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INTRODUCTION

Cancer involves uncontrolled mitotic cell division and
metastasis caused by genetic defects and mutations that result
in abnormal cell proliferation [1,2]. According to the Internat-
ional Agency for Research on Cancer (IARC), with an estim-
ated 20 million new cases and 9.7 million deaths worldwide
by 2022, lung cancer is the most prevalent and lethal form of
cancer and implementing effective prevention strategies can
significantly reduce the increasing global cancer burden [1,3].
Over the past few decades, the scientific community has success-
fully developed new technologies and drugs to treat cancer.
Moreover, conventional therapies, such as chemotherapy and
radiation, have shown efficacy; however, their non-selectivity
and severe side effects emphasize the need for novel anticancer
agents with enhanced potency and reduced toxicity [4-6].

Recent advances in molecular oncology have highlighted
tubulin as a key structural protein essential for microtubule
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Tubulin is an essential protein involved in microtubule dynamics that regulate mitotic cell division in normal cells. Specifically, the
colchicine-binding site of tubulin serves as a therapeutic target to disrupt microtubule dynamics, inducing mitotic arrest and leading to
cell death. In current study, we synthesized methoxy and fluorine substituted novel chalcones (4a-o) and the synthesized chalcone
compounds showed promising anticancer activity by in vitro cell viability using the MTT assay in the lung cancer (A549) and breast
cancer (MCF-7) cell lines and in silico docking simulations along with optimization of drug-like and pharmacokinetic properties. Among
all compounds, (E)-1-(4,6-dimethoxybenzofuran-2-yl)-3-(4-methoxyphenyl)prop-2-en-1-one (4f) had the highest potency (IC50 = 23.9 ±
0.203 µM), followed by the fluorine substituted compound (E)-1-(4,6-dimethoxybenzofuran-2-yl)-3-(2,4,6-trifluorophenyl)prop-2-en-1-
one (4m) (IC50 value of 35.44 µM). Moreover, compound 4f demonstrated an excellent docking interaction (-9.94 kcal/mol) with the key
residues Met-259, Leu-255 and Ala-250 at colchicine-binding pocket of tubulin against millepachine, which is similar to the millepachine
binding site of tubulin, suggesting a mechanism of action that may potentially affect microtubule dynamics. Additionally, compound 4f
identified promising drug-like properties, physico-chemical and pharmacokinetic characteristics.
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assembly, intracellular transport, cell shape maintenance, cell
motility and mitotic spindle formation, critical targets for disru-
pting cancer progression [7-10]. Tubulin-targeting agents (e.g.
paclitaxel, colchicine, vincristine and vinblastine) have been
shown to have the ability to disrupt mitotic spindle assembly,
resulting in mitotic arrest and apoptosis [6,8-12]. Moreover,
colchicine site inhibitors remain an attractive target for their
dual role in disrupting mitosis, functioning as vascular disrup-
ting agents by blocking blood supply to solid tumors (Fig. 1,
A-II, III) [13-16].

Chalcones are α,β-unsaturated ketones that can be easily
synthesized by the condensation of aldehydes and ketones and
undergo a one-step condensation reaction. Millepachine, a
naturally occurring chalcone containing a 2,2-dimethylbenzo-
pyran moiety, has shown in vitro anticancer activity [17,18].
Later, it was shown that millepachine binds to tubulin, as demon-
strated by in vitro and docking studies (Fig. 1, A-I). In addition,
chalcone, MDL 27048, also exhibited anticancer activity by
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interacting with tubulins [19] as illustrated in Fig. 1, A-IV. More-
over, chalcone-based drugs are used in clinical settings (Fig.
1B). Therefore, owing to the simplicity and ease of their synth-
esis, an attempt is made to design novel chalcone molecules.

This study aimed to design and evaluate new dimethoxy
benzofuran-chalcones against the colchicine site of tubulin.
Previous studies [20-26] on benzofuran and chalcone hybrids
demonstrated enhanced binding and selectivity towards the
colchicine site of tubulin, significantly improving their anti-
cancer activity compared to other colchicine inhibitors. This
is primarily due to the fused heterocyclic ring structure of benzo-
furan, which enhances hydrophobic interactions and hydrogen
bonding, leading to increased binding affinity [23]. The specific
arrangement of substituents on the chalcone scaffold (Scheme-
I) allows for optimal fitting within the colchicine binding site,

such as natural colchicine, causing microtubule destabilization,
which is crucial for inducing mitotic arrest and apoptosis in
cancer cells by activation of the caspase-3 pathway, further
contributing to their anticancer efficacy [27-29]. The structure-
activity relationship (SAR) based on in vitro cytotoxicity activity
and docking interactions and in silico physico-chemical and
pharmacokinetic properties to develop potent new anticancer
agents.

EXPERIMENTAL

All chemical reagents and solvents were of synthetic grade.
NMR spectra were recorded in CDCl3

 or dimethy sulfoxide-
d6 (DMSO-d6) solvent. TLC was performed on a silica gel
aluminum plate (Merck, Germany). Post-data analysis was
performed using the UV-Win software. Human lung carcinoma
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Fig. 1. Chemical structures of chalcones. The tubulin binding (A) and clinically approved (B)
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(A549) and breast cancer (MCF-7) cell lines were purchased
from NCCS (Pune, India). Biological data analysis was perfor-
med using GraphPad Prism 10.4 and Microsoft Excel software.

