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e new pyrene-based hydrazinyl-
thiazole derivatives via a one-pot strategy:
biological evaluation and molecular docking
studies

Pramod Dinkar Jawalepatil,†*a Amol Maruti Jadhav, †*b Pritam Bhagwan Bhosale,c

Pooja Singh,d Hyun Ho Choi,*be Sang Yong Nam, *be Mahesh Narayan Waman,f

Gajanan Namdeo Wadjef and Satish Uttamrao Deshmukh *f

In this study, we report a streamlined one-pot synthesis of a new series of (E)-4-phenyl-2-(2-(pyren-1-

ylmethylene)hydrazinyl)thiazole derivatives (4a–4o). The reaction involves the condensation of pyrene-1-

carbaldehyde, thiosemicarbazide, and a-halo ketones in the presence of a catalytic amount of InCl3 as

a Lewis acid catalyst, carried out under reflux in a (1 : 1, v/v) H2O/EtOH medium at 80 °C. This protocol

provides several key advantages, including mild reaction conditions, short reaction times, excellent

yields, broad functional group tolerance, and the added benefit of chromatography-free product

isolation, thereby enhancing practicality and operational simplicity. All synthesized compounds were fully

characterized using 1H NMR, 13C NMR, FT-IR spectroscopy, and LC-MS analysis. The anticancer potential

of the synthesized derivatives was evaluated against the human breast cancer cell line (MCF-7) using an

in vitro MTT assay. Compounds 4m and 4g exhibited the most promising cytotoxic effects, displaying

IC50 values of 43.66 and 45.24 mg mL−1, respectively. Furthermore, molecular docking studies were

performed to elucidate structure–activity relationships, revealing a strong correlation between the

predicted binding affinities and the experimental biological outcomes.
1 Introduction

The development of more effective and ecologically friendly
synthetic processes has received a lot of attention recently.1,2

Multicomponent reactions (MCRs) have emerged as powerful
tools for an efficient synthesis of complex molecules. These
reactions involve the simultaneous condensation of three or
more reactants in a single step, minimizing waste and
improving atom economy.3–6 MCRs are particularly
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advantageous in medicinal chemistry, where the demand for
efficient, sustainable, and high-throughput compound libraries
continues to rise. MCR is key class of heterocyclic compounds
that are frequently explored through the bioactive scaffold of
thiazoles.7,8 These ve-membered aromatic rings, containing
both nitrogen and sulfur atoms, are well-known for their
pharmacological versatility.9–11 The sulfur atom, in particular,
can engage in critical interactions with biological receptors,
enhancing binding affinity and therapeutic efficacy.12 The
thiazole moiety is a common structural motif in numerous
natural and synthetic bioactive compounds, including thiamine
(vitamin B1),13 penicillin,14 and micrococcins.15 Additionally,
thiazole derivatives feature in clinically approved drugs such as
fanetizole,16 ritonavir,17,18 dasatinib,19 ravuconazole,20,21 nizati-
dine,22 meloxicam,23 and niridazole24 underscoring their rele-
vance in drug design as shown in (Fig. 1). Recent studies
continue to highlight the importance of pyrene and pyrene-
based heterocycles in medicinal chemistry. Mohammed et al.
reported a series of pyrimidine-pyrene/benzochromene hybrid
derivatives that exhibited potent anticancer activity against
HCT-116 cells, supported by molecular docking studies
revealing key interactions within the EGFR binding site. Simi-
larly, Paul et al. synthesized pyrene-appended Schiff base tin(IV)
complexes that demonstrated signicant cytotoxic effects and
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09880g&domain=pdf&date_stamp=2026-01-30
http://orcid.org/0000-0003-4969-7438
http://orcid.org/0000-0002-6056-2318
http://orcid.org/0000-0002-4594-7762
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09880g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016007


