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ABSTRACT

Cancer and disorders associated with oxidative stress continue to pose serious health
burdens worldwide due to drug resistance, side effects, and limited therapeutic efficacy. Chalcones,
versatile 1,3-diaryl-2-propen-1-one compounds, are attractive scaffolds because of their broad
biological activities and ability to form bioactive heterocycles. In the current investigation, the (E)-
3-(4-chlorophenyl)-1-phenylprop-2-en-1-one (1) chalcone was synthesized and converted into a
dihydropyrazole, 5-(4-chlorophenyl)-1,3-diphenyl-4,5-dihydro-1H-pyrazole (2), and a pyrimidine,
4-(4-chlorophenyl)-6-phenylpyrimidin-2-amine (3). All were assessed for antioxidant activity (DPPH
free radical scavenging test) and anticancer effects against HelLa cells. Molecular docking with
human telomerase reverse transcriptase (TERT) showed strong binding strength (-9.0 to —9.9 kcal/
mol), supported by stable 100 ns molecular dynamics simulations, particularly for compound (2).
Computational studies revealed distinct electronic and thermodynamic properties, with compound (2)
showing high stability and reactivity. Overall, heterocyclic modification enhanced biological activity,
highlighting compound (2) as a promising multifunctional anticancer candidate.
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INTRODUCTION

Chalcones are carbonyl compounds
that are a,B -unsaturated and consist of two
aromatic or substituted aromatic rings connected
by a three-carbon enone system. The various
biological actions of these compounds, such as
their antiinflammatory, anti-tubercular, anticancer,
and antibacterial properties, have garnered
a lot of attention'. Incorporation of electron-
withdrawing elements such as chloro group
may further influence lipophilicity and receptor
binding affinity, thereby improving pharmacological
performance. Structural modification of the chalcone
backbone through heterocyclic ring formation
is known to enhance molecular stability, target
selectivity, and biological potency. So chalcones
are useful synthetic intermediates that are used
to create biologically significant heterocycles
such pyrazolines, benzothiazepines, pyrimidines,
and flavones?. Dihydropyrazole derivatives are
reported to exhibit antibacterial, anticancer, and
anti-inflammatory activities®, whereas pyrimidine
derivatives own a wide-ranging pharmacological
properties, comprising antitumor, antidiabetic, anti-
HIV, antimicrobial, antileishmanial, and anticancer
actions*S.

Oxidative stress may arise during routine
metabolic activities, resulting in cellular injury and
diminished immune protection®’. Pyrazole and
pyrimidine derivatives have demonstrated notable
antioxidant potential in previous studies®®. Cancer
remains a major global health burden, and the
limitations of current chemotherapeutic agents,
such as toxicity, resistance, and high treatment
costs, emphasize the need for novel anticancer
compounds. Pyrazole and pyrimidine scaffolds are
considered promising frameworks for anticancer
drug development®2:1°,

In cancer cells, telomerase reverse
transcriptase (TERT) is frequently overexpressed,
enabling unlimited cell proliferation and tumor
progression''-'3, Pyrazole and pyrimidine derivatives
have been reported to interact with TERT'™. In
silico docking analyses offer detailed atomic-level
understanding of ligand—receptor interactions,
thereby supporting the observed experimental
biological results.Density functional theory (DFT)
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exploration helps to elucidate the electronic
nature, reactivity, and stability of the synthesized
compounds. The combined experimental and in
silico approach adopted here contributes to a deeper
understanding of structure—activity interactions and
wires the rational design of potent active molecules.
Based on these findings, the present study
describes the synthesis of 4-chlorochalcone (1),
its transformation into pyrazole (2), and pyrimidine
(3) derivatives, followed by antioxidant, anticancer,
molecular docking, and DFT studies.

EXPERIMENTAL

General

A Gallenkamp capillary instrument was
employed to measure the melting points. On a
Shimadzu Corporation spectrophotometer, infrared
(FTIR) spectra were captured in order to pinpoint
distinctive functional groups. Bruker Corporation’s
600 MHz and 150 MHz device was used to obtain
proton and carbon nuclear magnetic resonance
spectra. For chromatography, silica gel was used
as the immobile phase for reaction monitoring plus
purification. Merck Group and Loba Chemie were
the suppliers of all solvents, reagents, and starting
materials, which were used exactly as supplied and
without any additional purification.

