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Abstract

Pyrazole derivatives occupy an important position in medicinal and pharmaceutical research owing to their diverse
biological properties. Among these activities, anti-inflammatory and analgesic effects have attracted considerable
attention because pyrazole-based compounds are known to interact with important mediators involved in
inflammatory pain pathways. However, studies systematically investigating the relationship between molecular
structure and the physicochemical/electronic properties of these compounds remain limited. In the present study, the
structural, electronic, and biological properties of 2-[5-(4-chlorophenyl)-1H-pyrazole-3-yl]-6-(2-hydroxymethyl-1-
methylpyrrolidine-3-yl)-3,5-dimethoxyphenol (HMP2) were comprehensively examined using in silico approaches.
The most stable molecular geometry was optimized at the second-order Moller—Plesset perturbation theory (MP2)
level, and structural stability was evaluated through bond lengths and bond angles. Chemical reactivity and kinetic
stability were assessed using HOMO-LUMO energy gap calculations, while electrophilic and nucleophilic regions
were identified through molecular electrostatic potential (MEP) maps. Intramolecular charge-transfer behavior was
investigated using nonlinear optical (NLO) properties, Mulliken atomic charge distributions, and Natural Bond
Orbital (NBO) analyses. Furthermore, molecular docking studies against inflammation-related target proteins
revealed that HMP2 exhibits favorable binding modes and strong binding affinities, indicating its potential anti-
inflammatory activity. ADMET predictions further demonstrated that the compound possesses acceptable
pharmacokinetic and toxicological characteristics. These findings suggest that HMP2 may be considered a
promising candidate for the development of novel anti-inflammatory agents.

Keywords: Electronic structure, Inflammatory pain, In silico analysis, Molecular docking, Pyrazole derivatives

1. Introduction

Pyrazoles and their derivatives belong to an important class of nitrogen-containing heterocyclic compounds
and are widely recognized as privileged scaffolds in medicinal chemistry. These compounds exhibit a broad
spectrum of biological activities, including antimicrobial, antiviral, antitumor, analgesic, and anti-
inflammatory effects (Sharma et al., 2026). Particularly, pyrazole-based derivatives have gained remarkable
interest as potential anti-inflammatory agents because several clinically relevant pyrazole-containing drugs
exert their pharmacological effects through the modulation of cyclooxygenase enzymes and inflammatory
mediators (Anwer et al., 2026; Ram et al., 2026). Therefore, understanding the structural modification of
pyrazole derivatives and their interactions with biological targets is of great importance for the development
of new therapeutic agents.

At present, quantum chemical calculations are extensively employed in molecular design processes because
they enable rapid and cost-effective evaluation of structural and electronic properties compared with
experimental approaches. Computational techniques such as molecular geometry optimization, total energy
calculations, HOMO-LUMO analysis, and molecular electrostatic potential (MEP) mapping provide
valuable insight into molecular reactivity, stability, and charge distribution (Goren & Yildiko, 2024). Among
these methods, second-order Mgller—Plesset perturbation theory (MP2) is frequently preferred for geometry
and energy calculations of organic molecules because it accounts for electron correlation effects with higher
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accuracy (Cremer, 2011). The HOMO-LUMO energy gap is regarded as an important descriptor of
molecular reactivity and kinetic stability. A smaller energy gap generally indicates higher electron-transfer
capability and enhanced chemical reactivity, whereas a larger gap suggests greater molecular stability
(Baglan, Goren, et al., 2023b). Likewise, MEP maps are useful for identifying electrophilic and nucleophilic
regions, thereby facilitating the interpretation of intermolecular interactions with biological macromolecules
(Cherian & Ravikumar, 2026).

Inflammatory pain is a complex pathological condition mediated by increased prostaglandin synthesis,
cytokine release, oxidative stress, and neuronal sensitization. Proteins such as cyclooxygenase-2 (COX-2),
tumor necrosis factor-alpha (TNF-a), and interleukin-1 beta (IL-1p) play central roles in these pathways and
are considered important molecular targets for anti-inflammatory drug discovery (Aysha et al., 2026; Kotia
et al., 2026). In modern drug development, molecular docking has become an indispensable tool for
predicting ligand—protein interactions. Docking studies provide valuable information regarding binding
affinity, binding orientation, and interaction types within the active site of target proteins (Agbektas et al.,
2026). Accordingly, evaluating pyrazole derivatives against inflammation-associated proteins may provide
useful insights into their therapeutic potential. However, binding affinity alone is insufficient to evaluate the
therapeutic potential of a compound. The ADMET profile Absorption, Distribution, Metabolism, Excretion,
and Toxicity is a critical determinant of clinical success. In silico ADMET prediction enables early-stage
assessment of pharmacokinetic behavior and toxicological risks, thereby reducing the cost and time
associated with drug development (Baglan et al., 2026; Cimen et al., 2026). Consequently, ADMET
evaluation has become a standard step in the screening of newly designed or synthesized molecules.

