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Targeting apoptotic pathways in cancer: design,
synthesis, and molecular docking studies of 1,3,5-
trisubstituted-1H-pyrazole derivatives with Bcl-2
inhibition and DNA damage potentialf

Ahmed Temirak, 2 *2 Ahmed A. F. Soliman,® Mohamed B. Shalaby, Mariam G. Eshak,®
Wagdy K. B. Khalil,” Zahid Shafig®© and Nader M. Boshta*"

The search for new anticancer agents targeting apoptotic and autophagic pathways is crucial due to their roles
in cellular homeostasis and cancer cell elimination. In this study, we synthesized and evaluated a series of 1,3,5-
trisubstituted-1H-pyrazole derivatives as potential inhibitors of Bcl-2, a key regulator of apoptosis and
autophagy. Several compounds activated pro-apoptotic proteins Bax, p53, and Caspase-3. Structure—activity
relationship (SAR) studies assessed the cytotoxic effects of the compounds on MCF-7, A549, and PC-3
cancer cell lines. Compounds 4, 5, 6b, 6¢c, 7, 8, 10b, 10c, and 12b showed significant cytotoxicity against
MCEF-7 cells (ICsq: 3.9-35.5 uM), with similar activity observed against A549 and PC-3 cell lines. Compounds
6c, 8, 10b, and 10c also induced DNA damage, as evidenced by increased comet tail length, suggesting they
cause genotoxic stress through DNA strand breaks. SAR analysis highlighted the importance of chlorophenyl,
thiazole, and sulfonamide groups in enhancing cytotoxicity. Molecular docking confirmed high binding
affinity of compounds 10b and 10c to Bcl-2 through key hydrogen bonding interactions. These findings
suggest that the 1,3,5-trisubstituted-1H-pyrazole derivatives effectively target Bcl-2, activate apoptotic
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Introduction

Cancer is a significant global health burden and ranks as the
second-leading cause of death, following cardiovascular
diseases.”* It remains one of the most challenging diseases to
treat, characterized by uncontrolled cell proliferation and the
ability to avoid programmed cell death mechanisms. The
toxicity of existing anticancer drugs and the limited effective-
ness of current chemotherapies are major obstacles in the fight
against cancer. Consequently, the primary goal in the field of
organic medical chemistry, particularly in targeted therapeutic
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pathways, and induce DNA damage, making them promising candidates for further anticancer investigation.

strategies, is to design and discover effective and selective
antitumor agents.® Such strategies involve inducing apoptosis
and autophagy.

Apoptosis, a form of programmed cell death, is essential for
maintaining cellular homeostasis and eliminating damaged
cells. Tumor cells are known to have dysregulated apoptotic
machinery, enabling tumor cells to survive longer than they
should.* Autophagy, a cellular degradation process, plays a dual
role in cancer. While autophagy can provide nutrients to
support cancer cell survival under stress, it can also promote
cell death when overly activated.> The balance between these
processes is crucial in determining cell fate. One of the key
regulators of both apoptosis and autophagy is the B-cell
lymphoma 2 (Bcl-2) protein family.

Bcl-2 as a therapeutic target, Bcl-2 is an anti-apoptotic
protein that is overexpressed in various cancers, contributing
to tumorigenesis and resistance to chemotherapy.® Therefore,
targeting Bcl-2 to promote apoptosis and autophagy represents
a promising strategy for cancer therapy.” Bcl-2 proteins inhibit
apoptosis by binding to pro-apoptotic proteins such as BCL-2-
associated X protein (BAX) and also modulate autophagy by
interacting with Beclin 1, a critical autophagy protein.® Bcl-2
inhibitors can disrupt the interaction between Bcl-2 and pro-
apoptotic proteins, thereby inducing cell death.” Moreover,
inhibiting the interaction between Bcl-2 and Beclin 1 can
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Fig. 1 Examples of reported 1,3,5-trisubstituted-1H-pyrazole derivatives with anticancer activities.**~**

promote autophagy, which may enhance the anti-tumor effects
of Bcl-2 inhibition (Fig. 1)."*"* By leveraging these insights, our
current study aims to further explore the therapeutic potential
of Bcl-2 inhibitors.

Recent studies have highlighted the potential of 1,3,5-trisub-
stituted-1H-pyrazole derivatives as promising anticancer agents.
These compounds have shown significant antiproliferative
activity against various cancer cell lines, making them a focus of
medicinal chemistry research. For instance, compound I
exhibited remarkable antiproliferative effects against MCF-7,
B16-F10, and HCT-116 cancer cell lines. Furthermore, this
compound demonstrated potent inhibition of key oncogenic
proteins, including epidermal growth factor receptor (EGFR) and
HER-2, which are critical targets in cancer therapy.”” Addition-
ally, compound II, identified from a separate study, was found to
have a selective anticancer influence on colon cancer cell lines,
particularly HT-29, where it displayed a log GI;, value of —6.37,
indicating its efficiency against this cancer type.*

Reference lead compound that selectively
disrupts Beclin 1/Bcl-2 binding

Inhibitor

Cl

previous work

Target compounds

Another potent derivative, compound III, has shown broad-
spectrum anticancer activity with a mean GIs, of 0.071 pM
and a TGI of 0.76 uM. It exhibited its highest antiproliferative
effects on the non-small cell lung cancer line HOP-92, where the
GI5o was less than 0.01 pM. This compound was also active
against other lines, including HCT-116 (GI5, = 0.018 pM), CNS
cancer line SNB-75 (GI5o = 0.0159 uM), ovarian cancer NCI/ADR-
RES (GI5, = 0.0169 uM), and renal cancer RXF 393 (GI5, =
0.0197 uM).* In the realm of Bcl-2 inhibition, compound IV
(SW076956) emerged as a potent inhibitor, targeting the Bcl-2
protein involved in apoptosis.™ Structure-activity relationship
studies on this compound led to the development of more
selective Bcl-2 inhibitors, such as compound V, which specifi-
cally disrupts the Bcl-2-Beclin 1 interaction responsible for
autophagy regulation while sparing the Bcl-2-Bax interaction
critical for apoptosis. This specificity opens new avenues for
cancer therapy by promoting autophagic cell death without
triggering apoptosis.™
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Fig. 2 Design of the new 1,3,5-trisubstituted-1H-pyrazole derivatives with proposed Bcl-2 inhibition activities.
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In our previous research, we synthesized 1,3,5-trisubstituted-
1H-pyrazole derivatives and evaluated their anticancer activi-
ties, particularly focusing on ERK and RIPK3 kinase inhibition.
These compounds were active against ERK and RIPK3 and
demonstrated significant cytotoxicity."® Building on this
success, we synthesized new analogues and investigated their
activity, particularly targeting ERK and RIPK3. However, these
new compounds were found to be less active in those assays.
Despite this reduced activity, they exhibited promising cyto-
toxicity on several cancer cell lines, that encouraged us to
explore their activity on other targets related to apoptosis and
autophagy.

Our subsequent screening efforts, including in vitro assays
for different targets and compound similarity searches in the
literature, identified Bcl-2 as a novel target for our pyrazole
derivatives. The promising cytotoxicity data of these
compounds against cancer cells, combined with their structural
similarity to known Bcl-2 inhibitors, specifically compound
SW076956 encouraged us to investigate their ability to inhibit
Bcl-2 to develop effective anticancer agents (Fig. 2).** The aim of
this study is to develop small molecule inhibitors of Bel-2 with
dual functionality in promoting both autophagy and apoptosis.
We synthesized different derivatives of our initial compounds to
study the structure-activity relationship (SAR) and enhance the
potency of Bcl-2 inhibition. Our findings suggest that these
novel Bcl-2 inhibitors could serve as potential therapeutic
agents for cancer treatment, offering a new strategy to induce
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cancer cell death through both apoptotic and autophagic
pathways (Fig. 2).

