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esis of Schiff base derivatives via
an ionic liquid and a microwave-assisted approach:
structural, biological, and computational
evaluation†

Nilesh Bhusari,‡a Abhay Bagul,‡b Vipin Kumar Mishra,c Aisha Tufail, d

Digambar Gaikwad*b and Amit Dubey *e

A sustainable and efficient microwave-assisted strategy was developed for the synthesis of novel 4-amino-

pyrrolo [2,3-d]pyrimidine-based Schiff base derivatives (APR1a–d), utilizing the ionic liquid 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM][TFSI]) as both catalyst and solvent. This

green protocol afforded high yields (82–94%) under mild conditions with excellent reusability of the

ionic liquid. Structural confirmation was achieved via FT-IR, 1H and 13C NMR, and mass spectrometry.

The antimicrobial potential of the synthesized compounds was assessed against a panel of Gram-

positive and Gram-negative bacteria, as well as pathogenic yeast strains. Among them, APR1d exhibited

the most potent antibacterial activity (up to 28 mm inhibition against B. subtilis) and broad-spectrum

antifungal efficacy (up to 19 mm inhibition against C. albicans and S. cerevisiae). Cytotoxicity analysis via

brine shrimp lethality assay indicated low toxicity, with LC50 values of 3.50 × 10−4 M (APR1b) and 8.50 ×

10−4 M (APR1c). Density Functional Theory (DFT) analysis revealed that APR1d possessed the smallest

HOMO–LUMO gap (0.0679 eV) and highest electrophilicity index (0.4288 eV), supporting its high

reactivity. Molecular electrostatic potential maps and global reactivity descriptors (m, h, S, u, c) further

elucidated the electronic distribution and interaction potential. Molecular docking and MM/PBSA

analyses confirmed APR1d's strong and stable binding to key microbial target proteins, surpassing

standard drugs in binding affinity. These results underscore APR1d as a promising lead candidate with

significant therapeutic potential, while highlighting the synergy of green chemistry, computational

modeling, and biological validation in modern drug discovery.
1 Introduction

Over the years, the increasing challenge of infections caused by
bacterial and fungal pathogens has heightened the demand for
novel antibacterial and antifungal drugs, particularly due to the
rise of drug-resistant strains.1–3 A signicant number of
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tion (ESI) available. See DOI:

22788
currently available antibacterial and antifungal agents are
derived from heterocyclic scaffolds, as these molecules possess
broad pharmacological applications, making them indispens-
able in medicinal chemistry.4–8 The presence of heteroatoms
within these structures imparts specic molecular characteris-
tics that enable interactions with diverse biological targets.9–14

Among the wide range of heterocycles, naturally occurring
pyrimidine compounds are well known for their broad spec-
trum of biological activities,15–17 including antibacterial,18–20

antifungal,21–23 anticancer,24–28 anti-inammatory,29–31

antidepressant,30–34 antiallergic,35 antiviral,36–38 and
antioxidant39–41 properties. Additionally, heterocyclic frame-
works such as pyrrolopyrimidines have garnered considerable
interest in drug discovery due to their potent biological
effects.42,43 Another class of bioactive compounds, imines or
azomethines (commonly known as Schiff bases), formed by the
condensation of primary amines with aldehydes or ketones,
also exhibit signicant pharmacological potential.44–46 In light
of these promising properties, we aimed to synthesize
pyrimidine-linked Schiff bases by condensing 4-amino-
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02622a&domain=pdf&date_stamp=2025-07-03
http://orcid.org/0000-0001-7349-9162
http://orcid.org/0000-0003-0737-0488
https://doi.org/10.1039/d5ra02622a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02622a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015028


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 4
:2

3:
38

 P
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
pyrropyrimidine with benzaldehyde to generate novel Schiff
base derivatives and assess their biological efficacy.

The increasing complexity of organic molecules necessitates
the development of innovative synthetic strategies that are effi-
cient, selective, and environmentally sustainable.47,48 Traditional
synthetic approaches oen rely on volatile organic solvents,
hazardous reagents, and high-energy input, which pose both
environmental and operational challenges. Green chemistry has
emerged as a solution, focusing on minimizing waste, reducing
energy consumption, and improving overall process efficiency.49,50

In this context, eco-friendly pharmaceutical synthesis has gained
traction,51,52 with microwave-assisted synthesis standing out as
a powerful method due to its ability to shorten reaction times,
improve yields, and lower energy requirements.53–55

Furthermore, the use of ionic liquids (ILs) in microwave-
assisted reactions enhances product yield due to their unique
physicochemical properties.56–59 ILs are non-volatile, non-
ammable, highly solvating, recyclable, and thermally
stable,60–63 making them viable alternatives to conventional
volatile organic solvents64 or effective catalysts65 for organic
transformations.66 The efficacy of many chemical reactions is
inuenced by the acidity or basicity of the medium, and task-
specic ILs designed to serve as both solvents and catalysts
play a crucial role in optimizing reaction conditions.67,68 In this
study, we employed [HMIM] [TFSI], an acidic IL that functions
as both a catalyst and solvent, offering the additional advantage
of recyclability and reusability. The N-methyl imidazole ILs was
tested for reaction optimization were shown in Fig. 1.

In this study, we present an environmentally friendly
synthetic approach for producing novel 4-amino-pyrrolo-
pyrimidine linked Schiff base compounds (APR1a–d) using
[HMIM][TFSI] IL as a dual catalyst and solvent under microwave
irradiation. This method not only aligns with green chemistry
principles but also enhances reaction efficiency. Key highlights
of this research include the use of ILs for catalysis and solvent
purposes, their recyclability, and microwave-assisted reaction
conditions.

The synthesized Schiff base derivatives were thoroughly char-
acterized using a combination of physicochemical techniques,
elemental analysis, and spectral methods including FT-IR, 1H
NMR, 13C NMR, and mass spectrometry. Their biological poten-
tial was evaluated through antimicrobial and cytotoxicity assays,
which revealed signicant activity against a range of bacterial and
fungal strains. To further investigate their structural and
Fig. 1 Structure of imidazolium-based IL employed in the reaction
optimization.

© 2025 The Author(s). Published by the Royal Society of Chemistry
electronic properties, Density Functional Theory (DFT) calcula-
tions were performed, providing insight into molecular geometry,
frontier orbital energies, and global reactivity descriptors-key
parameters in the assessment of drug-like behavior.

Molecular docking studies were also conducted to explore
the binding interactions of the synthesized compounds with
selected bacterial and fungal target proteins, offering mecha-
nistic perspectives that complement the experimental antimi-
crobial results. The antibacterial activity was assessed in vitro
against both Gram-positive (Staphylococcus aureus, Bacillus
subtilis) and Gram-negative (Escherichia coli, Pseudomonas aer-
uginosa) bacterial strains using streptomycin as a reference
standard. Similarly, antifungal efficacy was evaluated against
yeast strains (Candida albicans and Saccharomyces cerevisiae) in
comparison with uconazole.

This study underscores the value of integrating green
chemistry approaches in the development of pharmacologically
relevant heterocycles, highlighting the role of ionic liquids and
microwave-assisted synthesis in enhancing reaction efficiency,
environmental compatibility, and the biological relevance of the
resulting compounds.
2 Experimental
2.1. Materials

All chemicals utilized in the present study were of high purity,
designated as AnalaR grade, encompassing organic compounds
and solvents such as 4-amino pyrrolopyrimidine, benzalde-
hydes, 1-hexyl-3-methylimidazolium bis(triuormethylsulfonyl)
imide [HMIM][TFSI], solvents and others, all sourced from
Sigma Aldrich, were employed without the need for additional
purication.
2.2. Apparatus

All reactions were conducted in oven-dried round-bottom
asks. Microwave-assisted reactions were carried out in a Biot-
age Microwave reactor. The progress of the reactions was
monitored via Thin-layer chromatography (TLC) was performed
using Merck silica gel 60F254 plates (0.25 mm thickness), with
visualization under UV light at 254 nm, with MDC :methanol
mobile phase 7 : 3(v/v) combination serves as the developing
solvent system. To determine the uncorrected melting points of
the synthesized compounds, open capillary tubes were
employed. Fourier Transform Infrared (FT-IR) spectra in the
4000–500 cm−1 region were recorded on a Bruker FT-IR spec-
trophotometer using KBr pellets. The chemical elemental
analysis for the determination of C, H, and N was conducted
using the Carlo-Erba LA-118 microdosimeter. 1H NMR and 13C
NMR spectra were obtained at room temperature in DMSO-d6,
Tetramethylsilane (TMS) as the internal standard on
a BRUKER AVANCE III HD NMR 400 MHz spectrometer. ESI-
Mass spectra were obtained using the Waters Acquity TQD LC/
MS/MS system. The HPLC analysis was conducted using a Shi-
madzu 1100 Series spectrometer equipped with a Agilent 1290
Innity II Prep LC system, Shimadzu LC-20AD BLK with UV
detection at 230 nm.
RSC Adv., 2025, 15, 22764–22788 | 22765
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2.3. High performance liquid chromatography