This study is based on the hypothesis that the synthesized HMP2 compound may exhibit significant anti-
inflammatory potential through effective interaction with key inflammatory target enzymes, particularly
cyclooxygenase-2 (COX-2), supported by favorable structural stability and electronic properties. It is further
hypothesized that the electronic distribution and molecular geometry of HMP2 may contribute to its binding
affinity and reactivity profile, thereby influencing its pharmacological behavior. To test this hypothesis, a
comprehensive computational strategy was employed. Density Functional Theory (DFT) calculations were
performed to evaluate structural optimization and electronic stability. HOMO-LUMO analysis was used to
investigate chemical reactivity and kinetic stability. Molecular Electrostatic Potential (MEP) and Mulliken
charge analyses were conducted to identify electrophilic and nucleophilic regions relevant for biological
interactions. Natural Bond Orbital (NBO) analysis was applied to understand intramolecular charge
delocalization and stabilization effects. In addition, nonlinear optical (NLO) properties were examined to
assess optoelectronic behavior. Molecular docking studies were carried out to predict binding affinity toward
COX-2 (PDB: 6COX) and related inflammatory targets, while ADMET analysis was performed to evaluate
pharmacokinetic and drug-likeness properties.

2. Materials and methods

The initial structure of the HMP2 molecule was drawn using ChemDraw 20.0 and obtained in.mol format.
Subsequently, geometric optimization operations were performed using Gaussian 09 software (Trucks et al.,
2009). The most stable conformer of the molecule was determined, and the optimization process was carried
out at the second order (MP2) level of the Mgller—Plesset perturbation theory, using the 6-31G(d,p) and
LANL2DZ basis sets. Molecular docking studies were performed using the AutoDock Vina program
(Eberhardt et al., 2021) to evaluate the ability of HMP2 to bind to target proteins associated with
inflammatory pain. Proteins such as PDB:3LNI1 (Bank, 2013) and PDB:6COX (Bank, 2017), which play
critical roles in inflammation and pain pathways, were selected as protein targets. The crystal structures of
the target proteins were downloaded from the Protein Data Bank (PDB) database in .pdb format. Binding
modes and interactions were visualized and analyzed using Discovery Studio Visualizer programs (BIOVIA,
2016). ADMET (Pharmacokinetic and toxicological) predictions: The pharmacokinetic and toxicological
profile of the HMP2 compound was determined using the AdmetLab 2.0 program (ADMETlIab 2.0, n.d.)

3. Results and discussion

3.1. Structure details and analysis

Molecular geometry describes the arrangement of atoms in a molecule in three-dimensional space and is a
fundamental element determining the physical and chemical properties of the molecule (Baglan et al.,
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2023a). Conformation refers to the different spatial arrangements resulting from rotations around bonds, and
these changes have significant effects on the molecule's energy level, stability, chemical reactivity, and
biological activity (Baglan et al., 2022). The theoretical calculation results presented in Table 1 and Table 2
reveal that the geometric parameters of the HMP2 molecule show slight differences depending on the
calculation method used. While the bond lengths obtained with the 6-311G(d,p) and LANL2DZ basis sets
are generally consistent, the LANL2DZ method yielded longer values, particularly in C—C and C—N bonds.
This difference can be attributed to the LANL2DZ basis set containing an effective nuclear potential and
being less flexible. In C—O bonds, the 6-311G(d,p) method yielded shorter bond lengths. Only minor
differences were observed between the two methods for C—H and O-H bonds, with the LANL2DZ method
predicting O—H bonds to be relatively longer. When bond angles were examined, both methods showed an
approximately trigonal planar structure in aromatic and heterocyclic regions. However, significant
differences existed between the methods in some bond angles, particularly in regions containing
heteroatoms. Bond angles C5-C9—C10, C3—C38-C40, and C1-C6—07 showed sensitivity to the calculation
method. The dihedral angles given in Table 2 show that the HMP2 molecule has a largely planar
conformation with both methods. The fact that most dihedral angles are around +180° reveals that the
molecule's rings and functional groups are located in almost the same plane; the sign differences between the
methods are solely due to spatial orientation reversal. In conclusion, both calculation methods confirm that
the HMP2 molecule has a stable and largely planar structure. However, the 6-311G(d,p) basis set provides
more reliable results in defining the molecular geometry by more precisely defining bond lengths and bond
angles. The consistency of the obtained geometric parameters with data from DFT and X-ray crystallography
studies on similar compounds containing pyrazole cores supports the reliability of the calculation results
(Karruchi et al., 2017; Deshmukh et al., 2025). The geometric structure of the HMP2 compound optimized
using the LANL2DZ basis set has been presented in Figure 1.

Table 1. Theoretically determined bond lengths (A) of the HMP2 molecule

Bond Lengths 6-311G(d,p) LANL2DZ Bond Lengths 6-311G(d,p) LANL2DZ
C1-C2 1.40581 1.42569 C17-C122 1.73595 1.90034
C2-C3 1.41928 1.42796 C3-C38 1.51164 1.54399
C3-C4 1.41830 1.42794 C38-C39 1.68470 1.58588
C4-C5 1.40564 1.43078 C39-C42 1.54448 1.56072
C5-Co 1.42317 1.43723 C42-043 1.43204 1.42377
C6-07 1.35670 1.42508 C39-N45 1.40032 1.35090
07-C8 1.41396 1.46149 N45-C46 1.43573 1.50158
C2-022 1.38152 1.42377 N45-C41 1.43198 1.52229
022-C45 1.42341 1.46526 C38-C40 1.71672 1.59426
C5-C9 1.48112 1.51132 C40-C41 1.50073 1.56072
C9-C10 1.43608 1.43486 C40-H50 1.08864 1.09750
Cl10-Cl11 1.37728 1.41103 C16-H30 1.08528 1.09515
Cl11-N12 1.39709 1.40944 N12-H28 1.01855 1.01749
N12-N13 1.38460 1.41697 C8-H25 1.09626 1.10233
Cl1-Cl4 1.46344 1.50037 020- H33 0.96085 1.09292
Cl14-C15 1.41141 1.42996 C34- H35 1.09130 1.10691
C15-Cl16 1.39626 1.41421 043-H44 0.96058 1.09210
Cl6-C25 1.40133 1.41553 C10- H27 1.08014 1.10742

