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Abstract

The synthesis of four aroylhydrazone-derived compounds was successfully conducted via the condensation reaction
between benzoyl hydrazine and four different aromatic aldehydes. The resulting comppunds were identified as 4-
Methoxybenzylidene ben-zo hydrazide (L1), 4-hidroksi-benzaldehid benzoyl hydrazone (L2), 4-methylbenzylidene
benzohydrazide (L3) and 4-nitrobenziliden - 2 - benzoyl hydrazine (L4). Their spectroscopi cal and physicochemical
characteristics were analyzed through UV-Vis, IR, '"H NMR, and 3C NMR instruments. Structural optimization was
subsequently performed using density functional theory (DFT), followed by theoretical evaluations of UV-Vis and IR
spectral modeling, reactivity and stability, and several quantum chemical descriptors. It was revealed that the theoretical
results agreed with the experimental yields. The results of DFT analysis showed that L1 (AEgap =4.58 eV) and L3 (AEgar
=4.42 eV) have high molecular stability and reactivity. These parameters indicate L1 and L3 as candidates for anticancer
compounds. Besides, the antioxidant and cytotoxicity of the prepared compounds were observed to elucidate their specific
mechanisms. L1 and L3 showed moderate anticancer activity with ICso values of 82.12 and 42.64 pg/mL, respectively.
In addition, insilico analysis, indicated strong binding affinities for L1 and L4, with docking binding energies of —9.37
and —10.57 kcal/mol. The Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) predictions and

pharmacokinetic parameters of the samples further supported their favorable oral bioavailability.
Keywords: Aroylhydrazone, Characterization, Density functional theory, ADMET, Molecular docking

Introduction

Aroylhydrazones, a subclass of azomethine, are
distinguished by the existence of the —C=N-N- group
and are typically synthesized through condensation
reactions between hydrazide and aldehyde or ketone [1].
These compounds possess key donor sites, notably
carbonyl (—C=0) and azomethine (—~C=N-), which
facilitate interaction with various biological targets. In

addition, structural modification through the addition of

various substituents on the benzene ring has been shown
to enhance their biological activity profiles significantly.
Currently, there has been a rising emphasis on
advancing aroylhydrazone-derived compounds.
Notably, those based on ((E) - N-
benzylidenebenzohydrazide) Ar-CH=N-NH-C (=0O) —
Ar' (where Ar' represents an aromatic ring) have

garnered particular interest due to their superior


https://orcid.org/0000-0003-1650-6623
https://orcid.org/0000-0003-4817-2736
https://orcid.org/0009-0003-4908-3230
https://orcid.org/0000-0002-8830-3238
https://orcid.org/0000-0003-2376-2203
https://orcid.org/0000-0002-2079-3584
https://orcid.org/0000-0003-0636-8386
https://orcid.org/0000-0002-6138-4015
https://orcid.org/0000-0001-7194-2511

Trends Sci. 2026; 23(8): 12603

20f22

chemical stability and broader synthetic versatility
compared to their alkyl-substituted hydrazone
counterparts [2]. Consequently, structural features
position them as promising scaffolds for further design
and development of bioactive and pharmaceutical
agents. Numerous studies have exhibited that
aroylhydrazones possess the ability to inhibit
metalloproteins and disrupt intracellular homeostasis,
primarily by interacting with DNA [3]. Moreover, aroyl
hydrazone-based compounds have been reported to
exhibit extensive pharmacological activities, such as
anti-inflammatory [4], anti-microbial [5],
anticonvulsant [6], anti-tubercular [7], anti-tumor [8],
anti-fungal, and anti-viral effects [9]. Notably, structural
modification at the para position of the aromatic ring has
been shown to significantly impact the compound’s
lipophilicity, electronic distribution, and steric profile,
as shown in Figure 1 [10]. Despite significant interest
in aroylhydrazone recently, relatively limited studies
have examined the structure-activity relationships of
para-substituted benzaldehyde-based aroylhydrazones,
particularly with respect to their antioxidant and
anticancer activities, employing a combination of
molecular docking and computational chemistry
approaches. Therefore, the current investigation aims at
designing and synthesizing four aroylhydrazone
derivatives, employing electron-donating and electron-
withdrawing substituents, namely methoxy, hydroxy,
methyl, and nitro groups at the para-position of the
benzaldehyde moiety. These substituents are anticipated
to significantly influence several physicochemical
properties of the compounds, such as chemical
reactivity, lipophilicity, molecular polarity,
hydrophobic interactions, and, ultimately, biological
efficacy. To assess the bioactivity of the synthesized
compounds initially, both in vitro and in silico
observations were employed. In this regard,
computational chemistry serves as a crucial approach by
facilitating the understanding of chemical reactivity and
the establishment of structure-reactivity correlations. It
also allows for the estimation of vibrational, electronic,

and thermodynamic characteristics of the compounds
examined in environments of biological and chemical
significance [11]. The results obtained from this
approach may be applied as additional support for the
analytical and experimental findings [12]. Among the
computational approaches, DFT is mostly employed due
to its widespread application and reliability in quantum
chemical modeling, particularly for calculating various
molecular properties such as molecular structure and
biological activity. This method enables the
determination of molecular structures and relative
energies with enhanced accuracy by using an
appropriate basis set, surpassing the limitations of
conventional ab initio methods such as Restricted
Hartree-Fock (RHF) and second-order Moller-Plesset
Perturbation Theory (MP2) [13]. In this study, four
aroylhydrazone derivatives (L1 - L4) were rationally
designed and synthesized from para-substituted
benzaldehyde and benzohydrazide. Their structures
were elucidated through spectroscopic techniques, DFT,
and molecular docking analyses. They were also
systematically examined with diverse spectroscopic
techniques, including Fourier-transform infrared
spectroscopy (FT-IR), proton and carbon nuclear
magnetic resonance ('H and '3C NMR), and high-
resolution mass spectrometry (HRMS). Quantum
mechanical investigations were performed using DFT
calculations, including molecular geometry
optimizations, electrostatic potential mapping with
atomic charge distributions, frontier molecular orbital
(HOMO-LUMO) energy calculations, and evaluation of
thermodynamic parameters. Dipole moment values for
the prepared compounds were also computed employing
the B3LYP method with the 6-31G* basis set.
Additionally, the in vitro biological activities of the
compounds were assessed through antioxidant assays
and cytotoxicity testing against HeLa cervical cancer
cells. The interaction mechanisms between the
synthesized compounds (L1 - L4) and target
biomolecules in HeLa cells were studied through
molecular docking analysis.
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Figure 1 Designed (£)-N’-benzylidenebenzohydrazide.

