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Photophysical and biological studies on structurally modifi ed 
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In this study, chlorophenyl-substituted pyrazolone derivatives (5a–5c) were synthesized via the Baylis-Hillman 
acetate reaction. Comprehensive physicochemical characterization was conducted using 1H-NMR, FT-IR, and 
mass spectroscopy. Density Functional Theory (DFT) calculations at the B3LYP/6-31(G) level was employed to 
optimize molecular geometries and investigate electronic properties, revealing predominantly planar structures, 
with notable deviations in the pyrazole group. The HOMO and LUMO analyses showed π-delocalization 
across the entire molecule, with charge-transfer transitions dominating the excited states. Global Chemical 
Reactivity Descriptors (GCRD), including chemical potential, hardness, and electrophilicity index, were used 
to assess molecular stability and reactivity, indicating the molecules’ resistance to electron cloud deformation. 
Biological evaluations revealed exceptional antimicrobial and antifungal activities of the derivatives, with com-
pound 5a demonstrating the highest effi cacy against S. aureus, E. coli, A. niger and C. albicans. Furthermore, 
antiproliferative studies against HepG2 liver carcinoma cells showed that compound 5a exhibited superior 
anticancer activity (IC50 = 6 μg/mL), attributed to its structural features, such as chlorophenyl groups and 
a piperidin-4-one moiety. These moieties enhance the compound’s lipophilicity, facilitating cell membrane 
penetration and ROS generation, which contribute to apoptosis and inhibition of cancer cell growth. The 
fi ndings suggest that chlorophenyl-pyrazolone derivatives, particularly 5a, hold promise as potent candidates 
for antimicrobial and anticancer therapies, paving the way for further pharmaceutical development.
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INTRODUCTION

 Heterocyclic compounds are a unique class of highly 
valuable compounds, exhibiting a wide range of applica-
tions1–2. They are widely distributed in nature and play 
a signifi cant role in metabolism, forming the structural 
nucleus of various natural products such as antibiotics, 
hormones, alkaloids, and vitamins3–5. Among heterocy-
clic compounds, nitrogen-containing heterocycles are 
prevalent and serve as a core framework in a diverse 
library of heterocycles, fi nding applications in natural 
and other scientifi c disciplines6. These nitrogen-containing 
heterocycles possess distinctive structural features and 
are commonly found in natural products7–8.

 Pyrazole derivatives are one notable family of nitro-
gen-substituted compounds that show a wide range of 
biological activities9–14. Another compound, bipyrazole, 
has garnered signifi cant attention due to its diuretic, 
cytotoxic, and cardiovascular efficacy. Additionally, 
bipyrazole fi nds applications in the paint and photogra-
phic industries and the development of fi reproof resins. 
Pyrazolone, characterized by an extra keto group and 
a 3-oxygenated derivative, serves as a crucial element 
in medications like phenylbutazone and metamizole 
sodium. These non-steroidal anti-infl ammatory drugs 
are renowned for their effective pain relief and fever-
-reducing abilities15–20. Furthermore, the benzo-fused 
derivative of pyrazole, known as tetrahydroindazole, is 
well-recognized for its biological activity and is utilized 
against cancer and infl ammation20–21. 

Based on the importance, chlorophenyl-substituted 
pyrazolone derivatives were synthesized and their In-
-vitro biological activity alongside their photophysical 
properties was studied. 

MATERIALS AND METHODS 

The chemical compounds used for the present studies 
were of high purity from Fischer, Merck, and Sigma 
Aldrich companies. The FT-IR, 1H-NMR (400MHz, 
DMSO-d6) and LCMS spectra were recorded in Nico-
let-Impact-410 FT-IR spectrometer, Bruker AC-400F, 
Agilent 1200 series instrument spectrometer respectively. 
The Heraus CHN rapid analyzer was employed for con-
ducting elemental analysis. All compounds demonstrated 
C, H, and N analyses that were within ± 0.4% of the 
expected values.