Chalcone (1) synthesis

An equimolar (0.01 mol) ethanolic solution
of acetophenone and 4-chlorobenzaldehyde
were mixed with acqueous sodium hydroxide in
ambient conditions. A pale yellow precipitate was
formed and after the reaction mix was agitated at
room temperature till it was finished. The desired
component was obtained by filtering the solid
product, thoroughly washing it with distilled water,
and then drying it.

92% yield; pale yellow mass; m.p 114
-116°C; FTIR (cm '): 3055, 1655, 1589, 1565, 1486,
14461402, 1216, and 822."H NMR (600 MHz using
CDCl,) §7.39 (2H, d, J=8.40 Hz, H-6, 8), 7.50 (3H,
m, H-2, 11, 13), 7.57 (3H, m, H-5, 9, 12), 7.76 (1H,
d, J=15.6 Hz, H-3), 8.01 (2H, m, H-10, 14); *C NMR
(150 MHz using CDCl,): 5 190.37, 143.45, 138.16,
136.56, 133.07, 129.72, 129.38, 128.81, 128.63,
122.61.
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Pyrazole (2) synthesis

Chalcone (1) and phenylhydrazine (0.01
mole each) were mixed with ethanol and heated
under reflux at 80 °C for six hours. Following solvent
removal, n-hexane—ethyl acetate was used as the
eluent in silica gel column chromatography to purify
the crude substance.

Yield 60%; brown solid; m.p. 146-148 °C;
FTIR (cm 1): 3062, 1595, 1500-1447, 1333, 821 ;
'H NMR (600 MHz using CDCI,) & 3.12, (1H, dd, J
=17.2, 7.2 Hz, H-4a), 3.84 (1H, dd, J =17.2, 12.4
Hz, H-4b), 5.25 (1H, m, H-5), 7.04-7.41 (14 aromatic
H, m); '*C NMR (150 MHz using CDCL,): § 152.21,
143.39, 141.22, 134.60, 132.88, 130.11, 129.22,
128.89, 127.48, 125.52, 119.51, 113.46, 64.03,
43.63.

Pyrimidine (3) synthesis

An equimolar (0.005 mole) chalcone (1)
and guanidine hydrochloride were refluxed in ethanol
with 40% NaOH at 80 °C for 6 hours, followed
by silica gel column chromatography purification
whether n-hexane—ethyl acetate was used as the
eluent.

Yield 61%, Brown solid, m.p. 149-151 °C;
FTIR (cm™): 3493, 2922, 1580, 1357, 811;'H NMR
(600 MHz using CDCl,) § 5.41 (2H, s, NH,-2), 7.42
(1H, s, H-5), 7.46-7.52 (5 aromatic H, m), 8.01-8.06
(4 aromatic H, m); *C NMR (150 MHz using CDCI,):
5 166.10, 164.94, 162.69, 137.62, 137.62, 136.69,
135.38, 131.24, 129.27, 129.09, 129.71, 127.40,
103.97.

Antiproliferative assay

Hela cells were grown in 96-well plate (2.0
x 10 cells per well) after being maintained in DMEM
supplemented with the proper additives. 25 pL of the
test chemical solution (1 mg/mL made in 1% DMSO)
was added to the cells after they had been nurtured
for 24 hours (at 37°C and 5% carbon dioxide). The
cytotoxic effects were checked by inverted light
microscopy after an additional 24 hours of treatment.
Morphological fluctuations such as cell rounding,
size reduction, and loss of adherence were recorded
as indicators of cytotoxic response. To guarantee
reproducibility, every experiment was carried out in
triplicate'>1®.

Free Radical Scavenging Assay by DPPH

The antioxidant test was done using
the DPPH assay'’. Various concentrations of test
compounds in methanol were reacted with DPPH
solution for 20 minutes in darkness. Scavenging
activity was determined spectrophotometrically at
517 nm, with percent inhibition calculated relative
to a control. Ascorbic acid served as the standard
reference.

Molecular Docking

The TERT protein (PDB: 5CQG) was
prepared by removing water, ligands, and chain B,
followed by adding polar hydrogens in PyMOL18.
Ligands (1-3 and BIBR1532) were sourced from
PubChem and converted via GaussView19. Energy
minimization of the ligands was performed prior to
docking to ensure stable and biologically relevant
conformations. PyRx was used for docking within
a specific grid box.Key noncovalent interactions,
including H-bondings, hydrophobic connections,
and n—n assemblies, were evaluated to understand
ligand—protein binding stability. Optimal poses
were selected by binding affinity and analyzed for
residues using Discovery Studio and Lig Plot+2%21,
Comparative analysis of binding energies and
interaction patterns was carried out to correlate
docking results with observed biological activities.

