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The development of multifunctional heterocyclic hybrids offers a promising strategy for novel therapeutic discovery. In this study, a series
of imidazole—triazole derivatives incorporating a 6-nitrobenzo[d][1,3]dioxole moiety were designed and synthesised and their structures
were confirmed by IR, NMR and mass spectrometry. The synthesised compounds were evaluated for anticancer activity against MCF-7
cells, cytotoxicity toward NIH/3T3 normal cells and antimicrobial activity against selected strains. Among them, compound 6f displayed
the highest cytotoxic potency, while compounds 6d, 6e and 6i also demonstrated significant activity. Structure—activity relationship
studies indicated that both electronic and steric properties of substituents strongly influence biological activity, with electron-withdrawing
groups generally enhancing anticancer potency. Molecular docking studies against the EGFR tyrosine kinase domain (PDB ID: 6LUD)
revealed favourable ligand—protein interactions and compound 6f exhibited the highest binding affinity with a docking score of -9.4
kcal/mol and hydrogen bond interaction with SER797. The docking protocol was validated with an RMSD value of 1.12 A using the co-
crystallised ligand osimertinib. The obtained results suggest that these imidazole—triazole hybrids may serve as promising lead molecules
for further optimisation and biological investigation as potential anticancer agents.

Keywords: Imidazole-triazole hybrids, Debus-Radziszewski reaction, Molecular docking, Anticancer activity, Antimicrobial activity.

INTRODUCTION

Heterocyclic compounds represent a fundamental class
of bioactive molecules extensively utilised in pharmaceutical
sciences because of their remarkable structural diversity and
broad range of pharmacological activities [1,2]. In particular,
nitrogen-containing heterocycles have attracted significant
scientific interest owing to their ability to interact efficiently
with various biological targets involved in disease progression
[3,4]. Among them, imidazole derivatives constitute an impor-
tant pharmacophore in medicinal chemistry and have been
widely reported for their anti-inflammatory, anticancer, anti-
viral, antimicrobial and antifungal properties [5-7]. The imida-
zole nucleus is capable of forming hydrogen bonding and n-nt
interactions with biomacromolecules, thereby contributing to
enhanced biological activity. Several imidazole-containing
compounds have demonstrated the ability to inhibit enzymes
and receptors associated with tumor growth and cellular proli-
feration, making this scaffold highly valuable for anticancer
drug development [8,9].

Similarly, triazole derivatives have emerged as important
heterocyclic motifs in drug design due to their excellent
pharmacokinetic and pharmacodynamic characteristics. The
triazole ring possesses high metabolic stability, strong dipole
moment and significant hydrogen-bonding capability, which
facilitate effective interactions with biological targets [10,11].
Furthermore, triazole-containing compounds often exhibit
improved aqueous solubility, enhanced binding affinity and
increased bioavailability. Owing to these favourable proper-
ties, the triazole pharmacophore has been successfully incor-
porated into several clinically approved therapeutic agents
(Fig. 1) [12]. Recent studies have demonstrated that triazole
derivatives exhibit diverse biological activities, particularly
anticancer and antimicrobial effects, thereby highlighting their
importance in medicinal chemistry research.

In recent years, molecular hybridisation has become an
efficient and rational strategy for the development of multi-
functional therapeutic agents. This approach involves the
integration of two or more biologically active pharmaco-
phoric units into a single molecular framework with the aim
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Fig. 1. Clinically approved drugs and designed hybrid molecules

of producing hybrid molecules possessing enhanced efficacy,
improved selectivity and reduced toxicity [13-15]. Hybrid
compounds frequently display synergistic biological effects
due to the simultaneous contribution of multiple pharmaco-
phoric moieties. In this regard, hybrid molecules containing
both imidazole and triazole nuclei have shown considerable
promise in the development of biologically active compounds,
particularly in the fields of anticancer and antimicrobial drug
discovery [16,17]. The combination of these two pharmaco-
logically important heterocycles within a single scaffold may
provide improved molecular interactions with biological
targets and enhanced therapeutic potential.

Moreover, the incorporation of substituted aromatic sys-
tems into heterocyclic frameworks has been recognised as an
effective strategy for modulating biological activity. Among
these, nitrobenzodioxole derivatives have attracted attention

due to their electron-deficient character and their ability to
participate in strong intermolecular interactions with enzymes
and receptor binding sites [18,19]. The presence of electron-
withdrawing substituents can significantly influence the elec-
tronic distribution, lipophilicity and molecular recognition
properties of bioactive compounds. Structure-activity relation-
ship (SAR) investigations have revealed that such substitu-
tions may contribute to enhanced pharmacological activity,
improved target affinity and better selectivity toward biolo-
gical systems [20].

Considering the significant biological importance of imid-
azole and triazole pharmacophores and the advantages asso-
ciated with molecular hybridisation, the present investigation
was undertaken to design and synthesize a new series of
imidazole-triazole hybrid derivatives incorporating a 6-nitro-
benzo[d][1,3]dioxole moiety. The synthesised compounds were
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characterised using spectroscopic techniques and subsequently
evaluated for their anticancer and antimicrobial activities. In
addition, molecular docking studies were performed to inves-
tigate their possible binding interactions with selected biolo-
gical targets and to explore their potential as promising thera-
peutic candidates [21-23].

EXPERIMENTAL

All synthetic reagents and solvents were obtained from
reputable commercial suppliers such as Merck, Sigma-Aldrich,
TCI, Spectrochem and Avra Chemicals. These chemicals were
used directly without any additional purification. The progress
of the reactions was monitored by thin-layer chromatography
(TLC) on Merck silica gel 60F2s4 plates. Melting points of the
final compounds were determined using a Stuart SMP3 app-
aratus and the values are reported without correction. Purifi-
cation of the crude mixtures was carried out through recrys-
tallisation and by column chromatography using ethyl acetate
and n-hexane in a 10:90 ratio as the eluent system. The compo-
sition and functional groups of the synthesised compounds
were confirmed by infrared spectroscopy using a Shimadzu
FTIR 8400 S instrument with KBr pellets. *H and *3C NMR
spectra were recorded on a Bruker 400 MHz spectrometer
operating at 400 MHz and 100 MHz, respectively, with CDCls
and DMSO-ds as solvents and TMS as the internal reference.
Mass spectral data were obtained using a Shimadzu GC-MS
QP 1000 system.