 The structural and theoretical analyses of synthesized 
molecules were conducted using GaussView 5.0 and 
Gaussian 09 W software packages. The optimization of 
synthesized molecules geometry was initially performed 
via Density Functional Theory (DFT) employing the 
B3LYP functional and 6-311G basis set. Subsequently, 
various theoretical investigations were carried out, encom-
passing atomic charge distribution in the ground state, 
Time-Dependent DFT (TD-DFT) analysis in the excited 
state, thermodynamic properties, structural properties, 
and optical properties. The DFT method B3LYP/6-311G 
was utilized for these analyses. Additionally, frontier 
molecular orbital analysis of the molecule was conducted 
both in a vacuum and in a liquid phase environment. 
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Synthesis of  chlorophenyl pyrazalone derivatives 
The stepwise reactions used to create the desired target 

molecules are outlined in Scheme-1. 
Synthesis of Compound (2): Compound (2) was syn-

thesized by reacting a mixture of 1-(4-chlorophenyl)
ethan-1-one and diethyl oxalate in the presence of 
Lithium bis(trimethylsilyl)amide (LiHMDS) in THF at 
0°C for 30 minutes.

Synthesis of Compound (3): Using compound (2) 
(1 mmol) and (2,4-dichlorophenyl)hydrazine (1 mmol), 
the reaction was carried out in ethanol (100 ml) with 
acetic acid (10 ml). The mixture was refl uxed overnight 
at 80 oC. After completion, the reaction mixture was con-
centrated to remove ethanol, neutralized using Na2CO3, 
and the precipitate was fi ltered, dried, and purifi ed by 
recrystallization in ethanol.

Synthesis of Compound (4): To a solution of compo-
und (3) (1 mmol) in THF (50 ml), methanol (15 ml), 
and water (20 ml), lithium hydroxide (1.2 mmol) was 
added at room temperature (RT), and the mixture was 
stirred overnight. After reaction completion, the mixture 
was concentrated to remove volatiles, and the resulting 

residue was dissolved in water (50 ml) and extracted 
with ethyl acetate (2 × 100 ml). The aqueous layer was 
acidifi ed to pH ~5 using 1N HCl, and the combined 
organic layer was washed with water (50 ml) and brine 
solution (20 ml), dried over Na2SO4, and evaporated to 
dryness to yield compound (4).

Synthesis of Compound (5a): To a solution of com-
pound (4) (1 mmol) in DCM (20 ml), oxalyl chloride 
(1.5 mmol) was added dropwise at 0 oC. After 5 minutes, 
a catalytic amount of DMF (3 drops) was added, and 
the reaction was stirred at RT. After completion, the re-
action mixture was concentrated to remove excess oxalyl 
chloride under nitrogen, yielding the neat acid chloride.

The acid chloride was then dissolved in fresh DCM 
(25 ml), followed by the addition of triethylamine 
(2 mmol) at 0 oC. To this solution, 4-piperidone (1.1 
mmol) was added at 0 oC, and the mixture was stirred 
until the reaction was complete. The reaction was then 
diluted with water (50 ml) and extracted with DCM (2 
× 100 ml). The combined organic layer was washed 
with water (50 ml) and brine solution (20 ml), dried 
over Na2SO4, and evaporated to dryness. Crude products 
were purifi ed by washing with diethyl ether.

Scheme 1. Synthesis of chlorophenyl substituted pyrazalone
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Synthesis of Compound (5b): Alternatively, to a so-
lution of compound (5) (1 mmol) in methanol (20 ml), 
sodium borohydride (1.2 mmol) was added in portions 
over 5 minutes. The reaction mixture was stirred at RT 
for 2 hours. After completion, the reaction mixture was 
concentrated to remove methanol, and the residue was 
dissolved in water (50 ml). The aqueous solution was 
extracted with ethyl acetate (2×100 ml). The combined 
organic layer was washed with water (50 ml) and brine 
solution (20 ml), dried over Na2SO4, and evaporated to 
dryness. The crude product was directly used for the 
next step without further purifi cation.

