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is, dual anti-tubercular and
antioxidant activity of triazole-acetophenone
derivatives: enhanced efficacy via esterification and
quantum mechanical validation of CYP121 binding
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A series of twelve novel triazole-based acetophenone derivatives (3a–3f and 4a–4f) was efficiently synthesized

via a catalyst-free 1,3-dipolar cycloaddition reaction, integrating a known CYP121 inhibiting scaffold with dual

anti-tubercular and antioxidant properties. The anti-tubercular screening demonstrated that the ethyl ester

derivatives (series 4) possessed significantly superior activity compared to their carboxylic acid counterparts

(series 3). Specifically, compounds 4b, 4d, and 4e exhibited the highest potential, with MIC values (2.60 ±

1.12 to 3.25 ± 1.12 mg mL−1) nearly comparable to rifampicin (1.62 ± 0.56 mg mL−1). All derivatives also

displayed moderate to excellent DPPH and hydroxyl radical scavenging activity, alongside minimal

cytotoxicity toward human red blood cells. Comprehensive molecular docking against the MTB CYP121

enzyme established that this enhanced efficacy was due to a shift from polar carboxylate contacts to

favorable non-polar interactions, including halogen bonding and p-stacking, especially in the fluorine and

trifluoromethyl-substituted esters. This differential binding pattern was further validated and characterized at

the electronic level using quantum mechanics (QM) based IGMplot analysis. The findings underscore that

optimal anti-tubercular efficacy requires a synergistic balance of binding affinity, substituent nature, and

physicochemical properties like predicted aqueous solubility.
Introduction
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formidable challenges to global public health in the 21st
century.1 Despite signicant advances in medicine and sanita-
tion, infectious diseases remain a leading cause of morbidity
and mortality worldwide, with the rapid emergence of antimi-
crobial resistance (AMR) progressively undermining the efficacy
of existing therapeutic regimens. This necessitates an urgent
and persistent effort to discover and develop novel, effective,
and affordable small-molecule chemotherapeutic agents with
unique mechanisms of action, capable of combating resistance
and reducing treatment burden.1,2

Tuberculosis (TB), caused by the bacterium Mycobacterium
tuberculosis (MTB), stands out as a pathogen of critical global
concern. MTB infection accounts for millions of new cases and
deaths annually, and the emergence and spread of multi-drug-
resistant (MDR), extensively drug-resistant (XDR), and totally
drug-resistant (TDR) strains are jeopardizing decades of prog-
ress in disease control.2a,b The current standard treatment
involves a protracted, multi-drug regimen lasting six months or
more, leading to poor patient adherence, signicant toxicity,
and the further selection of resistant mutants.2a Therefore, the
scientic community is actively seeking new chemical entities
that can shorten the duration of therapy, simplify treatment
RSC Adv., 2026, 16, 3609–3622 | 3609
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protocols, and possess novel mechanisms to bypass established
resistance pathways.2,3

A key challenge in the host–pathogen interaction is the
immune response and the resulting physiological stress. Pro-
longed MTB infection is known to severely compromise the
host's antioxidant defense mechanisms, leading to a surge of
oxidative stress due to the accumulation of reactive oxygen
species (ROS) and nitrogen species (RNS) in the lung microen-
vironment.4 While some of these ROS are utilized by the
immune system to control infection, chronic, unchecked
oxidative stress can exacerbate tissue damage, promote
inammation, and hinder the host's ability to clear the infec-
tion. Consequently, the discovery of novel small-molecule
inhibitors with dual anti-tubercular and antioxidant proper-
ties has emerged as a paramount interest in modern TB drug
discovery.4a,5 Such dual-functional compounds could not only
kill the bacterium directly but also provide therapeutic benet
to the host by buffering oxidative damage, potentially
improving treatment outcomes and reducing pathology.5

Heterocyclic compounds are pivotal in drug discovery, and
among them, ve-membered nitrogen heterocycles, particularly
1,2,3-triazoles, have attracted immense attention. The 1,2,3-
triazole ring is a core component in many biologically active
molecules and marketed drugs.6 This privileged scaffold,
readily synthesized via the robust copper(I)-catalyzed azide–
alkyne cycloaddition (CuAAC) or its uncatalyzed variants,
exhibits several favorable pharmacological characteristics: high
chemical stability, excellent metabolic stability, strong
hydrogen-bonding capability, and the ability to engage in
crucial p-stacking interactions with biological targets.7 Previous
studies have conrmed the broad utility of 1,2,3-triazole deriv-
atives across various therapeutic areas, including antimicrobial,
anticancer, antiviral, and, highly relevant to this work, anti-
tubercular and antioxidant activities.8 The versatility of the
1,2,3-triazole moiety allows it to act as a bioisostere for amide
bonds and as a linker to orient pharmacophores effectively
within a protein binding site, making it an ideal precursor for
generating novel drug candidates (Fig. 1a).6b,8c
Fig. 1 Rationale and design context for the triazole-acetophenone scaffo
scaffold choice. (b) The conceptual dual-action strategy, targeting essen

3610 | RSC Adv., 2026, 16, 3609–3622
The growing threat of resistance demands the exploration of
new, non-conventional drug targets. Recent structural and
genetic exploration of MTB has identied Cytochrome P450 121
(CYP121) as a highly attractive and indispensable drug target.9

CYP121 is an essential, mono-functional enzyme required for
MTB viability and pathogenicity, as it catalyzes the nal step in
the biosynthesis of the cyclodityrosine moieties incorporated
into the bacterial cell wall. Crucially, CYP121 is unique to
mycobacteria and related species, meaning an inhibitor is
highly unlikely to cross-react with human P450 enzymes,
dramatically reducing the potential for host toxicity and adverse
drug interactions. The pocket formed around the active site,
proximal to the heme prosthetic group, presents a druggable
patch highly suitable for small-molecule intervention.10 Based
on fragment-based screening and crystallographic validation,
triazole-based compounds have been experimentally proven to
bind to and inhibit the MTB CYP121 enzyme, validating this
enzyme as the primary molecular target for the current
study.10,11

Given the therapeutic potential of the 1,2,3-triazole scaffold
and the proven druggability of the CYP121 enzyme, we sought to
design, synthesize, and evaluate two related series of novel 1,4-
disubstituted-1H-1,2,3-triazolyl ketones. The key structural
feature explored was the functional group at the C-4 position of
the triazole ring, comparing a carboxylic acid series with their
corresponding ethyl ester series, alongside systematic variation
of the substituent on the acetophenone phenyl ring. This
structure–activity relationship (SAR) study was specically
designed to provide in-depth correlation between minute
structural changes and resultant biological activity, focusing on:
(1) the effect of the acidic versus neutral functional group
(carboxylic acid vs. ethyl ester) on anti-tubercular efficacy and
CYP121 binding; (2) the inuence of different acetophenone R-
groups on activity; and (3) the inherent antioxidant potential of
the entire library (Fig. 1b).