Molecular Dynamics Simulation

100 ns MD simulations were run using
Desmond v6.0 to check the fixity of the TERT—
ligand complexes. The TERT structure (PDB ID:
5CQG) was refined, and the ligands—chalcone
(1), dihydropyrazole (2), and pyrimidine (3)—
along with the standard inhibitor BIBR1532, were
prepared using the OPLS3e force field22,23. In a
TIP3P water box, each complex was solvated and
equilibrated under conditions of NPT at 300 K and
1.013 bar. Trajectories were analyzed for RMSD,
radius of gyration, SASA, and hydrogen bonding.
Results were compared against the apo protein and
BIBR1532 controls?*.

In Silico Drug-Like Properties
Physicochemical parameters,
pharmacokinetic characteristics, drug-likeness,
and medicinal chemistry filters were projected by
SwissADME (http://www.swissadme.ch/).
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Study of density function theory

Structures of chalcone (1), dihydropyrazole
(2), and pyrimidine (3) were obtained from PubChem
and optimized using Gaussian 9.5 at the B3LYP/6
-31G++ (d,p) level [26]. Vibrational frequencies
confirmed stable minima with no imaginary
frequencies. Merz—Kollman ESP charges and
population analyses were conducted to determine
electron distribution. To assess each synthesized
compound’s stability and reactivity, key electronic
characteristics such as HOMO-LUMO energies, and
chemical hardness or softness were calculated?.

RESULT AND DISCUSSION

Compound 1’s crystalline powder had a
white to yellow hue. TLC analysis on silica gel PF254
after being sprayed with the vanillin-sulfuric acid
reagent and heated to 90 °C showed a yellow tint
and a dark area when exposed to UV light (254 nm).
The material dissolved in chloroform, methanol, and
ethyl acetate. Infrared spectrum absorption bands
were seen at 3055 (Csp>-H), 1655 (C=0), 1589
(C=C), 1565 and 1486 (aromatic C=C), 1402—-1446
(C-C), 1216 (C-0), and 822 cm ' (C—Cl) . The 'H
NMR at 600 MHz using CDCI, revealed a downfield
multiplet located at 8.01 for H-10 and H-14. Other
multiplets were appeared at 5 7.50 (H-2, H-11 &
H-13) and & 7.57 (H-5, H-9 & H-12) in addition to
a doublet seen at & 7.39 (J = 8.40 Hz) for H-6 and
H-8. This was caused by the carbonyl group at C-1.
Inthe «,B -unsaturated system, a doubletats 7.76
(J = 15.6 Hz) confirmed the E-configuration of H-3.
The spectrum data supported the description of the
chalcone (E)-3-(4-chlorophenyl)-1-phenylprop-2-en-
1-one26—28. Further evidence for the structure came
from the 3C NMR spectrum, which matched values
found in the literature®-%°,

