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, docking study and anticancer
evaluation of new trimethoxyphenyl pyridine
derivatives as tubulin inhibitors and apoptosis
inducers†

Mohamed Hagras,a Asmaa A. Mandour,b Esraa A. Mohamed,b Eslam B. Elkaeed,a
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and Hanan M. Refaatb

Microtubules have become an appealing target for anticancer drug development including mainly

colchicine binding site inhibitors (CBSIs). A new series of novel trimethoxypyridine derivatives were

designed and synthesized as tubulin targeting agents. In vitro anti-proliferative activities of the tested

compounds compared to colchicine against hepatocellular carcinoma (HepG-2), colorectal carcinoma

(HCT-116), and breast cancer (MCF-7) was carried out. Most of compounds showed significant cytotoxic

activities. Compounds Vb, Vc, Vf, Vj and VI showed superior anti-proliferative activities to colchicine.

Where compound VI showed IC50 values of 4.83, 3.25 and 6.11 mM compared to colchicine (7.40, 9.32,

10.41 mM) against HCT 116, HepG-2 and MCF-7, respectively. The enzymatic activity against tubulin

enzyme was carried out for the compounds that showed high anti-proliferative activity. Also, compound

VI exhibited the highest tubulin polymerization inhibitory effect with an IC50 value of 8.92 nM compared

to colchicine (IC50 value ¼ 9.85 nM). Compounds Vb, Vc, Vf, Vj, & VIIIb showed promising activities with

IC50 values of 22.41, 17.64, 20.39, 10.75, 31.86 nM, respectively. Cell cycle and apoptosis test for

compound VI against HepG-2 cells, indicated that compound VI can arrest cell cycle at G2/M phase, and

can cause apoptosis at pre-G1 phase, with high apoptotic effect 18.53%. Molecular docking studies of

the designed compounds confirmed the essential hydrogen bonding with CYS241 beside the

hydrophobic interaction at the binding site compared to reference compounds which assisted in the

prediction of the structure requirements for the detected antitumor activity.
1. Introduction

Microtubules are vital components in all eukaryotic cytoskele-
tons required for all cell functions. These tube-shaped la-
mentous protein polymers play important roles in cell
signaling, intracellular transport, cell proliferation, cell division
and mitosis, and that makes them an appealing target for
anticancer drug development. Microtubules are comprised of
two a- and b-tubulin heterodimer subunits in eukaryotic cells.1–6

Microtubule targeting drugs generally can bind to one of three
main sites on tubulin, the paclitaxel site, the vinca alkaloid and
the colchicine binding sites.5 Microtubules are characterized by
being in a dynamic equilibrium of polymerization and
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tion (ESI) available. See DOI:

9741
depolymerization, that led to the development of tubulin poly-
merization inhibitors such as colchicine.7 These are widely used
for destroying various types of tumor cells via disturbing this
equilibrium through the colchicine binding site in tubulin.8–11

Inhibitors that work by binding to either taxane or vinca
alkaloid binding sites are of limited clinical use due to several
disadvantages including structural complexity and low water
solubility,12 while colchicine binding site inhibitors (CBSIs)
showed remarkable anti-proliferative activities in recent
decades.13 Microtubules as an anticancer target including CBSIs
are believed to induce cell cycle arrest at G2/M and apoptosis
which supports its anticancer activity.14

Nitrogenous heterocycles generally play an important role in
drug discovery.15 The pyridine scaffold was distinguished as
tubulin targeting agents acting on colchicine binding site.
Hereby pyridine nucleus specically was assumed to form the
essential hydrogen bond with CYS241 in the colchicine binding
site, thus it was believed that pyridine might be introduced into
the structures of CBSIs.1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of compounds 1–4 acting as CBSIs.

Fig. 2 Features' similarities of the lead compounds 3 & 4 and the designed compounds Va–k, VI & VIIIa–e as tubulin inhibitors.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 39728–39741 | 39729
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In this study, a novel series of pyridine derivatives was
designed and synthesized as anti-proliferative agents with
tubulin targeting activity.16 The design of this scaffold was
focused on the exploration of the previous SAR of the colchicine
binding site inhibitors (CBSIs)1,17 (Fig. 1). Where trimethox-
yphenyl pyridines have provided successful scaffolds as
colchicine binding site inhibitors, several bioisosteric modi-
cations was achieved while retaining the ability to bind in
a similar or related manner to pyridine chalcone derivatives.

Combretastatin A-4 (1) (CA-4), a unique colchicine binding
site inhibitor, was isolated from the African willow tree bark
Combretum caffrum, showed potent antimitotic and vascular
disrupting activities. Derivatives of CA-4 were developed as
potential candidates for cancer therapy,1,17–19 targeting colchi-
cine binding site to block microtubule assembly, and cause cell
death to the tumor.17 As trimethoxyphenyl (TMP) moiety in CA-4
was critical for activity where the 4-methoxy group is respon-
sible for the critical hydrogen bond with CYS241.17,20–22 So, most
derivatives with modied TMP moiety showed reduced anti-
cancer potency.23–26 However, it was reported that heterocyclic-
fused pyrimidine compounds showed N-1 atom-hydrogen
bond with CYS241 residue, this demonstrated that quinoline
or quinazoline moieties with N-1 atom can substitute the TMP
moiety which is essential for hydrogen binding to the colchicine
site showing improved anti-proliferative activity.27 Also, the
introduction of pyridine linker besides the TMP moiety was
Scheme 1 Synthetic scheme of compounds II, III, IV, Va–k & VI. Reage
ammonium acetate, ethyl acetoacetate, reflux, overnight. (c) Ethanol, h
reflux, 8–12 h. (e) Acetyl acetone, glacial acetic acid, 100 �C, 7 h.

39730 | RSC Adv., 2021, 11, 39728–39741
benecial and showed reported compounds of potent anti-
proliferative activity as in compound 2.17

In this research a bioisosteric replacement of the two lead
compounds 3 & 4, besides a molecular docking study was per-
formed to design novel TMP pyridine derivatives as CBSIs
(Fig. 1).1 The reported SAR was aligned with the newly synthe-
sized structures and veried to bind with the same amino acids
and the same binding mode as reference compounds.
1.1. Rationale design

Pyridine chalcone derivatives are very popular in the design of
CBSIs. It not only binds to the hydrophobic pocket by hydro-
phobic interaction but also is responsible for hydrogen binding
with CYS241 residue.1,17 That's why pyridine is proved to provide
successful scaffolds for new CBSIs discovery.1,17