Synthesis of Compound (5c): To a solution of com-
pound (5) (1 mmol) in THF (20 ml), methylmagnesium 
bromide (1.5 mmol) was added dropwise at 0 oC. After 
the addition, the reaction mass was allowed to warm 
to RT, and the progress was monitored by TLC. Upon 
completion, the mixture was quenched with saturated 
ammonium chloride and extracted with ethyl acetate 
(2 × 100 ml). The organic layer was washed with water 
(50 ml) and brine solution (20 ml), dried over Na2SO4, 
and evaporated to dryness. The crude product was puri-
fi ed by column chromatography using 230–400 silica gel.

Structural characterization of 1-(5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-1H-pyrazole-3-carbonyl) piperidin-4-one 
(5a) 

White solid, mp 138.8 oC; % Yield: 76; 1H NMR 
(400MHz, d6-DMSO): δ= 7.87(d, J= 4Hz, 1H, ArH), 
7.75(d, 1H, ArH), 7.62(q, 1H, ArH), 7.46(t, 2H, ArH), 
7.27(t, 2H, ArH), 7.11(s, 1H, pyrazole CH), 4.18(t, 2H, 
-CH2), 3.92(t, 2H, -CH2), 2.45(t, 4H, -CH2-CH2); MS 
calcd.for C21H16Cl3N3O2: 448.73, Found: 448; IR (ν cm–1): 
3411(O-H), 3084(Ar-H), 1722(C-C=O), 1621(N-C=O); 
Elem. Anal. cald (found): C: 56.21(56.20), H: 3.59(3.50), 
N: 9.36(9.35).

Structural characterization of (5-(4-chlorophenyl)-1-(2,4-
-dichlorophenyl)-1H-pyrazol-3-yl)(4-hydroxypiperidin-1-yl)
methanone (5b)

Pale brown solid, mp 213.6 oC; % Yield: 85; 1H NMR 
(400MHz, d6-DMSO): δ= 7.75(d, 1H, ArH), 7.62(m, 
1H, ArH), 7.60(m, 1H, ArH), 7.44(m, 2H, ArH), 7.25(t, 
2H, ArH), 7.01(s, 1H, pyrazole CH), 4.77(d, 1H, -CH), 
4.18(m, 1H, -CH), 4.03(m, 1H, -CH), 3.74(m, 1H, 
-OH), 3.46(m, 1H, -CH), 3.23(m, 1H, -CH), 1.78(t, 2H, 
-CH2), 1.17(t, 2H, -CH2); MS calcd. for C21H18Cl3N3O2: 
450.75, Found: 452.0 [M+1]; IR (ν cm–1): 3429(O-H), 
1612(C=O), 1384(C=Cring); Elem. Anal. cald (found): 
C: 55.96(55.92), H: 4.03(4.01), N: 9.32(9.30).

Structural characterization of (5-(4-chlorophenyl)-1-(2,4-
-dichlorophenyl)-1H-pyrazol-3-yl)(4-hydroxy-4-methylpipe-
ridin-1-yl)methanone (5c)

 White solid, mp 82.8 oC; % Yield: 86; 1H NMR 
(400MHz, CDCl3): δ= 7.50(d, 1H, ArH), 7.31(d, 1H, 
ArH), 7.26(m, 3H, ArH), 7.15(q, J= 4Hz, 2H, ArH), 
6.90(s, 1H, pyrazole CH), 4.36(m, 2H, -CH2), 3.65(t, 1H, 
-OH), 3.36(t, 1H, -CH), 2.65(m, 1H, -CH), 1.71(q, 4H, 
-CH2-CH2), 1.26(s, 3H, -CH3); MS calcd. for C22H20Cl-
3N3O2: 464.77, Found: 466; IR (ν cm-1): 3395(O-H), 
2920(C-H), 1607(C=O), 1478(C=Cring); Elem. Anal. cald 
(found): C: 56.85(56.83), H: 4.34(4.32), N: 9.04(9.02).