Fig. 1 Examples of natural and synthetic bioactive molecules with thiazole and hydrazinyl linkages.
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provided valuable docking insights into protein–ligand inter-
actions.25 In this context, the Pyrene-based Hydrazinyl-Thiazole
(PHT) scaffold has become a favourite pharmacophore,
attracting signicant attention from industrial and pharma-
ceutical researchers because of its diverse biological potential.
Beyond their therapeutic applications, thiazoles have also been
explored in the eld of material science, particularly in the
development of organic semiconductors and uorescence-
© 2026 The Author(s). Published by the Royal Society of Chemistry
based sensors.26 This multifunctionality is further enhanced
by uorination, a strategic modication that signicantly
impacts the pharmacokinetic and physicochemical properties
of molecules.27 The incorporation of uorine atoms especially
triuoromethyl groups can improve membrane permeability,
metabolic stability, bioavailability, and target specicity.28–30 As
a result, more than 20% of FDA-approved drugs now contain at
least one uorine atom.31 Notably, triuoromethylated
RSC Adv., 2026, 16, 6612–6624 | 6613
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Scheme 1 InCl3-catalyzed routes to the pyrene-hydrazinyl-thiazole (PHT) scaffold: (a, b) literature methods and (c) the present one-pot
synthesis of compounds (4a–4o).
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compounds such as utamide, hydroxyutamide, nilutamide,
and 5-triuoromethyl uracil are extensively used in the treat-
ment of metastatic prostate cancer,32 reecting the growing
6614 | RSC Adv., 2026, 16, 6612–6624
relevance of uorinated molecules in oncology. Another prom-
ising structural unit is pyrene; a symmetrical tetracyclic
aromatic hydrocarbon composed of 16 p-electrons.33,34 Typically
© 2026 The Author(s). Published by the Royal Society of Chemistry
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derived from the combustion of organic material, pyrene is
widely studied for its luminescent and photophysical proper-
ties.35 Its unique vibronic emission patterns and prolonged
uorescence lifetime make it a valuable probe in biological
imaging, chemical sensing, and materials science.36–38 More-
over, pyrene derivatives bearing sugar moieties or heterocyclic
extensions have demonstrated antiviral activity, particularly
against HSV-1 and HIV-1, expanding their therapeutic
signicance.39,40

Cancer remains one of the most serious global health chal-
lenges, characterized by complex interactions between envi-
ronmental, genetic, and biochemical factors.41 Despite
substantial advancements in cancer research, many existing
therapies lack selectivity and oen cause signicant toxicity to
healthy tissues.42,43 In this context, the development of targeted
anticancer agents with minimal off-target effects is an urgent
priority. Among the most commonly used models for evaluating
anticancer efficacy is the MCF-7 breast cancer cell line, which is
representative of hormone-responsive human breast adeno-
carcinoma.44 To address this, we designed and synthesized
some new series of (PHT) derivatives via a one-pot multicom-
ponent synthetic approach. These compounds were structurally
optimized to incorporate pharmacologically signicant frag-
ments, including triuoromethyl groups and pyrene moieties,
with the aim of enhancing their cytotoxic potential against
MCF-7 cells. Furthermore, to investigate the mechanism of
action and binding potential, we employed molecular docking
simulations targeting monoamine oxidase A (MAO-A), an
enzyme implicated in both neurological disorders and cancer
progression.45,46 Clorgyline, a well-characterized selective MAO-
A inhibitor, was used as a reference to benchmark binding
affinities.47,48 Docking studies offer critical insights into ligand
receptor interactions, enabling the prediction of binding
orientation, interaction energies, and key contact residues
within the enzyme's active site. This computational approach is
a cornerstone of rational drug design and plays a pivotal role in
accelerating the discovery of bioactive compounds.49–52

Therefore, the development of a rapid and efficient synthetic
route to access physiologically active (PHT) molecules remains
highly desirable. In our previous related works (Scheme 1a and
b), Channar et al. and Salar et al.53 reported synthetic strategies
that required multi-step reaction sequences, provided
moderate-to-low yields, and relied on toxic organic solvents and
catalysts. Das et al. reported thiazole derivatives supported by
molecular docking studies; however, their synthetic protocol
required column chromatography, employed toxic catalysts and
solvents, and involved a relatively complex workup procedure.54

These limitations motivated us to develop a simplied and
operationally convenient one-pot strategy for constructing
pyrene-based hydrazinyl-thiazole (PHT) derivatives. Although
several methodologies have been reported for the synthesis of
thiazole frameworks including ionic liquid-mediated processes,
graphene oxide catalysis, visible-light activation, and Brønsted
acid catalysis none of these approaches address the specic
construction of pyrene-based hydrazinyl-thiazole scaffolds.54

Notably, literature lacks a one-pot multicomponent protocol
combining pyrene-1-carbaldehyde, thiosemicarbazide, and aryl
© 2026 The Author(s). Published by the Royal Society of Chemistry
phenacyl bromides, and no reports describe an indium(III)
chloride-promoted hydrazinyl-thiazole formation in an
aqueous-ethanol medium. Moreover, previously published
strategies generally rely on chromatographic purication,
whereas the present method offers chromatography-free
product isolation, further enhancing its practicality. These
considerations underscore the novelty, efficiency, and opera-
tional advantages of the synthetic protocol presented in this
study.

