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nctional inhibitors: holistic
spectral, electronic and molecular
characterization, coupled with biological profiling
of substituted pyridine derivatives against LD
transpeptidase, heme oxygenase and PPAR
gamma†
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This study delves into the therapeutic potential of a molecule, 3-substituted phenyl-1-(pyridine-4-

carbonyl)-1H-pyrazole-4-carboxylic acid (PPP), for antimicrobial, antioxidant and anti-diabetic activities.

The research encompasses design, synthesis, molecular docking and biological screening of related

pyrazole carboxylic acid derivatives. Spectral studies confirmed the structures and molecular mechanics

with DFT calculations provided insights into molecular properties and interactions. Quantum chemical

descriptors were employed to assess the stability while NBO analysis predicted reactivity, ELF and LOL

methods identified electron density. Non-covalent interactions were characterized using RDG and IRI,

while the Multiwfn tool was used to evaluate intra and intermolecular aspects. Docking studies

elucidated potential therapeutic efficacy against specific protein targets.
1. Introduction

The heterocyclic ring system, particularly phenyl-substituted
heterocyclic compounds fused with pyrazole carboxylic acid
derivatives, plays a crucial role across various biological
processes and therapeutic applications.1 These compounds
exhibit a broad spectrum of pharmacological activities,
including antimicrobial, antiviral, antitumor, anti-
inammatory, antihistaminic, pesticide, antifungal and anti-
pyretic properties.2 Their versatility has attracted signicant
interest in chemistry, biology, medicine and agriculture,
promising new avenues for medical treatment development. In
recent years, there has been a notable focus on targeting the
dual inhibition of cyclo-oxygenase and 5-lipoxygenase enzymes
for managing inammation and pain.3 Tepoxalin, a diary-
lpyrazole derivative, stands as an early example of a dual-
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tion (ESI) available. See DOI:

29909
functioning analgesic and anti-inammatory molecule, show-
casing the potential of this approach in therapeutic
intervention.4

Recent studies have shown that pyridine derivatives have
strong antimicrobial properties, with pyridine-4-carbonyl-
pyrazole derivatives exhibiting potent antibacterial and anti-
fungal activities.5 Phenyl-substituted pyridine derivatives also
reduced inammation and pain by enhancing affinity for COX-2
enzymes.6 Additionally, 3-substituted phenyl-pyridine-pyrazole
derivatives demonstrated cytotoxic effects against various
cancer cell lines by inducing apoptosis.7 Pyridine-4-carbonyl
derivatives inhibited inuenza virus replication, showing
promise as antiviral candidates.8 Furthermore, pyridine-
pyrazole derivatives effectively inhibited acetylcholinesterase,
which is relevant for Alzheimer's treatment.9

This study aims to synthesize and characterize phenyl-
substituted heterocyclic compounds fused with pyrazole
carboxylic acid derivatives, including variations in substituents
such as aceto and methyl groups. The rationale behind the
current design is to investigate how the presence of different
substituents on the phenyl ring could enhance or modify the
biological activity of the compounds. By introducing various
substitutions, the objective was aimed at identifying structural
features that could be optimized for improved biological
© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance and assessing the potential of these molecules as
building blocks for more complex molecules.

Oxidative stress, linked to various chronic diseases including
diabetes, can compromise immune function and increase
susceptibility to infections. Consequently, compounds exhibit-
ing antioxidant and anti-diabetic properties may offer multi-
faceted benets, enhancing their therapeutic value. For the
antimicrobial activity assay, specic concentrations were
selected based on preliminary studies indicating their effec-
tiveness. The antioxidant activity was measured using assays
such as DPPH and ABTS, with results indicating signicant
scavenging activity. The anti-diabetic activity was assessed
using the a-glucosidase inhibition assay, which revealed low
inhibitory concentrations (IC50), highlighting the compounds'
potential in managing blood glucose levels.

The derivatives were evaluated for antimicrobial, antioxidant
and antidiabetic activities, along with in silico studies to assess
their interactions with key biological targets. Specic enzymes
targeted include LD Transpeptidase (PDB ID: 4JMN),10 crucial for
bacterial cell wall synthesis, making inhibitors of this enzyme
potential antibiotics against resistant bacteria. Heme Oxygenase
(PDB ID: 1IW0),11 catalyses heme degradation and possesses
anti-inammatory and antioxidant properties. Additionally,
PPAR Gamma (PDB ID: 2ZNO),12 a nuclear receptor involved in
glucose and lipid metabolism, is targeted for its relevance in
antidiabetic therapy. This comprehensive approach aims to
identify novel compounds with therapeutic potential, particu-
larly focusing on antimicrobial, antioxidant and antidiabetic
efficacy, with prospects for future pharmaceutical development.
The study's ndings are anticipated to advance the eld and
stimulate further research in this domain.

2. Materials and methods
2.1. Design and spectral characterization

2.1.1 Synthesis of N0-[(1Z)-1-substituted phenyl ethylidene]
pyridine-4-carbonyl hydrazide. This was synthesized by mixing
isoniazide (0.01 mol) and substituted acetophenone (0.01 mol)
in methanol (30 mL), along with 3–4 drops of glacial acetic acid.
The mixture was then heated for two hours at 60–65 °C. Aer
cooling the reaction mixture to room temperature, the precipi-
tate was separated and ltered. The precipitate was then washed
thoroughly with water, dried and recrystallized with methanol.