Results and discussion
Chemistry

Chalcones are chemical compounds consisting of two aromatic/
heterocyclic rings linked by three carbon atoms, forming an «,
B-unsaturated carbonyl system. These compounds are abun-
dant in edible plants and are frequently utilized in traditional
folk remedies, such as Angelica, Glycyrrhiza, Humulus, and Scu-
tellaria. Moreover, chalcones play a crucial role as precursors in
the biosynthesis of flavonoids and isoflavonoids. The key
characteristic of chalcones lies in their conjugated double bond
system and completely delocalized -electron system present in
both aromatic rings. As a result, they exhibit relatively low redox
potentials and a high tendency to participate in electron
transfer reactions."®

The starting material 3 can be prepared using a specific type
of aldol-condensation reaction called the base-catalyzed Claisen—
Schmidt condensation.™ This reaction involves the reaction of
the commercially available 1-methyl-1H-pyrrole-2-carbaldehyde 1
with the commercially available ketone 1-(3,4-dichlorophenyl)
ethan-1-one 2. The reaction takes place in the presence of 10%
NaOH as a base, using ethanol as the solvent, and stirring at
room temperature for 4 hours. As a result, the final compounds
are obtained in the form of yellow powder (Scheme 1). The key
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Scheme 1 Synthesis of target compounds 4, and 6a—e. Reagents and conditions: (a) NaOH (10% aq.), EtOH, 0 °C-rt, 4 h; (b) diethyl azodi-
carboxylate, PhsP, toluene, rt, 7h, 60%; (c) thiosemicarbazide, NaOH, EtOH, 100 °C, 8 h, 87%; (d) phenacyl bromide derivative, EtOH, 100 °C, 3h,

49-88%.
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intermediate 3+(3,4-dichlorophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-
4,5-dihydro-1H-pyrazole-1-carbothioamide 5 was obtained by
heating to reflux with Thiosemicarbazide in ethanol for 8 h in the
presence of catalytic amounts of sodium hydroxide.

In order to gain a deeper understanding of the SARs of the
thiazole derivatives, we incorporated various aromatic and
heteroaromatic residues at position 4 of the thiazole ring. The
synthesis of the target compounds 6a-e were by reaction of the
last the key intermediate 5 with the appropriate phenacyl
bromide derivative in ethanol. On the other hand, the starting
material 3 on reacting with diethyl azodicarboxylate in the
presence of triphenyl phosphine provides pyrazole-1,2(3H)-
dicarboxylate derivative 4 as depicted in Scheme 1. The struc-
tures of all the final products were verified using 'H and *C
NMR spectroscopy.
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With more focus on studying the effect of different residues
at position 4 of the thiazole ring, the suitable intermediate 7 was
synthesized from the starting material 5 via the reaction with o-
bromopyruvate. Subsequently, we used hydrazine hydrate
under reflux conditions to obtain the hydrazide derivative 8.
Further, the last compound was reacted with cyanogen bromide
to afford the aminooxadiazole derivative 9. Moreover, 8 reacted
with aryl sulfonyl chloride derivatives to afford the corre-
sponding benzene sulfonohydrazide derivatives 10a-c, as out-
lined in Scheme 2.

Starting from the key intermediate 5, we also decided to
study incorporating the thiazolone ring and its derivatives at
position 1 of the 1H-pyrazole ring. To begin, we synthesized the
thiazolone derivative 11 through a reaction between 5 and ethyl
bromoacetate in ethanol. Subsequently, to explore the

Scheme 2 Synthesis of target compounds 9, and 10a—c. Reagents and conditions: (a) a-bromopyruvate, EtOH, 60 °C, 4 h, 88%; (b) hydrazine
hydrate, EtOH, 100 °C, 5h, 89%; (c) (1) cyanogen bromide, MeOH, 1,4-dioxane, rt, 1 h (2) NaHCOs, rt, 18 h, 73%; (d) aryl sulfonyl chloride, DMF, 0 °

C-rt, 4-10 h, 65-84%.

O

R3

Scheme 3 Synthesis of target compounds 12a—c. Reagents and conditions: (a) ethyl bromoacetate, EtOH, 100 °C, 3 h, 83%; (b) benzaldehyde

derivative, piperidine, EtOH, 100 °C, 4 h, 71-81%.
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derivatization at the thiazolone ring, we employed various
aldehydes and condensed them with 11 in the presence of
piperidine in ethanol to afford the target compounds 2-amino-
5-benzylidenethiazol-4-one derivatives 12a-c¢, as outlined in
Scheme 3.

Biological screening

Cytotoxicity studies on cancer monolayers. Cytotoxicity
studies were conducted on human cancer cell lines through the
MTT assay. This assay is a pivotal component of cancer research
and drug development that allows researchers to assess the
potential toxicity of various compounds or treatments on cancer
cells. The cytotoxic activity of our newly synthesized analogs was
investigated on three cancer cell lines: human prostate cancer
(PC-3), human breast cancer (MCF-7) and human lung cancer
(A549) using in vitro MTT assay (Table 1).

The newly developed pyrazole derivatives demonstrated
notable cytotoxic effects on the PC3, MCF-7 and A549 cancer cell
lines highlighting their potential as anticancer agents. Specifi-
cally, compounds 4, 5, 6b, 6¢, 7, 8, 10b, 10c, and 12b demon-
strated significant cytotoxic effects on the MCF-7 breast cancer
cell line. Against the PC-3 cell line, compounds 5, 7, 10b, and
10c demonstrated significant cytotoxic effects. For the A549
lung cancer cell line, compounds 4, 5, 6b, 7, 10b, 10c, and 12b
showed significant cytotoxicity. The consistent presence of
a chlorophenyl group in all compounds significantly contrib-
utes to their baseline cytotoxicity due to its strong electron-
withdrawing properties (Fig. 3).

Compounds featuring a thiazole ring, such as 6¢, 8, 10b, and
10c, exhibit enhanced cytotoxic activity. Additional ring systems
like the pyridine ring in 6¢ and the acylhydrazone group in 8
further boost the bonding interactions, respectively. Sulfon-
amide groups with substituents, particularly the fluorophenyl
group in 10b and the aliphatic chain in 10c, significantly
enhance cytotoxic effects, with 10c showing the highest activity
against MCF-7 cells.

The variation in ICs, values across different compounds
indicates that specific structural modifications can significantly
influence their anticancer activity. This variability underscores

Table 1 The ICsq values for the most potent compounds against the
PC-3, MCF-7 and A549 cancer cell lines. Results are represented as the
mean of three independent experiments (n = 3)

1Cso (P-M)

Compound MCF-7 PC3 A549

4 67.8 = 0.12 90.8 + 0.166 28.4 + 0.08
5 94.3 + 0.122 81.0 + 0.139 92.1 + 0.112
6b 96.1 + 0.135 91.2 + 0.144 84.0 £ 0.14
6¢c 58.5 £ 0.10 95.3 £ 0.175 92.3 £0.184
7 92.3 +0.184 40.2 + 0.110 44.4 £+ 0.09
8 54.8 = 0.09 92.1 £ 0.132 90.3 + 0.155
10b 41.4 £ 0.08 62.2 + 0.132 30.0 + 0.10
10c 34.5 + 0.157 54.1 + 0.128 38.9 £ 0.10
12b 86.1 £ 0.145 95.4 + 0.155 66.3 + 0.10
Doxorubicin 45.02 £+ 1.60 32.4 £ 0.70 35.4 £ 0.90
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Fig. 3 Cytotoxicity%s of our compounds against human prostate
cancer (PC-3), human breast cancer (MCF-7) and human lung cancer
(A549) at 100 uM concentration. Results are represented as the mean
of three independent experiments (n = 3).

the importance of understanding the SAR to optimize these
compounds for better efficacy. Against the PC-3 cell line, 7
showed the highest cytotoxicity with an ICs, of 40.2 4+ 0.110 puM,
followed by 10c with 54.1 4+ 0.128 uM and 10b with 62.2 + 0.132
puM. Compound 5 displayed the lowest activity with an ICs, of
81.0 & 0.139 puM, reinforcing the need for potent substituents to
enhance efficacy. Against the MCF-7 breast cancer cell line, the
ICso values of the compounds ranged widely, reflecting the
impact of different structural features. Compound 10c showed
the highest cytotoxicity with an ICs, value of 34.5 £+ 0.157 uM
which is better than the reference compound doxorubicin with
an ICs, vale of 45.02 £ 1.60 puM, indicating that the presence of
a sulfonamide group with an aliphatic chain substantially
enhances activity. 10b also displayed significant activity with an
ICs of 41.4 £ 0.08 pM, attributed to its sulfonamide group with
a fluorophenyl substituent.