Synthesis of imidazole derivative (3): A mixture of
6-nitrobenzo[d][1,3]dioxole-5-carbaldehyde (1) (1.0 equiv.),
benzil (2) (1.0 equiv.) and ammonium acetate (3.0-5.0 equiv.)
was dissolved in glacial acetic acid (10-15 mL/mmol) in a
round-bottom flask fitted with a reflux condenser. The reaction
mixture was refluxed under continuous stirring for approxi-
mately 9 h and the progress of the reaction was monitored by
TLC. After completion of the reaction, the mixture was
allowed to cool to ambient temperature and then carefully
poured into crushed ice-cold water (50-100 mL). The preci-
pitated solid was filtered, washed thoroughly with cold water
to remove residual acetic acid and inorganic impurities and
dried under reduced pressure. Purification of the crude product
by silica gel column chromatography using hexane/ethyl
acetate as the eluent afforded the desired imidazole derivative
(3) as a purified solid.

Synthesis of N-propargylated imidazole intermediate
(4): Imidazole derivative (3) (1.0 equiv.) was dissolved in
anhydrous DMF (10-15 mL/mmol) under a N, atmosphere
followed by the addition of K,COs (2.0-2.5 equiv.) to the
solution and the resulting mixture was stirred at room temper-
ature for 15-20 min to facilitate deprotonation. Subsequently,
propargyl bromide (1.2-1.5 equiv.) was added dropwise and
the reaction mixture was heated under reflux for 6-12 h with
continuous stirring. The reaction progress was periodically
monitored by TLC. Upon completion, the reaction mixture
was cooled to room temperature and poured into ice-cold water
(~50 mL). The aqueous layer was extracted with ethyl acetate
(3 x 25 mL) and the combined organic extracts were washed
successively with water and brine solution. The organic phase
was dried over anhydrous Na,SOs, filtered and concentrated

under reduced pressure. The resulting crude residue was puri-
fied by silica gel column chromatography to obtain the corres-
ponding N-propargylated imidazole intermediate (4).
General procedure for the synthesis of 1,2,3-triazole
derivatives (6a-1): A solution of N-propargylated imidazole
intermediate (4) (1.0 equiv.) and the corresponding aryl azide
(1.1-1.3 equiv.) was prepared in DMF (8112 mL/mmol). To
this solution, CuSO4-5H,0 (0.1 equiv.) and sodium ascorbate
(0.2 equiv.) were added sequentially under stirring. The reac-
tion mixture was stirred at room temperature or heated at 40-
60 °C, depending on substrate reactivity, for 6-24 h. The
progress of the cycloaddition reaction was monitored by TLC
analysis. After completion, the reaction mixture was diluted
with water (~ 50 mL) and extracted with ethyl acetate (3 x 25
mL). The combined organic layers were washed with brine
solution, dried over anhydrous Na,SOg, filtered and concen-
trated under reduced pressure (Scheme-1). Purification of the
crude product by silica gel column chromatography using
hexane/ethyl acetate (4:6) or dichloromethane/methanol as the
mobile phase afforded the desired 1,4-disubstituted 1,2,3-
triazole derivatives (6a-1) in good yields.
2-(6-Nitrobenzo[d][1,3]dioxol-5-yl)-4,5-diphenyl-1-
(prop-2-yn-1-yl)-1H-imidazole (4): Light yellow solid; yield:
78%; Ry: 0.62 (hexane/ethyl acetate, 6:4); m.p.: 196-198 °C.
IR (KBTI, Vmax, cm™): 3290 (=C-H str. of terminal alkyne),
3169 (N-H str.), 3090 (arom. =C-H str.), 1715 (C=N str. of
imidazole ring), 1554 (arom. C=C str.), 1264 (C-O-C str. of
benzodioxole moiety); *H NMR (400 MHz, CDCls, & ppm):
7.68 (s, 1H, Ar-H), 7.54 (s, 1H, imidazole-H), 7.52 (s, 1H,
Ar-H), 7.49 (d, J = 1.7 Hz, 2H, Ar-H), 7.48-7.47 (m, 2H, Ar-
H), 7.20 (d, J = 7.1 Hz, 1H, Ar-H), 7.18 (s, 1H, Ar-H), 7.15
(d, J = 7.2 Hz, 1H, Ar-H), 6.21 (s, 2H, O-CH-0), 4.35 (s, 2H,
N-CHy), 2.28 (s, 1H, =C-H); *C NMR (100 MHz, CDCls, §
ppm): 149.19, 146.81, 141.38, 140.27, 135.50, 131.65, 128.67,
127.66, 126.86, 126.69, 126.58, 125.67, 124.43, 124.14, 119.72,
109.75, 103.31, 101.09, 75.66 (alkynyl carbon), 71.06 (alkynyl
carbon), 32.00 (N-CHy); ESI-MS: m/z 424.13 [M + H]*.
1-(4-Bromophenyl)-4-((2-(6-nitrobenzo[d][1,3]dioxol-
5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-1,2,3-tri-
azole (6a): White solid; yield: 74%; Rs: 0.61 (hexane/ethyl
acetate, 6:4); m.p.: 190-192 °C. IR (KBr, vmax, cm™): 3109
(arom. C-H str.), 1615 (C=N str. of imidazole/triazole ring),
1554 (arom. C=C str.), 1264 (C-O-C str. of benzodioxole
moiety); 'H NMR (400 MHz, CDCls, § ppm): 7.64 (s, 2H,
triazole-H), 7.60 (s, 1H, Ar-H), 7.46 (d, J = 2.2 Hz, 5H, Ar-H),
7.47-7.38 (m, 5H, Ar-H), 7.18 (d, J = 7.4 Hz, 2H, Ar-H), 7.15
(d, J = 3.7 Hz, 2H, Ar-H), 6.18 (s, 2H, O-CH,-0), 5.10 (s,
2H, N-CHy); 3C NMR (100 MHz, CDCls, § ppm): 163.12,
161.14, 151.45, 148.94, 143.25, 142.91, 137.91, 133.40, 132.55,
130.72,130.32, 128.86, 128.70, 127.79, 126.53, 126.36, 122.09,
122.03,121.68, 120.25, 116.50, 116.32, 111.81, 105.43, 103.23,
40.14 (N-CHy); ESI-MS: m/z 561.16 [M + H]*; Anal. calcd.
(found) % for C9H20BrNsOa: C, 59.91 (59.82); H, 3.41 (3.44);
N, 13.52 (13.53).
1-(4-Fluorophenyl)-4-((2-(6-nitrobenzo[d][1,3]dioxol-
5-yI)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-1,2,3-tri-
azole (6b): Yellow solid; yield: 76%; Ry 0.58 (hexane/ethyl
acetate, 6:4); m.p.: 186-188 °C. IR (KB, vmax, cm™2): 3104