The design of the novel pyridine chalcone derivatives was
based on the bioisosteric modications and structure optimi-
zation of the two lead compounds 3, 4 (Fig. 1),1 according to the
reported SAR and molecular modeling studies results. The tri-
methoxyphenyl moiety in lead compound 3 or the dimethoxy
pyridine moiety in lead compound 4 was replaced by trime-
thoxyphenylpyridinyl moiety. While the replacement of the
substituted phenyl moiety by alkyl or alkylthio or aryl moiety
maintains the binding interactions. Besides, replacement of
chalcone linker by hydrozoyl group in compounds Va–k, N-
nts and conditions; (a) DMF-DMA/80 �C, 8 h. (b) Glacial acetic acid,
ydrazine hydrate, reflux, 8 h. (d) Aldehyde, ethanol, glacial acetic acid,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carbonyl pyrazole ring in compound VI and oxadiazole in
compounds VIIIa–e maintains the same binding mode as
reference compounds (Fig. 2).
2. Results and discussion
2.1. Chemistry

The key starting material II was prepared directly from 1-(3,4,5-
trimethoxyphenyl)ethan-1-one and dimethylformamide-
dimethylacetal (DMF-DMA) under solvent free conditions. The
presence of two extra doublet signals in the spectrum of 1H
NMR at d 8.08 and 5.92 with J-value of 12 Hz conrmed the
chemical structure and the proposed E-conguration of
compound II.

To access the desired pyridine-based scaffold, enaminone II
was allowed to react with ethyl acetoacetate and ammonium
acetate in glacial acetic acid to yield ethylesterpyridine III. The
formation of pyridine ring was conrmed by the appearance of
two doublet signals, each equal one proton, at d 7.95 and 7.88,
respectively. The isolated ethylester derivative III was then
converted into the second key starting material acid hydrazide
IV by allowing it to react with hydrazine hydrate.

Finally, the hydrazide intermediate IV was utilized to
complete the series of optimized benzylidenenicotinohydrazide
derivatives. Hence, the hydrazide derivative IV was allowed to
Scheme 2 Synthetic scheme of compounds VII & VIIIa–e. Reagents and

© 2021 The Author(s). Published by the Royal Society of Chemistry
react with eleven different benzaldehyde derivatives; to afford
the corresponding nal products (Va–k) (Scheme 1). The
chemical structures of newly synthesized compounds were
conrmed by their elemental and spectral data. For example,
the ethoxy group of compound III was represented in the 1H
NMR spectrum by two signals at d 4.35 and 1.38. These two
characteristic signals were replaced with two broad singlets at
d 9.57 and d 4.50 corresponding to NH and NH2 respectively
when treated with hydrazine hydrate (compound IV). In case of
compounds (Va–k), the characteristic signal at d 4.50 of NH2

moieties was disappeared from the 1H NMR spectra and
replaced with singlet signal at approximately d 8.42 ppm due to
amidic proton, in addition to the presence of extra aromatic
protons, equivalent, in each case, to the number of aromatic
side chains connected with the terminal nitrogen.

Taken 1H NMR spectrum of compound Va as a detailed
example, it showed, in addition to the protons of trimethox-
ylphenylpyridine nucleus, two broad singlets each for one
proton at d 11.56 and 9.93 due to NH and OH respectively, two
doublet signals each for two protons at d 7.56 and 6.84 due
hydroxybenzene ring and singlet signal at d 8.19 corresponding
to amidic proton. Also, the 13C NMR spectrum of compound Va
showed eighteen signals. Fieen signals in the aromatic region
from d 164.18 to 104.20, and three signals in aliphatic part at
d 60.41, 56.55 and 23.25.
conditions, (a) CS2, KOH. (b) RX, NaOAc, EtOH, reflux, 2 h, 200 �C.

RSC Adv., 2021, 11, 39728–39741 | 39731
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Table 1 In vitro anti-proliferative activities of the tested compounds
and colchicine IC50 values

No

In vitro anti-proliferative activities IC50
a (mM)

Compound HCT 116 IC50 HEPG-2 IC50 MCF-7 IC50

1 Va 11.7 � 0.28 15.37 � 0.47 21.51 � 0.67
2 Vb 7.19 � 0.2 6.55 � 0.12 8.5 � 0.24
3 Vc 6.45 � 0.17 5.87 � 0.11 9.15 � 0.31
4 Vd 10.75 � 0.23 12.52 � 0.35 15.8 � 0.46
5 Ve 25.17 � 0.62 36.27 � 0.82 46.6 � 0.95
6 Vf 5.2 � 0.08 6.51 � 0.15 6.32 � 0.14
7 Vg 16.7 � 0.55 22.37 � 0.54 31.54 � 0.7
8 Vh 21.19 � 0.5 13.11 � 0.37 30.05 � 0.75
9 Vi 30.25 � 0.75 40.08 � 0.95 50.13 � 0.83
10 Vj 4.5 � 0.05 3.74 � 0.03 4.82 � 0.05
11 Vk 13.26 � 0.35 10.81 � 0.28 17.53 � 0.57
12 VI 4.83 � 0.06 3.25 � 0.05 6.11 � 0.17
13 VIIIa 14.1 � 0.38 13.45 � 0.36 18.23 � 0.55
14 VIIIb 9.74 � 0.21 8.57 � 0.25 14.85 � 0.37
15 VIIIc 20.45 � 0.65 19.31 � 0.64 25.16 � 0.64
16 VIIId 15.34 � 0.48 12.74 � 0.31 27.18 � 0.68
17 VIIIe 17.38 � 0.47 15.67 � 0.45 21.37 � 0.45

Colchicine 7.40 � 0.2 9.32 � 0.2 10.41 � 0.3

a IC50 values are the mean � SD of three separate experiments.

Table 2 In vitro tubulin polymerization inhibition results

No. Compound IC50 nM ml�1

1 Vb 22.41
2 Vc 17.64
3 Vd 50.11
4 Vf 20.39
5 Vj 10.75
6 Vk 43.16
7 VI 8.92
8 VIIIa 64.13
9 VIIIb 31.86
10 VIIId 48.27

Colchicine 9.85

Fig. 3 Effect of compound VI on cell cycle progression in HepG-2
cells.
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Next, the synthesis of the 1,3,4-oxadiazolyl scaffold was
achieved starting from the acid hydrazide IV and carbon
disulde in an alcoholic potassium hydroxide solution accord-
ing to Hoggarth's approach,28 followed by alkylation of the thiol
group to afford the 2-alkyllmercaptyl derivatives (VIIIa–e). The
structures of this set of new compounds were conrmed by their
elemental and spectral analyses data as detailed in the experi-
mental section. 1H NMR spectra characteristic by the presence
of extra aliphatic protons, equivalent, in each case, to the
number of aliphatic side chains connected with the sulphur
atom. These observations, collectively, conrm tethering the
Table 3 Effect of compound VI on cell cycle progression in HepG-2 ce

