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A series of novel benzimidazole–triazole acetamide hybrids with different substitutions at the acetamide

moiety were designed and synthesized in an effort to discover potential anticancer agents. The

compounds were evaluated for their in vitro antiproliferative and cytotoxicity activities against two

cancer cell lines (A549 and SW480) and a normal cell (MRC-5) using the MTT assay. The results revealed

that most derivatives exhibited moderate to high levels of antiproliferative activity. Notably, derivative 9f

emerged as the most potent antiproliferative agent with IC50 values of 16.1 ± 1.1 and 19.7 ± 2.7 mM

against A549 and SW480, respectively. Compound 9f showed significant selectivity towards A549 (SI =

7.5) and SW480 (SI = 6.1) cancer cells compared to the normal MRC-5. Furthermore, this compound

exhibited much lower cytotoxicity than cisplatin and doxorubicin against the normal cells. The effects of

9f on cell cycle distribution and apoptosis induction in A549 cells were investigated using flow

cytometry. The derivative significantly arrested cells in the S phase and remarkably induced apoptosis at

the IC50 concentration. Compound 9f was predicted to have suitable pharmacokinetics and low toxic

effects as an anticancer candidate drug. The docking study demonstrated that compound 9f interacted

with topoisomerase II-DNA, exhibiting a binding energy comparable to that of etoposide.
1. Introduction

Cancer is a critical health issue concerning both diagnosis and
treatment, as it stands as the second leading cause of death
globally. The number of newly diagnosed cancer cases is esti-
mated to increase by 77% in 2050, reaching 35 million
compared to 20 million in 2020.1 Both genetic and environ-
mental factors contribute to uncontrolled cell proliferation,
causing malignancies complicated by the inuence of various
l of Pharmacy, Iran University of Medical

Shiraz University of Medical Sciences,

iversity, Tehran, Iran

Center, Endocrinology and Metabolism

sity of Medical Sciences, Tehran, Iran.

gy, School of Pharmacy, Shiraz University

ology, Faculty of Pharmacy, Kerman

n

o this work, and both are considered as

the Royal Society of Chemistry
intracellular signaling pathways. Consequently, several thera-
peutic approaches, including radiotherapy, surgery, stem cell
therapy, bone marrow transplantation, and chemotherapy have
been utilized for cancer treatment over the past few decades.2

However, chemotherapy remains the frontline treatment,
particularly in advanced stages. The increase in cancer
mortality, the emergence of drug resistance, and the high
toxicity of existing chemotherapeutics underscore the urgent
need for new anticancer agents.

Benzimidazole is an important pharmacophore in medicinal
chemistry3 due to its amphoteric property and its capability to
act as both a hydrogen bond acceptor and donor. This makes it
an ideal structure for forming hydrogen bonds with various
targets.4,5 It naturally occurs in the structures of several essen-
tial compounds, including vitamin B12, histamine, purine, and
biotin.3,6 Additionally, various substitutions can be added to
create new synthetic derivatives. Benzimidazole derivatives
exhibit various therapeutic activities, such as antimalarial,7,8

antipyretic,9 antihistaminic,10 anticonvulsant,11 antimicrobial,12

antifungal,13 antioxidant,14 anthelmintic,15 and anticancer16

properties.3,6,17 Many approved drugs include a benzimidazole
nucleus, including pracinostat (a histone deacetylase inhib-
itor),18 bendamustine (an alkylating agent),19 nocodazole (an
RSC Adv., 2025, 15, 37447–37460 | 37447
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antimitotic agent),20 dovitinib (a tyrosine kinase inhibitor),21

binimetinib and selumetinib (both MEK1/2 inhibitor),22,23 abe-
maciclib (a CDK inhibitor),24 veliparib (a PARP inhibitor),25

galeterone (a steroidal antiandrogen),26 and nazartinib (an
EGFR inhibitor),27 all of which have demonstrated anticancer
activity (Fig. 1). Benzimidazole derivatives exert their anticancer
effects through various mechanisms including inducing
apoptosis,28 causing cell cycle arrest,29 inhibiting the epidermal
growth factor receptor (EGFR) and vascular endothelial growth
factor receptor (VEGFR),30 disrupting microtubule polymeriza-
tion,31 and inhibiting DNA topoisomerases.32 In a study by
Huynh et al. the anticancer potential of certain 2-(substituted
phenyl) benzimidazole derivatives was evaluated. They found
that 6-methyl-2-(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazole
(Fig. 1, compound I) had the highest cytotoxicity against A549
cells with an IC50 value of 39.4 mM.33 Very recently, we investi-
gated the anticancer activity of N-substituted-2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazole-6-carboxamides. The
derivative containing a 2,4-dimethoxyphenyl group (Fig. 1,
compound II) was discovered to be the most potent anticancer
agent.34

Triazole is a nitrogen-containing heterocyclic ve-membered
ring that exists in two isomeric forms: 1,2,3-triazole and 1,2,4-
triazole.35 Triazoles are known for their stability under both
oxidizing and reducing conditions, and their ability to form
hydrogen bonds, which enhances their solubility and binding
affinity towards biomolecular targets.36 Triazole derivatives
show a wide range biological activities, such as antibacterial,37

antifungal,38 anticancer,39,40 antioxidant,41 antiviral,42 anti-
inammatory,43 analgesic,44 antiepileptic,11 antihypertensive,45

antityrosinase,46–48 antidiabetic,49 antianxiety,50 and
Fig. 1 Rational design of the benzimidazole–triazole hybrids (9a–o) as n

37448 | RSC Adv., 2025, 15, 37447–37460
antitubercular51 effects. The triazole ring serves as the core
structure of several FDA-approved drugs, such as letrozole,
ribavirin, uconazole, rizatriptan, and estazolam. Modifying
the substitutions on the triazole core can signicantly inuence
their binding affinity and selectivity towards various biological
targets, making them valuable candidates for drug develop-
ment. Some studies have demonstrated the potential of triazole-
acetamide derivatives (Fig. 1, compounds III and IV) as effective
anticancer agents.52,53

In recent years, researchers have employed the molecular
hybridization approach to design novel drugs with improved
potency. Various benzimidazole–triazole hybrids have been
developed, and these compounds are known to exhibit a range
of biological activities.54–58 Despite the development of various
chemical entities featuring the benzimidazole–triazole struc-
tural motif, many of them demonstrate signicant anticancer
potency.59