2.1.2 Synthesis of 3-phenyl-1-(pyridine-4-carbonyl)-1H-pyr-
azole-4-carbaldehyde. Synthesized N0-[(1Z)-1-substituted phenyl
ethylidene]pyridine-4-carbonyl hydrazide (0.004 mol). A mixture
of Vilsmeier–Haack reagent (prepared from 10 mL of DMF and
1.1 mL POCl3 at 5 °C) was added to the reactionmixture in small
aliquots and the mixture was stirred at 60–65 °C for four
hours.13 The completion of the reaction was determined by TLC
analysis. The reaction mixture was slowly quenched into
crushed ice with stirring and neutralized with solid NaHCO3.
The precipitate was ltered off, dried and puried by recrys-
tallization from methanol.

2.1.3 Synthesis of 3-phenyl-1-(pyridine-4-carbonyl)-1H-
pyrazole-4-carboxylic acid. The synthesis of 3-phenyl-1-(pyri-
dine-4-carbonyl)-1H-pyrazole-4-carboxylic acid (PPP), as shown
© 2024 The Author(s). Published by the Royal Society of Chemistry
in Fig. S1,† was performed by mixing the previously obtained 3-
phenyl-1-(pyridine-4-carbonyl)-1H-pyrazole-4-carbaldehyde with
1mmol of distilled water (30mL) and heating themixture at 60–
65 °C. An aqueous solution of the synthesis of 3-phenyl-1-
(pyridine-4-carbonyl)-1H-pyrazole-4-carboxylic acid (PPP) was
performed by mixing previously obtained 3-phenyl-1-(pyridine-
4-carbonyl)-1H-pyrazole-4-carbaldehyde was treated with
1 mmol of distilled water with (30 mL) and heating the mixture
at 60–65 °C. An aqueous solution of KMnO4 with 1 mmol in
4mL water was gradually added to the mixture over a period of 5
minutes. The mixture was heated at a reux temperature, of
approximately 100 °C until the aldehyde was completely
consumed, which was monitored regularly using TLC. The
reaction mixture was treated with 10% KOH solution and then
ltered through Celite. A 10% HCl solution was added aer-
wards and the solid precipitate was ltered and dried. KMnO4

with 1 mmol in 4 mL water was gradually added to the mixture
over a period of 5 minutes. The mixture was heated at a reux
temperature, of approximately 100 °C until the aldehyde was
completely consumed, which was monitored regularly using
TLC. The reaction mixture was treated with 10% KOH solution
and then ltered through Celite. A 10% HCl solution was added
aerwards and the solid precipitate was ltered and dried.

During experimentation, the melting points of the synthe-
sized compounds were measured using the Mvtex digital
melting point apparatus. A small amount of the compound was
packed into a thin-walled capillary tube, which was then placed
in the melting point apparatus. The temperature was gradually
increased at a controlled rate until the compound fully melted.
The melting point was recorded as the temperature range at
which the compound transitioned from solid to liquid. The
structures of the compounds were conrmed through spectral
data analysis. The infrared spectra were obtained using an FTIR
420 spectrometer manufactured by JASCO Corporation as
shown in Fig. S2.† The spectra were recorded using potassium
bromide (KBr) pellets. The 1H and 13C NMR spectra were
recorded using a Bruker AC 300 spectrometer. 1H NMR was
acquired at 300 MHz and 13C NMR at 75 MHz, both with DMSO-
d6 as the solvent and TMS as the internal standard. Mass
spectrometry (MS) was employed to determine the molecular
weights and conrm the identities of the synthesized
compounds. The analysis utilized an electrospray ionization
mass spectrometer (ESI-MS) in positive ion mode. Compounds
were dissolved at 1 mg mL−1 and infused into the mass spec-
trometer. The protonated ions ([M + H]+) were detected, with the
m/z value representing the molecular weight plus one proton.
This ionization technique is favored in ESI-MS for its ability to
ionize samples efficiently without extensive fragmentation,
ensuring clear and accurate mass spectra.14
2.2. Computational details

The molecular geometry was optimized using Gaussian 09 15

and the results were visualized with GaussView 6.0.16 DFT
calculations were done using the B3LYP's 6-311++G basis set.17

Gaussian 09 also supported frequency calculations and spectral
analysis, aiding in the accurate interpretation of FTIR data.
RSC Adv., 2024, 14, 29896–29909 | 29897
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Natural Bond Orbital (NBO) and Fukui function analysis, based
on the B3LYP/6-311++G method, was used to investigate
molecular bonding, reactive sites and intra- and intermolecular
interactions, shedding light on electronic structure and reac-
tivity.18 Global chemical reactivity descriptors (GCRD) such as
dipole moments (m), absolute electronegativity (c), absolute
hardness (h) and soness (s) were determined through B3LYP/
6-311++G calculations.19 Some equations used for reactivity
parameters evaluation were derived from global reactivity
descriptors such as chemical potential (m), hardness (h) and
electrophilicity (u). The formulas for these descriptors are as
follows:

Chemical hardness:

ðhÞ � I � E

2

Chemical soness:

ðSÞ ¼ 1

2h

Electronegativity:

ðcÞ � �m ¼ �I þ E

2
ðorÞ 1

2
ðEHOMO þ ELUMOÞ

Electrophilicity index:

ðuÞ ¼ m2

2h
¼ c2

2h

Fukui function for nucleophilic attack (f −):

f − = vr(r)/vN (where r(r) is the electron density at r)

Fukui function for electrophilic attack (f +):

f + = vr(r)/vN (where f + is calculated for the addition of an

electron)

Fukui function for radical attack (f 0):

f 0 = vr(r)/vN (where f 0 is used to understand the reactivity

towards radicals)

The dual descriptor

(Df) = f + − f −

The electronic structure and bonding characteristics of the
system were analyzed using Multiwfn soware, version 3.8.20