Materials and methods

Materials

All starting materials and solvents used in this
work, including benzoyl hydrazine, various aldehydes,
and PrestoBlue reagent, were of analytical grade and
purchased from Sigma-Aldrich, and utilized directly in

reactions without purification.

General procedure for the synthesis of
aroylhydrazone derivatives

Synthesis of 4-Methoxybenzylidene benzo
hydrazide (L1)

A mixture of 6 mmol of benzoyl hydrazine (0.82
g) and 6 mmol of 4-methoxybenzaldehyde (0.73 mL)
was refluxed in 40 mL of ethanol at 95 °C for 3 h.
Afterward, glacial acetic acid (6 drops) was added to the
mixture to catalyze the reaction. The reaction was
supervised with thin-layer chromatography (TLC)
employing the solution of n-hexane and ethyl acetate
(1:1 volume ratio). After refluxing, it was left to reach
room temperature so that the compound could undergo
crystallization. Further, it was cleaned thoroughly with
ethanol, producing the final product: 85.45%, white
purified aroylhydrazone solid. Molecular Formula:
Ci5sH14N202, M.p. 179 °C, UV-Vis (DMSO) Amax (nm):
320, IR (KBr, v (cm™)): 1170 (CO), 1307 (C-N), 1606
(C=N), 1649 (C=0), 2841 (Csp3—H), 3255 (Csp—H),
3421 (N-H). 'H NMR (500 MHz, DMSO) &(ppm) 3.83
(s, 3H, -CH3), 6.97 - 6.99 (dd, 2H, Ar H), 7.52 (t, 2H, Ar
H), 7.59 - 7.62 (m, 1H, Ar H), 7.77 - 7.80 (dd, 2H, Ar
H), 7.93 -7.95 (dd, 2H, Ar H), 8.29 (s, 1H, -CH); 13C
NMR (126 MHz, DMSO) 8(ppm) 54.46 (-CH3), 113.85
(Ar C), 126.62 (Ar C), 127.33 (Ar C), 128.35 (Ar C),
129.15 (Ar C), 131.85 (Ar C), 132.82 (Ar C), 149.23 (-
CH), 161.86 (Ar C), 165.54 (—C=0). HRMS (ESI-TOF)

R

Biologically active
R4 = (-CH;30, -OH, -CH4, -NO,)
pharmacore

calculated for C;sH14uN,O, [M+Na]* 277.095, found
277.094.

Synthesis of 4-Hydroxy-benzaldehyde benzoyl
hydrazone (L2)

Benzoyl hydrazine (6 mmol, 0.82 g) and 4-
hydroxybenzaldehyde (6 mmol, 0.73 g) were refluxed in
40 mL of ethanol at 95° °C for 3 h. Similarly, the
reaction was catalyzed with glacial acetic acid and
tracked using TLC. After refluxing, it was left to reach
room temperature so that the compound could undergo
crystallization. Further, it was cleaned thoroughly with
ethanol, resulting in the final product: 36.64%, white
purified aroyl hydrazone solid. Molecular Formula:
Ci14H12N202, M.p. 279 °C, UV-Vis (DMSO) Amax (nm):
291, IR (KBr, v (cm™)): 1305 (C-0), 1342 (C-N), 1784
(C=N), 1647 (C=0), 3016 (Csp>—H), 3462 (N-H), 3180
(~OH). 'H NMR (500 MHz, DMSO) 8(ppm) 6.84 - 6.87
(dd, 2H, Ar H), 7.53 (t, 2H, Ar H), 7.59 - 7.63 (m, 1H,
Ar H), 7.69 - 7.72 (dd, 2H, Ar H), 7.93 - 7.95 (dd, 2H,
Ar H), 8.26 (s, 1H, —CH); '3C NMR (126 MHz, DMSO)
d(ppm) 115.25 (Ar C), 125.39 (Ar C), 127.29 (Ar C),
128.34 (Ar C), 129.33 (Ar C), 131.80 (Ar C), 132.88 (Ar
C), 149.65 (-CH), 159.99 (Ar C), 165.54 (-C=0).
HRMS (ESI-TOF) calculated for Ci4H12N2O, [M+Na]*
263.08, found 263.07.

Synthesis of
benzohydrazide (L3)
Benzoyl hydrazine (6 mmol, 0.82 g) and 4-

4-methylbenzylidene

methylbenzaldehyde (6 mmol, 0.70 mL) were refluxed
in 40 mL of ethanol at 95 °C for 3 h. Similarly, the
reaction was catalyzed with glacial acetic acid and
tracked using TLC. After refluxing, it was left to reach

room temperature so that the crystalline compound
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could be obtained. Further, it was rinsed thoroughly with
ethanol, resulting in the final yield: 44.79%, white
purified aroyl hydrazone solid. Molecular Formula:
CisH1sN20O, M.p. 193 °C, UV-Vis (DMSO) Amax (nm):
307, IR (KBr, v (em™1)): 1062 (C-0), 1776 (C=N), 1641
(C=0), 3051 (Csp2—H), 3028 (Csp3—H), 3394 (N-H). 'H
NMR (500 MHz, DMSO) 6(ppm) 2.38 (s, 3H, —CH3),
7.25 (d, 2H, Ar H), 7.51 (t, 2H, Ar H), 7.5 9 - 7.72 (dd,
2H, Ar H), 7.93 - 7.96 (dd, 2H, Ar H), 8.32 (s, 1H, —
CH); *C NMR (126 MHz, DMSO) §(ppm) 20.17 (-
CHz3), 127.37 (Ar C), 127.49 (Ar C), 128.36 (Ar C),
129.10 (Ar C), 131.38 (Ar C), 131.91 (Ar C), 132.76 (—
CH), 140.84 (Ar C), 149.42 (—CH), 165.62 (—-C=0).
HRMS (ESI - TOF) calculated for C;sH;4sN>O [L+Na]*
261.27, found 261.10.