In this study, a novel series of benzimidazole–triazole acet-
amide hybrids (Fig. 1, 9a–o) was designed as potential anti-
cancer agents. 2-(4-((2-(3,4,5-Trimethoxyphenyl)-1H-benzo[d]
imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)-N-substituted acet-
amides were synthesized and screened for their anti-
proliferative activity against cancer cell lines. Moreover,
supplementary biological assessments, including cell cycle
analysis and apoptosis investigation, were conducted for the
most potent derivative. In silico assessment of pharmacokinetic
and toxicity properties was carried out for the selected deriva-
tive. Finally, molecular docking analysis was conducted to
estimate the binding affinity and interactions of compounds
with the topoisomerase enzyme.
ew anticancer agents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cytotoxicity of the synthesized compounds against cancer
cell lines

Compound R

IC50
a (mM)

A549b SW480c

9a 67.4 � 3.4 77.2 � 3.2

9b 114.5 � 5.0 157.5 � 7.8

9c 23.5 � 3.6 22.5 � 3.9

9d >200 >200

9e 22.2 � 4.0 30.4 � 3.6
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2. Results and discussion
2.1. Synthesis

The synthetic pathway for novel 2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-tri-
azol-1-yl)-N-substituted acetamide derivatives (9a–o) is
illustrated in Scheme 1. The intermediate 2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazole (3) was synthesized by
the reaction of 3,4,5-trimethoxybenzaldehyde (1) and 1,2-
phenylenediamine (2) in the presence of sodium metabisulte
in DMF (yield: 92%). Then, the propargylated intermediate (5)
was prepared by the reaction of compound 3, potassium
carbonate, and propargyl bromide (yield: 90%). The acylation of
the corresponding aniline derivative (6a–o) with chloroacetyl
chloride (7) afforded 2-chloro-N-substituted acetamide deriva-
tives (8a–o) (yield: 80–85%). Finally, the desired compounds
(9a–o) were synthesized through the three-component click
reaction of sodium azide, the corresponding 2-chloro-N-
substituted acetamide derivatives (8a–o), and the propargylated
intermediate (5) (yield: 74–81%). For the rst time, the click
reaction of azide–alkyne cycloaddition reaction was carried out
by Prof. Sharpless, which enabled him to get the Nobel Prize.60

The structures of all synthesized compounds were conrmed by
1H NMR, 13C NMR, and IR spectroscopy as well as elemental
analysis.
9f 16.1 � 1.1 19.7 � 2.7

9g 31.5 � 4.2 64.5 � 3.3

9h 32.5 � 4.2 43.8 � 2.5

9i 29.3 � 6.6 51.5 � 4.6

9j 57.6 � 5.7 68.1 � 2.2

9k 37.9 � 0.14 53.5 � 6.4

9l 50.3 � 6.7 65.3 � 1.0

9m 47.9 � 2.7 72.3 � 5.3

9n 20.3 � 2.0 34.3 � 3.1

9o 48.9 � 2.2 62.4 � 3.7

Cisplatin — 7.4 � 1.6 15.2 � 0.3
Doxorubicin — 0.46 � 0.02 0.59 � 0.07

a Mean ± SD of 3–4 independent replicates. b A549; adenocarcinomic
human alveolar basal epithelial cells. c SW480; primary colon cancer cells.

Scheme 1 Procedure for the synthesis of the designed 2-(4-((2-
(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-
1,2,3-triazol-1-yl)-N-substituted acetamides (9a–o).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 37447–37460 | 37449
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2.2. In vitro antiproliferative activity against cancer cells

The antiproliferative effects of the synthesized 2-(4-((2-(3,4,5-
trimethoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)-N-substituted acetamides (9a–o) were tested on
A549 (human lung cancer) and SW480 (human colon cancer)
cell lines. The calculated IC50 values are presented in Table 1.
Cisplatin and doxorubicin were used as the positive controls.

All the derivatives, except 9d, demonstrated good anti-
proliferative activity against A549 and SW480 cells at the tested
concentrations. Compound 9f, bearing 2,4-dimethoxyphenyl
substitution, was the most potent antiproliferative derivative
with IC50 values of 16.1 ± 1.1 and 19.7 ± 2.7 mM against A549
and SW480, respectively. Moreover, 9c, 9e, and 9n derivatives
(having 4-nitrophenyl, 2-chlorophenyl, and 3-chlorophenyl
moieties, respectively) showed remarkable activity with IC50

values of 20.3–23.5 mM against A549 and 22.5–34.3 mM against
SW480.

According to the results, a detailed structure–activity rela-
tionship is presented. Modifying the phenyl substitution in 9b
to the benzyl substitution (as in 9m) enhanced the anti-
proliferative activity against both cancer cells. Therefore, it can
be stated that increasing the distance between the amine
function and the phenyl ring improved the activity. Any
substituent insertion on the phenyl ring, except the bromine
atom, enhanced the antiproliferative effect. Based on the results
for compounds 9f and 9j, it appears that the methoxy substi-
tution enhances the activity. Compound 9f, bearing methoxy
functions at the ortho and para positions of the phenyl ring, was
the most antiproliferative compound against the two cancer cell
lines. The methoxy groups may establish hydrophobic and
hydrogen bonding interactions with the potential receptors.
Placing the electron-withdrawing nitro group at the para posi-
tion caused 9c to have high activity probably by providing
hydrogen bonding interactions. It may be concluded that lip-
ophilicity and steric hindrance are the determining factors for
the antiproliferative activity of the para-substituted derivatives.
Embedding the lipophilic and bulky bromine atom at the para
position (as in 9d) diminished the activity. In the case of methyl-
substituted derivatives (9a, 9i, and 9k), the addition of two
methyl groups on the phenyl ring would improve the activity.
Table 2 Cytotoxicity of 9c, 9e, 9f, and 9n against MRC-5 normal cells

Compound

IC50
a (mM) SIc

MRC-5b A549 SW480

9c 90.6 � 0.6 3.8 4.0
9e 105.0 � 7.1 4.7 3.4
9f 120.7 � 6.7 7.5 6.1
9n 124.2 � 0.4 6.1 3.6
Cisplatin 18.3 � 2.1 2.5 1.2
Doxorubicin 0.39 � 0.06 0.8 0.7

a Values are expressed as mean ± SD of three independent replicates.
b MRC-5: human fetal lung broblast cells. c SI: selectivity index = IC50
of a compound in a normal cell line/IC50 of the same compound in
a cancerous cell line.