Moderate activity was observed for 6¢ and 8, with ICs, values
of 58.5 + 0.10 uM and 54.8 & 0.09 uM, respectively, highlighting
the beneficial effects of the acylhydrazone and pyridine ring
systems. Compound 5 exhibited the lowest activity against MCF-
7, with an ICs, of 96.1 £ 0.135 pM, suggesting that additional
potent substituents are necessary to enhance efficacy. For the
A549 lung cancer cell line, the compounds also displayed varied
cytotoxic effects. Compound 4 demonstrated the highest activity
with an ICs, value of 28.4 + 0.08 uM, indicating that the ester
groups significantly improve the activity. 10b showed strong
activity with an ICs, of 30.0 & 0.10 uM, likely due to the presence
of the sulfonamide group with a fluorophenyl substituent. 10¢
had an ICs value of 38.9 + 0.10 uM, suggesting that the
aliphatic chain on the sulfonamide group enhances cytotoxicity.
Compound 5 exhibited the lowest activity against A549, with an
ICso of 92.1 & 0.112 pM.

Gene expression in cancer cell lines. The expression analysis
of Bcl-2, BAX, P53, and Caspase-3 genes in three cancer cell lines
(MCF-7, A549, and PC3) treated with compounds 6c¢, 8, 10b, and
10c, compared to the positive control doxorubicin, is detailed in
Fig. 4. The results indicate a significant decrease in the
expression levels of the anti-apoptotic gene Bcl-2 in all three
cancer cell lines treated with our compounds, suggesting their
potential as effective anticancer agents through the inhibition
of Bcl-2 gene expression. Compound 6¢ exhibited the most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 The alterations of Bcl-2, BAX, P53, and Caspase-3 gene expression in three different cancer cell lines (MCF-7, A549 and PC3) treated with
compounds 6c, 8, 10b, 10c and doxorubicin (Doxo). Data are presented as mean =+ SEM. 2259 Mean values within tissue with unlike superscript

letters were significantly different (P < 0.05).

substantial decrease in Bcl-2 expression, surpassing the effect
observed with doxorubicin. Notably, compounds 10b and 10c
also showed a promising reduction in Bcl-2 expression across
all three cancer cell lines.

Bcl-2 is known to prevent apoptosis by inhibiting the release
of cytochrome c from mitochondria, thereby blocking the
apoptotic cascade. The observed downregulation of Bcl-2
implies that our compounds can disrupt this protective mech-
anism, making cancer cells more susceptible to programmed
cell death. This is particularly significant as overexpression of
Bcl-2 is often associated with resistance to chemotherapy and
poor prognosis in various cancers. In contrast, the expression
levels of the pro-apoptotic genes BAX, p53, and Caspase-3
increased significantly in the treated cancer cell lines.
Compounds 6¢, 10b, and 10c demonstrated a promising
increase in the expression of these pro-apoptotic genes when
compared to Doxorubicin. Specifically, these compounds
enhanced the expression of BAX and Caspase-3 in MCF-7 and
A549 cancer cell lines, with a slightly lesser effect observed in
the PC3 cells. This suggests that these compounds can trigger
apoptosis more effectively in breast and lung cancer cells.

BAX promotes apoptosis by promoting the release of cyto-
chrome ¢ from the mitochondria, leading to the activation of
caspases. Caspase-3 is a critical executioner of apoptosis,

© 2025 The Author(s). Published by the Royal Society of Chemistry

responsible for the cleavage of various cellular substrates
leading to cell death. The increased expression of these genes
suggests that our compounds can effectively initiate and prop-
agate the apoptotic signal within cancer cells. Regarding p53,
the highest increase in gene expression was observed in PC3
cells. p53, often referred to as the “guardian of the genome,”
plays a crucial role in regulating the cell cycle and inducing
apoptosis in response to DNA damage. The upregulation of p53
indicates that our compounds may enhance the DNA damage
response, leading to increased cell cycle arrest and apoptosis in
prostate cancer cells.

The differential effects of our compounds on various cell
lines underscore the complexity of their action mechanisms.
While all compounds were effective in downregulating BCL-2
and upregulating BAX, p53, and Caspase-3, the extent of these
effects varied among the cell lines. This variability suggests that
the efficacy of our compounds may depend on the specific
genetic and molecular context of each cancer type. These find-
ings highlight the potential of compounds 6c¢, 10b, and 10c as
powerful anticancer agents capable of modulating key apoptotic
pathways. Their ability to decrease BCL-2 and increase BAX,
p53, and Caspase-3 expression provides a strong rationale for
further investigation and development of these compounds as
targeted therapies for cancer treatment. Future studies should

RSC Adv, 2025, 15, 19204-19217 | 19209
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focus on elucidating the precise molecular interactions and
pathways involved, as well as evaluating the in vivo efficacy and
safety of these compounds in animal models.

DNA damage in cancer cell lines using comet assay. The DNA
damage in three cancer cell lines (MCF-7, A549, and PC3) was
determined using the comet assay, a sensitive and rapid tech-
nique for measuring DNA strand breaks in individual cells. This
assay involves embedding cells in agarose, lysing them to
release DNA, subjecting them to electrophoresis, and staining
the DNA to visualize the extent of damage, which appears as
a ‘comet tail’ extending from the nucleus. The length and
intensity of the tail relative to the head indicate the level of DNA
damage. As shown in Tables S1-S3 in the ESI,¥ DNA damage
values significantly increased (P < 0.01) in the three cancer cell
lines treated with our novel pyrazolo derivatives (6c, 8, 10b, and
10c). These compounds demonstrated high DNA damage
percentages (>20%), comparable to that of the well-known
anticancer drug doxorubicin. This indicates that our
compounds have promising cytotoxic effects on MCF-7, A549,
and PC3 cancer cell lines.

Compounds 6¢, 8, 10b, and 10c induced substantial DNA
damage, as evidenced by the increased comet tail length and
percentage of DNA in the tail. The presence of DNA strand
breaks, as visualized by the comet assay, suggests that these
compounds effectively induce genotoxic stress in cancer cells.
This genotoxicity is a critical aspect of their anticancer activity,
leading to apoptosis and cell death. In detail, the DNA damage
induced by compound 6c was the most pronounced, with values
surpassing those observed with Doxorubicin. This suggests that
compound 6¢ is particularly effective in causing DNA strand
breaks, thereby triggering cell death pathways. Similarly,
compounds 10b and 10c also showed significant DNA damage,
indicating their potential as strong anticancer agents.
Compound 8, while slightly less effective than 6c, still demon-
strated considerable DNA damage, supporting its role in cancer
cell cytotoxicity. The comet assay results highlight the
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mechanism by which our compounds exert their anticancer
effects. By causing significant DNA damage, they likely activate
the DNA damage response pathways, leading to cell cycle arrest
and apoptosis. This mechanism is supported by the observed
increase in pro-apoptotic gene expression (BAX, p53, and
Caspase-3) and the decrease in the anti-apoptotic gene Bcl-2, as
discussed previously.

Molecular docking studies

Compounds 6¢, 8, 10b, and 10c, among the newly synthesized
1,3,5-trisubstituted-1H-pyrazole derivatives, showed the highest
cytotoxic activities towards MCF-7, A549, and PC3 cancer cell
lines. These compounds significantly decreased Bcl-2 gene
expression while increasing the expression of pro-apoptotic
genes Bax, P53, and Caspase-3. This implies their anticancer
mechanism may involve disrupting Bcl-2's interactions with
pro-apoptotic and autophagy-related proteins. Based on these
observations, we used molecular docking to study the binding
affinities and interactions of these compounds with the Bcl-2
protein.

The X-ray crystallographic structure of the Bcl-2 protein,
along with its native ligand phenylacyl sulfonamide derivative
(N,N-dibutyl-4-chloranyl-1-[2-(3,4-dihydro-1H-isoquinolin-2-
ylcarbonyl)  -4-[(7-iodanylnaphthalen-2-yl)sulfonylcarbamoyl]
phenyl]-5-methyl-pyrazole-3-carboxamide), was obtained from
the Protein Data Bank (PDB) under the accession code 4AQ3.
The receptor preparation for docking was carried out using
Biovia Discovery Studio. Initially, all water molecules and non-
essential chains were removed from the protein structure to
avoid any interference during the docking process. Polar
hydrogen atoms were then added to the protein to accurately
simulate hydrogen bonding interactions.

