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new pyrazole–thiophene hybrids:
synthesis, anticancer assessment, and molecular
docking insights

Sonia Samy, Samar E. Mahmoud, Ebrahim Abdel-Galil, Ehab Abdel-Latif
and Gehad E. Said *

A novel series of pyrazole–thiophene hybrid derivatives (3a–c, 5a–c, 7a–c, and 9a,b) was synthesized

through a one-step reaction pathway and structurally confirmed by various spectroscopic analyses.

Hybridization of the pyrazole nucleus with the thiophene ring was designed to enhance the biological

potential of both moieties, as each is known to exhibit diverse pharmacological properties. The MTT

assay was used to assess the in vitro anticancer potential of the synthesized scaffolds against two human

cancer cell lines: hepatocellular carcinoma (HepG2) and breast adenocarcinoma (MCF7). The results

indicated that pyrazole–thiophene hybrids 3a and 5b demonstrated the highest cytotoxicity against

HepG-2 and MCF-7 cells with inhibition values of 24 mM and 10.36 mM and 38.8 mM and 26.9 mM,

respectively, compared with the reference drug vinblastine sulfate (8.22 mM for HepG2 and 4.63 mM for

MCF-7). Structure–activity relationship (SAR) analysis revealed that the presence of electron-donating

substituents on the aromatic ring and thiophene linkage contributed to enhanced cytotoxicity. Molecular

docking was conducted to investigate the binding of the compounds to the target protein PDB: 2W3L.

The binding free energies for the 2W3L protein ranged between −6.0251 and −7.3575 kcal mol−1,

indicating stronger binding compared to vinblastine, which has a binding energy of −5.9584 kcal mol−1.

In addition, in silico assessment of the pharmacokinetic profile using the SwissADME program showed

that compounds 9a and 9b appeared as the most promising nominees within the series, demonstrating

proper solubility, lower lipophilicity, and, for compound 9a, high GI absorption. This study presents

noteworthy ADME challenges for the series, particularly regarding their solubility and permeability,

leading to the need for more synthetic efforts towards more metabolically stable and bioavailable

analogues. These findings suggest that pyrazole–thiophene hybrids represent promising scaffolds for the

further development of potent anticancer agents.
1 Introduction

Uncontrolled cell growth and spread, which can result in inva-
sion of nearby tissues and metastasis to distant organs, are
hallmarks of a complex group of disorders known as cancer.1

Cancer treatment involves a variety of strategies, including
surgery, chemotherapy, radiation therapy, and targeted drug
therapies aimed at inhibiting proliferation and inducing
apoptosis of cancer cells.2 Drug resistance, severe side effects,
and poor selectivity are only a few problems that have been
documented in the use of cytotoxic medicines to treat cancer.3

Thus, ligand-targeted treatment is one of the most promising
and tailored approaches to address this problem.4,5 It aids in the
development of more effective medications with numerous
mechanisms and selective cytotoxicity to control various types
of cancer.6,7 Liver and breast cancers are among the most
, Mansoura University, 35516 Mansoura,

the Royal Society of Chemistry
common types of cancer globally, with breast cancer being the
most frequently diagnosed cancer in women and liver cancer
ranking among the top ten common cancers worldwide.8

Heterocyclic compounds, especially those containing
nitrogen and sulfur, play a vital role in cancer treatment owing
to their versatile biological activities and ability to interact with
various molecular targets in cancer cells.9,10 Nitrogen-based
heterocycles, such as pyrazole, pyridine, piperidine, indole,
and quinazoline, are commonly found in anticancer drugs and
are known to inhibit cell proliferation and induce apoptosis
through mechanisms such as tyrosine kinase inhibition and
regulation of signaling pathways.11,12 Similarly, sulfur-
containing heterocycles, including thiophene derivatives,
exhibit signicant anticancer properties by targeting kinase
receptors and disrupting tumor growth.13,14 These heterocyclic
compounds act by binding to DNA, enzymes, or receptors that
are critical for cancer cell survival, leading to cell cycle arrest
and apoptosis, making them essential scaffolds for the design
of new chemotherapeutic agents.15,16 The nitrogen and sulfur
RSC Adv., 2026, 16, 10665–10678 | 10665
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atoms in these heterocycles contribute to their chemical reac-
tivity and ability to form hydrogen bonds, thereby enhancing
their stability and interactions with cancer-related biomole-
cules. This has led to the development of several FDA-approved
anticancer drugs containing these heterocyclic frameworks,
targeting various cancers, including hepatocellular carcinoma
and breast cancer.17,18

To develop unique molecular structures with a variety of
pharmacological activities, heterocyclic hybrids are constructed
by combining two or more bioactive heterocyclic scaffolds, each
with its own processes. These heterocyclic hybrids are useful
chemical probes against a variety of biological targets owing to
their adaptable structures, varied biological activities, and
capacity to optimize pharmacological qualities.19 Among
heterocyclic compounds containing nitrogen and sulfur with
a broad spectrum of pharmacological properties are
pyrazoles20–30 and thiophenes.31–35 Celebrex, rimonabant, rux-
olitinib, antipyrine, deracoxib, and pirtobrutinib are examples
of pyrazole derivatives that are included in medications,
whereas ticlopidine, teniposide, cefoxitin, raltitrexed, and
tiaprofenic acid are examples of thiophene-containing drugs
Fig. 1 Somemarketed drugs containing pyrazole and thiophene motifs a
agents.

10666 | RSC Adv., 2026, 16, 10665–10678
(Fig. 1). Based on the previous mention and given the promising
properties of pyrazole and thiophene, our main aim in this
research was to synthesize and evaluate the anticancer activity
of thiophene scaffolds hybridized with the pyrazole ring system
(Fig. 1). The newly synthesized scaffolds were evaluated against
two different cancer cell lines. Moreover, computational biology
of molecular docking was performed.

