diffraction (XRD) techniques. The carbene proton (C1) peaks
in the proligands were observed at around 11.63 and 10.18
ppm in deuterated chloroform. The aromatic protons were
observed in the range 7.30−6.84 ppm on both N-substituents
of benzimidazole. The N-substituted saturated cyclopentyl
group has nine protons at the upfield region, exhibiting some
symmetry. Due to puckering and ring strain, they are not
equivalent and experience different chemical environments.
The methine proton of cyclopentyl group (C9-H) in
compounds HL1(Cl)-HL3(Cl) directly attached to imidazo-
lium nitrogen showed high chemical shift values in the range of
5.05−5.08 ppm as pentet. The remaining protons (C10−C13)
were observed as multiplets and stretched between 2.48 and
1.86 ppm. The methoxy-coupled methylene protons in
HL1(Cl) being electron-donating as compared to 2,4,6-
trimethylphenylene substituents attached to C8 in HL3(Cl)
influenced the chemical shift values of imidazolium protons to
upfield region. The carbene proton (C1-H) of HL1(Cl)

appeared in a more shielded region (11.63 ppm) as compared
to HL2(Br) and HL3(Cl) (12.08−12.07 ppm). A similar trend
was observed for aromatic and aliphatic protons, i.e., a slight
decrease in the chemical shifts for HL1(Cl) as compared to
HL2(Br)-HL3(Cl) except the C1-H proton along with other
aromatic and aliphatic protons appeared at the upfield region
in HL4(Cl).
The complexation occurred under dark conditions in

dichloromethane using silver oxide. Silver was coordinated to
in situ generated free carbene (L1−L5) on stirring as silver
oxide acted as a base to deprotonate the proligand and as a
metal source. The dark condition was used to avoid the
formation of metallic silver and the corresponding side
reactions related to photodegradation. The complexes were
obtained as a colorless or light-colored powder with excellent
yields and were stable under air and moisture. The metalation
was confirmed by the disappearance of carbene proton signal
(C1-H) around 12.08−10.18 ppm and slight upfield shifting of
aromatic protons in complexes were observed. In complexes
[Ag(L1)(Cl)] - [Ag(L3)(Cl)], the cyclopentyl proton (C9-H)
directly attached with imidazolium nitrogen appeared in the
deshielded region with higher chemical shift values at 5.27−
5.25 ppm; however, remaining protons of the cyclopentyl
moiety were shielded and appeared in the range of 2.28−1.82
ppm as compared to proligands. The same trend was observed
in aromatic and aliphatic protons.
In 13C NMR spectra, carbene carbon (C1) of proligands

appeared at 144.6 ppm and was shifted to the upfield region
(135.2−139.5) ppm in complexes. All other aromatic and
aliphatic carbon signals were slightly shielded in complexes as
compared to proligands. The important functional groups with
associated wavenumbers (cm−1) are identified and reported. In
the case of the proligand (HL1(Cl)), a broad signal of the O−
H bond was observed at 3383 cm−1. The methoxy (−OCH3)
group was indicated by ν(CH) and ν(−O−C) at 2861 and
1115 cm−1, respectively. However, aromatic and aliphatic C−
H peaks were observed around 3100−2900 cm−1 in all
proligands. In complexes [Ag(L1)(Cl)]-[Ag(L5)(Cl)], a minor
reduction in peak frequencies was seen in aromatic and
aliphatic C−H stretching signals. Moreover, C�N stretching
vibrations of imine were found in the range 1665−1625 cm−1

in all compounds. However, signals around 1480−1387 cm−1

showed C−N bending and C−C stretching of compounds.
Meanwhile, silver carbene signals are usually observed in
fingerprint regions around 544−566 cm−1 with very low
intensity.
The electrospray ionization high-resolution time-of-flight

mass spectrometry (HR ESI-TOF MS) (+) was operated in
dichloromethane, and the low-intensity molecular ion peak was
in agreement with [M − Cl]+ in all compounds. There is a
conspicuous match between calculated and observed MS
spectra in all compounds.
2.1. X-ray Crystallographic Analysis. The single crystal

of suitable diffraction quality for 1, HL2(Br) and [Ag(L3)(Cl)]
were obtained by a layering method using their dichloro-
methane solution (5 mL) with ether (1 mL) at room
temperature and their oak ridge thermal ellipsoid plot
(ORTEPs) are shown in Figures 1−3. The colorless crystals
were obtained, followed by washing with ether and drying in
air. The crystal structure of [Ag(L3)(Cl)] reveals the formation
of a dimer with two silver atoms bridged by chloride moiety.
The two L3 ligands are aligned in trans configuration around
silver forming a four-membered ring structure with chlorides
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(Ag2Cl2), making it noteworthy in terms of stability and
reactivity. The packing diagram of complex [Ag(L3)(Cl)] is
shown in Figure S30. It reveals no van der Waals or π−π

interactions present in the crystal lattice. There is also a lack of
hydrogen bonding, and pure compounds are obtained without
any trapped solvent moieties. Important bond lengths and
bond angles of complex ([Ag(L3)(Cl)]) are given in Table 1.
While important bond lengths and angles of 1, HL2(Br) are
shown in Tables S1 and S2.

Ellipsoids are drawn at the 20% probability level; Hydrogens
have been omitted for clarity.
2.2. DNA Binding Studies. The anticancer drug

effectiveness is also based on the mechanism of its binding
mode, chemical character, and selectivity with DNA. The
binding of DNA with potent compounds can be studied by
absorption spectroscopy, which correlates with electronic
modifications. These spectral alterations are related to the
determination of binding constants and help assess the
attachment site. In this study, the most active cytotoxic silver
complex [Ag(L4)(Cl)] (10) and its proligand HL4(Cl) (5)
were used to study the drug−DNA interactions by using
spectroscopic method. To analyze their behavior, absorption
spectra were recorded with/without the presence of CT-
DNA.29,30 The CT-DNA concentration was measured using
extinction coefficient at 260 nm (ε = 6600 M−1 cm−1) to
prepare the stock solution and make sure that CT-DNA is free
of proteins.31 The absorption spectra were recorded while
maintaining a constant drug concentration of 4 μM and
varying the amount of CT-DNA from 1 to 7 μM gradually.
The UV−vis maxima of compounds 270 and 279 nm for (5)
and 274 and 279 for complex (10) can be attributed to π−π*
transition (see Figure 4).
In the case of HL4(Cl), a hypochromic shift (decrease in

absorption values) was observed, leading to the intercalative
DNA interactions with proligand causing the unwinding of the
double helix via disrupting the base pairs. Stacking interactions
involve electronic transitions (π electrons) among ligands and
DNA molecules. Furthermore, in compound (10) hyper-
chromic effect (increase in absorption) was observed evident
from the UV-spectrum due to the presence of possible
electrostatic interaction between the silver cation and the
negatively charged phosphate group of DNA, thereby
instigating the disruption of the DNA secondary structure.32,33

This effect can be attributed to external contact34 without
significant changes in absorption spectrum as a result of weaker
interaction among DNA and complex.
The association constant values (Kb) quantify the strength of

the binding capabilities of compounds with DNA. The binding
constant values were attained in the range of 7.20−6.06 × 104
M−1 using the slope-to-intercept ratio method. It was
computed using A0/(A − A0) vs 1/[DNA] formula.35,36 The
Gibbs free energy of the compound-DNA adduct was
calculated by using Kb values following this formula (G =
−RT ln Kb). The calculated values are shown in Table 2 and
inset graphs are shown in Figure 4. The negative free energy
associated with the binding of compounds indicated the

Figure 1. ORTEP view of the molecular structure of 1. Ellipsoids are
drawn at the 20% probability level; hydrogens have been omitted for
clarity.