Table 2. Theoretically determined bond angles (°) of the HMP2 molecule

Bond Angles 6-311G(d,p) LANL2DZ Bond Angles 6-311G(d,p) LANL2DZ
C1-C6-07 119.90842 125.62896 C3-C4-020 113.13512 116.26884
C6-07-C8 117.26023 112.62905 C5-C4-020 120.45273 122.39495
C1-C2-021 125.45527 125.42150 C3-C38-C40 103.42328 111.49881
C2-021-C34 126.06512 112.59420 C38-C39-C42 130.24917 129.33482
C5-C9-N13 124.21300 120.21467 C38-C39-N45 120.08332 121.28887
C5-C9-C10 106.51616 127.90012 C38-C40-C41 101.74785 103.89138
N12-C11-C14 121.77048 123.50036 C39-C42-043 125.32379 124.65131
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Table 2. (Continued)

Planar Bond Angles  6-311G(d,p) LANL2DZ  Planar Bond Angles 6-311G(d,p) LANL2DZ
C5-C6-07-C8 152.90652 -151.69661 C40-C41-N45-C46 177.20712 -176.37589
C2-C3-09-C48 -173.13860 174.73713 C5-C9-N13-N12 179.08571 -178.56948
C11-C14-C19 121.04954 121.80461 C3-C2-021 114.91162 113.90745
C18-C17-CI22 119.85904 118.44977 N13-N12-Cl11 110.23872 109.26219
C4-C3-C2-021 171.99663 -173.99779 C17-C18-N19-C21 -179.94683 -178.93682
C6-C5-C4-011 178.88353 178.95165 C10-C11-C14-C19 -174.18202 -176.18101
C1-C6-C5-C9 173.54370 174.95264 C19-C18-C17-ClI22 -179.77420 -177.77328
C3-C38-C40-C41 -169.34607 170.10367 C15-C16-C17-ClI22 179.88082 179.77092

Figure 1. Optimized geometric representation of HMP2 compound with basis set LANL2DZ
3.2. HOMO and LUMO analysis

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
called frontier molecular orbitals (FMOs) and play a significant role in determining the optical and electrical
properties, chemical reactivity, and kinetic stability of molecules. The HOMO-LUMO energy gap is
associated with 6—c* and m—n* type electronic transitions according to molecular orbital theory and is a
fundamental indicator of molecular reactivity (Baglan et al., 2023). Molecules with a small energy gap
exhibit high reactivity and low stability and are defined as "soft" molecules (Goren et al., 2024a). The
frontier molecular orbitals of the HMP2 molecule were calculated using the 6-311G(d,p) and LANL2DZ
basis sets. The results have been presented in Figures 2 and 3, respectively, and comparative HOMO-
LUMO-based quantum chemical parameters are given in Table 3. The HOMO-LUMO energy gap
(AE=4.7481 eV) calculated with the 6-311G(d,p) base set is larger compared to the LANL2DZ base set
(AE=3.7365 eV), indicating that the molecule is more stable and less reactive. In contrast, the LANL2DZ
base set, with its smaller energy gap, reveals a more reactive structure. The higher ionization potential (I)
value for the 6-311G(d,p) base set indicates that electron removal is more difficult and the structure is more
stable. The higher calculated electron affinity (A) for the LANL2DZ base set shows an increased tendency of
the molecule to accept electrons. The chemical hardness () and softness (s) parameters also support these
results, with the 6-311G(d,p) base set describing a harder and less polarizable structure, while the LANL2DZ
base set describes the molecule as softer and more reactive. Chemical potential (1) and electronegativity (y)
values were found to be similar for both base sets, but a more negative p value was obtained with the 6-
311G(d,p) base set. The electrophilicity index () is higher for the LANL2DZ base set, indicating that the
molecule exhibits a more dominant electrophilic character in this approach. Overall, the 6-311G(d,p) base set
describes the HMP2 molecule as more stable and less reactive, while the LANL2DZ base set describes it as
softer, more reactive, and more electrophilic.
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Table 3. HOMO and LUMO quantum chemical properties calculated for the HMP2 molecule with 6-
311G(d,p) and LANL2DZ principal settlers

Molecules Energy 6-311G(d,p) LANL2DZ
Erumo -2.0176 -2.3013
Enomo -6.7657 -6.0378
Enomo-1 -6.8649 -6.7689
ELumo+1 -3.0190 -3.2876
Energy Gap (AE)|Enomo-EvLumol| 4.7481 3.7365
Tonization Potential (I=—Exnomo) 6.7657 6.0378
Electron Affinity (A=ELumo) 2.0176 2.3013
Chemical hardness (m=(I-A)/2) 2.3740 3.7365
Chemical softness (s=1/2n) 1.1870 1.8680
Chemical Potential (u=—(+A)/2) -4.3916 -4.1695
Electronegativity (x=(1+A)/2) 1.5088 1.6506
Electrophilicity index (0=p2/2n) 4.0619 2.3263
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Figure 2. Boundary molecular orbitals of the HMP2 molecule using the 6-311G(d,p) basis set
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Figure 3. Boundary molecular orbitals of the HMP2 molecule using the LANL2DZ basis set
3.3. Molecular electrostatic potential (MEP)