The High-Performance Liquid Chromatography (HPLC) anal-
ysis was conducted using an Agilent 1290 Innity II Prep LC
system equipped with a SHIMADZU LC-20AD BLK pump. The
separation was performed on an Ascentis® Supelco C18
column, measuring 250 mm in length and 4.6 mm in diameter,
with a particle size of 5 mm. The mobile phase consisted of 65%
acetonitrile in water, delivered at a constant ow rate of 1.5
mL min−1. Samples were injected at a volume of 10 mL, and
detection was carried out using a diode array detector (DAD) set
to a wavelength of 230 nm. HPLC analysis conrmed the purity
of all tested compounds to be $95.0%, with representative
chromatograms provided in the supplementary Section (refer
Fig. S17, S18 and Tables S1–S3†).
2.4. General procedure for the preparation of 4-amino-
pyrrolo-pyrimidine linked Schiff base (APR1a–d)

The synthesis of 4-amino-pyrrolo-pyrimidine linked Schiff base
compounds (APR1a–d) was achieved through a one-step
condensation reaction between 4-amino-7H-pyrrolo [2,3-d]
pyrimidine (APR) (1.0 mmol) and substituted benzaldehyde (2a–
d) (1.0 mmol), utilizing [HMIM][TFSI] IL (3 volume) as both the
catalyst and solvent (Scheme 1). The reaction mixture was
subjected to microwave irradiation at 100–150 W for 10 minutes
at 80 °C for 30 second time cycle. The reaction progress was
monitored periodically using thin-layer chromatography (TLC)
in MDC :methanol mobile phase 7 : 3(v/v). Aer completion of
reaction, cool reaction mass at 25–30 °C. and quenched with
water (10 volume). The precipitated solids was ltered and
washed with water (1 volume × 2 times) to get the targeted wet
crude compounds (APR1a–d). Aer that all wet crude
compounds dried in a tray dryer for 8 hours at 50–55 °C to
obtained dry crude compounds (APR1a–d). The obtained crude
compounds was recrystallized using ethanol (4 volume) to
produce a series of wet pure compounds (APR1a–d) which were
dried in try dryer for 8 hours at 50–55 °C to obtained dry pure
compounds (APR1a–d), as shown in Table 1 and Scheme 1. The
ionic liquid-catalyzed, microwave-assisted green synthesis of 4-
amino-pyrrolo-pyrimidine Schiff bases approach provided
Scheme 1 Synthesis of substituted benzaldehyde-APRD derivatives.

22766 | RSC Adv., 2025, 15, 22764–22788
enhanced yields (91–94%) with reduced reaction times
demonstrating its efficiency as a green synthetic strategy.

2.4.1 2-(((7H-pyrrolo[2,3-d]pyrimidin-4-yl)imino)methyl)
phenol (APR1a). Colour, light yellow; M.W., 238.24; yield
(93.13%), M.P. (191 °C), anal. calcd for C13H10N4O: C, 65.54; H,
4.23; N, 23.52; O, 6.72. Found: C, 65.52; H, 4.18; N, 23.47; O,
6.68. FT-IR (cm−1): 3201 (–O–H), 3054 (–NH), 2975 (C–H), 1584/
1482 (pC]C), 1680 (pC]N–), 1302 (C–N), 762 (disubstituted
benzene ring); 1H NMR (400 MHz in DMSO): d 11.145 (Ar-NH),
d 10.828 (Ar-OH), d 9.221 (Ar-CH]NH), d 7.438–7.702 (Ar-
CH) ppm. 13C NMR [400 MHz, DMSO, d(ppm)]: 157.26 (–C]N
imine carbon), 151.38 (pyrimidine C between 2 N atom), 148.50
(pyrimidine C to adjust N group), 131.49 (–CH]), 120.02 (C1
phenyl ring), 119.96 (C3 phenyl ring), 116.02 (pyrrole C1), 104.04
(pyrrole C2), 101.71 (pyrrole C3). MS of C13H10N4O: m/z:238.24;
(M + H)+:239.12.

2.4.2 3-(((7H-pyrrolo[2,3-d]pyrimidin-4-yl)imino)methyl)
phenol (APR1b). Colour, light yellow; M.W., 238.24; yield
(91.45%), M.P. (199 °C), anal. calcd for C13H10N4O: C, 65.54; H,
4.23; N, 23.52; O, 6.72. Found: C, 65.50; H, 4.20; N, 23.46; O,
6.67. FT-IR (cm−1): 3268 (O–H), 3134 (N–H), 2827 (C–H), 1590–
1451 (pC]C), 1657 (pC]N–), 1343 (C–N), 783 (disubstituted
benzene ring). 1H NMR (400 MHz in DMSO): d 11.145 (Ar-NH),
d 10.828 (Ar-OH), d 9.231 (Ar-CH = NH), d 7.438–7.702 (Ar-
CH), 13C NMR [400 MHz, DMSO, d(ppm)]: 163.07 (–C]N
imine carbon), 149.33 (pyrimidine C between 2 N atom), 140.67
(pyrimidine C to adjust N group), 127.98 (–CH]), 126.48(C1
phenyl ring), 123.02 (C3 phenyl ring), 120.01 (pyrrole C1), 117.44
(pyrrole C2), 102.02 (pyrrole C3). MS of C13H10N4O: m/z:238.24;
(M + H)+:239.22.

2.4.3 4-(((7H-pyrrolo[2,3-d]pyrimidin-4-yl)imino)methyl)
phenol (APR1c). Colour, yellow; M.W., 238.24; yield
(92.24%), M.P. (198 °C), anal. calcd for C13H10N4O: C, 65.54; H,
4.23; N, 23.52; O, 6.72. Found: C, 65.48; H, 4.19; N, 23.49; O,
6.69. FT-IR (cm−1): 3512.92 (–O–H), 3198.54 (N–H), 3076.29 (C–
H), 1570–1434 (pC]C), 1662 (pC]N–), 1347 (C–N aromatic
amine), 723 (Disubstituted benzene ring). 1H NMR (400 MHz
inn DMSO): d 12.38 (Ar-NH), d 12.258 (Ar-OH), d 10.341 (Ar-CH]

NH), d 6.974–8.408 (Ar-CH), 13C NMR [400 MHz, DMSO,
d(ppm)]: 160.02 (–C]N imine carbon), 152.06 (pyrimidine C
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions for the 4-amino pyrrolo-pyrimidine linked Schiff base compounds APR1a–d a

Entry Catalyst Solvent Temperature (°C) Time (min h−1) Yieldb (%)

1 — EtOH RT 10 h No reaction
2 — EtOH 80 10 h Tracec

3 AcOH EtOH RT 10 h No reaction
4 AcOH EtOH 80 4 h 65–68%
5 AcOH MeOH 60 4 h 61–65%
6 AcOH DMF 80 4 h 52–56%
7 AcOH Acetonitrile 80 4 h 55–60%
8 AcOH EtOH MW 10 min 70–73%
9 [HMIM][TFSI] EtOH MW 10 min 76–79%
10 [HMIM][TFSI] [HMIM][TFSI] MW 10 min 91–94%

a Reaction conditions; 4-amino-7H-pyrrolo [2,3-d] pyrimidine (APR) (1.0 mmol), substituted benzaldehydes (2a–d) (1.0 mmol), solvent (5 volume), IL
(3 volume), catalyst 5 mol%. b Isolated yield of pure products. c trace amounts of products were observed by TLC; MW = 80 °C.
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between 2 N atom), 142.42 (pyrimidine C to adjust N group),
130.53 (–CH]), 126.78(C1 phenyl ring), 124.55 (C3 phenyl ring),
116.99 (pyrrole C1), 102.09 (pyrrole C2), 99.93 (pyrrole C3). MS of
C13H10N4O: m/z:238.24; (M + H)+:239.15.

2.4.4 2-(((7H-pyrrolo[2,3-d]pyrimidin-4-yl)imino)methyl)-4-
nitrophenol (APR1d). Colour, yellow; M.W., 283.24; yield
(94.0%), M.P. (201 °C), anal. calcd for C13H9N5O3: C, 55.13; H,
3.20; N, 24.73; O, 16.95. Found: C, 55.09; H, 3.16; N, 24.69; O,
16.91. FT-IR (cm−1): 3222 (–O–H), 3062 (N–H), 2924 (C–H), 1589/
1498 (pC]C), 1677 (pC]N–), 1360 (C–N aromatic amine),
1360 (–N–O) symmetrical stretching, 1470 (N–O) asymmetrical
stretching, 818 (trisubstituted benzene ring). 1H NMR (400 MHz
in DMSO): d 12.392 (Ar-NH), d 10.593 (Ar-OH), d 8.047 (Ar-CH]

NH), d 7.333–7.586 (Ar-CH). 13C NMR [400 MHz, DMSO,
d(ppm)]: 163.02 (–C]N imine carbon), 149.39 (pyrimidine C
between 2 N atom), 140.07 (pyrimidine C to adjust N group),
127.38 (-CH = ), 126.40 (C1 phenyl ring), 123.02 (C3 phenyl
ring), 120.01 (pyrrole C1), 117.40 (pyrrole C2), 102.02 (pyrrole
C3). MS of C13H9N5O3: m/z: 283.24; (M + H)+: 283.99.
2.5. Biological activities

In the pursuit of combating infectious diseases and discovering
potent anti-infectious medications, a comprehensive evaluation
© 2025 The Author(s). Published by the Royal Society of Chemistry
was conducted on the synthesized compounds to assess their
impact on the specied biological activities outlined below.