Synthesis of
hydrazine (L4)
Benzoyl hydrazine (6 mmol, 0.82 g) and 4-

4-Nitrobenzylidene-benzoyl

nitrobenzaldehyde (6 mmol, 0.82 g) were refluxed in 40
mL of ethanol at 95° °C for 3 h. Similarly, the reaction
was catalyzed with glacial acetic acid, and the progress
was tracked using TLC. After refluxing, it was left to
reach room temperature so that the crystalline
compound could be obtained. Further, it was rinsed
thoroughly with ethanol, resulting in the final yield:
94.44%, yellow purified aroyl hydrazone solid.
Molecular formula: C14H;1N303, M.p. 265 °C, UV-Vis
(DMSO) Amax (nm): 342, IR (KBr, v (cm™)): 1751
(C=N), 1604 (C=0), 3059 (Csp2-H), 3269 (N-H), 1550
(N=0). 'H NMR (500 MHz, DMSO) &(ppm) 7.56 (t, 2H,
Ar H), 7.63 (t, 1H, Ar H), 7.94 (d, 2H, Ar H), 8.013 (d,
2H, Ar H), 8.32 (d, 2H, Ar H), 8.56 (s, 1H, —CH), 12.20
(s, 1H, -NH); *C NMR (126 MHz, DMSO) §(ppm)
123.52 (Ar C), 127.14 (Ar C), 127.42 (Ar C), 127.97 (Ar
C), 131.49 (Ar C), 132.41 (Ar C), 140.03 (Ar C), 144.62
(-CH), 147.23 (Ar C), 162.80(-C=0). HRMS (ESI-
TOF) calculated for C14H1N303 [L+Na]* 292.07, found
292.07.

Characterization

The synthesized molecules were analyzed using
including UV-Vis
spectrophotometer Genesys 10S (Thermo Fisher
Scientific, Madison, WI, USA), FTIR Shimadzu 8400S
(Tokyo, Japan), and NMR Agilent 500 MHz fitted with
a DD2 console, functioning at 500 MHz for proton (*H)

various instruments,

and 125 MHz for carbon (**C) analysis. High-resolution
mass spectra were obtained using a Waters Q-TOF MS

Xevo mass spectrometer (USA).

Cytotoxicity test

The cytotoxic activity toward HelLa cancer cells
(human cervical adenocarcinoma) was evaluated in vitro
employing the PrestoBlue (PB) assay method [14]. For
this procedure, RPMI medium consisting of fetal bovine
serum (FBS) (10 %(v/v)) and antibiotics (50 nL./50 mL)
were used to culture the cells. The cultured cells
(170,000 cells/mL) were then plated into 96-well
microplates and kept for 24 h at 37 °C with 5% CO: in a
humidified chamber. Following incubation, the existing
culture medium was substituted with new medium
consisting of diverse concentrations of the test
compounds (7.81, 15.63, 31.25, 62.50, 125, 250, 500,
and 1000 pg/mL). The treated cells were subsequently
incubated for 48 h. Afterward, PrestoBlue reagent
(Thermo Fisher Scientific, Uppsala, Sweden) was
introduced into each well, and the absorbance was
investigated at 570 nm via a multimode plate reader.
Cisplatin was utilized as the positive control to compute
the half-maximal inhibitory concentrations (ICso) using
linear regression. To calculate the percentage of cell
viability using the following Eq. (1) [15]:

% Cell viability =

[absorbance treated—absorbance blank]

x100% (1)

[absorbance control—absorbance blank]

Antioxidant activity assay

The antioxidant activity of the prepared aroyl
hydrazones was examined with the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free-radical-scavenging assay
[16]. Gallic acid and quercetin served as reference
antioxidants, while dimethyl sulfoxide (DMSO) acted as
the solvent control. To perform the test, 1 mL of DPPH
(6x107° M) was combined with 33 pL of the sample
solution dissolved in DMSO at diverse concentrations of
319.46, 159.73, 79.87, 39.93, 19.97, 9.98, 4.99, 2.50,
and 1.25 g/mL. Each mixture was preserved in a 37 °C
water bath for 30 min, and the absorbance (S) at 517 nm
was measured using a UV-Vis spectrophotometer. The
blank solution (B) consisted of 33 uL of DMSO plus
DPPH solution. The radical-scavenging activity of
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DPPH was determined using the formula of [(B-
S)/B]x100% [17].

ADMET

The drug-likeness and ADMET of all samples
were assessed with the ADMET Lab 2.0 software. The
assessment of the drug-likeness followed Lipinski’s
Rule of 5, considering main physicochemical aspects of
molecular weight, partition coefficient (log D), and the
number of hydrogen bond donors and acceptors.
Meanwhile, the ADMET prediction offered
comprehensive data regarding the pharmacokinetic
aspects of each compound, including intestinal
absorption, distribution characteristics, metabolic

stability, excretion potential, and toxicity risks [18].