Molecular electrostatic potential (MEP) mapping is an analytical method that allows the determination of
chemically active regions of a molecule by projecting the electrostatic potential onto an isoelectron density
surface (Goren et al., 2024b). This approach simultaneously visualizes the spatial dimensions and geometry
of the molecule as well as its electrostatic potential distribution. In the color scale used in MEP maps, red
tones represent electron-rich and partially negative regions, blue tones represent electron-poor and partially
positive regions; light blue indicates slight electron deficiency, yellow indicates slight electron density, and
green indicates electrically neutral regions (Marinho & Marinho, 2016). Figure 4 shows the molecular
electrostatic potential (MEP) maps of the HMP2 molecule calculated using the 6-311G(d,p) and LANL2DZ
basis sets. The results obtained with two different basis sets reveal the changes in the electrostatic potential
distribution on the molecular surface. In both calculations, red and orange colors represent electron-rich
regions, i.e., regions with negative potential, while blue and light blue colors indicate positive potential, i.e.,
electron-poor regions. The red regions, concentrated especially around electronegative atoms such as oxygen
and nitrogen, indicate that these regions are nucleophilic, while the blue regions around hydrogen atoms
show electrophilic regions. Calculations using the 6-311G(d,p) basis set reveal a broader and more detailed
distribution of the electrostatic potential. In contrast, maps obtained with the LANL2DZ basis set show
smoother transitions and more limited potential differences. These differences provide information about the
computational accuracy and level of detail of the basis sets used. Both maps show that the molecule contains
regions with both positive and negative potentials in chemical interactions, providing important clues about
the reactive behavior of HMP2.

855



Aving et al., 2026 » Volume 16 * Issue 3 * Page 850-866
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Figure 4. MEP map of HMP2 molecule calculated with basis sets 6-311G(d,p) and LANL2DZ.

- S  7.430 a.u.

3.4. Non-Linear optical properties (NLO)

Nonlinear optical (NLO) properties play a critical role in the development of electronic devices and
optoelectronic applications. NLO properties are observed as changes in the optical behavior of molecules in
the presence of an electromagnetic field, particularly in phase, amplitude, and frequency. To quantitatively
study these molecular responses, several fundamental optical parameters are used. The mean polarizability
(a) indicates how easily a molecule can be polarized by an applied electric field, while the polarizability
anisotropy Aa describes the polarizability difference of the molecule in different spatial directions and is
directly related to the molecular geometry (Asif et al., 2022). The total first-order hyperpolarizability Ptotal
measures first-order NLO responses of the molecule, such as second harmonic generation or electro-optical
modulation, while the second-order hyperpolarizability y reflects higher-order NLO responses, such as third
harmonic generation. Furthermore, the dipole moment p indicates the electrical asymmetry and polar nature
of the molecule (Rasool et al., 2022). These parameters can be calculated using the relevant mathematical
expressions. The mean polarizability (o) and anisotropy Ao are obtained from the polarizability tensor
components of the molecule in the xyz coordinates, while Btotal is found by summing the squares of the
components. These obtained values provide fundamental information for understanding the linear and
nonlinear responses of the molecule to optical fields and for use in electronic applications (Waheed et al.,
2021). NLO parameters were calculated using equations 1-4.

wo= (2 + g+ p2)"? )
1

OTotal = § (aXX + Oyy + O(zz) (2)

Brotal = ([))Zx + [))Zy + ﬁzz)l/z . (3)

(Bxxx + Bxyy + Bxzz)?* + (Byyy + Byxx + yzz)? + (Bzzz + Bzxx + Bzyy)?]2 4)

The electrical properties and nonlinear optical (NLO) parameters of the HMP2 molecule, calculated using
the 6-311+G(d,p) and LANL2DZ basis sets, have been summarized in Table 4. Calculations were performed
to determine the polar nature, polarizability, and hyperpolarizability of the molecule. The calculated dipole
moments show that the molecule has a strong polar character. ywp) was found to be 4.223 D in the 6-
311+G(d,p) basis set and 4.933 D in the LANL2DZ basis set. These values indicate that the molecule
exhibits a distinct directional electrical moment with both basis sets and has a high sensitivity to electric
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fields. Specifically, the ux component is dominant, and the molecule is observed to exhibit a tendency
towards directional polarization along the x-axis. The polarizability of the molecule is an indicator of its
linear response to external electric fields. The calculated components show that the a., value is higher than
the other components, indicating that the molecule is more flexible and more sensitive to polarization along
the z-axis. Both basis sets yielded similar a values (a(au) -144, -147), revealing that the sensitivity of the
calculations to the basis set is limited. Hyperpolarizability determines the second-order nonlinear optical
response of the molecule and is particularly important in optoelectronic applications. Examining the table, it
is seen that the Bxxx component is dominant and has a negative sign. This indicates that the molecule has a
strong second-order NLO response along the x-axis. The other components are small with B values of
2.43-2.46x107% esu, revealing that the NLO efficiency of the molecule is anisotropic. The calculations show
that the results of the 6-311+G(d,p) and LANL2DZ basis sets are quite close to each other. This indicates
that the NLO properties of the HMP2 molecule are not significantly affected by the basis set change, and
both methods provide reliable predictions. The obtained NLO parameters reveal that the HMP2 molecule
exhibits a moderately strong nonlinear optical response. In particular, the high dipole moment and the
dominant Bxxx component suggest that the molecule could be a potential candidate for optical modulation,
frequency conversion, and electro-optical applications. The fact that the polarizability and
hyperpolarizability values are independent of the basis set supports the idea that these properties of the
molecule are also experimentally predictable.