% G0–G1 % S

1 Compound VI/HepG2 42.26 19.61
2 Control HepG2 57.48 28.35

39732 | RSC Adv., 2021, 11, 39728–39741
alkyl moiety with the oxadiazole position-2. Taken 1H NMR
spectrum of compound VIIIa as a detailed example, it showed,
in addition to the protons of main aromatic core, a singlet
signal equivalent to three protons at d 2.87 due to methyl group.
The 13C NMR spectrum of compound VIIIa showed een
signals (Scheme 2).
2.2. Biological evaluation

2.2.1. In vitro anti-proliferative activity. The in vitro cyto-
toxic activities of the synthesized compounds were estimated
using MTT method.29–32 The test used human cancer cell lines
including colorectal carcinoma (HCT-116), hepatocellular
carcinoma (HepG-2), and breast cancer (MCF-7). Anti-
proliferative activity was represented in IC50 values (Table 1).
The cytotoxic screening revealed that the studied compounds
had varying degrees of activity showing successful anticancer
candidates with promising anticancer activity against the
studied cells. Results were compared to colchicine (IC50 ¼ 7.40,
9.32, and 10.41 mM against HCT116, HepG-2, and MCF-7,
respectively), where compounds Vb, Vc, Vf, Vj and VI showed
potent cytotoxic activities with IC50 values ranging from 3.25 to
9.15 mM against the three mentioned cell lines. Both
compounds Vj and VI showed the best superior IC50 results than
colchicine, where compound Vj showed 4.5, 3.74 and 4.82 mM,
and compound VI showed 4.83, 3.25 and 6.11 mM against HCT
116, HEPG-2 and MCF-7, respectively. In addition, compound
VIIIb exhibited superior activity against HEPG-2 with IC50 value
of 8.57 mM. Additionally, compounds Va, Vd, Vg, Vh, Vk, VIIIa,
VIIIc, VIIId and VIIIe displayed moderate anti-proliferative
activities against all the tested cell lines with IC50 values
ranging from 10.75 to 31.54 mM (Table 1).

2.2.2. Tubulin polymerization assay. The inhibitory effect
of the most active anti-proliferative members was also tested for
tubulin polymerization inhibition. Using a uorescent plate
reader, the inhibition assay on microtubule polymerization was
lls

% G2-M % Pre G1 Comment

38.13 18.53 Cell cycle arrest at G2/M
14.17 2.72

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The apoptotic effect of compound VI

Apoptosis

NecrosisTotal Early Late

1 Compound VI/HepG2 18.53 6.9 9.24 2.39
2 Control HePG2 2.72 0.55 0.63 1.54

Fig. 4 The apoptotic effect of compound VI.
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turbidimetrically assessed.33 Colchicine was used as positive
control. Compound VI exhibited the highest tubulin polymeri-
zation inhibitory effect with IC50 value ¼ 8.92 nM. The result
was more potent than that of colchicine (IC50 ¼ 9.85 nM) (Table
2). Moreover, compounds Vb, Vc, Vf, Vj, & VIIIb showed prom-
ising activities with IC50 values of 22.41, 17.64, 20.39, 10.75,
31.86 nmol L�1, respectively. Compounds Vd, Vk, VIIIa & VIIId
showed moderate activity with IC50 values of 50.11, 43.16, 64.13
and 48.27 nM mL�1 respectively.
Fig. 5 HepG-2 cells distribution upon treatment with compound VI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2.3. Cell cycle analysis. The effect of compound VI, that
showed the most promising in vitro inhibitory results, on cell
cycle distribution was investigated. The inhibitory effect on
cancer cell growth was better understood as a result of this
study. In this experiment, HepG-2 cells were used.34–37 HepG-2
cells were treated for 24 h with compound VI at a concentra-
tion corresponding to its IC50 value (3.25 mM). The results
revealed that compound VI induced a decrease in HepG-2 cells
percentage from 28.35% to 19.61% at S phase. It showed
marked increase in the percentage of HepG-2 cells from 14.17%
to 38.13% at G2/M phase. Also, the percentage of HepG-2 cells
increased from 2.72% to 18.53% at Pre-G1 phase. On the other
hand, it decreased the percentage of HepG-2 cells at G0–G1
phase from 57.48% to 42.26%. These results indicated that
compound VI can arrest G2/M phase in the cell cycle and can
cause apoptosis at pre-G1 phase (Table 3 and Fig. 3).

2.2.4. Annexin V-FITC apoptosis assay. The proposed
apoptotic effect of the compound VI was investigated using an
annexin V and PI double staining assay.38–40 Compound VI was
tested against HepG-2 cells as a representative example. In this
test, HepG-2 cells were incubated with compound VI at
a concentration of (3.25 mM) for 24 h Table 4 and Fig. 4, 5
showed that compound VI induced apoptosis by 18.53% (6.9
and 9.24 at early and late apoptosis, respectively), which was
thirteen times more than the standard control (1.39%).
2.3. Molecular modeling study

Molecular docking study was carried out using Libdock protocol
in Discovery Studio 4.0 Soware, where the prepared ten
compounds with high in vitro tubulin polymerization inhibition
results were docked into the colchicine binding site of tubulin.
The binding mode of the designed compounds was studied to
explain their biological results and to determine the essential
RSC Adv., 2021, 11, 39728–39741 | 39733
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Table 5 The Libdock interaction energy of some newly synthesized compounds

Compound ID Interaction diagram
Binding mode
with tubulin

Libdock interaction
energy (K cal mol�1)

Ref. comp. 3 CYS241 �102

Ref. comp. 4 CYS241 �97

Vb CYS241 �96.3

39734 | RSC Adv., 2021, 11, 39728–39741 © 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 7
:2

0:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07922k


Table 5 (Contd. )

Compound ID Interaction diagram
Binding mode
with tubulin

Libdock interaction
energy (K cal mol�1)

Vc CYS241 �87.5

Vd CYS241 �81.3

Vf CYS241 �98.71

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 39728–39741 | 39735
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Table 5 (Contd. )

Compound ID Interaction diagram
Binding mode
with tubulin

Libdock interaction
energy (K cal mol�1)

Vj CYS241 �105.8

Vk CYS241 �94.6

VI CYS241 �104.95

VIIIa CYS241 �91.5
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Table 5 (Contd. )

Compound ID Interaction diagram
Binding mode
with tubulin

Libdock interaction
energy (K cal mol�1)

VIIIb CYS241 �95.2

VIIId CYS241 �97.33
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pharmacophoric features of the new compounds. The X-ray
crystallographic enzyme tubulin complex with colchicine (PDB
ID: 4O2B),41 showed the presence of an essential hydrogen bond
with CYS241, in addition to hydrophobic interaction. The
selected pose of the new compounds out of ten poses that
showed similarity to the binding mode compared to the two
reference ligands is considered the best pose. Re-docking of the
lead compounds was performed in the active site to conrm
validation of docking protocol, which showed good results with
RMSD value ¼ 0.5 Å. The presented docking study showed
similar binding mode between the lead compounds and the
docked molecules. The binding mode and the interaction
energy of the biologically active synthesized compounds are
summarized in Table 5.