In this study, we report the catalyst-free synthesis of two
related series of triazole-based acetophenone derivatives and
their comprehensive evaluation as anti-tubercular agents
against M. tuberculosis H37Ra, including minimum inhibitory
ld. (a) Structures of established triazole-containing drugs, justifying the
tial enzyme inhibition (CYP121) and host oxidative stress mitigation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentration (MIC) determination. We further explore the
therapeutic potential through DPPH and OH radical scavenging
assays and determine the preliminary cytotoxicity using
a hemolytic assay. The discussion is supported by a robust in
silico component, beginning with classical molecular docking
to understand CYP121 binding. Crucially, this is complemented
by advanced quantum mechanics (QM) based Independent
Gradient Model (IGMplot) analysis to characterize the elec-
tronic and non-covalent nature of the stabilizing interactions
within the binding pocket.12 Finally, a unique correlation is
established between binding affinity, experimental activity, and
calculated physicochemical parameters, such as predicted
aqueous solubility (log S), aiming to provide a clear and rational
path for future lead optimization.13
Results and discussion
Synthesis and characterization

The synthesis of the triazole-based acetophenone derivatives
was accomplished via an efficient, two-step procedure designed
to minimize the use of transition-metal catalysts, aligning with
principles of Green Chemistry. The ultimate goal was to
produce two related series, the carboxylic acid derivatives (3a–
3f) and the ethyl ester derivatives (4a–4f), enabling a denitive
structure–activity relationship (SAR) study on the C4 functional
group (Scheme 1).

The rst stage involved preparing the necessary a-azido
ketone intermediates (2a–2f) from the readily available a-halo
ketones (1a–1f) using sodium azide (NaN3). This nucleophilic
substitution reaction was robust and performed under ambient
conditions in an acetonitrile/water mixture, successfully
accommodating various electron-donating and electron-
withdrawing R-substituents (F, Br, CF3, etc.) to afford the
intermediates in excellent yields (78–95%).

The pivotal second stage was the 1,3-dipolar cycloaddition to
construct the 1,2,3-triazole ring. Instead of relying on tradi-
tional copper-catalyzed (CuAAC) methods, we successfully
optimized a purely thermal, solvent-controlled approach that
ensured strict 1,4-regioselectivity. Separate optimization was
required for the two terminal functional groups:
Scheme 1 Synthetic route for the efficient, catalyst-free synthesis of 1-(2
3f) and the corresponding ethyl esters (4a–4f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
The carboxylic acid series (3a–3f) was synthesized by reacting
azides (2a–2f) with propiolic acid. Optimization favored aceto-
nitrile as the sole solvent at 70–75 °C for 6–8 hours, yielding the
products up to 92%.

The ethyl ester series (4a–4f), derived from azides (2a–2f) and
ethyl propiolate, was optimized using ethanol as the solvent at
a slightly higher temperature of 80 °C over 22–24 hours,
resulting in similarly high yields, up to 93%. This successful
catalyst-free route delivered the full library of twelve derivatives
(3a–3f and 4a–4f) consistently and efficiently (Tables S1–S4, SI).

The structures of all nal compounds were conclusively
conrmed by a combination of spectroscopic and analytical
techniques. The FT-IR spectra conrmed the presence of the
characteristic acetophenone carbonyl (∼1700 cm−1) and, criti-
cally, the difference in the C4 functionality: the acid series (3a–
3f) showed the broad O–H stretch (∼3300 cm−1) absent in the
ester series (4a–4f).

The 1H-NMR and 13C-NMR analyses provided denitive
proof of the desired 1,4-disubstitution regiochemistry and the
successful attachment of the acetophenone moiety. A highly
diagnostic singlet (∼6 ppm) in the 1H-NMR spectra was attrib-
uted to the methylene bridge (–CO–CH2–), conrming the N1

substitution on the triazole ring. The presence of two distinct
carbonyl carbon signals (∼190 ppm for the ketone and
∼160 ppm for the acid/ester) in the 13C-NMR spectra further
validated the structures.

Final conrmation of the molecular formulas was achieved
via HRMS, with the observed mass-to-charge ratios (m/z) for all
derivatives showing excellent correlation with the calculated
exact masses.
Biological screening and cytotoxicity

Antitubercular activity and structure–activity relationship
(SAR). The antitubercular efficacy of the synthesized
compounds was initially assessed againstM. tuberculosisH37Ra
using the Disk Diffusion Assay (Table 1). This preliminary
screening identied several potent inhibitors, guiding the
selection for quantitative MIC determination via the highly
sensitive Resazurin Microtiter Plate Assay (REMA). The REMA
assay provides rapid and reliable MIC values by detecting the
-oxo-2-arylethyl)-1H-1,2,3-triazole-4-carboxylic acid derivatives (3a–

RSC Adv., 2026, 16, 3609–3622 | 3611
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Table 1 Quantitative anti-tubercular activity (minimum inhibitory concentration, MIC), corresponding inhibition zone from disc diffusion assay,
and calculated binding free energy (DGbind) against M. tuberculosis H37Ra and CYP121a

Compound Substitution (Ar)

Zone of inhibition (mm)
Minimum inhibitory concentration
(mg mL−1)

Binding free energy (kcal mol−1)1 mg 0.1 mg 0.01 mg 1 mg 0.1 mg 0.01 mg

3a Ph +++ +++ +++ 3.25 � 1.12 3.25 � 1.12 3.25 � 1.12 −6.27
3b 4-F-Ph +++ +++ +++ 3.25 � 1.12 3.25 � 1.12 31.25 � 0.00 −6.2
3c 4-Br-Ph +++ +++ ++ 7.81 � 0.00 7.81 � 0.00 7.81 � 0.00 −6.66
3d 4-CF3-Ph +++ +++ ++ 3.25 � 1.12 3.25 � 1.12 7.81 � 0.00 −6.23
3e Naph +++ ++ + 3.25 � 1.12 3.25 � 1.12 7.81 � 0.00 −6.34
3f 2,4-Cl2-Ph +++ ++ ++ 3.25 � 1.12 3.25 � 1.12 7.81 � 0.00 −6.09
4a Ph ++ ++ ++ 31.25 � 0.00 31.25 � 0.00 62.5 � 0.00 −5.94
4b 4-F-Ph +++ +++ +++ 2.60 � 1.12 2.60 � 1.12 3.25 � 1.12 −7.23
4c 4-Br-Ph ++ ++ ++ 31.25 � 0.00 31.25 � 0.00 62.5 � 0.00 −5.97
4d 4-CF3-Ph +++ +++ ++ 2.60 � 1.12 2.60 � 1.12 7.81 � 0.00 −6.73
4e Naph +++ +++ ++ 2.60 � 1.12 2.60 � 1.12 3.25 � 1.12 −6.58
4f 2,4-Cl2-Ph ++ ++ + 3.25 � 1.12 3.25 � 1.12 7.81 � 0.00 −6.43
Rifampicin — +++ +++ ++ 1.62 � 0.56 1.62 � 0.56 3.25 � 1.12 —
TDH — — — — — — — −7.44

a MIC and zone of inhibition results are the average mean of three parallel experiments ± standard deviation (SD). Zone of inhibition criteria: ‘+’ =
<5 mm, ‘++’ = >5 to <10 mm, ‘+++’ = >10 to <18 mm. TDH: co-crystallized triazole-diphenol ligand used for docking validation.
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metabolic viability of the bacteria through a colorimetric shi
from blue (inhibition/no growth) to pink (bacterial growth)
(Table 1).

The analysis of the MIC data revealed a distinct and critical
SAR revolving around the C-4 triazole functional group. The
ethyl ester derivatives (series 4) demonstrated signicantly
superior anti-tubercular potency compared to their corre-
sponding carboxylic acid derivatives (series 3). The most potent
compounds were 4b (uoro-substituted), 4d (triuoromethyl-
substituted), and 4e (naphthalene-substituted), all members
of the ester series. These agents achieved excellent MIC values
in the range of 2.60 ± 1.12 to 3.25 ± 1.12 mg mL−1. Importantly,
this potency is highly competitive, nearly matching the stan-
dard rst-line drug rifampicin (1.62 ± 0.56 mg mL−1).