RESULTS AND DISCUSSION

Computational photophysical studies
The synthetic approach, outlined in Scheme 1, was 

carried out using the Baylis-Hillman acetate reaction. 
Additionally, DFT-B3LYP-6-31(G)22 levels were utilized 
to determine equilibrium structures for the three dyes. 
Fig. 1 illustrates the optimized molecular geometry of 
the synthesized molecule. These computations, carried 
out using Gaussian-09W software, revealed predominan-
tly planar ground state geometries, except the pyrazole 
group, where rotation of the piperidin-4-one groups 
was observed to prevent steric clashes. Notably, in dyes 
5b and 5c, planarity led to short distances of 1.41 Å 
between carbon and piperidin-4-one. The computed 
Highest Occupied Molecular Orbital (HOMO) and 
Lowest Unoccupied Molecular Orbital (LUMO) orbi-
tals for molecules 5a–5c are depicted in Fig. 2, showing 
consistent characteristics regardless of linker length. 
The HOMO orbital, primarily of π-character, exhibited 
delocalization across the entire molecule, including the 
chlorophenyl, supporting observations from electroche-
mical experiments. Conversely, the LUMO orbital, also 
with π-character, displayed minimal contribution from 
the 1-(2,4-dichlorophenyl)-1H-pyrazole groups. TDDFT 
calculations unveiled that the lowest excitation in all 
three synthesized molecules involved a charge-transfer 
transition predominantly of HOMO-LUMO character. 
In the fi rst excited state, electron density shifted towards 
the opposite end of the molecule, indicating a signifi -
cantly larger dipole moment compared to the ground 
state. Consequently, computed oscillator strengths were 
substantial across all molecules, with a tendency to in-
crease with linker length, as shown in Table 1. Similarly, 
the absorption wavelengths showed a consistent pattern 
of increase with the length of the linker, aligning with 
the experimental absorption spectra. Nonetheless, the 
computed wavelengths tended to be overestimated, 
especially in the case of longer dyes. The expectation of 
this overestimation stemmed from the widely recognized 
tendency of traditional exchange-correlation functionals 
like B3LYP to underestimate energies linked to char-
ge-transfer transitions. This disparity becomes more 
apparent as the distance between negative and positive 
charges within the charge-transfer state increases.

Table 1. Computed TD-DFT absorption wavelengths (λmax) and 
oscillator strengths (f) of the synthesised molecules

A molecular orbital is a mathematical function em-
ployed to describe the behavior of an electron or a pair 
of electrons within a molecule. The HOMO and LUMO 
are pinpointed by the transition from occupied to unoc-
cupied orbital occupancy. This transition typically cor-
responds to the change from positive to negative orbital 
energies, though exceptions exist. To delve deeper into 
the electronic properties of the molecule, various global 
chemical reactivity descriptor (GCRD) parameters were 
estimated and are given in Table 2.  In basic molecular 
orbital theory, the HOMO energy was associated with 
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ionization potential (Z = EHOMO), and LUMO energy 
was associated with electron affi nity (E= ELUMO). The 
electronegativity (χ) of the synthesized molecule was 
estimated using the following equation based on the 
energy of the HOMO-LUMO23–25.

 (1)

Chemical potential () is expressed as 

 (2)

Additionally, the determination of HOMO-LUMO 
energies aids in comprehending the chemical stability 
of a molecule, quantifi ed by a parameter called Global 
hardness (η). The Global hardness is computed using 
the equation below.

 (3)

The energy gap and chemical hardness are indicators 
of the molecule’s chemical reactivity. Global hardness 
is inversely proportional to chemical softness (σ) and 
expressed. 

 (4)

The electrophilicity index (ω) is expressed as  

 (5)

The electrophilicity index offers a more comprehensive 
depiction of global chemical reactivity as it integrates 
details concerning both electron transfer (chemical po-
tential) and stability (hardness).