Table 4. NLO parameters of HMP2 molecule calculated using 6-311+G(d,p) and LANL2DZ basis sets

Parameters 6-311+G(d,p) LANL2DZ Parameters 6-311+G(d,p) LANL2DZ
Hx -3.8395 3.8754 Bxxx -281.0580 -279.2704
Ly -1.7495 1.8044 Byyy -19.8891 -21.3294
e 0.1760 0.2090 Bzzz 4.1114 3.9632

HD) 4.2229 4.9331 Bxyy -44.7023 -43.1716
Olxx -177.8939 -178.7535 Bxxy -123.6483 122.8834
ayy -170.5959 -171.7255 Bxxz -30.4501 -31.9146
Olzz -196.4998 -197.9006 Bxzz -36.5791 -35.8134
oxy 10.3072 12.5036 Byzz 13.1892 -14.1224
Oxz 8.3093 8.4450 Byvz 15.6921 16.8025
Oyz -8.8943 -7.7221 Bxvz -2.7594 -3.0630
a(au) -144.1229 -147.4356 B(esu) 2.43x103° 2.46x103°

3.5. Mulliken atomic charges

Mulliken charge analysis is a traditional method aimed at quantitatively determining the electron distribution
between atoms in molecules. This method calculates the electron density in each atomic orbital using the
molecule's wave function or electron density, and distributes the shared electrons equally among the
respective atoms (Parandekar et al., 2008). Thus, the total charge of each atom is determined, providing
information about the charge distribution in the molecule. Mulliken charges can be used to study the
character of bonds between atoms and the reactive regions of the molecule; for example, atoms with high
electron density may be more nucleophilic, while those with low density may be more electrophilic.
Although this method is quick and easy to calculate, it is sensitive to the base set and method used, so charge
values may vary in different calculations. Mulliken charge analysis is an important tool in understanding the
electrical properties, dipole moments, and chemical bonding characteristics of molecules (Satheeshkumar et
al., 2022). When the Mulliken atomic charges of the HMP2 molecule are examined (Table 5), it is observed
that the electron distribution generally differs depending on the type of atom. While carbon atoms take on
both small positive and negative charges, it is understood that the electron density is irregular according to
the bonds of the molecule. Oxygen atoms generally carry negative charges, reflecting their high
electronegativity and electron-attracting capacity; however, the observation of a positive charge in the 043
atom with the LANL2DZ basis set indicates that different basis sets predict electron distribution differently.
The halogen CI22 carries a slightly negative charge, revealing that the electron density is balanced depending
on the chlorine atom's bonds. Hydrogen atoms mostly carry positive charges, showing that they lose electron
density to the electronegative atoms they bond to. When comparing two different basis sets, it is understood
that the 6-311+G(d,p) basis set gives more precise and balanced charges, while with LANL2DZ, some atoms
show sign changes and magnitude differences. A sign change was observed in the C38 atom and a large
charge difference in the O43 atom. This shows that different basis sets can interpret electron density
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differently, especially in complex molecules containing heteroatoms. In conclusion, the HMP2 molecule has
a polar structure, with negative charges generally concentrated on oxygen and nitrogen atoms, while positive
charges are found on hydrogen and some carbon atoms, which plays a significant role in determining the
molecule's chemical reactivity and polarity.

Table 5. Mulliken atomic charges of HMP2 molecule

ATOM  6-311+G(d,p) LANL2DZ ATOM  6-311+G(d,p) LANL2DZ
Cl -0.174 -0.197 020 -0.466 -0.408
C2 0.281 0.301 021 -0.435 -0.403
C3 -0.013 -0.055 C122 -0.088 -0.136
C4 0.274 0.255 C34 -0.009 -0.087
Cs 0.117 -0.154 C38 0.096 -0.120
C6 0.302 0.220 c42 0.092 -0.069
07 -0.464 -0.468 043 -0.559 0.427
C8 -0.020 -0.090 H23 0.180 0.220
09 0.270 0.330 H26 0.096 0.172
C10 -0.232 -0.240 H27 0.118 0.140
Cl1 0.254 -0.280 H28 0.238 0.210

N12 -0.408 -0.370 H29 0.121 0.151
N13 -0.268 -0.328 H30 0.135 0.156
Cl4 -0.089 -0.033 H31 0.132 0.146
C15 -0.079 -0.071 H32 0.133 0.182
C16 0.008 -0.036 H24 0.165 0.211
C18 -0.003 0.013 H25 0.096 0.100

3.6. NBO analysis

Natural Bonding Orbital (NBO) analysis is a powerful tool for identifying individual bonds and borrowed
electron pairs that play a critical role in chemical reactions. This method describes the phenomenon known
as “delocalization correction to the zero-order Lewis structure”, starting from localized NBOs of the ideal
Lewis structure; this process is analyzed through the interactions of filled donor and empty acceptor orbitals
that lead to the loss of occupancy of non-Lewis empty orbitals (Sakthivel et al., 2018). Using second-order
perturbation theory, the stabilization energy E(2) due to electron delocalization is calculated for each donor
(1) and acceptor (j) NBO pair (Singh et al., 2018). This analysis provides a quantitative assessment of bond-
counterbond interactions in the molecule, and the results based on the Fock matrix on the NBO basis have
been summarized in Table 6.