In direct contrast, while the carboxylic acid derivatives (3a,
3b, 3d, 3e, and 3f) showed good activity, their MIC values were
generally higher (3.25 ± 1.12 mg mL−1 at best). Moreover,
certain ester compounds, such as 4a and 4c, showed poorer
activity (MIC: 31.25 mg mL−1), highlighting that the substitution
pattern on the acetophenone phenyl ring is a critical modulator
of the ester group's overall efficacy. The general trend of
enhanced activity upon esterication suggests that the ethyl
ester moiety optimizes the compound's properties, either by
improving membrane permeability (a key challenge for drug
entry into MTB) or by engaging in more favorable non-polar
interactions within the molecular target, CYP121, a hypothesis
that is explored in detail in the subsequent in silico section.

While the H37Ra model is a standard surrogate for identi-
fying structural leads due to its high enzymatic conservation
with virulent strains, establishing the full translational poten-
tial of compounds 4b, 4d, and 4e will involve subsequent vali-
dation against M. tuberculosis H37Rv and multi-drug-resistant
(MDR) clinical isolates. This preliminary screening effectively
maps the SAR and identies CYP121-targeting leads, providing
3612 | RSC Adv., 2026, 16, 3609–3622
a clear rationale for advanced testing in virulent and drug-
resistant phenotypes.

The stability of the ethyl ester moiety under assay conditions
is evidenced by the distinct MIC proles of series 4 compared to
the carboxylic acid series 3. The signicantly higher potency of
leads 4b and 4d (2.60± 1.12 mg mL−1) relative to their respective
acids suggests that these molecules act in their intact ester
forms. This is consistent with our computational ndings,
where the neutral ester promotes an optimal orientation for
non-polar interactions within the CYP121 active site, a binding
mode that is distinct from the polar contacts favored by the
carboxylic acid derivatives.

Dual antioxidant and free radical scavenging activity. Given
the signicant role of host oxidative stress in the pathology of
chronic TB, the synthesized derivatives were evaluated for their
dual therapeutic potential through DPPH (2,2-diphenyl-1-
picrylhydrazyl), hydroxyl (OH), and ABTS [2,20-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)] radical scavenging
assays. All tested compounds exhibited moderate to excellent
antioxidant activity when compared to the positive control,
Ascorbic acid (∼81–82% scavenging). This inherent property is
highly desirable, as it offers the potential for these drug leads to
act not only as bactericidal agents but also to mitigate the
collateral tissue damage and inammation caused by reactive
oxygen species (ROS) in the host lung microenvironment
(Fig. 2).

The ability to scavenge hydroxyl and DPPH radicals is
particularly relevant in Tuberculosis, where the host immune
response oen triggers excessive oxidative stress, leading to
pulmonary tissue necrosis. Specically, OH scavenging activity
ranged from 41.21% (3d) to 77.2% (4d), while DPPH scavenging
ranged from 61.45% (3b) to 74.40% (3e). To further evaluate the
antioxidant potential in biologically relevant aqueous condi-
tions as suggested by recent literature, an ABTS assay was
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09368f


Fig. 2 Antioxidant activities of synthesized compounds (3a–3f and 4a–4f) showing OH, DPPH and ABTS radical scavenging percentages. Data
are expressed as the mean ± standard deviation (SD) of three independent experiments (n = 3).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
13

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performed. The results conrm that the lead triazole-
acetophenone derivatives retain potent scavenging activity in
aqueous environments, with compounds 4b and 4d exhibiting
signicant ABTS scavenging percentages of 66.68 ± 0.93% and
68.11 ± 0.51%, respectively.

The presence of the triazole-ketone scaffold, coupled with
systematically varied substitutions, provides a favorable elec-
tronic environment for scavenging free radicals. This multi-
assay validation (DPPH, OH, and ABTS) reinforces the poten-
tial of these derivatives to mitigate oxidative stress across
diverse physiological microenvironments. While these
biochemical assays establish the intrinsic antioxidant capacity
of the scaffold, future studies are intended to validate this
benet in cell-based infection models, focusing on the reduc-
tion of intracellular oxidative markers within MTB-infected
macrophages.

Hemolytic cytotoxicity. To conduct a preliminary assessment
of the safety prole, the hemolytic potential of all compounds
was evaluated in vitro against human red blood cells (RBCs) at
a high-test concentration (500 mg mL−1). The results, presented
in Fig. 3, are highly encouraging. All synthesized derivatives
exhibited minimal hemolytic activity consistently reporting
values below 1.5% hemolysis. This is signicantly lower than
the positive control (Triton X-100, ∼7%) and is comfortably
Fig. 3 Hemolysis potential of compounds (3a–3f and 4a–4f) showing m
mean ± standard deviation (SD) of three independent experiments (n =

© 2026 The Author(s). Published by the Royal Society of Chemistry
below the clinically acceptable threshold of 5% for systemic
drug candidates. The favorable safety prole conrms that the
triazole-based acetophenone scaffold possesses low membrane
toxicity, supporting their progression toward further in vivo
studies.

In silico analysis: mechanism of CYP121 inhibition

The observed disparity in biological activity, particularly the
superiority of the ester series, was investigated using a robust
multi-scale computational approach. We focused on the
essential M. tuberculosis enzyme, Cytochrome P450 121
(CYP121), known to be an excellent drug target due to its
essentiality and uniqueness to mycobacteria.

While CYP121 is an established essential target for triazole-
based antimycobacterials, its role as the primary target in this
study is supported by the strong correlation between experi-
mental MIC values and the calculated electronic stabilization
within the active site. The specicity of this interaction is
distinguished from general antimicrobial effects by the low
hemolytic potential observed (<1.5%), indicating that the
compounds exert their activity through targeted enzymatic
interference rather than non-specic membrane disruption.

Effect of esterication on binding affinity and activity. To
mechanistically rationalize the difference in anti-tubercular
inimal cytotoxicity towards human RBC. Results are presented as the
3).
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potency observed between the carboxylic acid (series 3) and
ethyl ester (series 4) derivatives, a comparative molecular
docking study was performed using the CYP121 crystal struc-
ture (PDB ID: 4G2G). This model, complexed with the triazole-
diphenol (TDH) inhibitor fragment, was chosen due to the
structural relevance of its co-crystallized ligand to our triazole
scaffold and its proven biological signicance. The docking
system was successfully validated by reproducing the experi-
mental pose of the TDH ligand with a low root mean square
deviation (RMSD) of 1.0 Å.

The binding free energy (DGbind) derived from the docking
analysis was correlated with the experimental MIC values (Table
1).

The docking results revealed a critical paradoxical trend:
rst, the carboxylic acid series (3a–3f) demonstrated moderate
affinity (DGbind: −6.09 to −6.66 kcal mol−1). Despite the pres-
ence of a carboxylic acid group, which is capable of forming
strong electrostatic interactions (salt bridges) with positively
Fig. 4 Comprehensive analysis of the molecular docking poses of the
bacterium tuberculosis CYP121 (PDB ID: 4G2G). The figure presents two-
hydrophobic contacts, p-stacking, and unfavorable donor–acceptor inte
side) illustrate the compound (yellow sticks) stabilized near the Heme p
conventional hydrogen bonds (green lines/residues, e.g., Gln385) and h
docking system is confirmed by the successful superposition of the doc
center panel.