Figure 2. ORTEP view of the molecular structure of HL2(Br).
Ellipsoids are drawn at the 20% probability level; hydrogens have
been omitted for the sake of clarity.

Figure 3. ORTEP view of the molecular structure of [Ag(L3)(Cl)].

Table 1. Selected Structural Parameters of [Ag(L3)(Cl)]

bond lengths (deg) bond angle (Å)

C1−N2 1.33(1) C8−N2−C1 126.4(7)
Ag1−C1 2.108(6) N2−C1−Ag1 132.9(6)
Ag1−Cl1 2.730(2) C1 Ag1 Cl1 115.3(2)
Ag1−Cl1 2.421(2) C13 N1 C1 125.2(6)
C1−N1 1.36(1) N1 C1 Ag1 120.7(5)
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spontaneity of reactions.37 The kb values are higher in the case
of complex 10 respective to its ligand (5) which indicates the
strong interaction of the complex with DNA as compared to a
ligand that exhibits mild binding interaction.
2.3. DNA Binding Studies Using Cyclic Voltammetry.

Cyclic voltammetry (CV) is a powerful tool to determine the
electrochemical responses in the form of current produced by
varying potential to investigate the binding interactions of
DNA. This technique further assists in determining a
compound as a potential drug contestant.38,39 Electrochemical
measurements were carried out in conventional three-electrode
systems such as Ag/AgCl as reference electrode, glassy carbon
as working electrode (GCE-2 mm), and Pt wire as auxiliary
electrode. The sample solutions of [Ag(L4)(Cl)] (10) and
HL4(Cl) (5) (0.01 mM) were prepared in DMF/TBAPF6 (5
mL/0.1 M). All of the measurements were taken under an inert
environment (N2) by purging nitrogen for 20 min before every
measurement to remove oxygen involvement. Stock solution
(Tris-HCl buffer system of pH 7.4) of CT-DNA was used to
record measurements while a 100 mV s−1 scan rate was
maintained throughout the experiment. A potential window
was selected as −2.0 to +1.8 V vs Ag/AgCl to record the
electrochemical response of compounds. First, the CV of the
sample solution (compound + TBAPF6) was referred to as a
blank experiment (black curve in Figure 5). A few key findings
were observed from the cyclic voltammetry curves of

[Ag(L4)(Cl)] and HL4(Cl). In the case of proligands (5)
voltammograms showed redox behavior; oxidation peak
(Epa1/2) appeared at 0.95 V while reduction peak potential
(Epc1/2) was observed at −1.77 V vs Ag/AgCl. This can be
associated with ligand oxidation and reduction during
electrolysis. Calf thymus DNA was added incrementally
(20−120 μM) during electrochemical measurements, and
spectra were recorded after every addition. The changes in the
CV profile of the compound recommended binding potential
with DNA and were evident from a positive shift in Epa1/2 (1.06
V) with an appreciable increase in anodic peak current (Ipa). As
CT-DNA concentration increased, cathodic peak current (Ipc)
enhanced, but there was no change in cathodic peak potential
(−1.77 V). An appreciable change in positive peak potential

Figure 4. Changes in UV−Vis absorption spectra of [Ag(L4)(Cl)] and HL4(Cl) in the presence and absence of CT-DNA in a Tris-HCl buffer
system of pH 7.4. The black arrow indicates the changes in absorbance on increasing the concentration of DNA.

Table 2. UV−Vis Spectral Data of the Interaction with CT-
DNA

compound
λmax (nm) (ΔA/A0)

(%)
Kb*104
(M−1)

ΔG°
(kcal/mol)

[Ag(L1)(Cl)]a 274 (−8.6) 7.20 −8.94
HL4(Cl)b 270 (−6.7) 6.06 −7.26
aShows hyperchromism. bShows hypochromism.

Figure 5. Changes in cyclic voltammograms of [Ag(L4)(Cl)] and its
respective ligand HL4(Cl) in the presence and absence of CT-DNA in
a Tris-HCl buffer system at pH 7.4.
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suggests that proligands are showing an intercalation mode of
interaction. Carter and Bard also reported that a positive shift
in peak potential would lead to intercalative mode.40

Similarly, in [Ag(L4)(Cl)] one cathodic peak observed at
−0.75 V while one broad anodic peak was appeared at 0.36
V.41 After adding CT-DNA, spectra were recorded, and a clear
increment in peak currents (Ipc or Ipa) was observed, indicating
the silver complex’s interaction with CT-DNA. Furthermore,
an anodic peak shoulder emerged at a more negative potential
(0.25 V) during measurement along with a shift in peak
potential (Epa1/2 = 0.41 V) (Figure 5). The redox behavior of
complex42 was confirmed from CT-DNA-Ag(I) electro-
chemical response.43

This type of cyclic voltammogram response of silver(I)
complexes has been reported in the literature (Ag0 ↔ Ag+ +
e).44,45 It usually arose due to a slow diffusion process upon
complex-CT-DNA binding via an electrostatic mode of
interactions between positively charged metal ions and
negatively charged phosphate groups of DNA. This technique
is also useful in determining the diffusion rate and kinetics of
the compound-DNA interaction. The mentioned silver
complex (10), [Ag(L4)(Cl)], responded strongly toward
cancerous cells (Table 6) and also justified strong CT-DNA
interactions (as shown in this section and Table 2).46

Hydrodynamic techniques offer a reliable approach for
evaluating binding models of compounds in solution form and
are highly sensitive to changes in structures. Viscosity
measurement is one of these techniques which provides a
clear indication of structural changes in DNA.47 This
technique also distinguishes between intercalative and electro-
static binding modes, providing an experimental framework to
analyze the DNA−compound interactions. Specifically, in the
intercalative binding mode, there must be an appreciable
increase in viscosity.48 While in electrostatic binding mode,
there is minimal or no effect on solution viscosity was
reported.49 In the case of HL4(Cl), an increase in solution
viscosity with a gradual increase in compound concentration
was observed which is indicative of intercalation binding mode,
shown in Figure 6. This behavior emerged due to the
lengthening and stiffening of DNA upon insertion of the

compound into its base pairs, thereby increasing the viscosity.
In complex [Ag(L4)(Cl)], electrostatic interaction between the
negatively charged DNA backbone and the silver complex was
indicated by no change or minimal effect on solution viscosity
upon increasing complex concentration (Figure 6).
There are many ways to check the stability of complexes in

solution phase like NMR, UV−vis spectroscopy, and MS
spectrometry.50 In this study, the stability of [Ag(L4)(Cl)]
(10) was monitored under physiological conditions using
phosphate-buffered saline (PBS) (0.1 M, pH 7.4) and Tris-
HCl buffer system by UV−vis spectroscopy. The solution of
compound 10 (0.1 mg L−1) was prepared in a DMSO/buffer
system using a small amount of DMSO (10%) to completely
dissolve the 10 and spectra were recorded using a UV-3600
Shimadzu. The time-dependent spectrum was recorded at
room temperature for representative complex 10 to highlight
its stability in an alkaline medium using PBS and a Tris-HCl
system at various time intervals. PBS was added gradually from
100 to 1000 μL and spectrum was taken. The sample was
reserved after the final addition (1000 μL), and spectra were
recorded for various time intervals from 5 min to 72 h (Figure
7). In another case, sample 10 was freshly prepared in a Tris-

HCl buffer, and spectra were recorded. The sample was then
preserved, and spectra were taken after various time intervals
(Figure S31). The repetitive response without any extra peak
and constant spectral pattern over the studied course of time
assured the stability of the complex under physiological
conditions. The stability of complexes is a crucial factor in
determining the effectiveness of a drug under biological
environments. The stable complexes remained intact and
active until they reached their target site. Furthermore,
solution stability and degree of solubilization in buffer systems
also provide insights into their bioactivity. A strong sigma
donor and Pi acceptor nature of NHC ligands contribute to the
stability of silver complexes in solution form. These complexes
remained undegraded while placed in PBS and the solution
remained clear, without the formation of black particles or
AgCl. In the case of silver nitrate or silver chloride black color,
precipitates appeared immediately when placed in buffer
solution. The UV−vis response of this solution was observed

Figure 6. Relative viscosity (η/η°)1/3 of CT-DNA in the absence and
presence of increasing amounts of [Ag(L4)(Cl)] and HL4(Cl).