The μ stands for the tendency of electrons to escape 
from a stable system. A negative chemical potential sug-
gests the stability of a complex, indicating its reluctance to 

Figure 1. Optimised molecular geometry of chlorophenyl substituted pyrazalone molecules

Figure 2. Frontier molecular diagram of chlorophenyl substituted pyrazalone molecule
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spontaneously decompose into its elemental components. 
Hardness, on the other hand, serves as a gauge for the 
resistance to alterations in the electron distribution within 
a molecule. Interestingly, hardness and aromaticity share 
a common relationship. Studies by Parr and colleagues, 
as well as Zhou and Parr, have established a correlation 
between global hardness (both absolute and relative) 
and the aromaticity of various unsubstituted aromatic 
compounds. It appears that molecules tend to arrange 
themselves to maximize their hardness, refl ecting their 
stability. Essentially, hardness denotes the ability of 
a chemical system to withstand the deformation of its 
electron cloud when subjected to minor perturbations 
during chemical processes. A molecule characterized by 
the highest energy band gap is termed as hard, while 
one with a narrower gap is considered soft, hence more 
reactive. Soft systems typically exhibit larger sizes and 
higher polarizability, whereas hard systems are relatively 
smaller and less polarizable. Local hardness provides in-
sights into intermolecular reactivity, while global hardness 
offers clues about overall molecular stability. Softness, 
the reciprocal of hardness, complements this understand-
ing. Electrophilicity, which pertains to the capacity of an 
electrophile to receive of electronic charge and resist 
exchanging electronic charge with its environment, sheds 
light on both electron transfer (chemical potential) and 
stability (hardness). The electrophilicity index emerges 
as a critical quantum chemical descriptor, particularly 
in evaluating the toxicity and reactivity of molecules, 
thus quantifying their biological activity, especially in 
drug-receptor interactions. Reactivity descriptors of 
ligands and complexes, provided in Table 2, underscore 
their stability through negative chemical potential val-
ues, indicating their resistance to decomposition. The 
observed magnitudes of chemical hardness, supported 
by HOMO-LUMO gap measurements, further affi rm 
their hardness and resistance to electron cloud defor-
mation under minor perturbations, rendering them less 
polarizable. Notably, the modest magnitudes of global 
softness rule out the possibility of their soft nature. The 
electrophilicity index values ω  provide insights into 
their nucleophilic potency, intertwined with chemical 
potential and hardness characteristics. Overall compound 
5a shows high electrophilic and stable molecule due to 
the substitution of piperidin-4-one linked to pyrazole 
molecules26–29.

The theoretically calculated Global Chemical Reactiv-
ity Descriptors (GCRD) parameters can offer signifi cant 
insights into predicting the potential adverse effects of 
the studied compounds. For example, the HOMO (High-
est Occupied Molecular Orbital) and LUMO (Lowest 
Unoccupied Molecular Orbital) energies, along with the 
energy gap (ΔE) between them, reveal the compounds’ 
chemical reactivity and stability. A smaller ΔE sug-
gests higher reactivity, which might lead to unintended 
interactions with cellular macromolecules, potentially 

causing toxicity. Additionally, the electrophilicity index 
(ω) indicates the compound’s tendency to form harmful 
adducts with biomolecules, such as DNA or proteins, 
which could result in genotoxicity or protein dysfunction. 
Chemical hardness (η) and softness parameters show 
how readily a compound undergoes chemical changes, 
with softer compounds potentially leading to increased 
off-target effects and toxicity. The chemical potential 
(μ) and electronegativity (χ) values provide insights into 
the compound’s electron-accepting or electron-donating 
tendencies, highlighting possible undesirable reactions 
in biological systems. By analyzing these parameters, 
researchers can anticipate how compounds might interact 
with biological targets, predict potential toxicological 
issues, and guide modifi cations to enhance safety while 
maintaining effi cacy.