3614 | RSC Adv., 2026, 16, 3609–3622
charged residues like Arg72 and Arg386 found near the CYP121
binding site, the acid series did not translate this structural
potential into superior biological activity (e.g., 3c had the best
affinity at−6.66 kcal mol−1 but weakMIC of 7.81 mg mL−1). This
suggests that the orientation required for optimal electrostatic
contact may be geometrically unfavorable. Second, the Ethyl
Ester Series 4 displayed a varied, yet generally stronger, affinity
prole (DGbind: −5.94 to −7.23 kcal mol−1). Crucially, the best
affinity compounds, 4b, 4d, and 4e (DGbind: −7.23, −6.73, and
−6.58 kcal mol−1 respectively), perfectly matched the top
experimental anti-mycobacterial activity (MIC of 2.6 mg mL−1).
This observation conrms that esterication is not detrimental
to efficacy; rather, it is crucial for optimizing the binding mode
in these derivatives. The loss of the highly polar carboxylic acid
group is compensated for by the ethyl ester group, which
promotes a more favorable lipophilic orientation, allowing the
acetophenone R-substituents to engage in enhanced non-polar
and halogen bonding interactions.
triazole ethyl ester derivatives (4a–4f) within the active site of Myco-
dimensional (2D) interaction plots (left side) detailing hydrogen bonds,
ractions. The corresponding three-dimensional (3D) orientations (right
rosthetic group (purple sticks). Key interaction types shown include:
alogen bonds (cyan lines/residues, e.g., Val228). The validation of the
ked pose (green) onto the co-crystallized ligand (cyan) in the bottom-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Independent gradient model (IGMPlot) scatter charts showing the relationship between the electron density gradient difference (dg
inter)

and the Intermolecular distance for all ethyl ester derivatives (4a–4f) and the TDH standard ligand. The plots illustrate the strength and
complexity of non-covalent interactions, with the peak height of dg

inter directly correlating with the electronic stabilization and observed
experimental anti-tubercular potency.
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Detailed interaction and substituent (R-group) analysis. A
detailed analysis of the best-docked poses of the ester series
(Fig. 4) elucidated the key stabilizing forces and the critical role
of the R-group substituents in dening binding efficacy. For the
most potent compounds (4b, 4d, 4e, 4f), the core triazole
nitrogen was consistently predicted to form a stabilizing
conventional hydrogen bond with the critical residue Gln385.
This interaction is highly signicant, as Gln385 is known to be
a pivotal residue, experimentally validated to stabilize the
natural substrate cyclodityrosine and other CYP121 inhibitors.
Other common hydrogen bonds were observed with Asn74,
Ala75, and Ala167.
Fig. 6 Spatial analysis of non-covalent interactions (NCIs) derived from
(IGMPlot). The figure shows the 3D Isosurface representations for all eth
isosurfaces indicate the specific location and geometry of stabilizing for
sticks), visually validating the key role of localized p-stacking and hydrop

© 2026 The Author(s). Published by the Royal Society of Chemistry
The R-substituents played a dening role in stabilizing the
complexes, particularly through non-covalent halogen bonds.
Compound 4d (triuoromethyl), one of the most potent, was
anchored via a network of halogen bonds involving its tri-
uoromethyl group and residues Gly232 and Val228. This type
of interaction is crystallographically validated to be key in
CYP121 inhibition. Similarly, the chlorinated phenyl ring in 4f
also formed a stabilizing Halogen Bond with Val228, further
demonstrating the importance of Halogen interactions in this
binding pocket. Compound 4b (uorophenyl) achieved its
extremely favorable binding affinity (DGbind =

−7.23 kcal mol−1) by utilizing a combination of conventional
the Quantum mechanics (QM) based independent gradient model
yl ester derivatives (4a–4f) and the TDH standard ligand. The colored
ces between the ligand (cyan sticks) and the active site residues (pink
hobic interactions.
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Table 2 Comparative summary of solubility related molecular descriptor with activity and binding affinitya

Compound ESOL log S Ali log S Silicos-IT log S MIC (mg mL−1) Binding affinity (kcal mol−1)

4a −2.58 −2.92 −3.39 31.25 −5.94
4b −2.74 −3.03 −3.67 2.6 −7.23
4c −3.48 −3.64 −4.21 31.25 −5.97
4d −3.42 −3.85 −4.25 2.6 −6.73
4e −3.73 −4.22 −5.05 2.6 −6.58
4f −3.76 −4.23 −4.6 3.25 −6.43

a Log S values were calculated using three independent predictive models: ESOL log S, Ali log S, and Silicos-IT log S. MIC values are the average
mean of three parallel experiments ± standard deviation (SD). Binding affinity (DGbind) is reported in kcal mol−1.
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hydrogen bonds (Gln385) and effective p-stacking and alkyl
interactions with Phe168 and Phe280. The observed SAR clearly
indicates that esterication permits the compound to adopt an
optimal orientation that strategically places the halogenated R-
substituents into a hydrophobic sub-pocket, maximizing
favorable non-polar forces over the polar contacts favored by the
carboxylic acid.

Quantum mechanics (QM) based interaction analysis
(IGMplot). To provide an advanced, electron-density-based
validation of the interaction modes identied by docking,
QM-based Independent Gradient Model (IGMplot) analysis was
performed. IGMplot identies and quanties the strength
dg

inter) and spatial distribution of non-covalent interactions
(NCIs) between the ligand and the protein fragments. The
IGMplot analysis (Fig. 5 and 6) conrmed the superior elec-
tronic stabilization of the highly potent ester derivatives.

Comparing the most active compound 4b and the standard
ligand (TDH) to less active analogues (4a, 4c, 4d), two key
structural and electronic insights were drawn concerning the
interaction strength (dg

inter peak magnitude) and interaction
positioning (peak separation). Compounds 4b and the TDH
standard showed the highest dg

inter peak magnitude (reaching
∼0.06 on the Y-axis), signifying the strongest overall electronic
stabilization. This directly correlates the superior bactericidal
activity of 4b with its high electronic stability within the binding
pocket. In contrast, compounds like 4a and 4f showed notably
smaller peak magnitudes (∼0.015), indicating weaker non-
covalent interactions. For Interaction Positioning, the lower
peak separation observed in potent compounds like 4b and 4d
indicates a closed, localized positioning of the interacting
fragments, suggesting highly optimized, compact engagement
within the active site. This QM analysis provides denitive
evidence that the high experimental activity of the lead
compounds is not merely a geometric t but is supported by
fundamentally strong and distinct non-covalent electronic
stabilization forces that are critical for CYP121 inhibition.

Molecular descriptor analysis and solubility–activity rela-
tionship. Finally, to provide a complete rationale for the
observed anti-tubercular activity, a multi-factor correlation was
performed, integrating experimental MIC values and molecular
docking affinities with physicochemical properties, specically
predicted aqueous solubility (log S) calculated using ESOL, Ali,
and Silicos-IT models (Table 2). A robust log S value, which is
dependent on log P (lipophilicity) and polar surface area (PSA),
3616 | RSC Adv., 2026, 16, 3609–3622
is crucial for MTB efficacy, as MTB possesses a unique, highly
impermeable cell wall.