37450 | RSC Adv., 2025, 15, 37447–37460
Moreover, the activity was increased by changing the 4-methyl
substitution (9a) to the 4-ethyl (9l).

2.3. In vitro cytotoxic activity against normal cells

The cytotoxicity of four derivatives having the highest anti-
proliferative potential against the cancer cell lines, 9c, 9e, 9f,
and 9n, was assessed against MRC-5 as a normal human cell
line. The positive controls, cisplatin and doxorubicin, were used
for comparison. The selectivity indexes (SI) for each compound
are presented in Table 2. The tested derivatives exhibited
signicantly superior cytotoxic selectivity than cisplatin and
doxorubicin toward cancerous cells (A549 and SW480) over the
normal cell line (MRC-5). Compound 9f was the most selective
derivative toward A549 and SW480 cells with SI values of 7.5 and
6.1, respectively.

2.4. Cell cycle arrest

To investigate the effect of compound 9f on the distribution of
A549 cells across different phases of the cell cycle, the PI
staining assay was performed. Aer 24 h treatment with 16.1 mM
of 9f, some changes in the number of cells in the cell cycle
phases were observed; however, the variations were not signif-
icant compared to the control cells. Notably, aer 48 h of
treatment with 16.1 mM of 9f, there was a signicant increase in
the number of cells in the S phase (33.04%, p < 0.001), along
with a signicant reduction in the number of cells in the G0/G1
phase (54.91%, p < 0.01), and a non-signicant decrease in the
G2/M phase (12.05%) as compared to the untreated control cells
which showed 15.42%, 67.93%, and 16.65% of cells in S, G0/G1,
and G2/M phases of the cell cycle, respectively (Fig. 2). This
indicates that compound 9f induces cell cycle arrest at the S
phase in A549 cells.

2.5. Apoptosis induction

The apoptotic cell rates were determined for the A549 cells aer
treatment with derivative 9f at a concentration of 16.1 mM for 24
and 48 h. The results are displayed in Fig. 3. To clarify the
mechanism of 9f-induced cell death in cells, ow cytometry
detection of Annexin V-FITC/PI staining on the A549 cells was
carried out. Compound 9f signicantly (p < 0.001) induced early
and late apoptosis in A549 cells aer 48 h as compared with the
untreated control cells. The rates of early and late apoptosis
increased over time, rising from 3.79% and 1.63% at 24 h to
12.2% and 4.01% at 48 h, respectively. The results revealed that
9f increased the cellular apoptosis in a time-dependent manner.

2.6. In silico prediction of pharmacokinetic and toxicity
properties

Pharmacokinetics proles, including gastrointestinal (GI)
absorption, in vitro Caco-2 cell permeability, in vitro plasma
protein binding (PPB), P-glycoprotein (P-gp) inhibition, and in
vivo blood–brain barrier (BBB) penetration, were predicted for
the 9f derivative. The results are presented in Table 3.
Compound 9f showed high GI absorption and had no BBB
permeation; therefore, it can be stated that 9fmay be applied as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Flow cytometry analysis of cell-cycle progression of A549 cells after treatment with compound 9f for 24 h and 48 h. Data are the mean±

SD of three independent experiments. n.s: non-significant; **p < 0.01; and ***p < 0.001; by one-way ANOVA and Tukey's post hoc test to
compare the percentages of treated cells with the control cells.
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an oral drug, and it is less likely to cause neurotoxicity. The
compound was predicted to have strong PPB. Moreover,
moderate human colorectal carcinoma cell permeability was
assessed for 9f. The compound was predicted to exhibit P-gp
inhibition; therefore, it may have the potential to overcome
multidrug resistance (MDR). P-gp is overexpressed in cancer
cells and recognized as the key efflux transporter responsible for
MDR to chemotherapeutics.61–63 The predicted toxicities contain
carcinogenicity with the mouse (Carcino-Mouse), human ether-
a-go-go inhibition (hERG-inhibition), in vitro Ames test with
(+S9) and without (−S9) metabolic activation in TA100 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
TA1535 strains rat liver (TA100-10RLI, TA100-NA, TA1535-
10RLI, and TA1535-NA). Compound 9f showed negative carci-
nogenicity for the mouse and had a medium risk for hERG
inhibition. The compound exhibited negative Ames mutage-
nicity to all the strains. Considering all the above-mentioned
results, 9f could be suggested as a promising candidate for
further development as an anticancer agent.
2.7. Molecular docking

Type II topoisomerase (Topo II) is a predominant enzyme
responsible for regulating DNA supercoiling and supercoiling
RSC Adv., 2025, 15, 37447–37460 | 37451
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Fig. 3 Representation of the induced cell apoptosis by compound 9f. Scatter plots were obtained by flow cytometry detection of Annexin
V-FITC/PI staining on the A549 cells treated with 16.1 mM concentration of 9f for 24 h and 48 h. Data are the mean ± SD of three independent
experiments. ***p < 0.001; by one-way ANOVA and Tukey's post hoc test to compare the percentages of treated cells with the control cells.

Table 3 The drug-likeness and pharmacokinetic properties predicted results for 9f

Pharmacokinetics Toxicity

Code
GI
absorption BBB

P-gp
inhibition Caco-2a PPBb Carcino-mouse hERG-inhibition TA100-10RLI TA100-NA TA1535-10RLI TA1535-NA

9f High No Yes 40.55 92.32 Negative Medium-risk Negative Negative Negative Negative

a In vitro Caco-2 (human colorectal carcinoma) cell permeability (nm s−1); low: <4, moderate: 4–70, high: >70. b In vitro plasma protein binding
(percentage); strongly: >90, weakly: <90.