2.5.1. Antimicrobial assay
2.5.1.1 Test microorganisms. In this study, two Gram-

positive bacteria (Staphylococcus aureus MTCC 96 and Bacillus
subtilis MTCC 121) and two Gram-negative bacteria (Escherichia
coli MTCC 1652 and Pseudomonas aeruginosa MTCC 741) were
employed to evaluate the antimicrobial activity of the synthe-
sized compounds. All bacterial cultures were obtained from the
Microbial Type Culture Collection (MTCC) at IMTECH-
Chandigarh. The medium utilized for antimicrobial testing
was Muller Hinton agar, which was autoclaved at 15 lbs in−2 for
15 minutes.

2.5.1.2 Antibacterial activity. The antimicrobial activity of the
newly synthesized compounds was assessed using the agar wells
diffusion technique.69 For the evaluation, the inoculum size was
adjusted to approximately 108 colony-forming units (cfumL−1) by
suspending the culture in sterile distilled water. Petri dishes
containing 20 mL of Muller Hilton agar medium were swabbed
with a culture of the relevant microbial strains and allowed to
absorb for 15 minutes. Using a sterile borer, wells (6 mm in
diameter) were created, and 100 mL of a 4.0 mg mL−1 concen-
tration solution of each compound, reconstituted in DMSO, was
added to the preinoculated plates. All plates were then incubated
RSC Adv., 2025, 15, 22764–22788 | 22767
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at 37 °C for 24 hours, and the antimicrobial activity of the
prepared compounds was determined by measuring the zone of
inhibition around the wells. DMSO served as the negative control,
while Streptomycin functioned as the positive control. This
process was replicated on three plates for each organism.

2.5.1.3 Determination of minimum inhibitory concentration
(MIC). The determination of the Minimum Inhibitory Concen-
tration (MIC) for all the compounds was carried out using the
modied agar well diffusion method.70,71 Various concentra-
tions, spanning from 10 to 1000 mg mL−1, were prepared for the
synthesized compounds from a stock solution of 4 mg mL−1 in
DMSO. A 100 mL volume of each dilution was dispensed into
wells (in triplicate) on agar plates that had already been seeded
with 100 mL of a standardized inoculum (108 cfu mL−1) of the
target microbial strain. Subsequently, these plates were incu-
bated at 37 °C for 24 hours, and the inhibition zones were
observed. Streptomycin antibiotic served as the positive control.

2.5.1.4 Antifungal activity. All the synthesized compounds
underwent assessment for their antifungal efficacy against freshly
cultured strains of C. albicans and Saccharomyces cerevisiae using
the cup plate method, following a standard protocol.72 The
culture media were sterilized by autoclaving for 15 minutes at
a pressure of 10 pounds per square inch. Each microbial strain
was cultured by spreading 20 mL of Mueller-Hinton agar media
onto a Petri plate and allowing it to absorb for 15 minutes before
continuing with the cultivation process. Wells with a diameter of
6 mm were then created on the agar plates using a sterile borer.
Subsequently, 100 ml of each test compound (APR1a–d), dissolved
in DMSO, was added to the previously inoculated plates. The
plates were then maintained at a temperature of 37 °C for three
days. The inhibition zones for each test compound were
measured, with uconazole serving as the positive control and
DMSO as the negative control. The entire procedure was repeated
three times, and efficacy of uconazole was used as a reference
point in this investigation.

2.5.2. In vivo cytotoxicity. The cytotoxicity of the synthe-
sized compounds was assessed using the brine shrimp
bioassay.73 Shrimp eggs were placed on one side of a divided
tank containing articial seawater (38 g NaCl per 1000 mL tap
water), while the other half was covered. Aer 48 hours, during
which the shrimp hatched and developed into nauplii, the
newly hatched shrimp were removed for the bioassay. Different
concentrations of dried complexes (2.5, 5, 7.5, 10, and 12.5 mg
per 10 mL) were added to sample tubes, and DMSO was used to
dissolve them for assessing the complexes' cytotoxic potential.
Ten live shrimp were introduced into each test tube using
a Pasteur pipette. A control group was included to verify the test
procedure and draw conclusions about the cytotoxic activity of
the test agent. Aer 24 hours, the tubes were examined with
a magnifying glass, and the number of surviving nauplii in each
vial was counted, along with observations for each vial. Each
experiment was replicated ve times and repeated three times.
The LC50, 95% condence limit, LC90, and chi-square values
were calculated based on the recorded observations. In cases
where control deaths occurred, the data were corrected using
Abbott's formula.74
22768 | RSC Adv., 2025, 15, 22764–22788
2.6. Computational workow overview

A comprehensive computational approach was employed to
investigate the electronic structure, stability, reactivity, molec-
ular interactions, and pharmacokinetic properties of the
synthesized compounds. This study integrates Density Func-
tional Theory (DFT) calculations, Molecular Electrostatic
Potential (MESP) analysis, Molecular Docking, Molecular
Dynamics (MD) Simulations, ADMET Proling, and Pharma-
cophore Modeling to provide a holistic understanding of the
compounds' physicochemical and biological properties.

2.6.1. Density Functional Theory (DFT) calculations. DFT
calculations were performed using Gaussian 0975 to analyze the
electronic properties and reactivity of the investigated mole-
cules. The molecular geometries were optimized using the
B3LYP functional with the 6-311G (d,p) basis set, ensuring
precise energy and structural calculations. Several key quantum
chemical descriptors,76 including HOMO–LUMO energy gap
(DE), chemical hardness (h), soness (S), electronegativity (c),
chemical potential (m), electrophilicity index (u), and dipole
moment (D), were computed to assess the stability and reactivity
of each structure.77 The binding energy (DE) was calculated
using the total energy of the ligand–protein complex and its
individual components to determine the stability of interac-
tions. A lower HOMO–LUMO gap indicates higher chemical
reactivity, supporting the compounds' potential for biological
applications.78 The chemical hardness and soness values
further reinforced their charge transfer capabilities, which play
a crucial role in molecular recognition and biological activity.

2.6.2. Molecular electrostatic potential (MESP) analysis. To
visualize charge distribution and reactive sites, MESP calcula-
tions were conducted using Multiwfn soware with the B3LYP/
6-311G (d,p) methodology.79 The generated electrostatic poten-
tial maps provided insights into the molecular surface charge
variations, highlighting electron-rich (nucleophilic) and
electron-decient (electrophilic) regions. These ndings were
crucial in identifying potential hydrogen bonding sites and
interaction hotspots for biological targets.80 The correlation
between MESP and electronic descriptors, such as electroneg-
ativity and dipole moment, further supported the compounds'
biological relevance by indicating regions favorable for molec-
ular docking interactions.

2.6.3. Molecular docking studies. Molecular docking
simulations were conducted using AutoDock Vina81 to evaluate
the binding affinity and interaction mechanisms of the
compounds with bacterial (E. coli, PDB: 1hnj) and fungal
(Candida albicans, PDB: 5v5z) targets. The protein structures
were obtained from the Protein Data Bank (PDB) and prepared
by removing water molecules, adding hydrogen atoms, and
assigning Gasteiger charges. Ligands were optimized and con-
verted into PDBQT format for docking.82,83 A grid box was
centered around the active site, ensuring accurate placement of
ligands for interaction analysis.84,85 The docking results were
ranked based on binding energy (kcal mol−1), with lower values
indicating stronger interactions. Key hydrogen bonding and
steric interactions were analyzed using Discovery Studio and
PyMOL, and results were validated by comparing docking scores
© 2025 The Author(s). Published by the Royal Society of Chemistry
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with standard drugs (streptomycin and uconazole). To
enhance reliability, docking simulations were cross-veried
using multiple docking algorithms.86

2.6.4. Pharmacophore modeling. Pharmacophore
modeling was performed using Discovery studio 16 to identify
the essential functional groups contributing to biological
activity. The pharmacophore features included hydrogen bond
donors, hydrogen bond acceptors, hydrophobic centers, and
aromatic rings. The models were developed based on active
conformations from molecular docking studies and validated
by aligning known bioactive ligands with similar structural
properties. This approach facilitated the identication of lead-
like features, aiding in the rational design of structurally opti-
mized derivatives with enhanced biological activity.

2.6.5. Molecular dynamics (MD) simulations. To estimate
the interactions between macromolecules and small ligands,
Autodocking and molecular dynamics simulations were
employed in this study. The AMBER1887 program and the
AMBER force eld (ff14SB) were utilized to perform a molecular
dynamics (MD) simulation of the system. The ligand was
generated using the general amber force eld (GAFF)88 with the
assistance of the ANTECHAMBER package. For the solvated
water, the TIP3P force eld was employed, and all systems were
solvated in a 10 Å × 10 Å × 10 Å orthorhombic box. Prior to the
MD simulation, each system was independently and sequen-
tially minimized with and without constraints to achieve full
minimization of the enzyme-ligand combination. Subsequently,
the system was heated to a maximum of 300 K under the NVT
ensemble and underwent incremental equilibration every 5 ns.
The production phase of the simulation lasted for a total of 100
ns. The remaining analysis and MD setup followed the meth-
odology established in previous papers.89–91 The obtained
trajectories are analyzed using the CPPTRAJ module of
AmberTools18, and then they are shown using VMD.92 For every
image, Pymol (http://www.pymol.org) was utilized, and
XMGrace took care of all the analysis.