As part of our ongoing efforts to develop efficient and prac-
tical synthetic methodologies,55 we now report a one-pot,
multicomponent condensation strategy for the synthesis of
several new (PHT) derivatives. This protocol utilizes pyrene-1-
carbaldehyde, thiosemicarbazide, and p-chlorophenacyl
bromide in the presence of a catalytic amount of indium(III)
chloride (InCl3), performed in a (1 : 1, v/v) water–ethanol solvent
system at 80 °C (Scheme 1c). The synthesized compounds were
subsequently evaluated for their anticancer potential through in
vitro biological assays andmolecular docking studies. Particular
attention was given to their selective cytotoxicity against the
MCF-7 breast cancer cell line and their inhibitory activity
toward monoamine oxidase A (MAO-A).55

2 Results and discussion
2.1 Chemistry

We rst tried to synthesise of (E)-4-(4-chlorophenyl)-2-(2-(pyren-
1-ylmethylene)hydrazinyl)thiazole (4a) from pyrene-1-
carbaldehyde (1a), thiosemicarbazide (2a), and p-chloro-
phenacyl bromide (3a) as a model study in (Scheme 2). A variety
of catalysts, solvents, temperatures, and reaction periods were
methodically investigated to optimise the reaction conditions.
The results of the optimizations are summarized in (Table 1).
Initially, the reaction was conducted in ethanol at 80 °C without
a catalyst, and even aer 20 hours, only trace amounts of the
desired product were produced (Table 1, entry 1). The addition
of various acid, Brønsted and Lewis acid catalysts such as p-TSA,
and L-proline improved the yields slightly, with L-proline
offering up to 40% yield (Table 1, entries 2 and 3). Similarly,
a representative reaction was carried out with transition metal
salts such as ZnO, Cu(OTf)2, NiCl2, and GaCl3 afforded
moderate yields ranging between 25–35% (Table 1, entries 4–7).
Among them, Sc(OTf)3 gave the best result in ethanol with
a yield of 45% (Table 1, entry 9). With these unsatisfactory
results, we moved on Lewis acid indium(III) chloride (InCl3) at
10 mol% in ethanol at 80 °C led to a better yield of 60% in just 6
hours (Table 1, entry 9). Encouraged by this result, we evaluated
the effect of solvent systems using InCl3 as a catalyst. The
reaction was then conducted in different solvents under reux
conditions. Notably, using a (1 : 1, v/v) mixture of water and
ethanol (H2O : EtOH) as the solvent dramatically enhanced the
reaction efficiency, affording compound 4a in 98% yield within
just 2 hours (Table 1, entry 10). This result highlights the
offering a noticeable of solvent polarity and the solubility of
reactants in driving the transformation efficiently. In contrast,
other solvents, including protic solvents such as methanol
(MeOH) triuoroethanol (TFE), isopropanol (i-PrOH) and water
RSC Adv., 2026, 16, 6612–6624 | 6615
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Scheme 2 InCl3 Catalyzed synthesis of pyrene-hydrazinyl-thiazole (PHT) Scaffold.

Table 1 Optimization of reaction conditions for the synthesis of pyrene-hydrazinyl-thiazole (4a)a

Sr. no. Catalyst (mol%) Solvents Temp. (°C) Time (h) Yieldb (%)