37452 | RSC Adv., 2025, 15, 37447–37460 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Superimposition of binding modes of etoposide (yellow), 9c (green), 9e (cyan), 9f (red), and 9n (purple) within the binding site of Topo II-
DNA (PDB ID: 5GWK).
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and resolving DNA entanglements. It is involved in cellular
processes, including DNA replication, recombination, and
repair.64 Due to its signicant function in the cell life cycle, Topo
II has become a prominent target for anticancer drug research.65

Over the past few decades, several Topo II inhibitors, such as
etoposide and doxorubicin, have been clinically applied as anti-
cancer treatments. Topo II inhibitors are classied into two
categories based on their mechanisms of action: Topo II
poisons stabilize the covalent DNA-Topo II cleavable complexes,
while catalytic inhibitors interfere with other steps in the cata-
lytic cycle.66
Table 4 Binding energies of the co-crystallized ligands and the most po

Compounds

Binding energies (kcal m

Human Topo IIa-DNA (5

ANP (innate ligand) —
Etoposide (innate ligand) −11.1
9c −10.3
9e −10.5
9f −11.0
9n −10.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
Several derivatives of benzimidazole have been identied as
efficient Topo II inhibitors. Biological and in silico studies have
revealed that benzimidazole-containing derivatives may act as
either poison or catalytic inhibitors of Topo II.34,59,67–70 Bielawski
et al. reported bis-benzimidazoles as Topo II inhibitors that
interact with the GC base pair at the DNA minor groove.69 Li
et al. introduced two benzimidazole–rhodanine conjugates as
non-intercalative Topo II inhibitors that bind to the ATP-
binding site of the Topo II enzyme.68 An antiproliferative
benzimidazole–hydrazine conjugate was discovered to inhibit
Topo II, arrest the cell cycle at the S phase, and induce
tent benzimidazole–triazoles with Topo II enzymes

ol−1)

GWK) Human Topo IIa ATPase-no DNA (1ZXM)

−10.7
—
−9.1
−8.7
−8.6
−9.4
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apoptosis.70 Most recently, a benzimidazole–triazole derivative
has been reported as a potent Topo II inhibitor, showing an IC50

value of 2.52 mM, which arrested growth during the S phase and
induced apoptosis in HepG-2 cancer cells.59

The molecular docking studies were carried out to predict
the binding affinity of the most potent antiproliferative benz-
imidazole–triazole derivatives with the central domain of Topo
Fig. 5 Interactions of etoposide (a), 9c (b), 9e (c), 9f (d), and 9n (e) with

37454 | RSC Adv., 2025, 15, 37447–37460
II-DNA (PDB ID: 5GWK) and the ATPase domain of Topo II (PDB
IDs: 1ZXM). The estimated binding energies of the co-
crystallized ligands and the benzimidazole derivatives in the
active sites of 5GWK and 1ZXM are presented in Table 4. RMSD
values of 0.6 Å and 1.4 Å for 5GWK and 1ZXM, respectively, (<2.0 Å)
proved that the top-ranked conformer of the ligands super-
imposed well over the corresponding X-ray crystallographic one
in the binding site of Topo II-DNA (PDB ID: 5GWK).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into the binding site of the enzymes. According to the predicted
binding energies, benzimidazole–triazoles preferentially targeted
Topo IIa-DNA (DGs= from−10.3 to−11.0 kcalmol−1) rather than
the ATPase domain of Topo IIa (DGs = from −8.6 to
−9.4 kcal mol−1) (Table 4).

The compounds accommodated well in the binding site of
Topo II while occupying the DNA minor groove, as illustrated in
Fig. 4. Compounds 9f and 9n possessed the same binding
mode, while 9c and 9e oriented differently in the binding site.
The interactions of 9c, 9e, 9f, 9n, and etoposide in complex with
Topo IIa-DNA are illustrated in Fig. 5. Etoposide exhibited
a binding energy of kcal mol−1 and illustrated various binding
interactions in the active site. It formed hydrogen bonding
interactions with ASP463, ARG487, DC8, and DA12. Moreover,
etoposide established an electrostatic interaction with ARG487
and hydrophobic interactions with MET762, MET765, PRO803,
DG13, and DG10 (Fig. 5a). Docking analysis of 9c (Fig. 5b)
represented a hydrogen bonding interaction with SER464 and
hydrophobic interactions with ARG48, MET762, and LYS614. In
the case of compound 9e, hydrogen bonding interactions with
DA12 and DC14, as well as hydrophobic interactions with
MET762, DT9, and DG13 were observed (Fig. 5c). Compounds
9c and 9e are oriented in the binding pocket in such a way that
the 4-nitrophenyl and 2-chlorophenyl substitutions did not
participate in the formation of any interaction. In contrast, in
compounds 9f and 9n, the 2,4-dimethoxyphenyl and 2-chloro-
phenyl moieties provided a variety of interactions. Compound
9f possessed the most negative binding energy value
(−11.0 kcal mol−1) among other benzimidazole–triazoles,
which was almost equal to that of etoposide. The compound
was discovered to establish ve hydrogen bonding interactions
with ASP463, SER464, and ARG487 amino acids, as well as
a stacking interaction with LYS614, LEU616, DT9, and DG13
nucleotides, besides a metal–acceptor interaction with MG1301
(Fig. 5d). Compound 9n stabilized within the binding site by
three hydrogen bonding interactions with SER464, ARG487, and
DA12, hydrophobic interactions with LYS614, DT9, and DA12,
and two electrostatic interactions with ASP451 and MG1301
(Fig. 5e).
3. Conclusions

New benzimidazole–triazole acetamides (9a–o) were designed
and synthesized as anticancer agents. The derivatives were
tested for their antiproliferative effect against cancerous (A549
and SW480) cells. Derivative 9f, having a 2,4-dimethoxyphenyl,
has the highest activity among all the tested compounds.
Remarkably, it showed lower cytotoxicity compared to cisplatin
and doxorubicin towards MRC-5 normal cells. This compound
efficiently arrested A549 cells at the S phase and induced
apoptosis at early and late stages aer 48 h of treatment at the
IC50 concentration. Finally, suitable pharmacokinetic proling
and low toxic effects were predicted in silico for the compound.
This investigation identies novel benzimidazole–triazole
acetamide hybrids and highlights the potential of 9f as a new
anticancer agent. Further complementary studies on this
© 2025 The Author(s). Published by the Royal Society of Chemistry
subject would afford one step forward to nd a new chemo-
therapeutic drug.
4. Materials and methods
4.1. Apparatus