The synthesized compounds were analyzed using 1H NMR
and 13C NMR spectroscopy. Additionally, mass spectrometry
(ESI-MS) was used to determine the molecular weights of the
synthesized compounds. Notably, 1H NMR spectra revealed a
coupling constant > J = 15.0 Hz for both a and b-hydrogens,
indicating an E-configuration of the chalcone structures [30].

Synthesis of benzofuran-chalcone scaffold (3): The
dimethoxy benzofuran ketone as starting material synthesized
was adapted from the published procedure [31-34]. In brief,
K2CO3 (1.82 g, 13.2 mmol) was added to 30 mL acetone in a
100 mL round bottom flask. The resulting suspension was
stirred and 2.0 g (11.0 mmol) of 2-hydroxy-4,6-dimethoxy-
benzaldehyde was added, followed by addition of 1.1 mL (12.5
mmol) of chloroacetone. The mixture was refluxed for 6 h,
filtered through a cotton plug, rinsed with acetone and the
combined organic solution was evaporated. The remaining
residues were subjected to flash chromatography using a 30%
ethyl acetate/hexane mixture to obtain a white solid product
with 70% yield.

General procedure for synthesis of benzofuran-chalcone
derivatives (4a-o): The experimental protocol involved the
addition of 500 mg (2.3 mmol) of 1-(4,6-dimethoxybenzo-
furan-2-yl)ethan-1-one to 20 mL methanol. The mixture was
stirred for 20 min at 40 ºC to ensure the complete solubilization
of ketone substrate. Subsequently, 1.1 equiv. of aldehyde was

added and then the mixture was stirred for 5 min, followed by
adding one equiv. of Ba(OH)2 and the reaction mixture was
continuously stirred until completion (~ 6 h). The organic sol-
vent was evaporated and 20 mL water was added to the residue
and finally the pH was adjusted to neutral using 1 M HCl. The
coloured suspension was filtered and washed with water. The
solid residue was stirred in 25 mL ethanol and the solid was
filtered and washed with ethanol followed by diethyl ether
(Scheme-II). Finally, the product was dried under high
vacuum.

1-(4,6-Dimethoxybenzofuran-2-yl)ethan-1-one (3):
Yield: 70%; m.f.: C12H12O4; yellow colour; 1H NMR (400 MHz,
CDCl3) δ ppm: 7.54 (s, 1H), 6.66 (s, 1H), 6.33 (d, J = 1.9 Hz,
1H), 3.93 (s, 3H), 3.88 (s, 3H), 2.55 (s, 3H); 13C NMR (101
MHz, CDCl3) δ ppm: 187.3, 162.6, 158.0, 155.2, 151.1, 112.1,
112.1, 95.2, 88.0, 55.9, 55.7, 26.0. ESI-MS (m/z): [M + H]+

calculated at 221.08, found 221.22.
(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(4-fluoro-

phenyl)prop-2-en-1-one (4a): Yield: 41%; m.f.: C19H15FO4;
light-yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.88
(d, J = 15.8 Hz, 1H), 7.74-7.64 (m, 3H), 7.44 (d, J = 15.8 Hz,
1H), 7.14 (t, J = 8.6 Hz, 2H), 6.71 (s, 1H), 6.36 (d, J = 1.8 Hz,
1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ
ppm: 178.3 (C=O), 165.4, 162.9, 162.8, 158.2, 155.3, 142.3,
131.1, 131.1, 130.5, 130.4, 121.1, 121.1, 116.0, 112.4, 112.2,
95.3, 88.1, 55.9, 55.7. 19F NMR (376 MHz, CDCl3) δ ppm:
-109.03; ESI-MS (m/z): [M + H]+ calculated at 327.10, found
327.22.
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(E)-3-(3,4-Difluorophenyl)-1-(4,6-dimethoxybenzo-
furan-2-yl)prop-2-en-1-one (4b): Yield: 33%; m.f.: C19H14F2O4;
yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.81 (d, J
= 15.6 Hz, 1H, H-3), 7.72 (s, 1H), 7.56-7.48 (m, 1H), 7.44-
7.40 (m, 2H), 7.27-7.19 (m, 1H), 6.71 (s, 1H), 6.36 (d, J = 1.8
Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101 MHz, CDCl3)
δ ppm: 177.9, 162.9, 158.3, 155.4, 152.0, 141.2, 141.1, 141.1,
132.2, 132.1, 132.1, 132.1, 125.5, 125.5, 125.4, 125.4, 122.3,
122.2, 118.0, 117.8, 116.6, 116.4, 112.6, 112.4, 95.4, 88.0,
55.9, 55.7; 19F NMR (376 MHz, CDCl3) δ ppm: -133.66,
-133.71, -136.51, -136.56. ESI-MS (m/z): [M + H]+ calculated
at 345.09, found 345.48.