The analysis of the ester series 4 yielded a key conclusion:
optimal anti-tubercular efficacy is a synergistic function of high
binding affinity and moderate solubility/lipophilicity, not an
effect of a single factor. Compounds 4b (log S=−2.74, DGbind =

−7.23 kcal mol−1, MIC = 2.6 mg mL−1) and 4d (log S = −3.42,
DGbind = −6.73 kcal mol−1, MIC = 2.6 mg mL−1) demonstrated
the perfect balance: sufficient lipophilicity (moderate log S
values) for MTB cell wall penetration combined with very strong
binding affinity for CYP121. In contrast, compound 4a was the
most soluble (log S = −2.58) but showed the weakest affinity
(DGbind = −5.94 kcal mol−1), resulting in poor activity (MIC =

31.25 mg mL−1). Similarly, 4c showed reduced solubility (log S =

−3.48) and weak affinity (DGbind=−5.97 kcal mol−1), leading to
poor activity. These results conrm that for this scaffold, the
enhanced activity of the lead compounds (4b, 4d, 4e) is a direct
consequence of a precise physicochemical tuning achieved by
the ethyl ester and the halogenated R-groups, which simulta-
neously promotes cell permeability and maximizes the elec-
tronic stabilization within the CYP121 active site.

To quantitatively validate these observations, a Pearson
correlation analysis was conducted for the ester series. A strong
correlation (r z −0.84) was observed between the experimental
pMIC and the calculated DGbind against CYP121, indicating that
the target affinity is a primary driver of the observed activity.
However, the ‘synergistic balance’ is evidenced by the fact that
potency is maximized only when high affinity is paired with
a specic lipophilicity range (log S −2.7 to −3.8), facilitating
optimal cell wall penetration. This multivariate assessment
conrms that neither binding affinity nor solubility alone can
fully predict anti-tubercular efficacy for this triazole-
acetophenone scaffold.
Experimental
General experimental procedures and materials

All chemical reagents, solvents, and starting materials were
purchased commercially fromMerck, BLD, Loba Chemical, and
SD Fine Chemicals Reagent and were used without further
purication.

The progress of all reactions was monitored by thin-layer
chromatography (TLC). Melting points (mp) were determined
using a WRS-2A melting point apparatus and are reported
© 2026 The Author(s). Published by the Royal Society of Chemistry
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uncorrected. Fourier-transform infrared (FT-IR) spectra were
recorded using a KBr pellet. Nuclear Magnetic Resonance
(NMR) spectra (1H at 500 MHz and 13C at 126 MHz) were
recorded on a Bruker NMR spectrometer, using CDCl3 and
DMSO-d6 as solvents, with chemical shis (d) reported in parts
per million (ppm) and coupling constants (J) in Hertz (Hz).
High-resolution mass spectrometry (HRMS) measurements
were performed on a Thermo Fisher Micro TOF II using
electrospray ionization (ESI) mode with CH3CN as the solvent.

Synthesis of triazole-based acetophenone derivatives

The synthesis was performed in two steps: a nucleophilic
substitution reaction followed by a thermal 1,3-dipolar
cycloaddition.

General procedure for synthesizing a-azido ketone deriva-
tives (2a–2f). A mixture of the respective 2-bromo-1-arylethan-1-
one derivative (1a–1f) (0.01 mmol) and sodium azide (NaN3)
(0.040 mmol) was stirred in a binary solvent system composed
of 20 mL of acetonitrile (MeCN) and 20 mL of water (H2O) at
room temperature for 3 h. Reaction completion was monitored
by TLC (mobile phase: n-hexane : ethyl acetate = 1 : 1). Aer
completion, the MeCN was removed by vacuum distillation. The
aqueous residue was extracted twice with 20 mL aliquots of
ethyl acetate (EtOAc). The organic layer was combined, dried
over anhydrous sodium sulfate (Na2SO4), ltered, and evapo-
rated under reduced pressure to yield the a-azido ketone
derivatives (2a–2f) as yellow to orange solids/liquids.

General procedure for the synthesis of 1-(2-oxo-phenylethyl)-
1H-1,2,3,-triazole-4-carboxylic acid derivatives (3a–3f). A
mixture of the a-azido ketone derivatives (2a–2f) (12 mmol) and
propiolic acid (24 mmol) was assembled in 20.0 mL of aceto-
nitrile. The reaction mass was stirred under catalyst-free
conditions at 70–75 °C for 8 h. Reaction progress was moni-
tored by TLC (mobile phase: n-hexane : ethyl acetate = 1 : 1).
Upon completion, the solvent was removed by vacuum distil-
lation. The resulting crude solid was ltered and dried under
vacuum, affording the pure carboxylic acid derivatives (3a–3f).

General procedure for synthesis of ethyl 1-(2-oxo-2-phenyl-
ethyl)-1H-1,2,3,-triazole-4-carboxylate derivatives (4a–4f). The a-
azido ketone (2a–2f) (3 mmol), 20 mL of ethanol (EtOH), and
ethyl propiolate (3 mmol) were added to a 100 mL round bottom
ask. The reaction mixture was stirred at 80–85 °C for 16 h. TLC
was used to monitor the reaction (mobile phase: n-hexane :
ethyl acetate = 1 : 1). Aer reaction completion, the mixture was
quenched with ice-cold water. The resulting solid precipitate
was ltered and dried under vacuum, affording the pure ethyl
ester derivatives (4a–4f).

Characterization data of synthesized compounds (2a–2f, 3a–
3f, and 4a–4f)

All compounds were fully characterized by FT-IR, 1H-NMR, 13C-
NMR, and HRMS.

2-Azido-1-phenylethan-1-one (2a). Yield: 95%, yellow colour
liquid; mp: 72–74 °C; FT-IR (KBr, cm−1): 3064, 2900, 2197, 1691,
1589, 1446, 1213, 998, 907, 809, 752, 686, 622; 1H-NMR (500
MHz, CDCl3): d 7.91 (dd, J = 8.4, 1.2 Hz, 2H), 7.65–7.61 (m, 1H),
© 2026 The Author(s). Published by the Royal Society of Chemistry
7.52–7.49 (m, 2H), 4.57 (s, 2H); 13C-NMR (126 MHz, CDCl3):
d 193.25, 134.38, 134.15, 129.00, 127.92, 54.88; HRMS (m/z): [M]+

calculated for C8H7N3O, 161.1607, found, 161.0595.
Azido-1-(4-uorophenyl)ethan-1-one (2b). Yield: 89%, cream

colour solid; mp: 62–64 °C; FT-IR (KBr, cm−1): 3030, 2906, 2124,
1689, 1598, 1516, 1468, 1264, 1238, 1179, 826; 1H-NMR (500
MHz, CDCl3): d 7.95 (dd, J = 8.9, 5.3 Hz, 2H), 7.22–7.15 (m, 2H),
4.54 (s, 2H); 13C-NMR (126 MHz, CDCl3): d 191.72, 166.28,
130.83, 130.71, 116.25, 54.78; HRMS (m/z): [M]+ calculated for
C8H6FN3O, 179.1511, found, 180.0572.

2-Azido-1-(4-bromophenyl)ethan-1-one (2c). Yield: 85%,
yellow colour solid; mp: 60–62 °C; FT-IR (KBr, cm−1): 3360,
3110, 3068, 2987, 2900, 2267, 2184, 1719, 1592, 1501, 1409,
1275, 1209, 1151, 991, 829, 790, 660, 575; 1H-NMR (500 MHz,
CDCl3) d 7.78 (d, J = 8.7 Hz, 2H), 7.65 (d, J = 8.7 Hz, 2H), 4.52 (s,
2H); 13C-NMR (126 MHz, CDCl3): d 192.36, 133.07, 132.37,
129.49, 129.41, 54.82; HRMS (m/z): [M]+ calculated for C8H7N3O,
240.0567, found, 241.0749.

