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and synthesis of new apoptotic
thiadiazole derivatives targeting VEGFR-2:
computational and in vitro studies†
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Aisha A. Alsfouk,d Bshra A. Alsfouk,d Ibrahim M. Ibrahim,e Eslam B. Elkaeed,*f

Ahmed M. Metwaly *gh and Ibrahim H. Eissa *b

This work presents the synthesis and in vitro, and in silico analyses of new thiadiazole derivatives that are

designed to mimic the pharmacophoric characteristics of vascular endothelial growth factor receptor-2

(VEGFR-2) inhibitors. A comprehensive evaluation of the inhibitory properties of the synthesized

thiadiazole derivatives against the cancer cell lines MCF-7 and HepG2 identified several auspicious

candidates. Among them, compound 14 showed remarkably low IC50 values of 0.04 mM and 0.18 mM

against MCF-7 and HepG2, respectively. VEGFR-2 inhibitory evaluation of compound 14 revealed

a promising IC50 value in the nanomolar range (103 nM). Further examination of the cell cycle revealed

that compound 14 has the ability to stop the progression of the cell cycle in MCF-7 cells via G0–G1

phase arrest. Interestingly, compound 14 also demonstrated a noteworthy pro-apoptotic effect in MCF-7

cells, with notable increases in early apoptosis (16.53%) and late apoptosis (29.57%), along with a slight

increase in the population of necrotic cells (5.95%). Furthermore, compound 14 showed a significant

drop in MCF-7 cells' ability to migrate and heal wounds. Additionally, compound 14 promoted apoptosis

by boosting BAX (6-fold) while lowering Bcl-2 (6.2-fold). The binding affinities of the synthesized

candidates to their target (VEGFR-2) were confirmed by computational investigations, including

molecular docking, principal component analysis of trajectories (PCAT), and molecular dynamics (MD)

simulations. Additionally, compound 14's stability and reactivity were investigated using density functional

theory (DFT). These thorough results highlight compound 14's potential as a lead contender for

additional research in the creation of anticancer drugs that target VEGFR-2. This work establishes

a foundation for promising thiadiazole derivatives for future therapeutic developments in anticancer- and

angiogenesis-related scientific fields.
ce, Al-Azhar University, Nasr City, Cairo,

Drug Design Department, Faculty of

11884, Egypt

New Valley University, El-Kharja 72511,

llege of Pharmacy, Princess Nourah bint

iyadh 11671, Saudi Arabia

e, Cairo University, Giza 12613, Egypt.

llege of Pharmacy, AlMaarefa University,

@um.edu.sa

artment, Faculty of Pharmacy (Boys), Al-

il: ametwaly@azhar.edu.eg

epartment, Genetic Engineering and

Scientic Research and Technological

tion (ESI) available. See DOI:

the Royal Society of Chemistry
1. Introduction

In 2021, the International Agency for Research on Cancer
(IARC), a division of the World Health Organization (WHO),
reported that there were 19 292 789 new cases of cancer world-
wide in 2020, resulting in 9 958 133 fatalities.1 These numbers
underscore how serious and widespread cancer is, underlining
the crucial need for ongoing, thorough scientic exploration to
nd new ways to treat it. This effort is vital for advancing our
understanding and developing more effective methods in our
ght against this tough disease.

Vascular endothelial growth factor receptor 2 (VEGFR-2) is
a transmembrane receptor primarily found on the surface of
endothelial cells, which form the inner lining of blood
vessels. In the context of cancer, VEGFR-2 is of particular
interest because it is overexpressed in many types of tumor.2,3

This overexpression leads to increased signaling through the
VEGF pathway, which promotes the growth of new blood
vessels around the tumor, a phenomenon known as
RSC Adv., 2023, 13, 35853–35876 | 35853
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angiogenesis,4 which is a crucial process for tumor survival,
growth, and metastasis.5,6 Furthermore, recent research has
observed a correlation between heightened expression of
VEGFR-2 and heightened resistance to cancer drugs, ampli-
ed angiogenesis,7 and diminished apoptosis.8 Consequently,
targeting VEGFR-2 has emerged as a promising therapeutic
strategy.

VEGFR-2 inhibitors are a class of drugs designed to block the
activity of this receptor. The inhibition of VEGFR-2 will disrupt
the angiogenic process and starve the tumor of vital resources,
impeding its ability to grow and spread.9 Unfortunately, inhib-
itors targeting VEGFR-2 have been linked to severe adverse
effects, such as elevated blood pressure,10 proteinuria,11

instances of bleeding,12 germline polymorphisms,13 and
reversible posterior leukoencephalopathy syndrome.10,14 These
adverse effects underscore the pressing need for research into
new safer alternatives. The development of novel VEGFR-2
inhibitors holds the potential to enhance treatment effective-
ness and overall well-being for patients, thereby advancing the
quality of cancer care.
Fig. 1 Some reported VEGFR-2 inhibitors showing the essential pharma

35854 | RSC Adv., 2023, 13, 35853–35876
Computational chemistry revolutionized anticancer research
by enabling the precise design of targeted inhibitors.15 This
technology employs computational power to design molecules
tailored to interact specically with specic receptors in the
cancer cells.16,17 It also predicts the stability of these designed
molecules, streamlining drug development and the optimiza-
tion of lead compounds.18 Additionally, it anticipates the
binding affinity of these molecules with the targeted receptors,
expediting screening and enhancing efficacy against cancer
cells.19 Furthermore, this approach shows promise in mini-
mizing side effects associated with traditional chemotherapy
through the precise targeting of cancer-specic pathways.20,21

This selectivity could revolutionize cancer treatment, providing
therapies that are not only more potent against the disease but
also safer for patients.22,23

Computational chemistry encompasses several
approaches, such as design,24 docking,25 and prediction of
ADMET (absorption, distribution, metabolism, excretion, and
toxicity),26 as well as DFT (density functional theory).27 These
tools have been utilized to identify compounds that show
cophoric features.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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potential for effective anticancer activity in numerous
research studies.28–31 Our laboratory has employed computa-
tional chemistry to present new VEGFR-2 inhibitors,
including quinolones,32 isatins,33 theobromines,34–38 benzox-
azoles,39,40 nicotinamides,41,42 thiazolidines,43 pyridines,44

naphthalenes,45 and indoles.46 This manuscript introduces
novel apoptotic thiadiazole analogues, which were synthe-
sized for the rst time and exhibited promising anticancer
properties in silico and in vitro.

2. Rationale

The clinically used VEGFR-2 inhibitors and those under inves-
tigation are reported to have four pharmacophoric features for
good binding with their biological target. The reported features
are a hetero-aromatic head, a linker group, a pharmacophore
group, and a hydrophobic tail47–49 (Fig. 1). The different regions
of the active site are the hinge, the gatekeeper, the DFG motif,
and the allosteric region. The pharmacophore group is the most
important one. It should have at least one hydrogen bond (H-
bond) donor and one H-bond acceptor atom to form essential
hydrogen bonds with Asp1044 and Glu883 in the DFG motif
region. Drug discovery efforts have provided many FDA-
approved VEGFR-2 inhibitors, such as sorafenib I,50 sunitinib
II,51 toceranib III,52 and nintedanib IV.53 As shown in Fig. 1, the
reported VEGFR-2 inhibitors share the same pharmacophoric
features.

Recently, our team introduced compound V (ref. 54) as
a potent VEGFR-2 inhibitor. This compound is a (Z)-5-
benzylidenethiazolidine-2,4-dione derivative and it exhibi-
ted a high ability to inhibit VEGFR-2 (IC50 = 0.081 mM) and
stop the growth of three different cancer cell types (HT-29, A-
549, and HCT-116). In addition, compound V exhibited
a remarkable apoptotic effect in HT-29 cancer cells.
Furthermore, it increased the levels of BAX, caspase-8, and
caspase-9 and decreased the level of Bcl-2 in the same cells.
Computational studies revealed the high potential of
compound V to bind with its prospective target (VEGFR-2)
with extended stability. The obtained results suggested
compound V as a lead compound to guide future attempts to
develop new drugs.