DFT calculations

The DFT calculations were done using the
Gaussian 16 software to obtain molecular descriptors for
the 4 hydrazone compounds. Geometry optimizations
were evaluated via the B3LYP method with the 6-31G*
basis set to ensure that each structure reached its
minimum energy conformation. The frequency
calculation was carried out to predict their IR vibrational
modes, while electronic spectra were computed to
estimate the maximum UV-Vis absorption wavelength
[19]. Frontiers molecular orbital energies (HOMO and
LUMO) were employed to estimate several important
quantum chemical descriptors, such as energy band gap
(AEGapr), global hardness (n), global softness (o),
absolute electronegativity (), electrophilicity index (o),
and dipole moment (p). These parameters were
calculated using Egs. (2) - (7) [20].

AEgap = Erymo — Enomo 2
E -E
n= LUMO . HOMO 3)
1
= = 4
o= )
¥ = —(ELumo;r EHoMoO) (5)
2
w=% (6)
— EHomo+ ELumo (7)

2

Molecular docking analysis

The Cyclin Dependent Kinase 2 (CDK2) with
PDB ID: 5IEV was selected as the target receptor for
molecular docking studies involving the aroyl
hydrazone-derived ligands (L1 - L4). The protein
preparation involved the elimination of the
crystallographic water portion and unnecessary co-
crystallized ligands. All missing atoms were repaired,
and polar hydrogens and Kollman charges were added
to activate the protein structure docking. The ligand
structures (L1 - L4) were prepared and incorporated into
the molecular docking system. The docking protocol
was confirmed using a self-docking (re-docking)
procedure, where the native co-crystallized ligand
(RON) was re-docked into the active site of CDK2. The
resulting root-mean-square-deviation (RMSD) obtained
was 1.20 A, confirming the reliability of the docking
setup [21]. Grid box dimensions were set to 40x40x40
with a spacing of 0.5, and the grid center was arranged
at the Cartesian coordinates of —11.057, -9.3, and —
10.687, respectively. Docking parameters were
configured using the Lamarckian Genetic Algorithm
with a population size of 300 and 100 genetic algorithm
runs. All docking procedures were performed with
AutoDock Tools version 1.5.7. The resulting ligand-
protein complexes were subsequently analyzed and
visualized in 2 dimensions using Biovia Discovery

Studio to evaluate ligand-protein interactions in 2D [22].

Results and discussion

Chemical structures

Aroylhydrazone derivatives derived from para-
benzaldehyde and borohydride were successfully
synthesized via the modified reflux method, conducted
for 3 h [23]. The synthesis involved an equimolar (1:1)
ratio of the starting materials and the catalyst (glacial
acetic acid). The general reaction mechanism to form
aroyl hydrazone derivatives is visualized in Figure 2,
where water molecules are released as by-products. The
reaction begins with a nucleophilic attack by the
nitrogen atom of benzoyl hydrazine, containing a lone
electron pair, on the electrophilic carbon of the
aldehyde’s carbonyl group. This stage generates an
intermediate facilitated by a proton transfer process
[24]. Subsequent proton transfer from nitrogen to
oxygen, mediated by glacial acetic acid, enables the

formation of an azomethine linkage. The acetate ion
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then promotes an elimination reaction, forming an
azomethine group and releasing water molecules [25].
TLC tests were performed to validate the formation of
the resulting desired compounds and assess their purity
[26].

UV-Vis spectra analysis

The UV-Vis absorption spectra of aroyl hydrazone
compounds (L1 - L4), obtained from the experiment and
TD DFT calculations in DMSO solvent, indicate that the
absorption bands are predominantly located in the
ultraviolet region (Figure 3). Experimentally, the
maximum absorption wavelengths were recorded at 315
nm for L1, 325 nm for L2, 305 nm for L3, and 342 nm
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for L4. In comparison, the calculated spectra showed
absorption maxima at 311 nm (L1), 324 nm (L2), 313
nm (L3), and 323 nm (L4). The absorption band within
the wavelength range of 300 - 373 nm is primarily
ascribed to the n — m* electronic transitions involving
the imine (C=N) and (N-NH) groups, where electrons
are excited from non-bonding orbitals (n) to anti-
bonding orbitals (n*) [27,28]. Meanwhile, the bands at
shorter wavelengths, specifically at 240 and 267 nm for
L1;237,240,271, 273 nm for L2; 234, 244, 265 nm for
L3, and 278 nm for L4, are primarily associated with the
n— 7* transitions of the aromatic C=C group of the

benzene rings.

T
o
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Product

Figure 2 The reaction mechanism for the formation of aroylhydrazone derivatives from para- benzaldehyde and

benzohydrazide.
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Figure 3 The theoretical and experimental UV-Vis spectra of all samples.

FTIR spectra analysis

The FTIR spectra of all samples obtained
experimentally and theoretically are presented in Table
1 summarizes the vibrational frequencies and denotes
the vibration modes of the identified functional groups.
The data exhibited that the theoretical frequencies
agreed well with the experimentally observed
frequencies. The variation in vibrational modes
observed in the experimental spectra of the aroyl
hydrazone derivatives of para-benzaldehyde and benzo
hydrazide can be explained as follows:

4-Methoxybenzylidene benzohydrazide (L1)

Based on Table 1, the absorption peaks at 3,421
and 3,255 cm™ denote the N-H and Csp>-H groups,
respectively. The low peak observed at 2,841 cm™ can
be assigned to the aromatic group of Csp*~H. The peak
at 1,606 cm™ represents the C=O vibration. The
prominent peak at 1,514 cm™ was related to the imine
group (C=N), which is characteristic of compound L1
[29,30]. Additionally, the peak in the 1,050 - 1,320 cm™
range could be associated with the existence of the C-O
group. The peaks detected in the 1,020 - 1,250 cm™

range denoted the C—N functional group. Finally, the
significant and sharp peak at 713 cm™ denoted the

existence of the C—H group.

