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and in vitro anti-proliferative
evaluation of new pyridine-2,3-dihydrothiazole/
thiazolidin-4-one hybrids as dual CDK2/GSK3b
kinase inhibitors†

Asmaa F. Kassem,a Ashraf A. Sediek,b Mervat M. Omran,c Doaa S. Fodad

and Aisha A. K. Al-Ashmawy *d

Herein, themolecular hybridization drug discovery approach was used in the design and synthesis of twelve

novel pyridine-2,3-dihydrothiazole hybrids (2a,b–5a,b and 13a,b–14a,b) and fourteen pyridine-thiazolidin-

4-one hybrids (6a,b–12a,b) as anti-proliferative analogues targeting CDK2 and GSK3b kinase inhibition.

Almost all of the newly synthesized hybrids, including their precursors (1a,b), were evaluated for their

anti-proliferative activity against three human cancer cell lines—MCF-7, HepG2 and HEp-2—as well as

normal Vero cell lines. Both compounds 1a (pyridine-thiourea precursor) and 8a (pyridine-5-acetyl-

thiazolidin-4-one hybrid) exhibited excellent anti-proliferative activity against HEp-2 (IC50 = 7.5 mg mL−1,

5.9 mg mL−1, respectively). Additionally, 13a (pyridine-5-(p-tolyldiazenyl-2,3-dihydrothiazole)) hybrid

demonstrated excellent anti-proliferative activity against HepG2 (IC50 = 9.5 mg mL−1), with an acceptable

safety profile against Vero (<45% inhibition at 100 mg mL−1) in the cases of 8a and 13a alone. The three

promising anti-proliferative hybrids (1a, 8a, 13a) were selected for the assessment of their in vitro

inhibitory kinase activity against CDK2/GSK3b using roscovitine (IC50 = 0.88 mg mL−1) and CHIR-99021

(IC50 = 0.07 mg mL−1) as references, respectively. Compound 13a was the most potent dual CDK2/

GSK3b inhibitor (IC50 = 0.396 mg mL−1, 0.118 mg mL−1, respectively) followed by 8a (IC50 = 0.675 mg

mL−1, 0.134 mg mL−1, respectively), and the weakest was 1a. To elucidate the mechanism of the most

potent anti-proliferative 13a hybrid, further cell cycle analysis was performed revealing that it caused G1

cell cycle arrest and induced apoptosis. Moreover, it resulted in an increase in Bax and caspase-3 with

a decrease in Bcl-2 levels in HepG2 cells compared with untreated cells. Finally, in silico drug likeness/

ADME prediction for the three potent compounds as well as a molecular docking simulation study were

conducted in order to explore the binding affinity and interactions in the binding site of each enzyme,

which inspired their usage as anti-proliferative leads for further modification.
1 Introduction

Cancer is considered as the second largest cause of death and
has been redened as a broad category of various diseases.1

According to a recent report of the International Agency for
Research on Cancer (IARC), there were 10 million deaths and
19.5 million new cancer cases in 2020, and within 4 years,
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cancer is projected to become the rst cause of death.2 In
conventional cancer treatments, including chemotherapy,
radiotherapy and surgery, normal cells are observed to be badly
affected, which is a major concern. Additionally, the develop-
ment of multi-drug resistance to common chemotherapy pres-
ents a major challenge. All of these challenges prompted
healthcare providers to use targeted therapies as a safer choice.3

Protein kinase inhibitors (PKIs) provide the most attractive
targeted oncotherapy in clinical use and the development of
new cancer therapeutics, as they target the tumor cell micro-
environment and signalling cascades with a minimal negative
effect on normal cells.4,5 Protein kinases, with 538 proteins, are
classied into tyrosine, serine/threonine and dual-specicity
kinases, as they catalyse the transfer of the terminal phos-
phate in ATP to the target protein.6 This regulates and propa-
gates the growth cell signal followed by differentiation,
proliferation and apoptosis.6 Any disturbance in PK regulation
RSC Adv., 2024, 14, 31607–31623 | 31607
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View Article Online
will result in many diseases such as autoimmune, cardiovas-
cular, and neurological diseases as well as cancers. Conse-
quently, the development of PKIs may serve as a treatment
method for related diseases.7

The complicated nature of cancer implies the use of multi-
targeted kinase inhibitors, where a single compound targets
more than one kinase that were previously reported to have
cross-linked pathways (this is due to a certain percentage of the
ATP binding sites being conserved), in an attempt to obtain
a synergistic effect, with fewer side effects and to overcome drug
resistance.4,8,9

An example of the serine/threonine kinase family is the
cyclin-dependent kinases (CDKs), which are responsible for cell
cycle progression and control cellular division, proliferation,
gene transcription, protein synthesis and nally cell death.10

One of the CDK isoforms is CDK2, whose activation requires its
binding with one of its regulatory subunits cyclin A or E to be
able to share in the essential cellular processes.10 Furthermore,
various types of cancers, such as hepatic, pancreatic, ovarian,
melanoma, cervical and breast cancers, are linked to dysregu-
lation of CDK2 or its cyclins.11 Based on the promising
outcomes of marketed CDK2 inhibitors on tumour cells, CDK2
can be considered a valuable target in the drug discovery of
cancer-targeting therapeutics.12–14

Another example of the constitutive serine/threonine kinase
family is glycogen synthase kinase (GSK3), a multi-functioning
kinase, which controls glycogen metabolism as well as
involves in many cellular processes, including the cell cycle,
gene transcription, proliferation, metabolism and cell death
(including apoptosis and autophagy). It presents in two iso-
forms: GSK3a (alpha) and GSK3b (beta).15 Particularly, the
dysregulation in GSK3b activity was reported in neurological,
metabolic and neoplastic diseases.16 A literature survey revealed
that GSK3b is a valuable therapeutic target in more than twenty
types of malignancies.17 Moreover, there is growing evidence
that emphasizes the protective role of GSK3b inhibitors on
normal cells from the adverse side effects of conventional
tumour therapies and their important role in managing radio-
resistance and chemoresistance.18 Therefore, the design of
novel GSK3b inhibitors is considered a valuable approach in
tumour-targeting therapies.19

The molecular hybridization drug design approach is widely
used in medicinal chemistry research in which two or more
therapeutically active pharmacophores are combined to obtain
a novel single compound with an expected greater therapeutic
effect.20

Pyridine, as a core structure, has been found in a wide range
of pharmacologically active synthetic or natural compounds,
which has anti-proliferative,21 antimicrobial, and anti-hepatitis
B virus22 actions and is a promising candidate in the manage-
ment of cardiovascular disorders.23 When pyridine carbonitrile
was hybridized with methyl benzenesulfonamide in compound
A (Fig. 1), it afforded a CDK2 inhibitor with IC50 = 1.79 mM and
with anti-proliferative activity against MCF-7 with IC50 = 18.3
mM.24 In compound B, pyridine was hybridized with thiazolidin-
4-one-triazole-glycoside through an ethylidenehydrazono
spacer to afford a CDK2 inhibitor with IC50 = 0.18 mM and good
31608 | RSC Adv., 2024, 14, 31607–31623
anti-proliferative activity against HepG2 and MCF-7 with IC50 =

2.09 and 0.15 mM, respectively.25 Moreover, there are a lot of
promising pyridines incorporating GSK3b inhibitors in
different clinical phases, such as CHIR99021 (ref. 26) (pan
GSK3), AZD1080,27 and AZD2858,28 in addition to the newly re-
ported potent bi-pyridine single-digit GSK3b inhibitor in
compound C with IC50 = 3.4 nM.29

Compounds containing thiazole, dihydrothiazol or thiazoli-
dinone core have a wide range of therapeutic activities, such as
anticancer,30 antibacterial,31 antifungal,32 anticonvulsant33 and
anti-inammatory34 actions. SNS-032, with thiazole as a central
core structure, is a potent and selective CDK2 inhibitor with
IC50 = 48 nM.35 The 4-thiazolidinone compound D showed
CDK2 inhibitory activity with IC50 = 0.63 mM and induced
apoptosis in the MCF-7 cell line.36 A potent selective GSK3b
inhibitor incorporating a thiazolidinedione core structure is
tideglusib with IC50 = 60 nM.37 New compounds E and F with
a thiazolidinedione core structure and hydrazono linker were
reported as GSK3b inhibitors with IC50 = 180 and 0.71 mM,
respectively29 (Fig. 1).