All chemicals and reagents were of commercial grade. The
progress of the reactions was followed using pre-coated
aluminum sheet thin layer chromatography (TLC) plates
(Merck, silica gel 60-F254). The IR spectra were collected with
a Nicolet FT-IR Magna 550 spectrometer (KBr disks). The
nuclear magnetic resonance (NMR) spectra were recorded with
a Bruker DRX-500 NMR spectrometer (1H: 301 MHz, 13C: 76
MHz) using DMSO-d6 as solvent. Chemical shis (d) are
expressed in parts per million (ppm), and J values are given in
hertz (Hz). Melting points were determined with a Barnstead
IA9300 system (Electrothermal, UK) and are uncorrected.
Elemental analyses were carried out by a PerkinElmer 2400
CHN Elemental Analyzer and were within ±0.4% of the theo-
retical values for C, H, and N.
4.2. Chemistry

4.2.1. Preparation of 2-(3,4,5-trimethoxyphenyl)-1H-benzo
[d]imidazole (3). A mixture containing 3,4,5-tri-
methoxybenzaldehyde 1 (20 mmol, 3.92 g), 1,2-phenyl-
enediamine 2 (22 mmol, 2.38 g), and 1.1 equivalents of sodium
metabisulte in DMF (25 mL) was reuxed for 12 h. Aer
cooling, 50mL of water was added, followed by extraction with 3
portions of 35 mL of ethyl acetate. The organic phase was
dehydrated using magnesium sulfate. Aer ltration, the
solvent was evaporated under vacuum to yield 2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazole 3.71 Yield: 92%.

4.2.2. Synthesis of 1-(prop-2-yn-1-yl)-2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazole (5). 2-(3,4,5-Tri-
methoxyphenyl)-1H-benzo[d]imidazole 3 (10 mmol, 2.84 g) and
potassium carbonate (15 mmol, 2.07 g) were dissolved in
a minimum amount of DMF and stirred at room temperature
(rt) for 15 min. Propargyl bromide 4 (15 mmol, 1.78 g) was
added to this solution and stirred for 24 h at rt. Aer completion
of the reaction, the mixture was poured into ice-cold water. The
solid product was ltered and dried to afford 1-(prop-2-yn-1-yl)-
2-(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazole 5. Yield: 90%;
brown solid.72

4.2.3. Preparation of 2-chloro-N-substituted acetamide
derivatives (8a–o). Aniline derivatives 6a–o (50 mmol) were
suspended in 25 mL of DMF and cooled to 0 °C. Then, chloro-
acetyl chloride 7 (65 mmol, 7.34 g) was added. The reaction
mixture was stirred at rt for 24 h. Upon completion of the
reaction, the reaction mixture was diluted with water, poured
into crushed ice, and the obtained precipitate were ltered off.
Finally, the residue was washed with water to obtain 2-chloro-N-
substituted acetamide derivatives 8a–o. Yield: 80–85%.73

4.2.4. Synthesis of N-substituted-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl) acetamides (9a–o). Corresponding acetamide 8a–o
(1.2 mmol), K2CO3 (1.5 mmol, 0.21 g), and NaN3 (1.5 mmol, 0.97
RSC Adv., 2025, 15, 37447–37460 | 37455
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g) were dissolved in DMF solvent and stirred at rt for 1 h. Then,
copper sulfate pentahydrate (CuSO4$5H2O) (0.15 mmol, 0.04 g),
sodium ascorbate (0.45 mmol, 0.09 g), and the propargylated
compound 5 (1 mmol, 0.32 g) were added to the reaction
mixture. Aer the completion of the reaction, copper ions were
removed from the mixture using a 0.05 M solution of ethyl-
enediaminetetraacetic acid (EDTA). Then, the resulting precip-
itate was ltered and washed several times with water, and
crystallized by EtOH to obtain the pure N-substituted-2-(4-((2-
(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-
1,2,3-triazol-1-yl)acetamide derivatives 9a–o.34

4.2.4.1 N-(p-Tolyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide (9a).
Cream solid; yield: 80%; MP: 193–195 °C; IR (KBr, nmax): 3310
(NH), 3035 (CH Aromatic), 2880 (CH Aliphatic), 1664 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.40 (s, 1H), 8.27 (s,
1H), 7.73 (s, 2H), 7.47 (d, J= 8.1 Hz, 2H), 7.36–7.25 (m, 4H), 7.14
(d, J = 8.1 Hz, 2H), 5.64 (s, 2H), 5.33 (s, 2H), 3.86 (s, 6H), 3.79 (s,
3H), 2.27 (s, 3H) ppm; 13C NMR (76 MHz, DMSO-d6) d 164.30,
153.50, 143.16, 139.22, 136.35, 133.24, 129.76, 125.89, 125.72,
123.08, 122.71, 119.68, 111.52, 107.43, 60.62, 56.59, 52.73,
20.91 ppm; anal. calcd for C28H28N6O4: C, 65.61; H, 5.51; N,
16.52. Found: C, 65.73; H, 5.69; N, 16.63.

4.2.4.2 N-Phenyl-2-(4-((2-(3,4,5-trimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide (9b).
Cream solid; yield: 81%; MP: 189–1191 °C; IR (KBr, nmax): 3315
(NH), 3020 (CH Aromatic), 2875 (CH Aliphatic), 1661 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.49 (s, 1H), 8.28 (s,
1H), 7.73 (s, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.42–7.26 (m, 6H),
7.20–7.05 (m, 1H), 5.65 (s, 2H), 5.37 (s, 2H), 3.86 (s, 6H), 3.79 (s,
3H) ppm; 13C NMR (76 MHz, DMSO-d6) d 164.58, 153.50, 143.18,
142.92, 139.24, 138.88, 129.40, 125.91, 125.65, 124.27, 123.12,
122.76, 119.69, 119.57, 111.56, 111.52, 107.47, 60.62, 56.59,
52.77 ppm; anal. calcd for C27H26N6O4: C, 65.05; H, 5.26; N,
16.86. Found: C, 65.21; H, 5.42; N, 17.02.