4-Hydroxy-benzaldehyde benzoyl hydrazine (L2)

The reasonable intensity peaks observed at 3,269
and 3,198 cm™' were related to the N-H and O-H
vibrations, respectively. The weak absorption peak at
3,030 cm! matched the aromatic group Csp>-H.
Meanwhile, the peak at 2,833 cm™! could be linked to
the Csp>-H aliphatic group. The peak at 1,604 cm™!
emerged primarily due to the presence of the C=0O
functional group. The distinct and highly intense peak
observed at 1,514 cm™
was attributed to the hydrazone group (C=N-N) [31].
Besides, the peaks observed in the regions of 1,250 -
1,310 cm™ and 1,020 - 1,250 cm™! indicated the C-O
and C-N functional groups, respectively. Finally, the

, characteristic of compound L2,

sharp and intense peak at 837 cm™' was attributed to the
C-H group.
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4 - Metilbenzelidene — 2 — benzoyl hydrazine (L3)

The weak absorption at 3,200 and 3,051 cm’!
denoted the N—H and Csp—H vibrations, respectively.
Besides, the peaks at 3,028 and 1,641 cm ™' represented
the Csp>-H aromatic and C=0, respectively. Generally,
the C =N vibrations emerge in the range of 1,600 - 2,000
cm !, The strong and typical peak located at 1,602 cm ™!
corresponded to the C=N imine group, which is
characteristic of compound L3. In addition, the band
observed in the 1,020 - 1,250 cm ™' range was associated
with the C-N vibration. Finally, the peak at 773 cm™!
was linked to the C—H group.

4-Nitrobenzylidene — benzoyl hydrazine (L4)
The absorption peaks observed at 3,180 and 3,016
cm ! are ascribed to the vibrations of N — H and Csp?-H

groups, respectively. A low intensity band at 2,839 cm™

Table 1 FTIR data of all samples (experimental and theoretical).

was associated with the vibration mode of aromatic
Csp>-H groups. The peak at 1,647 cm™! denoted the
vibration mode of the C = O group. A strong peak at
1,566 cm' was linked to imine C=N groups,
representing the characteristic peak of compound L4.
Besides, the peak at 1,521 cm™! was related to the N-O
groups. Finally, the peak at 698 ¢cm™' matches the out-
of-plane bending vibration of the C—H group. The linear
correlation between the theoretical and experimental
FTIR spectra is visualized in Figure 4. In general, a
linear trend was observed, with correlation coefficients
(R?) of 0.994 for L1, 0.985 for L2, 0.995 for L3, and
0.994 for L4. The R? values close to 1.00 confirm the
strong alignment between experimental yields and
theoretical calculations, indicating the computational

scaling strategy is highly reliable [32].

Compounds Experin_nental Theore_tical Assignment
(em™) (em™)
L1 713 727 Pour(C-H)
1,170 1,211 v(C—N)
1,261 1,307 v(C-0)
1,514 1,664 v(C =N)
1,606 1,757 v(C=0)
2,841 3,031 v(Csp, — H)
3,255 3,206 v(Csp,— H)
3,421 3,484 o(N — H)
837 719 Pour(C-H)
1,166 1,211 v(C-N)
1,282 1,314 v(C-0)
1,512 1,668 vo(C=N)
1,604 1,757 v(C=0)
2,833 3,043 u(Csp, — H)
3,030 3,194 v(Csp,— H)
3,198 3,206 v(-OH)
3,269 3,747 o(N — H)
773 720 Pout(C-H)
3 1,138 1,189 v(C —N)
1,284 1,335 v(C - 0)

1,602 1,518 v(C =N)
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NMR analysis

The NMR spectral analysis of compounds L1 - L4,
conducted at room temperature in DMSO-d6, provided
valuable insights into their structural features, as
summarized in Table 2. The 'H NMR spectra for all four
compounds revealed characteristic aromatic proton
signals, appearing at chemical shifts (§) range of 6.85 -
8.32 ppm, indicative of both benzene and heterocyclic
ring environments (CHAr - benzene, and CHAr -
heterocyclic). The hydrazone group (CH=N-N) was
identified by distinct singlet signals at § 8.45 (L1), 8.36
(L2), 8.43 (L3), and 8.56 ppm (L4), aligning with
literature values. Additionally, signals at 6 11.77 (L1),
11.65 (L2), 11.79 (L3), and 12.20 ppm (L4) correspond

to the protons of the (NH-N-) group [33]. Methyl (-
CH3s) group protons in L3 and L1 showed chemical shifts
at 2.40 ppm and 3.85 ppm, respectively, while L2
presented a broadened signal at 9.95 ppm for the
hydroxyl (~OH) proton. The *C NMR spectra of L1, L2,
L3, and L4 exhibited signals at 6 149.23, 149.45, 149.42,
and 144.62 ppm, attributed to the imine group (-N=CH-
) [34]. Each compound displayed a peak at 165.54 ppm
for L1 and L2, 165.62 ppm for L3, and 162.80 ppm for
L4, corresponding to the carboxylic acid group
(COOH). Aromatic ring carbon signals were observed
between 6 113.85 and 140.84 ppm. Chemical shifts at &
54.6 ppm for L1 and 20.17 ppm for L3 indicated carbon
atoms in the methyl group (-CHs).

Table 2 '"H NMR and '*C NMR chemical shifts (8 in ppm) of L1 - L4 (experiment results).

L1 L2 L3 L4
'H NMR 3C NMR 'H NMR 3C NMR 'H NMR BCNMR 'HNMR 3C NMR

3.85 54.46 6.85 115.25 2.40 20.17 7.56 123.52
7.06 113.85 7.52 125.39 7.29 127.37 7.63 127.14 - 127.97
7.56 126.62 7.58 - 7.60 127.30 7.54 127.49 7.94 131.48
7.62 127.33 7.91 128.34 7.60 128.36 8.01 132.41
7.72 128.35 8.36 129.33 7.64 129.10 8.32 140.02
7.95 129.15 9.95 131.81 7.92 131.38 8.56 144.62
8.45 131.85 11.65 132.88 8.43 131.91 12.20 162.80
11.77 132.82 149.65 11.79 132.76

149.23 159.99 140.84

161.86 165.54 149.42

165.54 165.62

DFT calculations

The chemical reactivity descriptors of four aroyl
hydrazone compounds (L1 - L4) were calculated using
DFT methods based on Parr and Pearson’s framework
and Koopman’s theorem [35]. Molecular orbital

calculations predicted descriptors like Total energy
(Etot), energy gap (AEgar), dipole momentum (),
electrophilicity (®), and chemical hardness (1), which
are detailed in Table 3.
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Table 3 Global chemical reactivity descriptors for L1 - L4 calculated by the DFT method at B3LYP/6-31G*.