Based upon the aforementioned ndings, we designed
a series of twenty-six novel pyridine-2,3-dihydrothiazole and
pyridine-thiazolidin-4-one hybrids through an ethyl-
idenehydrazono spacer, as presented in Fig. 2. The newly
synthesized derivatives were evaluated for their anti-
proliferative activities against hepatocellular, breast and laryn-
geal carcinoma cell lines, which were previously reported to
overexpress CDK2 (ref. 38–40) and GSK3b41–43 as well as were
evaluated against the normal African green monkey kidney cell
line in order to detect their safety limits. The promising
compounds were investigated for their in vitro inhibition of
CDK2/cyclin A and GSK3b, as well as their effect on the cell
cycle, apoptosis, caspase-3, Bax and Bcl-2 proteins. An in silico
study of the promising compounds was performed, including
ADME and molecular docking in the ATP-binding pocket of
CDK2 and GSK3b, to predict the binding affinity and binding
interactions with the amino acid residues in the active sites.

2 Results and discussion
2.1. Chemistry

The current work synthesized two kinds of substituted 1,3-
thiazoles, 1 and 2, connected to the pyridine moiety (Scheme 1).

A facile synthesis of the key (E)-2-(1-(pyridin-2-yl)ethylidene)
hydrazine-1-carbothioamide 1a was prepared via the reaction of
2 acetyl pyridine with thiosemicarbazide in the presence of
conc. HCl following a previously described method.44 The alkyl
thiosemicarbazide derivative 1b was synthesized with high
yields through the reaction of 2 acetyl pyridine with ethyl thio-
semicarbazide in the presence of a catalytic amount of HCl
following a previously described method.45 The Hantzsch
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Promising CDK2 inhibitors and GSK3b inhibitors.
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reaction of thiosemicarbazones derivatives 1a,b with chlor-
oacetone, chloroacetyl acetone, phenacyl bromide, or 4-bromo
phenacyl bromide in absolute ethanol and fused sodium
acetate under reux led to the new pyridine-2,3-dihydrothiazole
derivatives 2a,b–5a,b, respectively (Scheme 1). Compounds 4a
and 5a were prepared using a previously described method.46,47
1H NMR spectra of compounds 2b, 3b, 4b, and 5b contained no
signals of the NH groups recorded in the ethyl-
thiosemicarbazide derivatives of their precursors. Compounds
2a, 2b, 4b and 5b demonstrated the singlet attributed to the CH
Fig. 2 The newly designed pyridine-2,3-dihydrothiazole and pyridine-th

© 2024 The Author(s). Published by the Royal Society of Chemistry
of the thiazole ring at 6.04–6.44 ppm. The IR spectra for the
previous derivatives 3a and 3b showed the presence of
a carbonyl group as evidence for the formation of the new
derivatives at 1632 and 1625 cm−1. Moreover, the 13C NMR
spectra for derivatives 3a and 3b showed characteristic signals
for C]O at 190.95 ppm.

The reaction of thiosemicarbazone derivatives 1a and 1b
with ethyl bromoacetate, ethyl-2-bromopropionate or ethyl-2-
chloroacetoacetate prepared pyridin-2-yl-thiazolidin-4-one
derivatives 6a,b–8a,b, respectively (Scheme 2). Compound 6a
iazolidin-4-one hybrids using a molecular hybridization approach.

RSC Adv., 2024, 14, 31607–31623 | 31609
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Scheme 1 Synthesis of pyridin-2-yl-2,3-dihydrothiazole hybrids (2a,b–5a,b).

Scheme 2 Synthesis of pyridin-2-yl-thiazolidin-4-one hybrids (6a,b–8a,b).

31610 | RSC Adv., 2024, 14, 31607–31623 © 2024 The Author(s). Published by the Royal Society of Chemistry
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was prepared using a previously described procedure.25 The IR
spectrum of compound 6b exhibited bands at 1715 cm−1 (C]
O). The 1H NMR spectra of compounds 7a and 7b exhibited the
quartet of CH of the thiazole ring at 4.13 and 4.22 ppm. The 1H
NMR spectra of 8a and 8b exhibited the singlet signal of CH of
the thiazole ring at 4.17 and 4.17 ppm. The 13C NMR spectra of
hydrazonothiazolidin-4-one derivatives 6b–8a,b showed char-
acteristic signals for C]O at 170.64–176.23 ppm.

Thiosemicarbazones 1a and 1b were allowed to react with
ethyl bromoacetate and an equimolar amount of an appropriate
aromatic aldehyde, 4-uorobenzaldehyde, 4-chlor-
obenzaldehyde, 4-methoxybenzaldehyde, or 3,4-dimethox-
ybenzaldehyde, in the presence of a mixture of glacial acetic
acid and anhydrous sodium acetate. The pyridin-2-yl-5-
substituted benzylidene-thiazolidin-4-one derivatives 9a,b–
12a,b were obtained in 70–80% yields. Another pathway for the
formation of compounds 9a,b–12a,b was based on the reaction
of compounds 6a and 6b with aromatic aldehydes in the pres-
ence of a mixture of glacial acetic acid and anhydrous sodium
acetate (Scheme 3). The 13C NMR spectra of compounds 9a,b–
12a,b revealed the presence of a characteristic CH benzylic
peak, recorded from their precursor thiosemicarbazide deriva-
tives 1a and 1b at 142.91–143.72 ppm.

Pyridin-2-yl-5-diazenyl-2,3-dihydrothiazole derivatives
13a,b–14a,b were formed by the reaction of compounds 1a and
1b and an appropriate hydrazonoyl chloride in absolute ethanol
catalyzed by TEA (Scheme 3). Compound 14a was prepared by
a procedure described earlier.48 Mass spectra of compounds
Scheme 3 Synthesis of pyridin-2-yl-5-substituted benzylidene-thiazol
zenyl-2,3 dihydrothiazole hybrids (13a,b–14a,b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
13a, 13b and 14b displayed molecular ion peaks at m/z 350, 378
and 398, respectively.
2.2. Biological evaluation

2.2.1. In vitro anti-proliferative assay. The twenty-six
compounds, including the 2 precursors 1a and 1b, were evalu-
ated for their anti-proliferative activity against three cancer cell
lines: human hepatocellular carcinoma cell line (HepG2),
human breast carcinoma cell line (MCF-7) and human laryngeal
carcinoma cell line (HEp-2) as well as one normal cell line (the
African green monkey kidney cell line (Vero)) using the
sulforhodamine-B (SRB) method.49

Firstly, the % inhibition at a single concentration (100 mg
mL−1) of all the tested compounds was assessed. Only the
promising compounds that exhibited % inhibition > 75% at 100
mg mL−1 in the cancer cell lines and % inhibition < 45% against
normal Vero cells were evaluated for IC50 (the concentration
that produces 50% inhibition of cell growth). The cells were
treated at different concentrations (0, 5, 12.5, 25 and 50 mg
mL−1) of compounds 1a, 8a and 13a together with doxorubicin
as a reference, as shown in Table 1 and Fig. 3. For each
compound, its IC50 was calculated using dose–response curve-
tting models (GraphPad Prism soware, version 5).

By inspecting the tabulated results, it was found that three
compounds possessed excellent anti-proliferative activity (>75%
inhibition): 1a and 8a against HEp-2 in addition to 13a against
HepG2. Fortunately, compounds 8a (5-acetyl-thiazolidin-4-one
derivative) and 13a (5-(p-tolyldiazenyl-2,3-dihydrothiazole
idin-4-one hybrids (9a,b–12a,b) and synthesis of pyridin-2-yl-5-dia-

RSC Adv., 2024, 14, 31607–31623 | 31611
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Table 1 In vitro anti-proliferative activity of twenty-six final
compounds against three human cancer cell lines MCF-7, HepG2,
HEp-2 and a normal Vero cell line at a single concentration of 100 mg
mL−1a

a Vero: normal African green monkey kidney cell line; HepG2: human
liver carcinoma cell line; HEp-2: human laryngeal carcinoma cell line;
MCF-7: human breast carcinoma cell line. Values are the means ± SD
of three independent experiments performed in triplicate. Yellow:
excellent effect (>75% inhibition), orange: good activity (>70%
inhibition), not highlighted moderate effect (50–70% inhibition) and
brown: weak activity.
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derivative) showed a good safety prole against the normal Vero
cells (<45% inhibition) with higher selectivity towards HEp-2
and HepG2 cancer cell lines, respectively, which was not the
case in compound 1a, the pyridine-thiourea precursor (Fig. 3C).
Moreover, compound 13a exhibited good anti-proliferative
activity against HEp-2 (70.98% inhibition). However, the pres-
ence of an N-ethyl moiety in the 2,3-dihydrothiazole derivative
13b resulted in a decrease in anti-proliferative activity against
HepG2 andHEp-2, along with higher toxicity against the normal
Vero cell line. The two pyridine-2,3-dihydrothiazole derivatives
Fig. 3 Cytotoxicity of the promising compounds: (A) 1a, 8a against the H
the Vero cell line after 48 h. The values represents the means ± SD of th