2 Results and discussion
2.1 Chemistry

Highly adaptable a-bromoketones have been employed as
building blocks to synthesize a variety of heterocyclic scaf-
folds.36 Here, we present straightforward and effective methods
for the synthesis of some novel pyrazole thienyl ketones via the
reaction of 2-bromo-1-(5-methyl-1-phenyl-1H-pyrazol-4-yl)
ethan-1-one (1) with various mercapto-phenylamino
analogues, building on our earlier work on the synthesis of
bioactive heterocyclic compounds under mild conditions.37,38 2-
Bromo-1-(5-methyl-1-phenyl-1H-pyrazol-4-yl)ethan-1-one (1),
the key analog in our study, was previously prepared through
a bromination reaction of 4-acetyl-5-methyl-1-phenylpyrazole,
nd design approaches for newly synthesized compounds as anticancer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as reported in the literature.39 In this study, we effectively
synthesized a variety of pyrazolyl 3-methylthienyl ketones 3a–c
by heterocyclizing the precursor 1 with 4-anilino-3-arylazo-4-
mercapto-but-3-en-2-one derivatives 2a–c40 in reuxing ethanol
containing a catalytic amount of triethylamine (Scheme 1). Two
stages were involved in the construction of the thiophene ring.
The rst stage involves nucleophilic reaction of the sulfur atom
with the a-carbon, transporting the bromide atom to generate
intermediate A, accompanied by the loss of a hydrogen bromide
molecule. The second stage involved a cyclization step through
the nucleophilic addition of (–CH2–) to the carbonyl unit, fol-
lowed by dehydration. Spectroscopic information represented
in IR, 1H NMR, 13C NMR, and mass spectroscopy conrmed the
formation of compounds 3a–c. For example, the IR spectrum of
compound 3a revealed absorption bands at 1650, 1619, and
1595 cm−1 characteristic of (C]O), (C]N), and (C]C) func-
tions, respectively. Compound 3a's 1H NMR spectrum showed
three unique singlet signals for the protons of three methyl
groups at d 2.34, 2.49, and 2.50 ppm.

In a similar way, the equivalent pyrazolyl 3-hydroxythienyl
ketones 5a–c (Scheme 2) were produced by reuxing a mixture
of bromoacetyl-pyrazole 1 with ethyl-3-mercapto-3-
(phenylamino)-2-(phenyldiazenyl)acrylate scaffolds 4a–c41,42 in
absolute ethyl alcohol containing triethylamine as a catalyst.
The thiophene motif was formed through a nucleophilic
substitution reaction of the bromine atom in compound 1 with
the –SH from the thiocarbamoyl moiety (intermediate B),
accompanied by the elimination of an ethanol molecule. The
spectral and elemental data of the ascribed molecular struc-
tures 5a–c were entirely compatible. The IR spectra of
compounds 5a–c showed characteristic stretching vibration
bands of the carbonyl group at lower frequencies of 1606, and
1596 cm−1, respectively. Intramolecular hydrogen bonds
between the hydroxyl and carbonyl groups were thought to be
responsible for this. The protons of the methyl and methoxy
groups (pyrazole ring and phenyl ring) were identied by two
singlet signals at d 2.51 and 3.83 ppm in the up-eld area of the
Scheme 1 Synthesis of pyrazole 3-methylthienyl ketones 3a–c.

© 2026 The Author(s). Published by the Royal Society of Chemistry
1H NMR spectrum of compound 5b. Additionally, the proton of
the NH function showed a singlet signal at 12.40 ppm. Also, the
formula C28H23N5O3S was validated by the mass spectrometry,
which showed the base peak at (m/z = 509, M+).

Into our target to synthesize various thiophene rings linked
to the pyrazolyl ketone, pyrazolyl 3-aminothienyl ketones 7a–c
were prepared by agitating the bromoacetyl-pyrazole 1 with 2-
cyano-3-mercapto-N-phenyl-3-(phenylamino)acrylamide deriva-
tives 6a–c43 in dry N,N-dimethylformamide and potassium
carbonate for ve hours at 25 °C (Scheme 3). Spectroscopic and
elemental information veried the formation of products 7a–c,
likely produced via intermediate C, which underwent intra-
molecular addition of a methylene group (–CH2) to the nitrile
group (–CN) to give the proposed pyrazolyl 3-aminothienyl
ketones 7a–c. For example, compound 7a revealed distinctive
absorption bands at 3441 and 3278 cm−1 due to (NH2, 2NH)
functions and 1655 and 1630 cm−1 due to (2C]O) functions in
its IR spectrum. 1H NMR assigned four singlet signals at 2.26,
2.52, 9.37, and 11.59 ppm for (2CH3), (NH2), and (NH) groups
protons. In addition, mass spectrometry revealed a base peak at
(m/z = 507, M+), validating the formula C29H25N5O2S.

In an identical way to compounds 3a–c, when bromoketone 1
was allowed to react with the mercapto(phenylamino)methy-
lene derivatives 8a,b44 under the same conditions, it yielded the
targeted pyrazole 3-methylthienyl ketones 9a,b (Scheme 4). The
reaction mechanism involves a nucleophilic substitution reac-
tion of the bromide atom in compound 1 by the sulfur atom in
compound 8 and losing a hydrogen bromide molecule, followed
by an intramolecular cyclization step in intermediate D
accompanied by dehydration of a water molecule. Both spectral
and analytical data claried the structures of compounds 9a
and 9b, which matched the suggested molecular structures (see
Experimental section). Three absorption bands at (n = 3111,
1640, 1608 cm−1) in the infrared spectrum of pyrazole 3-m-
ethylthienyl ketone 9a were identied as belonging to the NH
and two C]O groups, respectively. Additionally, four singlet
signals at d = 2.46, 2.58, 2.63, and 11.59 ppm in the 1H NMR
RSC Adv., 2026, 16, 10665–10678 | 10667
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Scheme 2 Synthesis of pyrazole 3-hydroxythienyl ketones 5a–c.
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spectrum were identied as representing the protons of three
CH3 and NH groups. Additionally, the base peak (m/z= 415, M+)
in the MS spectrum supported the molecular formula
C24H21N3O2S.
2.2 Nitrosamine risk assessment

Considering the presence of a pyrazole scaffold and the use of
triethylamine and N,N-dimethylformamide in the synthetic
route, a nitrosamine risk assessment was conducted. Although
these reagents may represent potential sources of amine-related
impurities, the applied synthetic conditions were maintained
under neutral to basic environments and did not involve
nitrosating agents or acidic conditions known to promote
nitrosamine formation. Accordingly, the probability of nitrosa-
mine generation during the synthesis of the pyrazole–thio-
phene hybrids is considered negligible.
Scheme 3 Synthesis of pyrazole 3-aminothienyl ketones 7a–c.

10668 | RSC Adv., 2026, 16, 10665–10678
2.3 Impurity prole and toxicological consideration

The impurity prole of the proposed synthetic route was eval-
uated based on the reaction design, reagents, and purication
steps. The potential impurities are expected to be limited to
unreacted starting materials, minor side products, and residual
solvents or reagents, including triethylamine and N,N-di-
methylformamide. These impurities were effectively removed
during purication, as conrmed by TLC monitoring, NMR
spectral analysis, and elemental analysis of the nal
compounds.
2.4 Biological activity

2.4.1 Anticancer activity. The cytotoxic potential of the
synthesized compounds 3a–c, 5a–c, 7a–c, and 9a,b was evalu-
ated against two mutant human cancer cell lines, HepG2
(hepatocellular carcinoma) and MCF-7 (breast
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of pyrazole 3-methylthienyl ketones 9a,b.
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adenocarcinoma), using the MTT colorimetric assay and
vinblastine sulfate as the reference drug. The speed, precision,
and capacity of this assay to screen a large number of cell lines
make it a useful technique for evaluating the efficacy of new
cytotoxic drugs. Table 1 summarizes the data. The average
inhibitory concentration (IC50), which inhibits 50% of the
Table 1 IC50 (mM) of the newly synthesized hybrids against HepG2 and