1622 Kumar et al. Asian J. Chem.

o CHO o) — Br
CH;COONH,
+
Glacial AcOH
K,CO
0 h, refl 1COs,
NO, o N 9 b, reflux 0 DMF, rt, 3 h
! |
2 N\F
o

-

Copper sulphate (CuSO,)
Sodium ascorbate
DMF/H,0 (1:2)
N, <

| X

Qo
=4
N A

< L ¢
~
o NO, = R
5a-1 6a-1

R = 6a: p-Br, 6b: p-F, 6¢: p-Me, 6d: p-OMe, 6e: p-Cl, 6f: p-CFj3, 6g: 2-Me,
6h: 3,4-di Cl, 6i: 3,5-di OMe, 6j: 3,4-di Me, 6k: 3,5-di Cl, 61: 2,4-di Me
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(arom. C-H str.), 1619 (C=N str. of heterocyclic ring), 1557
(arom. C=C str.), 1260 (C-O-C str.); 'H NMR (400 MHz,
CDCls, 6 ppm): 7.69 (d, J = 2.1 Hz, 1H, Ar-H), 7.65 (s, 1H,
triazole-H), 7.56 (d, J = 8.7 Hz, 2H, Ar-H), 7.46 (d, J = 3.5
Hz, 6H, Ar-H), 7.39 (d, J = 6.0 Hz, 3H, Ar-H), 7.18 (d, J =
5.0 Hz, 2H, Ar-H), 7.14 (d, J = 13.6 Hz, 2H, Ar-H), 6.19 (s,
2H, O-CH-0), 5.10 (s, 2H, N-CHy); **C NMR (100 MHz,
CDCls, 6 ppm): 163.51, 161.53, 151.84, 149.33, 143.64, 143.30,
138.30, 133.79, 132.94, 131.11, 129.25, 129.09, 128.18, 126.92,
126.75, 122.48, 122.07, 120.64, 116.89, 116.71, 112.20, 105.82,
103.62, 40.53 (N-CHy); ESI-MS: m/z 557.21 [M + H]*; Anal.
calcd. (found) % for Co9H20FNgO4: C, 66.42 (66.47); H, 3.78
(3.70); N, 14.99 (14.82).
4-((2-(6-Nitrobenzo[d][1,3]dioxol-5-yl)-4,5-diphenyl-
1H-imidazol-1-yl)methyl)-1-(p-tolyl)-1H-1,2,3-triazole (6c):
Golden yellow solid; yield: 79%; Ry 0.64 (hexane/ethyl acetate,
6:4); m.p.: 194-198 °C. IR (KB, Vmax, cm™): 3100 (arom. C-H
str.), 1610 (C=N str.), 1564 (arom. C=C str.), 1254 (C-O-C str.
of benzodioxole ring); *H NMR (400 MHz, CDCls, & ppm):
7.95 (s, 1H, triazole-H), 7.57 (s, 2H, Ar-H), 7.36 (d, J = 9.6
Hz, 6H, Ar-H), 7.18 (s, 2H, Ar-H), 7.08 (d, J = 8.9 Hz, 3H,
Ar-H), 6.97 (s, 2H, Ar-H), 6.07 (s, 2H, O-CH»-0), 5.01 (s,
2H, N-CHy), 2.87 (s, 3H, CH3); **C NMR (101 MHz, CDCls,
8 ppm): 151.82, 149.35, 143.63, 142.65, 138.27, 136.09, 133.58,
131.50, 131.08, 130.63, 130.04, 129.22, 129.08, 128.17, 126.96,
126.86, 126.72, 125.81, 123.62, 112.36, 105.79, 103.60, 40.54
(N-CHy), 17.79 (CHa); ESI-MS: m/z 557.19 [M + H]*; Anal.
calcd. (found) % for CsoH23NsO4: C, 69.06 (69.16); H, 4.35
(4.39); N, 15.10 (15.17).
1-(4-Methoxyphenyl)-4-((2-(6-nitrobenzo[d][1,3]dioxol-
5-yI)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-1,2,3-tri-
azole (6d): White solid; yield: 81%; R+ 0.63 (hexane/ethyl