Compound 2’s crystalline powder had a
brown solid appearance. TLC on silica gel PF254
exposed a dark UV-active spot at 254 nm, which
turned yellow in the presence of vanillin-sulfuric
acid reagent and heating. It was found soluble in
chloroform, ethyl acetate, methanol, ethanol, and
other common organic solvents. The IR spectrum
displayed characteristic absorptions at 3062
(Csp>H), 1333 (C—-N), 1595 (aromatic and C=C),
and 821 cm ' (C—ClI) [31]. The 'H NMR spectrum
(600 MHz, CDCI ) exhibited diagnostic signals for
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a 4,5-dihydro-1H-pyrazole (pyrazoline) ring system.
The two diastereotopic protons at C-4 appeared as
double doublets, i.e. H-4a at 8 3.12 (J=17.2,7.2
Hz) and H-4b at 5 3.84 (J = 17.2, 12.4 Hz). The
methine proton at C-5 resonated as a multiplet at
5.25. A series of overlapping multiplets in the region
8 6.80-7.78 accounted for the fourteen aromatic
protons. These features were found aligned with
those reported in the literature31, confirming the
identity of compound 2 as 5-(4-chlorophenyl)-1,3-
diphenyl-4,5-dihydro-1H-pyrazole. The '*C NMR
spectrum further supported this assignment and
was in agreement with previously published data31.
The compound 3 was found to be a brown solid. After
being sprayed with the vanillin-sulfuric acid reagent
and heated, TLC on silica gel PF254 became yellow
and showed a dark area when exposed to UV light
(254 nm). The substance showed solubility in ethyl
acetate, chloroform, and ethanol. Typical absorptions
were seen at 3493 (N-H stretching), 2922 (C-H),
1580 (C=C), 1357 (C-N), and 811 cm ' (C—Cl) in
the infrared spectrum32. The '"H NMR spectrum
(600 MHz, CDCI ) provided key structural insights.
A singlet at 5 5.41 integrating for a pair of protons
corresponded to the amine functional group (—NH )
attached to C-2 of the pyrimidine moiety. Another
single peak at 5 7.42 was assigned to the lone proton
at C-5 of the pyrimidine nucleus. The aromatic protons
of the acetophenone-derived phenyl ring (H-13 to
H-18) resonated as a cluster between & 7.46—7.52.
In contrast, the aromatic protons originating from
the 4-chlorobenzaldehyde moiety (H-8, H-9, H-11,
H-12) appeared downfield at & 8.01-8.06, likely
because of the electron-pulling effect of the adjacent
pyrimidine ring. These features were consistent with
those reported in the literature30-32, confirming
the structure of compound 3 as 4-(4-chlorophenyl)-
6-phenylpyrimidin-2-amine. The 3C NMR spectrum
further supported this assignment and was in
agreement with published data3?-4,

The produced compounds showed
moderate antioxidant activity in the DPPH radical
scavenging experiment, with IC50 values 45 to 80
pyg/mL (Table 1).

Compound 3 has the highest antioxidant
potential, followed by Compound 2 and 1.

This suggests that the pyrimidine derivative
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(compound 3) possesses superior radical scavenging
potential compared to the chalcone and pyrazoline
analogues.

Molecular docking revealed that compounds
1-3 and the reference TERT inhibitor BIBR1532
[35] exhibited strong binding affinities toward the
TERT active site, with docking scores of —-9.0,
-9.6, —9.9, and —-10.6 kcal/mol, respectively.
Met482 (methionine), Met483 (methionine),
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Phe494 (phenylalanine), Gly495 (glycine), Trp498
(tryptophan), lle550 (isoleucine), Tyr551 (tyrosine),
Leu554 (leucine), and Arg557 (arginine) were
identified as key amino acid residues involved in
stabilizing the ligand through significant binding
interactions. (Fig. 2; Table 2).

Compound 1 showed hydrophobic
interactions similar to BIBR1532 with an additional
Gly553 contact. Compound 2 formed an extra

Table 1: Antioxidantand antiproliferative activities of the synthetic compoundsi-3.

Test DPPH assay Antiproliferative assay using HelL.a cell
compounds IC50 (pg/ml) Survival of HeLa cells Remarks

1 80.2 +0.15 <5% Cytotoxic
2 471 + 0.54 <56% Cytotoxic
3 45.5 +1.69 <5% Cytotoxic
Butylated hydroxy toluene 10.7 = 0.33 -

Culture media + Vehicle - >95% Not cytotoxic

Table 2: Binding affinities and noncovalent (hydrogen bonding and hydrophobic)
interactions of 1-3 with the reference inhibitor, BIBR1532.

Ligands Binding strength (Kcal/mol) Interactions (Three letter amino acid code)

BIBR1532 -10.6 Phe 494, Gly 495, Tyr 551, Leu 554, Arg 557, lle 550,
Trp 498, Met 482, Met 483

1 -9.0 Arg 557, Gly 495, Gly 553, lle 497, lle 550, Leu 554, Met
482, Met 483, Phe 494, Trp 498, Tyr 551

2 -9.6 lle 550, Leu 554, Met 482, Met 483, Asn 492, Phe 494,
Arg 557, Tyr 551, Trp 498.