(E)-3-(2,5-Difluorophenyl)-1-(4,6-dimethoxybenzo-
furan-2-yl)prop-2-en-1-one (4c): Yield: 89%; m.f.: C19H14F2O4;
orange colour; 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J =
16.0 Hz, 1H, H-3), 7.73 (s, 1H), 7.57 (d, J = 15.9 Hz, 1H),
7.40-7.36 (m, 1H), 7.16-7.08 (m, 2H), 6.72 (s, 1H), 6.36 (d, J
= 1.8 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101 MHz,
CDCl3) δ ppm: 177.9, 163.0, 158.4, 155.4, 152.0, 135.0, 135.0,
134.9, 124.8, 124.8, 124.3, 124.2, 124.2, 124.1, 118.4, 118.4,
118.2, 118.1, 117.6, 117.6, 117.4, 117.3, 115.3, 115.3, 115.1,
115.1, 112.8, 112.4, 95.4, 88.0, 55.9, 55.7. 19F NMR (376 MHz,
CDCl3) δ ppm: -118.25, -118.30, -119.26, -119.31. ESI-MS
(m/z): [M + H]+ calculated at 345.09, found 345.48.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(4-(trifluoro-
methyl)phenyl)prop-2-en-1-one (4d): Yield: 49%; m.f.:
C20H15F3O4; dark-yellow colour; 1H NMR (400 MHz, CDCl3)
δ ppm: 7.90 (d, J = 15.8 Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H),
7.73 (s, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 15.6 Hz, 1H),
6.70 (s, 1H), 6.35 (d, J = 1.8 Hz, 1H), 3.95 (s, 3H), 3.90 (s,
3H); 13C NMR (101 MHz, CDCl3) δ ppm: 177.9, 163.0, 158.4,
155.4, 152.0, 141.5, 138.2, 132.4, 132.0, 131.7, 131.4, 128.6,
126.0, 125.9, 125.9, 125.8, 123.6, 112.8, 112.4, 95.4, 88.0,
55.9, 55.7. 19F NMR (376 MHz, CDCl3) δ ppm: -62.84. ESI-
MS (m/z): [M + H]+ calculated at 377.10, found 377.24.

(E)-3-(2,6-Difluorophenyl)-1-(4,6-dimethoxybenzo-
furan-2-yl)prop-2-en-1-one (4e): Yield: 80%, m.f.: C19H14F2O4;
pale-yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 8.00
(d, J = 16.1 Hz, 1H), 7.78 (d, J = 16.1 Hz, 1H), 7.71 (s, 1H),
7.41-7.31 (m, 1H), 7.00 (t, J = 8.6 Hz, 2H), 6.72 (s, 1H), 6.35
(d, J = 1.8 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101
MHz, CDCl3) δ ppm: 178.3, 163.4, 163.3, 162.9, 160.8, 160.8,
158.4, 155.3, 152.1, 131.4, 131.2, 131.1, 129.5, 129.4, 129.4,
127.0, 126.9, 126.8, 113.1, 113.0, 112.8, 112.4, 112.3, 112.1,
112.0, 112.0, 111.9, 111.8, 111.8, 95.4, 88.1, 55.9, 55.7; 19F
NMR (376 MHz, CDCl3) δ ppm: -109.47. ESI-MS (m/z): [M
+ H]+ calculated at 345.09, found 344.94.

(Z)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(4-methoxy-
phenyl)prop-2-en-1-one (4f): Yield: 70%, m.f.: C20H18O5;
yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.89 (d, J
= 15.6 Hz, 1H), 7.68 (s, 1H), 7.64 (d, J = 8.8 Hz, 2H), 7.39 (d,
J = 15.6 Hz, 1H), 6.96 (d, J = 8.8 Hz, 2H), 6.71 (s, 1H), 6.34
(d, J = 1.8 Hz, 1H), 3.94 (s, 3H), 3.89 (s, 3H), 3.88 (s, 3H);
13C NMR (101 MHz, CDCl3) δ ppm: 178.6, 162.6, 161.7, 158.1,
155.2, 152.4, 143.5, 130.3, 127.6, 119.0, 114.4, 112.4, 111.7,
95.2, 88.1, 55.9, 55.7, 55.4. ESI-MS (m/z): [M + H]+ calculated
at 339.12, found 339.52.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2,3-dimeth-
oxyphenyl)prop-2-en-1-one (4g): Yield: 73%, m.f.: C21H20O6;
yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 8.21 (d, J
= 15.9 Hz, 1H), 7.69 (s, 1H), 7.58 (d, J = 15.9 Hz, 1H), 7.33
(d, J = 7.9 Hz, 1H), 7.12 (t, J = 8.0 Hz, 1H), 6.99 (d, J = 8.2
Hz, 1H), 6.72 (s, 1H), 6.35 (s, 1H), 3.95 (s, 3H), 3.93 (s, 3H),
3.92 (s, 3H), 3.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ
ppm: 178.7, 162.7, 158.2, 155.3, 153.3, 152.4, 149.1, 138.5,
129.1, 124.2, 122.9, 119.7, 114.2, 112.4, 112.1, 95.3, 88.1,
61.4, 55.9, 55.9, 55.7. ESI-MS (m/z): [M + H]+ calculated at
369.13, found 369.0.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(3,5-dimethoxy-
phenyl)prop-2-en-1-one (4h): Yield: 86%, m.f.: C21H20O6;
light-yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.84
(d, J = 15.7 Hz, 1H), 7.71 (s, 1H), 7.46 (d, J = 15.7 Hz, 1H),
6.83 (d, J = 2.3 Hz, 2H), 6.72 (s, 1H), 6.56 (t, J = 2.3 Hz, 1H),
6.36 (d, J = 1.8 Hz, 1H), 3.96 (s, 3H), 3.90 (s, 3H), 3.88 (s, 6H);
13C NMR (101 MHz, CDCl3) δ ppm: 178.4, 162.8, 161.1, 158.3,
155.3, 152.2, 143.7, 136.7, 121.8, 12.4, 112.3, 106.4, 102.9,
95.3, 88.1, 55.9, 55.7, 55.5. ESI-MS (m/z): [M + H]+ calculated
at 369.13, found 369.26.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2,6-dimethoxy-
phenyl)prop-2-en-1-one (4i): Yield: 93%; m.f.: C21H20O6;
yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 8.38 (d, J
= 15.9 Hz, 1H, , H-3), 7.93 (d, J = 16.0 Hz, 1H), 7.63 (s, 1H),
7.31 (t, J = 8.4 Hz, 1H), 6.72 (s, 1H), 6.60 (d, J = 8.3 Hz, 2H),
6.35 (s, 1H), 3.96-3.95 (m, 9H), 3.89 (s, 3H); 13C NMR (101
MHz, CDCl3) δ ppm: 180.1, 162.3, 160.5, 158.1, 155.1, 152.9,
134.7, 131.6, 124.1, 12.9, 12.9, 12.9, 112.4, 111.6, 103.8, 95.1,
88.2, 55.9, 55.9, 55.7. ESI-MS (m/z): [M + H]+ Calculated for
369.13, found 369.01.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2-fluoro-
phenyl)prop-2-en-1-one (4j): Yield: 79%; m.f.: C19H15FO4;
light yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 8.01
(d, J = 16.0 Hz, 1H), 7.74-7.66 (m, 2H), 7.61 (d, J = 15.9 Hz,
1H), 7.45-7.37 (m, 1H), 7.26-7.12 (m, 2H), 6.71 (s, 1H), 6.35
(d, J = 1.8 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101
MHz, CDCl3) δ ppm: 178.4, 163.1, 162.8, 160.6, 158.3, 155.3,
152.2, 136.4, 131.9, 131.8, 130.0, 130.0, 124.5, 124.5, 124.0,
123.9, 123.0, 122.9, 116.5, 16.2, 112.5, 112.4, 95.3, 88.1, 55.9,
55.7; 19F NMR (376 MHz, CDCl3) δ ppm: -112.99. ESI-MS
(m/z): [M + H]+ calculated at 327.10, found 326.92.