4.2.4.3 N-(2-Nitrophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9c). Khaki solid; yield: 77%; MP: 231–233 °C; IR (KBr, nmax):
3375 (NH), 3065 (CH Aromatic), 2930 (CH Aliphatic), 1671 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 11.17 (s, 1H), 8.31 (s,
1H), 8.26 (d, J = 8.3 Hz, 2H), 7.86 (s, 1H), 7.72 (s, 2H), 7.37–7.26
(m, 4H), 5.67 (s, 2H), 5.48 (s, 2H), 3.86 (s, 6H), 3.80 (s, 3H) ppm;
13C NMR (76 MHz, DMSO-d6) d 165.77, 153.51, 144.99, 143.26,
143.05, 142.79, 139.26, 136.22, 125.93, 125.56, 123.18, 122.81,
119.49, 111.51, 107.44, 60.61, 56.56, 52.89 ppm; anal. calcd for
C27H26N6O4: C, 59.66; H, 4.64; N, 18.04. Found: C, 59.82; H,
4.79; N, 18.23.

4.2.4.4 N-(4-Bromophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9d). Cream solid; yield: 74%; MP: 201–203 °C; IR (KBr, nmax):
3335 (NH), 3030 (CH Aromatic), 2860 (CH Aliphatic), 1666 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.66 (s, 1H), 8.30 (s,
1H), 7.73 (s, 2H), 7.60–7.53 (m, 4H), 7.38–7.27 (m, 4H), 5.67 (s,
2H), 5.39 (s, 2H), 3.89 (s, 6H), 3.81 (s, 3H) ppm; 13C NMR (76
MHz, DMSO-d6) d 164.84, 153.51, 153.36, 143.25, 143.00, 139.21,
138.26, 136.30, 132.25, 125.90, 125.71, 123.08, 122.73, 121.62,
119.59, 115.91, 111.48, 111.41, 107.44, 60.64, 56.60, 52.77 ppm;
37456 | RSC Adv., 2025, 15, 37447–37460
anal. calcd for C27H25BrN6O4: C, 56.16; H, 4.36; N, 14.55. Found:
C, 56.32; H, 4.52; N, 14.71.

4.2.4.5 N-(2-Chlorophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9e). Khaki solid; yield: 78%; MP: 208–210 °C; IR (KBr, nmax):
3350 (NH), 3045 (CH Aromatic), 2870 (CH Aliphatic), 1666 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.09 (s, 1H), 8.27 (s,
1H), 7.80–7.67 (m, 3H), 7.54 (d, J = 8.0 Hz, 1H), 7.39–7.21 (m,
3H), 5.65 (s, 2H), 5.46 (s, 2H), 3.85 (s, 6H), 3.78 (s, 3H) ppm; 13C
NMR (76 MHz, DMSO-d6) d 165.28, 153.49, 143.16, 139.23,
134.60, 130.09, 128.04, 127.20, 126.74, 126.33, 125.95, 123.16,
122.75, 119.53, 111.58, 107.37, 60.59, 56.54, 52.46 ppm; anal.
calcd for C27H25ClN6O4: C, 60.85; H, 4.73; N, 15.77. Found: C,
60.98; H, 4.92; N, 15.96.

4.2.4.6 N-(2,4-Dimethoxyphenyl)-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)acetamide (9f). Khaki solid; yield: 80%; MP: 196–
198 °C; IR (KBr, nmax): 3280 (NH), 3015 (CH Aromatic), 2850 (CH
Aliphatic), 1662 (C]O) cm−1; 1H NMR (301 MHz, DMSO-d6)
d 9.64 (s, 1H), 8.26 (s, 1H), 7.73 (s, 2H), 7.70 (s, 1H), 7.37–7.23
(m, 4H), 6.66 (d, J = 2.7 Hz, 1H), 6.50 (m, 1H), 5.64 (s, 2H), 5.40
(s, 2H), 3.86 (s, 6H), 3.84 (s, 3H), 3.79 (s, 3H), 3.76 (s, 3H) ppm;
13C NMR (76 MHz, DMSO-d6) d 164.48, 157.51, 153.49, 151.78,
143.13, 139.20, 125.89, 125.64, 123.80, 123.11, 122.74, 120.02,
119.56, 111.51, 107.43, 104.56, 99.34, 60.61, 56.56, 56.20, 55.76,
52.62 ppm; anal. calcd for C29H30N6O6: C, 62.36; H, 5.41; N,
15.05. Found: C, 62.57; H, 5.58; N, 15.19.

4.2.4.7 N-(2,4-Dichlorophenyl)-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)acetamide (9g). Khaki solid; yield: 80%; MP: 216–
218 °C; IR (KBr, nmax): 3310 (NH), 3040 (CH Aromatic), 2880 (CH
Aliphatic), 1669 (C]O) cm−1; 1H NMR (301 MHz, DMSO-d6)
d 10.18 (s, 1H), 8.27 (s, 1H), 7.77 (d, J = 8.8 Hz, 2H), 7.71 (s, 2H),
7.44 (d, J = 6.6 Hz, 1H), 7.37–7.26 (m, 4H), 5.65 (s, 2H), 5.47 (s,
2H), 3.83 (s, 6H), 3.78 (s, 3H) ppm; 13C NMR (76 MHz, DMSO-d6)
d 165.01, 153.03, 142.65, 138.79, 135.28, 133.37, 129.78, 129.08,
127.71, 127.09, 126.79, 125.50, 122.81, 122.37, 119.03, 111.24,
106.93, 60.13, 56.06, 52.03 ppm; anal. calcd for C27H24Cl2N6O4:
C, 57.15; H, 4.26; N, 14.81. Found: C, 57.34; H, 4.47; N, 14.95.

4.2.4.8 N-(2-Nitrophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9h). Khaki solid; yield: 75%; MP: 226–228 °C; IR (KBr, nmax):
3375 (NH), 3065 (CH Aromatic), 2930 (CH Aliphatic), 1671 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.76 (s, 1H), 8.24 (s,
1H), 8.00 (d, J = 8.0 Hz, 1H), 7.81–7.64 (m, 4H), 7.43 (t, J =
7.6 Hz, 2H), 7.32–7.26 (m, 3H), 5.65 (s, 2H), 5.44 (s, 2H), 3.84 (s,
6H), 3.78 (s, 3H) ppm; 13C NMR (76 MHz, DMSO-d6) d 165.35,
153.54, 144.98, 143.73, 143.09, 142.88, 139.20, 134.66, 130.77,
126.39, 126.01, 125.56, 123.29, 111.89, 107.74, 60.58, 56.54,
52.49 ppm; anal. calcd for C27H25N7O6: C, 59.66; H, 4.64; N,
18.04. Found: C, 59.82; H, 4.82; N, 18.20.