Subsequently, partial charges were adjusted to ensure proper
electrostatic interactions within the protein structure. Energy
minimization was performed to optimize the protein confor-
mation, ensuring a stable and realistic receptor model. This
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(A) Superimposition of the naturally co-crystallized phenylacyl sulfonamide native ligand with the docked one within the active site of Bcl-

2 protein (PDB ID: 4AQ3). The carbon atoms of the original ligand are depicted in violet, while those of the docked ligand are represented in
orange; (B) 2D interactions between the docked ligand and Bcl-2 protein.
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meticulous preparation of the Bcl-2 protein was crucial for
achieving accurate and reliable docking simulations, which
were conducted using the Autodock 4.2 software package. The
validation phase of the docking software began with the
redocking of the native ligand into the Bcl-2 protein's binding
pocket. This process yielded an RMSD (Root Mean Square
Deviation) value of 0.75 A, reflecting a high degree of accuracy in
reproducing the native ligand's position. Furthermore, the
redocked ligand displayed a binding free energy (AG) of
—14.55 keal mol ™" (Fig. 5). According to the interactions docu-
mented by Perez H. L. et al., the sulfonamide moiety of the
native ligand engages in critical interactions with the ARG66
and TYR67 residues. Remarkably, our compounds 10b and 10c,
which also feature a sulfonamide core, exhibited similar inter-
actions (Fig. 6 and 7). This observation suggests that the
sulfonamide group contributes to the stabilization of these
compounds within the Bel-2 protein pocket, enhancing their
binding affinity.

ARG105

View Article Online
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In analogy to the observed halogen-bond interaction of the
chloro group in the pyrazole moiety of the native ligand with
GLU95 residue (Fig. 5), the chloro group on the terminal phenyl
ring of compound 10c (Fig. 7) displayed a similar interaction.
This specific interaction type is crucial within protein binding
sites, as it can contribute significantly to the stability and
specificity of ligand-protein interactions. The similarity in
binding interactions observed with our compounds and the
native ligand, particularly through halogen bonding with
GLU95, underscores the structural mimicry and potential effi-
cacy of our compounds in targeting the Bcl-2 protein.

The phenyl ring of the native ligand is engaged in a pi-pi
stacked hydrophobic interaction with the PHE63 residue,
highlighting its aromatic interactions within the binding
pocket. Additionally, the isoquinoline moiety formed pi-pi T-
shaped interactions with the PHE71 residue and Pi-sulfur
interactions with the MET74 residue (Fig. 5). Similarly, the
terminal phenyl ring of compound 10b also participates in pi—pi

Interactions

- Conventional Hydrogen Bond - Pi-Pi T-shaped
B Ficaton [ Av
- Pi-Pi Stacked D Pi-Alkyl

Fig. 6 Predicted binding interactions (3D and 2D) of compound 10b within the active site of Bcl-2 protein. The carbon atoms of compound 10b

are colored in orange.
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Fig. 7 Predicted binding interactions (3D and 2D) of compound 10c within the active site of Bcl-2 protein. The carbon atoms of compound 10c

are colored in orange.
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stacked and pi-pi T-shaped hydrophobic interactions with the
PHE71 residue. These interactions play a crucial role in stabi-
lizing the ligand within the binding site of the Bcl-2 protein,
thereby enhancing its overall binding affinity and specificity. In
addition to the previously mentioned interactions, the sulphur
atom of the thiazole ring in compounds 10b and 10c is involved
with H-bonding with ARG105 residue. This interaction was not
observed with the native ligand which have a phenyl ring
instead of the thiazole ring in its core, therefore, having
heterocycle in this position would contribute to improved
affinities of the Bcl-2 inhibitors.

Conclusion

In conclusion, the pursuit of novel anticancer agents targeting
apoptotic and autophagic pathways is of paramount impor-
tance due to their critical roles in maintaining cellular
homeostasis and eradicating cancer cells. In this study,
a comprehensive exploration was conducted on a series of 1,3,5-
trisubstituted-1H-pyrazole derivatives designed as potential
inhibitors of the Bcl-2 protein, a pivotal regulator of apoptosis
and autophagy. Our investigation revealed that several
compounds exhibited significant cytotoxicity against MCF-7,
A549, and PC-3 cancer cell lines, with notable potency
observed in compounds 10b and 10c. These compounds
demonstrated robust binding affinity to Bcl-2 and effectively
activated pro-apoptotic proteins including Bax, p53, and
Caspase-3. The structural-activity relationship (SAR) analysis
highlighted the importance of chlorophenyl groups, thiazole
rings, and sulfonamide substituents in enhancing cytotoxic
effects. Molecular docking studies provided further insights,
confirming strong hydrogen bonding interactions for
compounds 10b and 10c with the Bcl-2 protein. Overall, these
findings underscore the promising potential of our synthesized
derivatives as effective anticancer agents, warranting continued
investigation for future therapeutic applications in oncology.

Experimental
Chemistry

All chemicals and solvents were sourced from Acros, BLD, TCI,
Aldrich, Fluka, Merck, and Sigma, and were used as received
without further purification. Analytical and spectral analyses of
the synthesized compounds were performed at the Microana-
lytical Labs of the National Research Centre and the Microan-
alytical Laboratory Center at the Faculty of Science, Cairo
University, Egypt. '"H and "C Nuclear Magnetic Resonance
(NMR) spectra were obtained on Joel ECA 500 MHz spectrom-
eters, using DMSO-d, as the solvent. Chemical shifts are re-
ported in parts per million (ppm) relative to the
tetramethylsilane (TMS) standard in the solvent. Coupling
constants are expressed in Hertz (Hz). The abbreviations for the
splitting patterns are: singlet (s), doublet (d), triplet (t), and
multiplet (m). Melting points were measured using a Stuart
SMP30 Melting Point Apparatus and are uncorrected. Reaction
progress was monitored via thin layer chromatography (TLC)
using Merck Silica Gel 60 F254 plates.
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(E)-1-(3,4-dichlorophenyl)-3-(1-methyl-1H-pyrrol-2-yl)prop-2-
en-1-one (3). A solution of 3',4’-dichloroacetophenone (2.00 g,
10.58 mmol) in EtOH (20 mL) was prepared and stirred at 0 °C. To
this solution, 6.0 mL of 10% aqueous NaOH was added. After
stirring for 0.5 h, a solution of 1-methyl-1H-imidazole-5-
carbaldehyde (1.15 g, 10.58 mmol) in EtOH was added. The reac-
tion mixture was stirred until completion (4 h, monitored by TLC).
The resulting mixture was added to ice water, and the formed
precipitate was filtered and washed with cold methanol to yield
compound 3 as a yellow solid (2.39 g, 81%). "H NMR (600 MHz,
DMSO-dg) 6 8.32 (d, J = 2.0 Hz, 1H, CH=CH), 8.07 (dd, J = 8.4,
2.1 Hz, 1H, CH=CH), 7.86 (s, 2H, Ar-H), 7.83 (d, ] = 8.4 Hz, 1H, Ar-
H), 7.74-7.64 (m, 2H, Ar-H), 3.80 (s, 3H, NCH;). *C NMR (151 MHz,
DMSO-d,) 6 186.32, 142.38, 137.81, 135.76, 134.03, 131.89, 131.07,
130.68, 130.10, 129.18, 128.32, 117.94, 31.75. HPLC-UV (254 nm) for
C,4H;,CLL,NO ESI-MS, purity: 96.5%. LC-MS (m/z): 280.10 [M + H]".

Diethyl  5-(3,4-dichlorophenyl)-3-(1-methyl-1H-pyrrol-2-yl)-
1H-pyrazole-1,2(3H)-dicarboxylate (4). To a solution of chalcone
3 (0.10 g, 0.36 mmol) in toluene (2.0 mL), diethyl azodicarbox-
ylates (0.09 g, 0.54 mmol) was added followed by the addition of
Ph;P (0.09 g, 0.36 mmol), and the reaction mixture was stirred at
room temperature for 7 h. Then the mixture was directly puri-
fied by flash column chromatography on a silica gel to afford
the corresponding product 4 (0.08 g, 60%). "H NMR (600 MHz,
DMSO-dg) 6 7.78 (d, J = 2.1 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H, Ar-
H), 6.76 (dd, J = 2.6, 1.9 Hz, 1H), 6.37 (d, J = 3.3 Hz, 1H, Ar-H),
5.97 (d,J = 3.3 Hz, 1H, Ar-H), 5.89 (dd, J = 3.6, 2.6 Hz, 1H), 5.87
(dd,j=3.7,1.8 Hz, 1H), 4.22 (qq,J = 7.2, 3.5 Hz, 2H), 4.00-3.88
(m, 2H), 3.71 (s, 3H), 1.25 (t,] = 7.1 Hz, 3H), 0.89 (t, ] = 7.1 Hz,
3H). ’C NMR (151 MHz, DMSO-dg) 6 155.82, 141.03, 133.26,
132.18, 132.16, 131.67, 131.60, 131.12, 130.56, 128.86, 128.49,
127.20, 124.21, 115.01, 108.51, 62.67, 62.44, 33.74, 14.44, 14.01.
HPLC-UV (254 nm) for CyoH,;Cl,N;0, ESI-MS, purity: 97.3%.
LC-MS (m/z): 438.12 [M + H|".