In the current work, compound V was used as a lead
compound for further modications, hoping to obtain more
efficient VEGFR-2 inhibitors. First, the (Z)-5-(2-methoxy
benzylidene)thiazolidine-2,4-dione moiety (hetero cyclic head)
of compound V was replaced by substituted 3-phenyl-2,3-
dihydro-1,3,4-thiadiazole moieties. In this modication, the
ve-membered ring (thiazolidine-2,4-dione) was replaced by an
equivalent ve-membered ring (2,3-dihydro-1,3,4-thiadiazole).
In addition, the attached phenyl ring was unchanged while
the one-carbon bridge was removed. The second modication
involved the replacement of the N-phenylacetamide (linker)
moiety with (1-phenylethylidene)hydrazine. In this modica-
tion, the length of the linkermoiety was not changed. Regarding
the pharmacophore (amide) moiety of the lead compound, it
was kept as it is to match the pharmacophore moiety of suni-
tinib II,51 toceranib III,52 and nintedanib IV.53 Finally, the 4-
© 2023 The Author(s). Published by the Royal Society of Chemistry
chlorophenyl (hydrophobic tail) moiety of the lead compound
was replaced by methyl and different substituted phenyl rings
(Fig. 2).
3. Results and discussion
3.1. Chemistry

This article focuses on the synthesis of a series of innovative
thiadiazole derivatives. We obtained the novel targeted
compounds through the synthetic pathways illustrated in
Schemes 1–3. Briey, precursor 2 (ref. 55) was synthesized by
chlorination of acetylacetone with sulfuryl chloride in anhy-
drous diethyl ether in an ice/NaCl bath with stirring. In the
next step, compound 2 was coupled with appropriate benzene
diazonium chloride 4 [prepared from substituted aniline
derivatives 3a, 3b and a solution of sodium nitrite in the
presence of diluted hydrochloric acid in an ice bath] to afford
corresponding hydrazonoyl chlorides 5a and 5b.56 The key
intermediate 9 was obtained by rst reacting hydrazine
hydrate with carbon disulde in isopropyl alcohol and
potassium hydroxide, leading to the formation of interme-
diate 8. This intermediate was then subjected to methylation
using iodomethane, resulting in the formation of reagent 9,57

as presented in Scheme 1.
As shown in Scheme 2, compound 12 (ref. 58) was prepared

via acetylation of 4-aminoacetophenone 10 with acetic anhy-
dride under stirring at ambient room temperature. Then,
compound 12 was heated under reux with methyl hydrazine-
carbodithioate 9 in absolute ethanol to provide methyl (E)-2-(1-
(4-acetamidophenyl)ethylidene)hydrazine-1-carbodithioate 13.
Treatment of compound 13 with a hydrazonoyl chloride deriv-
ative 5a in ethanol in the presence of triethylamine as a catalyst
under reuxing temperature afforded the target thiadiazole
derivative 14.

In a similar vein, the reaction of 4-aminoacetophenone 10
with benzoyl chloride derivatives 15a–c was carried out in the
presence of triethylamine as a catalyst and DMF as a solvent.
This reaction produced the derivatives 16a and 16b, which
then reacted with hydrazinecarbodithioate 9 in boiling
ethanol to form compounds 17a–c. Aerward,
compounds 17a–c were allowed to react with hydrazonoyl
chloride derivatives 5a or 5b in the presence of ethanol and
TEA under heating, resulting in the formation of the respective
1,3,4-thiadiazole derivatives (18a–f) in good purity/yield, as
demonstrated in Scheme 3.

The mechanism outlined in Fig. 3 seems likely to be
responsible for the formation of compound 14, via the reaction
of 13 with 5a. As soon as thiohydrazonate 20 is formed, it
undergoes intermolecular cyclization to form intermediate 21,
or through 1,3-dipolar cycloaddition of nitrileimine 19a or 19b
[prepared in situ from 5a and 5b, respectively, with triethyl-
amine] to the C]S double bond of 13. During the elimination of
the alkanethiol (CH3SH↥), compound 21 was converted to
compound 14. In a similar way, combining 17a–cwith 5a and 5b
resulted in the formation of 1,3,4-thiadiazoles 18a–f with
satisfactory yields (Fig. 1).
RSC Adv., 2023, 13, 35853–35876 | 35855
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Fig. 2 The rationale of the presented design.
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3.2. Biological evaluation

3.2.1. In vitro cytotoxicity against MCF-7 and HepG2 cell
lines. The targeted thiadiazole analogues were tested in vitro for
their anticancer activity against two distinct cell lines, MCF-7
and HepG2, since the overexpression of VEGFR-2 is well-
reported to be associated with poor prognosis of breast and
liver cancers.2,59 Sorafenib was included in the experiments as
a reference cytotoxic agent. The viability of the treated cells was
35856 | RSC Adv., 2023, 13, 35853–35876
determined using the MTT technique and the results are re-
ported as IC50 in Table 1. Investigation of the anti-proliferative
activity towards the tested cell lines conrmed that the tested
thiadiazole analogues exhibited moderate to excellent growth
inhibitory inuence (IC50 ranged between 0.04 and 6.17 mM). Of
special interest, the acetamide tail-bearing analog 14, which
displayed potent cytotoxic activity with IC50 values of (0.04 and
0.18 mM) compared to sorafenib as a reference drug (IC50 = 0.15
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the key intermediates 5a, 5b, and 9.
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and 0.14 mM) against MCF-7 and HepG2 cells, respectively.
Likewise, the anti-proliferative activity for compounds 18a–f
bearing a benzamide moieties towards the two cancer cell lines
varies signicantly. The best results were exhibited by benza-
mide analogues (18a, 18c, and 18e) containing a 3-(4-
methoxyphenyl)-2,3-dihydro-1,3,4-thiadiazole moiety.

In the context of the cytotoxicity of the benzamide counter-
parts 18a, 18c, and 18e, it was found that unsubstituted ben-
zamide analogue 18a showed more signicant cytotoxicity
compared to the 4-chlorobenzamide 18c or 4-methybenzamide
18e ones.

Indeed, the incorporation of the 3-(4-chlorophenyl)-2,3-
dihydro-1,3,4-thiadiazole moiety in 18b, 18d, and 10g
decreased the anti-proliferative action. Additionally, append-
ing of unsubstituted benzamide 18b is the most benecial
pattern within these counterparts 18b, 18d, and 10f; replace-
ment of the benzamide moiety with a 4-methybenzamide
moiety (as in compound 18f) led to a slightly decrease in the
activity, while the incorporation of the 4-chlorobenzamide
Scheme 2 Synthesis of the final compound 14.

© 2023 The Author(s). Published by the Royal Society of Chemistry
moiety (as in compound 18d) led to a marked decrease in the
activity.

3.2.2. In vitro cytotoxicity against normal human lung cells
(WI-38) and selectivity index. Next, the safety of the most active
cytotoxic compound 14 against a normal human cell line (WI-
38) was examined to assess its selectivity for the two cancer
cells. The obtained results (Table 2) revealed that compound 14
exhibited low cytotoxicity against normal cells with an IC50 of
0.14 ± 0 mM in comparison to its toxicity against MCF-7)IC50 =

0.04± 0 mM (and HepG2)IC50= 0.18± 0 mM) cancer cells. These
results indicated that its cytotoxicity (selectivity index) against
normal cells is about 28.57 and 1.28 times lower than the
cytotoxicity against the two cancer cells, respectively.

3.2.3. In vitro VEGFR-2 assay. The most potent anti-
proliferative derivative 14 was tested to evaluate its ability for
VEGFR-2 kinase inhibition using sorafenib as a reference drug.
The tested compound 14 displayed potent inhibitory activity
with an IC50 value of 0.103 ± 0.004 mg mL−1, which was slightly
less potent than sorafenib (IC50 = 0.041 ± 0.002 mg mL−1).
RSC Adv., 2023, 13, 35853–35876 | 35857
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Scheme 3 Synthesis of the final compounds 18a–f.
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3.2.4. Cellular mechanistic studies
3.2.4.1. Cell cycle analysis. Compound 14 showed potent

cytotoxic and VEGFR-2 inhibition activities and was selected to
explore its activity on the cell cycle distribution of MCF-7 cells.
The MCF-7 cells were exposed to compound 14 (0.041 mM, equal
to its anti-proliferative IC50) for 72 hours, and cell cycle
progression was monitored by ow cytometry; the results are
reported in Table 3.
Fig. 3 Possible reaction mechanism for the formation of compounds 14

35858 | RSC Adv., 2023, 13, 35853–35876
The obtained data revealed that compound 14 decreased the
distribution in the S phase (22.27%) and the G2/M phase (9.3%)
compared with the control (23.91 and 13.72%, respectively). In
addition, the percentage of cell population increased at the G0–
G1 phase by 1.09-fold more than the control. These ndings
revealed that compound 14 induced arrest of the cell cycle of the
MCF-7 cells at the G0–G1 phase (Fig. 4).