Figure 7. Stability studies of [Ag(L4)(Cl)] in phosphate-buffered
saline (PBS) at 100−1000 μL (pH 7.4, 0.1 M) under UV−vis NIR
(UV-3600) in 72 h.
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in the spectrophotometer and curves remained the same before
and after adding buffer solution which showed the stability of
complexes over various time intervals (72 h). In addition, silver
complexes’ stability can be explained based on their solubility
in aqueous systems. The silver NHC complexes are moderately
soluble in an aqueous solution (95:5 water:DMSO) and
therefore, remain intact in PBS compared to silver nitrate
which is highly soluble in an aqueous medium.51 However, side
chains (alkyl or aryl substituents) also play a role in the steric
bulkiness of complexes, affecting their stability in solution.
2.4. DFT Calculations and Optical Properties. The

geometries of complexes were designed by Guassview 09
software and optimized using the Guassview 16 program.52 For
optimization, effective core potential B3LYP/LANL2DZ
method53 was adopted for silver complexes with 6-31-G**
basic set for all other atoms (H, O, C, N).54 The ground states
of complexes were optimized in acetonitrile using the PCM
(Polarizable Continuum Model) method. In addition, the
LANL2DZ basis set has relativistic effects, and suitable for
metal ions, and is widely employed in DFT calculations.55

Energy gap (ΔE), electronegativity (χ), absolute hardness (η),
chemical potential (Pi), absolute softness (σ), and global
electrophilicity (ω) were calculated by using eqs 1−7
presented in Table S3. The electronic properties of
compounds provide valuable insights into their biological
actions. Highest-occupied molecular orbital−lowest-unoccu-
pied molecular orbital (HOMO−LUMO) gap (ΔE) is a key
parameter in the design of compounds as it is directly related
to electron transfer processes during compound-target
interactions (Figure 8). The LUMO of the compound should
be close in energy with the HOMO of biological targets to
smoothen the electron transfer process leading to the
generation of reactive intermediates such as reactive oxygen
species (ROS) that hits cancerous cells and ensures therapeutic
efficacy.56 Furthermore, molecular electrostatic potential
(MEP) surfaces provide insights into potential reactive sites
on silver complexes during interactions (Figure S32).
Generally, blue colors represent the negative potential sites

while red color shows nucleophilic sites.56 The drug molecules
that have high electropositive surfaces exhibit high binding
affinities for electronegative surfaces of DNA, thereby crucial in
selective binding.

χ (Chi) represents the electronic response or susceptibility
of a compound to external perturbations. Moreover, its higher
values can be associated with the higher dielectric properties of
complexes, which in turn gives insight into compound
reactivities. It also quantifies the electron-donating and
-accepting natures of ligands. Low chi values (0.148−0.143)
were found in all complexes due to the strong sigma donor and
back bonding nature of NHC ligands. An exception was found
in [Ag(L5)(Cl)], this is probably due to the steric bulkiness
around silver metal which hinders the effective back-donation
of electrons, hence strong sigma character was there.57,58 η
(Eta) is known as chemical hardness, which indicates the
greater resistance toward electronic distribution. Its higher
values signify the stability of the chemical species. The η values
were calculated in the range of 0.099−0.089 for all complexes
which indicates the soft nature of complexes (see Table S3). In
addition to this, higher polarizability leads to better reactivity
due to changes in electronic environment. σ (Sigma) exchange-
correlation potential or energy is a key component in DFT
calculation. It is used to predict the electronic properties of
compounds such as energy bands and magnetic and chemical
properties. It also explains the correlation of electrons among
the compounds. Its lower values in all complexes were found in
DFT calculation, which indicated the strong bonding
interaction among electron-rich regions. Π (Pi) is important
in DFT calculations for understanding bonding, conjugation,
and back-donation. Specifically, low values were observed in all
complexes ranging from −0.148 to −0.136 that validated the
concept of strong sigma donor and poor Pi acceptor nature of
NHC ligands (see Table S3). ω (Omega), known as the global
electrophilicity index, is used to study the different excited
states of compounds. It also tells us about the electrophilic
nature of the complexes. In the present study, all complexes

Figure 8. Energy level diagrams of frontier molecular orbitals (HOMO, LUMO) and energy gap (ΔE) for [Ag(L1)(Cl)]-[Ag(L5)(Cl)] complexes.
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showed very low electrophilicity values due to the strong sigma
donor and Pi acceptor natures of NHC ligands.
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In this present study, time-dependent DFT (TD-DFT)
calculations59 were carried out to foresight various optical
parameters of compounds ([Ag(L1)(Cl)]-[Ag(L5)(Cl)]). The
calculated UV spectra of the complex (10) are shown in Figure

S33 and compared with the experimentally calculated spectrum
(see Figure S34). The molecular orbitals responsible for
maximum absorption wavelengths and oscillator strength are
mentioned below. In both spectra, absorption maxima lie in
the UV region, whereas the difference in peak maxima is due to
different mediums. In the case of theoretical calculations,
acetonitrile was used, while in the case of experimental spectra,
Tris-HCl buffer with 10% DMSO was used. A few weak
absorption bands correspond to metal-to-ligand charge transfer
(MLCT) neat 300−400 nm observed in [Ag(L5)(Cl)] mainly
responsible for HOMO → LUMO transitions. The contribu-
ting MO (molecular orbitals) to maximum absorption with
oscillator strength is enlisted in Table 3, and their pictorial
forms are listed in Figure 9.
2.5. Molecular Docking. Molecular docking studies are

essential to forecast and examine the interactions between
putative therapeutic candidates and their biological targets for
the drug discovery process.60 Determining the binding affinity
and specificity offers comprehensive insights into the mode of
action of a molecule.61 Molecular docking speeds up
identifying potential lead compounds by mimicking these

Table 3. Molecular Orbitals and Their Oscillator Strength with % Contributiona

MO115 → MO117, f = 0.54924 (68.82%) MO115 → MO117, f = 0.54924 (68.82%)
MO113 → MO117: f = 0.51817 (59.534%) MO113 → MO117: f = 0.51817 (59.534%)
MO116 → MO119: f = 0.51180 (65.133%) MO116 → MO119: f = 0.51180 (65.133%)
MO112 → MO123: f = 0.39913 (35.364%) MO112 → MO123: f = 0.39913 (35.364%)
MO116 → MO124: f = 0.39692 (42.904%) MO116 → MO124: f = 0.39692 (42.904%)

aMO = molecular orbital, f = oscillator strength, tells us about absorption intensities.