Mulliken charge distribution 
The Mulliken charge distribution analysis for the 

3MSQ molecule, outlined in bar graph and represented 
in Fig. 3a–c, provides insights into the distribution of 
charges across individual atoms. Within 5a molecule, 
certain atoms including 1C, 2C, 3C, 4C, 6C, 11C, 13C, 
15C, 21C, 26C are identifi ed as donor atoms. Conversely, 
carbon atoms forming bonds with oxygen (26C, 33C) and 
nitrogen (22C, 37C, 27C) function as acceptors, akin to 
hydrogen atoms. Additionally, Chlorine (42, 43, 44) and 
hydrogen atoms act as acceptors within this context.

The atomic charge of Nitrogen (25N) experiences an 
increase in magnitude with rising solvent polarity, con-
sistent with the behavior observed in carbon, hydrogen, 
nitrogen, and chlorine atoms. However, notably diverging 
from this trend, the atomic charge on chlorine does not 
follow the same pattern. Instead, the sulphur atomic 
charge tends to decrease as the polarity of the medium 
increases. This observation suggests that, within the 5a 
molecule, while the charges on most atoms correlate 
with solvent polarity, chlorine atoms exhibit a contrasting 
behavior, showing a decrease in atomic charge as the 
polarity of the medium intensifi es. Such variations in 
Mulliken charges refl ect the differing electronegativities 
and polarizabilities of the atoms comprising the mole-
cules’ structure, infl uencing their responses to changes 
in solvent polarity30. Similar results are observed for 5b 
and 5c molecules.

In vitro biological activity
The antifungal and antibacterial activities of synthesized 

pyrazolones were evaluated using various methodologies. 
To assess antifungal properties against A. niger and C. al-
bicans, the serial plate dilution method was employed. 
Sabouraud’s agar media was prepared and seeded with 
fungal spore suspensions, followed by the creation of wells 
for compound testing. Test compounds of concentration 
ranging from 10 μg/mL to 50 μg/mL were prepared in 
DMSO and incubated at 37 oC for 3–4 days to observe 
inhibition zones and compared with Fluconazole. For 

Table 2. The GCRD parameters of chlorophenyl substituted pyrazalone
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antibacterial evaluation against S. aureus, B. subtilis, 
E. coli, and S. typhi, the disc diffusion method was uti-
lized. Sterilized discs impregnated with test compounds in 
DMSO were placed onto nutrient agar plates seeded with 
bacteria. After 24 hours of incubation at 37 oC, zones of 
inhibition and minimum inhibitory concentrations were 
determined, with Ciprofl oxacin used as the standard. 
Controls with solvent and bacterial growth were included 
in both experiments for comparative analysis31.

The recently synthesized pyrazalone derivatives, featur-
ing chlorophenyl substitution, underwent antimicrobial 
assessments. Remarkably, the compound demonstrated 
exceptional antibacterial efficacy against S. aureus, 
B. subtilis, S. typhi, and E. coli, as outlined in Table 3. 
Furthermore, the molecule displayed highly effective 
antifungal properties against A. niger and C. albicans, 
as detailed in the same table. Out of the three mol-
ecules, 5a exhibits the highest activity attributed to the 

Figure 3a. Mulliken atomic charges of 5a molecule

Figure 3b. Mulliken atomic charges of 5b molecule

Figure 3c. Mulliken atomic charges of 5c molecule
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piperidin-4-one moiety, which mimics hydrogen in terms 
of steric demands at enzyme receptor sites. This pres-
ence of piperidin-4-one boosts absorption rates due to 
its heightened lipid solubility. The pronounced lipophilic 
nature of the piperidin-4-one group plays a crucial role 
in enhancing pharmacological activity.