3.2.4.2. Apoptosis assay. The MCF-7 cells were treated with
compound 14 (0.04 mM for 72 h), and the apoptotic effect was
and 18a–f.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 In vitro anti-proliferative activities of the synthesized thia-
diazole derivatives against MCF-7 and MCF-7 cell lines

Compound

In vitro cytotoxicity IC50
a (mM)

MCF-7 HepG2

14 0.04 � 0.009 0.18 � 0.006
18a 0.16 � 0.017 0.80 � 0.012
18b 0.22 � 0.098 0.20 � 0.011
18c 0.19 � 0.014 0.16 � 0.032
18d 5.00 � 0.192 6.17 � 0.019
18e 0.19 � 0.045 0.21 � 0.045
18f 0.44 � 0.065 0.18 � 0.018
Sorafenib 0.15 � 0.013 0.14 � 0.052

a Data are presented as mean of the IC50 values from three different
experiments.

Table 2 In vitro cytotoxicity of the thiadiazole derivative 14 against
WI-38 cells and its selectivity index values for MCF-7 and HepG2 cell
lines

Compound WI-38 IC50
a (mM)

Selectivity index

MCF-7 HepG2

14 0.14 � 0 28.57 1.28

a Data are presented as mean of the IC50 values from three different
experiments.

Table 3 Effect of compound 14 on MCF-7 cell cycle progression

Sample

Cell cycle distribution (%)

G0–G1 S G2/M

Compound 14-treated MCF-7 cells 68.43 22.27 9.3
MCF-7 cells 62.37 23.91 13.72

Fig. 4 Cell cycle distribution of MCF-7 cells as determined by flow cyto

© 2023 The Author(s). Published by the Royal Society of Chemistry
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assessed using the annexin V-FITC/PI assay. The results (Table
4) demonstrated that, compound 14 enhanced total apoptosis
by 22-fold compared to the control (52.05% and 2.28%,
respectively). Additionally, 14 increased the percentage of early
apoptosis compared with the control MCF-7 cells (16.53% and
0.61%, respectively). Moreover, it increased the percentage of
late apoptotic cells by 132-fold more than the control cells (from
0.24% to 29.57%). In addition, compound 14 enhanced the
necrosis percentage four-fold more than the control. These
details suggest that compound 14 can induce the apoptotic
mechanism of programed cell death in the MCF-7 cell line
(Fig. 5).

3.2.4.3. BAX and BCl-2 analysis. This investigation examined
the effects of compound 14 at a concentration of 0.04 mM on the
expression levels of well-known apoptotic markers, BAX and
Bcl-2, in MCF-7 cells. The ndings of this examination showed
that compound 14 signicantly boosted the level of the pro-
apoptotic protein (BAX) by six-fold when compared to the
control MCF-7 cells. Furthermore, compound 14 dramatically
lowered levels of the anti-apoptotic protein Bcl-2 by 6.2-fold
compared to the control MCF-7, as presented in Table 5.

3.2.4.4. Cell migration and wound healing assay. Cell
migration is a pivotal step in cancer development and
progression. Assessment of in vitro migration processes in
cancer cell lines can be a crucial tool for studying new potential
therapeutic anticancer drugs in order to understand cellular
mechanistic pathways. The impact of compound 14 on the cell
migration of MCF-7 cells was evaluated by using the in vitro
scratch wound healing assay protocol.60,61 This protocol involves
the generation of a scratch on a monolayer of MCF-7 cancer
cells, measuring the initial diameter, and checking the scratch's
closure for both treated and untreated cells aer 0 and 48 hours.

As shown in Table 6 and Fig. 6, the scratch width of the
control MCF-7 cells was reduced by about 67.55% aer 48 hours
and appeared to be approximately closed, while the scratch
width of the MCF-7 cells treated with compound 14 was only
reduced by about 38.76% aer 48 hours. This nding showed
metry. (A) Control and (B) compound 14.
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Table 4 The impact of compound 14 on the various stages of cell death in MCF-7 cells

Sample
Total
apoptosis (%)

Early
apoptosis (%)

Late
apoptosis (%)

Necrosis
(%)

Compound 14-treated MCF-7 cells 52.05 16.53 29.57 5.95
MCF-7 cells 2.28 0.61 0.24 1.43

Table 5 Effect of compound 14 on levels of BAX and Bcl-2 in MCF-7
cells
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the ability of compound 14 to inhibit the healing and migration
of the treated cells.
Sample

RT-PCR fold change

Bcl2 BAX

Compound 14 0.159 6
Control MCF-7 cells 1 1
3.3. Computational studies

3.3.1. DFT studies. The DFT methodology was applied
using the B3LYP/6-31+G(d,p) method without symmetry
restrictions using Gaussian09 (D.01) soware to examine the
electronic and structural characteristics of compound 14. Using
the chosen approach, the theoretical optimization of the WM-3
molecular structure was completed and is shown in Fig. 7a.
Subsequently, quantum chemical characteristics like total
energy and dipole moment (Dm) are listed in Table 7.

The title molecule's non-planarity may be seen in the opti-
mized geometric structure, which has 222 electrons and 51
atoms. The two terminal benzene rings are slightly angled
towards the average plane of the molecule, according to
geometry optimization, and the optimized geometrical param-
eter TE, or total ground energy, is −46546.1 eV. The same level
of theory was used to estimate the electronic dipole moment
(Dm), which is large (8.516 Debye), indicating considerable
charge separation. The HOMO–LUMO gap (Egap), a crucial
indicator of kinetic stability, was calculated aer the quantum
evaluation of HOMO and LUMO energies, as shown in Fig. 7b.
Chemical reactivity and the HOMO/LUMO border orbitals have
a strong relationship as low reactivity is indicated by high
molecular orbital gap values (Egap). The small Egap indicates that
the produced drug has high chemical reactivity because of
charge transfer interactions. Subsequently, the Gauss Sum 3.0
Fig. 5 Compound 14 induced apoptosis in MCF-7 cells. (A) Control and

35860 | RSC Adv., 2023, 13, 35853–35876
program calculated the gas phase's density of states (TDOS).
The TDOS diagram for compound 14 is shown in Fig. 7c.

Koopman's' hypothesis was used to study the global reac-
tivity descriptors; the values in Table 7 of the ESI† are used. Due
to its high HOMO energy and low HOMO–LUMO Egap, which
indicate signicant inhibitory reactivity, the molecule under
examination exhibits a high soness (s) and a low hardness (m).
A further property indicated in Table 7 that is used to assess the
inhibitory reactivity and quantify a compound's capacity to
absorb electrons from the target is the electrophilicity index (u).
The results showed that the title compound has signicant
inhibitory reactivity.62

Mulliken atomic charge distribution is a common technique
for calculating inhibitory sites for adsorption. The investigated
compound has good ability to bond with the target surface
using the donor–acceptor method, as shown in Fig. 7d. The
highest positive charge was found at C15while C20 acquired the
highest negative atomic charge.