2-Azido-1-(4-(triuoromethyl)phenyl)ethan-1-one (2d). Yield:
78%, orange colour solid; mp: 68–70 °C; FT-IR (KBr, cm−1):
2106, 1933, 1699, 1616, 1518, 1411, 1223, 1115, 1061, 839, 597;
1H-NMR (500 MHz, CDCl3): d 8.03 (d, J= 8.1 Hz, 2H), 7.78 (d, J=
8.2 Hz, 2H), 4.59 (s, 2H); 13C NMR (126 MHz, CDCl3): d 192.55,
136.96, 126.30, 126.03, 126.00, 125.97, 125.94, 116.42, 60.39,
55.04; HRMS (m/z): [M]+ calculated for C9H6F3N3O, 229.1586.

(2-Oxo-2-phenylethyl)-1H-1,2,3-triazole-4-carboxylic acid
(3a). Yield: 89%, cream colour solid; mp: 184–196 °C; FT-IR
(KBr, cm−1): 3110, 2945, 2640, 2557, 2104, 1753, 1588, 1435,
1344, 1220, 1048, 951, 904, 747, 681, 558; 1H-NMR (500 MHz,
DMSO-d6): d 13.15 (s, 1H), 8.62 (s, 1H), 8.10–8.07 (m, 2H), 7.77–
7.73 (m, 1H), 7.65–7.60 (m, 2H), 6.26 (s, 2H); 13C-NMR (126
MHz, DMSO-d6): d 192.17, 162.19, 140.18, 134.84, 134.41,
131.08, 129.50, 128.69, 56.6; HRMS (m/z): [M + H]+ calculated for
C11H9N3O3, 232.2075, found, found, 232.0718.

1-(2-(4-urophenylethyl)2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylic acid (3b). Yield: 92%, off-white solid; mp: 170–172 °
C; FT-IR (KBr, cm−1): 3383, 3112, 2997, 2453, 2118, 1775, 1592,
1425, 1304, 1152, 1048, 983, 940, 822, 770, 710 580; 1H-NMR
(500 MHz, DMSO-d6): d 13.13 (s, 1H), 8.62 (s, 1H), 8.17 (m,
2H), 7.49–7.45 (m, 2H), 6.26 (s, 2H); 13C-NMR (126MHz, DMSO):
d 190.83, 167.12, 165.10, 162.19, 140.21, 131.88, 131.80, 131.25,
131.24, 131.08, 116.71, 116.53, 56.53; HRMS (m/z): [M + Na]+

calcd for C11H8FN3O3, 272.1949, found, 272.0445.
1- (2-(4-bromophenylethyl)2-oxoethyl)-1H-1,2,3-triazole-4-

carboxylic acid (3c). Yield: 88%, off-white solid; mp: 186–188 °
C; FT-IR (KBr, cm−1): 3118, 2997, 2454, 1784, 1577, 1541, 1401,
1223, 1058, 981, 937, 818, 773, 560; 1H-NMR (500 MHz, DMSO-
d6): d 13.15 (s, 1H), 8.61 (s, 1H), 8.01 (d, J= 8.5 Hz, 2H), 7.85 (d, J
= 8.5 Hz, 2H), 6.25 (s, 2H); 13C-NMR (126 MHz, DMSO-d6):
d 191.57, 162.15, 140.19, 133.46, 132.59, 11.04, 130.66, 128.99,
56.57; HRMS (m/z): [M]+ calculated for C11H8BrN3O3, 310.1035,
found, 309.9829.

1-(2-Oxo-2-(4-triuoromethyl)phenyl)ethyl)-1H-1,2,3-
triazole-4-carboxylic acid (3d). Yield: 90%, off-white solid; mp:
172–176 °C; FT-IR (KBr, cm−1): 3123, 2995, 2848,2555, 1784,
1547, 1408, 1323, 1230,1178, 1122, 1059, 834, 774, 660, 557; 1H-
NMR (500 MHz, DMSO-d6): d 13.17 (s, 1H), 8.62 (s, 1H), 8.27 (d, J
RSC Adv., 2026, 16, 3609–3622 | 3617
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= 7.9 Hz, 2H), 8.01 (d, J = 7.9 Hz, 2H), 6.34 (s, 2H); 13C-NMR
(126 MHz, DMSO-d6): d 192.01, 162.08, 134.28, 134.02, 133.77,
133.52, 129.62, 127.37, 126.46, 125.20, 123.03, 120.86, 56.40;
HRMS (m/z): [M]+ calculated for C8H7N3O, 299.2054, found,
300.0595.

1-(2-(naphthalen-2-yl)-2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylic acid (3e). Yield: 90%, light brown color solid; mp:
190–192 °C; FT-IR (KBr, cm−1): 3410, 3117, 2836, 2642, 2119,
1934, 1787, 1684, 1615, 1544, 1434, 1361, 1260, 1171, 1083,
1024, 946, 899, 813, 773, 704, 559; 1H-NMR (500 MHz, DMSO-
d6): d 13.14 (s, 1H), 8.77 (s, 1H), 8.18–8.13 (m, 2H), 8.04 (d, J =
7.3 Hz, 2H), 7.72–7.66 (m, 3H), 6.43 (s, 2H); 13C NMR (126 MHz,
DMSO) d 192.42, 160.67, 139.35, 138.26, 133.33, 132.89, 132.30,
131.18, 131.13, 128.23, 61.67, 61.11, 58.40, 15.58, 14.63; HRMS
(m/z): [M + H]+ calculated for C15H11N3O3, 282.2661; found,
282.0875.

1-(2-(2,4-dichlorophenyl)-2-oxo-ethyl)-1H-1,2,3-triazole-4-
carboxylic acid (3f). Yield: 90%, off-white solid; mp:. 198–200 °
C; FT-IR (KBr, cm−1): 3393, 3119, 2969, 2643, 2105, 1913, 1680,
1579, 1446, 1337, 1330, 1202, 1104, 1058, 1014, 906, 869, 809,
700, 578, 548; 1H-NMR (500 MHz, DMSO-d6): d 9.27 (s, 1H), 8.63
(s, 1H), 8.06–7.95 (m, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.70–7.63 (m,
1H), 6.17 (s, 2H); 13C NMR (126 MHz, CDCl3) d 189.46, 160.64,
140.66, 134.86, 133.66, 129.52, 129.28, 128.17, 61.34, 55.53,
14.33; HRMS (m/z): [M]+ calculated for C11H7Cl2N3O3, 300.0976,
found, 299.9936.

Ethyl 1-(2-oxo-2-phenylethyl)-1H-1,2,3-triazole-4-carboxylate
(4a). Yield: 90%, off-white solid; mp: 104–106 °C; FT-IR
(KBr, cm−1): 3152, 2968, 2117, 1773, 1587, 1453, 1340, 1210,
1033, 988, 977, 744, 681, 563; 1H-NMR (500 MHz, CDCl3): d 8.28
(s, 1H), 8.01 (m, 2H), 7.70 (m, 1H), 7.60–7.54 (m, 2H), 5.93 (s,
2H), 4.45 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H); 13C-NMR
(126 MHz, CDCl3): d 189.46, 160.64, 140.66, 134.86, 133.66,
129.52, 129.28, 129.04, 128.17, 61.33, 55.53, 14.32; HRMS (m/z):
[M + Na]+ calculated for C13H13N3O3, 282.2606, found, 282.0823.