3-(3,4-Dichlorophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-4,5-dihy-
dro-1H-pyrazole-1-carbothio-amide (5). A mixture of chalcone 3
(1.00 g, 3.57 mmol) and NaOH (0.356 g, 7.26 mmol) in 20 mL of
ethanol was stirred vigorously under reflux with thio-
semicarbazide (0.324 g, 3.57 mmol) for 8 h. The resulting
mixture was then cooled and the desired product was obtained
as a white precipitate. The precipitate was filtered under
vacuum, then recrystallized from ethanol and dried, yielding
a white solid product of 5 in a yield of (1.09 g, 87%). '"H NMR
(600 MHz, DMSO-d¢) 6 8.22 (d, J = 2.0 Hz, 1H), 8.04 (d, J =
18.6 Hz, 2H), 7.80 (dd, J = 8.3, 2.0 Hz, 1H), 7.72 (d, J = 8.4 Hz,
1H), 6.57 (dd,J = 2.6, 1.9 Hz, 1H), 5.91 (dd, ] = 11.4, 3.6 Hz, 1H),
5.83 (dd, J = 3.6, 2.6 Hz, 1H), 5.62 (dd, J = 3.7, 1.8 Hz, 1H), 3.77
(dd,J = 17.9, 11.4 Hz, 1H), 3.67 (s, 3H), 3.23 (dd, ] = 17.9, 3.6 Hz,
1H). **C NMR (151 MHz, DMSO-dg) é 176.52, 152.85, 133.69,
132.93, 132.12, 132.00, 131.12, 128.78, 127.34, 121.70, 106.68,
104.51, 56.58, 41.53, 34.04. HPLC-UV (254 nm) for C,5H,,Cl,N,S
ESI-MS, purity: 98.3%. LC-MS (m/z): 353.10 [M + H]".

General procedure for the synthesis of compounds 6a-e

To a solution of pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141
mmol) in 2 mL of ethanol, phenacyl bromide derivative (0.143

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mmol) was added to the solution and then refluxed at 100 °C for
3 h. After cooling, the product was obtained by filtration,
washed with cold ethanol, and dried. The resulting compound
was recrystallized using hot ethanol to obtain the desired
compounds 6a-e.
4-(4-Chlorophenyl)-2-(3-(3,4-dichlorophenyl)-5-(1-methyl-
1H-pyrrol-2-yl)-4,5-dihydro-1H-pyrazol-1-yl)thiazole (6a).
Pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141 mmol) was dis-
solved in 2 mL of ethanol. Then, 4-chlorophenacyl bromide
(0.033 g, 0.143 mmol) was added to the solution and refluxed for
3 h. After cooling, the product 6a was obtained by filtration,
washed with cold ethanol, and dried. The resulting compound
was recrystallized using hot ethanol, with a yield of (0.049 g,
72%). 'H NMR (400 MHz, DMSO-de) 6 7.95 (d, J = 1.9 Hz, 1H),
7.80-7.75 (m, 4H), 7.49-7.40 (m, 3H), 6.67 (dd, J = 2.6, 1.8 Hz,
1H), 5.96 (dd, J = 3.7, 1.8 Hz, 1H), 5.90 (dd, J = 3.7, 2.7 Hz, 1H),
5.80 (dd, J = 12.0, 6.6 Hz, 1H), 3.94 (dd, J = 17.9, 12.1 Hz, 1H),
3.81 (s, 3H), 3.49 (dd, J = 17.9, 6.6 Hz, 1H). HPLC-UV (254 nm)
for C,3H,,CI;N,S ESI-MS, purity: 96.3%. LC-MS (m/z): 487.22 [M
+H]".
2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-4-(2-methoxyphenyl)thiazole (6b).
Pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141 mmol) was dis-
solved in 2 mL of ethanol. Then, 2-methoxyphenacyl bromide
(0.033 g, 0.143 mmol) was added to the solution and refluxed for
3 h. After cooling, the product 6b was obtained by filtration,
washed with cold ethanol, and dried. The resulting compound
was recrystallized using hot ethanol, with a yield of (0.04 g,
58%). 'H NMR (400 MHz, DMSO-d) 6 7.94 (d, J = 1.9 Hz, 1H),
7.89 (dd, J = 7.7, 1.8 Hz, 1H), 7.80-7.71 (m, 2H), 7.40 (s, 1H),
7.27 (ddd, J = 8.6, 7.3, 1.8 Hz, 1H), 7.10-7.05 (m, 1H), 6.99 (td,
= 7.5, 1.1 Hz, 1H), 6.67 (t, ] = 2.2 Hz, 1H), 5.96 (dd, J = 3.7,
1.8 Hz, 1H), 5.89 (dd, J = 3.6, 2.7 Hz, 1H), 5.79 (dd, J = 12.1,
6.8 Hz, 1H), 3.99-3.90 (m, 1H), 3.88 (s, 3H), 3.78 (s, 3H), 3.47
(dd,J = 18.0, 6.8 Hz, 1H). HPLC-UV (254 nm) for C,,H,,CI,N,0S
ESI-MS, purity: 96.8%. LC-MS (m/z): 483.15 [M + HJ".
2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-4-(pyridin-4-yl)thiazole (6¢). Pyrazol-1-
ylthiocarboxamide 5 (0.05 g, 0.141 mmol) was dissolved in
2 mL of ethanol. Then, 4-bromoacetylpyridine (0.028 g, 0.143
mmol) was added to the solution and refluxed for 3 h. After
cooling, the product 6c was obtained by filtration, washed with
cold ethanol, and dried. The resulting compound was recrys-
tallized using hot ethanol, with a yield of (0.054 g, 84%). 'H
NMR (500 MHz, DMSO-dg) 6 8.90-8.84 (m, 2H), 8.26 (s, 1H),
8.24-8.20 (m, 2H), 7.99 (d, J = 2.0 Hz, 1H), 7.83-7.73 (m, 2H),
6.70 (t, ] = 2.3 Hz, 1H), 6.00 (dd, J = 3.7, 1.9 Hz, 1H), 5.93-5.90
(m, 1H), 5.87 (dd, J = 12.0, 6.7 Hz, 1H), 4.01 (dd, J = 18.0,
12.0 Hz, 1H), 3.81 (s, 3H). HPLC-UV (254 nm) for C,,H,,CL,N5S
ESI-MS, purity: 100%. LC-MS (m/z): 454.22 [M + H]".
4-(2-Chlorophenyl)-2-(3-(3,4-dichlorophenyl)-5-(1-methyl-
1H-pyrrol-2-yl)-4,5-dihydro-1H-pyrazol-1-yl)thiazole (6d).
Pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141 mmol) was dis-
solved in 2 mL of ethanol. Then, 2-chlorophenacyl bromide
(0.033 g, 0.143 mmol) was added to the solution and refluxed for
3 h. After cooling, the product 6d was obtained by filtration,
washed with cold ethanol, and dried. The resulting compound
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was recrystallized using hot ethanol, with a yield of (0.04 g,
88%). "H NMR (600 MHz, DMSO-d) 6 7.95 (s, 3H), 7.76 (d, ] =
15.9 Hz, 3H), 7.70 (d, J = 9.5 Hz, 1H), 7.51 (s, 1H), 7.41-7.29 (m,
2H), 6.65 (s, 3H), 5.94 (s, 1H), 5.90 (s, 1H), 5.77 (d, J = 18.7 Hz,
1H), 3.95 (d, J = 30.0 Hz, 1H), 3.75 (s, 6H), 3.48 (d, ] = 24.6 Hz,
1H). "*C NMR (151 MHz, DMSO-dg) 6 163.49, 150.80, 147.22,
133.18, 132.28, 131.95, 131.92, 131.82, 131.22, 131.17, 130.81,
130.51, 129.18, 128.05, 127.31, 126.37, 122.54, 109.94, 106.89,
106.62, 56.97, 42.00, 34.13. HPLC-UV (254 nm) for C,;H;,CI;N,S
ESI-MS, purity: 100%. LC-MS (m/z): 485.30 [M — H]".