Where the molecular docking of the new compounds
revealed that compounds Vb, Vc, Vd, Vf, Vj, Vk, VI, VIIIb, VIIIc
and VIIId retained the essential H-bond with CYS241 compared
to reference compounds 3 and 4. Compounds Vj & VI showed
the highest interaction energy (E ¼ �105.8, �104.95, respec-
tively) compared to lead compounds 3 & 4. The results were in
consistence with the in vitro activity results of compounds Vj &
VI which showed the highest inhibitory activity against tubulin
compared to colchicine. It was observed too that compounds
Vb, Vc, Vf, Vj, VI and VIIIb showed the same binding mode with
good docking score values (Table 5).

These results explained that the substitution of N-carbonyl
pyrazole ring as a linker moiety in compound VI is responsible
for the hydrophobic interaction in addition to the trimethoxy
© 2021 The Author(s). Published by the Royal Society of Chemistry
phenyl essential HBA bond with CYS241 showing a similar
mode interaction to reference compounds.
3. Conclusion

A series of pyridine-based derivatives were designed, synthe-
sized and evaluated for their in vitro tubulin inhibitory activity
as well as their anti-proliferative activity against colorectal
carcinoma (HCT-116), hepatocellular carcinoma (HepG-2), and
breast cancer (MCF-7). Most of the novel trimethoxyphenyl
pyridine derivatives exhibited signicant cytotoxicity and
tubulin inhibition activity.

Compound VI showed high interaction energy (E ¼
�104.95), with the highest tubulin polymerization inhibitory
effect of IC50 value ¼ 8.92 nM. It also revealed potent anti-
proliferative activity of IC50 4.83, 3.25 and 6.11 mM against
HCT 116, HEPG-2 and MCF-7, respectively. Compound VI can
arrest the cell cycle at G2/M phase and can cause apoptosis at
pre-G1 phase.
4. Materials and methods
4.1. Chemistry

4.1.1. General. 1H NMR spectra were run at 400 MHz and
13C spectra were determined at 100 MHz in deuterated dimethyl
sulfoxide (DMSO-d6) on a Varian Mercury VX-400 NMR spec-
trometer. Chemical shis are given on the delta (d) scale in parts
per million (ppm). Chemical shis were calibrated relative to
RSC Adv., 2021, 11, 39728–39741 | 39737
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those of the solvents. Progress of reactions was monitored with
Merck silica gel plates (IB2-F, 0.25 mm thickness). The infrared
spectra were recorded in KBr disks on Pye Unicam SP 3300 and
Shimadzu FT IR 8101 PC infrared spectrophotometer at Faculty
of Pharmacy-Ain Shams University. Mass spectra were recorded
on Hewlett Packard 5988 spectrometer at Regional Center for
Mycology and Biotechnology, Al-Azhar University. Elemental
analyses were performed on a Thermo Scientic Flash 2000
elemental analyzer at the Regional Center for Mycology and
Biotechnology, Al-Azhar University. Melting points were deter-
mined using capillary tubes with a Stuart SMP30 apparatus and
are uncorrected.

4.1.2. (E)-3-(Dimethylamino)-1-(3,4,5-trimethoxyphenyl)
prop-2-en-1-one (II). To 1-(3,4,5-trimethoxyphenyl)ethan-1-one
(3.2 g, 15.2 mmol) I, DMF-DMA (4.1 mL, 3.6 g, 30.4 mmol)
was added and the reaction mixture was heated at 80 �C for 8 h.
Aer cooling, the formed solid was collected by ltration,
washed with petroleum ether and crystallized from ethanol to
yield the desired product as a yellow solid (3.6 g, 90%) mp ¼
139 �C. 1H NMR (400 MHz, DMSO) d: 8.08 (d, J ¼ 12 Hz, 1H),
7.41 (s, 2H), 5.92 (d, J¼ 12 Hz, 1H), 4.18 (s, 6H), 4.14 (s, 3H), 3.21
(s, 3H), 2.97 (s, 3H); MS (m/z) 265 (Scheme 1).

4.1.3. Ethyl 2-methyl-6-(3,4,5-trimethoxyphenyl)nicotinate
(III). To a solution of the enaminone II (3.2 g, 12 mmol) in
glacial acetic acid (35 mL), ethyl acetoacetate (8.4 g, 8.6 mL, 84
mmol) and ammonium acetate (9.24 g, 120 mmol) were added.
The reaction mixture was heated under reux overnight. The
residue obtained aer cooling and pouring into ice-water, was
ltered and washed with petroleum ether then with water and
nally crystallized from ethanol. Light green solid (3.43 g, 85%)
mp ¼ 110 �C; 1H NMR (400 MHz, DMSO) d: 7.95 (d, J ¼ 8 Hz,
1H), 7.88 (d, J ¼ 8 Hz, 1H), 7.38 (s, 2H), 4.35 (q, J ¼ 8 Hz, 2H),
3.96 (s, 6H), 3.85 (s, 3H), 2.63 (s, 3H), 1.38 (t, J ¼ 8 Hz, 3H); MS
(m/z) 331 (Scheme 1).

4.1.4. 2-Methyl-6-(3,4,5-trimethoxyphenyl)
nicotinohydrazide (IV). To a solution of III (3.3 g, 10 mmol) in
ethanol (50 mL), hydrazine hydrate (99%, 2.5 mL, 47 mmol) was
added dropwise. The reaction mixture was heated at reux for
8 h then allowed to cool down to room temperature. The formed
solid was ltered and crystallized from ethanol to give the
desired product as white crystals (2.9 g, 92%) mp ¼ 107 �C; 1H
NMR (400 MHz, DMSO) d: 9.57 (brs, 1H), 7.87 (d, J ¼ 8 Hz, 1H),
7.74 (d, J ¼ 8 Hz, 1H), 7.38 (s, 2H), 4.50 (brs, 2H), 3.86 (s, 6H),
3.70 (s, 3H), 2.58 (s, 3H); MS (m/z) 317 (Scheme 1).

4.1.5. General procedure for synthesis of compounds (Va–
k). To a solution of IV (0.2 g, 0.6 mmol) in 20 mL absolute
ethanol, benzaldehyde derivative (0.6 mmol) was added with
glacial acetic acid in catalytic amount and the mixture was
heated under reux for 8–12 h. The reaction mixture was
concentrated and allowed to cool. The separated solid was
ltered and crystallized from ethanol (Scheme 1).