2.6.6. ADMET and pharmacokinetics studies. The phar-
macokinetic and toxicity proles of the compounds were eval-
uated using SwissADME and pkCSM tools to assess their drug-
likeness and absorption properties.93 The analysis included
Lipinski's Rule of Five, Blood–Brain Barrier (BBB) permeability,
Gastrointestinal (GI) absorption, P-glycoprotein (P-gp) substrate
prediction, Cytochrome P450 enzyme interactions (CYP inhi-
bition), and water solubility assessment. Toxicity predictions
were carried out to assess AMES mutagenicity, hERG inhibition
(cardiotoxicity), hepatotoxicity, and skin permeability (log Kp).
The pharmacokinetic data94,95 provided insights into the
compounds' potential bioavailability, metabolism, and safety
prole, guiding future lead optimization and experimental
validation.

3 Results and discussion
3.1. Optimization of reaction conditions

The optimized reaction conditions were determined using both
conventional and microwave irradiation methods by reacting 4-
amino-7H-pyrrolo [2,3-d] pyrimidine (APR) with substituted
© 2025 The Author(s). Published by the Royal Society of Chemistry
benzaldehyde (2a–d). Table 1 presents the optimized conditions
under various parameters.

Initially, the reaction was conducted at room temperature for
10 hours using EtOH as the solvent, but no progress was
observed (entry 1). When the reaction was carried out at 80 °C,
only a trace amount of the product was detected by TLC (entry
2). Subsequently, a AcOH was added and stirred at room
temperature for 10 hours, but no reaction occurred (entry 3).
However, reuxing the reaction at 80 °C for 4 hours resulted in
a 65–68% yield (entry 4).

To assess the effect of different solvents on product yield, the
reaction was performed using MeOH, DMF, and acetonitrile
while keeping other conditions constant, as presented in Table
1. The yields obtained were 61–65% with MeOH, 52–56% with
DMF, and 55–60% with acetonitrile (entries 5, 6, and 7,
respectively). Additionally, the reaction was conducted under
microwave irradiation using a catalytic amount of AcOH in
EtOH, yielding 70–73% of the product (entry 8). This was higher
than the yield obtained through conventional heating,
demonstrating the greater efficiency of microwave irradiation
for synthesizing the desired compounds. Further optimization
was performed using ionic liquids (ILs).

The catalytic efficiency of imidazolium-based ionic liquid
[HMIM][TFSI] was evaluated using EtOH as the solvent under
microwave irradiation at 80 °C for 10 minutes. The addition of
imidazolium-based ionic liquids, [HMIM][TFSI], resulted in
product yields of 76–79% (entry 9). Further, the reactions were
examined using imidazolium-based ionic liquid [HMIM][TFSI]
both as catalysts and solvents under microwave irradiation for
10 minutes at 80 °C. Under these conditions, [[HMIM][TFSI]
resulted in product yields of 91–94%, respectively (entries 10).
Overall, the results indicate that the tested ionic liquid, [HMIM]
[TFSI] exhibited the highest conversion rate under microwave
irradiation, making it the most efficient catalytic system.
3.2. Synthesis and analysis of desired 4-amino pyrrolo-
pyrimidine-linked Schiff base compounds APR1a–d

The synthesis of 4-amino pyrrolo-pyrimidine-linked Schiff base
APR1a–d (Table 2) was carried out with the established opti-
mized reaction conditions (Table 1), The 4-amino-7H-pyrrolo
[2,3-d] pyrimidine (APR) was treated with substituted benzal-
dehydes (2a–d) in the presence of [HMIM][TFSI] serving as both
a catalyst and solvent. The synthetic procedure is detailed in the
experimental section. Furthermore, the structures of the
synthesized compounds were conrmed through FT-IR, NMR,
13C NMR, MS and elemental analysis.
3.3. Recycling and reuse of ionic liquid

The recycling of [HMIM] [TFSI] IL was performed following the
method with minor modication outlined in the literature.96

The IL was recovered from aqueous ltrate (mother liquor)
obtained from multiple reaction sets, starting with an initial
extraction using dichloromethane. The resulting solution was
then ltered to remove any residual particles. Subsequently, the
solvent was evaporated from the ltrate under vacuum below
RSC Adv., 2025, 15, 22764–22788 | 22769
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Table 2 Synthesis of 4-amino pyrrolo-pyrimidine linked Schiff base compounds APR1a–d a

Entry R Product Yieldb (%)

1 93.13%

2 91.45%

3 92.24%

4 94.0%

a Reaction conditions; 4-amino-7H-pyrrolo [2,3-d] pyrimidine (APR) (1.0 mmol), substituted benzaldehydes (2a–d) (1.0 mmol), solvent (5 volume), IL
(3 volume). b Isolated yield of pure products; MW = 80 °C.
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45 °C, and the recycled IL was dried for 8 hours under vacuum
before reuse.

To evaluate the efficiency of [HMIM][TFSI] in the synthesis of
4-amino pyrrolo-pyrimidine-linked Schiff base (APR1a–d)
compounds, reactions were conducted up to four times using
22770 | RSC Adv., 2025, 15, 22764–22788
the IL. Aer isolating the product, the remaining ionic liquid
was subjected to the recycling process described above and
reused in the subsequent cycle. This procedure was repeated for
four cycles, with the results presented in Scheme 2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Recycling and reuse of [HMIM][TFSI] IL; yield (%): 1 = employing fresh IL (1st cycle), 2 = recycled IL (2nd cycle), 3 = recycled IL (3rd
cycle), 4 = recycled IL (4th cycle).
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3.4. Plausible reaction mechanism

The plausible reaction mechanism for the synthesis of 4-amino-
pyrrolo-pyrimidine-linked Schiff base (APR1a–d) compounds is
illustrated in Scheme 3.97,98

Step 1: electrophilic activation and carbene formation.
The substituted benzaldehydes (2a–d) undergo protonation

at the carbonyl oxygen by the acidic C2–H proton of the 1-hexyl-
3-methylimidazolium cation ([HMIM]+) in the ionic liquid
[HMIM][TFSI]. This protonation enhances the electrophilicity of
the carbonyl carbon. Simultaneously, deprotonation at the C2–
H position of the imidazolium cation in [HMIM][TFSI], leading
to the formation of a transient N-heterocyclic carbene (NHC), as
illustrated in Step 1 of Scheme 3.

Step 2: NHC-mediated nucleophilic addition.
This NHC acts as a base/nucleophile, facilitating the nucle-

ophilic attack of the amino nitrogen lone pair from 4-amino-7H-
pyrrolo[2,3-d]pyrimidine (APR) on the activated carbonyl carbon
of 2a–d. This step forms the tetrahedral carbinolamine
intermediate.

Step 3: [HMIM][TFSI] ionic liquid regeneration.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The NHC is rapidly reprotonated (likely by protonated car-
binolamine oxygen), regenerating the original [HMIM][TFSI]
ionic liquid (Step 3). This step closes the catalytic cycle involving
the NHC.

Step 4: dehydration.
The elimination of water from the carbinolamine interme-

diate leads to the formation of the target Schiff base derivatives
(APR1a–d).
3.5. Physical and spectral analysis

To conrm the structural identication of synthesized
compounds various instrumental analyses like FT-IR, NMR, 13C
NMR, MS and elemental analysis were conducted.

3.5.1. Elemental analysis. To verify the purity and
elemental composition of the compounds, C, H, N, and M
analyses were performed, with the results provided in Section
2.4. The obtained data closely match with the calculated values,
validating the successful synthesis of the compounds.99,100

3.5.2. Bonding modes and IR spectra. The infrared spectra
of the synthesized compounds (APR1a–d) and free 4-amino-7H-
RSC Adv., 2025, 15, 22764–22788 | 22771
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Scheme 3 Plausible reaction mechanism for the [HMIM][TFSI]-catalyzed, synthesis of 4-amino-pyrrolo-pyrimidine-linked Schiff base (APR1a–
d) compounds.
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pyrrolo [2,3-d] pyrimidine (APR) were analyzed to evaluate the
efficiency of APR bonding with substituted benzaldehydes. The
spectral data presented in Section 2.4 and Fig. S1–S4† illustrate
the FT-IR spectra of the synthesized compounds (APR1a–d). By
selecting key bands, we examined how APR vibrations inuence
substituted benzaldehydes. The azomethine (HC]NN–)
group,101,102 observed in the 1654–1673 cm−1 region, appeared
as a distinct new band, conrming the successful formation of
all synthesized compounds. This also indicates that the
stretching vibrations of the aldehyde (CHO) and amino (NH2)
groups in the APR compound are suppressed. The band
observed at 3118–3314 cm−1, identied as aromatic (NH),
suggests the presence of these compounds in their processed
forms.103 The bands observed between 2912 and 3098 cm−1 are
characteristic of aldehydic substances. In the infrared spectra of
APR1a–d compounds, two distinct bands at 1582–1588 cm−1
22772 | RSC Adv., 2025, 15, 22764–22788
and 1475–1509 cm−1 correspond to the pC]C group of the
aromatic ring. Additionally, the FT-IR spectra of APR1a–
d compounds show the aromatic (C–N) band at 1316–
1335 cm−1, the di/trisubstituted benzene ring at 723–729 cm−1,
and the monosubstituted benzene ring at 654–691 cm−1.