N
E(z) — —Tli ] E(Fl{g:)l
i~

)

When we look at the table, it is the NBO (Natural Bond Orbital) analysis of the HMP2 molecule with the 6-
311+G(d,p) basis set and shows the interactions of electron pairs in the molecule, i.e. electron density
transfer and bond stability. The occupancy values of m and ¢ bonds are generally in the range of 1.8—1.99 and
the second-order energy (E(2)) has been calculated through electron density transfer to antibonding (c* or
n*) orbitals. E(2) values represent the contribution of electron transfer from one orbital to another to
molecular stability; the higher the value, the stronger the interaction and the more stable the molecule. The
C1-C2 n—C5-C6 r* interaction shows a very high value of 23.98 kcal/mol, which indicates that there is a
strong delocalization between 7 systems in the molecule and that aromatic or conjugated structures
contribute to electron stabilization. Similarly, the C3-C4 n—C1-C2 n* and C5-C6 n—C3-C4 n*
interactions are around 24 kcal/mol, indicating that the m electrons are well delocalized throughout the
molecule. Significant interactions also exist between ¢ bonds. The C1-C6 6—C2-021 o* interaction has an
energy of 5.78 kcal/mol, suggesting that ¢ bonds contribute moderately to molecular stability by providing
antibonding orbitals. Similarly, the C1-H23 6—C34-H35 o* interaction offers a slightly higher energy
contribution of 8.53 kcal/mol. Bonds involving nitrogen and oxygen also exhibit significant interactions. The
C39-N45 1—C42-043 n* interaction shows strong 7 delocalization at 18.98 kcal/mol. This indicates that
there is also electron density transfer between the heteroatoms of the molecule, increasing molecular
stability. Furthermore, some 6—c* interactions are noteworthy; the N12-N13 c—C5-C9 c* interaction has
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an energy of 6.98 kcal/mol. This shows that partial electron transfer to the antibonding orbitals of ¢ bonds
supports the flexibility and stability of the molecule. It reveals that the HMP2 molecule has dense electron
delocalization between both  and ¢ systems, with strong resonance and bond stability effects, especially in
systems. The molecule has an energy-optimized electron distribution through both carbon-carbon and
heteroatom bonds.

Table 6. NBO values calculated for HMP2 molecule using the LANL2DZ basis set
EQ)a  E()-EGb F(,j)e

NBO(i) Type Occupancies NBO(j) Type Occupancies

(Kcal/mol) (au) (a.n)
C1-C2 T 1.85882 C5-Co * 1.98684 23.98 0.58 0.108
C1-Co c 1.97330 C2-021 o* 1.98684 5.78 1.37 0.079
C1-H23 c 1.96746 C34-H35 o* 1.98770 8.53 1.42 0.099
C2-C3 c 1.96900 C1-C2 o* 1.97990 4.14 1.73 0.076
C3-C4 T 1.81910 C1-C2 * 1.85882 24.79 0.55 0.105
C3-C38 c 1.97725 C3-C4 o* 1.97308 5.57 1.74 0.088
C4-C5 o 1.97225 C3-C38 o* 1.97725 5.21 1.46 0.078
C4-020 19 1.99200 C2-C3 o* 1.96900 3.44 1.72 0.069
C5-Cé6 T 1.97477 C3-C4 * 1.81910 24.27 0.57 0.106
C5-C9 o 1.97320 C5-Cé o* 1.97477 4.86 1.74 0.053
C8-H24 o 1.99208 C6-07 o* 1.98806 4.34 0.31 0.066
C9-C10 o 1.97511 Cl10-Cl11 o* 1.97753 4.06 1.75 0.075
C9-N13 T 1.93710 C10-Cl11 * 1.88597 10.15 0.64 0.073
C10-Cl11 T 1.97753 C9-N13 * 1.93710 27.15 0.58 0.114
C10-H27 o 1.97636 020-H23 o* 1.98685 5.09 1.47 0.077
C11-N12 o 1.98722 C10-H27 o* 1.97636 4.90 1.64 0.080
N12-N13 o 1.98170 C5-C9 o* 1.97320 6.98 1.63 0.095
C14-C15 T 1.81924 Cl6-C17 ¥ 1.85267 19.75 0.54 0.093
C15-Cl16 o 1.97075 C17-C122 o* 1.98821 7.82 1.18 0.086
Cle6-C17 T 1.85267 Cl14-C15 w* 1.81924 17.67 0.59 0.092
C16-H30 o 1.98247 C17-C18 o* 1.98102 6.71 1.35 0.085
C18-C19 T 1.97931 Cl14-Cl15 * 1.81924 19.29 0.57 0.094
C39-N45 T 1.93466 C42-043 * 1.99427 18.98 1.12 0.131
C41-N45 c 1.95652 C39-N45 o* 1.93466 7.52 0.83 0.071

3.7. Molecular docking analysis

Molecular docking is an effective method widely used in computer-aided drug design that allows the
prediction of interactions between biologically active small molecules and target proteins. This approach
enables the evaluation of ligand-protein binding modes and binding affinities, allowing for an understanding
of the therapeutic potential of compounds at the molecular level (Rahuman et al., 2020). Therefore,
molecular docking studies play a critical role in identifying potential candidate molecules in drug discovery
and development processes. Inflammatory pain plays a significant role in the pathogenesis of many chronic
diseases, and inhibition of target proteins involved in this process is considered an effective treatment
strategy (Ugwu et al., 2018). In this study, the binding modes and affinities of the HMP2 compound against
the inflammatory pain-related target proteins PDB ID: 3LN1 and PDB ID: 6COX were investigated using
molecular docking analyses. Three-dimensional crystal structures of the target proteins were obtained from
the Protein Data Bank (3LN1 (Bank, 2013); 6COX (Bank, 2017)), and docking studies were performed using
AutoDock Vina software (Eberhardt et al., 2021). According to the obtained docking results, it was
determined that the HMP2 compound exhibited negative binding energies with both target proteins and
could form stable complexes. In particular, the lower docking score obtained for PDB ID: 6COX indicates
that HMP2 has a higher binding affinity towards this target. Molecule-protein interactions were analyzed
using the Discovery Studio Visualizer program (BIOVIA, 2016), and it was observed that hydrogen bonds,
van der Waals interactions, and n-alkyl, n-sigma, and m-sulfur interactions contributed to complex stability.