Quantum chemical descriptors L1 L2 L3 L4
Etot (eV) —22.8694 -21.7994 -20.8221 -25.3193
Enomo (eV) —5.86 -5.69 -5.89 —6.61
ELumo (eV) -1.28 -1.38 —-1.47 -2.77
AEgar (eV) 4.58 431 442 3.83
n (eV) 2.29 2.15 2.21 1.91
c 0.43 0.46 0.45 0.52
n (Debye) 1.65 0.93 1.87 1.10
1 (V) 3.57 3.53 3.68 4.69
0] 2.78 2.90 3.06 5.74

Optimized molecular structures

As shown in Table 3, the total energy value
calculated for the optimized geometry of each
compound studied indicates that L4 has the lowest Ero
value, suggesting that the conformation of L4 (Figure
5) is thermodynamically more stable than those of the
L1 - L3. Moreover, the AEgap value of L4 is also the
smallest among the four compounds, implying that L4
facilitates the most efficient electron transfer between
HUMO and LOMO orbitals [36,37]. The diminished
HOMO-LUMO energy gaps reflect an enhancement in
chemical reactivity, although it concurrently implies a

reduction in chemical stability [38].

Frontier molecular orbitals (FMOs)

The electronic properties, including chemical
stability and reactivity, of bioactive compounds can be
largely deduced from their HOMO and LUMO orbital
analysis and associated energy states. High molecular
stability is directly correlated with a significant HOMO-
LUMO energy difference, making this gap essential for
determining the molecule’s stability index [39]. In
general, a high Enomo value is associated with a
molecule’s capacity to donate electrons [40], while a
lower Erumo value reflects its ability to accept electrons
[41]. As illustrated in Figure 5, density associated with
the HOMO and LUMO orbitals are delocalized across
the entire molecular structure of the molecules L1 - L4.
In the visual representation, red solid surfaces denote the

positive phase of each molecule, while green surfaces

represent the negative phase [42]. The observed HOMO

densities are primarily correlated to the strong
electronegativity of oxygen and nitrogen atoms.
According to the order of Enomo listed in Table 3, the
order is L2 (—5.69) > L1 (-5.86) > L3 (-5.89) and L4 (-
6.61), suggesting that L2 has the greatest electron
donating ability. This suggests a higher potential for
antioxidant activity, as enhanced HOMO energies are
often associated with enhanced radical scavenging
activity. Conversely, L1 exhibited the lowest Erumo
value (—1.28), indicating its high electron acceptance
potential. Dipole moment is another critical descriptor
effectiveness

affecting molecular interactions and

within a biological system, particularly through
hydrogen bonding, dipole-dipole interactions, and
electrostatic interactions [43]. The order of dipole
moment values follows the tren L3 > L1 > L4 > L2,
indicating that L3 may interact more strongly with polar
environments. Chemical hardness (1), which suggests a
molecule’s resistance to charge transfer or polarization
of the electron cloud during chemical reactions, is
inversely related to molecular reactivity. Hard
molecules generally exhibit a high energy gap, while
soft molecules display a small energy gap [44].
Molecules with lower hardness and higher softness may
have greater inhibition efficiency [45]. The hardness
values of the molecules in this study decrease in the
following order L1 > L3 > L2 > L4, suggesting that L4
is the softest and, consequently, the most chemically

reactive and least stable compound among the four. The
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electrophilicity (®), a measure of electron-accepting
ability, was observed in the following descending order
L4 > L3 > L2 > L1. Higher electrophilicity values
generally suggest an enhanced ability to participate in
electrophilic interactions, indicating that L4 possesses
the most favorable electronic characteristics for such
behavior. The potential of a compound as an ideal
anticancer agent often requires a balance among its
stability, reactivity, and interaction capability. Based on
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= 4,58 eV
: : g i
=
o
-
o
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= 4,42 eV
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=
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LS

these three parameters, L1 and L3 emerge as the
strongest candidates for anticancer compounds. LI
exhibits the high electron-donating potential, coupled
with highest molecular stability and high interaction
capability with polar environments. L3 possesses the
highest capacity for interaction with polar molecular
environments (due to its high dipole moment), along
with high molecular stability and high electrophilicity.

AE Gap Energy
=4,31 eV

L4

AE Gap Energy
= 3,83 eV

<

Figure 5 Optimized molecular structures and frontier molecular orbitals density distributions of L1 - L4.

Anticancer evaluation

Antioxidant activity

The ICso values of all samples are presented in
Table 4. The results indicated that all tested compounds
demonstrated notable antioxidant activity, as evidenced
by their low ICso values. Among them, L2 showed the
most potent antioxidant effect, with the lowest ICsg

value 0f 0.19 £ 0.24 pg/mL and the highest % inhibition
of 76.23 £+ 3.97%. In addition, compounds L1, L2, and
L3 exhibited superior antioxidant performance than the
references. According to the findings, all synthesized
aroylhydrazones derivatives exhibit potent antioxidant

activity, as defined by ICso values below 50 pg/mL [46].
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Table 4 Antioxidant activity (ICso and % inhibition) of the examined aroyl hydrazone derivatives.