1 — EtOH 80 20 Trace
2 p-TSA (10%) EtOH 80 14 30
3 L-Proline (10%) EtOH 80 12 40
4 ZnO (10%) EtOH 80 16 —
5 Cu(OTf)2 (10%) EtOH 80 10 30
6 NiCl2 (10%) EtOH 80 10 25
7 GaCl3 (10%) EtOH 80 8 35
8 Sc(OTf)3 (10%) EtOH 80 10 45
9 InCl3 (10%) EtOH 80 6 60
10 InCl3 (10%) H2O : EtOH Reux 2 98
11 InCl3 (10%) MeOH Reux 6 48
12 InCl3 (10%) H2O Reux 10 Traces
13 InCl3 (10%) Toluene Reux 10 36
14 InCl3 (10%) CH3CN Reux 8 40
15 InCl3 (10%) DCM Reux 12 Traces
16 InCl3 (20%) H2O : EtOH Reux 2 96
17 InCl3 (30%) H2O : EtOH Reux 2.5 92
18 InCl3 (5%) H2O : EtOH Reux 3 78
19 InCl3 (10%) i-PrOH Reux 9 35
20 InCl3 (10%) TFE Reux 8 48

a Reaction conditions: pyrene-1-carbaldehyde (1a, 1 mmol), thiosemicarbazide (2a, 1 mmol) and p-chlorophenacyl bromide (3a, 1 mmol) were
reacted in the presence of InCl3 (10 mol%) under reux in H2O : EtOH (1 : 1, v/v). b Isolated yields of puried products.
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(H2O), and aprotic solvents such as toluene, acetonitrile
(CH3CN), and dichloromethane (DCM), were less effective,
affording yields of 20–48% or only trace amounts in some cases
(Table 1, entries 11–15, 19 and 20). These observations suggest
that the H2O : EtOH (1 : 1) solvent mixture is optimal for the
dissolution and reactivity of all three components. We further
explored the effect of increasing the catalyst loading of InCl3.
Moreover, the reaction yield was strongly inuenced by the
amount of InCl3 employed. When catalyst loadings of 5, 10, 20,
and 30 mol% were used, the corresponding yields were 78%,
98%, 96%, and 92%, respectively (Table 1, entries 10 and 16–
18). Therefore, 10 mol% of InCl3 in H2O : EtOH under reux was
deemed the optimal condition. These results demonstrate that
the choice of catalyst and solvent is critical to achieving high
yields in the one-pot cascade reaction.

When various substrates were exposed to the ideal reaction
conditions, the intended products were produced in high yields
6616 | RSC Adv., 2026, 16, 6612–6624
(Table 2). In a one-pot process, pyrene-1-carbaldehyde, different
p-chlorophenacyl bromides, and thiosemicarbazide were used
to create a series of pyrene-hydrazinyl-thiazole derivatives (4a–
4o), with indium(III) chloride (InCl3) acting as an effective and
reusable catalyst. The reactions took place in a water–ethanol
combination (1 : 1 v/v) under benign, eco-friendly conditions.
The reaction conditions allowed for the high tolerance of
a broad variety of functional groups on the aromatic ring of p-
chlorophenacyl bromide. In addition, electron-donating groups
like methyl and methoxy (Table 2, entries 4b and 4g) and
electron-withdrawing substituents like bromo, chloro, uoro,
nitro, triuoromethyl, and triuoromethoxy (Table 3, entries 4f,
4a, 4e, 4n, 4o, 4c, 4d, 4i, 4m, and 4k) were well tolerated without
sacricing reaction efficiency. Furthermore, the substrate scope
was extended to include sterically and electronically diverse aryl
systems, as exemplied by thiophenyl, biphenyl, and naphthyl
(Table 2, entries, 4h, 4i and 4j) derivatives, highlighting the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of pyrene-hydrazinyl-thiazole Scaffolds using InCl3 (4a–4o)
a,b

a Reactions were carried out for pyrene-hydrazinyl-thiazole Scaffolds, pyrene-1-carbaldehyde (1 mmol), thiosemicarbazide (1 mmol), and various p-
chlorophenacyl bromide (1 mmol) in the presence of water : ethanol (1 : 1 v/v) and 10 mg of InCl3 catalyst.

b Isolated yields.
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View Article Online
robustness and generality of the developed protocol. Overall,
the reactions proceeded cleanly without the formation of any
detectable side products. These compounds were then tested in
the lab for their ability to ght cancer, and they were also
Table 3 Molecular docking analysis

Sr. no. Samples name CDOCKER

1 Clorgyline (REF) −17.45
2 4a −28.72
3 4b −84.81
4 4c −41.69
5 4d −51.30
6 4e −31.78
7 4f −82.09
8 4g −45.87
9 4h −57.47
10 4j −64.75
11 4k −66.85
12 4l −47.84
13 4m −67.01
14 4n −31.80
15 4o −41.77