For predicting drug–receptor connections, surface molecular
electrostatic potential (ESP) can be mapped using DFT. The ESP
(B) compound 14.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The effect of compound 14 on the migration and healing of MCF-7 after 48 h

Item

At 0 h At 24 h At 48 h

RM (mm)
Wound
closure (%)

Area
difference (%)Area (mm2) Width (mm) Area (mm2) Width (mm) Area (mm2) Width (mm)

Control MCF-7 cells 876.333 875.422 673.000 672.059 284.333 283.351 12.335 67.554 592.000
MCF-7 cells treated with 14 933.000 932.006 836.333 835.443 571.333 570.472 7.532 38.764 361.667
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increases recognition of electrophilic interactions, substituent
impacts, inhibitory reactivity, and both inter- and intra-bonding
forces aer being connected to the active sites of the prepared
compound. Red (electron-rich), yellow (slightly electron-rich),
blue (electron decient), and green (neutral zone) are the
colors in which the value of ESP increases. Fig. 7e shows that the
blue zone of the drug is localized over the hydrogen atoms,
whereas the red and yellow portions are generated by the lone
pair of oxygen atoms. The ring system is encircled by neutral
green. As a result, the drug's electrophilic active sites are
anticipated to be located around the hydrogen atoms, while the
negative electrostatic potential is encapsulated over the oxygen
and nitrogen atoms, making this the preferred location for
electrophilic assault by the target sites.63

Microelectronic and structural investigations might not be
sufficient to completely comprehend a drug's intermolecular
interactions. Consequently, charge density parameters were
evaluated using the Multiwfn and AIMALL programs. These
programs enable the computation of topological features such
as electronic charge density (r), total electron energy density
Fig. 6 The impact of compound 14 on migration and healing of MCF-7

© 2023 The Author(s). Published by the Royal Society of Chemistry
(H(r)), Laplacian of electronic charge density (V2r), and the two
components of H(r); kinetic electron energy density (G(r) and
potential electron energy density (V(r)) at the bond critical
points (BCP). These computations are possible via the Quantum
Theory of Atoms in Molecules (QTAIM).

Table S1† makes it clear that the values of V2r and H(r) are
negative, suggesting that all BCP connections are covalent
except for N14–H33 and N14–H36, which have weak electro-
static attractions. The relief map in Fig. 7f depicts the electron
density (r) in the XY plane, whereas Fig. 7g shows all bond paths
within the compound.

3.3.2. Molecular docking study. The newly designed 5-
acetyl-1,3,4-thiadiazol-2(3H)-ylidene derivatives were exposed to
molecular docking processes to evaluate their inhibitory activity
towards the VEGFR-2 receptor. Aer completion of the docking
processes, the best pose for the frontier candidate 14 was
selected for further investigation. Observing the binding pose of
sorafenib, a standard VEGFR-2 inhibitor, inside the VEGFR-2
active pocket, it was evident that it became stabilized by
creating crucial hydrogen bonds with Glu883 and Asp1044 via
cells after 48 h.

RSC Adv., 2023, 13, 35853–35876 | 35861
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Fig. 7 The full optimized geometry (a), FMO and energy gap (b), TDOS spectrum (c), Mullikan atomic charge distribution (d), ESP (e), and the
QTAIM maps (f) and (g) at B3LYP/6-31+G(d,p) for the chosen molecule 14.
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its urea group (hydrogen bond donor–acceptor moiety). Addi-
tionally, through the N-methylpicolinamide moiety, it added
another hydrogen bond to Cys917. Moreover, the terminal 4-
35862 | RSC Adv., 2023, 13, 35853–35876
chloro-3-(triuoromethyl)phenyl) moiety was buried inside the
hydrophobic pocket via pi–pi interactions with Leu887, Ile886,
and Ile890 (Table 8).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The DFT-calculated global reactivity parameters for compound 14

IP EA m (eV) c (eV) h (eV) s (eV) u (eV) Dm (Debye) TE (eV) DNmax DE (eV)

5.653 2.472 −4.063 4.063 1.591 0.629 13.126 8.516 −46546.1 2.554 −13.126
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Herein, the examined molecule (14) kept the crucial
hydrogen bonds to Glu883 and Asp1044 through its amide
group verifying its positioning with the identical orientation
inside the VEGFR-2 active pocket (Table 8). In addition, it
formed two electrostatic interactions with Cys917 and Phe1045
in the hinge region through its 5-acetyl-3-(4-methoxyphenyl)-
1,3,4-thiadiazole moiety. Furthermore, additional electrostatic
and pi–pi interactions were observed in the linker area between
the central phenyl moiety and Cys1043 and Val846, respectively.
Thus, the results discussed above strongly support candidate
14's extremely promising inhibitory capability towards the
VEGFR-2 target receptor. This may be why it produced better
biological outcomes as a prospective VEGFR-2 antagonist when
compared to the reference drug sorafenib.

3.3.3. MD simulation studies. During the simulation, the
stability of the reference system (VEGFR-2–sorafenib) and
Table 8 2D interactions and mapping surfaces of thiadiazole derivatives

Compound 2D interaction

Sorafenib

14

© 2023 The Author(s). Published by the Royal Society of Chemistry
VEGFR-2–compound 14 was assessed using root-mean-square
deviation (RMSD) values. The RMSD values for the reference
system remained consistently stable at approximately 2.5 Å, as
indicated by the red line. In contrast, VEGFR-2 in VEGFR-2–
compound 14 initially exhibited an increasing trend for the rst
75 ns of the simulation, followed by a decrease in the next 35 ns.
It eventually reached a stable state for the last 90 ns, with an
average value of 3.7 Å (Fig. 8A). The RMSD of compound 14
showed two distinct states during the simulation. For the rst
65 ns, the RMSD of compound 14 hovered around 3.5 Å.
However, in the remaining duration of the simulation, the
RMSD nearly doubled to approximately 7 Å (Fig. 8B). This
sudden rise was attributed to a conformational change of the
ligand while still maintaining its binding to the protein, as
depicted in Fig. 8C which shows the ligand in two different
conformations. The rst conformation, shown in red sticks,
and sorafenib within the active site of VEGFR-2 (PDB ID: 2OH4)

Mapping surface

RSC Adv., 2023, 13, 35853–35876 | 35863
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Fig. 8 MD results for VEGFR-2–sorafenib complex (red line) and VEGFR-2–compound 14 complex (dark green line): (A) RMSD values from the
trajectory for VEGFR-2. (B) Compound 14 RMSD values. C) Comparison between compound 14 conformation at 0 ns (green sticks) and 20 ns
(cyan sticks) showing the fluctuation of a part of compound 14. (D) RoG. (E) SASA. (F) Alteration in the count of hydrogen bonds between
sorafenib (red) or compound 14 (dark green) and VEGFR-2. (G) RMSF. (H) The distance between the center of mass of sorafenib (red) or
compound 14 (dark green) and the VEGFR-2 protein.
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occurred at 20 ns, while the second conformation, shown in
green sticks, occurred at 175 ns. In contrast, sorafenib displayed
a more consistent pattern with an average RMSD of approxi-
mately 1.5 Å, shown as a red line. Fig. 8D and E indicate slight
variations in the average radius of gyration (RoG) and solvent-
accessible surface area (SASA) between the two systems,
respectively. Fig. 8F demonstrates that compound 14 main-
tained one hydrogen bond for the initial 65 ns, before changing
its conformation, and then showed almost no detectable H-
35864 | RSC Adv., 2023, 13, 35853–35876
bonds for the remaining time. On the other hand, sorafenib
exhibited uctuations between one and two hydrogen bonds,
indicating a stronger interaction with the protein. The RMSF
values showed a similar pattern in the two systems, with the N-
terminal region of VEGFR-2–compound 14 having more uc-
tuations compared to the reference system (Fig. 8G). Compound
14 consistently had an average distance of around 11 Å between
the protein's center of mass and the ligand, indicating a stable
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 MM-GBSA analysis as well as the detailed values for both systems. Bars represent the standard deviations.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

3:
39

:3
3 

PM
. 

 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
interaction (Fig. 8H), although this distance was about 3 Å
higher than for the reference compound.

3.3.4. Molecular mechanics-generalized born surface area
(MM-GBSA). The components involved in calculating the
binding free energy using the MM-GBSA method are shown in
Fig. 9. There is a moderate difference in the binding energy
Fig. 10 A comparison of the free binding energy decomposition of the
acids shown are the ones within 1 nm of each ligand, common between t

© 2023 The Author(s). Published by the Royal Society of Chemistry
between compound 14 (−28.77 kcal mol−1) and sorafenib
(−43.25 kcal mol−1), indicating some variations in the factors
that inuence binding. van der Waals interactions are slightly
more important for maintaining the stability of sorafenib
compared to compound 14 (−51.4 kcal mol−1 vs.
−43.61 kcal mol−1). Similarly, sorafenib has slightly better
VEGFR-2–compound 14 and VEGFR-2–sorafenib complexes. Amino
he two systems and having a binding affinity of −1 kcal mol−1 or better.