Electron Localization Function (ELF) and Local Orbital Locator
(LOL) methods were applied to investigate electron localization
and localized electron contributions. Reduced Density Gradient
29898 | RSC Adv., 2024, 14, 29896–29909
(RDG) surfaces and Interacting Region Indicator (IRI) were used
to analyze electron density distribution and non-covalent
interactions. Additionally, Multiwfn facilitated non-covalent
interactions and topological studies, providing further
insights into reactive sites and intra- and intermolecular inter-
actions within the compounds.
2.3. In vitro analysis

The antimicrobial activity of the synthesized compounds was
assessed by determining theirminimum inhibitory concentration
(MIC). This involved incorporating specied amounts of the test
compounds into molten sterile agar medium, which was then
solidied in Petri dishes at 40–50 °C. The MIC was determined by
observing the effect of the compounds on bacterial or fungal
growth in the presence of a microbial suspension (5 × 10−5 cfu
mL−1) incorporated into a sterilized agar medium and serially
diluted with dimethyl formamide. Plates were then incubated at
37 °C for 24 hours for bacteria or 48 hours for fungi. Results were
compared with standard antibiotics (ciprooxacin and ucona-
zole) for antibacterial and antifungal activity, respectively.21

An antioxidant assay solution was prepared by dissolving
31.54 mg of 2,2-diphenyl-1-picrylhydrazyl (DPPH) in a buffered
methanol solution (95% v/v), consisting of 40 mL of 0.1 mol L−1

acetate buffer (pH 5.5) mixed with 60 mL of methanol and then
adjusting the total volume to 50 mL with buffered methanol.
Phenyl-substituted heterocyclic compounds with fused pyrazole
carboxylic acid derivatives were tested at concentrations ranging
from 20 to 120 mg mL−1, each made up to 4 mL with distilled
water. To each test tube, 1 mL of the DPPH solution (1 mmol L−1,
or 0.953× 10−10 mg mL−1) was added and the mixture was shaken
before incubating at room temperature (30 °C) for 30 minutes.

The impact of standard antioxidant vitamin C (ascorbic acid)
on the DPPH radical was compared with that of the synthesized
compounds.22 Ascorbic acid was prepared at varying concentra-
tions of 0.02, 0.04, 0.06, 0.08, 0.10 and 0.12 mL and diluted to
4 mL with distilled water. To each tube, 1 mL of DPPH (1 mmol
L−1) was added and the procedure described in the DPPH scav-
enging experiment was followed. The absorbance of the control
solution (buffered methanol with DPPH) fell within the range of
0.510 ± 0.045. The anti-radical activity was expressed as inhibi-
tion percentage (I%), calculated using the formula [(absorbance
control − absorbance sample)/absorbance control] × 100.23

The antidiabetic activity was assessed using an a-amylase
inhibitory assay. Test tubes were prepared with the test
compounds at concentrations ranging from 20 to 120 mg mL−1,
along with a control tube containing no sample or drug. Addi-
tionally, tubes containing acarbose as the standard drug at the
same concentrations as the test compounds were prepared.
Aer adding 50 mL of a-amylase solution to each test
compound, the tubes were incubated at room temperature for
10 minutes. Subsequently, 50 mL of starch solution was added to
all tubes, which were further incubated at 25 °C for 10 minutes.
The evaluation of a-amylase activity inhibition involved adding
100 microliters of 3,5-dinitrosalicylic acid (DNSA) to each test
tube. The tubes were then incubated in boiling water for 5
minutes to halt the reaction. The absorbance of the solution was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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measured by diluting the tubes to 350 microliters with distilled
water and recording the absorbance at 540 nm using a spectro-
photometer. The percentage of inhibition of a-amylase activity
was calculated using a previously established formula.
2.4. In silico analysis

The Schrödinger suite was used for docking three proteins (PDB
IDs: 2ZNO, 4JMN and 1IW0) with three synthesized compounds
into their active sites.24 Ligand structures were energy-
minimized using the LigPrep module. Protein structures were
prepared by removing water and cofactors using Schrödinger's
Auto Preparation. Receptor grids were created with the Receptor
Grid Generation module and docking simulations were per-
formed with the Glide module in standard precision mode.
Optimal docking congurations were identied based on the
Fig. 1 Scheme for derivatives of substituted heterocyclic fused pyrazole

© 2024 The Author(s). Published by the Royal Society of Chemistry
lowest free binding energy and receptor–ligand interactions
were visualized with Discovery Studio Visualizer.

ADME (Absorption, Distribution, Metabolism, Excretion)
properties and toxicity proles of the synthesized compounds
were predicted using the SwissADME tool. The optimized
structures were then inputted into the SwissADME web tool.
SwissADME analysis was performed on the synthesized
compounds to assess their compliance with topological polar
surface area (TPSA) and percentage of absorption (% ABS).
These properties were calculated using the equation % ABS =

109 – (0.345 × TPSA). Lipinski's rules were applied, stating that
an orally active drug should generally have no more than one
violation of the following criteria: a maximum of 5 hydrogen
bond donors, a maximum of 10 hydrogen bond acceptors,
a molecular weight less than 500 and a calculated log P less
than 5.25
derivatives.