(E)-3-(2,4-Fluorophenyl)-1-(4,6-dimethoxybenzo-
furan-2-yl)prop-2-en-1-one (4k): Yield: 96%; m.f.: C19H14F2O4;
light yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.94
(d, J = 15.9 Hz, 1H), 7.75-7.64 (m, 2H), 7.55 (d, J = 15.9 Hz,
1H), 7.02-6.88 (m, 2H), 6.71 (s, 1H), 6.35 (d, J = 2.0 Hz, 1H),
3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ ppm:
178.2, 162.9, 158.3, 155.3, 152.1, 135.4, 131.2, 131.1, 131.1,
131.0, 123.5, 123.5, 123.5, 123.4, 119.6, 119.5, 119.5, 119.4,
112.6, 112.4, 112.3, 112.2, 112.1, 112.0, 105.1, 104.8, 104.6,
95.4, 88.1, 55.9, 55.7; 19F NMR (376 MHz, CDCl3) δ ppm:
-105.58, -105.60, -108.46, -108.49. ESI-MS (m/z): [M + H]+

calculated at 345.09, found 345.23.
(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2,3,4-trifluoro-

phenyl)prop-2-en-1-one (4l): Yield: 83%; m.f.: C19H13F3O4;
light-yellow colour; yield 83%; 1H NMR (400 MHz, CDCl3)
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δ ppm: 7.88 (d, J = 16.0 Hz, 1H), 7.71 (s, 1H), 7.58 (d, J =
15.9 Hz, 1H), 7.45-7.36 (m, 1H), 7.10-7.01 (m, 1H), 6.71 (s,
1H), 6.35 (d, J = 1.8 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C
NMR (101 MHz, CDCl3) δ ppm: 177.8, 163.0, 158.4, 155.4,
151.9, 134.5, 124.7, 124.6, 124.6, 124.6, 124.6, 124.6, 123.8,
123.8, 123.7, 123.7, 120.9, 120.9, 120.8, 120.8, 112.9, 112.8,
112.7, 112.6, 112.6, 112.4, 95.4, 88.0, 55.9, 55.7; 19F NMR
(376 MHz, CDCl3) δ ppm: -130.19, -130.22, -130.24, -130.27,
-134.05, -134.08, -134.11, -134.13, -159.34, -159.39, -159.45.
ESI-MS (m/z): [M + H]+ calculated at 363.08, found 363.21.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2,4,6-tri-
fluorophenyl)prop-2-en-1-one (4m): Yield: 87%; m.f.:
C19H13F3O4; yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm:
7.89 (d, J = 16.1 Hz, 1H), 7.73-7.66 (m, 2H), 6.76 (t, J = 8.7
Hz, 2H), 6.71-6.66 (m, 1H), 6.33 (d, J = 1.8 Hz, 1H), 3.93 (s,
3H), 3.88 (s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm: 178.3,
163.9, 163.8, 163.8, 163.7, 163.1, 161.4, 161.3, 161.2, 161.1,
158.6, 155.5, 152.2, 128.7, 128.7, 128.6, 126.5, 126.5, 126.4,
126.4, 126.4, 126.3, 113.0, 112.5, 101.5, 101.4, 101.2, 101.2,
101.2, 101.0, 100.9, 95.5, 88.2, 77.5, 77.2, 76.8, 56.0, 55.9.
19F NMR (376 MHz, CDCl3) δ ppm: -103.83, -103.86, -103.88,
-105.97, -105.99. ESI-MS (m/z): [M + H]+ calculated at 363.08,
found 363.18.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-phenylprop-
2-en-1-one (4n): Yield: 87%; m.f.: C19H16O4; light-yellow
colour; 1H NMR (400 MHz, CDCl3) δ ppm: 7.92 (d, J = 15.5
Hz, 1H), 7.70-7.68 (m, 3H), 7.51 (d, J = 15.5 Hz, 1H), 7.44 (m,
3H), 6.71 (s, 1H), 6.34 (s, 1H), 3.94 (s, 3H), 3.89 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ ppm: 178.4, 162.8, 158.2, 155.3,
152.2, 143.6, 134.8, 130.6, 129.0, 128.6, 121.4, 112.4, 95.3,
88.2, 56.0, 55.8. ESI-MS (m/z): [M + H]+ calculated at 309.11,
found 309.23.