3 -9.9 Met 482, Met 483, Phe 494, Trp 498, lle 550 (H-bond),
Tyr 551, Leu 554, Arg 557

Table 3: Summary of molecular dynamic behaviours of the compounds 1-3

Parameter Apo Standard (BIBR1532) Compound 1 Compound 2 Compound 3

RMSD (A) 3.53 2.88 3.35 3.21 3.40

Rg (A) 29.28 28.58 29.31 28.32 29.57

SASA (A?) 29,849 — 29,624 29,950 29,983

PSA (A?) — — 450 440 455

MSA (A2) 29,849 29,500 29,850 29,600 30,000

H-Bonds — 2-3 1-2 2-3 (persistent) 1-2

Key Interaction — Asp868, Tyr905 GIn851, GIn851, Asp868, GIn851, Tyr905

Residues Asp868 Ser921, Tyr905
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Table 4 : Summary of drug likeness study of the compounds 1-3

Parameters Compound 1 Compound 2 Compound 3
A) Physicochemical Properties
Formula C,H,Clo C,,H,,CIN, C,,H,,CIN,
Molecular weight (MW) 242.70 332.83 281.74
No. of Heavy atoms 17 24 20
Rotatable bond 3 3 2
Hydrogen bond acceptor 1 1 2
Hydrogen bond Donor 0 0 1
Molar Refractivity 71.26 107.27 82.32
Mean logP 4.49 5.94 4.06
TPSA (Topological Polar Surface Area) 17.07A2 15.60A2 51.80A2
B) Pharmacokinetics
Gl Absorption High High High
BBB infiltration ++ ++ ++
CYP1A2 inhbition ++ ++ ++
CYP2C9 inhbition ++ ++ --
C) Drug likeliness filters
Lipinski ++ 0 Breach ++ 1 Breach ++ 0 Breach
MLOGP >4.15
(Ghose, Veber, Egan) ++ ++ ++
Muegge -- 1violation,

Heteroatoms <2 -- 1violation:XLOGP >5 ++

++ indicates compliance and — indicates noncompliance. Drug-likeness was evaluated using standard filters. Lipinski criteria included
MW < 500, HBA < 10, HBD < 5, and MLOGP < 4.15. Ghose rules required MW 160-480, MR 40-130, 20-70 atoms, and WLOGP -0.4
to 5.6. Egan criteria were TPSA < 131.6 and WLOGP < 5.88. Muegge filtering included MW 200-600, TPSA < 157, XLOGP -2 to 5, HBA
<10, HBD < 5, and rotatable bonds < 15.

Table 5: Dipole moment and specific energies of compound 1-3.

Compounds Internal energy
in Hartree unit

1 -1113.457

2 -1379.556

3 -1240.923

Free energy in
Hartree unit

-1113.490
-1379.616
-1240.981

Enthalpy in
Hartree unit

-1113.436
-1379.922
-1240.922

Dipole moment in
Debye unit

4.0491
2.6234
2.3779

Table 6: Frontiers molecular orbital theory calculated from compound 1-3

Samples HOMO LUMO LUMO- Hardness Softness, Chemical Electro Electr
Energy Energy HOMO » N S (eV-1) potential Negativity ophilicity
(eV) (eV) Gap(eV) (eV) , M (eV) x(@€V) ,x(eV)
1 -6.584 -2.541 4.043 2.021 0.494 -4.563 4.563 5.15
2 -5.021 -1.196 3.825 1.193 0.838 -3.108 3.108 2.53
3 -6.059 -1.659 4.400 2.200 0.454 -3.859 3.859 3.38

Here, eV=electron volt units of energy.
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interaction with Asn492, while compound 3
established a stabilizing hydrogen bond with lle550
via its -=NH group.

MD simulations (Fig. 3, Table 3) were
executed to inspect solidity and dynamic manners
of human telomerase reverse transcriptase (TERT,
PDB ID: 5CQG) in complex with the designed
ligands (compounds 1-3) and the reference inhibitor
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BIBR1532 [35]. RMSD analysis revealed that the
apo protein was comparatively flexible, with an
average RMSD of 3.53 A, whereas the BIBR1532—
TERT complex showed enhanced stability (2.88 A).
Among the synthesized compounds, compound
2 (dihydropyrazole) demonstrated the uppermost
constancy with an average RMSD of 3.21 A, followed
by compound 1 (chalcone, 3.35 A) and compound
3 (pyrimidine, 3.40 A). Initial fluctuations during the

Fig. 1. The synthesis scheme for compounds 1-3

(A)

(B)

Fig. 2. (A) Noncovalent (hydrogen bonding and hydrophobic) interactions of the test
compounds 1-3 and the reference inhibitor (BIBR1532) in 2D plot. B) 3D superimposed
position of 1-3 & BIBR1532 in the binding pocket of TERT, where 1, 2, 3, and
BIBR1532 are presented in green, yellow, blue and red color
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first 1015 ns were attributed to equilibration, after
which all systems attained stable conformations
comparable to the reference inhibitor.