© 2026 The Author(s). Published by the Royal Society of Chemistry
analyzed using molecular docking studies against Monoamine
Oxidase A (MAO-A) to explore their biological potential. The
structures of all synthesized compounds (4a–4o) were
conrmed using spectroscopic and analytical techniques,
interaction energy H-bond forming residues

Thr336
None
Met445
Ile23
Ile23, Thr52
Met445
Tyr444
Gln215, Tyr444
Val210, Gln215, Cys323, Tyr444
Gln215, Tyr444
Arg51, Thr52
Val210, Gln215, Cys323, Tyr444
Gln215, Cys323, Tyr444
Ile23, Met445
Val210

RSC Adv., 2026, 16, 6612–6624 | 6617
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Fig. 2 Proposed reaction mechanism for the InCl3-catalyzed one-pot synthesis of pyrene-hydrazinyl-thiazole derivative (4a).
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including 1H, 13C NMR, 19F NMR, FT-IR, and LC-MS analysis as
provided in the SI (Fig. S9–S74).

A plausible mechanism for the InCl3-catalyzed one-pot
synthesis of pyrene-hydrazinyl-thiazole derivatives is outlined
in (Fig. 2). Initially, activation of pyrene-1-carbaldehyde (1)
occurs through coordination of the carbonyl oxygen with the
Lewis acidic InCl3 catalyst, which increases the electrophilicity
of the aldehyde carbon. This activated aldehyde then undergoes
imine condensation with thiosemicarbazide (2), accompanied
by the elimination of a water molecule, to afford the corre-
sponding hydrazone intermediate A. Subsequently, interme-
diate A reacts with the a-haloketone (3) via S-alkylation, wherein
the nucleophilic sulfur atom attacks the electrophilic carbon
bearing the halogen, leading to the formation of intermediate B
with the release of HBr. The enhanced electrophilicity of the a-
haloketone is further facilitated by InCl3 coordination,
promoting efficient alkylation. Intermediate B then undergoes
an intramolecular cyclization through nucleophilic attack of the
hydrazinyl nitrogen onto the carbonyl carbon, forming the
thiazoline-type intermediate C. Finally, aromatization of inter-
mediate C occurs via dehydration, yielding the thermodynam-
ically stable pyrene-hydrazinyl-thiazole derivative 4a.

3 In silico study
3.1 Target prediction

The target prediction analysis of the query molecules, based on
structural similarity to known bioactive compounds, revealed
potential interactions with a diverse range of protein targets
6618 | RSC Adv., 2026, 16, 6612–6624
across multiple target classes. As illustrated in the pie chart, the
top 15 predicted targets span various protein families, including
oxidoreductases (20.0%), enzymes (20.0%), kinases (20.0%), G
protein-coupled receptors (13.3%), transcription factors (6.7%),
proteases (6.7%), and other nuclear proteins (6.7%). Among
these, monoamine oxidase A (MAO-A) andmonoamine oxidase B
(MAO-B) were identied as themost likely targets for themajority
of compounds, supported by a high number of known active
compounds showing strong 3D and 2D similarity to the query
structures as shown in SI (Fig. S3).
3.2 Molecular docking

The co-crystal structure of the MAO-A protein with clorgyline
(PDB ID: 1O5W) was used as the target receptor to perform
molecular docking (MD) studies. The structure was prepared in
Discovery Studio (DS v2023) by removing heteroatoms, and the
binding site was dened using the dene and edit binding site
module within the cavity of the co-crystallized inhibitor clorgy-
line (REF). The XYZ coordinates were set as 39.19, 27.41, and
−16.14, with the docking sphere radius dened within 12 Å.
Molecular docking of the synthesized thiazole derivatives (4a–4o)
was carried out using the CDOCKER module of DS. Docking
validation was conrmed by redocking the REF into the same
binding cavity before performing the actual MD studies. The
selective MAO-A inhibitor clorgyline (REF) displayed a CDOCKER
interaction energy of −17.45. Therefore, compounds exhibiting
more negative CDOCKER interaction energies than REF were
considered potential MAO-A inhibitors. As shown in (Table 3), all
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular docking of the reference compound (REF) in the MAO-A active site: (A) 3D binding pose and (B) 2D interaction map showing
key hydrogen bonding and hydrophobic interactions.