3.5.3. 1H NMR spectra. All synthesised compounds
(APR1a–d) exhibit distinctive 1H NMR spectra (refer Section 2.4
and Fig. S5–S8†), which serve as ngerprints for structural
identication. A large singlet signal appears between 11.14–
12.39 ppm, indicating the presence of an aromatic NH
proton.104 While the chemical shis for aromatic OH and
aromatic CH proton appears as singlet peaks in the range
10.82–12.25 ppm and 6.974–8.408 ppm, respectively.105 The
appearance of the benzylideneimine –CH proton signal in the
8.047–10.34 ppm range in the 1H NMR spectrum conrms the
successful formation of Schiff base derivatives (APR1a–d) by the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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substitution of the amino (-NH2) group in 4-chloro-7H-pyrrolo
[2,3-d]pyrimidine (APR) with substituted benzaldehydes (2a–
d).106 The observed 1H NMR shis match previously published
data, validating the structure and conrming the synthesis
process. This interpretation suggests that the 1H NMR spectra
effectively conrm the presence of expected functional groups
and substitution reactions in the synthesized compounds.

3.5.4. 13C NMR spectra. The 13C NMR spectra of the
synthesized compounds (APR1a–d), as detailed in Section 2.4
and Fig. S9–S12,† provide valuable insights into the structural
modications of the resulting compounds. The imine (–C]N)
carbon, exhibits a peak in the range of 157.26–163.07 ppm,
characteristic of Schiff bases, conrming the successful
synthesis of the compounds (APR1a–d). The carbon positioned
between two nitrogen atoms in the pyrimidine ring resonates
between 149.39–152.06 ppm, while the carbon adjacent to
a nitrogen group appears within 140.07–148.50 ppm, reecting
electronic inuences from the nitrogen atoms. The –CH =

carbon resonates between 127.38–131.49 ppm, indicating its
involvement in a conjugated system. The phenyl ring carbons
(C1 and C3) display signals in the ranges of 120.02–126.78 ppm
and 119.96–124.55 ppm, respectively, which are characteristic
of aromatic carbon environments. Similarly, the pyrrole ring
carbons (C1, C2, and C3) resonate within 116.02–120.01 ppm,
102.09–117.44 ppm, and 99.93–102.02 ppm, respectively,
consistent with electron-rich heterocyclic systems.

These 13C NMR chemical shis provide valuable insights
into the structural and electronic properties of the synthesized
compounds.

3.5.5. Mass spectra. The mass spectra (MS) provide valu-
able insights into the molecular composition and fragmenta-
tion patterns of the synthesized compounds (APR1a–d), as
presented in Section 2.4 and Fig. S13–S16.† In the MS spectrum
of APR1a, a molecular ion peak is observed at m/z 239.12,
Fig. 2 Antibacterial activity of the synthesised compounds and standard

© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponding to the [M + H]+ ion, which represents the intact
molecular ion of APR1a under electron ionization (EI) condi-
tions. This observation suggests high molecular stability,
minimal fragmentation, and conrms the expected molecular
structure.

Similarly, the MS spectra of APR1b, APR1c, and APR1d
exhibit molecular ion peaks at m/z 239.22, m/z 239.15, and m/z
283.99, respectively. These values align with their theoretical
molecular masses, further conrming the successful synthesis
and structural integrity of the target compounds. Additionally,
the consistent m/z values of the [M + H]+ ion peaks validate the
formation of the target compounds, reinforcing the molecular
structures. This strong agreement provides compelling
evidence for the structural integrity of the synthesized
compounds.

Overall, the ESI-MS data effectively validates the structural
characterization of the synthesized compounds, conrming
their molecular compositions and paving the way for further
exploration of their chemical properties and potential
applications.
3.6. Biological activities

Antibiotics, essential to modern medicine, are becoming
increasingly ineffective due to rising antimicrobial resistance
(AMR), posing a serious global health threat. The devastating
impact of drug-resistant infections was underscored by a land-
mark 2019 analysis on the global burden of bacterial AMR,
which reported 1.27 million direct deaths and 4.9 million
associated deaths caused by resistant bacterial infections.
Therefore, in the search for potential agents to combat bacterial
antimicrobial resistance, along with the associated oxidative
stress and inammation, the following activities were
evaluated.
drug.

RSC Adv., 2025, 15, 22764–22788 | 22773
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3.6.1. Antibacterial activity. The antibacterial activity of the
synthesized compounds (APR1a–d) was evaluated by measuring
their zones of inhibition (mm) against Staphylococcus aureus (S.
aureus), Bacillus subtilis (B. subtilis), Escherichia coli (E. coli), and
Pseudomonas aeruginosa (P. aeruginosa). The results, summa-
rized in Table S1† and illustrated in Fig. 2, demonstrate
signicant variations in antibacterial potency among the
compounds when compared to streptomycin (standard antibi-
otic). By combining these antibacterial assessments with HPLC
purity analysis, we gained clear insights into how compound
purity directly inuences biological activity.

Key observations.
(1) Potent activity against S. aureus: all synthesized

compounds (APR1a–d) exhibited greater inhibition against S.
aureus (21.5–25.0 mm) than streptomycin (15.5 mm), indicating
strong efficacy against this Gram-positive bacterium.

(2) Strongest broad–spectrum activity – the compound
APR1d showed the highest antibacterial activity across all tested
strains, particularly against B. subtilis (28.0 mm), E. coli (20.0
mm), and P. aeruginosa (23.0 mm), surpassing streptomycin in
effectiveness.

(3) Gram-negative activity (E. coli & P. aeruginosa): All
compounds displayed moderate to strong inhibition against E.
coli (15.0–20.0 mm) and P. aeruginosa (14.0–23.0 mm), with
APR1d showing the highest activity, suggesting potential effi-
cacy against Gram-negative bacteria.

(4) Weaker activity against B. subtilis: except for compound
APR1d (28.0 mm), the other compounds showed low to
moderate inhibition against B. subtilis (7.5–11.0 mm), with
streptomycin (14.5 mm) displaying stronger inhibition than
synthesized compounds (APR1a–d).
Fig. 3 Antifungal activity of the synthesised compounds and standard d

22774 | RSC Adv., 2025, 15, 22764–22788
(5) By correlating antibacterial activity with HPLC purity
data, we observed that higher-purity compounds ($95% purity;
see Fig. S17, S18 and Tables S1–S3†) exhibited enhanced bio-
logical performance, ensuring the reliability of our data.

Key takeaways:
� APR1d emerges as the most promising compound, exhib-

iting the highest activity across all tested bacterial strains.
� The synthesized compounds, especially APR1c and APR1d,

demonstrate superior antibacterial efficacy compared to Strep-
tomycin, suggesting their potential as new antimicrobial agents.

� The varied inhibition patterns indicate potential selectivity
of the compounds toward different bacterial species, which
could be useful in targeted antibiotic development.
3.7. Antifungal activity

Table S3† and Fig. 3 present the antifungal activity of the
synthesized compounds (APR1a–d) and the standard drug u-
conazole against Candida albicans and Saccharyomyces cer-
evisiae, measured by the zone of inhibition (mm). Linking these
results with HPLC purity data revealed how purity affects anti-
fungal performance.

(1) Compound APR1d exhibits the highest activity: APR1d
shows the strongest inhibition against both Candida albicans
(19.0 mm) and Saccharomyces cerevisiae (19.0 mm), making it
the most potent antifungal compound.

(2) Better performance than uconazole: all synthesized
compounds, except APR1c against Candida albicans (11.0 mm),
show superior inhibition compared to uconazole (10.5 mm
and 14.0 mm), indicating enhanced antifungal efficacy.
rug.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(3) Strain-specic trends: APR1a (16.5 mm) is highly effective
against Candida albicans, whereas APR1b (15.5 mm) and APR1c
(14.5 mm) show moderate activity against Saccharomyces
cerevisiae.

(4) Our analysis showed that compounds with $95% purity
(HPLC; see Fig. S17, S18 and Tables S1–S3†) demonstrated
stronger antibacterial effects, conrming data reliability.

(5) Key takeaways.
� APR1d is the most effective antifungal agent, displaying

broad-spectrum activity against both fungal strains.
� The synthesized compounds show higher antifungal

potency than uconazole, making them promising candidates
for further pharmaceutical development.

� Additional studies, including mechanism of action, cyto-
toxicity, and structure–activity relationship (SAR) analysis, are
needed to conrm their therapeutic potential.

3.7.1. In vivo cytotoxic activity. The Brine Shrimp Lethality
Bioassay (LC50 values) evaluates the cytotoxicity of the synthe-
sized compounds (refer Table S8† and Fig. 4) by determining
the concentration required to kill 50% of the brine shrimp
larvae. Lower LC50 values indicate higher cytotoxicity, whereas
higher LC50 values suggest lower toxicity or reduced bioactivity.
We correlated cytotoxicity results with HPLC purity data (see
Fig. S17, S18 and Tables S1–S3†) to better understand how
a compound's purity affects its biological activity.