The radius of gyration (Rg) remained stable
throughout the simulations, indicating preserved
structural compactness. Compound 2 exhibited
the lowest average Rg value (28.32 A), suggesting
tighter protein—ligand packing. SASA values were
consistent for all complexes (29,600-30,000
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A2), with compound 2 showing slightly reduced
surface exposure. PSA (420-460 A2) and MSA
(29,500-30,000 A2) analyses further supported the
superior stability of compound 2. Hydrogen bond
analysis showed that compound 2 formed persistent
interactions with GIn851, Asp868, and Ser921, while
maintaining t—= stacking and hydrophobic contacts
similar to BIBR1532 3. Overall, MD simulations
highlight compound 2 as the most firm and favorable
TERT inhibitor scaffold.

Fig. 3-Molecular dynamics simulation studies of compounds 1-3 with standard and apoenzyme
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Compounds 1-3 were evaluated for their
physicochemical properties, pharmacokinetic
behavior, and drug-likeness using the SwissADME
web platform (Table 4). The predicted TPSA values
ranged from 17.07 to 51.80 A2, signifying favorable
membrane permeability and good intestinal
absorption, with an additional indication of potential
blood—brain barrier penetration. The calculated
lipophilicity values (logP = 4.06—4.49) reflected an
appropriate balance between hydrophilicity and
lipophilicity, supporting oral bioavailability. Moreover,

the cytochrome P450 inhibition profiles were within
acceptable limits, implying a lower risk of metabolic
instability and drug—drug associations. Lipinski’s
classical rule of five showed that all compounds
complied with the criteria for oral drugs, except
compound 2, which exhibited a single violation.
Further assessment using Veber, Ghose, Egan,
and Muegge filters supported the overall suitability
of these molecules as potential lead compounds,
warranting further experimental validation.

Fig. 4. 3D images of HOMO-LUMO orbitals of 1-3

Fig. 5. Molecular electrostatic potential maps of compound 1-3
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Computational analysis highlighted clear
electronic and thermodynamic differences among
compounds 1-3(Table 5 and 6). Dipole moment
calculations showed that compound 1 was the
most polar (4.0491 D), followed by compound 2
(2.6234 D) and compound 3 (2.3779 D), reflecting
differences in molecular symmetry and functional
group orientation. Thermochemical parameters
indicated that compound 2 possessed more negative
internal energy, enthalpy, and Gibbs free energy
values, suggesting greater thermodynamic stability
than compounds 1 and 3. Frontier molecular orbital
analysis revealed that compound 3exhibited the
widest HOMO-LUMO gap (4.400 eV), followed by
compound 1 (4.043 eV), while compound 2 showed
the smallest gap (3.825 eV), consistent with its lower
hardness and higher softness. Electronegativity
and electrophilicity values further supported these
trends. The HOMO-LUMO distributions (Fig. 4) and
molecular electrostatic potential maps (Fig. 5) clearly
illustrated charge distribution and reactive regions,
supporting the predicted reactivity and stability
patterns.

CONCLUSION

In summary, this study successfully
explored the potential of 4-chlorochalcone (1) and
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its known heterocyclic derivatives, dihydropyrazole
(2) and pyrimidine (3). Introduction of nitrogen-
containing heterocycles appears to promote
stronger target engagement through improved
electronic complementarity and conformational
stability.Biological evaluation demonstrated that the
heterocyclic derivatives exhibited markedly enhanced
properties compared to the parent chalcone,
showing significant free radical scavenging potential
and strong antiproliferative effects across the tested
models, which may be attributed to improved
molecular rigidity, heteroatom incorporation, and
favourable electronic distribution. Computational
analyses confirmed their stable and energetically
favourable interactions with the telomerase reverse
transcriptase (TERT) enzyme, supporting a
telomerase inhibition—based mechanism. Among
the series, the dihydropyrazole derivative (2)
displayed the highest structural stability and the most
persistent binding mode throughout the simulation
period, closely resembling the reference inhibitor
BIBR1532 in both orientation and interaction pattern.
Collectively, these results indicate that compound (2)
represents a good framework for the developing new
telomerase-targeted anticancer entities, combining
potent cytotoxicity, antioxidant potential, and strong
computational validation, and thus merits further
optimization and advanced biological investigation.
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