Figure 9. Pictorial representation of contributing molecular orbitals (π → π* transitions) in absorption maxima.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11048
ACS Omega 2025, 10, 13278−13295

13285

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11048/suppl_file/ao4c11048_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11048/suppl_file/ao4c11048_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11048/suppl_file/ao4c11048_si_004.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11048?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11048?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11048?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11048?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interactions and refining their design before synthesis and
experimental testing.62 The results in Table 4 represent the
binding energies and ligand efficiencies of the synthesized
candidates [Ag(L1)(Cl)], [Ag(L2)(Cl)], [Ag(L3)(Cl)], [Ag-
(L4)(Cl)], and [Ag(L5)(Cl)], thus comparing the relative
strengths of binding and their effectiveness as inhibitors of the
screened cancer proteins. The binding energy and compound
efficiency values collectively decide the best target substrate for
a compound, and the computational outcomes will align with
the in vitro results. In the present study, two crystal structures
of EGFR (epidermal growth factor receptor) are type I
receptors of the tyrosine kinase (TK) family, and a crystal

structure for each of the VEGFR2 (vascular endothelial growth
factor receptors), FGFR (fibroblast growth factor receptor),
and SRC (proto-oncogene tyrosine kinase protein) also known
as nonreceptor tyrosine kinase protein, and HGFR (hepatocyte
growth factor receptor) is a part of MET gene, were selected
for docking investigations, and the results were compared with
a binding capability of tamoxifen used as a reference for the in
vitro studies. From the achieved results, only compound
[Ag(L1)(Cl)] was bound with an EGFR protein with greater
binding energy than tamoxifen, the compounds [Ag(L2)(Cl)]
and [Ag(L4)(Cl)] were potent against VEGFR2, and the
compounds [Ag(L1)(Cl)], [Ag(L3)(Cl)], [Ag(L4)(Cl)], and

Table 4. Ligand−Protein Binding Energies and Ligand Efficiencies (LE) of the Docked Molecules with EGFR, VEGFR2,
FGFR, SRC, and HGFR Substrates

binding energy/LE

EGFR EGFR VEGFR2 FGFR SRC HGFR

compounds 5WB7 1M17 2XIR 4QQT 1YOJ 1R0P

[Ag(L1)(Cl)] −5.13/−0.26 −5.89/−0.29 −6.65/−0.33 −6.25/−0.31 −5.95/−0.30 −6.95/−0.35
[Ag(L2)(Cl)] −7.63/−0.26 −8.13/−0.28 −8.49/−0.29 −7.90/−0.27 −7.93/−0.27 −8.98/−0.31
[Ag(L3)(Cl)] −6.41/−0.25 −7.96/−0.31 −7.59/−0.29 −7.74/−0.30 −6.97/−0.27 −8.25/−0.32
[Ag(L4)(Cl)] −6.25/−0.2 −7.39/−0.24 −7.17/−0.23 −7.78/−0.25 −7.34/−0.24 −8.47/−0.27
[Ag(L5)(Cl)] −6.24/−0.19 −7.88/−0.24 −7.88/−0.24 −8.09/−0.25 −7.05/−0.21 −8.78/−0.27
Tamoxifen −6.07/−0.22 −8.26/−0.29 −7.65/−0.27 −7.52/−0.27 −6.83/−0.24 −8.53/−0.30

Figure 10. Three-dimensional depictions of docked complexes representing the interactions of complex [Ag(L4)(Cl)] in the binding pocket of
target SRC (pink background) and HGFR (yellow background) proteins.
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[Ag(L5)(Cl)] were strongly bound with FGFR. However, the
parameters deciding the potential of a complex to bind with its
target substrate include binding energies and complex efficacies
which were found better with the SRC and HGFR proteins
and were selected for further two- and three-dimensional
binding interaction analyses of screened motifs shown in
Figure 10.
An analysis of the protein-complexes of the screened motifs

against the SRC target substrate revealed that all of the
complex molecules occupied the same binding pocket of the
protein in each complex with the amino acids Lys B:297, Lys
B:317, Lys B:318, Leu B:319, Arg B:320, His B:321, Leu
B:324, Val B:325, Gln B:326, Leu B:327, Val B:330, Ile B:338,
Thr B:340, Tyr B:384, Val B:385, His B:386, Leu B:395, Val
B:404, Ala B:405, Asp B:406, and Phe B:407. It is obvious
from the two-dimensional representations of interactions
between the complex and the target substrate as shown in
Figure 11 that the compound [Ag(L4)(Cl)] is forming only
the weak van der Waals forces with the amino acid residues,

thus accounting for relatively weaker bindings with a lower
binding energy of −7.05 kcal/mol than the ligand HL4(Cl)
which has the similar structural fragments; however, it formed
a strong π-anion force (3.43 Å) with the carboxylate moiety of
Asp B:406 amino acid residue. The chlorine atom of
[Ag(L4)(Cl)] was involved in forming van der Waals forces
(4.06 and 4.99 Å) with the alkyl chains of Leu B:327 and Ile
B:338 amino acids but these forces were absent in the complex
of [Ag(L5)(Cl)] (see Figure S35). Moreover, the six-
membered carbocyclic ring of the benzimidazole moiety was
tightly bound with numerous amino acid residues including
Phe B:407 forming a π−π T shaped force, whereas this amino
acid was simultaneously bound by a π-alkyl force (4.80 Å) with
the p-methyl group substituted at the aromatic ring, thus
twisting the molecule in V-shaped along with two other π-alkyl
forces between the π electrons of the benzimidazole moiety
and the alkyl chains of Leu B:319 (5.15 Å) and Leu B: 324
(5.18 Å) amino acid residues. In the ligand−protein complex
of compound [Ag(L1)(Cl)] with SRC protein, the amino acid
residue Phe B:407 plays a key role in the binding through a
hydrogen bond (4.34 Å) with the oxygen atom of the methoxy
group and through a van der Waals force (4.50 Å) with the
silver atom, whereas another amino acid Lys B:317 constituted
a π-cation force (3.94 Å) with the aromatic ring of the ligand
molecule (see Figure S35). In conclusion, these binding
patterns and binding energies of the screened candidates were
found to be in good agreement with experimentally
determined anticancer potency.
Considering the complex-protein of compounds [Ag(L5)-

(Cl)], [Ag(L1)(Cl)], and [Ag(L4)(Cl)] against the HGFR
target substrate revealed that the ligand occupied the binding
pocket bearing the amino acid residues Ile A:1084, Gly
A:1085, Arg A:1086, Gly A:1087, His A:1088, Phe A:1089, Val
A:1092, Ala A:1108, Lys A:1110, Leu A:1140, Leu A:1157, Pro
A:1158, Tyr A:1159, Met A:1160, Lys A:1161, His A:1162,
Gly A:1163, Asp A:1164, Met A:1211, Leu A:1225, Ala
A:1226, Arg A:1227, Asp A:1228, Met A:1229, Tyr A:1230,
Asp A:1231, and Lys A:1232. According to the behavior of
compound [Ag(L5)(Cl)] (see Figure S36) expected after
performing the in vitro assays, this compound has formed only
weak van der Waals forces of interactions with various amino
acid residues in the binding pocket of the protein. On the other
hand, [Ag(L1)(Cl)] (see Figure S36) formed a stronger
hydrogen bond (1.96 Å) through its oxygen atom with the
amidic NH of Tyr A:1230 amino acid. The compound
[Ag(L4)(Cl)] was binding strongly with the target substrate
through a π-sulfur interaction (4.11 Å) between the electronic
cloud of the phenyl ring and three π−σ forces (3.75, 3.96, and
3.81 Å) with Ile A:1084, Val A:1092, and Met A:1211 amino
acid residues, and this compound was also found to be the
most potent candidate during in vitro screening.
2.6. Anticancer Properties; Cytotoxic Study. The

cytotoxic effects of all compounds (1−11) on the human
breast carcinoma cell lines (MCF-7, T47D) and the normal
cell line (Vero) were assessed by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay. The selection of assay was due to its widespread
recommendation as a quick and reliable method for evaluating
toxicity in cancer cells, as well as its practical availability. In
MCF-7 and T47D, inhibition of carcinoma cell growth
occurred at IC50 values below 50 μM after 48 h of treatment
for all compounds (Table 5). We also determined the IC50
values for Tamoxifen, which serves as a control drug for breast