Fig. 4 Molecular docking interactions of compound 4g within the MAO-A active site: (A) 3D binding pose and (B) 2D interaction map showing
key hydrogen bonding and hydrophobic interactions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

9:
36

:5
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
synthesized compounds displayed stronger binding affinities
compared with the REF, with 4b (−84.81), 4f (−82.09), 4m
(−67.01), and 4k (−66.85) showing the highest binding scores.
Hydrogen bonding interactions were observed with polar resi-
dues such as Arg51, Thr52, Gln215, Cys323, and Tyr444, while
hydrophobic and van der Waals interactions were established
with Ile23, Val210, and Met445, collectively contributing to
stabilization of the ligand–receptor complex. Notably,
compounds 4g, 4h, and 4m formed multiple hydrogen bonds
within the MAO-A active site, further enhancing their binding
© 2026 The Author(s). Published by the Royal Society of Chemistry
potential. Based on detailed molecular interaction analysis, 4g
and 4m were shortlisted as the most promising lead compounds
for further evaluation. The CDOCKER scores and hydrogen bond-
forming residues of all docked molecules are summarized in
(Table 3), while the detailed 2D and 3D interaction diagrams of
the nal selected hits are presented in (Fig. 3–5). Additional 2D
molecular docking interaction maps for the synthesized
compounds (4a–4o) and the reference compound, as well as the
3D interaction maps of the selected compounds (4h, 4j, 4k, 4l,
and 4n), are provided in the SI (Fig. S5, S7 and S8).
RSC Adv., 2026, 16, 6612–6624 | 6619
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Fig. 5 Molecular docking interactions of compound 4m in the MAO-A active site: (A) 3D binding pose and (B) 2D interaction map highlighting
key hydrogen bonding and hydrophobic interactions.

Fig. 6 The structure–activity relationship (SAR) of one-pot synthesized pyrene-hydrazinyl-thiazole derivatives.
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3.3 Structure–activity relationship (SAR)

The structure–activity relationship (SAR) analysis of the synthe-
sized pyrene-hydrazinyl-thiazole derivatives demonstrates that
their anticancer activity is highly dependent on specic structural
features within the molecular framework. As illustrated in (Fig. 6),
all compounds share a common pharmacophoric scaffold
composed of four key regions: (i) a substituted aryl ring, (ii)
a thiazole linker, (iii) a hydrazone moiety, and (iv) a polycyclic
aromatic pyrene unit. Structural variations within these regions
signicantly inuence the observed cytotoxic behavior. Notably,
compounds 4m and 4g exhibited the most promising anticancer
activity against the MCF-7 cell line, with IC50 values of 43.66 and
45.24 mg mL−1, respectively. A clear trend was observed with
6620 | RSC Adv., 2026, 16, 6612–6624
respect to the electronic nature of substituents on the aryl ring
(highlighted in pink). Derivatives bearing electron-withdrawing
groups (EWGs) such as –CF3, –F, –Cl, and –Br generally showed
enhanced cytotoxic activity compared to those containing
electron-donating groups (EDGs). In particular, the superior
activity of compound 4m, containing a triuoromethyl substit-
uent, can be attributed to the strong electron-withdrawing effect
and increased lipophilicity, which favor improved hydrophobic
interactions and optimal accommodation within the target
protein's binding pocket. In contrast, compounds bearing
electron-donating substituents displayed comparatively moderate
activity, likely due to reduced binding affinity and less effective
hydrophobic interactions. The thiazole linker (yellow region) plays
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Cytotoxic activity of the synthesized compounds against the MCF-7 cells

Comp. 1.56 mg mL−1 3.125 mg mL−1 6.25 mg mL−1 12.5 mg mL−1 25 mg mL−1 50 mg mL−1 100 mg mL−1 IC50 mg mL−1

4g 4.493 8.837 15.68 33.06 54.75 60.23 69.66 45.24
4h 8.739 11.93 41.56 42.33 49.95 46.68 23.68 50.04
4j 0.8966 29.79 37.10 44.95 32.96 27.10 14.28 55.04
4k 10.36 17.70 18.85 20.84 25.04 30.33 48.56 51.43
4l 28.71 31.51 31.14 39.46 46.19 49.76 49.58 50.23
4m 39.35 41.78 46.39 56.33 46.74 45.09 37.08 43.66
4n 9.508 19.22 29.73 46.78 58.17 60.28 72.39 53.22