Compound no. R

3a CH3

3b OCH3

3c Cl
5a CH3

5b OCH3

5c Cl
7a CH3

7b OCH3

7c Cl
9a CH3

9b OCH2CH3

Vinblastine sulfate —

© 2026 The Author(s). Published by the Royal Society of Chemistry
biological activity of cells, was used to determine the cytotoxicity
of the compounds under investigation. For comparison
purposes, the inhibitory activity of the evaluated compounds is
illustrated in graphic plots of the growth inhibition percentages
at 500 mMagainst the compounds (Fig. 2). All tested compounds
exhibited variable inhibitory effects on both cell lines. Notably,
MCF7 cell lines

In vitro cytotoxicity IC50 � SD (mM)

HepG2 MCF7

24 � 1.03 10.36 � 0.37
>100 >100
>100 >100
>100 59.7 � 0.21
38.8 � 2.36 26.9 � 0.43
77.6 � 1.48 49.4 � 1.76
>100 99.0 � 1.38
>100 55.2 � 0.73
85.7 � 0.73 49.0 � 0.94
>100 >100
>100 >100
8.22 � 0.44 4.63 � 0.66

RSC Adv., 2026, 16, 10665–10678 | 10669
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Fig. 2 Cytotoxic activities of compounds 3a–c, 5a–c, 7a–c, and 9a,b against HepG-2 and MCF-7 cancer cells.
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compound 3a demonstrated the highest cytotoxic activity
against both cancer cell lines out of all the compounds that were
examined. It displayed an IC50 value of 10.36 mM against MCF-7
and 24 mM against HepG2, placing it in close range of the
reference drugs vinblastine sulfate (4.63 mM for MCF-7, 8.22 mM
for HepG2), doxorubicin (4.17 mM for MCF-7, 4.50 mM for
HepG2),45 erlotinib (8.20 mM for MCF-7, 7.73 mM for HepG2),45

and sorafenib (7.26 mM for MCF-7, 9.18 mM for HepG2).45 These
results highlight compound 3a as a promising pyrazole–thio-
phene multitargeted anticancer lead, offering potential for
further optimization to overcome hepatocellular and breast
carcinoma in cancer therapy.

Following that, compound 5b demonstrated considerable
activity (26.9 mM and 38.8 mM) against MCF-7 and HepG-2 cells.
Compounds 5c and 7c showed moderate effects against HepG-2
cells with inhibition values of 77.6 mM and 85.7 mM, respec-
tively. Compounds 5a, 5c, 7b, and 7c showed moderate effects
against MCF-7 cells with inhibition values of 59.7 mM, 49.4 mM,
55.2 mM, and 49.0 mM, respectively. Against these two cell lines,
compounds 3b, 3c, 7a, 9a, and 9b demonstrated extremely poor
growth inhibition. Additionally, compounds 5a and 7b
demonstrated no discernible cytotoxic effect in hepatocellular
carcinoma cell lines. Notably, breast cancer cells displayed the
lowest IC50 values, whereas hepatocellular cancer cells di-
splayed the highest IC50 values.

In order to establish the biological activity of the newly
synthesized pyrazole–thiophene hybrids, the cytotoxicity of the
newly synthesized compounds has been compared to some of
the most used chemotherapeutic agents, such as doxorubicin,
which is used to treat estrogen receptor-positive breast cancer,
including MCF-7, and sorafenib, used to treat hepatocellular
carcinoma. As expected, the reference compounds have shown
higher activity than the newly synthesized compounds, which is
a natural consequence of the level of optimization and
advancement of the compounds under study. However, the
newly synthesized compounds have to be regarded as rst-
generation compounds, as they contain two privileged struc-
tures, i.e., pyrazole and thiophene. Signicantly, several
10670 | RSC Adv., 2026, 16, 10665–10678
compounds were found to exhibit moderate yet signicant
cytotoxicity against the MCF-7 and HepG2 cell lines, validating
the rationale behind the hybridization strategy employed in the
study. Although the IC50 values of the compounds are high
when compared to the IC50 values of established chemothera-
peutic agents, the framework presents a wide scope for further
optimization and renement. This could involve rational
substitution with electron-withdrawing groups to increase the
binding affinity, adjustments to the lipophilicity to increase
membrane permeability, and strategic incorporation of addi-
tional hydrogen-bonding centers to increase the binding
affinity, as indicated by molecular docking analysis. Although
the compounds are not as potent as the current standard
treatment regimens, they present a promising platform from
which further renement and optimization could result in even
more potent and potentially safer therapeutic agents.

2.5 Structure–activity relationship (SAR) studies

A new set of unique pyrazolylthiophene hybrids was synthesized
using a hybridization technique. In a variety of cancer cell lines,
pyrazole derivatives hybrid with thiophene motif have been
demonstrated to suppress cell growth and cause cell cycle
arrest.46 Using bromoacetyl-pyrazole 1 as a starting precursor,
the test compounds are mapped into four structural proles: A
(3a–c), B (5a–c), C (7a–c), and D (9a,b) (Fig. 3).

By inspection of the experimental data of the anticancer
activity of the newly synthesized hybrids, the following struc-
tural activity relationship assumptions are proposed.

In comparison to vinblastine sulfate, the recorded data
veried that pyrazolyl 3-methylthienyl ketone 3a was the most
effective derivative in group A against HepG2 (hepatocellular
carcinoma) and MCF-7 (breast adenocarcinoma) cells, with IC50

values of 24 and 10.36 mM, respectively. Interestingly, the
insertion of a hydrophilic electron-donating group (–CH3) in the
para position to the phenyl ring may greatly boost the anti-
cancer action.47 On the other hand, switching from p-CH3 in 3a
to –OCH3 in 3b and –Cl in 3c decreased the growth inhibition to
a great extent.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural profile map of the tested pyrazolylthiophene compounds.
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Regarding the second group, B, the pyrazolyl 3-hydrox-
ythienyl ketone 5b exhibited higher growth inhibition than
pyrazolyl 3-hydroxythienyl derivatives 5a and 5c against HepG2
and MCF-7 cells with IC50 values of 38.8 and 26.9 mM, respec-
tively. By rendering the molecule more lipophilic and capable of
forming hydrogen bonds with signicant residues in the active
site, the insertion of a hydrophilic electron-donating group,
such as a methoxy group (–OCH3) into the para position of the
phenyl ring with a hydroxyl group (–OH) linked to the thiophene
ring, could signicantly enhance anticancer activity. Noticeably,
when the p-OCH3 group in compound 5bwas switched to p-Cl in
compound 5c, a concomitant slight decrease in anticancer
activity against HepG2 and MCF-7 cells was noted (IC50 = 77.6
and 49.4 mM).