Ethyl 1-(2-(4-uorophenyl)-2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylate (4b). Yield: 89%, off-white solid; mp: 146–148 °C;
FT-IR (KBr, cm−1): 3129, 2990, 2948, 1716, 1594, 1464, 1382,
1345, 1320, 1210, 1111, 1041, 985, 831, 777, 593, 562; 1H-NMR
(500 MHz, CDCl3): d 8.28 (s, 1H), 8.06 (m, 2H), 7.26–7.23 (m,
2H), 5.90 (s, 2H), 4.45 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H);
13C-NMR (126 MHz, CDCl3): d 188.04, 167.71, 165.66, 160.62,
140.67, 131.08, 131.00, 130.15,130.12, 129.52, 116.71, 116.54,
61.38, 55.43, 14.32; HRMS (m/z): [M + Na]+ calculated for
C13H12FN3O3, 300.2511; found, 300.0760.

Ethyl 1-(2-(4-bromophenyl)-2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylate (4c). Yield: 93%, off-white solid; mp: 178–180 °C;
FT-IR (KBr, cm−1): 3115, 2985, 2077, 1763, 1718, 1686,
1578,1454, 1383, 1300, 1084, 1018, 775, 702, 627, 567; 1H-NMR
(500 MHz, CDCl3): d 8.27 (s, 1H), 7.87 (d, J= 8.5 Hz, 2H), 7.72 (d,
J = 8.5 Hz, 2H), 5.89 (s, 2H), 4.45 (q, J = 7.2 Hz, 2H), 1.42 (t, J =
7.2 Hz, 3H); 13C-NMR (126 MHz, CDCl3): d 188.03, 160.61,
140.66, 131.07, 130.99, 130.12, 129.52, 116.71, 77.26, 61.38,
55.42, 14.31; HRMS (m/z): [M + Na]+ calculated for
C13H12BrN3O3, 360.1567; found, 359.9963.

Ethyl 1-(2-(4-triuoromethylphenyl)-2-oxoethyl)-1H-1,2,3-
triazole-4-carboxylate (4d). Yield: 85%, off-white solid; mp: 156–
3618 | RSC Adv., 2026, 16, 3609–3622
158 °C; FT-IR (KBr, cm−1): 3411, 3124, 2994, 2785, 1819, 1579,
1525, 1464, 1314, 1211, 1117, 1056, 983, 877, 835, 778, 728, 700,
598, 562; 1H-NMR (500 MHz, CDCl3) d 8.29 (s, 1H), 8.15 (d, J =
8.2 Hz, 2H), 7.84 (d, J = 8.2 Hz, 2H), 5.96 (s, 2H), 4.45 (q, J =
7.2 Hz, 2H), 1.43 (t, J = 7.2 Hz, 3H); 13C-NMR (126 MHz, CDCl3)
d 188.78, 160.55, 140.86, 136.26, 129.45, 128.64, 126.40 (q, J =
3.4 Hz), 124.31, 122.13, 61.47, 55.72, 14.32; HRMS (m/z): [M +
Na]+ calcd for C14H12F3N3O3, 350.2586; found, 350.0730.

Ethyl 1-(2-(naphthalen-2-yl)-2-oxoethyl)-1H-1,2,3-triazole-4-
carboxylate (4e). Yield: 85%, light brown solid; mp: 176–178 °
C; FT-IR (KBr, cm−1): 3420, 3115, 3065, 2964, 2554, 2121, 1939,
1780, 1689, 1623, 1544, 1436,1228, 1173, 1049, 1920, 904, 854,
774, 739, 559; 1H-NMR (500 MHz, DMSO-d6): d 8.87–8.86 (m,
1H), 8.77 (s, 1H), 8.19–8.17 (m, 1H), 8.12 (d, J = 8.7 Hz, 1H),
8.07–8.05 (m, 2H), 7.74 (m, 1H), 7.69 (m, 1H), 6.42 (s, 2H), 4.35
(q, J = 7.0 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H); 13C-NMR (126 MHz,
CDCl3): d 191.45, 160.22, 138.81, 135.40, 131.96, 131.10, 130.74,
130.52, 129.61, 129.18, 128.61, 127.75, 127.23, 123.17, 61.13,
56.13, 15.01; HRMS (m/z): [M + Na]+ calculated for C8H7N3O,
332.3193, found, 332.1003.

Ethyl 1-(2-(2,4-dichlorophenyl)-2-oxoethyl)-1H-1,2,3-triazole-
4-carboxylate (4f). Yield: 85%, light brown solid; mp: 154–
156 °C; FT-IR (KBr, cm−1): 3401, 3125, 2988, 2090, 1713, 1580,
1546, 1463, 1376, 1208, 1104, 1052, 1008, 919, 868, 775, 106,
621, 573; 1H-NMR (500 MHz, DMSO-d6): d 8.74 (s, 1H), 8.05 (d, J
= 8.4 Hz, 1H), 7.85 (d, J = 2.3 Hz, 1H), 7.69 (dd, J = 8.4, 2.3 Hz,
2H), 6.15 (s, 2H), 4.33 (t, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H);
13C-NMR (126 MHz, CDCl3): d 191.86, 160.11, 138.79, 137.69,
132.76, 132.32, 131.74, 130.62, 130.57, 127.67, 60.55, 57.83,
14.06; HRMS (m/z): [M + Na]+ calculated for C13H11Cl2N3O3,
350.1507, found, 350.0071.
Biological assays

Disk diffusion assay. The anti-tuberculosis activity was
initially assessed againstM. tuberculosisH37Ra using the Kirby–
Bauer disc diffusion test in triplicate. Sterile discs (Hi-Media)
were impregnated with 50 mL of the test substance prepared
at three concentrations (1 mg mL−1, 0.1 mg mL−1, and 0.01 mg
mL−1). Discs were air-dried and mounted on solidied Mid-
dlebrook 7H9 agar medium that had been inoculated with
a 24 h culture of M. tuberculosis H37Ra. A disc containing
Rifampicin (1 mg mL−1) was used as the positive control. Plates
were stored at refrigerator temperatures for 1 h before incuba-
tion at 37 °C for 24–48 h. The resulting zones of inhibition were
measured using a zone scale.14

Resazurin microtiter plate assay (REMA). Quantitative
minimum inhibitory concentration (MIC) values were deter-
mined using the REMA method.15 Twofold serial dilutions of
the compounds (3a–3f and 4a–4f) were prepared across
a concentration range of 0.97–500 mg mL−1 in a 96-well plate,
with each well containing 100 mL of Middlebrook 7H9 broth
medium. 50 mL of the bacterial inoculum was added to each
well. Sterile water was added to the outer wells to prevent
evaporation. The plate was sealed, placed in a sterile plastic bag,
and incubated at 37 °C for 24 h. Following the incubation, 30 mL
of resazurin solution (0.01% in sterile deionized water) was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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added to each well. The plate was incubated for an additional
12 h. The MIC was dened as the lowest tested concentration at
which no visible color change occurred (remaining blue), indi-
cating no bacterial growth.5

DPPH (2,2-diphenyl-1-picrylhydrazyl radical scavenging
assay). The free radical scavenging capacity was determined
spectrophotometrically using the stable DPPH reagent.16 Test
compounds (3a–3f and 4a–4f) were dissolved in DPPH solution,
resulting in a nal volume of 3 mL. Samples were incubated for
20 min, and the absorbance was measured at 517 nm using
a Shimadzu UV/VIS device. Ascorbic acid (1 mM) was used as the
standard. The percentage radical scavenging activity was
calculated using the formula:

% Radical scavenging activity ¼ 1� T

C
� 100
% Hemolysis ¼ ðA540 of the test compound treated sample� A540 of buffer treated sampleÞ
ðA540 of Triton X-100 treated sample� A540 of buffer treated sampleÞ � 100
where T is the absorbance of the test sample and C is the
absorbance of the control sample.