(E)-1-(4,6-Dimethoxybenzofuran-2-yl)-3-(2,3,4-tri-
methoxyphenyl)prop-2-en-1-one (4o): Yield: 63%; m.f.:
C22H22O7; yellow colour; 1H NMR (400 MHz, CDCl3) δ ppm:
8.10 (d, J = 15.8 Hz, 1H), 7.68 (s, 1H), 7.54 (d, J = 15.8 Hz,
1H), 7.43 (d, J = 8.8 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1H), 6.72
(s, 1H), 6.35 (d, J = 1.8 Hz, 1H), 4.00 (s, 3H), 3.95 (s, 3H),
3.94 (s, 3H), 3.92 (s, 3H), 3.90 (s, 3H, ); 13C NMR (101 MHz,
CDCl3) δ ppm: 178.9, 162.5, 158.1, 155.9, 155.2, 154.0, 152.6,
142.5, 139.0, 124.1, 122.0, 120.7, 112.4, 111.6, 107.6, 95.2,
88.1, 61.5, 61.0, 56.1, 55.9, 55.7. ESI-MS (m/z): [M + H]+

calculated at 399.14, found 399.25.
In vitro anticancer activity: The in vitro anticancer activ-

ity was assessed to determine the cell viability and cytotoxic
effects of the synthesized compounds 4a-o in A549) and MCF-
7 cell lines using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide salt (MTT) assay, depending on the con-
version of yellow tetrazolium salt to insoluble purple formazan
crystals by mitochondrial enzymes in living cells [35]. The
cell lines were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin, providing a constant incubator
temperature (37 ºC, 5% CO) to maintain the cell culture environ-
ment. The cells were cultivated in 96-well plates at a density
of 10,000 cells/well for 24 h to allow cell attachment to the
surface. The cells were then treated with different sample con-

centrations. Stock solutions of samples were prepared in DMSO
and further diluted to obtain various concentrations (1000 µmol
L-1, 500 µmol L-1, 250 µmol L-1, 100 µmol L-1, 50 µmol L-1, 10
µµmol L-1 and 1.0 µmol L-1) in an incomplete cell culture
medium (without FBS). The untreated cells were used as a
negative control and millepachine and paclitaxel were used as
positive controls. MTT solution (20 µL) at a concentration of
5 mg/mL in phosphate-buffered saline was added to each well
and the plates were incubated at 37 ºC in a CO incubator for
2 h. Finally, the compounds were centrifuged at 3000 rpm for
10 min and DMSO (100 µL) was added to stop the reaction
and absorbance was measured at a wavelength of 540 nm using
an ELISA microplate reader. The experiment was repeated in
triplicate for each concentration and IC50 values and cell via-
bility were analyzed using Microsoft Excel and GraphPad
Prism 10.

Statistical analysis: All experiments were conducted in
triplicate and the data presented as mean ± SEM. Analysis
was assessed using one-way analysis of variance (ANOVA)
followed by a post hoc Tukey’s multiple comparison test below
p-value 0.05 was considered statistically significant and two-
way ANOVA revealed significant differences in IC50 values
across cell lines (p < 0.0001) with post-hoc analysis. IC50 values
were calculated for each compound determined using % cell
viability values by GraphPad Prism10 software and Microsoft
Excel.

Molecular docking: The synthesized chalcone compounds
were screened for docking interactions to evaluate their binding
to the tubulin colchicine site. The crystal structure of tubulin
retrieved from the RCSB PDB database (PDB ID: 5JVD) [16,
36,37] and tubulin structure was identified for missing residues,
removing water molecules and cocrystal inhibitors, as well as
extra chains removed, except the colchicine-binding pocket
of tubulin chains A and B, which was saved in the PDB file
using BIOVIA Discovery Studio 2024 [38] and PyMOL (version
3.0) [39].

Furthermore, the docking methodology was verified by
redocking the extracted cocrystal chalcone TUB092 inhibitor
(6NL) from the colchicine-binding pocket of tubulin using
AutoDock4 Tools (ADL 1.5.7) [40,41], respectively. The 3D
structure of the desired compound was generated by energy
minimization and then saved in a Mol2 format file using Chem-
Draw [42] and Marvin (5.8.1) [43].