Group C (compounds 7a–c) demonstrated the vital role of the
diazine linker. Signicantly, connecting the aryl moiety and the
pyrazolylthiophene hybrid through an amide linker adversely
affected the anticancer activity against HepG2 cells. Because of
the presence of a chlorine nucleus as a branch on the phenyl
ring of the azo moiety,48 compound 7c exhibited a small
improvement in the activity against HepG2 and MCF-7 cells
with IC50 values of 85.7 and 49.0 mM, respectively.

Also, the SAR study illustrated the negative effect of the acyl
group directly linked to the thiophene ring in group D
(compounds 9a,b) on the anticancer activity against both
HepG2 and MCF-7 cells.
2.6 Molecular docking

The B-cell lymphoma-2 protein was selected owing to its
contribution in the regulation of apoptosis and has a vital role
© 2026 The Author(s). Published by the Royal Society of Chemistry
of the protein in the survival and chemoresistance of malig-
nance cells. However, Bcl-2 is one of antiapoptotic proteins
elaborated in the destruction of mitochondrial outer membrane
permeability, hence hindering cytochrome-c release and cas-
pase activation. Also, Bcl-2 has been concerned in a number of
tumors, including both hepatocellular carcinoma and breast
adenocarcinoma, where it contributes to tumor growth and
adds to resistance in contradiction of conventional chemo-
therapy drugs. The molecular docking was employed to predict
the different modes and affinities of the synthesized pyrazole
thienyl ketones toward the target PDB: 2W3L active site (Table
S2 and Fig. 4). Among all pyrazole thienyl ketones, pyrazole 3-
aminothienyl ketone 7c unveiled the highest score of binding
(−7.3575 kcal mol−1), strong binding through H-acceptor, and
two p–cation stackings with Arg66, Arg68, and Arg105 over 3.35,
3.53, and 3.71 Å, respectively, signifying high stability inside the
targeted pockets. The pyrazole 3-aminothienyl ketone 7a
demonstrated prominent affinity (−7.1000 kcal mol−1) through
H-acceptor bonding between the O7 atom of the amide group
and Arg105 (3.33 Å), H–p stacking between the C26 atom of the
phenyl ring with Phe71 (4.45 Å), p–cation stacking between the
pyrazole ring and Arg66 (4.02 Å), and H–p stacking between the
aniline ring and Gly104 (3.59 Å). While the pyrazole 3-amino-
thienyl ketone 7b established lower affinity
(−6.8632 kcal mol−1) through p–H stacking between the aniline
ring and Arg68 (3.64 Å). Meanwhile, the pyrazole 3-hydrox-
ythienyl ketones 5a–c showed reliable binding scores between
−6.2690 and −6.6810 kcal mol−1, stabilized mainly through p–

H, p–cation stackings, and hydrogen donor interaction with
Glu119, Ala72, Tyr67, and Arg66 amino acids, over intermolec-
ular distances between 2.88 and 4.25 Å. In particular, 5c
RSC Adv., 2026, 16, 10665–10678 | 10671
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Fig. 4 Docking images of the synthesized pyrazole thienyl ketones
and vinblastine reference drug.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

7:
01

:2
0 

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
exhibited a proper hydrogen donor bond between the O8 atom
of the hydroxyl group with Ala72, implying the smallest inter-
molecular distance (2.88 Å). Moreover, the pyrazole 3-
10672 | RSC Adv., 2026, 16, 10665–10678
methylthienyl ketones 3a–c demonstrated signicant p–cation
stackings, especially between the aromatic and heteroaromatic
rings such as phenyl, anisyl, aniline, and pyrazole rings and
Arg105 and Arg68. Remarkably, pyrazole 3-methylthienyl ketone
3c (−6.8042 kcal mol−1) showed double p–cation interactions
with Arg105, and Arg86 enhancing its stabilization within the
target PDB: 2W3L active site. Moreover, the pyrazole 3-methyl-
thienyl ketones 9a and 9b maintained weak bindings (−6.1589
and −6.0251 kcal mol−1, respectively). However, the pyrazole 3-
methylthienyl ketone 9a formed one hydrogen acceptor
between the Arg68 and the O1 atom of the acetyl group, while
analogue 9b involved one p–H stacking between Gly104 and its
phenyl ring. These results represented the importance of elec-
tronic and spatial structures in determining optimal binding.
Overall, the docking results demonstrated that structural
distinctions, mostly involving toluene, thiophene, and pyrazole
moieties, signicantly inuenced the interaction forms and
binding scores. The enhanced bindings relative to vinblastine
(reference) suggest potential biological relevance and ratio-
nalize additional in vitro and in vivo assessment of these
analogues.

The various docking positions indicate signicant variations
in the orientations and modes of these synthesized compounds
towards interacting with the binding groove of Bcl-2.
Compounds with hydrogen-bonding functionalities, such as
amide or alcoholic groups, tend to be oriented towards inter-
acting with polar amino acid residuals in the BH3 binding site,
hence enabling them to bind strongly with interactions at these
groups. The remaining compounds with non-polar functional-
ities tend to have various orientations in their bindings that
tend to be focused on p–cationic or p–H interactions with basic
patches, such as arginine-rich regions, within the binding cle.
However, the various aromatic substitution showed an inu-
ence on the ligand through the hydrophobic regions in the
pocket. In addition, electron-donating substituents displayed
good p-stacking interactions with the aromatic residues,
whereas larger or less exible substituents induced steric
hindrance, resulting in diverse binding geometries and reduced
stabilization. These explain the diversity in binding mode
observed among the synthesized derivatives and underpin how
subtle structural changes control ligand–protein complemen-
tarity. Overall, this docking analysis has established that
a balance between hydrogen bonding capability, aromatic
surface area, and conformational exibility is responsible for
the differential binding behavior exhibited by compounds
toward Bcl-2, furnishing a molecular basis for their variable
biological activities.
2.7 Pharmacokinetic character

Insight into the pharmacokinetic prole based on the Swis-
sADME prediction: compounds 3a–c displayed low GI absorp-
tion, non-BBB permeants, high lipophilicity (log P ranged
from 6.24 to 6.77), and large molecular weight resulting in poor
solubility across all prediction models (ESOL solubility =