31612 | RSC Adv., 2024, 14, 31607–31623
2a and 5b showed weak anti-proliferative activities against MCF-
7 with 41.17% and 47.79%, respectively, in the whole series.
However, 2a showed good anti-proliferative activity against
HepG2 (72.03%) and HEp-2 (70.80%). The presence of N-ethyl-
2,3-dihydrothiazole derivative 2b showed good % inhibition
against MCF-7 (70.58%) and retained a good % inhibition
against HEp-2 (70.44%) as 2a. In addition to compound 2b, in
the whole series, compounds 3b (5-acetyl-2,3-dihydrothiazole
derivative), 7a (5-methyl-thiazolidin-4-one derivative), 9b and
10a (5-substituted-benzylidene-thiazolidin-4-one derivatives)
showed good anti-proliferative activity against MCF-7 (>70%
inhibition). The rest of the compounds (excluding 2a and 5b)
showed moderate anti-proliferative activity (50–70% inhibi-
tion). Regarding the HepG2 cell lines, all of the tested
compounds showed moderate cytotoxic activity, except that 13a
was excellent and 2a and 5a showed good activity. In the case of
HEp-2, for the anti-proliferative activity of the tested
compounds, two compounds 1a and 8a showed excellent
inhibitory activity, and 14 compounds showed good inhibitory
activity, namely 2a, 2b, 3a, 3b (2,3-dihydrothiazole derivatives)
6b, 7a, 7b, 8b (thiazolidin-4-one derivatives), 9b, 10a, 11a, 11b,
12a (5-substituted-benzylidene-thiazolidi-4-one), and 13a (5-(p-
tolyldiazenyl-2,3-dihydrothiazole derivative). The rest of the
compounds showed moderate cytotoxic activity.

As presented in the dose–response curves (Fig. 3A–C),
compounds 8a and 1a showed anticancer activity against the
HEp-2 cell line with IC50 of 5.9 and 7.5 mg mL−1, respectively.
Conversely, compound 13a showed anticancer activity against
HepG2 with IC50 = 9.5 mg mL−1.

2.2.2. Determination of the oxidative stress of promising
compounds 8a and 13a. The cells of HEp-2 and HepG2 were
cultured in T75 asks for 24 h and were then treated with IC50 of
compounds 8a and 13a, respectively, for 48 h. The medium was
collected in order to measure the total nitrate/nitrite (NOx)
using the Miranda method.50 Moreover, the cell pellets of both
treated cells and the control were collected from the ask by
trypsinization and used to assess the reduced glutathione (GSH)
following the Ellman method.51 The protein concentration in
the medium and cell lysate was assessed using Bradford
method.52

As depicted in Fig. 4A, compounds 8a and 13a signicantly
increased the NOx level compared to untreated cells by 19% and
25%, respectively. Moreover, there was a slight reduction in the
GSH content by 14% in HEp-2 and a signicant reduction in the
GSH level in HepG2 cells by 33% compared to untreated cells
Ep-2 cell line; (B) 13a against the HepG2 cell line; (C) 1a, 8a, 13a against
ree independent experiments performed in triplicate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of treatment with 8a and 13a on oxidative stress and antioxidants in HEp-2 and HepG2 cell lines, respectively: NOx (A), GSH level (B).
Data are expressed asmeans± SD of two independent experiments. *Compounds are significantly different from the control group at a P value <
0.05.
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(Fig. 4B). It was noticed that the production of reactive oxygen
species (ROS) was elevated aer treatment with 8a and 13a,
resulting in the induction of nuclear damage, which might also
lead to an increase in apoptotic protein expression. Therefore, it
can be concluded that 8a and 13a possess strong chemo-
preventive potential.

2.2.3. In vitro enzymatic inhibitory evaluation against
CDK2 and GSK3b. The three promising compounds in terms of
anti-proliferative activity, namely 1a (pyridine-thiourea)
precursor, 8a (5-acetyl-thiazolidin-4-one) derivative and 13a (5-
(p-tolyldiazenyl-2,3-dihydrothiazole)) derivative were chosen for
a study of in vitro enzymatic inhibitory activity against CDK2/
cyclin A53 and GSK3b.54 The assay kits for each enzyme were
purchased from the Bioscience Company. The Kinase-Glo
reagent was purchased from Promega. This luminescent
kinase assay technique detects the ATP released from the kinase
reaction, which is converted to light and can be detected spec-
trophotometrically. The IC50 values (mg mL−1) are described in
Table 2 In vitro enzymatic inhibitory activity of the three promising
cytotoxic compounds 1a (pyridine-thiourea) precursor, 8a (5-acetyl-
thiazolidin-4-one) derivative and 13a (5-(p-tolyldiazenyl-2,3-dihy-
drothiazole)) derivative against CDK2/cyclin A and GSK3ba

Cpd

IC50 (mean � SEM) (mg mL−1)

CDK2/cyclin A GSK3b

1a 3.25 0.438
8a 0.675 0.134
13a 0.396 0.118
Roscovitine 0.88 —
CHIR-99021 — 0.07

a IC50: compound concentration necessary to inhibit the enzyme activity
by 50%; SEM: standard error of the mean; each value is the mean of
three values; (—) not detected.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Table 2 using roscovitine and CHIR-99021 as references,
respectively.

According to the results in Table 2, compounds 13a and 8a
showed stronger inhibitory activity against CDK2/cyclin A by 2.2
fold and 1.3 fold compared with roscovitine. Unfortunately, 1a
(the pyridine-thiourea) precursor exhibited the weakest activity
with roscovitine demonstrating more than 3.5 times its inhib-
itory activity. In the case of GSK3b inhibitory activity, the three
tested compounds showed moderate inhibitory activity, with
13a and 8a showing approximately twice the CHIR-99021
inhibitory activity. However, 1a showed very weak inhibitory
activity with the reference drug showing nearly six times its
inhibitory activity. Thus, it can be concluded that 13a exhibited
anti-proliferative activity against HepG2 by acting as a dual
CDK2 (strong)/GSK3b (moderate) inhibitor. Moreover, 8a
showed anti-proliferative activity against HEp-2 by acting as
a dual CDK2/GSK3b inhibitor but was slightly weaker than 13a.
The pyridine-thiourea precursor 1a showed excellent anti-
proliferative activity against HEp-2 but was the weakest dual
CDK2/GSK3b inhibitor.

2.2.4. Cell cycle analysis and apoptosis of compound 13a.
To investigate whether compound 13a (pyridine-5-(p-
tolyldiazenyl-2,3-dihydrothiazole)) derivative induced its cyto-
toxic effect via apoptosis, HepG2 cells were treated with 9.5 mg
mL−1 (IC50) for 24 h. The cells were then stained with an
annexin V/PI commercial kit (Becton Dickenson, Franklin
Lakes, NJ, USA) according to the manufacturer's instructions
and screened through ow cytometry (Fig. 5–7). Cell cycle
phases were determined using a uorescent dye to stain the
DNA followed by measuring its intensity. Staining of DNA
displays a clear differentiation of the cells in different stages,
such as the G0/G1 phase, S, G2 and M phases, in addition to the
evaluation of aneuploid sets of cells. Cell cycle analysis was
performed with a Beckman Coulter (Brea, CA, USA) analyzer.55
RSC Adv., 2024, 14, 31607–31623 | 31613
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Fig. 5 Cell cycle analysis and the effect of the pyridine-5-(p-tolyldiazenyl-2,3-dihydrothiazole) hybrid 13a on the percentage of V-FITC-positive
annexin staining in HepG2 cells compared with the control.

Fig. 6 Cell cycle analysis of pyridine-5-(p-tolyldiazenyl-2,3-dihy-
drothiazole) hybrid compound 13a.

Fig. 7 Apoptotic activity of pyridine-5-(p-tolyldiazenyl-2,3-dihy-
drothiazole) hybrid compound 13a.

31614 | RSC Adv., 2024, 14, 31607–31623
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As presented in Fig. 6, compound 13a caused cell accumu-
lation of 59.62% in the G0–G1 phase compared with untreated
HepG2 cells. Therefore, compound 13a caused G1 cell cycle
arrest. Moreover, there was an elevation in the total number of
apoptotic cells by 31.77% compared with 1.82% for the DMSO
control, as shown in detail in Fig. 6 (% of early and late
apoptosis). Additionally, it is noticeable that the % of necrotic
cells was 3.25% in 13a-treated HepG2 cells compared with
1.18% in the DMSO control. All of these results pointed to the
ability of compound 13a to induce apoptosis.