Hydroxyl radical assay. The ability of the synthesized mole-
cules to scavenge hydroxy radicals was determined via the
Fenton Reaction.17 The reaction mixture comprised the
synthesized molecule, Phosphate buffer (2.4 mL, 0.2 M, pH 7.8),
FeCl2 (60 mL, 1 mM), and 1,10-phenanthroline (90 mL, 1 mM).
The Fenton reaction was initiated by adding 150 mL of H2O2
(0.17 M) to the nal mixture. The mixture was incubated for
5 min before measuring the absorbance at 560 nm. Ascorbic
acid was used as the positive control. The percentage radical
scavenging activity was calculated using the same formula as in
DPPH assay.

ABTS radical scavenging assay. The antioxidant properties
were evaluated by measuring the ability of the compounds to
eliminate ABTS radicals. A concentration of 1 mg mL−1 for each
compound was combined with 950 mL of ABTS solution (7 mM
ABTS and 2.45 mM potassium persulfate). The mixture was
incubated in the dark for 18 hours at room temperature, and
absorbance was recorded at 734 nm with ascorbic acid as the
standard. The percentage of inhibition was calculated using the
equation:

ABTS scavengedð%Þ ¼ ðA0 � A1Þ
A0

� 100

where A0 is the control absorbance and A1 is the sample
absorbance.

Hemolytic activity. The in vitro hemolytic activity was evalu-
ated using human red blood cells (RBCs). 5 mL of blood was
collected in EDTA-containing tubes.18 Erythrocytes were iso-
lated by centrifugation (2000×g for 10 min at 20 °C). The pellet
was washed three times with PBS before preparing a 10% (v/v)
suspension of erythrocytes in PBS. For the assay, 100 mL of the
erythrocyte suspension was added to tubes containing 100 mL of
the test compounds (3a–3f and 4a–4f) at a concentration of 500
© 2026 The Author(s). Published by the Royal Society of Chemistry
mg mL−1. Triton X-100 (0.001 N) was used as the reference
standard (positive control). Samples were incubated for 1 h at
37 °C and then centrifuged. 150 mL of the supernatant was
distributed into a 96-well microtiter plate, and absorbance was
measured at 540 nm. The percentage of haemolysis was
computed using the equation:

Computational methods

General computational setup. Molecular docking, advanced
QM analysis, and molecular descriptor calculations were per-
formed using established protocols. The library of compounds
was prepared by drawing 2D structures in ChemDraw Ultra,
extracting the SMILES notation, and converting them to energy-
minimized 3D conformations using the Open Babel GUI tool.19
Molecular docking and validation (CYP121). Virtual
screening was conducted using PyRx GUI with AutoDock 4.2
running in the background.20 The receptor structure, Cyto-
chrome P450 CYP121 complexed with Heme and the triazole
inhibitor fragment (PDB ID: 4G2G), was obtained from the
protein data bank (PDB). The Heme prosthetic group was
retained as essential for enzyme inhibition. The co-crystallized
ligand (TDH) was saved separately for validation. The grid box
was centered at the ligand's center of gravity (X, Y, Z: −12.627,
17.479, 3.389) with a size of 50 points on all three axes to fully
encompass the binding site. System validation was conrmed
by reproducing the experimental pose of the TDH ligand with
an RMSD of 1 Å.21 Post-processing for interaction analysis and
visualization was performed using AutoDock Parser, Biovia
Discovery Studios (2D plots), and PyMol (3D
representations).22

Quantum mechanics (QM) based IGMplot analysis.
Advanced electronic analysis of protein-ligand stabilization was
conducted using the IGMplot tool, which utilizes the Indepen-
dent Gradient Model (IGM) to measure non-covalent interac-
tions (NCIs) based on electron density gradients (dg). The
resulting 3D isosurfaces and DGinter plots (intermolecular
distance vs. dginter) were used to quantify and visualize the
specic electronic stabilization effects in the protein-ligand
complexes of the most potent compounds, including compar-
ison against the TDH standard ligand.12

Molecular descriptor calculation (log S). Molecular descrip-
tors related to aqueous solubility (log S) were calculated for the
ester series (4a–4f) using the Swiss ADME web server and the
Silicos-IT platform. The predictive models utilized for compar-
ative analysis were ESOL log S, Ali log S, and Silicos-IT log S.
This data was used to establish the critical correlation between
calculated solubility, calculated binding affinity, and experi-
mental anti-tubercular activity (MIC).13
RSC Adv., 2026, 16, 3609–3622 | 3619
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Conclusions

In the present study, we successfully report the efficient, catalyst-
free synthesis of two novel, structurally related series of 1,4-
disubstituted-1H-1,2,3-triazolyl ketones: the carboxylic acid deriv-
atives (3a–3f) and the ethyl ester derivatives (4a–4f). This work
provides a comprehensive structure–activity relationship (SAR)
study that clearly demonstrates the critical role of the C4 triazole
functional group and the acetophenone R-substituents in deter-
mining anti-tubercular efficacy. Data from the biological screening
against M. tuberculosis H37Ra revealed that the ester derivatives,
particularly 4b, 4d, and 4e, were superior inhibitors, achieving
MIC values highly comparable to Rifampicin. Furthermore, the
entire library displayed favorable dual anti-tubercular and anti-
oxidant potential, exhibiting moderate to excellent DPPH and
hydroxyl radical scavenging activities, combined with minimal
cytotoxicity toward human red blood cells. The observed structural
paradox, where the neutral ethyl ester was more effective than the
potentially polar carboxylic acid was fully rationalized through our
advanced computational investigation. Molecular docking and
interaction studies against CYP121 conrmed that the enhanced
binding affinity of the lead compounds (4b with DGbind =

−7.23 kcal mol−1) was due to a strategic shi in orientation that
maximized non-polar forces, notably halogen bonding and p-
stacking interactions. This superior electronic stabilization was
rigorously validated by a subsequent Quantum Mechanics based
IGMplot analysis. Ultimately, the correlation of binding
affinity, predicted aqueous solubility (log S), and experimental
MIC data underscores that optimal efficacy is achieved through a
precise synergistic balance of these three physicochemical and
biological factors. Our lead compounds represent promising, dual-
action drug candidates that merit further preclinical development
for the treatment of drug-resistant tuberculosis.
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J. Contreras-Garćıa and E. Hénon, Accurately Extracting
the Signature of Intermolecular Interactions Present in the
NCI Plot of the Reduced Density Gradient: Versus Electron
Density, Phys. Chem. Chem. Phys., 2017, 19, 17928–17936,
DOI: 10.1039/c7cp02110k; (b) C. Lefebvre, H. Khartabil,
J. C. Boisson, J. Contreras-Garćıa, J. P. Piquemal and
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