10−6 mg mL−1). Chlorinated derivative 3c showed more lip-
ophilicity and solubility, depending on the presence of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a hydrophobic halogen. All compounds 3a–c debased multiple
drug-likeness lters (Ghose, Muegge) and presented alerts for
pan-assay interference (PAINS), raising concerns about poten-
tial false-positive activity in biochemical assays (Table S3 and
Fig. 5). Alongside series 5a–c, which differed from compounds
3a–c by the presence of the hydroxyl group on the thiazole ring,
showed an improvement in solubility and a minor decrease in
lipophilicity, as in compound 5b (log P = 5.65). Notwith-
standing, the proles remained poor, with low GI absorption,
no BBB penetration, and poor solubility. However, the increase
in the H-donor bonds in this series resulted in low permeability.
Compound 5b appeared to be an inhibitor of CYP2C9, indi-
cating a probable for drug–drug interaction. Similar to
compounds 3a–c, these compounds carried PAINS indication
and multiple drug-likeness violations. Meanwhile, compounds
7a–c contain an amide group in their structures, revealed
a decrease in the lipophilicity (log P ranged from 4.82 to 5.34)
and a corresponding improvement in the solubility, as in
compound 7b (ESOL solubility = 2.68 × 10−5 mg mL−1).
However, the GI absorption remained low, with a topological
polar surface area (TPSA > 130 Å2) and increased H-bonding
capacity. So, the prediction of inhibition against CYP2C19 and
CYP2C9 for all derivatives, and CYP2D6 for compounds 7a and
7b, showed a signicant risk for metabolic interactions. Thus,
this series displayed free of PAINS remarks and a condent
feature for additional development. Moreover, compounds 9a
and 9b, lacking both the aniline and hydrazone/amide linker
present in the other series, exhibited the more constructive
ADME proles within the set. They demonstrated lower
molecular weights and lipophilicity (log P = 4.83). Impor-
tantly, compound 9a established high GI absorption, a unique
feature in this series. It showed the best aqueous solubility
proles (highly soluble) and complied with Lipinski's and
Veber's rules. While it inhibits CYP2C9 and CYP3A4, its overall
properties make it the most feasible lead for more optimization.

While compounds 9a and 9b showed the best docking scores
and the most promising ADME and drug-likeness proles, their
cytotoxicity towards the HepG2 and MCF-7 cancer cells was
relatively low. This again underlines the fact that the best in
silico pharmacokinetic parameters and the best docking scores
do not necessarily predict the best antiproliferative activity. It
should be emphasized that the SwissADME package is used to
predict the drug-likeness and the pharmacokinetic parameters
of compounds, and not their biological activity. In the same
way, the docking study is used to predict the binding ability of
compounds to a target under ideal conditions and does not
consider the complex biological processes involved in the
activity of compounds. In fact, the biological activity of
compounds is inuenced by a series of complex biological
parameters, including the uptake of compounds by the cells,
their efflux, metabolic stability, and other pharmacodynamic
parameters. It is for this reason that, although compounds 9a
and 9b can be regarded as lead-like and pharmacokinetically
interesting, compounds 3a and 5b showed more potent exper-
imental cytotoxicity proles. This is a demonstration of the
complementary relationship as opposed to the predictive rela-
tionship between in silico studies and experimental studies. It is
© 2026 The Author(s). Published by the Royal Society of Chemistry
also a demonstration that more work is needed to balance
pharmacokinetic favorability and biological activity.
3 Experimental
3.1 Materials and instruments

Dry solvents were used for all chemical reactions. The purity of
the obtained products and the time of the chemical reactions
were tracked by thin-layer chromatography (TLC) on silica gel
plates using an eluent (P.E. and E.A.). The visualizing agent was
a UV lamp. The GALLENKAMP apparatus was used to record the
melting points (m.p.). The FTIR Spectrometer, INVENIO S,
Bruker, was used to measure infrared spectra (IR). JEOL's
spectrometer (500 and 125 MHz) was used to perform NMR
spectra (1H-NMR and 13C-NMR) using DMSO-d6. A PerkinElmer
2400 analyzer and a Thermo Fisher Scientic GC/MS model
DSQ II were used to obtain elemental (C, H, and N) and mass
analyses, respectively.
3.2 Synthesis of pyrazole 3-methylthienyl ketones 3a–c

A solution of 4-mercapto-4-(phenylamino)-3-(phenylazo)but-3-
en-2-one derivative 3a, 3b, or 3c (5 mmol) in 25 mL ethyl
alcohol and a catalytic amount of triethylamine (3 drops) was
mixed with bromoacetyl-pyrazole 1 (1.40 g, 5 mmol) in a 50 mL
single-neck round-bottomed ask. Aer four hours of reuxing,
the mixture was allowed to cool to 30 °C. The corresponding
pyrazole-thienyl derivatives 3a–c were obtained by ltering and
recrystallizing the colorful product from the EtOH/DMFmix (5 :
1).

3.2.1 (E)-(5-Methyl-1-phenyl-1H-pyrazol-4-yl)(3-methyl-5-
(phenylamino)-4-(p-tolyldiazenyl)thiophen-2-yl)methanone
(3a). Yield= 70.5% (pale red); m.p.= 208–210 °C. IR: 3265 (NH),
1650 (C]O), 1619 (C]N), 1595 (C]C) cm−1. 1H NMR d: 2.34 (s,
3H, CH3), 2.49 (s, 3H, CH3), 2.50 (s, 3H, CH3), 7.26 (t, J =

7.50 Hz, 1H), 7.29 (d, J = 8.00 Hz, 2H), 7.45 (d, J = 8.00 Hz, 2H),
7.50 (t, J = 7.00 Hz, 3H), 7.55–7.59 (m, 4H), 7.64 (d, J = 8.00 Hz,
2H), 8.14 (s, 1H, pyrazole-H), 13.72 (s, 1H, NH). 13C NMR d:
11.44, 13.53, 20.43, 107.38, 118.22 (3C), 120.53 (3C), 120.93,
125.11 (3C), 125.44, 129.11 (3C), 129.49 (3C), 129.79 (2C),
139.96, 140.93 (2C), 143.90, 144.83, 181.83. Mass analysis (m/z,
%): 491 (M+, 41), 103 (43), 101 (40), 85 (27), 69 (22), 57 (42), 53
(26), 86 (100). Analysis for C29H25N5OS (491.18): calculated: C,
70.85; H, 5.13; N, 14.25. Found: C, 70.92; H, 5.09; N, 14.29%.