Tubulin protein was prepared for docking studies by
incorporating Kollman’s charges and adding polar hydrogens
and torsions. The flexible docking simulations were assessed
against millepachine by setting a grid box size of 60 × 60 × 60
points in the x, y and z directions with a center of 15.98, 68.251
42.958 and a grid spacing of 0.375 Å around the colchicine
binding pocket of tubulin. One hundred runs were generated
by applying Lamarckian genetic algorithm searches, employing
default parameters of a population size of 150 individuals, a
maximum of 2.5 × 107 energy assessments and a maximum of
2.7 × 104 generations. A gene mutation rate of 0.02 and a cross-
over rate 0.8 were selected. Docking data were assessed by
obtaining docking log(dlg) output files and identifying the lowest
energy protein-ligand interactions from the 10 docking poses
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using the AutoDock4 suite and 2D and 3D interactions were
visualized using Discovery Studio 2024 and PyMOL software.

In silico ADMET predictions: In the preliminary stages
of drug design, it is essential to optimize the pharmacodynamics
and pharmacokinetics systematically, especially in terms of
the administration, absorption, metabolism, excretion and
toxicity (ADMET) properties of potential drug candidates. We
used computational studies to predict the physico-chemical
and pharmacokinetic properties of dimethoxy benzofuran-
chalcones against millepachine using SwissADME Software
Tools [44] and pkCSM [45] platform, considering parameters
such as drug-likeness using Lipinski’s rule of five [46], water
solubility (logS), lipophilicity (logP), topological surface area
(TSA), human intestinal absorption (HIA), human hERG pot-
assium channels (related to cardiac toxicity), liver toxicity and
inhibition of cytochrome P450 enzymes (CYP2D6 and CYP3A4).

RESULTS AND DISCUSSION

The Claisen-Schmidt condensation approach was used to
synthesize novel chalcone derivatives (4a-o, Scheme-II) based
on a molecular docking study. Initially, benzofuran 3, key inter-
mediate was obtained by the substitution and condensation of
2-hydroxy-4,6-dimethoxybenzaldehyde with chloroacetone in
acetone and potassium carbonate, followed by reflux for 8 h.
Finally, a series of chalcones 4a-o were synthesized in 20-96%
yield by Claisen-Schmidt condensation, mixing the solubilized
benzofuran 3 mixtures in methanol at 40 ºC and the aldehyde
with Ba(OH)2 was stirred for 6 h until completion.

The synthesized compounds were analyzed for the 1H NMR
and 13C NMR and mass (ESI-MS) spectrometry, the spectral
data found correlates with predicted values and existing litera-
ture, validating the structural integrity and configuration of
the synthesized compounds. The 1H NMR spectra revealed a
coupling constant > J = 15.0 Hz for both a and b-hydrogens,
indicating an E-configuration of the chalcone structures. These
outcomes provide a solid foundation for further biological
studies.

Biological study

In vitro anticancer activity: The cytotoxic efficacy of
the synthesized dimethoxy benzofuran-chalcone compounds
4a-o was assessed by the MTT assay in A549 and MCF-7 cell
lines (Table-1 and Fig. 2). The IC50 values, signifying the con-
centration essential to inhibit 50% of cell viability, were meas-
ured using non-linear regression analysis of dose-response
curves, which revealed a significant difference (p < 0.001)
against the positive control, millepachine and paclitaxel, which
are known tubulin-binding agents. Compounds 4m, 4f, 4n and
4e showed higher potency than the remaining compounds in
the A549 cell line (Table-1, Fig. 2), while compounds 4i, 4h
and 4l showed the best potency compared to other compounds
in the MCF-7 cell line (Table-1, Fig. 2). In addition, One-Way
ANOVA, followed by Tukey’s multiple comparison test, reve-
aled that there were no statistically significant differences in
IC50 values across the compounds 4a-o (p > 0.05) to the control.
Notably, compound 4f showed the highest potency in the lung
cancer cell line A549 (IC50 = 23.9 µM), compared to a signifi-

cantly lower effect in the breast cancer cell line MCF-7 (IC50

= 241 µM) (Table-1, Fig. 2). Similarly, compound 4m showed
moderate cytotoxicity in A549 cells (IC50 = 35.44 µM) and
had reduced efficacy in MCF-7 cells (IC50 = 179.9 µM) (Table-
1, Fig. 2). Conversely, compound 4l demonstrated an IC50 value
of 93.96 µM against MCF-7 cells, while indicating a decrease
in A549 cell (IC50 =110 µM) as shown in Fig. 2. Moreover,
two-way ANOVA revealed significant differences in IC50 values
across cell lines (p < 0.0001) with post-hoc test analysis, which
highlights the selective efficacy of the compounds towards
A549 cells (Fig. 2). These results collectively suggest that the
structural modification that enhances hydrophobic interactions
and hydrogen bonding can further improve the anticancer
activity of dimethoxy benzofuran-chalcone derivatives.