Key observations.
(1) APR1c (LC50 > 8.50 × 10−4 M) shows the least cytotoxicity,

as it has the highest LC50 value.
(2) APR1b (LC50 > 3.50 × 10−4 M) exhibits the highest cyto-

toxicity among the synthesized compounds, suggesting it may
have potential bioactivity.
Fig. 4 Cytotoxic activity of the all compounds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(3) APR1d (LC50 > 4.50 × 10−4 M) and APR1a (LC50 > 6.50 ×

10−4 M) show intermediate cytotoxic effects.
(4) Vincristine sulphate (LC50 > 3.24 × 10−6 M), a known

anticancer drug, exhibits the highest cytotoxicity, which is ex-
pected due to its strong bioactivity against cancer cells.

(5) All the compounds (APR1a–d) was obtained in $95%
purity (HPLC, see Fig. S17, S18 and Tables S1–S3†)), ensuring
reliability of biological data.

Key takeaways:
� The synthesized compounds APR1a–d demonstrate varying

degrees of cytotoxicity, with APR1b being the most active.
� However, their toxicity levels are signicantly lower than

Vincristine Sulphate, suggesting that they might be safer but
require further bioactivity screening.

� Further studies, including detailed mechanistic investiga-
tions, are necessary to determine their potential therapeutic
applications.
3.8. Structure activity relationship (SAR)

The exploration of the structure–activity relationship (Scheme
4) proves instrumental in discerning the correlation between
molecular structure and biological activity. All synthesized
compounds showcase remarkable activity across various bio-
logical assessments.

3.8.1. Purine core (blue) – likely adenine or purine scaffold.
� This moiety plays a crucial role in biological activity, as purine
derivatives are common in many bioactive molecules such as
nucleotides, ATP, and kinase inhibitors.

� The presence of multiple nitrogen atoms in the fused
bicyclic ring system enhances hydrogen bonding and potential
RSC Adv., 2025, 15, 22764–22788 | 22775
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Scheme 4 Structure activity relationship of synthesized compounds.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 4
:2

3:
38

 P
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
interaction with biological targets such as enzymes and
receptors.

3.8.2 Hydroxyl (–OH) group (red) on benzyl position. � The
hydroxyl (–OH) group increases the molecule's polarity and
hydrogen bonding potential, which may enhance solubility and
target binding.

� It can participate in key interactions with amino acid
residues in biological receptors, possibly forming hydrogen
bonds that stabilize ligand-receptor binding.

3.8.3 Aldehyde (–CHO) or ketone functional group on
benzyl ring. � This electrophilic center can contribute to reac-
tivity and potential covalent interactions with biological targets.

� The electron-withdrawing effect may inuence the elec-
tronic distribution over the ring, potentially affecting binding
affinity.

(4) The azomethine (–C]N) group introduces planarity and
electron delocalization in the molecule, which can enhance
target binding affinity through p–p stacking interactions with
Fig. 5 HOMO–LUMO of synthesized compounds.

22776 | RSC Adv., 2025, 15, 22764–22788
aromatic amino acids (e.g., in enzyme active sites). The presence
of an azomethine (–C]N) group in a synthesised compound
(APR1a–d) signicantly inuences biological activity, target
interaction, and pharmacokinetic properties. It plays a role in
Kinase inhibition (anticancer potential), DNA/protein interac-
tion (cytotoxicity) and Metal complexation (antimicrobial
activity).

(5) The presence of an electron-donating or withdrawing
group near the imine affects its reactivity:

� Electron-withdrawing group (–NO2) in the compound
APR1d can increase stability and reduce nucleophilic attack.

� Electron-donating groups (–OH) in synthesised
compounds (APR1a–d) can enhance interactions with proteins.

3.9. Computational insights into stability, reactivity, and
potential applications

The computational analysis of the studied structures provides
valuable insights into their electronic properties, stability, and
reactivity (Table S4†). By examining the total energy, binding
energy, frontier molecular orbitals, and various reactivity
descriptors, we can deduce the potential applications and
stability of these compounds.

3.9.1. Energy stability and binding affinity: insights into
molecular stability. The total energy values suggest a strong
thermodynamic stability across all structures, with APR1d
exhibiting the lowest total energy (−991.781 a.u.) (Table S4†),
indicating its superior stability compared to the others. A
similar trend is observed in the binding energy values, where
APR1d demonstrates the most favorable binding affinity
(−6.271 eV) (Table S4†), underscoring its potential for enhanced
molecular interactions. These ndings suggest that APR1d may
exhibit superior performance in applications requiring stable
and efficient molecular binding, such as in catalysis or
biomedical applications.

3.9.1.1 Electronic properties and reactivity: understanding
charge transfer and conductivity. The HOMO–LUMO gap (refer
Table S4† and Fig. 5), a crucial parameter dening electronic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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transitions and molecular reactivity, is observed to be the
smallest in structure APR1d (0.0679 eV). This lower band gap
signies higher electronic conductivity and greater reactivity,
making APR1d an attractive candidate for optoelectronic and
redox-related applications. The calculated chemical hardness
(h) values further reinforce this trend, with APR1d showing the
lowest hardness (0.0339 eV), indicating a highly polarizable
system that can easily interact with its environment.

Conversely, chemical soness (S), which measures a mole-
cule's tendency to exchange electrons, is highest for APRD1d
(14.7216 eV−1) (Table S4† and Fig. 5). This suggests that APR1d
can efficiently participate in charge transfer processes, a desir-
able trait in molecular electronics and drug design. Addition-
ally, the electronegativity (c) and chemical potential (m) values
further conrm the high reactivity of APR1d, making it
a promising candidate for further functionalization and prac-
tical applications.

3.9.1.2 Electrophilicity and dipole moment: implications for
reactivity and applications. The electrophilicity index (u), an
essential indicator of a molecule's ability to accept electrons, is
highest for APR1d (0.4288 eV) (Table S4 and Fig. S21†). This
suggests that structure APR1d has the strongest potential to
participate in electrophilic reactions, which could be benecial
in designing novel materials for energy storage or targeted drug
interactions.

Dipole moment values also provide insights into the
molecular polarity and interaction potential. Structure APR1a
exhibits the highest dipole moment (1.9717 D) (Table S4†),
indicating a higher degree of asymmetry in charge distribu-
tion, which can enhance intermolecular interactions, partic-
ularly in biological environments. In contrast, structure APR1c
has the lowest dipole moment (0.7816 D) (Table S4†), sug-
gesting a more symmetrical charge distribution, which may
reduce solubility but enhance packing efficiency in solid-state
applications.
4 Conclusion and future prospects:
unlocking potential for advanced
applications

The computational ndings reveal that structure APR1d stands
out as the most reactive and stable candidate, with superior
electronic properties, high chemical soness, and strong elec-
trophilic potential. These characteristics make it an excellent
candidate for applications in molecular electronics, catalysis,
and biomedical engineering.

Future experimental validation and functionalization of
APR1d could further enhance its properties, paving the way for
its use in next-generation materials. Additionally, the high
dipole moment of APR1d suggests potential for targeted drug
delivery applications, where molecular polarity plays a crucial
role in biological interactions.

These results provide a strong foundation for further inves-
tigations, bridging computational insights with real-world
applications to unlock the full potential of these novel molec-
ular structures.
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.1 Molecular electrostatic potential (MESP) analysis: charge
distribution, reactivity, and potential applications

4.1.1. Charge distribution and reactive sites: insights from
MESP maps. Molecular Electrostatic Potential (MESP) mapping
presented in Table S5† and visually represented in Fig. S22†
provides a visual representation of electron density, high-
lighting regions of electrostatic interactions that play a crucial
role in molecular stability, reactivity, and bioactivity. The MESP
surface maps for APR1a, APR1b, APR1c, and APR1d reveal
distinct charge distributions, correlating well with their
computed electronic properties.

� Structure APR1a exhibits well-distributed electrostatic
potential, with electron-rich (negative potential) regions local-
ized around electronegative atoms, such as oxygen and nitrogen
(Table S5†). This suggests a strong tendency for hydrogen
bonding and nucleophilic interactions, making APR1a a prom-
ising candidate for biomolecular binding and drug–receptor
interactions.

� Structure APR1b shows a slightly more uniform MESP
distribution compared to APR1a, with a moderate electrostatic
potential gradient. The presence of both donor and acceptor
regions suggests balanced reactivity, potentially favoring selec-
tive molecular recognition in enzyme inhibition or drug–target
interactions.

� Structure APR1c demonstrates less polarization in its MESP
map, indicating a reduced dipole moment and weaker inter-
molecular interactions compared to 1a and 1b. However, its
electron-decient regions suggest that APR1c could act as an
effective electrophile, participating in charge-transfer processes
under specic conditions.

� Structure APR1d stands out with highly localized negative
potential regions, indicating enhanced nucleophilic reactivity.
This strong electrostatic variation suggests that APR1d is the
most chemically active structure, aligning with its low band gap
energy (0.0679 eV) and high electrophilicity index (0.4288 eV)
observed in the DFT results (Table S4†). Such properties
enhance its ability to interact with biomolecules, metal centers
in catalysis, and redox-active environments.

These ndings reinforce the potential of APR1d as the most
reactive and bioactive candidate, while APR1a and APR1b
exhibit strong hydrogen bonding capabilities, making them
suitable for biological applications.