acetate, 6:4); m.p.: 185-187 °C. IR (KB, vmax, cm™?): 3119
(arom. C-H str.), 1625 (C=N str. of heterocyclic ring), 1553
(arom. C=C str.), 1264 (C-O-C str. of benzodioxole/methoxy
group); *H NMR (400 MHz, CDCls, & ppm): 7.60 (s, 1H,
triazole-H), 7.44 (d, J = 7.3 Hz, 3H, Ar-H), 7.41 (dd, J = 8.5,
5.8 Hz, 5H, Ar-H), 7.16 (d, J = 6.0 Hz, 2H, Ar-H), 7.09 (s,
3H, Ar-H), 6.70 (s, 2H, Ar-H), 6.13 (s, 2H, O-CH-0), 5.06 (s,
2H, N-CH,), 3.86 (s, 3H, OCHs); *C NMR (101 MHz, CDCls,
3 ppm): 154.13, 151.65, 145.94, 144.93, 138.39, 135.89, 133.80,
133.39, 132.94, 132.34, 131.53, 131.39, 130.47, 129.26, 129.17,
129.03, 128.12, 125.92, 114.67, 108.10, 105.90, 55.84 (OCHj3),
42.84 (N-CHy); ESI-MS: m/z 573.41 [M + H]*. Anal. calcd.
(found) % for C3oH23N60s: C, 67.13 (6717), H, 4.22 (420),
N, 14.68 (14.61).
1-(4-Chlorophenyl)-4-((2-(6-nitrobenzo[d][1,3]dioxol-
5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-1,2,3-tri-
azole (6e): Light yellow solid; yield: 77%; Ry: 0.60 (hexane/
ethyl acetate, 6:4); m.p.: 194-196 °C. IR (KBr, vimax, cm™):
3101 (arom. C-H str.), 1613 (C=N str.), 1558 (arom. C=C str.),
1262 (C-O-C str.); *H NMR (400 MHz, CDCls, § ppm): 7.63
(d, J = 4.7 Hz, 2H, Ar-H), 7.60 (s, 2H, triazole-H), 7.44 (s,
3H, Ar-H), 7.41 (s, 4H, Ar-H), 7.19 (s, 2H, Ar-H), 7.14 (d, J =
4.3 Hz, 3H, Ar-H), 6.17 (s, 2H, O-CH»-0), 5.10 (s, 2H, N-CH>);
13C NMR (100 MHz, CDCl3, & ppm): 166.11, 164.12, 154.43,
151.93, 146.24, 145.90, 140.90, 136.39, 135.54, 133.71, 133.31,
131.85, 131.69, 130.78, 129.52, 129.35, 125.08, 125.02, 124.67,
123.24,119.49, 119.31, 114.80, 108.42, 106.21, 43.12 (N-CHy>);
ESI-MS: m/z 577.43 [M + H]*. Anal. calcd. (found) % for
CooH20ClINgOs: C, 64.53 (64.56); H, 3.67 (3.61); N, 14.57 (14.52).
4-((2-(6-Nitrobenzo[d][1,3]dioxol-5-yl)-4,5-diphenyl-
1H-imidazol-1-yl)methyl)-1-(4-(trifluoromethyl)phenyl)-
1H-1,2,3-triazole (6f): Yellow solid; yield: 73%; Rs: 0.57
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(hexane/ethyl acetate, 6:4); m.p.: 187-189 °C. IR (KBr, Vmax,
cm™): 3102 (arom. C-H str.), 1619 (C=N str. of heterocyclic
ring), 1550 (arom. C=C str.), 1264 (C-O-C str.); *H NMR (400
MHz, CDCls, 6 ppm): 7.79 (s, 1H, triazole-H), 7.75 (d, J =
7.6 Hz, 1H, Ar-H), 7.69 (d, J = 7.6 Hz, 1H, Ar-H), 7.66-7.62
(m, 2H, Ar-H), 7.48 (s, 4H, Ar-H), 7.42 (s, 2H, Ar-H), 7.21-
7.17 (m, 2H, Ar-H), 7.14 (d, J = 3.4 Hz, 3H, Ar-H), 6.18 (s,
2H, O-CH-0), 5.12 (s, 2H, N-CH>); **C NMR (100 MHz,
CDCls, 6 ppm): 151.64, 149.26, 143.83, 142.72, 137.95, 134.10,
134.03,131.12,130.11, 129.31, 129.14, 129.03, 128.12, 126.87,
126.59, 122.17, 112.20, 105.76, 103.54, 124.15 (CF3-substituted
carbon), 43.45 (N-CHy); ESI-MS: m/z 611.16 [M + H]*; Anal.
caled. (found) % for CzoH20F3NsO4: C, 62.95 (62.91); H, 3.47
(3.42); N, 13.76 (13.70).
4-((2-(6-Nitrobenzo[d][1,3]dioxol-5-yl)-4,5-diphenyl-
1H-imidazol-1-yl)methyl)-1-(o-tolyl)-1H-1,2,3-triazole (6g):
White solid; yield: 80%; Ry: 0.65 (hexane/ethyl acetate, 6:4);
m.p.: 187-189 °C. IR (KB, Vmax, cm™): 3112 (arom. C-H str.),
1610 (C=N str.), 1555 (arom. C=C str.), 1263 (C-O-C str.);
'H NMR (400 MHz, CDCls, & ppm): 8.08 (d, J =5.7 Hz, 2H,
Ar-H), 7.65 (s, 1H, triazole-H), 7.43 (d, J = 8.1 Hz, 6H, Ar-H),
7.19 (dd, J=1.4, 8.1 Hz, 4H, Ar-H), 6.18 (s, 2H, O-CH,-0),
5.12 (s, 2H, N-CH,), 2.64 (s, 3H, CH3). 3C NMR (101 MHz,
CDCls, 6 ppm): 163.57, 152.84, 150.36, 144.28, 140.77, 139.94,
137.60, 137.52, 132.16, 131.56, 131.44, 130.22, 130.10, 129.19,
127.79, 121.35,119.19, 113.15, 106.75, 104.63, 37.51 (N-CHy),
22.28 (CH3). ESI-MS m/z: 557.20 [M + H]*; Anal. calcd.
(found) % for CsoH23NsO4: C, 69.06 (69.09); H, 4.35 (4.38);
N, 15.10 (15.12).
1-(3,4-Dichlorophenyl)-4-((2-(6-nitrobenzo[d][1,3]di-
oxol-5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-1,2,3-
triazole (6h): Light yellow solid; yield: 75%; Rs: 0.59 (hexane/
ethyl acetate, 6:4); m.p.: 192-194 °C. IR (KBr, Vmax, CM™):
3109 (arom. C-H str.), 1611 (C=N str. of heterocyclic ring),
1550 (arom. C=C str.), 1254 (C-O-C str. of benzodioxole
moiety). 'H NMR (400 MHz, CDCls, § ppm): 7.71-7.64 (m,
1H, Ar-H), 7.61 (s, 1H, triazole-H), 7.56 (d, J = 8.7 Hz, 1H,
Ar-H), 7.46 (d, J = 3.5 Hz, 4H, Ar-H), 7.39 (d, J = 6.0 Hz,
3H, Ar-H), 7.21-7.15 (m, 2H, Ar-H), 7.12 (s, 3H, Ar-H), 6.19
(s, 2H, O-CH-0), 5.10 (s, 2H, N-CH,); *C NMR (100 MHz,
CDCls, 6 ppm): 151.84, 149.32, 143.97, 135.63, 134.07, 133.19,
131.54,131.12,129.31, 129.11, 128.19, 126.87, 126.75, 122.23,
122,08, 120.35, 119.31, 105.85, 103.62, 40.49 (N-CHy); ESI-MS
m/z: 612.09 [M + H]*; Anal. calcd. (found) % for CagH19CloNgO4:
C, 60.89 (60.81); H, 3.30 (3.32); N, 13.74 (13.71).
1-(3,5-Dimethoxyphenyl)-4-((2-(6-nitrobenzo[d][1,3]-
dioxol-5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-
1,2,3-triazole (6i): Yellow solid; yield: 78%; Ry 0.62 (hexane/
ethyl acetate, 6:4); m.p.: 185-187 °C. IR (KBTI, Vmax, cm™):
3119 (arom. C-H str.), 1610 (C=N str.), 1549 (arom. C=C
str.), 1254 (C-O-C str.); *H NMR (400 MHz, CDCls, & ppm):
7.65 (s, 1H, triazole-H), 7.49 (d, J = 7.3 Hz, 3H, Ar-H), 7.46-7.40
(m, 5H, Ar-H), 7.21 (d, J = 6.0 Hz, 2H, Ar-H), 7.15 (d, J = 10.1
Hz, 3H, Ar-H), 6.75 (s, 2H, Ar-H), 6.18 (s, 2H, O-CH»-0),
5.10 (s, 2H, N-CH,), 3.88 (s, 6H, 2 x OCH3). *C NMR (100
MHz, CDCls, & ppm): 148.93, 146.84, 144.30, 138.64, 138.45,
138.22,133.44, 133.31, 128.94, 128.80, 127.47, 126.16, 125.80,
124.26,124.00, 123.19, 121.90, 121.76, 117.10, 115.70, 107.16,