RSC Adv., 2024, 14, 29896–29909 | 29899
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Fig. 2 (a) Theoretical and (b) experimental FT-IR spectra for the
derivatives.
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3. Results and discussions
3.1. Design, substituents variation and characterization

The reaction sequences utilized in the synthesis of the title
compounds are illustrated in Fig. 1. The synthesis process
commenced with the conversion of isoniazid into N-[(1Z)-1-
substituted phenylethylidene] isonicotinyl hydrazide through
a reaction with substituted acetophenone. The substituted
hydrazide was obtained in good yield aer reuxing amixture of
acid hydrazide and Vilsmeier Haack reagent. The reux reaction
subsequently afforded the corresponding 1H-pyrazole-4-
carbaldehyde in high yield. This intermediate was then
oxidized using potassium permanganate to yield the following
carboxylic acids: 3-phenyl-1-(pyridine-4-carbonyl)-1H-pyrazole-
4-carboxylic acid (PPP) with an 85% yield, 3-(4-acetophenyl)-1-
(pyridine-4-carbonyl)-1H-pyrazole-4-carboxylic acid (APP) with
a 78% yield and 3-(4-methylphenyl)-1-(pyridine-4-carbonyl)-1H-
pyrazole-4-carboxylic acid (MPP) with a 75% yield. The synthesis
of the mentioned compounds employs simple methods and is
readily available reagents, potentially lowering production costs
and improving accessibility.

3.1.1 N0-[(1Z)-1-Substituted phenyl ethylidene]pyridine-4-
carbonyl hydrazide. IR (KBr, cm−1): 3300–3500 (NH), 1600–
1650 (C]N), 3000–3100 (aromatic C–H). 1H NMR (CDCl3, d):
9.0–11.0 (1H, s, NH), 8.0–9.0 (1H, s, hydrazone proton), 7.0–8.5
(aromatic protons, m). 13C NMR (CDCl3, d): 160–170 (C]N),
120–150 (aromatic carbons).

3.1.2 3-Phenyl-1-(pyridine-4-carbonyl)-1H-pyrazole-4-car-
baldehyde. IR (KBr, cm−1): 1700–1750 (aldehyde C]O), 3000–
3100 (aromatic C–H), pyrazole ring vibrations. 1H NMR (CDCl3,
d): 9.5–10.5 (1H, s, aldehyde proton), 7.0–8.5 (aromatic protons,
m), pyrazole protons. 13C NMR (CDCl3, d): 190–200 (aldehyde
carbon), 120–150 (aromatic carbons), pyrazole ring carbons.

3.1.3 3-Phenyl-1-(pyridine-4-carbonyl)-1H-pyrazole-4-
carboxylic acid (PPP). The IR spectra of the compound were
correlated with theoretical predictions for all the derivatives, as
depicted in Fig. 2. The absorption peaks were observed at 3102,
1679, 1652, 1486 and 1301 cm−1 in KBr.26 Its 1H NMR spectra in
CDCl3 show a singlet at 12.02 ppm (COOH), another singlet at
8.64 ppm (CH of pyrazole) and a multiplet between 6.91–
7.93 ppm (ArH). Additionally, the 13C NMR spectra in CDCl3
display signals at 169.3, 165, 151, 143, 136.1, 129.2, 128.7, 127.5,
110.4, 133 and 123 ppm, with a mass spectrum peak corre-
sponding to the [M + H]+ ion was observed at m/z 293.

3.1.4 3-(4-Acetophenyl-)1-(pyridine-4-carbonyl)-1H-
pyrazole-4-carboxylic acid (APP). 3-(4-Acetophenyl-)1-(pyridine-
4-carbonyl)-1H-pyrazole-4-carboxylic acid (APP) demonstrates
similar chemical properties, with IRmax in KBr at 3102, 1679,
1652, 1486 and 1301 cm−1.27 Its 1H NMR spectra in CDCl3
exhibit a peak at 12.03 ppm for single hydrogen (singlet) of the
carboxylic acid group, another peak at 8.64 ppm for single
hydrogen (singlet) of the pyrazole group and a set of peaks
between 6.91 and 7.93 ppm for nine hydrogens (9H, multiplet)
of the aromatic group, along with a peak at 2.5 ppm for three
hydrogens (3H, singlet) of the acetyl group. The 13C NMR
spectra in CDCl3 show peaks at 197, 169.3, 165, 151, 143, 136.1,
29900 | RSC Adv., 2024, 14, 29896–29909
133, 129.3, 128.7, 127.4, 123, 110.4 and 26.6 ppm, with a mass
spectrum peak corresponding to the [M + H]+ ion was observed
at m/z 335.

3.1.5 3-(4-Methylphenyl)-1-(pyridine-4-carbonyl)-1H-
pyrazole-4-carboxylic acid (MPP). 3-(4-Methylphenyl)-1-(pyri-
dine-4-carbonyl)-1H-pyrazole-4-carboxylic acid (MPP) exhibits
IRmax (KBr) values at 3102, 1679, 1652, 1486 and 1301 cm−1. Its
1H NMR spectra in CDCl3 show peaks at 12.00 (1H, s, COOH),
8.60 (1H, s, CH of pyrazole), 6.94–7.94 (8H, m, ArH) and 2.34
(3H, s, CH3). The

13C NMR spectra in CDCl3 display peaks at
169.3, 165, 151, 143, 136.1, 133, 131.7, 129.5, 128.4, 123, 110.4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 21.3 ppm, with a mass spectrum peak corresponding to the
[M + H]+ ion was observed at m/z 307.