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

9:
36

:5
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
a crucial role in maintaining molecular rigidity and p-conjuga-
tion, enabling effective p–p stacking interactions with aromatic
amino acid residues in the enzyme binding pocket, such as MAO-
A. This rigidied scaffold helps preserve an optimal binding
geometry, thereby contributing to improved biological efficacy.
The hydrazone moiety (green region), containing both hydrogen
bond donor (–NH) and acceptor (]N–) functionalities, is essential
for establishing stabilizing hydrogen-bonding interactions with
key residues of the biological target, as supported by molecular
docking studies. Finally, the pyrene unit (blue region) signicantly
contributes to the overall hydrophobic character and biological
performance of the compounds. Its extended planar p-system
facilitates p-surface interactions and van der Waals contacts
within the protein binding cavity, while also potentially enhancing
membrane permeability and cellular uptake. Collectively, the SAR
ndings reveal that the superior cytotoxic activity observed for
compounds 4g and 4m arises from the synergistic interplay of
electron-withdrawing aryl substitution, rigid thiazole linkage,
hydrogen-bond-capable hydrazone moiety, and the hydrophobic
pyrene core. These insights provide a rational basis for further
structural optimization aimed at improving potency and selec-
tivity of pyrene-hydrazinyl-thiazole-based anticancer agents.
3.4 Cytotoxic activity

3.4.1. Anticancer screening of the synthesized compounds.
The MTT assay is a colorimetric technique widely used to
evaluate cell viability and metabolic activity.57 The MCF-7
Fig. 7 Cytotoxic effects of compounds 4g, and 4m on the MCF-7 breas

© 2026 The Author(s). Published by the Royal Society of Chemistry
human breast cancer cell line (Michigan Cancer Foundation-
7) was originally derived in 1973 from the pleural effusion of
a patient with metastatic invasive ductal carcinoma and has
since been established as a commonly used in vitro model for
estrogen receptor-positive (ER+) breast cancer.58 The MCF-7
human breast cancer cell line was selected for this study due
to its well-characterized molecular prole, widespread use in
anticancer drug screening, and its relevance in evaluating
compounds targeting hormone-dependent breast cancer. MCF-
7 cells are classied as a luminal A subtype, as they express
estrogen and progesterone receptors (ER and PR), lack HER2
overexpression, and retain wild-type TP53.59 Morphologically,
these cells exhibit epithelial-like characteristics and proliferate
as adherent monolayers with a relatively slow doubling time.
Owing to their hormone responsiveness, low metastatic poten-
tial, and clinical relevance, MCF-7 cells are considered a gold-
standard model for ER-positive breast cancer and are widely
employed in studies related to estrogen signaling, endocrine
therapy, drug resistance, and the cytotoxic screening of novel
anticancer agents.60 In addition, the lack of functional caspase-3
in MCF-7 cells results in altered apoptotic responses, facili-
tating the distinction of cytostatic effects, cell-cycle arrest, and
alternative cell death pathways. Furthermore, the concentra-
tions of the synthesized compounds required to inhibit 50% of
the malignant cell population (IC50) were determined.56 MCF-7
cells were treated with a concentration gradient of each
compound (100, 50, 25, 12.5, 6.25, 3.125, and 1.56 mg mL−1),
t cancer cells.

RSC Adv., 2026, 16, 6612–6624 | 6621
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Fig. 8 IC50 values of (PHT) derivatives (4g–4n) against MCF-7 breast
cancer cells.
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and cell viability was assessed using the MTT assay. The IC50