3.2.2 (E)-(4-((4-Methoxyphenyl)diazenyl)-3-methyl-5-
(phenylamino)thiophen-2-yl)(5-methyl-1-phenyl-1H-pyrazol-4-
yl)methanone (3b). Yield = 78.4% (dark red); m.p. = 223–225 °
C. IR: 3255 (NH), 1650 (C]O), 1619 (C]N), 1595 (C]C) cm−1.
1H NMR d: 2.48 (s, 3H, CH3), 2.59 (s, 3H, CH3), 3.83 (s, 3H,
OCH3), 7.07 (d, J = 8.50 Hz, 2H), 7.23–7.25 (m, 1H), 7.46–7.52
(m, 5H), 7.56 (d, J = 5.00 Hz, 4H), 7.79 (d, J = 9.00 Hz, 2H), 8.10
(s, 1H, pyrazole-H), 13.13 (s, 1H, NH). Mass analysis (m/z, %):
507 (M+, 27), 389 (12), 327 (56), 301 (73), 286 (25), 276 (51), 143
(37), 76 (42), 69 (51), 44 (73), 43 (75), 42 (57), 252 (100). Analysis
for C29H25N5O2S (507.17): calculated: C, 68.62; H, 4.96; N, 13.80.
Found: C, 68.70; H, 5.00; N, 13.71%.
RSC Adv., 2026, 16, 10665–10678 | 10673
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Fig. 5 Radar charts and boiled eggs of the synthesized compounds.
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3.2.3 (E)-(4-((4-Chlorophenyl)diazenyl)-3-methyl-5-(phenyl-
amino)thiophen-2-yl)(5-methyl-1-phenyl-1H-pyrazol-4-yl)
methanone (3c). Yield = 71.2% (pale red); m.p. = 240–242 °C.
10674 | RSC Adv., 2026, 16, 10665–10678
IR: 3296 (NH), 1621 (C]O), 1593 (C]N), 1549 (C]C) cm−1. 1H
NMR d: 2.47 (s, 3H, CH3), 2.49 (s, 3H, CH3), 7.28 (t, J = 7.00 Hz,
1H), 7.44 (d, J = 7.00 Hz, 2H), 7.49–7.52 (m, 5H), 7.55–7.57 (m,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4H), 7.72 (d, J = 8.50 Hz, 2H), 8.10 (s, 1H, pyrazole-H), 13.74 (s,
1H, NH). Mass analysis (m/z, %): 512 (M+, 16), 429 (13), 428 (22),
416 (14), 270 (29), 170 (22), 163 (100), 148 (24), 95 (29), 88 (40).
Analysis for C28H22ClN5OS (511.12): calculated: C, 65.68; H,
4.33; N, 13.68%. Found: C, 65.60; H, 4.40; N, 13.75%.
3.3 Synthesis of pyrazole 3-hydroxythienyl ketones 5a–c

A mixture of bromoacetyl-pyrazole 1 (1.40 g, 5 mmol), ethyl-3-
mercapto-3-(phenylamino)-2-(phenyldiazenyl)acrylate deriva-
tive 5a, 5b, or 5c (5 mmol), and triethylamine (0.50 mL) in
absolute ethanol (25 mL) was reuxed for three hours. The
precipitate formed while heating was ltered, washed with hot
ethanol, and dried to yield pyrazolyl 3-hydroxythienyl ketones
5a, 5b, and 5c, respectively.

3.3.1 (3-Hydroxy-5-(phenylamino)-4-(p-tolyldiazenyl)thio-
phen-2-yl)(5-methyl-1-phenyl-1H-pyrazol-4-yl)methanone (5a).
Yield = 55% (dark red); m.p. = 220–222 °C. IR: 3240 (NH), 1626
(C]O), 1594 (C]N) cm−1. 1H NMR d: 2.36 (s, 3H, CH3), 2.51 (s,
3H, CH3), 7.30 (d, J = 8.50 Hz, 2H), 7.49–7.58 (m, 10H), 7.75 (d, J
= 8.00 Hz, 2H), 8.17 (s, 1H, pyrazole-H), 13.01 (s, 1H, NH). 13C
NMR d: 11.88, 20.57, 101.17, 119.86, 121.42 (2C), 125.15 (4C),
125.86, 128.39, 129.06 (4C), 129.49, 129.65 (4C), 138.98, 138.34,
139.84 (2C), 142.22, 146.29, 153.86. Mass analysis (m/z, %): 493
(M+, 21), 491 (40), 485 (49), 474 (34), 455 (27), 448 (97), 440 (69),
434 (75), 423 (40), 388 (39), 104 (100). Analysis for C28H23N5O2S
(493.16): calculated: C, 68.14; H, 4.70; N, 14.19%. Found: C,
68.24; H, 4.78; N, 14.23%.

3.3.2 (3-Hydroxy-4-((4-methoxyphenyl)diazenyl)-5-(phenyl-
amino)thiophen-2-yl)(5-methyl-1-phenyl-1H-pyrazol-4-yl)
methanone (5b). Yield = 70.8% (red); m.p. = 188–190 °C. IR:
3235 (NH), 1606 (C]O), 1591 (C]N), 1553 (C]C) cm−1. 1H
NMR d: 2.51 (s, 3H, CH3), 3.83 (s, 3H, OCH3), 7.08 (d, J= 8.50 Hz,
2H), 7.30 (t, J = 7.00 Hz, 1H), 7.52–7.57 (m, 9H), 7.92 (d, J =
6.50 Hz, 2H), 8.24 (s, 1H, pyrazole-H), 12.40 (s, 1H, NH). 13C
NMR d: 11.75, 55.30, 100.25, 114.35 (2C), 118.27, 121.27 (2C),
122.25 (2C), 125.05 (3C), 125.60, 128.27, 128.95 (3C), 129.40
(3C), 138.24, 139.65 (2C), 142.09, 152.90, 160.23, 177.39. Mass
analysis (m/z, %): 509 (M+, 51), 493 (39), 489 (35), 485 (34), 472
(44), 433 (41), 375 (72), 339 (49), 326 (84), 325 (86), 289 (53), 285
(75), 284 (100). Analysis for C28H23N5O3S (509.15): calculated: C,
66.00; H, 4.55; N, 13.74%. Found: C, 66.08; H, 4.50; N, 13.80%.

3.3.3 (4-((4-Chlorophenyl)diazenyl)-3-hydroxy-5-(phenyl-
amino)thiophen-2-yl)(5-methyl-1-phenyl-1H-pyrazol-4-yl)
methanone (5c). Yield = 88.1% (dark red); m.p. = 240–242 °C.
IR: 3244 (NH), 1596 (C]O), 1532 (C]N), 1521 (C]C) cm−1. 1H
NMR d: 2.50 (s, 3H, CH3), 7.31–7.34 (m, 1H), 7.53 (d, J= 4.00 Hz,
4H), 7.54–7.57 (m, 7H), 7.94 (d, J = 8.00 Hz, 2H), 8.21 (s, 1H,
pyrazole-H), 12.84 (s, 1H, NH), 13.64 (s, 1H, OH). 13C NMR d:
11.68, 101.65, 121.29 (4C), 121.53 (4C), 125.00 (4C), 128.90 (5C),
129.08, 129.31 (4C), 132.24, 142.14, 158.25. Mass analysis (m/z,
%): 514 (M+, 27), 492 (14), 484 (14), 481 (39), 478 (36), 473 (62),
471 (12), 446 (40), 445 (100), 424 (20), 355 (28), 341 (14), 231 (23),
205 (37), 189 (15), 139 (37), 125 (36), 99 (34). Analysis for C27-
H20ClN5O2S (513.10): calculated: C, 63.09; H, 3.92; N, 13.63%.
Found: C, 63.01; H, 4.07; N, 13.70%.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.4 Synthesis of pyrazolyl 3-aminothienyl ketones 7a–c

A solution of each 2-cyano-3-mercapto-N-phenyl-3-
(phenylamino)acrylamide scaffold 7a, 7b, or 7c (5 mmol) and
K2CO3 (1.38 g, 10 mmol) in dry DMF (25 mL) was stirred at room
temperature for 30 minutes. The mixture was then supple-
mented with 1.40 g of bromoacetyl-pyrazole 1 (5 mmol). For
almost six hours, the entire mixture was agitated at 30 °C. The
mixture was poured over crushed ice for precipitation. The
corresponding pyrazolyl thienyl ketones 7a–c were produced by
ltering, drying, and recrystallizing the resulting powder from
an 8 : 1 mixture of ethanol and DMF.