4.2.4.9 N-(2,4-Dimethylphenyl)-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)acetamide (9i). Light brown solid; yield: 77%; MP:
188–190 °C; IR (KBr, nmax): 3265 (NH), 3020 (CH Aromatic), 2865
(CH Aliphatic), 1665 (C]O) cm−1; 1H NMR (301 MHz, DMSO-
d6) d 9.75 (s, 1H), 8.27 (s, 1H), 7.78–7.65 (m, 2H), 7.34 (s, 2H),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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7.32–7.26 (m, 3H), 7.05 (s, 1H), 6.99 (d, J = 8.2 Hz, 1H), 5.64 (s,
2H), 5.38 (s, 2H), 3.86 (s, 6H), 3.79 (s, 3H), 2.25 (s, 3H), 2.18 (s,
3H) ppm; 13C NMR (76 MHz, DMSO-d6) d 164.70, 153.49, 143.15,
142.90, 139.22, 136.19, 135.20, 133.34, 132.04, 131.41, 127.04,
125.85, 125.62, 125.26, 123.10, 122.76, 119.54, 111.48, 107.46,
60.62, 56.57, 52.45, 20.92, 18.15 ppm; anal. calcd for
C29H30N6O4: C, 66.15; H, 5.74; N, 15.96. Found: C, 66.29; H,
5.91; N, 16.14.

4.2.4.10 N-(4-Methoxyphenyl)-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)acetamide (9j). Khaki solid; yield: 79%; MP: 174–
176 °C; IR (KBr, nmax): 3295 (NH), 3010 (CH Aromatic), 2870 (CH
Aliphatic), 1661 (C]O) cm−1; 1H NMR (301 MHz, DMSO-d6)
d 10.35 (s, 1H), 8.27 (s, 1H), 7.72 (s, 2H), 7.49 (d, J = 9.0 Hz, 2H),
7.37–7.26 (m, 4H), 6.92 (d, J = 9.0 Hz, 2H), 5.64 (s, 2H), 5.31 (s,
2H), 3.85 (s, 6H), 3.78 (s, 3H), 3.74 (s, 3H) ppm; 13C NMR (76
MHz, DMSO-d6) d 164.02, 156.02, 153.50, 143.09, 139.25, 133.76,
131.96, 125.90, 125.54, 123.18, 122.80, 121.23, 114.49, 111.57,
107.47, 60.61, 56.57, 55.63, 52.67 ppm; anal. calcd for
C28H28N6O5: C, 63.63; H, 5.34; N, 15.90. Found: C, 63.81; H,
5.51; N, 16.02.

4.2.4.11 N-(2,3-Dimethylphenyl)-2-(4-((2-(3,4,5-tri-
methoxyphenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)acetamide (9k). Light brown solid; yield: 77%; MP:
191–193 °C; IR (KBr, nmax): 3275 (NH), 3020 (CH Aromatic), 2870
(CH Aliphatic), 1664 (C]O) cm−1; 1H NMR (301 MHz, DMSO-
d6) d 9.86 (s, 1H), 8.26 (s, 1H), 7.72 (s, 2H), 7.34–7.26 (m, 3H),
7.16 (d, J = 6.8 Hz, 1H), 7.10–7.00 (m, 3H), 5.64 (s, 2H), 5.38 (s,
2H), 3.85 (s, 6H), 3.78 (s, 3H), 2.26 (s, 3H), 2.09 (s, 3H) ppm; 13C
NMR (76 MHz, DMSO-d6) d 164.80, 153.49, 143.13, 139.19,
137.63, 135.69, 131.60, 131.52, 127.76, 125.88, 125.78, 123.72,
123.12, 122.74, 119.59, 111.56, 107.39, 60.61, 56.56, 52.41,
20.60, 14.44 ppm; anal. calcd for C29H30N6O4: C, 66.15; H,
5.74; N, 15.96. Found: C, 66.32; H, 5.81; N, 16.12.

4.2.4.12 N-(4-Ethylphenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9l). Khaki solid; yield: 76%; MP: 196–198 °C; IR (KBr, nmax):
3275 (NH), 3020 (CH Aromatic), 2870 (CH Aliphatic), 1664 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.42 (s, 1H), 8.28 (s,
1H), 7.73 (s, 2H), 7.49 (d, J= 8.2 Hz, 2H), 7.37–7.23 (m, 4H), 7.17
(d, J = 8.1 Hz, 2H), 5.64 (s, 2H), 5.34 (s, 2H), 3.85 (s, 6H), 3.78 (s,
3H), 2.61–2.54 (m, 2H), 1.16 (t, J= 7.6 Hz, 3H) ppm; 13C NMR (76
MHz, DMSO-d6) d 164.31, 153.50, 143.12, 139.67, 139.22, 136.55,
128.57, 125.91, 125.60, 123.13, 122.76, 119.75, 119.52, 111.53,
107.44, 60.61, 56.57, 52.71, 28.06, 16.10 ppm; anal. calcd for
C29H30N6O4: C, 66.15; H, 5.74; N, 15.96. Found: C, 66.29; H,
5.93; N, 16.11.

4.2.4.13 N-Benzyl-2-(4-((2-(3,4,5-trimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide (9m).
Khaki solid; yield: 74%; MP: 196–198 °C; IR (KBr, nmax): 3290
(NH), 3030 (CH Aromatic), 2880 (CH Aliphatic), 1666 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 8.86 (t, J = 5.8 Hz, 1H),
8.23 (s, 1H), 7.74 (s, 2H), 7.38–7.32 (m, 4H), 7.31–7.27 (m, 5H),
5.63 (s, 2H), 5.20 (s, 2H), 4.34 (d, J = 5.7 Hz, 2H), 3.85 (s, 6H),
3.79 (s, 3H) ppm; 13C NMR (76 MHz, DMSO-d6) d 165.81, 153.51,
143.09, 139.21, 139.16, 128.84, 127.85, 127.49, 125.82, 123.11,
122.69, 119.67, 111.63, 107.38, 60.61, 56.57, 52.15, 42.84 ppm;
© 2025 The Author(s). Published by the Royal Society of Chemistry
anal. calcd for C28H28N6O4: C, 65.61; H, 5.51; N, 16.40. Found: C,
65.82; H, 5.79; N, 16.54.