values, dened as the concentration necessary to reduce cell
viability by 50%, were calculated using GraphPad Prism 8
soware. As summarized in (Table 4), the cytotoxic activities of
the synthesized pyrene-hydrazinyl-thiazole (PHT) derivatives
(4g, 4h, 4j, 4k, 4l, 4m, and 4n) against the MCF-7 human breast
cancer cell line are presented. Cell viability was measured to
ascertain the half-maximal inhibitory concentration (IC50) aer
the substances were evaluated at graded concentrations (1.56–
100 mg mL−1). Doxorubicin was used as a reference standard in
the MTT assay against MCF-7 cells to provide a benchmark for
comparison of cytotoxic activity. Compound 4m exhibited
moderate anticancer activity compared to doxorubicin, indi-
cating its potential as a promising lead scaffold.61 Among the
synthesized derivatives, compound 4m with X = F, CF3, had an
IC50 of 43.66 mg mL−1, closely followed by compound 4g with X
= OCH3 (45.24 mg mL−1), demonstrating their superior growth
inhibitory effects (Fig. 7 and 8). While compounds 4j (55.04 mg
mL−1) and 4n (53.22 mg mL−1) with X = diphenyl ring and F
showed weaker activity, compounds 4h, 4k, and 4l (X= CH3SO2,
OCF3, and CF3) showed moderate activity with IC50 values of
50.04, 51.43, and 50.23 mg mL−1, respectively.

The effect of structural differences within the PHT scaffold
on anticancer activity is shown by the dose-dependent decrease
in cell survival seen in all variants. The dose-dependent lethal
effects of compounds 4g and 4m on MCF-7 breast cancer cells,
as assessed by the MTT assay, are shown in (Fig. 7). Cell viability
gradually decreased with increasing doses of both drugs (1.56–
100 mg mL−1), with 4m showing a stronger inhibitory effect than
4g, which is consistent with its lower IC50 value. These results
conrm the strong growth-inhibitory potential of both deriva-
tives, highlighting their ability to effectively suppress MCF-7 cell
proliferation. In the (Fig. 8) presents the calculated IC50 values
of the PHT derivatives (4g–4n) against MCF-7 cells. Among
them, 4m (43.66 mg mL−1) and 4g (45.24 mg mL−1) displayed the
6622 | RSC Adv., 2026, 16, 6612–6624
strongest cytotoxic activity, whereas 4j (55.04 mg mL−1) and 4n
(53.22 mg mL−1) exhibited comparatively weaker effects. The
cytotoxic proles of 4h, 4j, 4k, 4l and 4n are provided in the SI
(Fig. S4). Their weaker activities could be attributed to poor
membrane permeability or unfavorable interactions with
cellular targets, possibly arising from steric hindrance or less
favorable electronic effects.

These ndings suggest that structural variations among the
synthesized molecules inuence their cytotoxic potential, with
compounds 4g and 4m emerging as promising leads for further
development as anticancer agents against MCF-7 cells. In the SI
(Fig. S6) illustrates the cytotoxic efficiency of synthesized
derivatives 4g and 4m against the MCF-7 breast cancer cell line.
In the control groups (untreated cells), a high density of viable
cells with intact morphology is observed, indicating normal
growth and proliferation. In contrast, the treated groups
exposed to compounds 4g and 4m exhibit a marked reduction
in viable cell count, accompanied by cell shrinkage, detach-
ment, and morphological alterations characteristic of cytotoxic
damage. These changes conrm the growth-inhibitory effects of
both derivatives, consistent with the MTT assay data (Table 4),
where 4g (IC50 = 45.24 mg mL−1) and 4m (IC50 = 43.66 mg mL−1)
demonstrated signicant cytotoxicity against MCF-7 cells. The
microscopic evidence supports the conclusion that 4g and 4m
effectively impair MCF-7 cell viability through dose-dependent
cytotoxic mechanisms.

4 Conclusion

In conclusion, we have established an efficient, high-yield one-pot
strategy for synthesis of some new library of pyrene-linked
hydrazinyl-thiazole derivatives under mild and operationally
convenient conditions, employing catalytic InCl3 in an aqueous
ethanol medium. This method offers several practical advantages,
including short reaction times, excellent yields, broad functional
group tolerance, and a chromatography-free isolation process that
greatly enhances its scalability and synthetic utility. This protocol
also enables the construction of complex heterocyclic frameworks
in a single step, demonstrating the effectiveness of InCl3 in
promoting hydrazinyl-thiazole formation in mixed aqueous
media. The biological screening results showed that compounds
4m and 4g with IC50 values of 43.66 and 45.24 mg mL−1 were the
most effective against MCF-7 breast cancer cells, demonstrating
signicant cytotoxicity. Molecular docking studies further
substantiated these observations by indicating strong binding
affinities and stable interaction proles within the target active
site. These combined experimental and computational ndings
also elucidated key structure–activity relationship trends within
the series. Overall, the results reinforce the potential of these
derivatives as promising anticancer applications.
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