2.2.5. The effect of compounds 13a on the levels of Bax,
Bcl-2 and caspase-3 in HepG2 cells. Apoptosis is performed by
two main routes. The rst is the mitochondrial (intrinsic) route,
which is regulated by pro-apoptotic Bax and anti-apoptotic Bcl-2
proteins. The second is the cytoplasmic (extrinsic) route, which
is controlled by cell surface death receptors, such as FAS, TNF-
a and TRAIL (TNF-related apoptosis inducing ligand). Both
routes lead to the activation of caspases (such as caspase-3 or
the executer protein) by enhancing permeability in the mito-
chondrial outer membrane and the release of mitochondrial
proteins, such as cytochrome c and DIABLO/Smac proteins, in
the cell cytoplasm. Besides these previous steps, condensation
of chromatin and DNA fragmentation are performed during
apoptosis causing cell destruction.56,57

In the present study, major apoptotic parameters were eval-
uated to trace the anti-proliferative (or apoptosis induction)
effect of compound 13a on HepG2 cancer cells. The gene
expression of the pro-apoptotic protein Bax58 and the anti-
apoptotic protein Bcl-2 (ref. 59) in addition to the death
protein caspase-3 (ref. 60) were evaluated using the RT-PCR
technique.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The effect of compound 13a on Bax, Bcl-2 and caspase 3

Compound Cells

RT-PCR fold change

Bax Bcl-2 Caspase 3

13a/HepG2 HepG2 4.337 0.303 4.916
Control HepG2 HepG2 1 1 1
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As shown in Table 3, aer the treatment of HepG2 cells with
9.5 mg mL−1 (IC50) for 24 h, there was a 4.33-fold increase in Bax
protein and a decrease in Bcl-2 protein by a value equal to 0.3
fold in 13a/HepG2 treated cells compared to the control
untreated HepG2 cancer cells. Additionally, an increase in the
caspase-3 gene expression by a value equal to 4.9 fold was
observed in 13a/HepG2 compared to its corresponding control.
These results pointed to the impact of compound 13a in
inducing apoptosis in the HepG2 cancer cell.
2.3. In silico study of promising compounds 1a, 8a and 13a

Based on the promising in vitro biochemical screening results,
three compounds were selected for further in silico study
Table 4 SwissADME predictions of drug likeness (Lipinski rule) with oth
compounds 1a, 8a and 13aa

Compound

Lipinski rules

MW
# 500

HB acceptor
# 10

HB donor
# 5 TPSA

M
#

1a 194.26 2 2 95.39 −0
8a 276.31 5 1 109.08 −0
13a 350.44 5 1 106.36 2

a MW: molecular weight # 500; log P: lipophilicity < 4.15; HBA: hydrogen
polar surface area) 20–130 Å2.

Fig. 8 Boiled-egg plot from the SwissADME website for compounds 1a

© 2024 The Author(s). Published by the Royal Society of Chemistry
comprising ADME prediction and a docking study in the ATP
binding pocket of CDK2 and GS3Kb.

2.3.1. In silico prediction of drug likeness, ADME studies.
Predictions of some physicochemical properties and pharma-
cokinetic parameters (including absorption, distribution,
metabolism and excretion) of promising compounds 1a, 8a, and
13a were estimated using the SwissADME website (https://
www.swissadme.ch),61 as demonstrated in Table 4 and Fig. 7.

Favourably, the three tested compounds were predicted to
full the Pzer Lipinski rule of ve without any violation.62

Additionally, the water solubility was predicted as having Ali log
S scale values ranging from#10 insoluble to #2 soluble, where
1a and 8a were very soluble and 13a showed moderate solu-
bility.63 According to Fig. 8, the boiled-egg plot64 showed that the
three compounds were expected to be highly absorbed from the
gastrointestinal tract and would not cross the blood–brain
barrier, and they were not expected to be a substrate for the
efflux transporter P-glycoprotein.

2.3.2. Molecular docking simulation study. For deeper
visualization of the binding energy scores and interactions of
the three promising compounds 1a, 8a and 13a in the ATP-
binding pocket of both enzymes CDK2 and GSK3b, a molec-
ular docking simulation study was carried out using Autodock
er physicochemical properties including water solubility (Ali log S) for

Violation Water solubility

LOGP
4.15

Rotatable bonds
# 9 Yes or 0 Ali log S Ali class

.14 3 0 −2.31 Very soluble

.14 3 0 −2.31 Very soluble

.19 4 0 −6.33 Moderate

bond acceptor # 10; HBD: hydrogen bond donor # 5; TPSA (topological

, 8a and 13a.

RSC Adv., 2024, 14, 31607–31623 | 31615

https://www.swissadme.ch
https://www.swissadme.ch
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06146b


Table 5 The binding affinity (kcal mol−1) for the three promising
compounds 1a, 8a and 13a and the native ligands in the CDK2 and
GSK3b kinase domain

Compound
Binding affinity
(kcal mol−1) CDK2

Binding affinity
(kcal mol−1) GSK3b

1a −6.4 −5.5
8a −8.2 −7.8
13a −8.6 −8.0
AZD5438 −8.6 —
2WF — −8.6

Fig. 10 2D binding interactions of compound 8a in CDK2.
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Vina Wizard PyRx (https://pyrx.sourceforge.io/)65 following
a previously reported method.66 The Protein Data Bank
(https://www.rcsb.org/) was the source of the downloaded 3D
structure of the targeted kinase co-crystallized with a native
ligand inhibitor as follows: CDK2 (PDB ID 6GUH)67 and
GSK3b (PDB ID 4PTE).68 The YASARA energy minimization
server69 was used aer protein preparation for kinase energy
Fig. 9 (A) 2D binding interactions of compound 13a in CDK2 (PDB ID 6GU
CDK2 (PDB ID 6GUH) in tint sticks.

31616 | RSC Adv., 2024, 14, 31607–31623
minimization. For validation of the docking process, the
native ligand was re-docked in each kinase with the tested
compounds, where the RMDS was 0.1 and 0.2 Å, respectively.
Biovia Discovery Studio 2021 (https://discover.3ds.com/) was
H), (B) 3D structure of 13a (pink) superimposed with AZD5438 (pink) in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 2D binding interactions of compound 1a in CDK2.

Fig. 12 (A) 2D binding interactions of compound 13a in GSK3b (PDB ID 4
GSK3b (PDB ID 4PTE) in tint sticks.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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used in reporting the 2D and 3D binding interactions. The
binding affinities of the tested compounds and the native
ligand are tabulated in Table 5.

In the CDK2 ATP binding site, it was predicted that 13a had
the highest binding affinity (−8.6 kcal mol−1), which was
similar to that of the native ligand AZD5438 (−8.6 kcal mol−1),
followed by 8a (−8.2 kcal mol−1). Both were superior to 1a
(−8.2 kcal mol−1), the pyridine thiourea precursor (Table 5).
Regarding the binding interactions (Fig. 9A and B), compound
13a formed two hydrogen bonds with Leu83 (2.06 Å) and His84
(2.10 Å) considering that the interaction with Leu83 in the hinge
region is essential, as previously reported. Additionally, there
were several hydrophobic interactions, including pi–pi inter-
action with Phe80 (5.61 Å), pi–sigma interaction with Ile10 (3.5
Å), several pi–alkyl interactions and van der Waals interactions
(Fig. 9A). In Fig. 9B, compound 13a was typically superimposed
over AZD5438 with the pyridine ring extension in the binding
PTE); (B) 3D structure of 13a (yellow) superimposed with 2WF (cyan) in

RSC Adv., 2024, 14, 31607–31623 | 31617
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Fig. 14 2D binding interactions of compound 1a in GSK3b (PDB ID
4PTE).
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site forming more hydrophobic interactions, which may
increase the stability of the compound in the pocket. In Fig. 10,
compound 8a formed two hydrogen bonds one with the
essential Leu83 (2.08 Å) and the other with Lys20 (2.02 Å), in
addition to hydrophobic alkyl and van der Waals interactions.
Compound 1a formed three hydrogen bonds with Ile10 (2.74 Å),
Asp86 (2.40 Å) and Gln131 (2.21 Å) with the NH of the thiourea
moiety, highlighting the previously reported essential Asp86
interaction in the hinge region, but this interaction was not
sufficient to potently inhibit CDK2 (Fig. 11).

In conclusion, the docking simulation study coincides with
the in vitro enzymatic assay, which pointed out that 13a was the
most potent CDK2 inhibitor among the tested compounds fol-
lowed by 8a and the pyridine thiourea precursor 1a was the
weakest. Therefore, hybridization of the pyridine core structure
with 2,3-dihydrothiazole (13a) or thiazolidin-4-one (8a) through
an ethylidenehydrazono spacer was signicant for CDK2
inhibitory activity.

In the GSK3b ATP binding site, it was predicted that 13a had
the highest binding affinity (−8.0 kcal mol−1) but less than that
of the native ligand 2WF (−8.6 kcal mol−1), followed by 8a
(−7.8 kcal mol−1). Both were superior to 1a (−5.5 kcal mol−1),
the pyridine thiourea precursor (Table 5).