TABLE-1 
MOLECULAR DOCKING AND in vitro ANTICANCER  

ACTIVITY OF SYNTHESIZED CHALCONE COMPOUNDS. 
MOLECULAR DOCKING AND in vitro ANTICANCER  

ACTIVITY OF SYNTHESIZED CHALCONE COMPOUNDS 

IC50 (µM ± SEM) 
Compound 

Binding energy 
(kcal/mol) MCF-7 A549 

4a -9.26 409.8 ± 0.069 122.4 ± 0.221 
4b -9.33 574.2 ± 0.122 292.0 ± 0.150 
4c -9.23 444.9 ± 0.092 981.7 ± 0.086 
4d -9.69 226.5 ± 0.104 98.07 ± 0.129 
4e -9.17 289.6 ± 0.089 43.4 ± 0.246 
4f -9.94 241.0 ± 0.084 23.9 ± 0.203 
4g -9.66 404.6 ± 0.090 200.1 ± 0.181 
4h -9.92 99.97 ± 0.138 500 ± 0.287 
4i -9.63 99.51 ± 0.064 400.8 ± 0.132 
4j -9.30 146.7 ± 0.105 119.6 ± 0.097 
4k -9.24 216.9 ± 0.085 128.5 ± 0.124 
4l -9.21 93.96 ± 0.133 110 ± 0.135 

4m -9.19 179.9 ± 0.054 35.44 ± 0.135 
4n -9.00 182.1 ± 0.078 45.57 ± 0.201 
4o -9.89 545.8 ± 0.123 211.9 ± 0.216 

Millepachine -9.19 0.008 ± 0.002 0.220 ± 0.203 
Paclitaxel – 0.194 ± 0.130 0.0951 ± 0.206 

 

Molecular docking: The redocking approach validated
the docking methodology by binding the cocrystal 6NL inhi-
bitor (chalcone TUB091) to the exact colchicine-binding site
shown in the experimental structure of tubulin (PDB code
5JVD), as illustrated in Fig. 3, which confirms the accuracy
and reliability of the docking protocol for evaluating the binding
interactions of synthesized chalcones.

Molecular docking findings identified that synthesized
chalcone derivatives 4a-o were found interacting with the
essential amino acids of colchicine-binding site of α,β-tubulin
and obtained diverse binding affinities (B.E. = -9.0 kcal/mol
to -9.92 kcal/mol) that were comparable and superior to mille-
pachine (Table-1). These results suggest that chalcones adopt
orientations similar to millepachine inside the colchicine-
binding site, as shown in Fig. 4.

Chalcone compounds 4e, 4f, 4h, 4i, 4m, 4l and 4n exhibited
substantial hydrogen bonding, π-π stacking and hydrophobic
contacts within the binding region, interacting with residues
Met-259, Leu-255, Ala-250 Asn-350, Asn-258, Val-315, Cys-
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Fig. 2. The in vitro cell viability (%) assay of synthesized chalcone derivatives in A549 and MCF-7 cell lines

241 and Thr-179 of α,β-tubulin (Fig. 4). On the other hand,
compounds 4m, 4l and 4e demonstrated enhanced stability of
halogen bonding interactions with residue Asp-251, primarily
through fluorine substitution on the benzene ring of chalcone
(Fig. 4). Among all compounds, 4f reported most favourable
docking score (B.E. = -9.94 kcal/mol) with key residues Met-
259 (pi-sulfur interaction), Asn-258 (H-bonding with the
chalcone carbonyl group) and Leu-255 (hydrophobic contacts)
binding pocket followed by compound 4h (B.E. = -9.92 kcal/
mol) as illustrated in Fig. 4.

In silico ADMET predictions: In silico ADMET evalua-
tion demonstrated that the synthesized compounds 4f, 4h, 4i,
4l, 4m, 4n had favourable physico-chemical and pharmaco-
kinetics (ADMET) with acceptable drug-like characteristics,

as tabulated in Table-2, including high oral bioavailability (HIA
>99%), topological polar surface area (TPSA < 140A2)), mode-
rate lipophilicity (LogP value 1-5) and moderate Caco-2 per-
meability (log Papp range -4.63 to -4.73) against millepachine.
Additionally, the plasma protein binding (PPB) showed fluctu-
ation between compound 4i (61.53%) and 4n (78.45%), whereas
4i and 4m reported clearance rates ranging from 2.86 mL/min/
kg to 6.85 mL/min/kg, which suggest moderate elimination
capacity. Toxicity predictions indicated that all compounds were
non-toxic to AMES mutagenicity and hERG inhibition, altho-
ugh compound 4o displayed a slightly elevated risk of liver
toxicity and carcinogenicity (Table-2). Among all the comp-
ounds, 4f was found to be superior to millepachine in terms of
Caco-2 permeability, lipophilicity and topological polar surface
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α-Tubulin α-Tubulin
β-Tubulin β-Tubulin

Colchicine-binding site

Colchicine-binding site

Fig. 3. The active site of the three-dimensional (3D) structure of α,β-tubulin protein (PDB ID: 5JVD) bound with a cocrystal 6NL inhibitor
(chalcone, TUB091) and cleaned α,β-tubulin heterodimer. The redocked 3D structure of 6NL conformation superimposed with
experimental structure of tubulin

TABLE-2 
PHYSICO-CHEMICAL AND PHARMACOKINETIC PROPERTIES PREDICTION OF DIMETHOXY  
BENZOFURAN-CHALCONES AND A REFERENCE MILLEPACHINE USING pkCSM PLATFORM 