4.1.5.1. (E)-N0-(4-Hydroxybenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Va). Light yellow solid
(0.19 g – 71%) mp ¼ 240 �C; IR (KBr) cm�1: 3435 (OH), 3300
(NH), 3075 (CH aromatic), 2922 (CH aliphatic), 1685 (C]O
amide), 1633 (C]N); 1H NMR (400 MHz, DMSO-d6) d: 11.56
(brs, 1H), 9.93 (brs, 1H), 8.19 (s, 1H), 7.95 (d, J ¼ 8 Hz, 1H), 7.90
39738 | RSC Adv., 2021, 11, 39728–39741
(d, J ¼ 8 Hz, 1H), 7.56 (d, J ¼ 8 Hz, 2H), 7.42 (s, 2H), 6.84 (d, J ¼
8 Hz, 2H), 3.87 (s, 6H), 3.71 (s, 3H), 2.60 (s, 1H). 13C NMR (100
MHz, DMSO) d: 164.18, 159.95, 156.15, 156.02, 153.60, 148.39,
139.32, 137.02, 133.84, 129.37, 128.61, 125.58, 117.40, 116.14,
104.20, 60.41, 56.55, 23.25; MS (m/z) 421; anal. calc. for:
(C23H23N3O5, Mwt ¼ 421): C, 65.55; H, 5.50; N, 9.97; found: C,
65.71; H, 5.73; N, 10.52%.

4.1.5.2. (E)-N0-(2-Methoxybenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vb). White solid (0.23 g –

82%) mp ¼ 200 �C; IR (KBr) cm�1: 3293 (NH), 3089 (CH
aromatic), 2954 (CH aliphatic), 1685 (C]O amide), 1638 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 11.85 (brs, 1H), 8.42 (s, 1H),
7.94 (d, J ¼ 8 Hz, 1H), 7.88 (d, J ¼ 8 Hz, 1H), 7.80 (d, J ¼ 8 Hz,
1H), 7.43 (s, 2H), 7.11 (d, J¼ 8 Hz, 1H), 7.05 (t, J¼ 8 Hz, 1H), 6.85
(t, J ¼ 8 Hz, 1H), 3.87 (s, 6H), 3.84 (s, 3H), 3.71 (s, 3H), 2.64 (s,
1H). 13C NMR (100 MHz, DMSO) d: 164.60, 159.40, 157.98,
155.93, 153.49, 148.91, 144.13, 139.24, 136.80, 133.33, 131.60,
126.01, 122.54, 120.82, 117.36, 112.15, 104.51, 60.41, 56.96,
56.24, 23.25; MS (m/z) 435; anal. calc. for: (C24H25N3O5, Mwt ¼
435): C, 66.19; H, 5.79; N, 9.65; found: C, 65.87; H, 5.96; N,
9.65%.

4.1.5.3. (E)-N0-(3,4-Dimethoxybenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vc). White solid (0.25 g –

86%) mp ¼ 205 �C; IR (KBr) cm�1: 3288 (NH), 3010 (CH
aromatic), 2925 (CH aliphatic), 1682 (C]O amide), 1638 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 11.57 (brs, 1H), 8.22 (s, 1H),
7.96 (d, J ¼ 8 Hz, 1H), 7.91 (d, J ¼ 8 Hz, 1H), 7.42 (s, 2H), 7.34 (s,
1H), 7.21 (d, J ¼ 8 Hz, 1H), 7.03 (d, J ¼ 8 Hz, 1H), 3.87 (s, 6H),
3.81 (s, 3H), 3.80 (s, 3H), 3.71 (s, 3H), 2.63 (s, 1H). 13C NMR (100
MHz, DMSO) d: 169.08, 164.60, 163.89, 155.94, 153.10, 149.32,
148.61, 142.39, 137.12, 132.30, 129.17, 126.71, 122.54, 117.74,
111.44, 108.69, 104.51, 60.53, 56.46, 56.03, 55.92, 23.64; MS (m/
z) 465; anal. calc. for: (C25H27N3O6, Mwt ¼ 465): C, 64.51; H,
5.85; N, 9.03; found: C, 64.78; H, 6.03; N, 9.17%.

4.1.5.4. (E)-2-Methyl-N0-(2,4,6-trimethoxybenzylidene)-6-
(3,4,5-trimethoxyphenyl)nicotinohydrazide (Vd). Yellowish white
solid (0.24 g – 77%) mp ¼ 227 �C; IR (KBr) cm�1: 3309 (NH),
3122 (CH aromatic), 2900 (CH aliphatic), 1665 (C]O amide),
1633 (C]N); 1H NMR (400 MHz, DMSO-d6) d: 11.53 (brs, 1H),
8.20 (s, 1H), 7.91 (d, J ¼ 8 Hz, 1H), 7.86 (d, J ¼ 8 Hz, 1H), 7.38 (s,
2H), 6.28 (s, 2H), 3.87 (s, 6H), 3.86 (s, 3H), 3.79 (s, 3H), 3.63 (s,
6H), 2.60 (s, 1H). 13C NMR (100 MHz, DMSO) d: 170.18, 162.75,
162.63, 160.51, 159.86, 155.21, 153.69, 144.23, 139.84, 139.05,
130.19, 117.04, 104.47, 104.19, 91.68, 60.54, 56.37, 56.14, 55.81,
23.62; MS (m/z) 495; anal. calc. for: (C26H29N3O7, Mwt ¼ 495): C,
63.02; H, 5.90; N, 8.48; O, 22.60; found: C, 62.89; H, 6.14; N,
8.65%.

4.1.5.5. (E)-N0-(4-Ethoxybenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Ve). White solid (0.24 g –

86%) mp ¼ 207 �C; IR (KBr) cm�1: 3295 (NH), 3082 (CH
aromatic), 2925 (CH aliphatic), 1675 (C]O amide), 1628 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 11.73 (brs, 1H), 8.24 (s, 1H),
7.96 (d, J ¼ 8 Hz, 1H), 7.91 (d, J ¼ 8 Hz, 1H), 7.66 (d, J ¼ 8 Hz,
2H), 7.42 (s, 2H), 7.0 (d, J ¼ 8 Hz, 2H), 4.1 (q, J ¼ 8 Hz, 2H), 3.87
(s, 6H), 3.71 (s, 3H), 2.63 (s, 1H), 1.35 (t, J ¼ 8 Hz, 3H). 13C NMR
(100 MHz, DMSO) d: 168.06, 159.01, 156.96, 153.80, 148.92,
154.46, 141.69, 138.94, 137.51, 130.18, 128.14, 126.02, 118.76,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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112.15, 103.50, 63.88, 60.72, 56.25, 23.25, 14.59; MS (m/z) 449;
anal. calc. for: (C25H27N3O5, Mwt ¼ 449): C, 66.80; H, 6.05; N,
9.35; found: C, 66.72; H, 6.23; N, 9.54%.