Compound ICso (ug/mL) % Inhibition
Gallic Acid 1.44 +0.15 70.95 +3.43
Quercetin 1.69+0.13 65.15+2.28
L1 1.42+1.28 53.02 +0.85
L2 0.19+0.24 76.23 +3.97
L3 0.49+0.36 56.86 +1.51
L4 13.30 £ 10.41 73.76 +1.70
Cytotoxicity potency. Among the tested samples, L1 and L3

The cytotoxicity effects of the samples were tested
against HelLa cell lines using the Presto blue method.
The primary parameter applied to examine the
cytotoxicity of the compounds was the ICs value, with
cisplatin serving as a positive control. The effect of
varying concentrations of the aroylhydrazone
derivatives on HeLa cell line viability after 48-hour
incubation is depicted in Figure 6, while the
corresponding ICso values are presented in Table 5. All
samples demonstrated anticancer activity against HeLa
cells with ICso values ranging from 42 to 288 pg/mL.
These values were notably higher than cisplatin, the

positive control, indicating comparatively lower

140

% Cell viability

demonstrated moderate anticancer activity with ICso
values of 82.12 and 42.64 ng/mL, respectively, after 48
h of exposure. Meanwhile, with the same treatment, L2
and L4 exhibited weaker anticancer activity, with ICso
values of 287.40 and 213.50 ug/mL, respectively [47].
The wvariation in anticancer activity among the
aroylhydrazone derivatives is due to structural
differences, particularly the nature of the aromatic
substituents at the para-position of the benzaldehyde
moiety. These substituent effects influence the
electronic characteristics and their possible interactions
with biological targets within cells, thereby affecting
their biological activity [48].

0 200 400

600 800 1000

Concentration (pug/mL)

Figure 6 Cell viability vs aroylhydrazone concentration.
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Table 5 Cytotoxic test of compounds against HeLa cells after 48 h of treatment.

ICso
Compounds
(ng/mL)
L1 82.12
L2 287.40
L3 42.64
L4 213.50
Cisplatin 19.26

ADMET

The drug-likeness of the synthesized hydrazone
derivatives was examined using Lipinski’s rule, which
serves as a guideline to assess the oral bioavailability of
potential drug candidates. According to this rule,
compounds with oral activity generally exhibit a
maximum of 5 hydrogen bond donors, 10 hydrogen
bond acceptors, a molecular weight less than 500
Daltons, and a logD less than 5. A maximum of one

violation is tolerable for a compound to be considered

drug-like [49]. As shown in Table 6, all synthesized
hydrazones met the criteria mentioned above without
any violations, indicating favorable drug-likeness and
solubility profiles. Moreover, the toxicity prediction
results classified all compounds as relatively safe
species, with no indications of mutagenicity,
carcinogenicity, skin, or respiratory irritation. The yields
indicate that the prepared compounds possess promising
ADMET characteristics, highlighting their potential as

viable candidates for further drug development.

Table 6 The values of the physicochemical and pharmacokinetic aspects (ADMET) of the synthesized compounds.

Toxicity risk

Compounds logD logS TPSA MW nHA nHD Lipinski rule Mut  Car Trr Res
L4 3.08 -4.67 84.60 269.08 6.0 1.0 0 no no  no no

L3 348 -5.05 4146 238.11 3.0 1.0 0 no no  no no

L2 2.53 384  61.69 240.09 4.0 2.0 0 no no  no no

L1 294  -3.59 50.69 254.11 4.0 1.0 0 no no  no no
Erlotinib 299  -3.65 74.73 393.17 7.0 1.0 0 no no no no
Doxorubicin ~ 3.07  -4.67 84.60 269.08 6.0 1.0 0 no no  no no

*Drugs Reference: Topological polar surface area (TPSA); Molecular weight (MW); The logarithm of the n-octanol/water

distribution coefficient (logD); The logarithm of aqueous solubility (logS); Number of hydrogen bond donors (nHD);

Number of hydrogen bond acceptors (nHA); Lipinski’s Rule; (Mut) mutagenic; (Car) Carcinogenicity; (Irr) irritant; (Res)

Respiratory.

Molecular docking analysis

Molecular docking simulations were performed to
analyze the binding interactions and associated energies
between the synthesized ligands and the active sites of
Cyclin-Dependent Kinase 2(CDK2). These simulations
help in elucidating the nature and strength of molecular

interactions, providing insights into the inhibitory

potential of the compounds. CDK2 is a widely
recognized target in cancer therapy research because of
its essential function in regulating the cell cycle [50].
The binding energies and estimated inhibition constants
for each ligand-enzyme complex are summarized in
Table 8. The detailed molecular interaction profiles
between CDK2 and the ligands L1 - L4 are visually
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depicted in Figure 7. Overall, hydrogen bonding is
crucial in modulating the interaction between inhibitors
and their target receptors. The molecular interaction
diagrams reveal various interactions that contribute to
the stability of the ligand-receptor complexes, as
summarized below:

According to Table 7, ligand L1 involves in
several interactions, including a Pi-sigma bond with
Phe80 (3.78 A), involving the hydrogen atom of the
methoxy group, and multiple Pi-alkyl interactions with
Ilel0; Ala3l; Val64; Alald4; Leul34
(5.01;3.66;5.05;4.94;4.55 A) through its aromatic ring.
L1 exhibits an unfavorable electrostatic (positive-
positive) interaction with His84 (4.99 A), indicating
possible repulsion between positively charged moieties.
Ligand L2 forms a conventional hydrogen bond with
Glu81 (2.29 A) through the nitrogen of the amine group
in the hydrazone. It also establishes Pi-sigma bonds with
Leul34 (3.91 A), Pi-cation bonds with His84 (5.00 A),
Pi-alkyl bonds with Ilel0, Vall8, Ala31, Val64
(4.62;4.93;5.05;5.39 A), and T-shaped Pi-Pi interactions
with Phe80 (5.67 A) involving benzene groups. Ligand
L3 forms a hydrogen bond with Glu81 (2.35 A) via the
hydrazone amine nitrogen. In addition, there are Pi-alkyl
bonds with Ile10; Ala31; Val64 (4.53;5.28;5.13 A) via
benzene, Pi-sigma bond with Leul34 (3.79 A)
interacting with the benzene group, and a T-shaped Pi-
Pi bond with Phe80 (5.69 A) via benzene. Meanwhile,
ligand L4 forms a hydrogen bond with Glu81 (2.34 A),