Each compound has a distinct structure represented by its
molecular formula, affecting its molecular weight. The
synthesis process yields for each compound range from 85% to
75%. Additionally, the melting point (MP) of each compound
falls within the range of 150 °C to 170 °C.
3.2. Computational and topological studies

Based on DFT calculations presented in Table 1, the phenyl-
substituted heterocyclic compounds with fused pyrazole carbox-
ylic acid derivatives, namely PPP, APP and MPP, exhibited
distinct properties. Compound APP demonstrated the highest
ionization potential (6.9276 eV) and electron affinity (0.3058 eV),
indicating greater stability. It also displayed the lowest EHOMO

(−6.9276 eV) and ELUMO (−0.3058 eV) values, suggesting
enhanced reactivity.28 Compound APP exhibited the largest gap
between EHOMO and ELUMO (6.6217 eV), indicating lower chemical
reactivity compared to MPP (6.3145 eV). Additionally, APP
displays the highest electron negativity (3.6167), absolute hard-
ness (3.1573) and soness (0.1510), suggesting greater stability
and lower reactivity compared to MPP and PPP.29 Furthermore,
APP exhibited the highest electrophilicity index (1.9754) and
electronic charges (DNmax = 0.5462), indicating its susceptibility
to electrophilic reactions and distinct charge distribution.
Compound APP also shows the highest dipole moment (5.9024
debye), polarizability (294.8978 Å3) and hyperpolarizability
(882.6849 Å5), suggesting stronger polarity and responsiveness to
electric elds.30 These properties underscore APP's potential as
a bioactive compound with signicant implications for drug
development and therapeutic applications, where stability, reac-
tivity and interaction with biological targets are crucial.

The investigation into the regions of the Molecular Electro-
static Potential (MEP) for the derivatives was conducted via DFT
calculation using optimized geometry at the B3LYP/6-311++G
level. The MEP surface revealed electrophilic reactivity (negative
regions: red and yellow colors) and nucleophilic reactivity
Table 1 Calculated energy values of isonicotinoyl based derivatives at
298 K in their ground states, first order hyperpolarizability (b), polar-
izability (a) and dipole moment at DFT method

Parameters PPP APP MPP

EHOMO (eV) −6.7229 −6.9276 −6.5741
ELUMO (eV) −0.2732 −0.3058 −0.2596
Ionisation potential 6.7229 6.9276 6.5741
Electron affinity 0.2732 0.3058 0.2596
EHOMO − ELUMO (eV) 6.4498 6.6217 6.3145
Electron negativity (c) 3.4981 3.6167 3.4168
Chemical potential (m) −3.4981 −3.6167 −3.4168
Absolute hardness (h) 3.2249 3.3109 3.1573
Soness (S) 0.1550 0.1510 0.1584
Electrophilicity index (u) 1.8972 1.9754 1.8489
Electronic charges (DNmax) 0.5424 0.5462 0.5411
E(RB3LYP) (a.u) −1006.2827 −1158.9357 −1045.6038
Dipole moment (debye) 3.1105 5.9024 3.4555
Polarizability 255.1708 294.8978 274.7100
Hyperpolarizability 2739.0598 882.6849 4082.4434

Fig. 3 Representation of the HOMO, LUMO and MEP for PPP, APP
and MPP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(positive regions: blue colors), as shown in Fig. 3. Surface analysis
indicated a common possible site for electrophilic attack across
all compounds, notably the carbonyl group (C7]O9) exhibiting
RSC Adv., 2024, 14, 29896–29909 | 29901
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Fig. 4 Presents the Fukui function analysis for the derivatives (a) PPP
(b) APP (c) MPP.
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negative regions. The negative molecular electrostatic potential
values for PPP, APP and MPP were 7.281, 7.597 and 7.442 atomic
units, respectively. Similarly, all compounds exhibited a common
possible site for nucleophilic attack, with the carboxyl group
(O15–H28) displaying positive regions.31

The analysis of PPP compound revealed specic bonds with
distinct occupancies and energies. Bonds C18–C19, C21–C22,
C3–C4 and C17–C18 exhibit an occupancy of 0.0146 and energy
of 0.5892, indicating relatively high energy and low occupancy,
potentially involving more delocalized electrons in the phenyl
and pyridine rings. Bonds C3–C4 show an occupancy of 0.02369
and energy of 0.5608, suggesting moderate energy and occu-
pancy, typical of single bonds that are moderately strong. Bonds
C18–C19 and C10–C11 exhibit occupancies of 0.30245 and
0.30343, with energies of 0.0355 and 0.0021, indicating highly
delocalized bonds in the phenyl and pyrazole rings, possibly
signifying highly polarized bonds. Furthermore, the analysis of
C–O bonds in APP reveals signicant electron density and high
stability,32 typical in organic compounds. These bonds exhibit
occupancies of 0.012 and 0.099, with energies of 0.542 and 0.321
atomic units, respectively. Additionally, Nitrogen lone pairs (N8,
N2, N13) demonstrate occupancies ranging from 1.522 to 1.951
and energies ranging from −0.294 to −0.441 atomic units,
indicating highly stable lone pairs with minimal bonding
interaction. This information is crucial for understanding
the molecule's potential sites for protonation or hydrogen
bonding.

The local parameters (f−, f+, f0, u−, u+) and the dual
descriptor (Df) representing the Fukui function are shown in
Fig. 4. Typically, overall derivatives C20 and C21 exhibit values
of 0.4792 and 0.4925; 0.5127 and 0.4544; 0.4555 and 0.5105,
respectively, indicating the electrophilicity order as APP > PPP >
MPP. This order reects how readily the molecule can accept
additional electron density. In terms of nucleophilic attack, the
order is PPP < APP < MPP, with active sites for nucleophilicity at
C7 and O9 having values of 0.572 and 0.336; 0.595 and 0.350;
0.603 and 0.327, respectively.