It was reported that 2WF formed hydrogen bonds with Lys85
and Val135. Unlikely compound 13a formed hydrophobic
interactions with Lys85 and Val135 and instead formed two
hydrogen bonds with Asn64 (2.28 Å and 2.66 Å). There were
several hydrophobic interactions exemplied in pi–sigma
interaction with Leu188 (3.93 Å), pi–anion interaction with
Asp200 (4.62 Å), many pi–alkyl and van der Waals interactions,
as presented in Fig. 12A. Compound 13a was slightly super-
imposed, mainly the 5(p-tolyldiazenyl)-2,3-dihydrothiazole
moiety, over the native ligand 2WF, which might explain the
slight decrease in its binding affinity (Fig. 12B). It was predicted
that compound 8a would keep the essential hydrogen bond
between thiazolidin-4-one carbonyl and Lys85 (3.06 Å) with alkyl
and van der Waals hydrophobic interactions (Fig. 13).
Conversely, although 1a possessed three hydrogen bonds two of
which were with the essential Val135, it was the weakest GSK3b
Fig. 13 2D binding interactions of compound 8a in GSK3b (PDB ID
4PTE).

31618 | RSC Adv., 2024, 14, 31607–31623
inhibitor in the tested set (Fig. 14). Depending on the agreement
of the docking study results with the in vitro GSK3b inhibitory
screening results, the importance of pyridine hybridization with
2,3-dihydrothiazole (13a) and with thiazolidin-4-one (8a)
through an ethylidenehydrazono spacer was highlighted for
affording a GSK3b inhibitor.
3 Conclusions

In this research, twenty-six novel hybrids were designed and
synthesized as follows: pyridin-2-yl-2,3-dihydrothiazoles (2a,b–
5a,b), pyridin-2-yl-thiazolidin-4-ones (6a,b–8a,b), pyridin-2-yl-5-
substituted benzylidene-thiazolidin-4-ones (9a,b–12a,b) and
pyridin-2-yl-5-diazenyl-2,3-dihydrothiazoles (13a,b–14a,b) as
dual CDK2/GSK3b inhibitors. Almost all of the synthesized
compounds including their precursors 1a and 1b were in vitro
screened for anti-proliferative activity against MCF-7, HepG2,
and HEp-2 cancer cell lines and the Vero normal cell lines.
Compound 8a (pyridine-5-acetyl-thiazolidin-4-one) hybrid
exhibited excellent anti-proliferative activity against HEp-2, and
13a (pyridine-5-(p-tolyldiazenyl-2,3-dihydrothiazole)) hybrid
possessed excellent anti-proliferative activity against HepG2
with an acceptable safety prole against normal cells. Addi-
tionally, 1a (pyridine thiourea) precursor showed excellent anti-
proliferative activity against HEp-2, but it negatively affected
normal cells. The three promising anti-proliferative compounds
1a, 8a and 13a were evaluated for inhibitory activity against
CDK2 and GSK3b using roscovitine and CHIR-99021 as refer-
ences, respectively. Compound 13a was the most potent dual
CDK2/GSK3b inhibitor followed by 8a, and the weakest was 1a.
Further study of compound 13a revealed that it caused G1 cell
cycle arrest and induced apoptosis. Moreover, it caused an
increase in Bax and caspase-3 levels with a decrease in Bcl-2
levels in HepG2. Finally, an in silico study of the three prom-
ising compounds predicted an acceptable drug likeness and
ADME proles. The molecular modelling simulation results
were in agreement with the in vitro kinase inhibitory results and
highlighted the importance of pyridine hybridization with 2,3-
dihydrothiazole (13a) and with thiazolidin-4-one (8a) through
an ethylidenehydrazono spacer for dual CDK2/GSK3b inhibitory
activity. These might act as promising leads which may be
subjected to further modication for better anti-proliferative
activity in future work.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Experimental
4.1. Chemistry

4.1.1. Synthesis of 2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)-2,3-dihydrothiazole derivatives (2a,b–5a,b). A
mixture of compounds 1a and 1b (10 mmol) in absolute ethanol
(20 mL) with anhydrous sodium acetate (20 mmol), chlor-
oacetone, chloroacetylacetone, phenacyl bromide, or p-bromo
phenacyl bromide (10 mmol) was reuxed for 10 hours.
Following cooling, the precipitate was ltered out, repeatedly
cleaned with water, dried, and recrystallized from absolute
ethanol to provide the appropriate thiazole derivative.

(E)-4-Methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)-2,3-
dihydrothiazole (2a). Yield 88%; mp (110–112) °C. Analysis for
C11H12N4S (232.31) calcd: % C, 59.87; H, 5.21; N, 24.12; S, 13.80.
Found: % C, 59.85; H, 5.26; N, 24.21; S, 13.84. IR (cm−1, KBr):
3344 (NH), 1551 (C]N). 1H NMR (DMSO-d6, d, ppm): 2.15 (s,
3H, CH3), 2.34 (s, 3H, CH3), 6.36 (s, 1H, CH thiazole), 7.31 (1H, t,
Ar–H), 7.77 (1H, t, Ar–H), 7.96 (1H, d, Ar–H), 8.52 (1H, m, Ar–H),
11.24 (1H, s, NH). 13C NMR (DMSO-d6, d, ppm): 15.16 (CH3),
19.64 (CH3), 99.63 (CH2 thiazole), 122.54, 126.30, 135.99,
147.99, 153.48, 153.92, 158.85 (Ar–C + C1, C4 thiazole), 164.57
(C]N). MS m/z (RA%): 232 (M+) (34%).

(E)-3-Ethyl-4-methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)-2,3-dihydrothiazole (2b). Yield 80%; mp (87–89) °C.
Analysis for C13H16N4S (260.36) calcd: % C, 59.97; H, 6.19; N,
21.52; S, 12.31. Found: % C, 59.89; H, 6.21; N, 21.43; S, 12.45. IR
(cm−1, KBr): 1554 (C]N). 1H NMR (DMSO-d6, d, ppm): 1.21 (t,
3H, CH3), 2.15 (s, 3H, CH3), 2.37 (s, 3H, CH3), 3.88 (q, 2H, CH2),
6.04 (s, 1H, CH thiazole), 7.28 (H, t, Ar–H), 7.74 (H, t, Ar–H), 8.02
(H, d, Ar–H), 8.52 (H, d, Ar–H). 13C NMR (DMSO-d6, d, ppm):
13.46 (CH2CH3), 13.63 (CH3), 13.99 (CH3), 40.59 (CH2CH3),
97.44 (CH2 thiazole), 120.15, 123.54, 136.55, 149.06, 154.96,
156.85 (Ar–C + C1, C4 thiazole), 169.87 (C]N). MS m/z (RA%):
260 (M+) (3.55%).

1-((E)-4-Methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)-
2,3-dihydrothiazol-5-yl)ethan-1-one (3a). Yield 75%; mp (115–
117) °C. Analysis for C13H14N4OS (274.34) calcd: % C, 56.92; H,
5.14; N, 20.42; S, 11.69. Found: % C, 56.89; H, 5.11; N, 20.39; S,
11.59. IR (cm−1, KBr): 3378 (NH), 1623 (C]O), 1551 (C]N). 1H
NMR (DMSO-d6, d, ppm): 2.36 (s, 6H, CH3, COCH3), 2.39 (s, 3H,
CH3), 7.34 (1H, t, Ar–H), 7.80 (1H, t, Ar–H), 7.82 (1H, d, Ar–H),
8.02 (1H, d, Ar–H), 11.82 (1H, s, NH). 13C NMR (DMSO-d6, d,
ppm): 14.11 (CH3), 19.09 (CH3), 25.46 (CH3CO), 105.77, 122.05,
127.09, 136.69, 149.03, 155.16, 158.34, 158.38 (Ar–C), 164.74
(C]N), 190.95 (C]O). MS m/z (RA%): 274 (M+) (32%).

1-((E)-3-Ethyl-4-methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)-2,3-dihydrothiazol-5-yl)ethan-1-one (3b). Yield 75%;
mp (166–168) °C. Analysis for C15H18N4OS (302.40) calcd: % C,
59.58; H, 600; N, 18.53; S, 10.60. Found: % C, 59.54; H, 603; N,
18.56; S, 10.57. IR (cm−1, KBr): 1625 (C]O), 1556 (C]N). 1H
NMR (DMSO-d6, d, ppm): 1.18 (t, 3H, CH3), 2.20, 2.22 (s, 6H,
CH3, COCH3, CH3), 2.41 (s, 3H, CH3), 3.94 (q, 2H, CH2), 7.38
(1H, t, Ar–H), 7.84 (1H, t, Ar–H), 7.38 (1H, d, Ar–H), 8.06 (1H, d,
Ar–H), 8.37 (1H, s, NH). 13C NMR (DMSO-d6, d, ppm): 7.38
(CH3), 13.21 (CH2–CH3), 20.45 (CH3), 25.56 (CH3CO), 42.26
© 2024 The Author(s). Published by the Royal Society of Chemistry
(CH2–CH3), 106.10, 122.03, 127.09, 136.69, 149.12, 155.16,
158.34, 158.38 (Ar–C), 164.91 (C]N), 190.95 (C]O). MS m/z
(RA%): 302 (M+) (100%).