3.4.1 4-Amino-5-(5-methyl-1-phenyl-1H-pyrazole-4-
carbonyl)-2-(phenylamino)-N-(p-tolyl)thiophene-3-carboxamide
(7a). Yield = 49.8% (yellow); m.p. = 268–270 °C. IR: 3441, 3278
(NH2, 2NH), 1655, 1630 (2C]O), 1605 (C]N), 1580 (C]
C) cm−1. 1H NMR d: 2.26 (s, 3H, CH3), 2.52 (s, 3H, CH3), 7.12 (d, J
= 7.50 Hz, 4H), 7.21 (t, J= 7.50 Hz, 1H), 7.43 (t, J= 7.00 Hz, 2H),
7.49 (d, J= 8.00 Hz, 2H), 7.52–7.56 (m, 5H), 8.38 (s, 1H, pyrazole-
H), 8.83 (s, 1H, NH), 9.37 (s, 2H, NH2), 11.59 (s, 1H, NH). Mass
analysis (m/z, %): 507 (M+, 19), 506 (12), 486 (26), 427 (21), 365
(15), 280 (21), 262 (100), 223 (40), 180 (23), 166 (38), 130 (14), 123
(14), 102 (24), 76 (72). Analysis for C29H25N5O2S (507.17):
calculated: C, 68.62; H, 4.96; N, 13.80%. Found: C, 68.58; H,
5.00; N, 13.74%.

3.4.2 4-Amino-N-(4-methoxyphenyl)-5-(5-methyl-1-phenyl-
1H-pyrazole-4-carbonyl)-2-(phenylamino)thiophene-3-
carboxamide (7b). Yield = 53.6% (orange); m.p. = 218–220 °C.
IR: 3403, 3262, 3222 (NH2, 2NH), 1653, 1635 (2C]O), 1599 (C]
N), 1576 (C]C) cm−1. 1H NMR d: 2.44 (s, 3H, CH3), 3.72 (s, 3H,
OCH3), 6.90 (d, J = 9.00 Hz, 2H), 7.37 (s, 4H), 7.47–7.55 (m, 8H),
7.79 (s, 2H, NH2), 7.99 (s, 1H, pyrazole-H), 9.76 (s, 1H, NH), 9.84
(s, 1H, N–H). 13C NMR d: 11.68, 55.19, 96.26, 106.08, 113.56 (2C),
114.10, 120.03 (2C), 122.02 (2C), 123.80, 125.36 (2C), 125.48,
128.33, 129.25 (2C), 129.38 (2C), 131.84, 138.67, 138.74, 140.83,
155.50, 155.97, 157.86, 162.07, 178.65. Mass analysis (m/z, %):
523 (M+, 24), 495 (17), 480 (22), 476 (23), 426 (14), 424 (23), 400
(17), 382 (38), 380 (36), 269 (57), 220 (39), 208 (38), 170 (23), 140
(77), 123 (33), 114 (34), 98 (100), 96 (59). Analysis for
C29H25N5O3S (523.17): calculated: C, 66.52; H, 4.81; N, 13.38%.
Found: C, 67.00; H, 5.70; N, 13.50%.

3.4.3 4-Amino-N-(4-chlorophenyl)-5-(5-methyl-1-phenyl-
1H-pyrazole-4-carbonyl)-2-(phenylamino)thiophene-3-
carboxamide (7c). Yield = 62.4% (pale orange); m.p. = 280–
282 °C. IR: 3272 (br, NH2, 2NH), 1640 (br, 2C]O), 1588 (C]N),
1551 (C]C) cm−1. 1H NMR d: 2.43 (s, 3H, CH3), 7.07 (t, J =
6.00 Hz, 1H), 7.36 (d, J = 9.00 Hz, 6H), 7.47 (d, J = 8.00 Hz, 1H),
7.54 (d, J = 4.00 Hz, 4H), 7.69 (d, J = 8.00 Hz, 2H), 7.79 (s, 2H,
NH2), 7.97 (s, 1H, pyrazole-H), 9.93 (s, 1H, NH), 10.17 (s, 1H,
NH). 13C NMR d: 11.68, 96.13, 106.36, 120.18 (2C), 121.03,
121.15, 121.97 (2C), 123.83, 125.12 (2C), 125.45, 126.95, 128.22
(2C), 128.32, 128.82, 129.24 (2C), 129.33 (2C), 138.72 (2C),
140.82, 141.00, 156.40, 162.35. Mass analysis (m/z, %): 528 (M+,
36), 521 (35), 498 (100), 464 (49), 437 (66), 380 (68), 320 (39), 311
(35), 279 (27), 278 (36), 274 (45), 267 (48), 266 (57), 236 (87), 233
(60), 229 (56), 227 (80), 217 (83), 191 (36), 168 (86). Analysis for
RSC Adv., 2026, 16, 10665–10678 | 10675
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C28H22ClN5O2S (527.12): calculated: C, 63.69; H, 4.20; N,
13.26%. Found: C, 63.75; H, 4.29; N, 13.33%.

3.5 Synthesis of pyrazole 3-methylthienyl ketones 9a,b

A solution of each mercapto(phenylamino)methylene derivative
8a or 8b (5 mmol) in 25 mL ethyl alcohol and a catalytic quantity
of triethylamine (3 drops) was combined with bromoacetyl-
pyrazole 1 (1.40 g, 5 mmol) in a 50 mL single-neck round-
bottomed ask. The mixture was reuxed for ve hours before
being allowed to cool to 30 °C. The corresponding pyrazole-
thienyl derivatives 9a and 9b were obtained by ltering and
recrystallizing the colorful product from the EtOH/DMF mix
(10 : 2).