4.1.1.1 Correlation between MESP and electronic properties.
The trends observed in MESP maps align with the HOMO–
LUMO energy gap, chemical hardness, and dipole moment
values from the computational studies:

� Lower band gap energy (as seen in APR1d) corresponds to
higher charge transfer potential, which is reected in its
pronounced MESP variations.

� Higher chemical soness (S) enhances electronic adapt-
ability, a key trait for catalytic, sensor, and drug development
applications. The most chemically so structure, APR1d (S =

14.7216 eV−1) (Table S4† and Fig. 8), also shows the most intense
electrostatic variations in MESP, reinforcing its high reactivity.

� Dipole moment trends align with MESP asymmetry: APR1a
(1.97 D) shows the most asymmetric charge distribution,
RSC Adv., 2025, 15, 22764–22788 | 22777
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favoring polar interactions, while APR1c (0.78 D) (Table S4† and
Fig. S23†) has the most uniform MESP distribution, indicating
lower polarity and potential applications in materials science.
5 Conclusion and future directions

The MESP analysis, coupled with electronic property evaluation,
highlights APR1d as the most reactive structure, making it highly
suitable for catalytic applications, charge-transfer processes, and
bioactive compound development. Meanwhile, APR1a and APR1b
demonstrate strong polar interactions, suggesting their potential
in drug design and molecular recognition.
Fig. 6 Molecular docking visualization of E. coli target protein (PDB: 1HN
Binding poses of APR1a (red), APR1b (blue), APR1c (cyan), APR1d (yellow)
representation. The overlay highlights distinct binding orientations and fa
the APR1a–d series as strong therapeutic leads for antimicrobial develop

22778 | RSC Adv., 2025, 15, 22764–22788
Future studies should focus on experimental validation
through spectroscopic and biological assays, further exploring
the functionalization potential of these structures for advanced
applications in materials science, catalysis, and medicinal
chemistry.
5.1 Molecular docking analysis: binding affinity, hydrogen
bonding, and steric interactions of compounds against E. coli
and Candida albicans

The molecular docking results presented in Table S6† and
visually represented in Fig. 6 and 7 provide compelling insights
into the potential antibacterial and antifungal efficacy of the
J, white surface) in complex with top-performing candidatemolecules.
, and reference drug Fluconazole (green) are depicted in ball-and-stick
vorable interactions within the active site, underscoring the potential of
ment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tested compounds against E. coli (PDB: 1hnj) and Candida
albicans (PDB: 5v5z). The observed binding affinities, hydrogen
bonding interactions, and steric interactions suggest promising
bioactivity, reinforcing the therapeutic potential of these
compounds.

5.1.1. Interaction with E. coli (PDB: 1hnj). Among the
tested compounds, APR1d exhibited the strongest binding
affinity at −7.4 kcal mol−1, surpassing even the standard anti-
biotic streptomycin (−6.2 kcal mol−1) (Fig. 6). This signicant
binding energy suggests that compound 1d has a stronger and
more stable interaction with the bacterial target. The interac-
tion of APR1d with Phe304, Asn210, Arg249, and Ile250 high-
lights its ability to establish robust hydrogen bonding and steric
interactions, which could enhance its antibacterial efficacy.

Similarly, APR1b demonstrated a notable binding energy of
−7.3 kcal mol−1, interacting primarily with Asn247, which is
Fig. 7 Molecular docking visualization of Candida albicans target protein
molecules. The binding conformations of APR1a (red), APR1b (blue), APR1
are shown in ball-and-stick models. The superimposed docked poses illu
highlighting the APR1a–d series' promising potential as next-generation
complementarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
crucial for its stability within the active site. Compound APR1a
and APR1c exhibited moderate binding affinities of −7.0 and
−7.1 kcal mol−1, respectively, indicating potential antibacterial
activity but slightly lower than APR1b and APR1d. The lack of
hydrogen bonding in APR1c suggests that steric interactions
with Asn247 play a signicant role in its stability within the
binding pocket (Fig. 6).

In comparison, streptomycin, the control drug, displayed
weaker binding affinity (−6.2 kcal mol−1) but showed multiple
hydrogen bonding interactions with Asp150, Gly152, Met207,
Gly209, and Asn210. This suggests that the tested compounds,
particularly APR1d and APR1b, might offer stronger or compa-
rable antibacterial activity while interacting with key active site
residues.

5.1.1.1 Interaction with Candida albicans (PDB: 5v5z). The
docking results against Candida albicans (refer Table S6† and
(PDB: 5V5Z, grey surface) in complex with top-performing candidate
c (cyan), APR1d (yellow), and the reference drug streptomycin (orange)
strate favorable orientation and occupancy within the active site cavity,
antifungal agents through enhanced target engagement and binding

RSC Adv., 2025, 15, 22764–22788 | 22779
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Fig. 7). further reinforce the promising antifungal potential of
the synthesized compounds. Notably, compound APR1d
exhibited the highest binding affinity (−8.0 kcal mol−1), out-
performing uconazole, the standard antifungal drug
(−7.8 kcal mol−1). This enhanced binding suggests that APR1d
could serve as a strong antifungal candidate. The presence of
hydrogen bonding with His377 and Ser378, along with steric
interactions involving Gly307, His377, and Ser378, indicates
a well-tted binding conformation within the fungal target site.

Compounds APR1a and APR1b both exhibited signicant
binding affinities of −7.8 kcal mol−1, equaling uconazole.
However, APR1b formed hydrogen bonding interactions with
Tyr118, a crucial residue for ligand stabilization, while APR1a
lacked hydrogen bonding but still maintained a high affinity
through steric interactions. Compound APR1c, with a binding
energy of−7.5 kcal mol−1, formed interactions withHis377 and
Ser378, which are key contributors to ligand stabilization.

Fluconazole, while displaying strong hydrogen bonding with
Ile304 and Thr311 and steric interactions with multiple resi-
dues (Leu204, Leu276, Ile304, Gly308, Thr311, Gly472), did not
exhibit a signicantly stronger binding affinity compared to the
tested compounds. This suggests that the novel compounds,
particularly APR1d, could provide comparable or improved
antifungal efficacy.
6 Significance of findings

The docking studies indicate that the synthesized compounds,
especially APR1d and APR1b, demonstrate superior binding
affinities compared to conventional antibiotics and antifungal
agents (Fig. S24†). The stronger binding interactions of these
compounds suggest potential improvements in drug efficacy,
selectivity, and possibly lower resistance development in patho-
gens. Furthermore, the presence of critical hydrogen bonds and
steric interactions enhances the stability of these compounds
within the active sites of bacterial and fungal targets, making
them promising candidates for further biological evaluation.

Future experimental validation, including in vitro antimi-
crobial assays, minimum inhibitory concentration (MIC)
studies, and cytotoxicity evaluations, will be crucial in deter-
mining their real-world applicability. If these compounds retain
their high efficacy in biological settings, they could serve as
viable alternatives to existing antimicrobial agents, addressing
the growing concern of antimicrobial resistance.

Overall, the molecular docking ndings present highly
promising antibacterial and antifungal potential for the tested
compounds. The superior binding affinities of APR1d and
APR1b, particularly against E. coli and Candida albicans
(Fig. S24†), highlight their potential as novel antimicrobial
agents. These results pave the way for further optimization and
experimental validation, with the potential to develop next-
generation antimicrobial therapeutics.
6.1. Molecular dynamic simulations analysis

The evaluation of the stability of protein-ligand complexes
involved a comprehensive analysis using molecular dynamics
22780 | RSC Adv., 2025, 15, 22764–22788
simulation outlined in Tables S7–S9.† Various parameters, such
as Root Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF), Radius of Gyration (Rg), Solvent Accessible
Surface Area (SASA), and hydrogen bond analysis, were
employed throughout the simulation. To assess the stability of
the system, Ca atom RMSD values were examined for both the
Apo (Escherichia coli) and the specic ligand bound complexes,
Escherichia coli with Streptomycin drug (used as control in
current study) and synthesis drug (APR1d compound), as shown
in Fig. S25B.† The Apo form of Escherichia coli consistently
exhibited high RMSD values in compare to control and APR1d
ligand bound complexes. Although the synthesis (APR1d
ligand) complexes displayed stable RMSD values, maintaining
a nearly constant value throughout the entire simulation period
(Fig. S25B†). This result implies that the stability of these
complexes is affected by the presence of ligands. RMSF has been
used to analyze the exibility, or uctuations, of individual
residues within Escherichia coli over time. The RMSF values of
selected complexes and Apo showed some similarities
(Fig. S25A†). It is noteworthy that the composite APR1d ligand
complex has the lowest RMSF value, indicating higher stability
compared to the other two systems (Apo and streptomycin
bound Escherichia coli). Additionally, the radius of gyration (Rg),
a measure of the tightness or spatial distribution of atoms in
a molecule, was studied to analyze overall shape and confor-
mational changes in biomolecules. In this study, Rg showed
similarities in structural compactness between Apo and Strep-
tomycin complexes (Fig. S25C†). However, APR1d -ligand bound
complex have lesser Rg value, shows the higher compactness.
The Ligand RMSD plot shown in Fig. 8 provides insights into
the dynamic's behavior of ligands molecules within Escherichia
coli. The Root Mean Square Deviation (RMSD) of the APR1d
ligand is lower when compared to that of the control ligand.
This indicates that the APR1d ligand exhibits less deviation
from the desired structure, suggesting potentially tighter
binding or a better t within the binding site compared to the
control ligand shown in Fig. S25D.†

Hydrogen bonds play a crucial role in inuencing the
strength of interactions within the MD simulations, with
a higher number of hydrogen bonds formed between ligands
and proteins helping to form tighter binding and stable
complexes In this study, ligand-protein complex stability was
evaluated using a hydrogen bond analysis over the course of the
simulation. Interestingly, the complexes control and APR1d
ligand, which interacted with residues Met207, Asn210, Arg151
and Phe304, respectively, shown in Fig. 8. The residues involved
in hydrogen bonding, as identied, correspond with the results
obtained from the docking analysis. The trajectory was clus-
tered into ve groups, and the most highly populated cluster,
comprising 60% of the total simulation, was chosen for inves-
tigating the interactions between the ligand and protein shown
in Fig. 8.