Figure 11. Two-dimensional binding pocket and ligand interaction
visualizations of [Ag(L4)(Cl)] with the SRC and HGFR target
substrates.
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cancer cells. According to these IC50 values, MCF-7 appeared
to be more sensitive to the treatment than T47D.
Compounds from precursor (1) to proligands, HL1(Cl)-

HL5(Cl), inhibited the significant growth of MCF-7 versus
T47D cell lines at IC50 concentrations (50% cell inhibition).
Additionally, all complexes [Ag(L1)(Cl)]-[Ag(L5)(Cl)] in-
cluding one of the proligands HL4(Cl) showed cytotoxicity
results in MCF-7 and T47D with IC50 values below 20 μM.
Moreover, HL4(Cl), [Ag(L1)(Cl)], [Ag(L3)(Cl)] and [Ag-
(L5)(Cl)] exhibited cytotoxicity (IC50 values of 16, 13, 16, 15
μM) close to that of Tamoxifen toward MCF-7 cells, Table 5.
Interestingly, [Ag(L4)(Cl)] (IC50:9 ± 1.04, 11 ± 1.34) and
[Pd(L4)(py)(Br)2], (12) (IC50:12 ± 1.02, 13 ± 2.83)
exhibited cytotoxicity comparable to that of tamoxifen
(IC50:11 ± 1.34, 13 ± 0.71). Considerable, factors such as
silver binding, high solubility, and optimized ligand structure
may contribute to the observed high cytotoxicity of [Ag(L4)-
(Cl)] against MCF-7 and T47D.
Additionally, the IC50 value of all complexes was greater than

80 μM after 72 h incubation against the Vero cell line (normal
cells). However, the silver complexes showed inhibition above
100 μM. The reduced toxicity of the silver complexes toward
normal cells may be due to the natural protective ability of
silver against cancer (deregulated) cells only and the inability
to deregulate normal cell cycle checkpoints, including the
inhibition of DNA synthesis and cell division until concen-
trations exceed 100 μM. Moreover, stronger binding
interactions with DNA or tight regulatory inhibition in the
cell cycle stages of cancer cells might be identified as important
factors contributing to the higher activity of these compounds,
along with their solubility in water as pharmacokinetic
properties.
A dose-dependent decrease in cell viability was observed in

MCF-7 cells (see Figure 12) when treated with [Ag(L4)(Cl)]
(10) and Tamoxifen. Interestingly, compound 10 at the lowest
concentrations of 7.81 and 3.91 μM induced a greater than
30% reduction in cell viability. Moreover, at a concentration of
1.95 μM, the complex demonstrated a > 20% reduction in cell
viability, a response not as pronounced when cells were treated
with Tamoxifen at the same concentration (P < 0.05). This
reduction in viability observed in MCF-7 cells treated with

compound 10 suggests an enhanced sensitivity of MCF-7
toward it.
The cell viability test was done by the adhesion assay for the

MCF-7 cell lines with different concentrations of [Ag(L4)(Cl)]
(10) and Tamoxifen, as depicted in Figure 13. Results of the

adhesion assay showed that (10) effectively killed MCF-7,
whereas Tamoxifen displayed slightly less initial effects on
MCF-7 cells. This showed that (10) was able to kill the MCF-
7 at a higher rate than Tamoxifen at the initial time of
treatment, which might reflect the possible effects of the
induction of cell death in MCF-7 after treatment.
2.7. Apoptosis (Phosphatidylserine Exposure) Study.

Apoptosis study (early apoptosis) cells were exposed to IC50
and IC70 doses of [Ag(L4)(Cl)] (10) and [Pd(L4)(py)(Br)2]
(12) for 12 h. Interestingly, treatments of compounds 10 and
12 caused a green hue in Annexin-FITC staining, indicating
phosphoserine (PS) exposure (Figure 14). Both early (green
staining) and late (red staining with PI) apoptosis inductions
were observed after the 12-h interval. Apoptosis (Annexin V
+/PI+) emerged as the predominant mode of cell death,
whereas necrosis (Annexin V−/PI+) was infrequent. Apopto-
sis, or programmed cell death, is a meticulously regulated
physiological process well documented in the literature.63,64 An
early and distinct hallmark of apoptosis is the loss of
aminophospholipid (PS) asymmetry in the plasma membrane.
It is this disruption of asymmetry that causes phosphatidylser-

Table 5. Cytotoxicity (IC50) of Cancer Cell Lines (μM)a

# compounds codes MCF-7 T47D

1 1 1 37 ± 1.93 41 ± 2.12
2 HL1(Cl) 2 29 ± 0.76 33 ± 2.12
3 HL2(Cl) 3 22 ± 1.02 30 ± 1.41
4 HL3(Cl) 4 22 ± 1.24 24 ± 0.71
5 HL4(Cl) 5 16 ± 0.77 31 ± 2.12
6 HL5(Cl) 6 28 ± 1.73 34 ± 2.12
7 [Ag(L1)(Cl)] 7 13 ± 1.17 15 ± 1.41
8 [Ag(L2)(Cl)] 8 24 ± 0.47 25 ± 2.12
9 [Ag(L3)(Cl)] 9 16 ± 1.12 18 ± 1.41
10 [Ag(L4)(Cl)] 10 9 ± 1.04 11 ± 1.41
11 [Ag(L5)(Cl)] 11 15 ± 1.07 17 ± 2.12
12 Tamoxifen Tamoxifen 11 ± 1.34 13 ± 0.71

aFor statistical analysis, three replicates were treated, and the results
were expressed as the mean SEM of two individual values for growth
inhibition percentages. Using “GraphPad” Prism 9 “GraphPad”, (“San
Diego” California), a “nonlinear regression model” (curve-fit) based
on a “sigmoidal dose-response curve” (variable) was created to get the
IC50 value for cytotoxicity.

Figure 12. Dose-dependent cell viability in MCF-7 cells against
[Ag(L4)(Cl)] (10) and Tamoxifen at 48 h. It was done using one-way
analysis of variance (ANOVA) in Prism Software Version 9.5.1 and
applying the Turkey, Dunnett, and Sedak test to calculate the P value
(P < 0.05).