(E)-3-Ethyl-4-phenyl-2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)-2,3-dihydrothiazole (4b). Yield 65%; mp (97–99) °C.
Analysis for C18H18N4S (322.43) calcd: % C, 67.05; H, 5.63; N,
17.38; S, 9.94. Found: % C, 67.15; H, 5.66; N, 17.40; S, 9.96. IR
(cm−1, KBr): 1555 (C]N). 1H NMR (DMSO-d6, d, ppm): 1.14 (t,
3H, CH3), 2.43 (s, 3H, CH3), 3.81 (q, 2H, CH2), 6.40 (s, 1H, CH
thiazole), 7.43–8.56 (8H, m, Ar–H). 13C NMR (DMSO-d6, d, ppm):
13.45 (CH2–CH3), 14.11 (CH3), 39.59 (CH2–CH3), 109.34, 121.08,
125.23, 129.14, 129.18, 132.06, 136.07, 144.70, 149.43, 153.96,
157.79 (ArC), 164.91 (C]N), MS m/z (RA%): 322 (M+) (34%).

(E)-4-(4-Bromophenyl)-3-ethyl-2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)-2,3-dihydrothiazole (5b). Yield 65%; mp (106–108) °
C. Analysis for C18H17BrN4S (401.33) calcd: % C, 53.87; H,
4.27; N, 13.96; S, 7.99. Found: % C, 53.84; H, 4.27; N, 13.91; S,
7.93. IR (cm−1, KBr): 1557 (C]N). 1H NMR (DMSO-d6, d, ppm):
1.14 (t, 3H, CH3), 2.43 (s, 3H, CH3), 3.81 (q, 2H, CH2), 6.44 (s, 1H,
CH thiazole), 7.43–8.61 (8H, m, Ar–H). 13C NMR (DMSO-d6, d,
ppm): 13.43 (CH2–CH3), 14.12 (CH3), 39.59 (CH2–CH3), 109.54,
121.28, 125.34, 129.45, 129.20, 131.56, 136.23, 144.34, 149.40,
154.06, 158.09 (Ar–C), 164.54 (C]N), MS m/z (RA%): 402 (M+ +
1) (52%).

4.1.2. Synthesis of 2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)thiazolidin-4-one derivatives (6–8). Compounds 1a
and 1b (10 mmol) were reuxed for eight hours along with
anhydrous sodium acetate (25 mmol), ethyl 2-bromo-
propionate, ethyl 2-chloroacetoacetate, or ethyl bromoacetate
(10 mmol), and 100% ethanol (20 mL). Aer cooling, the
precipitate that had formed was ltered out, repeatedly cleaned
with water, dried, and recrystallized from absolute ethanol to
provide the respective compounds (6–8).

(E)-3-Ethyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)
thiazolidin-4-one (6b). Yield 90%; mp (133–135) °C. Analysis for
C12H14N4OS (262.089) calcd: % C, 54.94; H, 5.38; N, 21.36; S,
12.22. Found: % C, 54.85; H, 5.36; N, 21.32; S, 12.26. IR (cm−1,
KBr): 1715 (C]O), 1554 (C]N). 1H NMR (DMSO-d6, d, ppm):
1.19 (t, 3H, CH3), 2.44 (s, 3H, CH3), 3.77 (q, 2H, CH2), 3.94 (S,
2H, CH2 thiazole), 7.43 (H, t, Ar–H), 7.84 (H, t, Ar–H), 8.04 (H, d,
Ar–H), 8.61 (H, d, Ar–H), 13C NMR (DMSO-d6, d, ppm): 12.85
(CH2–CH3), 14.13 (CH3), 32.39 (CH2 thiazole), 38.13 (CH2–CH3),
121.99, 136.57, 149.05, 155.95 (Ar–C), 158.23 (C4 thiazole),
164.46 (C]N), 170.64 (C]O), MS m/z (RA%): 262 (M+) (13%).

(E)-5-Methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)
thiazolidin-4-one (7a). Yield 85%; mp (176–178) °C. Analysis for
C11H12N4OS (248.30) calcd: % C, 53.21; H, 4.87; N, 22.56; S,
12.91. Found: % C, 53.24; H, 4.83; N, 22.51; S, 12.97. IR (cm−1,
KBr): 3375 (NH), 1712 (C]O), 1554 (C]N), 1H NMR (DMSO-d6,
d, ppm): 1.47 (d, 3H, CH3), 2.39 (s, 3H, CH3), 4.13 (q, 2H, CH2),
7.39 (H, t, Ar–H), 7.83 (H, t, Ar–H), 8.02 (H, d, Ar–H), 8.59 (H, d,
Ar–H), 12.0 (1H, s, NH). 13C NMR (DMSO-d6, d, ppm): 14.07
(CH3), 19.33 (CH3), 42.67 (CH2 thiazole), 120.91, 124.91, 137.02,
149.33, 154.61 (Ar–C), 155.76 (C1 thiazole), 161.71 (C]N),
177.56 (C]O), MS m/z (RA%): 248 (M+) (10%).

(E)-3-Ethyl-5-methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)
hydrazono)thiazolidin-4-one (7b). Yield 80%; mp (95–97) °C.
RSC Adv., 2024, 14, 31607–31623 | 31619
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Analysis for C13H16N4OS (276.36) calcd: % C, 56.50; H, 5.84; N,
20.27; S, 11.60. Found: % C, 56.55; H, 5.80; N, 20.29; S, 11.65. IR
(cm−1, KBr): 1708 (C]O), 1561 (C]N), 1H NMR (DMSO-d6, d,
ppm): 1.18 (t, 3H, CH3), 1.49 (d, 3H, CH3), 2.43 (s, 3H, CH3), 3.76
(q, 2H, CH2–CH3), 4.22 (q, 2H, S–CH2), 7.41 (H, t, Ar–H), 7.83 (H,
t, Ar–H), 8.04 (H, d, Ar–H) 8.60 (H, d, Ar–H), 13C NMR (DMSO-d6,
d, ppm): 12.78 (CH2–CH3), 14.07 (CH3), 19.32 (CH3), 38.59 (CH2–

CH3), 41.90 (CH2 thiazole), 120.97, 125.14, 137.13, 149.42,
155.57 (Ar–C), 157.13 (C1 thiazole), 162.58 (C]N), 176.23 (C]
O) MS m/z (RA%): 276 (M+) (12%).

(E)-5-Acetyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)
thiazolidin-4-one (8a). Yield 75%; mp (118–120) °C. Analysis for
C12H12N4O2S (276.31) calcd: % C, 56.16; H, 4.38; N, 20.28; S,
11.60. Found: % C, 56.18; H, 4.34; N, 20.18; S, 11.65. IR (cm−1,
KBr): 3330 (NH), 1542 (C]N), 1995, 1703 (2C]O), 1H NMR
(DMSO-d6, d, ppm): 2.40 (s, 3H, COCH3), 2.47 (s, 3H, CH3), 4.17
(s, 1H, CH thiazole), 7.43 (1H, t, Ar–H), 7.79 (1H, t, Ar–H), 8.06
(1H, d, Ar–H), 8.55 (1H, d, Ar–H), 11.92 (1H, s, NH). 13C NMR
(DMSO-d6, d, ppm): 14.82 (CH3), 22.52 (COCH3), 61.06 (CH
thiazole), 122.18, 126.77, 136.54, 149.27, 154.12, 158.80 (C1
thiazole), 164.53 (C]N), 170.95 (C]O), 197.98 (COCH3), MS m/
z (RA%): 276 (M+) (0.75%).