100.85, 98.61, 93.30, 56.08 (OCHj3), 51.47 (OCHzs), 35.54
(N-CHy); ESI-MS: m/z 603.19 [M + H]*; Anal. calcd. (found) %
for C31H2sNeOs: C, 65.77 (65.71); H, 4.35 (4.37); N, 13.95
(13.93).

1-(3,4-Dimethylphenyl)-4-((2-(6-nitrobenzo[d][1,3]-
dioxol-5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-
1,2,3-triazole (6j): White solid; yield: 80%; Rs: 0.64 (hexane/
ethyl acetate, 6:4); m.p.: 190-192 °C. IR (KB, Vimax, cm™2):
3104 (arom. C-H str.), 1612 (C=N str.), 1551 (arom. C=C
str.), 1260 (C-O-C str.); *H NMR (400 MHz, CDCls, § ppm):
7.65 (s, 1H, triazole-H), 7.53 (d, J = 8.2 Hz, 3H, Ar-H), 7.43
(d, 3 = 8.0 Hz, 3H, Ar-H), 7.32 (s, 1H, Ar-H), 7.26 (s, 2H,
Ar-H), 7.21 (s, 4H, Ar-H), 7.11 (s, 2H, Ar-H), 6.15 (s, 2H, O-
CH,-0), 5.07 (s, 2H, N-CHjy), 2.31 (s, 6H, 2 x CH3); *C NMR
(101 MHz, CDCls, & ppm): 151.79, 149.28, 143.61, 143.28,
138.43,137.80, 134.58, 133.89, 131.17, 130.65, 129.23, 129.04,
128.15, 126.91, 126.67, 122.24, 121.57, 120.54, 120.39, 117.67,
112.32, 105.74, 103.56, 40.56 (N-CHy), 19.94, 19.49 (2 x CHy3);
ESI-MS m/z: 571.20 [M + H]*; Anal. calcd. (found) % for
Cs2H27NgO4: C, 69.46 (69.41); H, 4.59 (4.52); N, 14.73 (14.77).

1-(3,5-Dichlorophenyl)-4-((2-(6-nitrobenzo[d][1,3]-
dioxol-5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-
1,2,3-triazole (6k): White solid; yield: 74%; R+ 0.58 (hexane/
ethyl acetate, 6:4); m.p.: 192-194 °C. IR (KB, Vmax, cM™):
3104 (arom. C-H str.), 1612 (C=N str.), 1551 (arom. C=C str.),
1271 (C-O-C str.); *H NMR (400 MHz, CDCls, & ppm): 7.58
(s, 1H, triazole-H), 7.40 (s, 3H, Ar-H), 7.40 (s, 2H, Ar-H),
7.34 (s, 3H, Ar-H), 7.11 (d, J = 6.7 Hz, 3H, Ar-H), 7.04 (d, J
= 8.8 Hz, 3H, Ar-H), 6.12 (s, 2H, O-CH>-0), 5.02 (s, 2H,
N-CHy>); **C NMR (100 MHz, CDCls, & ppm): 141.84, 139.32,
133.97,133.88, 133.70, 129.61, 125.63, 124.07, 123.19, 121.54,
121.12,119.31,119.11, 118.19, 116.86, 116.75, 112.23, 112.08,
110.35,109.31, 102.16, 95.85, 93.62, 30.49 (N-CH,); ESI-MS:
m/z612.09 [M + H]*; Anal. calcd. (found) % for C2H19CIl2NgOa:
C, 60.89 (60.82); H, 3.30 (3.32); N, 13.74 (13.78).