The nature and strength of bonding between neighboring
atoms were characterized by examining interactions, whether
covalent or non-covalent. Fig. 5–7, displaying ELF, IRI and LOL
surface maps provide insight into molecular bonding. The ELF
map depicts electron energy density, indicating intense
hydrogen bonding between atoms, with blue representing
minimum values and red signifying maximum values. Regions
surrounding C–C and C–N atoms exhibit lower values, sug-
gesting delocalized electrons involved in bonding and non-
bonding interactions. Notable ELF or LOL values in contested
regions indicate distinct electron localization from covalent
bonds or lone pairs of electrons, suggesting electronic transi-
tions between C–C and C–N atoms. IRI is effective for detecting
covalent and hydrogen bonds, steric regions and halogen
bonds. Subsurface maps with IRI values, such as IRI = 0.800,
reveal various interactions, including covalent bonds and steric
repulsion within phenyl rings, indicating stronger chemical
bonds and weaker interactions.33 These analyses offer detailed
insights into molecule structure and properties.
29902 | RSC Adv., 2024, 14, 29896–29909
To delve deeper into bond interactions, we utilized RDG
analysis, a computational tool for exploring non-covalent
interactions in molecular systems. RDG color scaling
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Visualizations of electronic structure, bonding interactions and regions of steric hindrance within the molecule through ELF, LOL, IRI and
RDG of PPP.
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represents interactions: blue indicates hydrogen bonding,
green represents van der Waals interactions and red signies
steric effects, all based on electron density property.34 RDG and
sign(l2)r plots were generated for the molecule using Multiwfn
Fig. 6 Visualizations of electronic structure, bonding interactions and reg
RDG of APP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and VMD soware. Analysis revealed three interaction sites. The
blue contour in the RDG scatter plot is around −0.020 a.u.
indicates strong attraction between C–H hydrogen bonding
ions of steric hindrance within the molecule through ELF, LOL, IRI and

RSC Adv., 2024, 14, 29896–29909 | 29903
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Fig. 7 Visualizations of electronic structure, bonding interactions and regions of steric hindrance within the molecule through ELF, LOL, IRI and
RDG of MPP.

Table 2 Antimicrobial activity of synthesized compounds

Compounds

Gram-
positive

Gram-
negative Fungi

S. a B. s E. c P. a A. n A. f

PPP 7.81 7.81 31.25 7.81 31.25 15.62
APP 31.25 15.62 31.25 15.62 31.25 15.62
MPP 31.25 31.25 62.50 31.25 62.50 62.50
Ciprooxacin (10 mg mL−1) 15.62 7.81 15.63 7.81 — —
Fluconazole (10 mg mL−1) — — — — 7.81 7.81

Table 3 Anti-radical scavenging activity (% inhibition) of the
compounds

Conc.
(mg mL−1)

% DPPH

PPP APP MPP Ascorbic acid

20 69.11 � 1.22 70.08 � 1.06 61.44 � 1.55 91.81 � 1.21
40 78.33 � 1.43 79.25 � 1.76 71.67 � 1.43 91.84 � 1.51
60 80.07 � 1.09 83.08 � 1.98 76.24 � 1.43 91.88 � 1.99
80 87.24 � 1.32 89.88 � 1.06 79.08 � 1.00 93.98 � 1.24
100 91.03 � 1.09 94.99 � 1.03 82.07 � 1.02 94.33 � 1.08
120 92.03 � 1.30 97.34 � 1.45 89.44 � 1.03 96.47 � 1.07

Table 4 a-Amylase inhibition method IC50 value of synthesized
compounds

Compound a-Amylase inhibition method IC50 value (mg mL−1)
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interactions, conrming the presence of hydrogen bonding
interactions in the molecular structure of the derivatives.
PPP 122.17
APP 164.62
MPP 200.94
Acarbose 69.74
3.3. In vitro analysis

The antimicrobial activity of synthesized compounds against
various microorganisms is presented in Table 2. Compound
29904 | RSC Adv., 2024, 14, 29896–29909
PPP exhibited signicant activity against Staphylococcus aureus
(MIC: 7.81 mg mL−1) and Bacillus subtilis (MIC: 7.81 mg mL−1), as
well as Pseudomonas aeruginosa (MIC: 7.81 mg mL−1).
Compound MPP, however, showed lower activity against
Bacillus subtilis (MIC: 31.25 mg mL−1) and Escherichia coli (MIC:
31.25 mg mL−1). Compound APP demonstrated notable activity
against Aspergillus fumigates (MIC: 15.62 mg mL−1). All
compounds exhibited low activity against Aspergillus niger (MIC:
31.25 mg mL−1).

The antioxidant activity of the compounds was presented in
Table 3, showing results at varying concentrations (20–120 mg
mL−1) using the DPPH radical scavenging assay. At 120 mg
mL−1, APP and PPP showed the highest activity (97.34% and
92.03% scavenging, respectively), with MPP also signicant
(89.93%). APP consistently exhibited the highest inhibition
among compounds, followed by PPP and MPP. Both APP and
MPP approached ascorbic acid's activity levels. At 20 mg mL−1,
APP led, maintaining its superiority across all concentrations,
followed by PPP and MPP, establishing the order: APP > PPP >
MPP.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Results of docking studies for the compounds

Compound no.

Binding energy (kcal mol−1)

nHBA nHBD No. of violations nrotb1IW0 2ZNO 4JMN

PPP −7.90 −7.40 −7.10 6 1 0 3
APP −7.90 −7.90 −7.10 6 1 0 3
MPP −7.50 −7.90 −7.00 6 1 0 4
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The antidiabetic activity of three synthesized phenyl-
substituted heterocyclic compounds, evaluated for their ability
to inhibit a-amylase and a-glucosidase, aimed at reducing post-
prandial hyperglycemia. Among them, PPP displayed the high-
est activity with an IC50 of 122.17 mg mL−1, followed by APP
(164.62 mg mL−1) and MPP (200.94 mg mL−1), respectively. In
comparison, the standard drug, acarbose, exhibited superior a-
amylase inhibitory activity with an IC50 value of 69.74 mg mL−1,
as represented in Table 4.