Figure 13. Cell viability by adhesion assay for cell cultures of MCF-7
cell line.
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ine (PS) proteins to move to the outer leaflet of the cell
membrane in the early stages of apoptosis. Annexin V-FITC,
which binds to the exposed PS on the cell membrane surface,
enables the detection of the green fluorescence characteristic of
apoptosis. Complete or late apoptosis was discerned with the
aid of propidium iodide (PI), a red fluorescent dye utilized to
stain cellular DNA.65−666768697071 On the other hand, staining
with annexin V FITC or PI was not evident in untreated
negative control cells but was present in positive control cells.
PS release from the intracellular milieu to the plasma
membrane signals macrophages to engulf apoptotic cells. By
inducing apoptosis in cancer cells, this investigation demon-
strated that 10 and 12 were capable of eliciting cell demise via
apoptosis induction. The degree and pattern of induction
remained consistent across both low IC50 and high IC70
inhibitory concentrations. Notably, IC70 inhibitory concen-
trations also exhibited a positive induction of apoptosis
attributable to PS exposure, a phenomenon that is particularly
pronounced in cells treated with IC50 inhibitory concen-
trations. This underscores the ability of compounds 10 and 12
to induce cell death predominantly through the apoptosis
route (Annexin V+/PI+), as opposed to necrosis (Annexin
V−/PI+). Future studies exploring signaling pathways may
elucidate the comprehensive mechanism through which
apoptosis occurs.
Table 6 compares the findings of reported silver(I) NHC

complexes with present work based on their IC50 values which
specify their cytotoxic effectiveness. MCF-7 cell lines were
used for this specific comparison purpose, although limited
data are available using a standard drug (Tamoxifen). In Table
6 serial number 3, the silver complex demonstrated significant
cytotoxic activity with the lowest IC50 value 0.5 ± 0.1 μM as
compared to tamoxifen (2.4 ± 0.1 μM). The current study

comprises a mononuclear silver complex, while the other
involves di- and trinuclear silver complexes. Despite this fact,
the cytotoxic activity of [Ag(L4)(Cl)] was comparable to that
of standard drug and better than other complexes except the
complex mentioned at serial number 3. This comparison
encouraged us to prepare mononuclear silver(I) benzimidazole
complexes with the aim of better cytotoxic activity with lower
concentrations of silver complexes.

3. EXPERIMENTAL SECTION
3.1. Chemical and Instruments. The synthesis of

proligands and complexes was carried out under an inert
medium. Silver complexes were synthesized under dark
conditions. Consumed chemicals and ingredients were
purchased from Sigma-Aldrich and used without further
purification unless otherwise stated. Reaction solvents were
further dried over NaH and stored in a molecular sieve (3 Å)
in an airtight container. Furthermore, analytical grade solvents
were used for recrystallization and washing of the compounds.
Commercially available grades of silver oxide and aryl halides
were used. Melting points of prepared compounds were
obtained using open-ended capillaries on a 9200 nm
electrothermal melting point apparatus. Elemental analysis
was determined by an Element analyzer EAXU0202, Japan.
HR ESI-MS was performed on a Shimazado GC-MS
instrument in positive mode. IR spectra were recorded on a
PerkinElmer 100 spectrometer (400−4000 cm−1). 1H and 13C
NMR was recorded using Bruker Avance 400 HD NMR and
JEOL 600 MHz NMR instrument in d-chloroform. TMS was
used as an internal standard, while CDCl3 was used as a
reference to record chemical shifts in ppm. Single-crystal XRD
technique was used to analyze the single crystal of synthesized
compounds. Calf thymus DNA was purchased from Sigma-

Figure 14. Induction of apoptosis (annexin V and propidium iodide PI) in MCF-7 after treatment with [Ag(L4)(Cl)] (10) and [Pd(L4)(py)(Br)2]
(12) for 12 h at IC50 (A, B and C, D, respectively) and IC70 (E, F and G, H, respectively) concentrations. The cells were treated with Tamoxifen
(+ve control) and −ve control for 12 h at IC50 (I, J and K, L, respectively).
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Table 6. Comparative Analysis of IC50 Values of Silver NHC Complexes with Reported Literature Valuesa

aMCF-7 cell lines were used in all cases. The standard drug was taken as Tamoxifen.
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Aldrich and the absorbance ratio was measured as 1.8−1.9
(A260/A280) to confirm the purity of CT-DNA before use.
This ratio of absorbance showed that DNA was free of protein.
The concentration of calf thymus DNA per nucleotide
phosphate was determined by absorbance at 258 nm using
6600 M−1 cm−1. Stock solution of DNA was prepared in Tris-
HCl (5 mM) and NaCl (50 mM) mixture (Tris-HCl buffer)
while maintaining pH 7.4 and stored at 4 °C. Sample solutions
were prepared by dissolving compounds in 0.5% of total
volume DMSO and then diluted using Tris-HCl buffer to
record the absorption pattern. Precursors 1, 2, HL2(Cl),
HL3(Cl), HL5(Cl), and [Pd(L4)(py)(Br)2], (Pd-PEPPSI)
were also reported as direct C−H coupling catalysts.28

3.2. General Procedure for the Synthesis of BNHC
Ligands (HL1(Cl)-HL5(Cl)). 1-Cyclopentyl-2,3-dihydro-1H-
benzimidazole (1) and 1-(2-phenylpropan-2-yl)-2,3-dihydro-
1H-benzimidazole (2) (1 equiv) were reacted with different
aryl halides (1.05 equiv) in dry toluene (25 mL) under argon.
Dry Schlenk (50 mL) was pretreated with argon followed by
the addition of reagents. The reaction mixture was refluxed for
72 h. Upon precipitation, the mixture was treated with ether to
get enough yields. The final product was dried, and yield was
calculated (78%).
3.3. HL1(Cl). 1H NMR (400 MHz, CDCl3) δ 11.64 (d, J =

5.7 Hz, 1H, C1), 7.87 (dd, J = 6.4, 3.0 Hz, 1H, C2), 7.79−7.68
(m, 1H, C3), 7.67 (dd, J = 6.3, 3.2, Hz, 2H, C4,5), 5.02−4.95
(p, 1H, C6), 5.93−4.92 (m, 2H, C7), 3.91 (d, J = 4.5 Hz, 2H,
C8), 3.29 (d, J = 1.7 Hz, 3H, C9), 2.45 (dd, J = 12.7, 6.1 Hz,
2H, C10), 2.30 (dd, J = 13.5, 6.7 Hz, 2H, C11), 2.09 (dd, J =
7.0 Hz, 2H, C12), 1.98−1.75 (dd, 2H, C13).13C NMR (101
MHz, CDCl3) δ 142.32 (NCHN), 132.78, 130.83, 126.88,
126.70, 114.48, 113.18, 71.12, 60.02, 59.00, 47.66, 32.22,
23.78. IR (cm−1); 3383, 2982, 2872, 1615, 1560, 1482, 1425,
1353, 1273, 1226, 783, 769, 573. Elemental analysis, calculated
for C15H22ClN2O; C: 63.77, H: 7.59, N: 9.51; found: C:
63.61, H: 7.57, N: 9.48. HR ESI-MS (CH3CN) m/z calculated
for [M − Cl]+ = 245.1653; found: 245.1625.
3.4. HL4(Cl). 1H NMR (400 MHz, CDCl3) δ 10.18 (s, 1H,

C1), 7.32−7.27 (m, 2H, C2, C3), 7.23 (d, J = 7.6 Hz, 2H, C4,
C5), 7.16 (t, J = 7.5 Hz, 3H, C6, C7, C10), 7.09 (dd, J = 9.0,
4.1 Hz, 2H, C8, C9), 6.84 (s, 2H, C11, C12), 5.60 (s, 2H,
C13), 4.79 (s, 2H, C14), 2.25 (s, 3H, C15), 2.15 (s, 6H, C16,
C17), 1.46 (s, 6H, C18, C19).13C NMR (101 MHz, CDCl3) δ
144.01(NCHN), 143.95, 139.62, 137.86, 132.47, 130.70,
130.18, 128.89, 127.24, 126.61, 126.21, 124.85, 113.54,
113.11, 59.17, 46.87, 40.07, 26.64, 21.10, 20.21. IR (cm−1):
3123, 3017, 2961, 1614, 1561, 1433, 1335, 1265, 1188, 1151,
762, 752, 5534, 1478. Elemental analysis, calculated for
C27H32ClN2; C: 77.80, H: 7.68, N: 6.59; found: C: 77.45,
H: 7.62, N: 6.48. HR ESI-MS (CH3CN) m/z calculated for
[M − Cl]+ = 383.2487; found: 383.2446.
3.5. General Procedure for the Synthesis of Ag-BNHC