RSC Adv., 2023, 13, 35853–35876 | 35865
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Fig. 11 The amino acids, the types of interactions with sorafenib, and their occurrence during the whole simulation time using the ProLIF python
library.
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electrostatic interactions than compound 14 (−17.92 kcal mol−1

vs. −15.13 kcal mol−1). The contribution of individual amino
acids within 1 nanometer proximity to each ligand was assessed
using decomposition analysis (Fig. 10). Four amino acids,
Leu838, Gly839, Val846, and Phe1045, were found to have
a more signicant impact on the binding of compound 14,
compared to sorafenib. Specically, Leu838 had energy contri-
butions of −1.9 kcal mol−1 (compound 14) and
−1.13 kcal mol−1 (sorafenib), Gly839 had contributions of
Fig. 12 The amino acids, the types of interactions with compound 14, a
python library.

35866 | RSC Adv., 2023, 13, 35853–35876
−1.15 kcal mol−1 (compound 14) and +0.02 kcal mol−1 (sor-
afenib), Val846 had contributions of −1.84 kcal mol−1

(compound 14) and −1.2 kcal mol−1 (sorafenib), and Phe1045
had contributions of −2.43 kcal mol−1 (compound 14) and
−0.86 kcal mol−1 (sorafenib). On the other hand, sorafenib had
six amino acids with a greater contribution to its stability
compared to compound 14.

3.3.5. Protein–ligand interaction ngerprint (ProLIF). We
used the ProLIF method to determine which amino acids are
nd their occurrence during the whole simulation time using the ProLIF

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The change in eigenvalues with increasing eigenvectors (blue line). In addition, the cumulative variance retained in the eigenvectors is
shown (red line).
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involved in ligand interactions. Our analysis of sorafenib's
trajectory identied 13 amino acids that have a hydrophobic
binding occurrence of over 80%. These amino acids are Leu838
(91.2%), Val846 (98.6%), Lys866 (87.9%), Ile886 (92.9%), Leu887
(95.1%), Ile890 (95.2%), Val897 (88.9%), Val914 (99.7%),
Leu1017 (95.4%), His1024 (86.6%), Leu1033 (91%), Cys1043
(99.8%), and Asp1044 (99.3%). These amino acids are the main
ones involved in interactions with sorafenib, as shown in
Fig. 11. Additionally, Asp1044 has a hydrogen bond formation
rate of 88.2%. In contrast, compound 14 formed hydrophobic
Fig. 14 The distribution of the first ten eigenvectors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions with seven amino acids, achieving a minimum rate
of 80% (Fig. 12). These amino acids are Leu838 (97.8%), Val846
(99.2%), Ala864 (86%), Val914 (88.8%), Leu1033 (96.8%),
Cys1043 (93.4%), and Phe1045 (100%). Furthermore, Phe1045
exhibited a notable pi-stacking rate of 82.6%. Among these
seven amino acids, ve were shared with the reference
compound, suggesting a moderate and similar mode of inter-
action. Additionally, three of these amino acids displayed
stronger and more signicant contributions compared to the
reference compound, as depicted in Fig. 11.
RSC Adv., 2023, 13, 35853–35876 | 35867
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Fig. 15 Values of the cosine content of the first ten eigenvectors for the two trajectories.
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3.3.6. Principal component analysis of trajectories (PCAT).
To identify synchronized movements, we used PCAT. We
considered various factors as outlined in the methods section to
determine the appropriate size of the reduced subspace. These
factors included the scree plot, eigenvector distribution, and
cumulative variance preserved by additional eigenvectors. The
scree plot showed a clear decrease in slope starting from the
second principal component (PC). The rst eigenvector alone
accounted for approximately 78% of the total variance, while
the combined contribution of the rst three eigenvectors
explained around 88% of the overall variance (Fig. 13). It is
important to note that the distribution of the rst ve PCs did
not follow a Gaussian pattern (Fig. 14). Therefore, we decided to
Fig. 16 The 2D and 3D projection of the VEGFR-2–compound 14 trajec

35868 | RSC Adv., 2023, 13, 35853–35876
use the top three eigenvectors as representatives of the funda-
mental subspace.

To evaluate the degree of randomness in the behavior of the
rst ten eigenvectors, we calculated the cosine content for both
systems (Fig. 15). Our analysis revealed that, with the exception
of the second principal component of the VEGFR-2–sorafenib
system (0.21) and the h PC value of the VEGFR-2–compound
14 system, the cosine content of the rst 10 eigenvectors
remained below 0.2 in both systems. Furthermore, the root-
mean-square inner product (RMSIP) indicated a limited over-
lap between the two subspaces, especially for the rst three
eigenvectors, which had an overlap of approximately 16%.
Additionally, the RMSIP analysis showed that the C matrices of
tory's FEL on the first two eigenvectors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 2D and 3D projection of the VEGFR-2–compound 14 trajectory's FEL on the first and third eigenvectors.
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the two systems were only 27.9% similar, indicating distinct
sampling characteristics for each system.

3.3.7. Free energy landscape (FEL). We analyzed the
trajectory of VEGFR-2–compound 14 by projecting it onto the
FEL using different combinations of the rst three principal
components (PCs). We performed this projection using two PCs
at a time, resulting in various basins, as shown in Fig. 16–18. All
three gures exhibit a similar trend, starting with limited
sampling in the initial frames (represented by white dots) and
eventually converging to a global minimum (represented by
black dots) towards the end of the simulation. The trajectory
remains within this basin for a signicant duration, with no
signicant uctuations observed between the two regions, as
Fig. 18 The 2D and 3D projection of the VEGFR-2–compound 14 trajec

© 2023 The Author(s). Published by the Royal Society of Chemistry
indicated by the connecting line between the frames. In
particular, the projection onto the rst two PCs (Fig. 16) reveals
an initial sampling that differs from the basin observed at the
end of the simulation, with a difference of 3.81 kJ mol−1.
Additionally, the basin is narrow, suggesting a limited number
of conformations. In contrast, Fig. 17 illustrates the PC1–PC3
projection, which reveals a broad basin containing a single wide
global minimum. The difference in energy between the initial
sampling minima and the global minimumwas calculated to be
4.46 kJ mol−1. Likewise, Fig. 18 displays the projection on the
PC2 and PC3, demonstrating a wide global minimum with
a 3.39 kJ mol−1 difference between the two regions.
tory's FEL on the second and third eigenvectors.
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Table 9 ADMET screening of the derivatives 14 and 18a–f

Compound BBB level Solubility level Absorption level CYP2D6 prediction PPB prediction

14 Low Low Good Non-inhibitors Less than 90%
18a Very low Very low Moderate More than 90%
18b
18c
18d Low Poor
18e Moderate
18f Very low Poor
Sorafenib Good

Table 10 Toxicity study of the derivatives 14 and 18a–f

Compound
Carcinogenic potency
TD50 (mouse) a Ames prediction

FDA rodent carcinogenicity
(mouse–female) Rat oral LD50

b Rat chronic LOAELb Skin irritancy
Ocular
irritancy

14 25.1941 Non-mutagen Non-carcinogen 0.307791 0.0340816 Non-irritant Mild
18a 19.1051 0.211142 0.0407246
18b 10.1397 0.342938 0.0653748
18c 5.86494 0.147569 0.012965
18d 3.51292 0.292276 0.0298888
18e 10.9809 0.357591 0.0180164
18f 5.82645 0.580656 0.0289143
Sorafenib 19.2359 Single-carcinogen 0.822583 0.00482816

a Unit: mg kg−1 day−1. b Unit: g kg−1.
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3.3.8. In silico ADMET analysis. The in silico ADMET
results offered an initial predicted overview of the pharma-
cokinetic proles of the synthesized seven thiadiazole
derivatives relative to the benchmark drug, sorafenib (Table
9). It is noteworthy that all compounds demonstrate
a pronounced deciency in blood–brain barrier permeability,
signifying limited access to the central nervous system. This
characteristic suggests a focus on peripheral rather than
central cancer targets. Furthermore, their generally low
aqueous solubility raises considerations about potential
challenges in achieving optimal drug concentrations in bio-
logical uids. Despite these solubility concerns, the
compounds display good human intestinal absorption levels
accompanied by a consistent tendency towards high plasma
protein binding (except compound 14), which could impact
their distribution and clearance kinetics. Additionally, the
absence of CYP2D6 inhibition across the compounds implies
a lower likelihood of interactions with drugs metabolized by
this essential enzyme. These results collectively provide
crucial initial insights, setting the stage for further experi-
mental validation and renement in the pursuit of effective
therapeutic agents.