3.4. In silico studies

3.4.1 Binding interactions and docking scores. Table 5 and
Fig. 8 depict the binding interactions of compounds PPP, APP
and MPP with LD Transpeptidase (PDB ID: 4JMN), Heme Oxy-
genase (PDB ID: 1IW0) and PPAR Gamma (PDB ID: 2ZNO),
respectively. To enhance the discussion, as focused on docking
scores and binding affinities of our synthesized compounds
(PPP, APP, MPP) compared to standard drugs. The cipro-
oxacin,35 uconazole,36 ascorbic acid,37 acarbose,38 (standard
drugs) docking scores for enzymes LD Transpeptidase (4JMN),
Heme Oxygenase (1IW0) and PPAR Gamma (2ZNO) were −8.05,
−4.69 and −4.1, respectively. Our compounds exhibited good
binding energies: PPP at −7.90, −7.40 and −7.10; APP at −7.90,
−7.90 and −7.10; and MPP at −7.50, −7.90 and −7.00. This
indicates our derivatives' potential as more effective therapeutic
agents, reecting better binding stability and efficacy.

As shown in Fig. S3,† for PPP and 4JMN, hydrophobic
interactions occur at ASP388 (3.72 Å), LYS389 (3.64 Å), THR654
and GLN658, along with hydrogen bonds at ASP388, ARG397
and ASP661. In 1IW0, hydrophobic interactions involve GLN283
(3.45 Å), GLN286 (3.97 Å), PHE287 (3.83 Å), LEU469 (3.87 Å) and
TYR473 (3.42 Å), while hydrogen bonds occur with TYR473 (1.93
Å).In 2ZNO, hydrophobic interactions involve VAL97, TYR101,
LEU453 (3.45 Å), LEU465, LEU469 (3.87 Å), GLN470, VAL57 (3.45
Å), VAL89, MET167 (3.85 Å) and TRP202, with hydrogen bonds
formed by HIS54 (3.64 Å), ARG95 (2.29 Å), HIS165 (3.27 Å) and
MET167 (3.73 Å). Additionally, pi-stacking interactions involve
TRP202 (3.90 Å).

For APP and 4JMN, hydrophobic interactions involve
GLU357 (3.72 Å), GLN358 (3.64 Å), ASN378, GLU381 and
ARG685 (3.90 Å), with hydrogen bonds formed by ASP361 (2.39
Å and 2.25 Å), ALA380 (2.80 Å), GLU381 (2.13 Å) and ARG697
(2.85 Å). Additionally, ARG685 exhibits a pi–cation interaction
(5.85 Å).In 1IW0, hydrophobic interactions occur with GLN283
(3.57 Å), GLN286 (3.97 Å), PHE287 (3.83 Å), LEU469 (3.87 Å) and
TYR473 (3.42 Å), while a hydrogen bond forms with TYR473
(1.93 Å).In 2ZNO, hydrophobic interactions involve GLN283
© 2024 The Author(s). Published by the Royal Society of Chemistry
(3.57 Å), GLN286 (3.97 Å), PHE287 (3.83 Å), LEU469 (3.87 Å) and
TYR473 (3.42 Å).

For MPP and 4JMN, hydrophobic interactions involve
GLN358 (3.98 Å), ARG685 (3.97 Å), ASP688 (3.63 Å) and LYS689
(3.40 Å), with hydrogen bonds formed by GLN358 (2.20 Å),
ASP361 (3.03 Å and 2.54 Å) and ASP688 (2.32 Å and 1.92 Å).
Additionally, ARG697 forms a hydrogen bond (2.85 Å) and
ARG685 exhibits a pi–cation interaction (5.90 Å). In 1IW0,
hydrophobic interactions involve GLN283 (3.57 Å), GLN286
(3.97 Å), PHE287 (3.83 Å), LEU469 (3.87 Å) and TYR473 (3.42 Å),
while a hydrogen bond forms with TYR473 (1.93 Å). In 2ZNO,
hydrophobic interactions involve GLN283 (3.57 Å), GLN286
(3.97 Å), PHE287 (3.83 Å), LEU469 (3.87 Å) and TYR473 (3.42 Å)
as shown in Fig. S4.† The hierarchy of bioactivity followed the
sequence: PPP > APP > MPP, with PPP attributed to its acceptor
nature.

3.4.2 ADMET proles. The theoretical calculations pre-
sented in Tables 6 and S1† revealed favorable % ABS values
ranging from 73.75% to 79.64%, indicating good permeability
across cellular membranes. The compounds met Lipinski's rule
of ve criteria, with molecular weights under 500 Da, log P
values below 5 and appropriate hydrogen bond acceptor and
donor counts.33 Additionally, the number of rotatable bonds,
polar surface area and volume fell within acceptable ranges.
However, TPSA values exceeded 60 Å2, indicating potential
limitations in blood–brain barrier penetration despite meeting
the criteria for intestinal drug absorption.39

Compound PPP demonstrates favorable drug-likeness char-
acteristics, boasting the highest QED value (0.80), which indi-
cates excellent drug-likeness. However, it also exhibits
potentially low absorption across intestinal barriers, as evi-
denced by the lowest Caco-2 permeability value (−5.12). More-
over, it displays high plasma protein binding (99.04%) and
limited distribution throughout the body, indicated by the
lowest volume distribution value (−0.78). Nonetheless, its
signicant cytochrome P450 inhibition, particularly for CYP1A2
and CYP2C9, raises concerns regarding potential impacts on
drug metabolism. On the other hand, compound MPP show-
cases efficient metabolism and excretion. Its high predicted
clearance (1.88 mL min−1 kg−1) suggests rapid elimination,
while its low bioconcentration factor (0.18) indicates reduced
environmental impact. Compound APP demonstrates high
permeability and distribution, which could enhance its effec-
tiveness in reaching target sites. However, it also exhibits higher
toxicity and potential cardiac effects, reected in its highest
hERG Blockers value (0.10) and DILI probability (0.98).
RSC Adv., 2024, 14, 29896–29909 | 29905
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Fig. 8 The binding interactions of compound APP against LD Transpeptidase (PDB ID: 4JMN), Heme Oxygenase (PDB ID: 1IW0) and PPAR
Gamma (PDB ID: 2ZNO).
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The physicochemical properties of compounds APP, PPP and
MPP reveal their distinct characteristics across various param-
eters. In terms of molecular size, APP emerges as the largest
29906 | RSC Adv., 2024, 14, 29896–29909
(335) followed by MPP (307) and PPP (293). Density-wise, PPP
exhibits the highest density (1) compared to APP and MPP.
Regarding the topological polar surface area (TPSA), APP leads
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 % ABS and TPSA for compounds