4.1.5.6. (E)-N0-(2,5-Dimethylbenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vf). Yellowish white solid
(0.19 gm – 73%) mp ¼ 206 �C; IR (KBr) cm�1: 3295 (NH), 3080
(CH aromatic), 2900 (CH aliphatic), 1688 (C]O amide), 1631
(C]N); 1H NMR (400 MHz, DMSO-d6) d: 11.79 (brs, 1H), 8.56 (s,
1H), 7.94 (d, J ¼ 8 Hz, 1H), 7.90 (d, J ¼ 8 Hz, 1H), 7.67 (s, 1H),
7.43 (s, 2H), 7.13 (s, 2H), 3.88 (s, 6H), 3.71 (s, 3H), 2.64 (s, 1H),
2.36 (s, 3H), 2.31 (s, 3H). 13C NMR (100 MHz, DMSO) d: 164.20,
162.88, 161.13, 160.42, 153.81, 150.02, 144.75, 142.0, 138.92,
137.12, 132.63, 131.92, 129.16, 124.99, 121.52, 117.35, 111.84,
60.42, 56.56, 56.03, 23.64, 21.83, 19.08; MS (m/z) 433; anal. calc.
for: (C25H27N3O4, Mwt ¼ 433): C, 69.27; H, 6.28; N, 9.69; found:
C, 69.15; H, 6.47; N, 9.85%.

4.1.5.7. (E)-N0-(4-Chlorobenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vg). Light yellow solid (0.2 g
– 74%) mp ¼ 212 �C; IR (KBr) cm�1: 3261 (NH), 3071 (CH
aromatic), 2944 (CH aliphatic), 1681 (C]O amide), 1630 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 11.94 (brs, 1H), 8.28 (s, 1H),
7.97 (d, J ¼ 8 Hz, 1H), 7.93 (d, J ¼ 8 Hz, 1H), 7.76 (d, J ¼ 8 Hz,
2H), 7.53 (d, J ¼ 8 Hz, 2H), 7.42 (s, 2H), 3.87 (s, 6H), 3.71 (s, 3H),
2.63 (s, 1H). 13C NMR (100 MHz, DMSO) d: 164.21, 159.71,
158.69, 153.49, 148.60, 145.15, 139.24, 136.09, 130.89, 129.15,
122.55, 118.06, 112.15, 106.25, 104.83, 60.73, 56.24, 23.25; MS
(m/z): 441 (0.37%, M + 2), 439 (0.9%, M+); anal. calc. for:
(C23H22ClN3O4, Mwt ¼ 439): C, 62.80; H, 5.04; N, 8.06; found: C,
63.04; H, 5.11; N, 8.18%.

4.1.5.8. (E)-N0-(2,5-Dichlorobenzylidene)-2-methyl-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vh). Yellowish white solid
(0.19 gm – 67%) mp ¼ 206 �C; IR (KBr) cm�1: 3321 (NH), 3088
(CH aromatic), 2954 (CH aliphatic), 1687 (C]O amide), 1644
(C]N); 1H NMR (400 MHz, DMSO-d6) d: 12.16 (brs, 1H), 8.53 (s,
1H), 8.32 (s, 1H), 7.97 (s, 2H), 7.87 (d, J ¼ 8 Hz, 1H), 7.77 (d, J ¼
8 Hz, 1H), 7.43 (s, 2H), 7.13 (s, 2H), 3.85 (s, 6H), 3.70 (s, 3H), 2.65
(s, 1H). 13C NMR (100 MHz, DMSO) d: 164.20, 160.12, 157.99,
153.10, 151.76, 148.92, 146.88, 144.44, 139.23, 138.92, 133.65,
131.60, 124.28, 118.77, 113.56, 104.51, 60.73, 56.56, 22.54; MS
(m/z): 477 (0.4%, M + 2), 475 (0.8%, M + 2), 473 (1.2%, M+); anal.
calc. for: (C23H21Cl2N3O4, Mwt ¼ 473): C, 58.24; H, 4.46; N, 8.86;
found: C, 58.32; H, 4.53; N, 8.97%.

4.1.5.9. (E)-N0-[4-(Dimethylamino)benzylidene]-2-methyl-6-
(3,4,5-trimethoxyphenyl)nicotinohydrazide (Vi). Yellowish white
solid (0.22 g – 79%) mp ¼ 136 �C; IR (KBr) cm�1: 3298 (NH),
3068 (CH aromatic), 2914 (CH aliphatic), 1688 (C]O amide),
1635 (C]N); 1H NMR (400 MHz, DMSO-d6) d: 11.56 (brs, 1H),
8.13 (s, 1H), 7.94 (d, J¼ 8 Hz, 1H), 7.89 (d, J¼ 8 Hz, 1H), 7.54 (d,
J ¼ 8 Hz, 2H), 7.41 (s, 2H), 6.76 (d, J ¼ 8 Hz, 2H), 3.87 (s, 6H),
3.71 (s, 3H), 2.97 (s, 6H), 2.63 (s, 1H). 13C NMR (100 MHz,
DMSO) d: 167.75, 160.11, 156.25, 155.23, 153.10, 148.61, 139.24,
137.50, 132.31, 129.48, 128.45, 125.79, 121.84, 113.88, 104.52,
60.73, 56.25, 30.89, 23.24; MS (m/z) 448; anal. calc. for:
(C25H28N4O4, Mwt ¼ 448): C, 66.95; H, 6.29; N, 12.49; found: C,
67.04; H, 6.45; N, 12.36%.

4.1.5.10. (E)-2-Methyl-N0-(4-nitrobenzylidene)-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vj). Orange solid (0.16 g –
© 2021 The Author(s). Published by the Royal Society of Chemistry
55%) mp ¼ 241 �C; IR (KBr) cm�1: 3311 (NH), 3082 (CH
aromatic), 2923 (CH aliphatic), 1687 (C]O amide), 1630 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 12.19 (brs, 1H), 8.41 (s, 1H),
8.31 (d, J ¼ 8 Hz, 2H), 8.20 (d, J ¼ 8 Hz, 1H), 8.01 (d, J ¼ 8 Hz,
1H), 7.99 (d, J ¼ 8 Hz, 2H), 7.43 (s, 2H), 3.88 (s, 6H), 3.71 (s, 3H),
2.65 (s, 1H). 13C NMR (100 MHz, DMSO) d: 165.93, 163.18,
161.84, 158.68, 153.50, 149.63, 139.24, 138.22, 134.36, 129.87,
128.14, 124.67, 117.75, 116.32, 111.84, 60.73, 56.56, 23.64; MS
(m/z) 450; anal. calc. for: (C23H22N4O6, Mwt ¼ 450): C, 61.33; H,
4.92; N, 12.44; found: C, 61.17; H, 5.04; N, 12.58%.