Complexes ([Ag(L1)(Cl)]-[Ag(L5)(Cl)]). Silver(I) NHCs were
prepared following documented procedures with suitable
changes.14 The benzimidazolium salts (300 mg, 74 mmol,
1.00 equiv) were added in a one-armed dry Schlenk flask under
argon. After that dry dichloromethane (5 mL) was added
under an inert medium and wrapped with aluminum foil to
ensure dark condition. Silver(I) oxide (163 mg, 70 mmol, 1.05
equiv) was added into the reaction medium along with a
magnetic stirrer and kept stirring at room temperature for 24 h.
Upon completion of the reaction, a silver mirror appeared
inside the reaction flask. Afterward, the mixture was filtered

over Celite under a vacuum, and the supernatant was separated
from the filtrate. Filtration was performed twice to ensure clear
filtration and to eliminate metallic silver. The colorless solid
was obtained on evaporation of filtrate by rotary evaporator,
and recrystallization was done in dichloromethane and ether
(2:10) to get fine crystals. The pure product was colorless, and
the yield was 88%.
3.6. [Ag(L1)(Cl)]. 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J

= 7.2 Hz, 1H, C2), 7.50−7.41 (m, 1H, C3), 7.36−7.22 (m,
2H. C4, C5), 5.31−5.04 (m, 1H, C6), 4.56 (d, J = 4.4 Hz, 2H,
C7), 3.76 (t, J = 5.0 Hz, 2H, C8), 3.31−3.11 (m, 3H, C9), 2.21
(s, 4H, C10, C11), 1.99 (d, J = 4.9 Hz, 2H, C12), 1.87−1.62
(m, 2H, C13).13C NMR (101 MHz, CDCl3) δ 135.23
(NCHN), 132.38, 123.96, 123.59, 112.53, 112.19, 77.36,
77.25, 77.05, 76.73, 72.02, 62.45, 59.12, 49.57, 31.70, 25.07. IR
(cm−1); 3091, 2943, 2870, 1672, 1625, 1475, 1384, 1113,
1014, 575, 521. Elemental analysis, calculated for
C21H25AgClN2O; C: 47.37, H: 5.51, N: 7.19; found: C:
47.14, H: 5.48, N: 7.24. HR ESI-MS (CH3CN) m/z calculated
for [M − Cl]+ = 427.0939; found: 427.2686.
3.7. [Ag(L2)(Cl)]. 1H NMR (400 MHz, CDCl3) δ 7.59−

7.52 (m, 1H, C1), 7.47−7.40 (m, 3H, C2, C3), 7.34 (dd, J =
7.7, 3.7 Hz, 2H, C11, C12), 7.23 (d, J = 8.3 Hz, 2H, C13,
C14), 5.59 (s, 2H, CH2−C10), 5.22 (dd, J = 17.7, 8.9 Hz, 1H,
C11), 2.36−2.24 (m, 4H, C12, C13), 2.07 (s, 2H, C14), 1.91−
1.75 (m, 2H, C15), 1.27 (s, 9H, C15, C16, C17).13C NMR
(101 MHz, CDCl3) δ 151.55 (NCHN), 134.42, 132.73,
131.85, 127.00, 125.98, 124.13, 123.72, 112.44, 112.42, 77.35,
77.23, 77.03, 76.71, 62.57, 53.23, 34.58, 31.74, 31.23, 25.07. IR
(cm−1); 3083, 2956, 2865, 1605, 1513, 1475, 1387, 1342,
1264, 1117, 793, 679, 611, 565, 544. Elemental analysis,
calculated for C23H29AgClN2; C: 57.84, H: 6.23, N: 5.82;
found: C: 57.61, H: 6.19, N: 5.78. HR ESI-MS (CH3CN) m/z
calculated for [M − Cl]+ = 521.0554; found: 521.1767.
3.8. [Ag(L3)(Cl)]. 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J

= 8.0 Hz, 1H, C2), 7.39−7.29 (m, 3H, C3, C4, C5), 6.98 (s,
2H, C6, C7), 5.47 (s, 2H, C6), 5.17 (p, J = 8.9 Hz, 1H, C9),
2.35 (s, 3H, C10), 2.28 (dd, J = 16.4, 7.6 Hz, 2H, C11), 2.24−
2.18 (m, 2H, C12), 2.22 (s, 6H, C15, C16), 2.13−1.99 (m,
2H, C13), 1.88−1.73 (m, 2H, C14).13C NMR (101 MHz,
CDCl3) δ 139.58 (NCHN), 137.49, 130.32, 124.00, 123.78,
112.43, 111.95, 77.34, 77.23, 77.03, 76.71, 63.24, 47.90, 31.53,
25.09, 21.20, 20.47. IR (cm−1); 2946, 2865, 1670, 1607, 1474,
1378, 1327, 1193, 1039, 863, 780, 624, 554. Elemental analysis,
calculated for C22H27AgClN2; C: 56.57, H: 5.98, N: 5.79;
found: C: 56.17, H: 5.95, N: 5.74. HR ESI-MS (CH3CN) m/z
calculated for [M − Cl]+ = 425.1146; found: 425.1094.
3.9. [Ag(L4)(Cl)]. 1H NMR (400 MHz, CDCl3) δ 7.32−

7.27 (m, 2H, C2, C3), 7.23 (dd, J = 7.7, 3.4 Hz, 3H, C8, C9,
C10), 7.17 (d, J = 3.3 Hz, 2H, C4, C5), 7.11 (d, J = 9.2 Hz,
1H, C6), 6.99 (d, J = 6.7 Hz, 1H, C7), 6.94 (s, 2H, C11 C12),
5.41 (s, 2H, C13), 4.49 (s, 2H, C14), 2.33 (s, 3H, C15), 2.16
(s, 6H, C16, C17), 1.51 (s, 6H, C18, C19).13C NMR (101
MHz, CDCl3) δ 144.04 (NCHN), 138.29, 136.34, 133.93,
133.86, 132.55, 132.48, 129.17, 128.08, 125.90, 125.61, 125.18,
111.40, 110.34, 76.32, 76.21, 76.01, 75.69, 61.02, 47.26, 39.43,
26.51, 20.13, 19.55. IR (cm−1); 2962, 2922, 2869, 1662, 1610,
1477, 1392, 1335, 1261, 743, 669, 643, 566. Elemental analysis,
calculated for C27H31AgClN2; C: 61.55, H: 5.93, N: 5.32;
found: C: 61.72; H: 5.92; N: 5.28. HR ESI-MS (CH3CN) m/z
calculated for [M − Cl]+ = 489.1459; found: 489.2300.
3.10. [Ag(L5)(Cl)]. 1H NMR (400 MHz, CDCl3) δ 7.34 (d,