(E)-5-Acetyl-3-ethyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)
thiazolidin-4-one (8b). Yield 60%; mp (94–96) °C. Analysis for
C14H16N4O2S (304.37) calcd: % C, 55.25; H, 5.30; N, 18.41; S,
10.53. Found: % C, 55.28; H, 5.35; N, 18.46; S, 10.48. IR (cm−1,
KBr): 1543 (C]N), 1703 (2C]O), 1H NMR (DMSO-d6, d, ppm):
1.24 (3H, t, CH3), 2.40 (s, 3H, COCH3), 2.43 (s, 3H, CH3), 3.98 (q,
2H, CH2), 4.19 (s, 1H, CH thiazole), 7.34 (1H, t, Ar–H), 7.79 (1H,
t, Ar–H), 8.08 (1H, d, Ar–H), 8.55 (1H, d, Ar–H). 13C NMR (DMSO-
d6, d, ppm): 13.49 (CH2–CH3), 14.83 (CH3), 22.52 (COCH3), 35.72
(CH2–CH3), 61.09 (CH2 thiazole), 122.18, 126.72, 136.54, 149.27,
154.12 (Ar–C), 158.80 (C1 thiazole), 164.53 (C]N), 170.80 (C]
O), 197.38 (COCH3). MS m/z (RA%): 304 (M+) (0.98%).

4.1.3. Synthesis of (E)-5-((E)-benzylidene)-2-(((E)-1-(pyridin-
2-yl)ethylidene)hydrazono)thiazolidin-4-one derivatives (9a,b–
12a,b). (a) Compounds 1a and 1b (10 mmol) and ethyl bro-
moacetate (10 mmol) were combined with an equimolar
amount of suitable aromatic aldehydes (5-ouro-benzaldehyde,
4-chloro-benzaldehyde, 4-methoxy benzaldehyde, and/or 3,4-
dimethoxybenzaldehyde) (10 mmol) in 10 mL of acetic acid (10
mL) and 25 mmol of anhydrous sodium acetate (25 mmol) and
reuxed for eight hours. The matching compounds were ob-
tained by ltering off the precipitate, washing it with water,
drying it, and recrystallizing it from absolute ethanol aer it had
cooled (9a,b–12a,b).

(b) In glacial acetic acid (10 mL) and anhydrous sodium
acetate (25 mmol), a mixture of compounds 6a and 6b (10
mmol) with an equimolar amount of an appropriate aromatic
aldehyde, namely, 4-uoro-benzaldehyde, 4-chloro-
benzaldehyde, 4-methoxy benzaldehyde and/or 3,4-dimethox-
ybenzaldehyde (10 mmol), was reuxed for 6–8 hours, cooled,
and then placed into cold water. The resulting chemicals were
obtained by collecting and crystallizing the solid that was
generated from absolute ethanol (9a,b–12a,b).

(E)-5-((E)-4-Fluorobenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (9a). Yield 75%; mp (204–
31620 | RSC Adv., 2024, 14, 31607–31623
206) °C. Analysis for C17H13FN4OS (340.38) calcd: % C, 59.99; H,
4.85; N, 16.46; S, 9.42. Found: % C, 59.94; H, 4.75; N, 16.41; S,
9.46. IR (cm−1, KBr): 3325 (NH), 1692 (C]O), 1550 (2C]N). 1H
NMR (DMSO-d6, d, ppm): 2.46 (s, 3H, CH3), 7.18–8.63 (9H, m,
Ar–H + CH benzylic), 12.16 (1H, s, NH). 13C NMR (DMSO-d6, d,
ppm): 14.50 (CH3), 115.52, 115.56, 124.10, 125.45, 131.10,
136.42, 142.91, 149.19, 154.13, 159.62, 162.14 (Ar–C + CH
benzylic + C2, C5 thiazole), 164.53 (C]N), 164.34 (C]O), MSm/
z (RA%): 340 (M+) (5.78%).

(E)-3-Ethyl-5-((E)-4-uorobenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (9b). Yield 70%; mp (125–
127) °C. Analysis for C19H17FN4OS (368.43) calcd: % C, 61.94; H,
4.65; N, 15.21; S, 8.70. Found: % C, 61.99; H, 4.60; N, 15.26; S,
8.67. IR (cm−1, KBr): 1695 (C]O), 1554 (C]N). 1H NMR (DMSO-
d6, d, ppm): 1.13 (t, 3H, CH3), 2.47 (s, 3H, CH3), 3.78 (q, 3H,
CH2), 7.72–8.51 (9H, m, Ar–H + CH benzylic). 13C NMR (DMSO-
d6, d, ppm): 12.85 (CH2–CH3), 14.59 (CH3), 35.58 (CH2–CH3),
115.52, 115.56, 124.10, 125.45, 131.10, 136.42, 142.91, 149.19,
154.13, 159.62, 162.14 (Ar–C + CH benzylic + C1, C5 thiazole),
164.53 (C]N), 164.34 (C]O), MS m/z (RA%): 368 (M+) (0.78%).

(E)-5-((E)-4-Chlorobenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (10a). Yield 65%; mp
(119–121) °C. Analysis for C17H13ClN4OS (356.83) calcd: % C,
57.22; H, 3.67; N, 15.70; S, 8.98. Found: % C, 57.28; H, 3.69; N,
15.10; S, 8.94. IR (cm−1, KBr): 3326 (NH), 1696 (C]O), 1552 (C]
N). 1H NMR (DMSO-d6, d, ppm): 2.47 (s, 3H, CH3), 7.46–8.51
(9H, m, Ar–H + CH benzylic), 11.67 (1H, s, NH). 13C NMR
(DMSO-d6, d, ppm): 14.55 (CH3), 116.33, 120.90, 126.20, 127.55,
129.99, 133.10, 135.74, 143.72, 149.72, 154.13, 158.07 (Ar–C +
CH benzylic + C1, C5 thiazole), 164.40 (C]N), 172.02 (C]O),
MS m/z (RA%): 356 (M+) (2.89%).

(E)-5-((E)-4-Chlorobenzylidene)-3-ethyl-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (10b). Yield 80%; mp
(146–148) °C. Analysis for C19H17ClN4OS (384.88) calcd: % C,
59.29; H, 4.45; N, 14.56; S, 8.33. Found: % C, 59.19; H, 4.49; N,
14.52; S, 8.38. IR (cm−1, KBr): 1698 (C]O), 1556 (C]N). 1H
NMR (DMSO-d6, d, ppm): 1.13 (t, 3H, CH3), 2.47 (s, 3H, CH3),
3.70 (q, 3H, CH2), 7.47–8.51 (8H, m, Ar–H + CH benzylic). 13C
NMR (DMSO-d6, d, ppm): 12.42 (CH2–CH3), 14.66 (CH3), 35.63
(CH2–CH3), 116.62, 120.90, 126.26, 127.99, 129.99, 133.83,
135.74, 143.79, 149.62, 154.18, 158.12 (Ar–C + CH benzylic + C2,
C5 thiazole), 164.77 (C]N), 166.32 (C]O), MS m/z (RA%): 384
(M+) (20%).

(E)-5-((E)-4-Methoxybenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (11a). Yield 50%; mp
(155–157) °C. Analysis for C18H16N4O2S (352.41) calcd: % C,
61.35; H, 4.58; N, 15.90; S, 9.10. Found: % C, 61.29; H, 4.52; N,
15.98; S, 9.14. IR (cm−1, KBr): 3328 (NH), 1694 (C]O), 1552 (C]
N). 1H NMR (DMSO-d6, d, ppm): 2.47 (s, 3H, CH3), 3.73 (s, 3H,
OCH3), 6.99–8.44 (9H, m, Ar–H + CH benzylic), 11.62 (1H, s,
NH). 13C NMR (DMSO-d6, d, ppm): 14.54 (CH3), 56.65 (OCH3),
114.54, 116.62, 122.76, 126.26, 127.64, 130.64, 137.36, 143.72,
148.70, 154.13, 156.80 (Ar–C + CH benzylic + C2, C5 thiazole),
164.40 (C]N), 174.53 (C]O), MSm/z (RA%): 352 (M+) (24.14%).

(E)-3-Ethyl-5-((E)-4-methoxybenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (11b). Yield 75%; mp
(150–152) °C. Analysis for C20H20N4O2S (380.47) calcd: % C,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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63.14; H, 5.30; N, 14.73; S, 8.43. Found: % C, 63.19; H, 5.37; N,
14.70; S, 8.47. IR (cm−1, KBr): 1699 (C]O), 1554 (C]N). 1H
NMR (DMSO-d6, d, ppm): 1.14 (t, 3H, CH3), 2.47 (s, 3H, CH3),
3.69 (s, 3H, OCH3), 3.71 (q, 2H, CH2), 6.99–8.44 (9H, m, Ar–H +
CH benzylic), 13C NMR (DMSO-d6, d, ppm): 12.96 (CH2–CH3),
14.66 (CH3), 35.63 (CH2–CH3), 56.61 (OCH3), 114.54, 116.75,
122.92, 126.26, 127.99, 130.55, 137.29, 143.27, 148.65, 154.18,
156.80 (Ar–C + CH benzylic + C2, C5 thiazole), 164.36 (C]N),
166.55 (C]O), MS m/z (RA%): 380 (M+) (1.31%).