In vitro antiproliferative studies
The MTT assay, a commonly used colorimetric me-

thod, serves to assess the cytotoxicity of compounds. 
Anti-proliferative screening of compounds was carried 
out against human liver carcinoma cell line (HepG2)32. 
It was found that all the compounds have excellent 
antiproliferative activities against HepG2 cell lines. The 
presence of 4-piperidone amide linkage is responsible 
for the high activity against HepG2 cell line. The results 
demonstrated that the compounds exhibited selectivity 
against proliferative cells while having no inhibitory 
effect on normal HepG2 cells. The IC50 values for the 
compounds are given in the Table 4.

such as caspases, leading to the effi cient activation of 
programmed cell death in cancer cells.

Additionally, the carbonyl group (-C=O) in these 
compounds plays a role in generating reactive oxygen 
species (ROS), particularly through interactions with cel-
lular components. Increased ROS production can lead to 
oxidative stress in cancer cells, causing DNA damage and 
lipid peroxidation. The carbonyl group, combined with 
the electron-withdrawing chlorophenyl rings, enhances 
the molecule’s potential to disrupt cancer cell membranes 
and initiate oxidative damage, leading to cell death. The 
piperidine and hydroxyl groups present in compounds 
5b and 5c, while contributing to the overall structure, 
seem to reduce the anticancer activity compared to 5a. 
The bulkier piperidine and hydroxyl groups may affect 
the compounds’ ability to penetrate the cell membrane 
or interact effi ciently with target proteins, leading to 
higher IC50 values. In contrast, 5a, with a less hindered 
structure, exhibits better cell penetration and interaction 
with critical cellular components, leading to its lower 
IC50 value.

The enhanced anticancer activity of compound 5a, 
compared to 5b and 5c, can be attributed to several 
key biological mechanisms. First, the piperidin-4-one 
moiety in 5a increases lipophilicity, improving cellular 
membrane permeability, and allowing greater intracellular 
concentrations of the drug. This enhances its ability to 
disrupt cancer cell functions such as DNA replication 
and protein synthesis. The piperidin-4-one group may 
also promote apoptosis by interacting with mitochondrial 
pathways or inhibiting anti-apoptotic proteins like Bcl-2.

Additionally, pyrazolone derivatives are known to inhi-
bit cyclooxygenase-2 (COX-2), which is overexpressed in 
many cancers. By reducing prostaglandin production, 5a 
likely decreases cancer cell proliferation and infl ammation 
more effectively than 5b or 5c. Its metal-chelating pro-
perties may further disrupt metal-dependent processes, 
essential for cancer cell survival. The structural features 
of 5a, particularly the chlorophenyl substitution, enhance 
its ability to interact with cancer-specifi c receptors or 
enzymes, contributing to selective cytotoxicity. This incre-
ased interaction with critical cancer pathways likely leads 
to cell cycle arrest and increased cancer cell apoptosis. 
The amide linkage in the piperidin-4-one ring may also 
facilitate specifi c receptor binding, contributing to its 
potency. Overall, the combination of increased lipophi-
licity, COX-2 inhibition, metal chelation, and enhanced 
ROS generation explains the superior anticancer activity 
of compound 5a. These mechanisms make it a promising 
candidate for further exploration as an anticancer agent, 
particularly in targeting liver carcinoma cells.

The superior anticancer activity of compound 5a is 
attributed to the presence of two chlorophenyl groups 
and a pyrazolone ring, which enhance the molecule’s 