2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-4-(1-phenyl-1H-pyrazol-4-yl)thiazole
(6€). Pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141 mmol) was
dissolved in 2 mL of ethanol. Then, 2-bromo-1-(1-phenyl-1H-
pyrazol-4-yl)ethanone (0.038 g, 0.143 mmol) was added to the
solution and refluxed for 3 h. After cooling, the product 6¢ was
obtained by filtration, washed with cold ethanol, and dried. The
resulting compound was recrystallized using hot ethanol, with
ayield of (0.036 g, 49%). "H NMR (400 MHz, DMSO-d,) 6 7.94 (d,
J = 1.9 Hz, 1H), 7.86 (s, 1H), 7.79-7.72 (m, 1H), 7.58-7.49 (m,
4H), 7.48-7.40 (m, 1H), 6.93 (s, 1H), 6.65 (dd, J = 2.7, 1.8 Hz,
1H), 5.94 (dd, J = 3.6, 1.8 Hz, 1H), 5.88 (dd, = 3.7, 2.6 Hz, 1H),
5.76 (dd, J = 12.1, 7.1 Hz, 1H), 3.93 (dd, J = 17.9, 12.2 Hz, 1H),
3.73 (s, 3H), 3.44 (dd, J = 18.0, 7.1 Hz, 1H), 2.37 (s, 3H). HPLC-
UV (254 nm) for C»cH,0Cl,NeS ESI-MS, purity: 100%. LC-MS (m/
2): 517.29 [M — H] .

Ethyl 2-(3-(3,4-dichlorophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-
4,5-dihydro-1H-pyrazol-1-yl)thiazole-4-carboxylate (7).  The
compound 5 (2.0 g, 5.68 mmol) and a-bromopyruvate (1.11 g,
5.68 mmol), were dissolved in ethanol and subjected to vigorous
stirring at 60 °C for 4 h. The resulting ethyl thiazole-4-
carboxylate derivative was precipitated, filtered, and washed
with ethanol to obtain a solid mass. This solid was then
recrystallized from ethanol to yield 7 (2.23 g, 88%) as a yellow
solid. "H NMR (600 MHz, DMSO-d,) 6 7.95 (d, J = 2.0 Hz, 1H),
7.79-7.71 (m, 3H), 6.63 (dd, J = 2.6, 1.8 Hz, 1H), 5.91-5.85 (m,
2H), 5.73 (dd,J = 11.9, 6.1 Hz, 1H), 4.22 (q, ] = 7.1 Hz, 2H), 3.90
(s, 3H),3.50 (dd,J = 17.9, 6.1 Hz, 1H), 1.27 (t,/ = 7.1 Hz, 3H). *C
NMR (151 MHz, DMSO-dg) 6 164.33, 160.99, 151.53, 142.98,
132.47, 131.94, 131.88, 131.77, 131.24, 128.19, 126.46, 122.62,
120.28, 106.90, 106.38, 60.58, 56.55, 42.31, 34.21, 14.27. HPLC-
UV (254 nm) for C,,H;4Cl,N,0,S ESI-MS, purity: 95.2%. LC-
MS (m/z): 449.18 [M + H]".

2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)thiazol -4-carbohydrazide (8).
Compound 7 (2.0 g, 4.45 mmol) was mixed with hydrazine
hydrate (0.8 mL) in absolute ethanol (20 mL) and heated under
reflux for 5 h. After cooling, the resulting crystalline material
was recrystallized from ethanol, yielding the title product 8
(1.73 g, 89%). 'H NMR (500 MHz, DMSO-d,) 6 8.70 (s, 1H), 7.94
(d, J = 2.0 Hz, 1H), 7.81-7.68 (m, 2H), 7.49 (s, 1H), 6.66 (t, ] =
2.3 Hz, 1H), 5.95-5.83 (m, 2H), 5.78 (dd, J = 11.9, 5.9 Hz, 1H),
4.47 (s, 2H), 3.93 (dd, J = 17.9, 11.9 Hz, 1H), 3.74 (s, 3H), 3.47
(dd, J = 17.9, 5.9 Hz, 1H). *C NMR (126 MHz, DMSO-d)
6 164.30, 160.58, 151.59, 145.40, 132.48, 131.93, 131.77, 131.31,
131.24, 128.18, 126.44, 122.88, 114.02, 106.79, 106.71, 57.19,
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41.72, 34.13. HPLC-UV (254 nm) for C,3H,;,CL,N4OS ESI-MS,
purity: 96.7%. LC-MS (m/z): 435.12 [M + H]'.
5-(2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-

dihydro-1H-pyrazol-1-yl)thiazol-4-yl)-1,3,4-oxadiazol-2-amine
(9). A solution of 8 (0.10 g, 0.23 mmol) in MeOH (4 mL) and 1,4-
dioxane (2 mL) was mixed with BrCN (0.17 mL, 3 M solution in
CH,Cl,) gradually at room temperature. After stirring for an hour,
0.08 g NaHCO; was added to the mixture and the resulting
suspension was stirred for 18 h. The white precipitate that formed
was filtered, washed with water and dried under high vacuum.
The yield was (77 mg, 73%) of 9 as a white solid that was
recrystallized from ethanol. "H NMR (500 MHz, DMSO-d;) 6 7.96
(d,J = 2.0 Hz, 1H), 7.83-7.71 (m, 2H), 7.39 (s, 1H), 7.18 (s, 2H),
6.65 (t, ] = 2.3 Hz, 1H), 5.88 (q, J = 3.6, 2.6 Hz, 2H), 5.79 (dd, J =
11.9, 5.8 Hz, 1H), 3.96 (dd,J = 18.0, 11.9 Hz, 1H), 3.90 (s, 2H), 3.57
(s, 3H), 3.51 (dd, J = 17.9, 5.8 Hz, 1H). ">C NMR (126 MHz, DMSO-
de) 6 165.22, 163.45, 154.17, 151.66, 136.64, 132.48, 131.92,
131.78, 131.72, 131.22, 128.18, 126.45, 122.64, 111.03, 106.87,
106.29, 66.48, 56.67, 42.26, 34.23. HPLC-UV (254 nm) for C;o-
H,5CL,N,0S ESI-MS, purity: 98.1%. LC-MS (m/z): 460.15 [M + H]'.