which involves nitrogen interaction of the amine group
in hydrazone. In addition, there are Pi-alkyl bonds with
Ile10; Ala31; Val64; and Vall8 (4.57;5.07;5.38;4.98 A)
via benzene, and a Pi-sigma bond with Leul34 and
Alal44 (3.79 and 3.85 A) which interact with the
benzene group, hydrogen bond with GIn85 (5.69 A) via
the oxygen of the nitro group. In the Roniciclib standard,
two hydrogen bonds are formed, namely with ASN132
(3.01 A) and ASP36 (1.77 A), which occur through the
interaction of oxygen atoms bound to phenol and
sulfonyl groups. In addition, there are Pi-Alkyl
interactions with Phe80, AIA144, VAL64, ALA31, and
ILE10 (4.13;4.27;4.40;4.36;4.52 A) involving fluorine
atoms and benzene rings. In addition, Pi-sigma
interactions occur with Leul34 (3.16 A), which involve
benzene groups. Hydrophobic interactions such as Pi-
cation, Pi-Pi T-shaped, and Pi-alkyl are primarily driven
by van der Waals forces. In contrast, hydrogen bonding
and electrostatic interactions contribute to the
hydrophilic profile of the ligand-receptor complexes
[51]. Notably, all synthesized compounds L1 - L4
display Pi-sigma interactions, which are absent in the
binding profile of Roniciclib. This distinct interaction
pattern may suggest enhanced binding affinity and
improved inhibitory properties. These observations
further imply that nucleophilic regions of the receptor,
particularly those involving hydroxyl and amine
functional groups, play a significant role in mediating

strong ligand—amino acid interactions.
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Figure 7 Binding-interaction diagrams of L1, L2, L3, L4 and Roniciclib with CDK2.
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Table 7 Molecular docking results.

Compounds Amino acid interactions Distance (A) Type of interaction
- HIS84
- PHESO
- ILE10, 4.99 . .
Unfavorable positive-positive
ALA31, 3.78 .
Pi-sigma
L1 VALG64, 5.01, 3.66, 5.05, )
Pi-alkyl
ALA144, 4.94,4.55
LEU134, 4.69, 3.82
VALG64,
ALA144
- GLUS1
- HIS84 2.29
Hydrogen bond
- LEU134 5.00 L
Pi-cation
- PHESO 3.91 .
L2 Pi-sigma
-ILE10, 5.67 .
Pi-Pi T-shaped
VALI1S, 4.62,4.93, 5.05, )
Pi-alkyl
ALA31, 5.39
VALG64
- GLUS1
-LEU134 2.35 Hydrogen bond
L3 - PHE80 3.79 Pi-sigma
-ILE10, 5.69 Pi-Pi T-shaped
ALA31, 4.53,5.28,5.13 Pi-alkyl
VALG64
- GLUS1
- GLNS5
2.34
-LEU134, 135 Hydrogen bond
ALA144 ' Carbon hydrogen bond
L4 3.83,3.85 .
-ILE10, Pi-sigma
4.57,4.98,5.07, )
VALI1S, Pi-alkyl
5.38
ALA31,
VAL64
-ASN132, ASP86
- LEU134
3.01, 1.77
-PHES0, 3.16 Hydrogen bond
Roniciclib ALA144, ' Pi-sigma
4.13,4.27, 4.40, .
VALG64, Pi-alkyl
4.36,4.52
ALA31,

ILE10
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Table 8 compares the binding energies and
inhibition constants (Ki) of compounds studied,
showing Roniciclib > L4 > L1 > L2 > L3 in binding
affinity. Ligand L4 has the best docking score and
inhibition constant (Ki) of 17.80 nM, with a binding

energy of —10.57 kcal/mol, indicating strong binding
affinity. These findings suggest L4 potential as a CDK2
inhibitor, akin to the native reference compound,
making it a promising candidate for CDK2-targeted

therapies.

Table 8 Comparison of the binding energy and inhibition constant (Ki) of all samples and Roniciclib.

Compounds Ki (nM) Binding energy (kcal/mol)
L1 136.00 -9.37
L2 136.70 -9.36
L3 210.05 -9.11
L4 17.80 -10.57
Roniciclib 1.20 -12.17
Conclusions experimental and computational data. These compounds

Four aroyl hydrazone derivative compounds were
successfully synthesized and characterized. The
structure compounds were comprehensively
investigated using UV-Vis, FTIR, 'H NMR, and "3C
NMR techniques. Quantum chemical analysis was done
with the DFT method employing the 6-31G" basis set,
and the theoretical FTIR and UV-Vis spectra showed
good correlation with the experimental data. The
calculated AEgap values indicated that L1 and L3
possessed the highest molecular stability and high
chemical reactivity. In vitro, antioxidant evaluation
based on the DPPH assay exhibited that L1 - L3 had
superior antioxidant activities compared to the standard
antioxidants. Cytotoxicity studies against HeLa cells
indicated that all four compounds exhibited anticancer
activity, with L1 and L3 showing moderate potency. In
addition, the predicted ADMET and pharmacokinetic
aspects revealed that these four aroylhydrazone
compounds possess favorable oral bioavailability, low
toxicity, and promising drug-likeness profiles.
Molecular docking simulations supported these
findings, revealing strong binding affinities of the
ligands to the CDK2 protein. Notably, L4 exhibited the
lowest binding energy and inhibition constant,
comparable to the reference inhibitor Roniciclib,
suggesting its potential as a CDK2 inhibitor involved in
cancer cell proliferation. Overall, the synthesized
aroylhydrazone derivatives demonstrate significant
antioxidant and anticancer properties, supported by both

represent promising candidates for further development
as novel therapeutic agents targeting oxidative stress and

cervical cancer.
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