3.3.9. In silico toxicity analysis. The in silico toxicity results
revealed promising safety proles for the new thiadiazole
derivatives in comparison to the established drug sorafenib
(Table 10). In terms of carcinogenic potency, the derivatives
exhibit lower values (ranging from 3.51 to 25.19 mg kg−1 day−1)
compared to sorafenib (19.24 mg kg−1 day−1), indicating
35870 | RSC Adv., 2023, 13, 35853–35876
a potentially reduced risk of carcinogenic effects. All
compounds, including sorafenib, are predicted to be non-
mutagenic and non-carcinogenic according to the Ames test
and the FDA rodent carcinogenicity (mouse–female) test,
respectively. In acute toxicity assessments, the derivatives show
oral LD50 values ranging from 0.15 to 0.58 g kg−1, with
compound 18c demonstrating the highest acute toxicity. Sor-
afenib exhibits a slightly higher oral LD50 of 0.82 g kg−1. In
terms of chronic toxicity, the derivatives present chronic LOAEL
values ranging from 0.01 to 0.07 g kg−1, while sorafenib has
a chronic LOAEL of 0.0048 g kg−1, indicating much lower
potential adverse effects with chronic exposure than that of
sorafenib. Notably, all compounds, including sorafenib, are
classied as non-irritants for skin and eyes, with mild irritancy
noted for sorafenib. These ndings suggest that the thiadiazole
derivatives hold promise as potential alternatives to sorafenib,
potentially offering reduced toxicity proles, particularly in
chronic exposure scenarios. Further experimental validation
and dose-response studies are essential for a comprehensive
assessment of their safety and efficacy for therapeutic
applications.
4. Conclusion

In conclusion, in this study we successfully synthesized and
comprehensively evaluated a series of thiadiazole derivatives
designed to mimic VEGFR-2 inhibitors. Among the synthe-
sized compounds, compound 14 emerged as a highly
© 2023 The Author(s). Published by the Royal Society of Chemistry
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promising candidate, displaying exceptional inhibitory prop-
erties against cancer cell lines MCF-7 and HepG2, as well as
a remarkable affinity for VEGFR-2. Furthermore, compound 14
exhibited a unique ability to induce cell cycle arrest and
apoptosis in MCF-7 cells, while also inhibiting cell migration
and wound healing. Furthermore, compound 14 increased
apoptosis by 6-fold while decreasing Bcl-2 levels (6.2-fold). The
computational investigations conrmed the binding affini-
ties, stability, and reactivity of compound 14. Collectively,
these ndings strongly support compound 14 as a lead
contender for further research in the development of anti-
cancer drugs targeting VEGFR-2. This work lays a solid foun-
dation for future advancements in the elds of anticancer-
and angiogenesis-related research, driven by the potential of
these thiadiazole derivatives.
5. Experimental
5.1. Chemistry

5.1.1. General. All apparatus, chemicals, and reagents are
described in the ESI.†

5.1.2. General procedure for the synthesis of intermediate 2.

The synthesis of a-chloro-2,4-pentanedione 2

was carried out in accordance with the methodology described in
ref. 55 with minor adjustments. A 100 mL Erlenmeyer ask
equipped with amagnetic stirring bar was lled with acetylacetone
(1 eq.) in anhydrous diethyl ether and chilled in an ice/NaCl bath to
0 °C. The sulfuryl chloride (1 eq.) was added gradually to the
conical ask using the dropping funnel such that the internal
temperature was kept below 5 °C. In the next step, the reaction
mixture was stirred for 2 hours, the solvent was extracted under
reduced pressure, and the mixture was washed with sodium
bicarbonate and dried over magnesium sulfate, yielding a crude
product suitable for further processing without further
purication.

5.1.3. General procedure for the synthesis of intermediates
5a and 5b.56

A solution of appropriate aromatic amine
(1 eq.), namely (4-methoxyaniline and/or 4-chloroaniline) in
concentrated hydrochloric acid (12 M) plus water (200 mL) was
stirred in a 500 mL round-bottomed ask for 30 min. Then, the
reaction ask was cooled by immersion in ice and salt, until the
temperature of the acid reached 0 °C. A solution of sodium
nitrite (1.1 eq.) in water (10 mL) was gradually added to the
reaction mixture so that the reaction temperature was main-
tained below 5 °C. This required about 30 minutes under stir-
ring conditions. A separate solution containing sodium acetate
(1 eq.) and a-chloro-2,4-pentanedione (2) (1 eq.) in commer-
cially available ethyl alcohol was added in portions. The mixture
© 2023 The Author(s). Published by the Royal Society of Chemistry
was then warmed to 25 °C and stirred continuously for 16 h, and
the formed precipitate was separated by ltration, rinsed with
water, and subsequently dried, resulting in the formation of 5a
and 5b.

5.1.4. General procedure for the synthesis of intermediate 9.

Methyl hydrazinecarbodithioate 9 was

synthesized using hydrazine hydrate, carbon disulde, and
methyl iodide, following the same methodology described in
a previous publication.57

5.1.5. General procedure for the synthesis of intermediate 12.

The compound was synthesized using
a method described in the literature58 with a few minor adjust-
ments. An equal amount of triethylamine (1 eq.) was added to
a solution of 4-aminoacetophenone (1 eq.) and acetic anhydride (2
eq.) in dimethyl formamide (10 mL), as a reaction solvent. Aer-
ward, the mixture was stirred for 1 hour at ambient temperature.
The precipitate which formed was separated and collected on
a suction funnel, washed with ice-cold, and dried and puried by
recrystallization from ethanol to afford the desired compound (the
product was white with yield of 90%).

5.1.6. General procedure for the synthesis of intermediate 13.

Compound 12 (1 eq.) was
solubilized in absolute ethanol (10 mL) and 1 eq. of methyl
hydrazinecarbodithioate 9 was added. The reaction mixture was
heated under reux for 7 h (TLC analysis). The obtained solid was
ltered while hot, washed with hot ethanol, dried, and recrystal-
lized from dioxane to produce the corresponding compound 13 in
80% yield.

Yellow powder (yield, 73%); m.p.= 255–257 °C. 1H NMR (500
MHz, DMSO-d6) d 12.35 (s, 1H, NH), 10.10 (s, 1H, NH), 7.85–7.73
(m, 2H, Ar–H), 7.66–7.53 (m, 2H, Ar–H), 2.47 (s, 3H, CH3), 2.32
(s, 3H, CH3), 2.03 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-d6)
d 199.44, 151.45, 141.00, 140.57, 131.58, 127.24, 127.08, 118.53,
24.12, 17.03, 14.43 for C12H15N3OS2 (281.39).

5.1.7. General procedure for the synthesis of N-(4-((E)-1-
(((Z)-5-acetyl-3-(4-methoxyphenyl)-1,3,4-thiadiazol-2(3H)-yli-
dene)hydrazineylidene)ethyl)phenyl)acetamide 14.

To prepare the deriva-
tive 14, applicable quantities of hydrazonoyl chloride 5a (1 eq.)
RSC Adv., 2023, 13, 35853–35876 | 35871
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and intermediate 13 (1 eq.) were mixed in absolute ethanol (20
mL). An equivalent amount of triethylamine (1 eq.) was added to
the mixture, which was then heated under reux for 6 hours.
The resulting solid was ltered, washed with hot ethanol, and
then puried with hexane to obtain the desired nal product.