4.2.4.14 N-(3-Chlorophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9n). Cream solid; yield: 76%; MP: 208–210 °C; IR (KBr, nmax):
3345 (NH), 3060 (CH Aromatic), 2855 (CH Aliphatic), 1669
(C]O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.10 (s, 1H), 8.28
(s, 1H), 7.79–7.67 (m, 3H), 7.54 (d, J = 7.9 Hz, 1H), 7.38–7.32
(m, 3H), 7.31–7.27 (m, 2H), 7.23 (t, J = 7.9 Hz, 1H), 5.65 (s, 2H),
5.48 (s, 2H), 3.86 (s, 6H), 3.79 (s, 3H) ppm; 13C NMR (76 MHz,
DMSO-d6) d 165.29, 153.50, 143.23, 139.21, 134.61, 130.10,
128.04, 127.20, 126.75, 126.34, 125.94, 123.11, 122.74, 119.58,
111.53, 107.41, 60.62, 56.57, 52.51 ppm; anal. calcd for
C27H25ClN6O4: C, 60.85; H, 4.73; N, 15.77. Found: C, 61.03; H,
4.69; N, 15.95.

4.2.4.15 N-(2-Fluorophenyl)-2-(4-((2-(3,4,5-trimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide
(9o). Cream solid; yield: 75%; MP: 211–213 °C; IR (KBr, nmax):
3370 (NH), 3060 (CH Aromatic), 2850 (CH Aliphatic), 1668 (C]
O) cm−1; 1H NMR (301 MHz, DMSO-d6) d 10.35 (s, 1H), 8.28 (s,
1H), 7.97–7.85 (m, 1H), 7.73 (s, 2H), 7.37–7.25 (m, 5H), 7.23–7.15
(m, 2H), 5.65 (s, 2H), 5.46 (s, 2H), 3.85 (s, 6H), 3.79 (s, 3H) ppm;
13C NMR (76 MHz, DMSO-d6) d 165.22, 155.54, 153.50, 152.29,
143.16, 126.20, 126.10, 126.00, 125.96, 125.85, 124.20, 123.16,
122.75, 119.64, 116.21, 115.95, 111.59, 56.55, 52.54 ppm; anal.
calcd for C27H25FN6O4: C, 62.78; H, 4.88; N, 16.27. Found: C,
62.95; H, 5.01; N, 16.41.
4.3. MTT assay

The cytotoxic activity of the designed compounds (9a–o) was
assessed by the MTT (3-(4,5-dimethylthiazol-yl)-2,5-diphenyl-
tetrazolium bromide) assay according to our previous proce-
dure.40,74,75 The standard drugs cisplatin and doxorubicin were
used as the positive controls. Two human cancer cell lines,
SW480 (human colon adenocarcinoma) and A549 (human lung
adenocarcinoma), and the normal MRC-5 (human fetal lung
broblast cells) cells were obtained from the National Cell Bank
of Iran (NCBI, Pasteur Institute, Tehran, Iran). RPMI 1640
culture media was used to culture cancer cell lines. The media
was supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (Gibco, USA), and the cells were kept at
37 °C in a humidied CO2 incubator. Trypsin/EDTA 0.5%
solution (Gibco/USA) was applied to harvest cells, and the cells
were seeded in 96-well microplates at a density of 8 × 103 cells
per well. The cells were treated with different concentrations of
the designed compounds, cisplatin, and doxorubicin in tripli-
cate times. Three untreated wells were used as the negative
control. Aer 72 h, the media was removed, and 100 mL fresh
MTT solution was added to the wells. Then, the plates were
incubated for 4 h at 37 °C to obtain formazan purple crystals.
Finally, the media was removed, 150 mL DMSO was added, and
incubated at 37 °C in the dark for 10min to dissolve the crystals.
The absorbance of individual wells was read at 490 nm using
a microplate ELISA reader. Excel 2016 and Curve Expert 1.4 were
used to analyze the data. The data are presented as mean ± SD
of 3–4 independent experiments.
RSC Adv., 2025, 15, 37447–37460 | 37457
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4.4. Cell cycle

The total number of 5 × 104 A549 cells were pre-cultured in 24
well plates in high glucose DMEM culture medium for 16 h in
standard culturing conditions. Aer treatment of cells with 16.1
mM of 9f for 24 h and 48 h, cells were harvested with 0.25%
trypsin, followed by washing with PBS and stained with propi-
dium iodide (5 mL, 1 mg mL−1), and 1 U of RNase A. Cell cycle
analysis was performed using ow cytometry (BD FACSCalibur
Flow Cytometer, BD, USA). The DNA content was analyzed using
FlowJo 10.0 soware.

4.5. Apoptosis assay

1 × 105 of A549 cells were pre-cultured for 16 h followed by
exposure to 16.1 mM of 9f for 24 h and 48 h. Then, Annexin V/PI
staining was performed using eBioscience™ Annexin V
apoptosis detection kit (Invitrogen). Cells were washed once
with phosphate-buffered saline (PBS), and once with 1000 mL 1×
binding buffer. In the next step, the cells were suspended with
100 mL of binding buffer containing 5 mL of Annexin V-FITC for
15 min. Aerward, cells were washed again with 1000 mL
binding buffer and resuspended in 200 mL of the same buffer
containing 5 mL PI solution. The apoptosis rates were then
determined by BD FACS Calibur™ ow cytometry (BD Biosci-
ences, San Jose, CA, USA).

4.6. In silico pharmacokinetics and toxicities assessment

The pharmacokinetic and toxicity properties for compound 9f
was predicted in silico by preADMET online server (http://
preadmet.bmdrc.org/) and SwissADME (http://
www.swissadme.ch) free web tool.

4.7. Molecular docking

The structures of all the compounds were sketched, optimized,
and energy minimized using the HyperChem soware. The
structures were converted to their “PDBQT” format using the
Open Babel program. The three-dimensional structures of
different human Topo II proteins (PDB IDs: 1ZXM and 5GWK)
were obtained from the protein data bank (http://
www.rcsb.org). To prepare the proteins for docking,
heteroatoms were removed, polar hydrogens were added, and
charges were assigned. The active sites were dened using
grid boxes of appropriate sizes around the binding site of the
co-crystallized ligands. The docking study was performed
using the Autodock vina,76 and the interactions were visualized
using Discovery Studio 2021 Client.
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