4.1.5.11. (E)-2-Methyl-N0-(pyridin-4-ylmethylene)-6-(3,4,5-
trimethoxyphenyl)nicotinohydrazide (Vk). White solid (0.16 g –

62%) mp ¼ 221 �C; IR (KBr) cm�1: 3333 (NH), 3069 (CH
aromatic), 2974 (CH aliphatic), 1688 (C]O amide), 1628 (C]
N); 1H NMR (400 MHz, DMSO-d6) d: 12.15 (brs, 1H), 8.65 (d, J ¼
8 Hz, 2H), 8.30 (s, 1H), 8.0 (d, J ¼ 8 Hz, 1H), 7.93 (d, J ¼ 8 Hz,
1H), 7.67 (d, J ¼ 8 Hz, 2H), 7.43 (s, 2H), 3.88 (s, 6H), 3.71 (s, 3H),
2.64 (s, 1H). 13C NMR (100 MHz, DMSO) d: 165.41, 163.22,
159.32, 157.87, 153.64, 150.77, 144.23, 139.55, 138.12, 133.67,
126.12, 120.83, 112.64, 104.16, 60.57, 56.49, 23.61; MS (m/z) 406;
anal. calc. for: (C22H22N4O4, Mwt ¼ 406): C, 65.01; H, 5.46; N,
13.78; found: C, 65.13; H, 5.59; N, 13.95%.

4.1.6. (3,5-Dimethyl-1H-pyrazol-1-yl)[2-methyl-6-(3,4,5-
trimethoxyphenyl)pyridin-3-yl]methanone (VI). A solution of
compound IV (0.2 g, 0.6 mmol) in 25 mL absolute ethanol was
added to a solution of acetonyl acetone (0.06 g, 0.6 mmol) and
1 N glacial acetic acid (5 mL). The mixture was heated for 7 h
and the progress of reaction was monitored using TLC. Aer
completion, the reaction mixture was concentrated and poured
in ice cold water (100–150 mL). The separated solid was ltered,
washed with water and then recrystallized from ethanol to give
compound VI as orange solid (0.2 g – 84%) mp ¼ 197 �C; 1H
NMR (400 MHz, DMSO-d6) d: 8.20 (d, J ¼ 8 Hz, 1H), 7.93 (d, J ¼
8 Hz, 1H), 7.42 (s, 2H), 6.61 (s, 1H), 3.85 (s, 6H), 3.70 (s, 3H), 2.77
(s, 1H), 2.09 (s, 3H), 2.06 (s, 3H). 13C NMR (100 MHz, DMSO) d:
172.61, 168.0, 158.89, 157.49, 153.60, 146.69, 139.68, 139.54,
133.57, 129.95, 124.55, 117.75, 104.62, 60.62, 56.44, 25.30,
21.44, 21.36; MS (m/z) 381; anal. calc. for: (C21H23N3O4, Mwt ¼
381): C, 66.13; H, 6.08; N, 11.02; found: C, 66.26; H, 6.24; N,
11.23%.

4.1.7. 5-[2-Methyl-6-(3,4,5-trimethoxyphenyl)pyridin-3-yl]-
1,3,4-oxadiazole-2-thiol (VII). Potassium hydroxide (0.35 g, 8.5
mmol) was added to a solution of IV (2.7 g, 8.5 mmol) in 15 mL
ethanol, followed by addition of carbon disulphide dropwise
(2.5 mL, 93.5 mmol) over 0.5 h. The reaction mixture was stirred
at room temperature for an additional 15 min and then heated
to reux until H2S gas evolution was ceased. Aer completion of
the reaction, as monitored by TLC, the obtained intermediate
VIIwas poured on 50mL cold water, ltered, washed with water,
dried and crystallized from ethanol to give yellow crystals (2.7 g,
89%) mp > 300 �C; 1H NMR (400 MHz, DMSO) d: 8.19 (d, J ¼
8 Hz, 1H), 8.03 (d, J¼ 8 Hz, 1H), 7.44 (s, 2H), 3.84 (s, 6H), 3.70 (s,
3H), 2.79 (s, 3H); 13C NMR (100 MHz, DMSO) d: 167.36, 159.71,
156.57, 153.50, 139.56, 137.12, 133.01, 118.07, 116.33, 104.51,
60.42, 56.56, 25.37; MS (m/z) 359 (free base).

4.1.8. General procedure for synthesis of compounds
(VIIIa–e). To a suspension of VII (3.59 g, 10 mmol) and
RSC Adv., 2021, 11, 39728–39741 | 39739
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anhydrous sodium acetate (1.25 g, 15mmol) in absolute ethanol
(30 mL), the appropriate alkylhalide (10 mmol) was added. The
reaction mixture was heated under reux for 2 hours. Aer
cooling down to room temperature, the precipitate was
collected and recrystallized from absolute ethanol to provide
the desired products.

4.1.8.1. 2-[2-Methyl-6-(3,4,5-trimethoxyphenyl)pyridin-3-yl]-5-
(methylthio)-1,3,4-oxadiazole (VIIIa). Pale green solid (3.1 g –

82%) mp ¼ 174 �C; 1H NMR (400 MHz, DMSO-d6) d: 8.27 (d, J ¼
8 Hz, 1H), 8.06 (d, J¼ 8 Hz, 1H), 7.47 (s, 2H), 3.87 (s, 6H), 3.71 (s,
3H), 2.87 (s, 3H), 2.77 (s, 3H). 13C NMR (100 MHz, DMSO) d:
165.94, 164.59, 156.96, 156.25, 153.50, 139.24, 137.50, 133.33,
118.77, 116.63, 104.52, 60.42, 56.24, 25.69, 14.90; MS (m/z) 373;
anal. calc. for: (C18H19N3O4S, Mwt ¼ 373): C, 57.90; H, 5.13; N,
11.25; found: C, 58.06; H, 5.79; N, 11.42%.

4.1.8.2. 2-(Ethylthio)-5-[2-methyl-6-(3,4,5-trimethoxyphenyl)
pyridin-3-yl]-1,3,4-oxadiazole (VIIIb). White solid (3.3 g – 86%)
mp ¼ 166 �C; 1H NMR (400 MHz, DMSO-d6) d: 8.27 (d, J ¼ 8 Hz,
1H), 8.06 (d, J ¼ 8 Hz, 1H), 7.47 (s, 2H), 3.87 (s, 6H), 3.71 (s, 3H),
3.45 (m, 2H), 2.87 (s, 3H), 1.44 (t, J ¼ 8 Hz, 3H). 13C NMR (100
MHz, DMSO) d: 167.74, 157.99, 154.52, 154.21, 152.79, 139.95,
137.83, 133.34, 121.53, 116.64, 104.82, 60.42, 56.56, 30.90,
25.38, 15.30; MS (m/z) 387; anal. calc. for: (C19H21N3O4S, Mwt ¼
387): C, 58.90; H, 5.46; N, 10.85; found: C, 59.07; H, 5.57; N,
11.03%.