Yellow powder (yield, 70%); m.p. = 283–285 °C. FT-IR
(vmax, cm−1): 3387, 3305 (NH), 3084, 3007 (C–H aromatic),
2952, 2929 (C–H aliphatic), 1688, 1665 (C]O); 1H NMR (400
MHz, DMSO-d6) d 10.14 (s, 1H, NH), 7.96–7.88 (m, 2H, Ar–H),
7.82 (d, J = 8.5 Hz, 2H, Ar–H), 7.66 (d, J = 8.5 Hz, 2H, Ar–H),
7.17–7.09 (m, 2H, Ar–H), 3.84 (s, 3H, OCH3), 2.57 (s, 3H, CH3),
2.36 (s, 3H, CH3), 2.08 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-
d6) d 190.13, 169.02, 164.68, 160.01, 158.63, 150.52, 141.32,
132.27, 132.23, 127.52, 124.47, 119.01, 114.66, 55.96, 25.46,
24.56, 15.55; mass (m/z): 423 (M+, 5%), 85 (100%, base peak);
anal. calcd. for C21H21N5O3S (423.49): C, 59.56; H, 5.00; N, 16.54;
found: C, 59.84; H, 5.13; N, 16.78%.

5.1.8. General procedure for the synthesis of intermediates
16a–c.

To synthesize intermedi-
ates 16a–c, we followed a process analogous to that used for 12.
We combined derivative 10 (1 eq.) with diverse (un)substituted
benzoyl chlorides 15a–c (1 eq.).

5.1.9. General procedure for the synthesis of intermediates
17a–c. Compounds 17a–c were produced by utilizing 1 eq. of
16a–c and 1 e of intermediate 9, following the same method
used to synthesize intermediate 13.

5.1.9.1. Methyl (E)-2-(1-(4-benzamidophenyl)ethylidene)
hydrazine-1-carbodithioate 17a.

Yellow powder (yield,
80%); m.p. = 250–252 °C. 1H NMR (500 MHz, DMSO-d6) d 12.39
(s, 1H, NH), 10.41 (s, 1H, NH), 8.00–7.92 (m, 3H, Ar–H), 7.84 (m,
3H, Ar–H), 7.58 (m, 1H, Ar–H), 7.52 (d, J = 7.5 Hz, 2H, Ar–H),
2.49 (s, 3H, CH3), 2.35 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-
d6) d 199.51, 165.99, 151.43, 140.90, 132.18, 131.74, 129.30,
128.42, 127.80, 127.72, 127.10, 119.83, 119.42, 17.01, 14.45 for
C17H17N3OS2 (343.46).

5.1.9.2. Methyl (E)-2-(1-(4-(4-chlorobenzamido)phenyl)
ethylidene)hydrazine-1-carbodi thioate 17b.

Yellowish white
35872 | RSC Adv., 2023, 13, 35853–35876
powder (yield, 85%); m.p. = 265–267 °C. 1H NMR (500 MHz,
DMSO-d6) d 12.39 (s, 1H, NH), 10.46 (s, 1H, NH), 8.00–7.95 (m,
3H, Ar–H), 7.84 (t, J = 6.2 Hz, 3H, Ar–H), 7.59 (dd, J = 8.3, 4.5 Hz,
2H, Ar–H), 2.52 (s, 3H, CH3), 2.35 (s, 3H, CH3); for C17H16ClN3OS2
(377.91).

5.1.9.3. Methyl (E)-2-(1-(4-(4-methylbenzamido)phenyl)
ethylidene)hydrazine-1-carbodi thioate 17c.

Orange powder

Paper
(yield, 82%); m.p. = 270–272 °C. 1H NMR (500 MHz, DMSO-d6)
d 12.39 (s, 1H), 10.31 (s, 1H), 7.93 (d, J = 5.9 Hz, 1H), 7.87–7.83
(m, 5H), 7.32 (d, J = 7.6 Hz, 2H), 2.52 (s, 3H), 2.36 (s, 3H), 2.35
(s, 3H); 13C NMR (101 MHz, DMSO-d6) d 199.58, 165.54,
151.47, 141.85, 141.02, 129.33, 128.98, 127.81, 127.12, 119.84,
119.42, 21.08, 17.05, 14.48 for C18H19N3OS2 (357.49).

5.1.10. General procedure for the synthesis of derivatives
18a–f. Triethylamine (1 equivalent) and the corresponding
hydrazonoyl chlorides 5a and 5b [specically, (E)-N-(4-
methoxyphenyl)-2-oxopropanehydrazonoyl chloride (5a) and
(E)-N-(4-chlorophenyl)-2-oxopropanehydrazonoyl chloride (5b)]
(1 equivalent) were combined with a solution of intermediate
17a–c (1 equivalent) in ethanol (20 mL). The mixture was
exposed to heat for a duration of 6 hours. Aer this period, the
resultant solid was gathered and then subjected to
purication using hexane to obtain the desired nal products.

5.1.10.1. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-methoxyphenyl)-
1,3,4-thiadiazol-2(3H)-ylidene) hydrazono)ethyl)phenyl) benza-
mide 18a.

Canary yellow
powder (yield, 78%); m.p. = 258–260 °C. FT-IR (vmax, cm
−1):

3285 (NH), 3058, 3010 (C–H aromatic), 2923, 2834 (C–H
aliphatic), 1686, 1654 (C]O); 1H NMR (400 MHz, DMSO-d6)
d 10.46 (s, 1H, NH), 8.02–7.98 (m, 3H, Ar–H), 7.91 (m, 5H, Ar–
H), 7.63–7.60 (m, 1H, Ar–H), 7.58–7.55 (m, 2H, Ar–H), 7.18–
7.12 (m, 2H, Ar–H), 3.85 (s, 3H, CH3), 2.59 (s, 3H, CH3), 2.41 (s,
3H, CH3);

13C NMR (101 MHz, DMSO-d6) d 190.14, 166.16,
164.80, 160.04, 158.65, 150.56, 141.24, 135.25, 132.88, 132.23,
132.20, 128.91, 128.25, 128.22, 128.02, 127.40, 124.52, 120.32,
114.68, 55.96, 25.48, 15.61; mass (m/z): 485 (M+, 6.72%), 66
(100%, base peak); anal. calcd. for C26H23N5O3S (485.56): C,
64.31; H, 4.77; N, 14.42; found: C, 64.19; H, 4.89; N, 14.70%.

5.1.10.2. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-chlorophenyl)-1,3,4-
thiadiazol-2(3H)-ylidene) hydrazono)ethyl)phenyl) benzamide 18b.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Yellow powder
(yield, 72%); m.p. = 267–269 °C. FT-IR (vmax, cm
−1): 3331,

3103 (NH), 3067, 3014 (C–H aromatic), 1682, 1654 (C]O);1H
NMR (400 MHz, DMSO-d6) d 10.46 (s, 1H), 8.14 (d, J = 8.5 Hz,
2H, Ar–H), 7.96 (m, 6H, Ar–H), 7.73–7.50 (m, 5H, Ar–H), 2.61
(s, 3H, CH3), 2.44 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-d6)
d 190.24, 166.17, 164.32, 160.79, 151.46, 141.40, 138.14,
135.25, 132.68, 132.21, 131.48, 129.59, 128.90, 128.23, 127.52,
123.82, 120.30, 25.53, 15.81; mass (m/z): 489 (M+, 27.03%), 77
(100%, base peak); anal. calcd. for C25H20ClN5O2S (489.98):
C, 61.28; H, 4.11; N, 14.29; found: C, 61.44; H, 4.29; N,
14.57%.

5.1.10.3. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-methoxyphenyl)-1,3,4-thia-
diazol-2(3H)-ylidene) hydrazono)ethyl)phenyl)-4-chlorobenzamide 18c.

Yellow powder
(yield, 80%); m.p. = 245–247 °C. FT-IR (vmax, cm
−1): 3248, 3105

(NH), 3003 (C–H aromatic), 2931, 2838 (C–H aliphatic), 1691, 1643
(C]O); 1H NMR (400 MHz, DMSO-d6) d 10.50 (s, 1H, NH), 8.06–
7.99 (m, 2H, Ar–H), 8.00–7.84 (m, 6H, Ar–H), 7.68–7.60 (m, 2H, Ar–
H), 7.19–7.10 (m, 2H, Ar–H), 3.85 (s, 3H, CH3), 2.58 (s, 3H, CH3),
2.40 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-d6) d 190.13, 165.02,
164.83, 160.00, 158.65, 150.57, 141.02, 137.03, 133.93, 133.04,
132.23, 130.19, 128.97, 127.41, 124.50, 120.38, 114.68, 55.96, 25.47,
15.60; mass (m/z): 520 (M+, 34.8%), 294 (100%, base peak); anal.
calcd. for C26H22ClN5O3S (520.00): C, 60.05; H, 4.26; N, 13.47;
found: C, 60.26; H, 4.41; N, 13.73%.