Compounds Molecular formula Molecular weight MP (°C) log P % ABS TPSA natoms

PPP C16H11N3O3 293 150 1.74 79.64 85.09 22
APP C18H13N3O4 335 175 2.55 79.64 85.09 23
MPP C17H13N3O3 307 170 2.18 79.64 85.09 24
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with 102.15, surpassing MPP and PPP at 85. The log P value
ranks MPP highest (1.98), followed by APP (1.32) and then PPP
(1.27). Assessing drug-likeness via QED value, PPP and MPP tie
at 0.80, while APP trails slightly at 0.74. Fsp3 values indicate APP
with the highest value (0.059), followed by MPP (0.056) and PPP
(0.0). Synthetic accessibility scores remain identical for all
compounds at 2.0. In absorption studies, Caco-2 permeability
ranks PPP lowest (−5.12), followed by MPP (−4.60), then APP
(−4.95). log Peff value places APP highest (0.99), equaled by PPP
and MPP (0.98). Distribution metrics unveil that PPP exhibits
the highest plasma protein binding (99.04%), followed by MPP
(98.71%) and APP (95.68%). Volume distribution sees PPP with
the lowest value (−0.78), trailed by MPP (−0.68) and APP
(−0.64). Concerning metabolism, MPP demonstrated higher
enzyme inhibition (CYP1A2 and CYP2C9) compared to PPP and
APP. Predicted clearance values rank MPP as the highest (1.88
mL min−1 kg−1), followed by APP (1.70) and PPP (1.63). Like-
wise, predicted half-life values were observed at position PPP
with the longest duration (1.42 hours), followed closely by MPP
(1.31) and APP (1.32). In terms of toxicity, APP exhibits the
highest hERG inhibition (0.10), while liver injury probability
remains high for all compounds, with APP showing the lowest
probability (0.98). Tox21 pathway activity presents PPP with the
lowest activity (0.0), matched by APP and MPP. Considering the
environmental impact, the bioconcentration factor ranks MPP
lowest (0.18), with PPP and APP above it.40 Comparison of the
derivatized structures with the unsubstituted compound
revealed enhanced ADME properties in the derivatized forms.
Specically, MPP and APP exhibited better pharmacokinetic
proles, including improved intestinal absorption and limited
blood–brain barrier penetration. These compounds also
demonstrated efficient metabolism and excretion proles,
characterized by high predicted clearance values, increased
drug-likeness, metabolic stability and lower bioconcentration
factors. These attributes suggested a reduced environmental
impact and notable biological activities of the derivatized
structures, underscoring their therapeutic potential. Further-
more, the ADME predictions corresponded well with the in vitro
results, affirming the improved pharmacokinetic proles of the
derivatized compounds compared to the unsubstituted
compound.
4. Conclusion

In summary, this study highlights the promising potential of
phenyl-substituted heterocyclic compounds containing fused
pyrazole carboxylic acid derivatives, showing signicant
improvements in antimicrobial, antioxidant and antidiabetic
© 2024 The Author(s). Published by the Royal Society of Chemistry
activities. The synthesized compounds, specically PPP, APP
and MPP, demonstrated effective bioactivity, validating the
effectiveness of the design in enhancing therapeutic properties.
Spectral characterization through 1H and 13C NMR, combined
with computational analyses, conrmed the optimized
geometrical structures of the compounds. HOMO–LUMO
parameters elucidated favorable chemical reactivity, while MEP
surface analysis and Fukui function provided insights into
electrophilic and nucleophilic sites. ELF, IRI and LOL
measurements assessed electron localization and NBO analysis
emphasized stability and reactivity zones. The biological
assessments revealed that the synthesized compounds exhibi-
ted notable antimicrobial activity, with MIC values indicating
effectiveness against various microorganisms. Compound APP,
in particular, demonstrated promising antimicrobial and anti-
cancer potential, warranting further therapeutic exploration.
Despite showing varied radical scavenging activity, the
compounds did not reach the antioxidant efficacy of ascorbic
acid. The derivative PPP exhibited signicant a-amylase inhi-
bition, though it was less potent compared to acarbose. In silico
studies further supported these ndings, with favorable dock-
ing scores and binding affinities for the compounds, suggesting
good therapeutic potential. Calculated % ABS and log P values
indicated good permeability and suitable partition coefficients,
reinforcing their viability for drug development. Overall, the in
vitro results aligned well with the in silico predictions, under-
scoring the potential of these compounds as effective thera-
peutic agents.
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21 H. Kolancılar, H. Özcan, A. Yılmaz, A. Salan and A. Ece, 2, 3-
Dichloronaphthoquinone derivatives: synthesis,
antimicrobial activity, molecular modelling and ADMET
studies, Bioorg. Chem., 2024, 146, 107300.

22 T. K. Bakir, M. A. A. Ashweeqi and H. Muğlu, Novel 1, 3, 4-
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