General procedure for the synthesis of compounds 10a—-c

To a solution of acid hydrazide 8 (100 mg, 0.23 mmol) in DMF
(10 mL) and cooled to 0 °C, sulfonyl chloride derivative (0.23
mmol) was added portion wise and then the reaction mixture
was stirred at room temperature for 4 h. When the reaction is
finished, distilled water (25 mL) was added and the formed
precipitate that formed was filtered, washed with water and
dried under high vacuum. The formed precipitate was recrys-
tallized from ethanol yielding compounds 10a-c.
N'-(2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)thiazole-4-carbonyl)-5-(dimethylamino)
naphthalene-1-sulfonohydrazide (10a). To a solution of acid
hydrazide 8 (100 mg, 0.23 mmol) in DMF (10 mL) and cooled to
0 °C, dansyl chloride (62 mg, 0.23 mmol) was added portionwise
and then the reaction mixture was stirred at room temperature
for 4 h. When the reaction is finished, distilled water (25 mL)
was added and the formed precipitate that formed was filtered,
washed with water and dried under high vacuum. The precipi-
tate was recrystallized from ethanol yielding 10a (128 mg, 84%)
of as yellow solid. "H NMR (500 MHz, DMSO-d¢) 6 10.18 (d, J =
2.4 Hz, 1H), 9.43 (d,J = 2.3 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 8.37
(d, J = 8.6 Hz, 1H), 8.21-8.14 (m, 1H), 7.94 (d, J = 1.9 Hz, 1H),
7.80-7.71 (m, 3H), 7.57 (ddd, J = 22.1, 8.7, 7.5 Hz, 2H), 7.46 (s,
1H), 7.27 (d,J = 7.5 Hz, 1H), 6.52 (t, ] = 2.2 Hz, 1H), 5.79 (dq,J =
6.2, 3.6 Hz, 2H), 5.68 (dd, J = 11.9, 6.1 Hz, 1H), 3.96-3.86 (m,
2H), 3.82-3.72 (m, 1H), 3.63 (s, 3H), 3.51-3.44 (m, 1H), 2.93 (s,
1H), 2.84 (s, 6H). *C NMR (126 MHz, DMSO-d¢) 6 164.28,
159.99, 151.81, 151.15, 144.96, 144.62, 143.94, 134.97, 132.53,
131.94, 131.71, 131.29, 131.24, 130.53, 130.28, 129.87, 129.22,
128.20, 127.92, 126.47, 126.36, 125.37, 124.69, 124.41, 123.65,
122.65, 119.99, 116.21, 115.31, 106.87, 106.77, 56.92, 45.62,
45.29, 41.75, 34.09. HPLC-UV (254 nm) for C3,H,,CI,N,0,S, ESI-
MS, purity: 97.5%. LC-MS (m/z): 668.23 [M + H]".
N'-(2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)thiazole-4-carbonyl)-4-
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fluorobenzenesulfonohydrazide (10b). To a solution of 8
(100 mg, 0.23 mmol) in DMF (10 mL) and cooled to 0 °C, 4-
fluorobenzenesulfonyl chloride (45 mg, 0.23 mmol) was added
portionwise and then the reaction mixture was stirred at room
temperature for 6 h. When the reaction is finished, distilled
water (25 mL) was added and the formed precipitate that
formed was filtered, washed with water and dried under high
vacuum. The formed precipitate was recrystallized from ethanol
yielding 10b (87 mg, 66%) of as buff solid. 'H NMR (500 MHz,
DMSO-dg) 6 10.10 (d, J = 3.3 Hz, 1H), 9.71 (d, J = 3.2 Hz, 1H),
7.96 (d, J = 1.9 Hz, 1H), 7.90-7.85 (m, 2H), 7.79 (dd, J = 8.4,
2.0 Hz, 1H), 7.76-7.72 (m, 1H), 7.53 (s, 1H), 7.44-7.36 (m, 3H),
6.64 (q,J = 2.7, 2.2 Hz, 1H), 5.88 (dq, J = 3.7, 2.4, 1.9 Hz, 2H),
5.75 (dd,J = 11.9, 5.8 Hz, 1H), 3.75 (s, 3H). ">*C NMR (126 MHz,
DMSO) 6 165.76, 164.37, 163.76, 159.80, 151.86, 145.32, 143.92,
135.44, 132.54, 131.72, 131.46, 131.25, 130.92, 128.22, 128.02,
127.95, 126.05, 122.71, 116.31, 114.53, 106.64, 106.32, 56.91,
56.67,41.84, 34.20, 34.18. HPLC-UV (254 nm) for Cy,H;oCl,-
FN¢O5S, ESI-MS, purity: 95.2%. LC-MS (m/z): 591.42 [M — H] .

N'-(2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)thiazole-4-carbonyl)butane-1-
sulfonohydrazide (10c). To a solution of 8 (100 mg, 0.23 mmol) in
DMF (10 mL) and cooled to 0 °C, butane-1-sulfonyl chloride
(37 mg, 0.23 mmol) was added dropwise and then the reaction
mixture was stirred at room temperature for 10 h. When the
reaction is finished, distilled water (25 mL) was added and the
formed precipitate that formed was filtered, washed with water
and dried under high vacuum. The formed precipitate was
recrystallized from ethanol yielding 10c (80 mg, 65%) of as yellow
solid. 'H NMR (500 MHz, DMSO-d) 6 9.75 (d, ] = 2.7 Hz, 1H), 9.52
(d,J = 2.7 Hz, 1H), 7.97 (d, ] = 2.0 Hz, 1H), 7.82-7.73 (m, 2H), 7.68
(s, 1H), 6.64 (t, ] = 2.3 Hz, 1H), 5.92-5.85 (m, 2H), 5.80 (dd,J = 11.8,
5.7 Hz, 1H), 3.95 (dd, J = 17.9, 11.9 Hz, 1H), 3.78 (s, 2H), 3.50 (dd, J
=17.9, 5.7 Hz, 1H), 3.10-3.02 (m, 2H), 1.81-1.71 (m, 2H), 1.39 (q,
= 7.4 Hz, 2H), 0.90 (t, ] = 7.4 Hz, 3H). *C NMR (126 MHz, DMSO-
de) 6 164.46, 160.51, 151.91, 144.11, 132.55, 131.95, 131.72, 131.39,
131.26, 128.24, 126.50, 122.83, 116.46, 106.87, 106.68, 57.03, 51.79,
41.84, 34.20, 25.12, 21.08, 13.62. HPLC-UV (254 nm) for C,,H,,
CL,N4O;S, ESI-MS, purity: 97.1%. LC-MS (m/2): 553.43 [M — H]".

2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)thiazol-4(5H)-one (11). To a solution of
pyrazol-1-ylthiocarboxamide 5 (0.05 g, 0.141 mmol), in ethanol
(2 mL), ethyl bromoacetate (0.024 g, 0.14 mmol) was added
dropwise. The resulting mixture was heated under reflux for 3 h,
and the solvent was subsequently evaporated under reduced
pressure. The remaining substance was purified by recrystalli-
zation from ethanol and drying, producing 11 as a white solid
with a yield of (0.037 g, 83%). '"H NMR (600 MHz, DMSO-dy)
6 8.02 (d,J = 2.0 Hz, 1H), 7.84 (dd, J = 8.4, 2.0 Hz, 1H), 7.79 (d,
= 8.4 Hz, 1H), 6.67 (t, J = 2.2 Hz, 1H), 5.92-5.81 (m, 3H), 4.01
(dd,J = 18.2, 11.3 Hz, 1H), 3.93 (d, J = 1.3 Hz, 2H), 3.58 (dd, J =
18.3, 4.4 Hz, 1H). *C NMR (151 MHz, DMSO-ds) ¢ 186.99,
177.79, 158.68, 134.02, 132.10, 131.42, 130.78, 130.71, 129.15,
127.21,122.96, 106.92, 106.23, 56.98, 42.38, 38.93, 34.10. HPLC-
UV (254 nm) for C;,H;,Cl,N,OS ESI-MS, purity: 96%. LC-MS (m/
2):393.11 [M — H] .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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General procedure for the synthesis of compounds 12a-c

To a flask containing compound 11 (0.02 g, 0.051 mmol) dis-
solved in 1 mL ethanol, a suitable aldehyde (0.007 g, 0.051
mmol), and piperidine (0.05 mL) were added and the reaction
mixture was heated under reflux at 100 °C for 4 h. After cooling,
the resulting powder was filtered, washed with methanol, and
recrystallized with ethanol yielding compounds 12a-c.

(E)-2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-5-(4-fluorobenzylidene)thiazol-4(5H)-
one (12a). Compound 11 (0.02 g, 0.051 mmol), 4-fluo-
robenzaldehyde (0.007 g, 0.051 mmol), and piperidine (0.05 mL)
were heated under reflux for 4 h in ethanol (1 mL). After cooling,
the resulting powder was filtered, washed with methanol, and
recrystallized with ethanol yielding 12a (0.018 g, 73%) as a buff
solid. "H NMR (600 MHz, DMSO-d¢) 6 8.02 (d, J = 2.0 Hz, 1H),
7.84 (dd,J = 8.4, 2.0 Hz, 1H), 7.79 (d, ] = 8.4 Hz, 1H), 6.67 (t, ] =
2.2 Hz, 1H), 5.91-5.81 (m, 3H), 4.01 (dd, J = 18.3, 11.4 Hz, 1H),
3.93 (d,J = 1.3 Hz, 2H), 3.74 (s, 3H), 3.57 (dd, J = 18.2, 4.5 Hz,
1H). HPLC-UV (254 nm) for C,,H,,Cl,FN,0S ESI-MS, purity:
95.6%. LC-MS (m/z): 499.22 [M + H]".