1-(2,4-Dimethylphenyl)-4-((2-(6-nitrobenzo[d][1,3]-
dioxol-5-yl)-4,5-diphenyl-1H-imidazol-1-yl)methyl)-1H-
1,2,3-triazole (61): Light yellow solid; yield: 79%; Rs. 0.63
(hexane/ethyl acetate, 6:4); m.p.: 190-192 °C. IR (KBr, Vmax,
cm): 3109 (arom. C-H str.), 1612 (C=N str. of heterocyclic
ring), 1554 (arom. C=C str.), 1260 (C-O-C str.); 'H NMR
(400 MHz, CDCls, 6 ppm): 7.66 (s, 1H, triazole-H), 7.48 (d,
J=19.6 Hz, 2H, Ar-H), 7.43 (dd, J = 9.6, 2.9 Hz, 3H, Ar-H),
7.18 (d, J=7.5Hz, 2H, Ar-H), 7.13 (d, = 5.9 Hz, 3H, Ar-H),
6.17 (s, 2H, O-CH>-0), 5.09 (s, 2H, N-CHy), 2.40 (s, 3H,
CHs3), 2.04 (s, 3H, CH3); 3C NMR (100 MHz, CDCls, & ppm):
153.93, 151.84, 149.30, 143.64, 143.45, 143.22, 138.44, 133.80,
132.47,131.16, 130.80, 129.26, 129.00, 128.19, 126.90, 126.76,
122.10, 120.70, 112.16, 105.85, 103.61, 40.54 (N-CH>), 21.30
and 19.47 (2 x CHa); ESI-MS m/z: 571.20 [M + H]*; Anal.
calcd. (found) % for Cs,H27NeOa: C, 69.46 (69.41); H, 4.59
(4.51); N, 14.73 (14.77).

Cytotoxicity studies: The synthesised compounds 6a-I
were evaluated for their in vitro anticancer activity using the
MTT assay, a standard colorimetric method based on mitoch-
ondrial metabolic activity. Human breast cancer cells (MCF-7)
were employed to determine anticancer potential, while mouse
fibroblast cells (NI1H/3T3) were used to assess cytotoxic selec-
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tivity toward normal cells. The compounds were tested at
concentrations ranging from 12-400 uM to generate dose—
response curves and determine 1Cso values. Doxorubicin was
used as the reference anticancer drug for comparative evalua-
tion. All experiments were performed in triplicate and results
are expressed as mean + SD. Statistical analysis was carried out
using one-way ANOVA at a significance level of p < 0.05.

Antibacterial activity: The synthesised compounds 6a-I,
bearing different substituents at the R-position, were systema-
tically evaluated for their antibacterial activity against selec-
ted Gram-positive bacteria, Staphylococcus aureus and Bacillus
subtilis and Gram-negative bacteria, Klebsiella pneumoniae
and Escherichia coli. The antibacterial screening was carried
out at concentrations of 10 pg/mL and 20 pg/mL using the agar
disc diffusion method, with gatifloxacin employed as the ref-
erence standard.

Antifungal activity: The synthesised compounds 6a-I,
containing different substituents, were evaluated for their in vitro
antifungal activity against Aspergillus niger, Aspergillus flavus
and Fusarium oxysporum at a 50 pg/mL using the agar disc
diffusion method. The antifungal efficacy was expressed as
the zone of inhibition (mm) and compared with the standard
antifungal drug clotrimazole.

Molecular docking: Molecular docking studies were
performed to predict the binding interactions of the synthe-
sised compounds with the epidermal growth factor receptor
(EGFR), a key therapeutic target associated with cancer progr-
ession. The crystal structure of EGFR (PDB ID: 2J6M) was
retrieved from the Protein Data Bank and docking simulations
were carried out using AutoDock Vina integrated within the
PyRx virtual screening platform. Ligand structures were drawn
using ChemDraw Professional 16.0, energy-minimized and
converted to PDBQT format. Protein preparation involved
removal of water molecules and heteroatoms, followed by the
addition of polar hydrogen atoms. Docking calculations were
conducted using a defined active-site grid box with an exhaus-
tiveness value of 8. The resulting protein—ligand interactions
and binding conformations were analysed using PyMOL and
BIOVIA Discovery Studio.

RESULTS AND DISCUSSION

A series of novel imidazole-triazole hybrid derivatives
was synthesized through a multistep synthetic strategy, as out-
lined in Scheme-I. Initially, 6-nitrobenzo[d][1,3]dioxole-5-
carbaldehyde (1) was reacted with benzil (2) in the presence
of ammonium acetate and glacial acetic acid under reflux con-
ditions to afford the corresponding imidazole derivative (3)
via a Debus-Radziszewski type cyclocondensation reaction.
The synthesized imidazole derivative was subsequently subj-
ected to N-alkylation with propargyl bromide in dry DMF using
K>CQO3 as base, yielding the corresponding N-propargylated
intermediate (4). The introduction of the propargyl moiety
provided a terminal alkyne functionality suitable for further
click chemistry transformations. The propargylated interme-
diate was then reacted with various aryl azides under Cu(l)
catalysed azide—-alkyne cycloaddition (CuAAC) conditions
using CuSQO, and sodium ascorbate in DMF to furnish the
desired 1,2,3-triazole derivatives (6a-1). The CUAAC reaction

proceeded through in situ generation of Cu(l), followed by
formation of a copper acetylide intermediate and regioselective
cycloaddition with the azide to obtain the 1,4-disubstituted
triazole ring system.

Reaction conditions for the cycloaddition process were
optimized using different solvents and the results are summ-
arized in Table-1. Solvent polarity and solubility significantly
affected reaction efficiency and product yield. Among the
investigated systems, DMF/H,O mixtures exhibited superior
performance, with DMF/H,O (1:2) providing the highest yield
(88%) under room-temperature conditions. The enhanced effi-
ciency was attributed to improved catalyst solubility, effec-
tive in situ Cu(l) generation, and favourable aqueous organic
synergistic effects that promoted the click reaction.