Comparison of interaction types and bond lengths for both complexes revealed that van der Waals and
alkyl/m-alkyl interactions predominated, with HMP2 appropriately positioned in hydrophobic binding sites.
Longer-range and relatively weaker interactions were observed in the complex formed with PDB ID: 3LN1,
while conventional hydrogen bonds formed with PRO-154 and GLU-465 in the PDB ID: 6COX complex
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presented stronger and shorter-range interactions. These findings support the idea that HMP2 has a stronger
and more stable binding profile, particularly with the 6COX enzyme.

The anti-inflammatory potential of the HMP2 compound can be attributed to the different pharmacophore
groups present in its structure. The 1H-pyrazole ring within the molecule is one of the important heterocyclic
skeletons strongly associated with cyclooxygenase-2 (COX-2) enzyme inhibition in the literature. Several
studies have reported that pyrazole derivatives inhibit prostaglandin synthesis by binding to the COX-2
active site and thus exert an anti-inflammatory effect (Penning et al., 1997; Ju et al., 2022). Therefore, the
pyrazole ring of HMP2 is considered a key pharmacophore in terms of interaction with the COX-2 target.
The 4-chlorophenyl group in the structure enhances its lipophilic character, facilitating binding to the
hydrophobic regions of target proteins and supporting ligand-protein binding affinity. It has been reported in
the literature that halogen substituents enhance hydrophobic pocket interactions and increase biological
activity in COX enzyme inhibitors (Meanwell, 2011; Lu et al, 2012). The 2-hydroxymethyl-1-
methylpyrrolidine group in the molecule can act as a hydrogen bond donor and acceptor and can form stable
interactions with polar amino acid residues (e.g., GLU and PRO) in the protein active site. This is consistent
with hydrogen bond interactions observed in docking analyses (Ghoneim et al., 2025). In addition, the 3,5-
dimethoxyphenol group strengthens n—n and m-alkyl interactions by increasing the electron density of the
aromatic system thanks to its electron-donating effect and contributes to complex stability. It is known that
phenolic structures exhibit antioxidant and free radical scavenging properties in inflammatory processes
(Ewieda et al., 2023; Hawash et al., 2025).

In general, literature data indicate that heterocyclic structures containing pyrazole, phenolic, and halogen-
containing aromatic systems can exhibit anti-inflammatory activity through COX-2 inhibition and
suppression of inflammatory pathways. In this context, when the structural properties and molecular docking
results of the HMP2 compound are evaluated together, it is predicted that it may exhibit anti-inflammatory
potential, especially by establishing strong and stable interactions with the COX-2 enzyme (Ju et al., 2022).

Table 7. Docking scores against PDB:3LN1 and PDB: 6COX enzymes of HMP2 compound

Compound Docking Score (kcal/mol)
PDB:3LN1 PDB: 6COX
HMP2 -8.60 -8.80

HMP2 Compound-PDBID: 3LN1

Interactions

Pi-Sulfur
[ ] van der waals % Alkyl

[ | carbon Hydrogen Bond

B Fi-sigma B Ay

Figure 5. 2D and 3D images of the HMP2 compound and PDB: 3LNI1 protein

860



Aving et al., 2026 » Volume 16 * Issue 3 * Page 850-866

CYS

6.24 PRO
A:153

HMP2 Compound-PDBID: 6COX
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Figure 6. 2D and 3D images of the HMP2 compound and PDB: 6COX protein
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Table 8. The interaction parameters between HMP2 compound and PDB: 3LN1 and PDB: 6COX enzymes

Type of Bond HMP2 compound Bond HMP2 compound  Bond Length
PDB: 3LN1 Length (A) PDB: 6COX €N
Van der Waals Interactions MET-33 - CYS-37 -
TYR-122 - ALA-156 -
SER-34 - GLY-135 -
GLN-313 - LYS-403 -
LYS-454 - TYR-449 -
Carbon Hydrogen Bond GLN-313 5.60 CYS-47 4.37
CYS-32 5.57 TYR-130 6.24
ASN-19 5.10
Pi-Sigma Leu-138 5.83 LEU-152 5.70
Alkyl PRO-139 4.54,5.35 LYS-468 4.08,5.42
ARG-455 4.84 CYS-36 4.57
LEU-138 5.89
Pi—Alkyl CYS-145 3.89 PRO-153 4.86
VAL-141 4.40
ALA-142 4.32
Conventional Hydrogen Bonds - - PRO-154 3.60
- - GLU-465 3.93
Pi-Donor Hydrogen Bond - - GLN-42 6.19