J = 8.0 Hz, 1H, C2), 7.30−7.24 (m, 2H, C3, C4), 7.20 (dd, J =
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14.1, 7.0 Hz, 4H, C5, C6, C7, C8), 7.21−7.17 (d, J = 7.2 Hz,
1H, C9), 6.97 (m, 1H, C10), 5.39 (s, 2H, C11), 4.46 (s, 2H,
C12), 2.33 (s, 3H, C13), 2.27 (s, 6H, C18, C19), 2.13 (s, 6H,
C16, C17), 1.48 (s, 6H, C14, C15).13C NMR (101 MHz,
CDCl3) δ 145.14 (NCHN), 137.10, 134.81, 134.06, 133.80,
132.87, 128.96, 126.75, 126.48, 126.25, 123.74, 123.49, 112.45,
110.99, 48.01, 40.43, 27.5417.40, 17.20, 17.14. IR (cm−1);
2955, 1603, 1444, 1390, 1334, 1314, 1181, 1016, 774, 703,
566. Elemental analysis, calculated for C29H35AgClN2; C:
61.77; H: 6.36, N: 5.05; found C: 61.47, H: 6.09, N: 4.93. HR
ESI-MS (CH3CN) m/z calculated for [M − Cl]+ = 517.1772;
found: 517.1716.
3.11. Cell Culturing. The human cancer cell lines MCF-7

and T47D, along with the primary cell line (Vero), undergo
cultivation and maintenance using complete RPMI 1640
medium (Gibco Life Technologies). The Gibco media was
supplemented with 10% fetal calf serum (FCS) and 1%
antibiotics, specifically 100 IU/mL penicillin and 100 g/mL
streptomycin for complete media. The cells are kept in a
humidified environment with 5% CO2 at 37° to ensure optimal
growth conditions.
3.12. Cytotoxicity Assay (MTT Assay).We employed the

MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tet-
razolium bromide) reagent to assess the cytotoxicity of the
sample. This assay was conducted in 96-well plates, following
the reported procedure. Specifically, 2 × 104 cells were seeded
per well, and the plates were then placed in a CO2 incubator at
37 °C. Various concentrations of compounds in the culture
medium (ranging from 1.95 to 500.0 μM) were prepared, and
the medium was replenished after 24 h. Following a total
incubation period of 48 h, 20 μL of MTT solution was added
to each well and allowed to incubate for 3 h. We subsequently
measured the optical density at a wavelength of 490 nm using
an ELISA reader (Multiscan; ThermoFisher) to evaluate the
cytotoxicity.
3.13. Cytotoxicity and Cell Adhesion Assay. We

evaluated cell viability using a cell adhesion assay. MCF-7
cells were seeded individually in a 24-well plate at a density of
5 × 105 cells per well and incubated overnight at 37 °C. To
assess the impact on cancer cell lines, the cells were treated
individually with [Ag(L4)(Cl)] (lowest IC50) and tamoxifen at
concentrations ranging from 500 to 1.95 μM for 45 min. We
quantified the number of adherent cells (live cell percentage)
and nonadherent cells (percentage of dead cells) using a
hemocytometer.
3.14. Apoptosis (Phosphatidylserine Exposure)

Study. The study focused on determining the induction of
apoptosis in the treated cells. The MCF-7 breast cancer cell
lines underwent Annexin V/PI staining, following a previously
outlined methodology, to discern the modality of cell death or
apoptosis induction. Cultivation of cells was performed at a
density of 2 × 104 cells per well. Next, we replaced the medium
with fresh media that contained [Ag(L4)(Cl)] and [Pd(L4)-
(py)(Br)2] treatments at IC50 and IC75 concentrations, which
we applied for 12 h at 37 °C. We deliberately chose these two
concentrations to elucidate apoptosis induction at both low
and high levels. Negative control cells were cultured in a
complete medium supplemented with 1% (v/v) DMSO. The
apoptosis study was conducted, and images were captured
utilizing a Nikon ECLIPSE Ti2 inverted microscope based in
the USA.
3.15. DNA Methodology. Calf thymus DNA (CT-DNA)

was purchased from Sigma-Aldrich. A stock solution of CT-

DNA was prepared by dissolving its small amount (0.01 mg) in
a buffer system (5 mM Tris-HCl and 50 mM NaCl) of pH 7.4.
The solution was stirred overnight in deionized water and kept
at 4 °C. The DNA concentration was measured from
absorption spectroscopy by considering the molar absorption
coefficient (6600 M−1 cm−1) at 260 nm. The compound’s
solutions (0.01 mM) were prepared in a DMSO/buffer system
(DMSO was 0.5% of total volume), and the desired
concentration was obtained by dilution. The absorbance
ratio at A260/A280 falls in the range of 1.8 to 1.9 to ensure
DNA purity. A quartz cell with a path length of 0.1 cm was
used to conduct experiments.
3.16. Viscosity Measurements. Viscosity measurements

were carried out to check the binding mode of compounds
[Ag(L4)(Cl)] and HL4(Cl) by keeping CT-DNA concen-
tration constant (0.5 mM) and varying the concentration of
compounds by using an Ostwald viscometer at 25 °C. The
experiments were conducted three times, and the average flow
time was calculated by using a stopwatch. Results were
calculated from the equation η = (t − t°)/t°, where t represents
the flow time of the compound, t° indicates the flow time of
compound-DNA adduct, and η is the viscosity of the solution.
A graph was plotted to show the experimental outcomes with
[compound/DNA] on the x-axis and (η/η°)1/3 on the y-axis.
Here, η shows the viscosity of DNA in the presence of the
compound, while η° represents the viscosity in the absence of
the compound.
3.17. Molecular Docking Protocols. The structures of

the compound were constituted on ACD ChemSketch
2021.2.1 followed by 3D optimizations and were saved as
MDL MOL files. These files were converted to the PDB file
format by employing Open Babel GUI72 and the protein
structures were acquired from RCSB Protein Databank73

followed by their preparation and optimization. AutoDock-
Tools-1.5.774 was used for molecular docking studies with the
grid box parameters adjusted separately for each protein
according to their dimensions and docking was carried out
under the preset parameters except the number of GA runs was
increased to 200 iterations to obtain greater accuracy where
the docked complexes were visualized and analyzed using
Discovery Studio 2021 Client.

4. CONCLUSIONS
We investigated a new series of mononuclear benzimidazole-
bearing NHC complexes and assessed their cytotoxicity against
MCF-7 and T47D and normal cell lines. All complexes
demonstrated significant activity, while [Ag(L4)(Cl)] showed
superior IC50 values (9 ± 1.04 and 11 ± 1.41) as compared to
tamoxifen used as a standard drug (11 ± 1.34 and 13 ± 0.71).
The antiproliferative activity of [Ag(L4)(Cl)] is maximized by
the synergistic effect of its corresponding proligand (HL4(Cl)).
Notably, HL4(Cl) also showed enhanced activity, evidenced in
terms of IC50 (16 ± 0.77) seemingly close to that of silver
NHC complexes. Anticancer assay underscores the ability of
compounds to induce cell death predominantly through the
apoptosis route (Annexin V+/PI+), as opposed to necrosis
(Annexin V−/PI+). Additionally, for [Pd(L4)(py)(Br)2], the
complex was also tested against the cancerous cell lines to
further explore the synergistic effect exhibited by BNHC
ligands on metal centers. [Ag(L4)(Cl)] was employed in DNA
binding studies to explore the binding mode of complexes with
CT-DNA. Stability studies were conducted in phosphate-
buffered saline, and Tris-HCl (pH 7.4) results showed no
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significant spectral changes over a period of 72 h under
physiological conditions, indicating the withstanding of
complexes in an alkaline buffer system. In molecular docking,
binding patterns and binding energies of the screened
candidates were found to be in good agreement with the
experimentally determined anticancer potency.
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