TABLE-1
OPTIMISATION OF SOLVENT
CONDITIONS FOR THE CLICK REACTION

Entry Solvent Temp. (°C)  Time (h)  Yield (%)
1 Methanol 65 12 58
2 Ethanol 78 10 65
3 Acetonitrile 82 9 61
4 DMF RT 8 68
5 Toluene 110 11 52
6 DMF/H20 (1:2) RT 9 88
7 DMF/Hz0 (1:3) RT 8 82
8  Water (H.0) RT 14 45

Cytotoxicity: The cytotoxicity results (Table-2) demon-
strate that the synthesised imidazole—triazole derivatives (6a-1)
exhibited varying degrees of anticancer activity against the
MCEF-7 breast cancer cell line. The obtained 1Cso values
indicate that the nature as well as the position of substituents
attached to the aryl ring significantly influence biological
activity. Among all evaluated compounds, derivative 6f bea-
ring a para-trifluoromethyl (-CFs3) substituent displayed the
highest anticancer potency with an 1Cs value of 0.69 £ 1.95
uM, surpassing the activity of the standard drug doxorubicin
(ICs0 =2.92 £ 1.26 uM). The enhanced activity of this comp-
ound may be attributed to the strong electron-withdrawing
and lipophilic characteristics of the -CFz group, which can
improve molecular interactions with the biological target and
facilitate better cellular penetration.

TABLE-2
ICs0 VALUES (uM) FOR SYNTHESISED COMPOUNDS 6a-I

ICso + SD (M)

Compound MCF-7 NIH/3T3
6a 2.41+0.16 1084 £1.19
6b 2.70 + 1.47 9.71+0.22
6c 2.41+0.92 1019 +0.48
6d 1.10 +0.28 6.98 +0.13
6e 1.06 + 0.50 9.84 +0.36
6f 0.69 +1.95 7.52 +0.72
6g 477 +1.47 1471+0.72
6h 1.82 +0.18 8.19 +0.85
6i 1.06 + 0.50 9.84+0.36
6j 2.11+1.02 12.00 £ 058
6k 1.79 + 0.45 8.50 + 0.55
6l 2.55 + 0.96 8.5 +0.88

Doxorubicin 2.92+1.26 11.81+1.34
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Compounds 6d and 6e also exhibited remarkable cyto-
toxic activity with 1Csp values of 1.10 + 0.28 and 1.06 + 0.50
uM, respectively. The high potency observed for the methoxy
substituted derivative (6d) suggests that electron-donating
substituents are capable of enhancing biological activity, poss-
ibly through improved electronic distribution and favourable
intermolecular interactions. Similarly, para-chloro substituted
derivative (6e) demonstrated excellent activity, indicating that
halogen substituents also contribute positively toward anti-
cancer potential. Compound 6i containing two methoxy substi-
tuents (3,5-dimethoxy) showed comparable activity (ICsp =
1.06 £ 0.50 uM), further supporting the beneficial influence
of methoxy groups on cytotoxic activity.

The dichloro-substituted compounds 6h and 6k demons-
trated good anticancer activity with 1Cso values of 1.82 £ 0.18
and 1.79 £ 0.45 uM, respectively. These results indicate that
the presence of multiple halogen substituents can favourably
modulate biological activity through electronic and hydro-
phobic effects. In contrast, compounds 6a, 6b, 6c, 6j and 6l
exhibited only moderate cytotoxic activity with 1Cso values
ranging from 2.11 to 2.70 uM. Although these derivatives
retained appreciable activity, their potency was lower than
that observed for strongly electron-withdrawing or methoxy-
substituted analogues.

Among all the synthesised compounds, derivative 6g
containing an ortho-methyl substituent displayed the lowest
anticancer activity with an 1Csq value of 4.77 £ 1.47 uM. The
reduced activity of this compound may be attributed to steric
hindrance caused by substitution at the ortho position, which
can disturb molecular planarity and reduce effective inter-
action with the biological target site. This observation high-
lights the importance of substituent orientation in determining
biological response.

Evaluation of the synthesized compounds against the
NIH/3T3 normal fibroblast cell line revealed comparatively
lower toxicity toward normal cells, with 1Csp values ranging
from 6.98 + 0.13 to 14.71 + 0.72 uM. The observed differ-

ence in cytotoxicity between cancerous and normal cell lines
indicates selective activity toward malignant cells, highlight-
ing the potential therapeutic significance of the synthesized
imidazole-triazole hybrids. The results presented in Table-2
demonstrate that both electronic and steric factors signifi-
cantly influence the anticancer activity of the synthesized
derivatives. In particular, the presence of strong electron-
withdrawing groups such as -CFs, along with suitable electron
donating substituents such as methoxy groups, contributed to
enhanced cytotoxic potency. Among the investigated comp-
ounds, derivative 6f exhibited the most promising anticancer
activity and emerged as a potential lead candidate for further
biological and mechanistic studies.

Antibacterial activity: The antibacterial activity of the
synthesised compounds 6a-1, bearing different substituents at the
aromatic ring, was evaluated against Gram-positive (S. aureus
and B. subtilis) and Gram-negative (E. coli and K. pneumoniae)
bacteria at concentrations of 10 and 20 pug/mL using the agar
disc diffusion method. Gatifloxacin was used as the standard.
Table-3 indicates that antibacterial activity was significantly
influenced by the nature and position of the substituents.
Among all synthesized derivatives, compound 6d (p-OMe)
exhibited the highest antibacterial activity, particularly against
Gram-positive bacteria, with inhibition zones of 27.7 mm
against S. aureus and 25.1 mm against B. subtilis at 20 pg/mL,
exceeding the activity of the standard drug. Compounds 6e
(p-Cl) and 6f (p-CF5) also showed strong antibacterial potency,
highlighting the favourable effect of electron-withdrawing
substituents.