3.5.1 1-(4-Methyl-5-(5-methyl-1-phenyl-1H-pyrazole-4-
carbonyl)-2-(phenylamino)thio-phen-3-yl)ethan-1-one (9a).
Yield = 62.4% (yellow); m.p. = 178–180 °C. IR: 3111 (N–H),
1640, 1608 (2C]O), 1585 (C]N), 1547 (C]C) cm−1. 1H NMR d:
2.46 (s, 3H, CH3), 2.58 (s, 3H, CH3), 2.63 (s, 3H, CH3), 7.17–7.20
(m, 1H), 7.43–7.44 (m, 4H), 7.49–7.52 (m, 1H), 7.56–7.57 (m,
4H), 8.07 (s, 1H, pyrazole-H), 11.59 (s, 1H, NH). 13C NMR d:
11.90, 17.62, 31.48, 119.99, 120.36, 120.69 (2C), 121.73, 125.05
(2C), 125.37, 128.79, 129.46 (2C), 129.94 (2C), 138.43, 139.82,
141.57, 142.97, 143.63, 162.01, 181.53, 196.53. Mass analysis (m/
z, %): 415 (M+, 23), 398 (15), 396 (16), 390 (15), 382 (63), 350 (20),
309 (43), 299 (77), 298 (46), 294 (44), 278 (54), 275 (37), 270 (28),
252 (55), 242 (40), 239 (20), 219 (27), 215 (19), 116 (59), 85 (100).
Analysis for C24H21N3O2S (415.14): calculated: C, 69.38; H,
5.09; N, 10.11%. Found: C, 69.31; H, 5.15; N, 10.18%.

3.5.2 Ethyl 4-methyl-5-(5-methyl-1-phenyl-1H-pyrazole-4-
carbonyl)-2-(phenylamino)-thiophene-3-carboxylate (9b). Yield
= 65.7% (brown); m.p. = 150–152 °C. IR: 3139 (N–H), 1640
(2C]O), 1595 (C]N), 1545 (C]C) cm−1. 1H NMR d: 1.08 (t, J =
7.00 Hz, 3H, �COOCH2CH3 ), 2.25 (s, 3H, CH3), 2.49 (s, 3H,
CH3), 3.95 (q, J = 7.00 Hz, 2H, �COOCH2 CH3), 7.32–7.53 (m,
11H), 8.12 (s, 1H, pyrazole-H). 13C NMR d: 11.41, 14.66, 58.09,
77.51, 104.15, 110.85, 124.49 (2C), 125.33, 128.05, 128.69 (2C),
129.36 (4C), 130.10, 132.52, 137.49, 138.50, 138.89, 139.03,
139.26, 163.75, 167.45. Mass analysis (m/z, %): 445 (M+, 40), 435
(57), 418 (39), 399 (44), 368 (81), 337 (100), 287 (64), 268 (75), 263
(74), 240 (22), 227 (40), 221 (35), 208 (38), 187 (55), 143 (37), 95
(55). Analysis for C25H23N3O3S (445.15): calculated: C, 67.40; H,
5.20; N, 9.43%. Found: C, 67.23; H, 5.30; N, 9.54%.

3.6 Anticancer activity

3.6.1 Cell cultures. The cell lines MCF-7 and HepG2 were
acquired from VACSERA in Cairo, Egypt. The cells were kept in
DMEM supplemented with 10% fetal bovine serum, 100 mg
per mL streptomycin, and 100 units per mL penicillin. Cells
were grown at 37 °C in a humidied environment with 5% CO2.
Aer a few passes, the cells were planted in a 96-well plate aer
being cultivated in 75 cm2 culture bottles with 15 mL DMEM.
Cells at 70–80% conuence were used in all investigations.

3.6.2 Cytotoxic assay (MTT assay). A 96-well plate was
planted with cancer cell lines (10 000 cells per well). Following
a 24 hour cell incubation period, 100 mL of medium containing
different concentrations of the chemical (00, 62.5, 125, 250, 500,
10676 | RSC Adv., 2026, 16, 10665–10678
and 100 mg mL−1) was substituted for the medium for 24 and 72
hours. The control group consisted of untreated cells. The MTT
test was used to assess the cell viability following 24 and 72
hours of treatment.49 The MTT color reaction of mitochondrial
dehydrogenase in live cells is the basis of the proliferation test.
Each well received MTT (nal concentration 5 mg per mL PBS)
at the conclusion of the treatment period, and it was then
incubated for 2–4 hours at 37 °C in 5% CO2. 150 mL of DMSO
was used to dissolve the colored formazan crystals. A microplate
reader was used to measure the absorbance at 570 nm. The
percentage of cell proliferation was determined by dividing the
absorbance of the treatment group by the absorbance of the
control group, then multiplying the result by 100.
3.7 Molecular docking

A common computational tool for comprehending protein–
receptor interactions with complexes is molecular docking
(MOE2019). By mimicking the exchange of the synthesized
chemicals with the breast cancer protein (PDB = 2W3L),50 the
docking process was completed. Only these compounds were
exposed to molecular docking due to their increased activity in
comparison to the other produced compounds, as determined
by the ndings of the cytotoxic biological investigation. The
builder molecule tool was used to produce ligand compounds,
and energy minimization was the next step. Using the
MMFF94X force eld, this method was repeated until an RMSD
gradient of 0.01 kcal mol−1 was achieved, with partial charges
calculated automatically.
4 Conclusion

Novel pyrazole–thiophene hybrid derivatives were successfully
synthesized, and their structures were conrmed by spectral
analyses. Biological evaluation demonstrated that several of the
synthesized compounds exhibited potent anticancer activity
against HepG2 and MCF7 cell lines, highlighting the impor-
tance of the pyrazole–thiophene framework in enhancing cyto-
toxic potential. The observed results suggest that the
incorporation of the thiophene moiety into the pyrazole core
improves the interaction of the compounds with biological
targets and contributes to their antiproliferative effects. There-
fore, these hybrids can be considered promising lead
compounds for further optimization and development of
effective anticancer agents. Besides, the molecular docking
study revealed that the synthesized pyrazole thienyl ketones
exhibited strong bindings toward the target PDB: 2W3L active
site, with most analogues outperforming the vinblastine refer-
ence. However, the pyrazole 3-aminothienyl ketones 7a and 7c
appeared as the most proper analogues due to their highest
bindings (−7.1000 and −7.3575 kcal mol−1, respectively) and
strong interactions with key residues (Arg105 and Arg66) over
multiple bonds such as p–H, p–cation, and different hydrogen
bindings with key amino-acid residues. Finally, the in silico
pharmacokinetic evaluation of the prepared compounds
discloses a series with noteworthy challenges but recognizes key
structural insights for upcoming optimization. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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predominant limitations are poor solubility and low gastroin-
testinal absorption, mainly determined by high molecular
weight, excessive aromaticity, and high lipophilicity character-
istic of the shared molecular scaffold. The existence of the
hydrazone linker in both series 3a–c and 5a–c correlates with
mainly poor proles. Compound 9a stands out as the most
auspicious lead due to their constructive solubility, acceptable
lipophilicity, and high predicted absorption. Future work
should focus on synthesizing analogues based on the scaffold of
9a, aiming to additional reduce CYP inhibition while keeping
these higher ADME properties.
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