Table 4. IC50 values of compounds

Table 3. Detail of Antimicrobial and antifungal activity 

The increased anticancer activity of chlorophenyl 
pyrazolone derivatives, particularly compounds 5a, 
5b, and 5c, can be explained by the functional groups 
present in their structures and their infl uence on bio-
logical mechanisms. One signifi cant functional group is 
the chlorophenyl ring. The presence of chlorine atoms 
on the phenyl rings serves as an electron-withdrawing 
group, which increases the polarity and reactivity of 
the molecule. This enhances the compounds’ ability to 
interact with biological targets, such as enzymes and 
receptors that play crucial roles in cancer cell growth. 
The chlorophenyl groups are known to improve the 
binding affi nity of these molecules to cancer-related 
proteins, which may result in the inhibition of pathways 
like cell cycle progression or apoptotic resistance. Com-
pound 5a, which has two chlorophenyl groups, shows the 
strongest anticancer activity with an IC50 of 6 μg/mL, 
compared to 5b (IC50 = 20 μg/mL) and 5c (IC50 = 
89 μg/mL). The pyrazolone ring also contributes to the 
anticancer mechanism. The pyrazolone moiety can act 
as a key scaffold for interacting with proteins involved 
in apoptosis. This ring structure may induce apoptosis 
by triggering the intrinsic (mitochondrial) or extrinsic 
(death receptor) pathways. The chlorophenyl substitution 
at the 5-position of the pyrazolone ring in compound 
5a may enhance its interaction with apoptotic proteins, 
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ability to induce apoptosis, generate ROS, and interact 
with key biological targets. The carbonyl group further 
contributes to the oxidative stress in cancer cells, while 
the structural simplicity of 5a, compared to 5b and 5c, 
ensures more effective anticancer activity.

CONCLUSIONS 

 In this study, we synthesized chlorophenyl-substituted 
pyrazolone derivatives, thoroughly confirming their 
physicochemical properties through 1H-NMR, FT-IR, 
and LC-MS data analysis. Employing computational 
techniques, the photophysical characteristics of the com-
pounds were estimated. Through DFT-B3LYP-6-31G(d) 
basis set calculations, optimized molecular geometries, 
HOMO-LUMO distributions, and MESP plots for the 
synthesized molecules were estimated. Additionally, 
absorption spectra and oscillator factors were estimated 
using the TD-DFT method. By leveraging theoretical 
HOMO-LUMO values, we derived global chemical re-
active descriptor parameters, revealing the synthesized 
molecule’s strong electrophilic nature, indicative of its 
reactivity albeit relatively lower stability. Through DFT 
computational studies, electron-defi cient sites in 5a were 
pinpointed, offering potential avenues for drug design in 
biological applications. Subsequent examination of the 
synthesized molecule’s in vitro antimicrobial, antifungal, 
and antioxidant activities underscored its signifi cant 
biological potential. Among the three chlorophenyl-
substituted pyrazolone derivatives 5a, 5b, and 5c com-
pound 5a exhibited the highest antibacterial, antifungal, 
and antiproliferative activities. This enhanced biological 
performance can be attributed to the presence of the 
piperidin-4-one moiety, which increases lipophilicity, 
facilitating better cell membrane permeability and ab-
sorption. Additionally, the lower HOMO-LUMO gap 
of 5a (4.344 eV) indicates higher chemical reactivity, 
making it more effective at interacting with biologi-
cal targets. In contrast, compound 5b, which contains 
a 4-hydroxy-4-methylpiperidine moiety, showed moderate 
activity, likely due to its slightly higher HOMO-LUMO 
gap (4.280 eV) and the steric hindrance caused by the 
methyl group, which may reduce interaction with biologi-
cal molecules. Compound 5c, with a 4-hydroxypiperidine 
moiety, displayed the lowest activity, potentially due to 
its higher HOMO-LUMO gap (4.110 eV) and lower 
electrophilicity, which could reduce its reactivity and 
cellular uptake. These fi ndings suggest that the structural 
differences at the piperidine ring play a crucial role in 
the biological activity of the compounds. Future research 
should focus on optimizing these structural features, 
especially the piperidine ring, to improve reactivity and 
lipophilicity. Further biological testing and toxicological 
studies are necessary to assess the therapeutic potential 
of these compounds. Moreover, antiproliferative studies 
demonstrated promising anticancer activity for the synthe-
sized molecules. These fi ndings position the synthesized 
molecule as a valuable asset in drug design, particularly 
in the realm of anticancer applications. Overall, our 
results suggest promising prospects for the synthesized 
molecules in future anticancer therapeutics.
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