Halogenated derivatives such as 6a (p-Br), 6b (p-F), 6h
(3,4-diCl) and 6k (3,5-diCl) demonstrated moderate to enh-
anced antibacterial activity, especially against Gram-positive
strains. In contrast, derivatives containing electron-donating
groups, including 6c¢ (p-Me), 6i (3,5-diOMe), and 6j (3,4-
diMe), displayed only moderate activity, while 6g (2-Me)
showed comparatively lower potency, indicating the influence
of substituent position on antibacterial behaviour. Based on

TABLE-3
ANTIMICROBIAL ACTIVITY OF SYNTHESISED COMPOUNDS 6a-1 AT DIFFERENT CONCENTRATIONS

Zone of inhibition (mm): Antibacterial activity Zone of inhibition (mm) at

Gram positive bacteria Gram negative bacteria 50 pg/mL concentration
Compound S. aeureus B. subtilis E. coli K. pneumonia Antifungal activity
10 20 10 20 10 20 10 20 A. A. F.
pg/mL ng/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL niger flavus sporum

6a 19.8 21.8 17.2 19.8 15.2 16.7 14.0 15.9 16.5 14.9 13.9

6b 20.1 22.6 18.9 20.4 15.9 16.2 14.8 16.4 15.8 17.9 18.7

6c 20.8 22.0 18.0 20.7 15.0 16.0 15.1 15.0 133 155 14.6

6d 24.9 27.7 218 25.1 18.2 19.0 16.9 19.7 25.4 24.8 25.0

6e 22.9 25.1 20.9 23.7 16.2 18.9 15.7 17.2 24.6 23.8 25.6

6f 21.2 23.7 22.2 22.8 16.2 19.9 16.8 19.0 25.9 26.2 24.8

69 19.3 20.7 17.8 18.7 14.7 16.7 16.4 175 15.2 14.8 16.2

6h 21.2 23.7 21.2 234 16.2 19.1 17.9 18.9 234 225 245

6i 21.2 23.7 23.9 22.6 16.2 18.0 18.2 19.8 20.6 223 235

6j 19.1 20.9 184 194 15.1 16.2 16.8 15.9 17.6 16.8 18.6

6k 21.2 23.7 20.1 22.9 16.2 18.5 16.4 17.9 18.2 22.1 223

6l 19.2 20.9 213 22.6 154 18.7 144 15.6 14.9 19.8 19.8
Gatifloxacin 21.2 23.7 19.8 20.1 16.2 17.5 15.9 16.5 - - -

Clotrimazole — — — — — — — — 17.3 20.4 21.2
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this, Gram-positive bacteria were more susceptible than Gram-
negative strains. The SAR analysis suggests that para-subs-
titution and halogen incorporation enhance antibacterial activity,
with compound 6d identified as the most promising antibac-
terial candidate.

Antifungal activity: The synthesised compounds 6a-I,
bearing different substituents on the aromatic ring, were eval-
uated for their in vitro antifungal activity against Aspergillus
niger, Aspergillus flavus and Fusarium oxysporum at a con-
centration of 50 pg/mL using the poison plate method. The
antifungal efficacy was expressed as the zone of inhibition
(mm) and compared with standard clotrimazole.

The antifungal activity results (Table-3) demonstrate that
the nature and position of substituents significantly influence
biological activity. Among the synthesized derivatives, com-
pound 6f (p-CFs3) exhibited the highest antifungal activity
against all tested fungal strains, showing inhibition zones
greater than the standard drug. Compounds 6d (p-OMe) and
6e (p-Cl) also displayed strong broad-spectrum antifungal
activity indicating the favorable contribution of both electron
withdrawing and electron-donating substituents at the para
position. Moreover, the di-halogenated derivative 6h (3,4-
diCl) showed enhanced antifungal potency, suggesting the
beneficial effect of multiple electron-withdrawing groups. In
contrast, derivatives containing electron-donating substi-
tuents such as 6i (3,5-diOMe) and 6j (3,4-diMe) exhibited
moderate activity, while mono-substituted derivatives 6a (p-
Br), 6b (p-F) and 6¢ (p-Me) showed comparatively lower inhi-
bition. Compound 6g (2-Me) also displayed reduced activity,
highlighting the influence of steric and positional effects on
antifungal performance.

The SAR analysis revealed that para-substitution and the
presence of halogen groups significantly enhance antifungal
activity. Among the synthesized derivatives, compounds 6f,
6d and 6e emerged as the most promising antimicrobial candi-
dates. Significantly, compound 6f exhibited superior anti-
bacterial and antifungal activity compared with the standard

drugs gatifloxacin and clotrimazole, highlighting its potential
for further biological and anticancer investigations.

Molecular docking studies: The epidermal growth factor
receptor (EGFR) is a transmembrane tyrosine kinase receptor
that plays a crucial role in regulating cellular proliferation,
differentiation, migration, and survival. Unusual activation or
overexpression of EGFR has been closely associated with the
progression of several cancers, making it an important target
in anticancer drug discovery [22,23]. To evaluate the binding
potential of the synthesized compounds toward EGFR, mole-
cular docking studies were performed using the crystal structure
of the EGFR tyrosine kinase domain (PDB ID: 6LUD). The
docking protocol was validated by re-docking the co-crys-
tallized ligand osimertinib, which produced an RMSD value of
1.12 A, confirming the reliability of the docking methodology.

Based on cytotoxicity results, compounds 6f and 6a were
selected for docking analysis. Among them, compound 6f
exhibited the highest binding affinity with a docking score of
-9.4 kcal/mol, which was slightly better than the reference
inhibitor osimertinib (-8.8 kcal/mol) (Table-4). The enhanced
affinity of compound 6f may be attributed to the presence of
p-trifluoro-methyl substituent, which favours hydrophobic
interactions within the binding pocket. Compound 6f formed
a key hydrogen bond with SER797 at a bond distance of 2.77
A and also established hydrophobic interactions with residues
Leu718, Ala743, Val726, His805 and Leu844, contributing
to stable ligand accommodation within the EGFR active site
(Fig. 2). Compound 6a also showed favourable binding inter-
actions but exhibited a comparatively lower docking score,
correlating with its reduced cytotoxic activity. The reference
ligand osimertinib formed hydrogen-bond interactions with
Lys745 and Arg841 along with n-rt stacking interactions invol-
ving Phe723 (Fig. 3). Thus, the docking analysis indicated
that the synthesised compounds occupy the ATP-binding
region of EGFR in a manner comparable to osimertinib, suppor-
ting their potential as promising EGFR-targeted anticancer
candidates.
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Fig. 2. 2D and 3D binding interactions of ligand 6f against EGFR
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Fig. 3. 2D and 3D binding interactions of osimertinib against EGFR

TABLE-4

DECLARATION OF AI-ASSISTED TECHNOLOGIES

DOCKING SCORE AND BINDING
INTERACTIONS LIGANDS 6a-1 AGAINST EGFR
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responsibility for the published work.
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