5.1.10.4. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-chlorophenyl)-1,3,4-
thiadiazol-2(3H)-ylidene) hydrazono) ethyl)phenyl)-4-
chlorobenzamide 18d.

Yellow powder
(yield, 75%); m.p. = 275–277 °C. FT-IR (vmax, cm
−1): 3411

(NH), 3098 (C–H aromatic), 2923 (C–H aliphatic), 1689, 1659
© 2023 The Author(s). Published by the Royal Society of Chemistry
(C]O); 1H NMR (400 MHz, DMSO-d6) d 10.52 (s, 1H, NH),
8.21–8.12 (m, 2H, Ar–H), 8.07–8.00 (m, 2H, Ar–H), 7.95–7.86
(m, 4H, Ar–H), 7.73–7.60 (m, 4H, Ar–H), 2.62 (s, 3H, CH3),
2.46 (s, 3H, CH3);

13C NMR (101 MHz, DMSO-d6) d 190.28,
165.05, 160.81, 151.50, 141.19, 138.14, 137.05, 131.54, 130.21,
129.62, 128.99, 127.56, 123.94, 120.41, 15.83. Mass (m/z): 524
(M+, 25.53%), 264 (100%, base peak); anal. calcd. for C25-
H19Cl2N5O2S (524.42): C, 57.26; H, 3.65; N, 13.35; found: C,
57.53; H, 3.91; N, 13.61%.

5.1.10.5. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-methoxyphenyl)-
1,3,4-thiadiazol-2(3H)-ylidene) hydrazono) ethyl)phenyl)-4-
methylbenzamide 18e.

Mustard yellow
powder (yield, 80%); m.p. = 240–242 °C. FT-IR (vmax, cm
−1):

3290 (NH), 3086, 3063, 3006 (C–H aromatic), 2962, 2930, 2835
(C–H aliphatic), 1684, 1643 (C]O); 1H NMR (400 MHz,
DMSO-d6) d 10.36 (s, 1H, NH), 7.95–7.87 (m, 8H, Ar–H), 7.37
(d, J = 7.9 Hz, 2H, Ar–H), 7.17–7.12 (m, 2H, Ar–H), 3.85 (s, 3H,
CH3), 2.59 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.41 (s, 3H, CH3);
13C NMR (101 MHz, DMSO-d6) d 190.14, 165.94, 164.75,
160.07, 158.66, 150.56, 142.25, 141.33, 132.76, 132.35, 132.24,
129.42, 128.26, 127.38, 124.52, 120.30, 114.68, 55.97, 25.48,
21.52, 15.61; mass (m/z): 499 (M+, 16.1%), 158 (100%, base
peak); anal. calcd. for C27H25N5O3S (499.59): C, 64.91; H,
5.04; N, 14.02; found: C, 64.79; H, 5.23; N, 14.29%.

5.1.10.6. N-(4-((E)-1-(((Z)-5-Acetyl-3-(4-chlorophenyl)-1,3,4-
thiadiazol-2(3H)-ylidene) hydrazono) ethyl)phenyl)-4-
methylbenzamide 18f.

Pale yellow
powder (yield, 77%); m.p. = 235–237 °C. FT-IR (vmax, cm
−1):

3328, 3100 (NH), 3066, 3012 (C–H aromatic), 2917 (C–H
aliphatic), 1692, 1651 (C]O); 1H NMR (400 MHz, DMSO-d6)
d 8.20–8.12 (m, 2H), 7.92 (m, 7H, Ar–H), 7.73–7.64 (m, 2H, Ar–
H), 7.37 (d, J = 8.0 Hz, 2H, Ar–H), 2.63 (s, 3H, CH3), 2.46 (s,
3H, CH3), 2.41 (s, 3H, CH3);

13C NMR (126 MHz, DMSO-d6)
d 166.03, 164.16, 161.00, 151.49, 142.23, 141.53, 138.27,
132.51, 131.64, 129.59, 129.41, 128.26, 127.51, 123.99,
120.47, 25.50, 21.49, 15.82; mass (m/z): 504 (M+, 7.55%), 301
(100%, base peak); anal. calcd. for C26H22ClN5O2S (504.01):
C, 61.96; H, 4.40; N, 13.90. found: C, 61.82; H, 4.62; N,
14.17%.
RSC Adv., 2023, 13, 35853–35876 | 35873
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5.2. Biological evaluation

5.2.1. In vitro anti-proliferative activity. The synthesized
derivatives were examined for their anti-proliferation impact
against MCF-7 and HepG2 cancer cell lines via the MTT
assay64–66 as presented in the ESI.†

5.2.2. In vitro cytotoxicity against normal human lung
cells. Cytotoxic activity of the most active anti-proliferative
analogue 14 was evaluated against normal human lung cells
(WI-38) using the MTT assay technique,67 as shown in the ESI.†

5.2.3. In vitro VEGFR-2 inhibition. The most active anti-
proliferative analogue 14 was tested against VEGFR-2 using
a VEGFR-2 ELISA kit,68 as described in the ESI.†

5.2.4. In vitro DNA-ow cytometric (cell cycle) analysis. To
investigate the impact of compound 14 on the various stages of
the MCF-7 cell cycle, cell cycle ow cytometry analysis was
performed, as shown in the ESI.†,67,69.

5.2.5. Apoptosis analysis. An annexin V-FITC-apoptosis
detection kit was used to investigate the apoptotic effect of
compound 14 on theMCF-7 treated cells with the aid of ab Epics
XL-MCL™ Flow Cytometer 33,41, as detailed in the ESI.†

5.2.6. Assessment of Bcl-2 and BAX expression. The Bcl-2
and BAX expression levels were estimated according to the re-
ported procedure and described in detail in the ESI.†

5.2.7. Cell migration assay. Cell migration assay was per-
formed in MCF-7 treated cells as presented in the ESI.†,61
5.3. In silico studies

5.3.1. DFT analysis. DFT computations were performed
utilizing Gaussian09W.01D soware at the B3LYP/6-
311G++(d,p) level of theory. For the evaluation of the reactivity
indices, electrostatic surface potential (ESP), and total electron
density of states (TDOS) of compound 14, GaussView5 and
GaussSum 3.0 programs were employed. These computational
resources played a crucial role in acquiring insightful data on
the reactivity and electronic attributes of compound 14, thereby
enriching the scope of our study.70

5.3.2. Docking studies. Docking was performed for the
thiadiazole derivatives against the VEGFR-2 protein by
MOE2014 soware.71 For a more comprehensive understanding
and detailed analysis, please refer to the ESI.†

5.3.3. MD simulation studies. A 200 nanosecond classical
molecular dynamics (MD) simulation was performed using
GROMACS 2021 to evaluate the stability of the VEGFR-2–
compound 22 complex and to analyze the interactions and
differences between the holo and apo structures. The input les
were created using the solution builder module of the
CHARMM-GUI web server.72 For a more comprehensive under-
standing and detailed analysis, please refer to the ESI.†

5.3.4. MM-GBSA. The binding affinity was evaluated using
the molecular mechanics-generalized born surface area (MM-
GBSA) approach, implemented through the gmx_MMPBSA
program.73 For a more comprehensive understanding and
detailed analysis, please refer to the ESI.†

5.3.5. PCAT and FEL analysis. Principal component anal-
ysis (PCA) was conducted on the mass-weighted covariance
matrix (C) of a specied subset of atoms. This analysis
35874 | RSC Adv., 2023, 13, 35853–35876
specically targeted the alpha carbons of amino acids spanning
from Glu826 to Leu1161, excluding the terminal amino acids.
The objective was to examine the collective motion observed in
molecular dynamics (MD) trajectories.74 In order to compare the
two trajectories, we generated plots based on the projection
onto the rst three eigenvectors, utilizing various combinations
of these eigenvectors.75 For a more comprehensive under-
standing and detailed analysis, please refer to the ESI.†

5.3.6. ADMET and toxicity studies. ADMET proles were
predicted for the thiadiazole derivatives and sorafenib by
Discovery Studio 4.0.76,77 For a more comprehensive under-
standing and detailed analysis, please refer to the ESI.†
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