(E)-5-((E)-3,4-Dimethoxybenzylidene)-2-(((E)-1-(pyridin-2-yl)
ethylidene)hydrazono)thiazolidin-4-one (12a). Yield 70%; mp
(143–145) °C. Analysis for C19H18N4O3S (382.44) calcd: % C,
59.67; H, 4.74; N, 14.65; S, 8.38. Found: % C, 59.71; H, 4.64; N,
14.60; S, 8.32. IR (cm−1, KBr): 3329 (NH), 1696 (C]O), 1554 (C]
N). 1H NMR (DMSO-d6, d, ppm): 2.47 (s, 3H, CH3), 3.78, 3.81 (s,
6H, 2OCH3), 7.01–8.44 (9H, m, Ar–H + CH benzylic), 11.90 (s,
1H, NH), 13C NMR (DMSO-d6, d, ppm): 14.59 (CH3), 56.69
(OCH3), 110.97, 111.01, 116.62, 120.14, 122.93, 122.97, 126.20,
136.27, 143.68, 149.40, 149.24, 154.24, 158.07 (Ar–C + CH
benzylic + C2, C5 thiazole), 164.62 (C]N), 174.46 (C]O), MSm/
z (RA%): 382 (M+) (5.14%).

(E)-5-((E)-3,4-Dimethoxybenzylidene)-3-ethyl-2-(((E)-1-(pyridin-
2-yl)ethylidene)hydrazono)thiazolidin-4-one (12b). Yield 65%; mp
(173–175) °C. Analysis for C21H22N4O3S (410.141) calcd: % C,
61.45; H, 5.40; N, 13.65; S, 7.81. Found: % C, 61.49; H, 5.30; N,
13.62; S, 7.87. IR (cm−1, KBr): 1698 (C]O), 1559 (C]N). 1H
NMR (DMSO-d6, d, ppm): 1.16 (t, 3H, CH3), 2.47 (s, 3H, CH3),
3.71, 3.72 (2s, 6H, 2OCH3), 3.74 (q, 2H, CH2), 6.99–8.44 (9H, m,
Ar–H + CH benzylic), 13C NMR (DMSO-d6, d, ppm): 12.85 (CH2–

CH3), 14.55 (CH3), 35.63 (CH2–CH3), 56.68 (OCH3), 115.47,
116.54, 122.93, 127.99, 129.99, 138.57, 143.27, 148.70, 154.84,
156.12, (Ar–C + CH benzylic + C2, C5 thiazole), 164.62 (C]N),
166.06 (C]O), MS m/z (RA%): 410 (M+) (0.34%).

4.1.4. Synthesis of (E)-5-((E)-phenyldiazenyl)-2-(((E)-1-
(pyridin-2-yl)ethylidene)hydrazono)-2,3-dihydrothiazole deriva-
tives (13a,b & 14a,b). Compounds 1a and 1b (10 mmol) were
combined with suitable hydrazonoyl chlorides (10 mmol) in
30 mL of absolute ethanol that included 10 mmol of triethyl-
amine. The mixture was reuxed for 10 hours before being
cooled. To get compounds 13a,b & 14a,b, the precipitate that
had formed was ltered out, cleaned with ethanol, dried, and
recrystallized from absolute ethanol.

(E)-4-Methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydrazono)-5-
((E)-p-tolyldiazenyl)-2,3-dihydrothiazole (13a). Yield 60%; mp
(150–152) °C. Analysis for C18H18N6S (350.44) calcd: % C, 61.69;
H, 5.18; N, 23.98; S, 9.15. Found: % C, 61.60; H, 5.28; N, 23.93; S,
9.18. IR (cm−1, KBr): 3310 (NH); 1550 (C]N). 1H NMR (DMSO-
d6, d, ppm): 2.44 (s, 3H, CH3), 2.45 (s, 3H, CH3), 2.47 (s, 3H,
CH3), 7.37–8.59 (8H, m, Ar–H), 10.65 (1H, s, NH). 13C NMR
(DMSO-d6, d, ppm): 12.17 (CH3), 14.99 (CH3), 21.76 (CH3), 94.02
(C5 thiazole), 122.93, 126.08, 129.01, 129.38, 136.46, 137.80,
144.41, 149.66, 153.73, 154.18, 158.67 (Ar–C + C2, C4 thiazole),
165.28 (C]N), MS m/z (RA%): 350 (M+) (37%).

(E)-3-Ethyl-4-methyl-2-(((E)-1-(pyridin-2-yl)ethylidene)hydra-
zono)-5-((E)-p-tolyldiazenyl)-2,3-dihydrothiazole (13b). Yield 65%;
mp (148–150) °C. Analysis for C20H22N6S (378.50) calcd: % C,
63.47; H, 5.86; N, 22.20; S, 8.47. Found: % C, 63.41; H, 5.80; N,
© 2024 The Author(s). Published by the Royal Society of Chemistry
22.27; S, 8.37, IR (cm−1, KBr): 1552 (C]N). 1H NMR (DMSO-d6,
d, ppm): 1.34 (t, 3H, CH3), 2.43 (s, 3H, CH3), 2.45 (s, 3H, CH3),
2.47 (s, 3H, CH3), 4.12 (q, 2H, CH2), 7.46–8.60 (8H, m, Ar–H). 13C
NMR (DMSO-d6, d, ppm): 10.15 (CH3), 12.58 (CH3), 14.59 (CH3),
21.62 (CH3), 42.35 (CH2–CH3), 93.69 (C5 thiazole), 122.88,
126.08, 129.06, 129.89, 136.51, 138.42, 144.41, 153.73, 155.07,
158.71 (Ar–C + C2, C4 thiazole), 164.41 (C]N). MS m/z (RA%):
378 (M+) (49%).

(E)-5-((E)-(4-Chlorophenyl)diazenyl)-3-ethyl-4-methyl-2-(((E)-1-
(pyridin-2-yl)ethylidene)hydrazono)-2,3-dihydrothiazole (14b).
Yield 60%; mp (150–152) °C. Analysis for C19H19ClN6S (398.91)
calcd: % C, 57.21; H, 4.80; N, 21.07; S, 8.04. Found: % C, 57.28;
H, 4.85; N, 21.12; S, 8.08, IR (cm−1, KBr): 1553 (C]N). 1H NMR
(DMSO-d6, d, ppm): 1.34 (t, 3H, CH3), 2.45 (s, 3H, CH3), 2.47 (s,
3H, CH3), 4.13 (q, 2H, CH2), 7.37–8.63 (8H, m, Ar–H). 13C NMR
(DMSO-d6, d, ppm): 10.03 (CH3), 13.30 (CH3), 14.56 (CH3), 42.89
(CH2–CH3), 93.71 (C5 thiazole), 122.94, 126.26, 129.43, 129.99,
136.22, 138.30, 145.76, 149.54, 153.73, 154.18, 158.16 (Ar–C +
C2, C4 thiazole), 164.32 (C]N), MS m/z (RA%): 398 (M+) (47%).
4.2. Biological evaluation

4.2.1. In vitro anti-proliferative assay. The human cancer
cell lines were brought from the American Type Culture
Collection (ATCC; Washington, DC, USA) and were maintained
as monolayer cultures in RPMI-1640 at the National Cancer
Institute. The anti-proliferative activity was evaluated using the
sulforhodamine-B (SRB) method following a previously re-
ported method70 and is explained in detail in the ESI.†

4.2.2. In vitro enzymatic inhibitory evaluation against
CDK2 and GSK3b. Three promising hybrids 1a, 8a and 13a were
selected for enzymatic assay. The CDK2 assay kit and GSK3b
assay kit were purchased from Bioscience Company and were
used according to previously reported methods53,54 and
a detailed explanation is given in the ESI.†

4.2.3. Cell cycle analysis and detection of apoptosis. The
cell cycle analysis and induction of apoptosis for the promising
hybrid 13a were assessed using ow cytometry.55 HepG2 cells
were incubated at 37 °C and treated with 13a for 24 h. Further
details are given in the ESI.†

4.2.4. The effect of compound 13a on the levels of Bax, Bcl-
2 and caspase-3 in HepG2 cells. The effect of compound 13a on
apoptosis biomarkers in HepG2 was determined according to
reported methods, and an extra explanation is given in the ESI.†
Data availability
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S. Alcaro, M. Yáñez and S. Carradori, J. Enzyme Inhib. Med.
Chem., 2015, 30, 908–919.

48 R. E. Khidre, S. R. El-Gogary and M. S. Mostafa, J. Heterocycl.
Chem., 2017, 54, 2511–2519.

49 P. Skehan, R. Storeng, D. Scudiero, A. Monks, J. Mcmahon,
D. Vistica, J. T. Warren, H. Bokesch, S. Kenney and
M. R. Boyd, J. Natl. Cancer Inst., 1990, 82, 1107–1112.
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