Property 4f 4h 4i 4l 4m 4n Millepachine 
Molecular weight (g/mol) 338.35 368.38 368.38 362.3 362.3 308.33 320.38 
Rotatable bonds (< 10) 6 7 7 5 5 5 4 
H-bond acceptors (< 10) 5 6 6 7 7 4 3 
H-bond donors (< 5) 0 0 0 0 0 0 0 
Log(S) -5.27 -5.43 -5.43 -5.32 -5.42 -5.42 -5.05 
Log Po/w (1-3) 3.73 3.71 3.7 4.65 4.65 3.74 4.16 
Topological polar surface area (< 140 Å2) 57.9 67.13 67.13 48.67 48.67 48.67 35.53 
Lipinski, violations 0 0 0 0 0 0 0 
BBB permeability (%) Yes Yes Yes Yes Yes Yes Yes 
Caco-2 permeability -4.7 -4.67 -4.65 -4.73 -4.53 -4.65 -4.82 
Plasma protein binding (%) 67.22 62.59 61.53 78.22 78.45 74.01 61.2 
Human oral bioavailability Yes Yes Yes Yes Yes Yes Yes 
Human intestinal absorption (%) 99.5 99.1 99.1 99.8 99.6 99.7 99.8 
P-pg inhibitor Yes Yes Yes Yes Yes Yes Yes 
CYP2D6 inhibitor No No No No No No No 
CYP3A4 inhibitor Yes Yes Yes Yes Yes Yea Yes 
Clearance (mL/min/kg) 4.6 2.94 2.86 6.85 5.96 5.57 4.82 
AMES toxicity Safe Safe Safe Safe Safe Safe Safe 
Carcinogenesis Safe Safe Safe Safe Safe LT Safe 
Liver toxicity (DILI) LT Safe Safe LT LT LT Safe 
hERG toxicity Safe Safe Safe Safe Safe Safe Safe 
LT = low toxicity 
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Fig. 4. The 2D structure interactions of dimethoxy benzofuran-chalcone compounds (4f, 4h, 4i, 4l, 4m, 4n) and millepachine (reference).
The 3D structures of chalcone compounds superimposed with reference in the colchicine-binding site of α,β-tubulin
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area, indicating enhanced absorption and permeability and a
low plasma protein binding (67.22%), which suggest improved
free drug availability as shown in Table-2.

Structure-activity relationship (SAR): The structure-
activity relationship (SAR) of dimethoxy benzofuran-chal-
cones 4a-o was identified to determine the key features for
activity and how to improve the compounds’ potency, specifi-
city and other desirable properties [47] (Fig. 5). The synthe-
sized novel chalcone compounds showed anticancer effects
through interactions with critical residues Met-259, Leu-255,
Ala-250, Asn-350 and Thr-314 in the colchicine-binding region
of α,β-tubulin (Fig. 4). The planar aromatic structure of the
benzofuran core of chalcone promotes strong π-sulfur inter-
actions with the hydrophobic residue Met-259 as well as hydro-
gen bonding with the polar residues Asn-350 and Thr-314
binding site of β-tubulin. Furthermore, the incorporation of
electron-donating groups (EDGs) such as -OCH3 and the substi-
tution of electron-withdrawing groups (EWGs) at the C4 and
C6 positions of the benzofuran core could enhance compound
stabilization within the binding domain, as shown in Fig. 4.
Similarly, replacing the halogen groups on the phenyl ring of
chalcone (e.g. -F > -Cl > -Br > -CF3) improved halogen bonding,
whereas the introduction of a methoxy group (-OCH3) at C-4
enhanced H-bonding with α,β-tubulin binding pocket. Substi-
tution of trifluoromethyl (-CF3) at the C-4 position of the
phenyl ring resulted in diminished efficacy. The linker region
provided flexibility and alignment inside the binding region,
with a carbonyl moiety forming H-bonds with the Asn-350
and Lys-352 residues and the saturated α and β bonds main-
tained a planar configuration within the colchicine-binding
domain (Fig. 4). The SAR findings provide a foundation for

future structural optimization and mechanistic studies of
dimethoxy benzofuran-chalcones.

Conclusion

In this study, a series of novel dimethoxy benzofuran-
chalcone derivatives (4a-o) were designed, synthesized and
assessed to target the colchicine-binding site of tubulin by
performing in silico docking studies and in vitro anticancer
activity using the MTT assay in A549 and MCF-7 cell lines.
The synthesized compounds 4f, 4h, 4i, 4l, 4m and 4n showed
promising anticancer activity and were not significantly diffe-
rent in the case of IC50 values (One-Way ANOVA, p > 0.05) to
the control. However, chalcone derivatives showed notable
selectivity and good potency towards A549 cell line (two-way
ANOVA, p < 0.0001), such as compounds 4f (IC50 = 23.90 µM)
and 4m (IC50 = 35.44 µM). Moreover, in the MCF-7 cell line,
compounds 4f and 4m showed reduced potency, with IC50 values
of 241 µM and 179.9 µM, respectively. Docking studies have
suggested favourable pharmacokinetics and robust binding
interactions within the colchicine-binding domain of α,β-
tubulin. Additionally, compound 4g displayed a strong binding
affinity -9.94 kcal/mol with crucial residues at the tubulin
colchicine site. Future research will explore the in vitro anti-
cancer efficacy across other cancer cell lines and identify the
molecular mechanisms.
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