3.8. ADMET analysis

In the drug development process, it is not sufficient for candidate compounds to merely demonstrate target-
specific biological activity; they must also possess appropriate pharmacokinetic and toxicological properties
(Ojuka et al., 2023). ADMET (Absorption, Distribution, Metabolism, Elimination, Toxicity) parameters play
a decisive role in this regard (Abchir et al., 2023). When the physicochemical and ADMET profile of the
HMP2 compound (Table 9) is examined, some positive characteristics are observed, along with significant
limitations. The molecular weight (443.16 g/mol) conforms to the Lipinski criteria, but high molecular
weight can negatively affect absorption and distribution. Values of nHA=7, nHD=3, and TPSA=90.84 A2
indicate generally good bioavailability potential due to sufficient hydrogen bonding capacity and the absence
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of excessive polarity. The LogP value (3.863) indicates moderate lipophilicity, which provides an advantage
in terms of membrane permeability, but high PPB (96.38%) may lead to a decrease in the free fraction. HIA
(0.011) and Caco-2 (-5.026) values indicate poor oral absorption; therefore, formulation or structural
optimization is necessary. The BBB value (0.623) suggests moderate brain penetration, while VD (1.599
L/kg) and high PPB may be limiting factors in distribution. In terms of metabolism, inhibition of CYP2D6
(0.900) and CYP3A4 (0.815) increases the risk of possible interactions. The T2 value (0.14) indicates a
short half-life, which may require more frequent dosing. In terms of toxicity, hERG blockade (0.78) carries a
risk of serious cardiotoxicity; H-HT (0.219), AMES (0.259), and rat acute toxicity (0.267) are moderate.
Therefore, structural optimization and appropriate formulation strategies are recommended in the
development of HMP2 to increase bioavailability, reduce metabolic interactions, and minimize
cardiotoxicity.

Table 9. The HMP2 compounds’s physicochemical, lipophilicity and ADMET parameters

Property HMP2
Molecular Weight 443.16
nHA 7
nHD 3
logP 3.863
TPSA 90.84
HIA 0.011
Caco-2 Permeability -5.026
BBB 0.623
PPB 96.38%
VD 1.599
CYP2D6 0.9
CYP3A4 0.815
Tip 0.14
hERG Blockers 0.78
H-HT 0.219
AMES Toxicity 0.259
Rat Oral Acute Toxicity 0.267
Upper Limit Lower Limit Compound Properies
MW
LogP nRing
LogS fChar
t
LogD nHe
nHA MaxRing
nRin
nHD s
TPSA nRot

Figure 7. Color regions and physicochemical parameters of HMP2 compound
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4. Conclusion

This allows for the classification of the structural, electronic, and biological properties of HMP2 protection
in silico. Symmetric replicates at the MP2 level reveal that HMP2 possesses a stable and largely plane-like
geometry. The results obtained with both the 6-311G(d,p) and LANL2DZ basis sources are generally
consistent, with the longer bond lengths calculated with LANL2DZ suggesting systematic aspects that may
arise from the limited and effective nuclear potential of the basis set. This finding highlights that basis set
choices can have significant effects on results, especially in the characterization of heteroatom-containing
systems. HOMO-LUMO analyses indicate a wider range of energy members and thus higher stability in the
6-311G(d,p) basis set, while the LANL2DZ basis set shows narrower energy particles and higher electron
affinity values, resulting in a more reactive character of HMP2. MEP and Mulliken charge analyses revealed
the presence of nucleophilic regions concentrated around oxygen and nitrogen atoms, and electrophilic
regions along hydrogen atoms; furthermore, significant effects of ground set selections on charge states and
electrostatic potential were demonstrated. NBO analyses confirmed that HMP2 possesses a wide resonance
network with strong n—n* and c—c* delocalizations, thus providing good stabilization in terms of flexibility.
Optoelectronic NLO programming revealed that HMP2 exhibits a strong polar character with a high dipole
moment and pronounced polarization values. The dominance of Pxxx in hyperpolarizability formation
indicates that the molecule exhibits a second-order optical reaction, particularly along the x distribution.
These results suggest that HMP2 can be evaluated not only for pharmaceutical potential monitoring but also
for optoelectronic applications. Molecular docking studies reveal that HMP2 exhibits significant affinity for
the proteins PDB:3LN1 and PDB:6COX, which target the development of inflammatory pain. In particular,
the docking score of —8.80 kcal/mol and short-range hydrogen bonds obtained with the 6COX protein
support HMP2 as a potential inhibitor candidate against this target. However, ADMET analyses have shown
that its pharmacokinetic profile can be determined within certain limits. Low HIA and CaCO-2 permeability,
high plasma protein binding, CYP2D6 and CYP3A4 inhibitory activity, and possible hERG blockade are
points that require careful evaluation, especially in terms of oral bioavailability and protective safety. In
conclusion, the findings indicate that HMP2 is a molecule with potential anti-inflammatory activity.
However, further improvement efforts require structural modification and strengthening of the appropriate
formulation to support oral absorption, minimize metabolic linkages, and reduce hERG intensity.
Accordingly, in vitro and in vivo biological evaluations of HMP2 are essential as a crucial next step to more
clearly define the molecule's drug candidacy.
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      𝜇   =    (   𝜇  x 2 +   𝜇  y 2 +     𝜇  z 2 )  1 / 2


   α Total =  1 3  (  α xx +  α YY +  α zz )


    𝛽  T o t a l =    (   𝛽 2 x +   𝛽 2 y +   𝛽 2 z )   1 2


  ( 𝛽 x x x + 𝛽 x y y + 𝛽 x z z  ) 2 + (   𝛽 y y y + 𝛽 y x x + y z z ) 2 + ( 𝛽 z z z + 𝛽 z x x + 𝛽 z y y  ) 2  ]   1 2
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