(E)-2-(3-(3,4-Dichlorophenyl)-5-(1-methyl-1 H-pyrrol-2-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-5-(3-fluorobenzylidene)thiazol-4(5H)-
one (12b). Compound 11 (0.03 g, 0.076 mmol), 3-fluo-
robenzaldehyde (0.01 g, 0.076 mmol), and piperidine (0.08 mL)
were heated under reflux for 4 h in ethanol (2 mL). After cooling,
the resulting powder was filtered, washed with methanol, and
recrystallized with ethanol yielding 12b (0.031 g, 81%) as a white
solid. *H NMR (600 MHz, DMSO-dq) 6 8.03 (d, = 2.0 Hz, 1H), 7.85
(dd, J = 8.4, 2.0 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 6.68 (dd, ] = 2.6,
1.8 Hz, 1H), 5.93-5.82 (m, 3H), 4.02 (dd, J = 18.3, 11.3 Hz, 1H),
3.94(d,J = 1.3 Hz, 2H), 3.75 (s, 3H), 3.58 (dd, ] = 18.3, 4.4 Hz, 1H).
3C NMR (151 MHz, DMSO-d,) 6 187.00, 177.80, 158.68, 134.03,
132.11, 131.43, 130.79, 130.72, 129.15, 127.21, 122.98, 106.93,
106.24, 56.99, 42.40, 38.94, 34.11. HPLC-UV (254 nm) for C,,-
H,,CL,FN,08 ESI-MS, purity: 96.4%. LC-MS (m/z): 499.25 [M + H]'.

(E)-5-(3-Chloro-4-fluorobenzylidene)-2-(3-(3,4-dichlor-
ophenyl)-5-(1-methyl-1H-pyrrol-2-yl)-4,5-dihydro-1H-pyrazol-1-
yDthiazol-4(5H)-one (12¢). Compound 11 (0.03 g, 0.076 mmol),
3-chloro-4-fluorobenzaldehyde (0.012 g, 0.076 mmol), and
piperidine (0.08 mL) were heated under reflux for 4 h in ethanol
(2 mL). After cooling, the resulting powder was filtered, washed
with methanol, and recrystallized with ethanol yielding 12¢
(0.028 g, 71%) as a yellow solid. "H NMR (600 MHz, DMSO-dj)
68.04 (d,J = 2.0 Hz, 1H), 7.85 (dd, J = 8.4, 2.0 Hz, 1H), 7.81 (d, J
= 8.4 Hz, 1H), 6.68 (t, J = 2.2 Hz, 1H), 5.91-5.83 (m, 3H), 4.02
(dd, = 18.4, 11.3 Hz, 1H), 3.95 (d, J = 1.2 Hz, 2H), 3.75 (s, 3H),
3.59 (dd, J = 18.3, 4.5 Hz, 1H). "*C NMR (151 MHz, DMSO-d,)
6 186.99, 177.80, 158.68, 134.03, 132.11, 131.43, 130.79, 130.72,
129.15, 127.21, 122.97, 106.93, 106.24, 56.99, 42.39, 38.94,
34.11. HPLC-UV (254 nm) for C,,H,4CI;FN,0S ESI-MS, purity:
96.4%. LC-MS (m/z): 533.12 [M + H]".

Gene expression analysis

RNA isolation and reverse transcription (RT) reaction. Total
RNA was isolated from MCF-7, A549, and PC3 cell lines using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) with an
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additional DNasel (Qiagen) digestion step, following the
manufacturer's protocol. The isolated RNA was treated with
RQ1 RNase-free DNase (Invitrogen, Germany) to remove DNA
residues, re-suspended in DEPC-treated water, and quantified
spectrophotometrically at 260 nm. RNA purity was confirmed
with a 260/280 nm ratio of 1.8 to 2.1.'®'* RNA integrity was
further verified using ethidium bromide-stained agarose gel
electrophoresis to visualize the 28S and 18S rRNA bands.
Aliquots of RNA were either used immediately for reverse
transcription (RT) or stored at —80 °C for later use.>***

For cDNA synthesis, 5 pg of total RNA from MCF-7, A549, and
PC3 cell lines was reverse transcribed using the RevertAid™
First Strand cDNA Synthesis Kit (Fermentas, Germany) in a 20
pL reaction volume. The master mix included 50 mM MgClI2,
10x RT buffer (50 mM KCl; 10 mM Tris-HCI; pH 8.3), 10 mM of
each dNTP, 50 pM oligo-dT primer, 20 IU ribonuclease inhib-
itor, and 50 IU MuLV reverse transcriptase. Each sample
mixture was centrifuged for 30 seconds at 1000 g before trans-
ferring to a thermocycler. The RT reaction proceeded at 25 °C
for 10 minutes, 42 °C for 1 hour, and concluded with a dena-
turation step at 99 °C for 5 minutes. The reaction tubes were
then flash-cooled on ice and stored until use for cDNA ampli-
fication via quantitative Real Time PCR (qRT-PCR).

Quantitative real time-PCR (qRT-PCR). The cDNA copy
number for MCF-7, A549, and PC3 cell lines was determined
using the StepOne™ Real-Time PCR System from Applied Bio-
systems (Thermo Fisher Scientific, Waltham, MA, USA). PCR
reactions were prepared in 25 puL volumes containing 12.5 puL of
1x SYBR® Premix Ex Taq™ (TaKaRa, Biotech. Co. Ltd.), 0.5 uL
of 0.2 uM sense primer, 0.5 pL of 0.2 uM antisense primer, 6.5
uL of distilled water, and 5 pL of ¢cDNA template. The PCR
protocol consisted of three stages: an initial step at 95.0 °C for 3
minutes, followed by 40 cycles with three steps each (95.0 °C for
15 seconds, 55.0 °C for 30 seconds, and 72.0 °C for 30 seconds),
and a final stage of 71 cycles starting at 60.0 °C, increasing by
0.5 °C every 10 seconds up to 95.0 °C. Each experiment included
a distilled water control. Specific primers for the cancer-related
genes Bcl-2, BAX, p53, and Caspase-3'"** for MCF-7, A549, and
PC3 cell lines were designed and listed in Table 1. At the end of
each qPCR, a melting curve analysis at 95.0 °C was performed to
verify primer quality. Relative quantification of target genes to
the reference was determined using the 2744¢r method.?>*

DNA damage using the comet assay. DNA damage in MCF-7,
A549, and PC3 cancer cell lines was assessed using the comet
assay following Olive et al. (1990).>* After trypsin treatment to
create a single-cell suspension, approximately 1.5 x 10" cells
were embedded in 0.75% low-gelling-temperature agarose and
quickly pipetted onto pre-coated microscope slides. Samples
were lysed for 4 hours at 50 °C in 0.5% SDS, 30 mM EDTA, pH
8.0. They were then rinsed overnight at room temperature in
Tris/borate/EDTA buffer, pH 8.0, followed by electrophoresis for
25 minutes at 0.6 Vcm ™' and staining with propidium iodide.
Slides were examined with a fluorescence microscope equipped
with a CCD camera, and 150 individual comet images per
sample were analyzed for tail moment, DNA content, and
percentage of DNA in the tail. Approximately 100 cells per
sample were examined to determine the percentage of cells with
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DNA damage appearing as comets. Non-overlapping cells were
randomly selected and visually scored on a scale of 0-3 based on
comet tail length and relative DNA content in the nucleus: class
0 = no detectable DNA damage; class 1 = tail length less than
the nucleus diameter; class 2 = tail length between 1x and 2x
the nuclear diameter; and class 3 = tail longer than 2x the
nuclear diameter.>

Molecular docking. We conducted a molecular docking
study to evaluate the potential anti-cancer effects of our newly
developed 1,3,5-trisubstituted-1H-pyrazole derivatives (6c, 8,
10b, and 10c) by targeting the Bcl-2 protein. This analysis
included examining the binding modes and affinities of these
compounds within the Bcl-2 protein's active sites. To begin, we
obtained the X-ray crystal structures of the Bcl-2 protein from
the Protein Data Bank (https://www.resb.org) using the PDB
code 4AQ3.?° The receptor preparation for docking was carried
out using Biovia Discovery Studio,” which involved removing
unnecessary chains and water molecules, adding polar
hydrogens, and adjusting partial charges to create accurate
receptor models suitable for docking simulations.

For the docking studies, we utilized the Autodock 4.2 soft-
ware package. The process began with preparing coordinate
files for both the ligands and the target protein, followed by the
calculation of an affinity grid for the target. The grid box was set
at dimensions of 50 x 50 x 50 with a grid point spacing of 0.375
A, centered on the position of the co-crystallized ligand. The
Lamarckian Genetic Algorithm (LGA) was employed to explore
possible conformations, running ten iterations with up to 27
000 generations per iteration. The mutation rate was set at 0.02,
and the crossover rate was 0.8. Multiple docking runs were
performed using AutoDock 4.2 (ref. 28) to generate a variety of
docked conformations. The best docking results were deter-
mined by evaluating the predicted binding energies and the
consistency of the docking poses.
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