4.1.8.3. 2-[(3-Bromopropyl)thio]-5-[2-methyl-6-(3,4,5-
trimethoxyphenyl)pyridin-3-yl]-1,3,4-oxadiazole (VIIIc). Yellow
solid (3.5 g – 73%)mp¼ 178 �C; 1H NMR (400MHz, DMSO-d6) d:
8.28 (d, J ¼ 8 Hz, 1H), 8.07 (d, J ¼ 8 Hz, 1H), 7.47 (s, 2H), 3.88 (s,
6H), 3.79 (t, J¼ 8 Hz, 2H), 3.71 (s, 3H), 3.44 (t, J¼ 8 Hz, 2H), 2.88
(s, 3H), 2.29 (p, J ¼ 8 Hz, 2H). 13C NMR (100 MHz, DMSO) d:
164.91, 164.21, 156.96, 155.93, 153.81, 139.56, 137.83, 133.34,
118.38, 117.03, 104.51, 60.41, 56.56, 32.30, 30.88, 30.18, 25.69;
MS (m/z) 480; anal. calc. for: (C20H22BrN3O4S, Mwt ¼ 480): C,
50.01; H, 4.62; Br, 16.63; N, 8.75; found: C, 50.18; H, 4.76; N,
8.91%.

4.1.8.4. 2-(Hexylthio)-5-[2-methyl-6-(3,4,5-trimethoxyphenyl)
pyridin-3-yl]-1,3,4-oxadiazole (VIIId). Yellow solid (3.6 g – 81%)
mp ¼ 157 �C; 1H NMR (400 MHz, DMSO-d6) d: 8.26 (d, J ¼ 8 Hz,
1H), 8.04 (d, J ¼ 8 Hz, 1H), 7.45 (s, 2H), 3.86 (s, 6H), 3.70 (s, 3H),
3.31 (d, J ¼ 8 Hz, 2H), 2.86 (s, 3H), 1.76–1.72 (m, 1H), 1.42–1.27
(m, 5H), 0.8–0.82 (m, 6H). 13C NMR (100 MHz, DMSO) d: 164.21,
157.98, 153.80, 153.50, 152.07, 140.26, 137.82, 133.32, 118.37,
116.32, 104.52, 60.59, 56.48, 31.06, 29.35, 27.87, 25.54, 22.28,
14.20; MS (m/z) 443; anal. calc. for: (C23H29N3O4S,Mwt¼ 443): C,
62.28; H, 6.59; N, 9.47; found: C, 62.47; H, 6.68; N, 9.65%.

4.1.8.5. 2-[(Cyclohexylmethyl)thio]-5-[2-methyl-6-(3,4,5-
trimethoxyphenyl)pyridin-3-yl]-1,3,4-oxadiazole (VIIIe). Yellow
solid (3.1 g – 68%)mp¼ 111 �C; 1H NMR (400MHz, DMSO-d6) d:
8.26 (d, J ¼ 8 Hz, 1H), 8.04 (d, J ¼ 8 Hz, 1H), 7.45 (s, 2H), 3.86 (s,
6H), 3.70 (s, 3H), 3.22 (d, J ¼ 8 Hz, 2H), 2.85 (s, 3H), 1.83–1.55
(m, 5H), 1.20–0.98 (m, 6H). 13C NMR (100 MHz, DMSO) d:
164.81, 164.61, 156.97, 156.53, 153.52, 139.68, 137.72, 133.22,
118.10, 116.95, 104.84, 60.59, 56.48, 37.57, 31.97, 31.09, 26.06,
25.69, 25.49; MS (m/z) 455; anal. calc. for: (C24H29N3O4S, Mwt ¼
455): C, 63.28; H, 6.42; N, 9.22; found: C, 63.47; H, 6.51; N,
9.41%.
39740 | RSC Adv., 2021, 11, 39728–39741
4.2. Biological assays

4.2.1. In vitro anti-proliferative activity. The in vitro anti-
cancer screening including colorectal carcinoma (HCT-116),
hepatocellular carcinoma (HepG-2) and breast cancer (MCF-7)
for the synthesized compounds as well as colchicine as
a control at various doses was applied using MTT assay.29–32 Cell
lines was brought from American Type Culture Collection. The
plate cells were used (cells density 1.2–1.8 � 10 000 cells per
well) where 100 ml of complete growth medium was added to
100 ml of each of the tested compounds per well of a 96-well
plate and kept for 24 hours before MTT assay. The MTTmethod
was applied with multiwell plates. Where nal cell count didn't
exceed 106 cells per cm2. A blank containing only the medium
without the cells was included for each test. Absorbance was
measured using spectrophotometer at wavelength of 570 nm.
The background absorbance being measured at 690 nm of
multiwell plates was further subtracted from the 450 nm
absorbance. Suitable plate reader and appropriate size cuvettes
were used for spectrophotometric measurement.

4.2.2. In vitro tubulin polymerization assay. The tubulin
polymerization effect of the synthesized compounds Vb, Vc, Vd,
Vf, Vj, Vk, VI, VIIIa, VIIIb & VIIId was assessed turbidimetrically
using a uorescent plate reader method.33

4.2.3. Cell cycle analysis. The cell cycle analysis protocol
was applied based on the quantitation of the amount of DNA
stained by propidium iodide. Cells were rst washed in PBS
before being kept for 3 min at 4 �C by dropwise addition of cold
70% ethanol under vortex, to avoid cell clumping. Then ribo-
nuclease was added (50 ml from a stock of 100 mg mL�1) in order
to conrm staining of DNA only. Then, (200 ml from a stock
concentration of 50 mg mL�1) of propidium iodide was
added.34–37

4.2.4. Annexin V-FITC apoptosis assay. The assay depends
on the translocation of phosphatidylserine (PS) aer apoptosis
initiation to the cell surface. Where PS can be stained using the
high affinity protein uorescent conjugate of annexin V. The
staining test is completed in one-step within 10 minutes, then
detection using ow cytometry is performed.

The effect of compound VI on apoptosis induction was
investigated using annexin V-FITC/PI apoptosis detection kit.38–40
4.3. Molecular docking study

Molecular docking study was conducted using Libdock 4.0
protocol in Discovery Studio (DS 4.1 Biovia Discovery Studio 2016
64-bit Client), at Faculty of Pharmacy, Future University in Egypt-
drug design laboratory. The enzyme tubulin complex with colchi-
cine was downloaded from Protein Data Bank (PDB ID: 4O2B).41
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