The AMBER18 soware's Molecular Mechanics Poisson-
Boltzmann Surface Area (MM-PBSA) module was utilized to
compute the binding free energy between the ligand and the
complex. This encompassed all non-bonded interactions, such
as van der Waals forces, electrostatic interactions, polar
© 2025 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/d5ra02622a


Fig. 8 The representation structure of the most populated cluster of streptomycin and APR1d ligand bound E. coli complex during 100 ns
molecular dynamics simulation (A) binding site of streptomycin (B) interaction of streptomycin with E. coli (C) binding site of APR1d ligand and (D)
interaction of APR1d ligand with E. coli.The ligand (green) with stick and protein complex shown as cartoon.
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solvation, and nonpolar salvations resulting in a total binding
free energy of complexes. The binding free energy is higher for
the synthesized drug (−28 kcal mol−1) compared to the control
(−9 kcal mol−1) shown in Tables S7–S9.† This suggests that the
synthesized drug has a stronger affinity for its target compared
to the control compound.

Similar analyses were conducted for complexes involving
a control ligand and a synthesized ligand with Candida albicans.
Both RMSD and RMSF exhibited lower values in the complex
with the synthesized ligand bound to Candida albicans shown in
Fig. S26.† The synthesized ligand displayed signicantly lower
RMSD values, indicating its stability within the binding site of
Candida albicans (shown in Fig. S26A†). Additionally, interac-
tions between the ligands and Candida albicans were assessed.
It was observed that the control ligand interacted with Ile447/
Gly448, whereas the synthesized ligand interacted with His377/
His378 residues of Candida albicans shown in Fig. 9. The
binding stability of the ligand complex systems was reected by
the binding free energy, revealing that the synthesized ligand
exhibited a more negative binding energy (−28 kcal mol−1)
compared to the control ligand (−25 kcal mol−1) shown in
Tables S8 andS9.†

In conclusion, the comparative analysis between complexes
involving a control ligand and a synthesized ligand with E. coli/
© 2025 The Author(s). Published by the Royal Society of Chemistry
C. albicans revealed several key ndings. Firstly, both RMSD and
RMSF values were lower in the complex with the synthesized
ligand (APR1d drugs), indicating greater stability within the
binding site of E. coli as well as C. albicans. Importantly, the
binding free energy analysis underscored the enhanced binding
stability of the synthesized ligand complex, as evidenced by its
more negative binding energy compared to the control ligand.
These ndings collectively suggest the potential efficacy and
specicity of the synthesized ligand in targeting E. coli/C. albi-
cans, highlighting its promise for further investigation and
development as a therapeutic agent.

6.1.1. Pharmacokinetic and drug-likeness evaluation of
novel compounds: insights into their therapeutic potential. The
physicochemical, lipophilicity, solubility, pharmacokinetic,
drug-likeness, and medicinal chemistry properties of the four
compounds (APR1a, APR1b, APR1c, and APR1d) were analyzed
to assess their potential as drug candidates (Table S10 and
Fig. S27†). The ndings reveal promising characteristics, with
notable variations among the compounds that inuence their
pharmacological viability.

6.1.1.1 Physicochemical properties. All four compounds
exhibit similar molecular weights (∼238–283 g mol−1), indi-
cating their potential for effective interaction with biological
targets. The number of rotatable bonds (2–3) suggests good
RSC Adv., 2025, 15, 22764–22788 | 22781
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Fig. 9 The representation structure of the most populated cluster of fluconazole and APR1d ligand bound C. Albicans complex during 100 ns
molecular dynamics simulation (A) binding site of streptomycin (B) interaction of streptomycin with E. coli (C) binding site of APR1d ligand and (D)
interaction of APR1d ligand with C. Albicans protein. The ligand (green) with stick and protein complex shown as cartoon.
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molecular exibility, which can impact binding affinity.
Compound APR1d, however, possesses a slightly higher
number of heavy atoms (21) and hydrogen bond acceptors (6),
which may contribute to increased molecular interactions.

Total polar surface area (TPSA) values ranged from 56.98 Å2

to 119.98 Å2, with compound APR1d showing the highest TPSA.
Generally, TPSA values below 140 Å2 indicate favorable oral
bioavailability, suggesting that all compounds can be efficiently
absorbed. However, the fraction of sp3 hybridized carbons
(Csp3) was 0.08 for 1a and 0.00 for the others, implying
a predominantly planar and rigid structure, which may inu-
ence binding specicity.

6.1.1.2 Lipophilicity and water solubility. The lipophilicity
values, expressed as the consensus Log P (Po/W), suggest that
compounds APR1b and APR1c (log P = 2.02) are more
hydrophobic than 1a (log P= 0.14) and APR1d (log P= 1.22).
This indicates that APR1b and APR1c might have higher
membrane permeability but could also pose solubility
challenges.

Solubility analysis showed that APR1a is highly soluble (Log
S = 0.01, ALI model), while the other compounds are classied
22782 | RSC Adv., 2025, 15, 22764–22788
as soluble to moderately soluble. This suggests that 1a may have
an advantage in terms of dissolution and bioavailability,
whereas APR1b, APR1c, and APR1d might require solubility-
enhancing strategies.

6.1.1.3 Pharmacokinetics and drug metabolism. Gastrointes-
tinal (GI) absorption was high for all four compounds, rein-
forcing their potential for oral administration. However, only
APR1b and APR1c demonstrated blood–brain barrier (BBB)
permeability, indicating their potential for central nervous
system (CNS) applications. In contrast, APR1a and APR1d are
unlikely to cross the BBB, making them more suitable for
peripheral targets.

Interestingly, none of the compounds acted as substrates for
P-glycoprotein (P-gp), suggesting that they are less prone to
efflux mechanisms, which could enhance their intracellular
retention. However, 1b and 1c were predicted to inhibit CYP1A2,
which might lead to drug–drug interactions if co-administered
with CYP1A2-metabolized drugs.

Skin permeability (log Kp) values ranged from−8.28 cm s−1

(APR1a) to−6.38 cm s−1 (APR1b and APR1c), suggesting limited
© 2025 The Author(s). Published by the Royal Society of Chemistry
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transdermal absorption, making them less favorable for topical
formulations.

6.1.1.4 Drug-likeness and medicinal chemistry evaluation. All
compounds met Lipinski's rule of ve without violations, indi-
cating favorable oral bioavailability. However, only APR1b,
APR1c, and APR1d passed the Ghose lter, while APR1a
exhibited one violation. The bioavailability score remained
consistent at 0.55 across all four compounds, reinforcing their
likelihood of systemic availability.

In terms of medicinal chemistry, PAINS (Pan Assay Inter-
ference Compounds) alerts were absent, suggesting a low like-
lihood of non-specic interactions. However, the Brenk lter
identied an imine alert in APR1a, APR1b, and APR1c, with
APR1d showing additional alerts due to the presence of nitro
and oxygen-nitrogen single-bond groups, which might affect
toxicity or reactivity. The synthetic accessibility scores ranged
from 2.50 to 3.43, indicating moderate ease of synthesis, with
APR1c being the easiest to synthesize.

Overall, the analysis presents a promising outlook for these
compounds, with each exhibiting unique strength. Compound
APR1a stands out for its high solubility and minimal toxicity
risks, making it an ideal candidate for further optimization.
Compounds APR1b and APR1c show potential for CNS appli-
cations due to their BBB permeability but require careful
consideration of CYP1A2 inhibition. Compound APR1d, with its
higher TPSA and solubility prole, could be advantageous for
systemic applications, though its medicinal chemistry alerts
warrant further investigation.

Future studies, including in vitro and in vivo evaluations, will
be crucial to validate these ndings and further rene the lead
candidates for pharmaceutical development.

6.1.1.5 Structural and molecular interaction insights: evalu-
ating drug-like potential. The molecular interactions and struc-
tural characteristics of the four compounds (APR1a, APR1b,
APR1c, and APR1d) reveal promising features that could inu-
ence their pharmacological potential. Key attributes such as
hydrogen bonding capacity, hydrophobicity, and aromaticity
(refer Table S11 and Fig. S28†) play a crucial role in determining
their biological activity, stability, and drug-likeness.

6.1.1.6 Hydrogen bonding capacity: balancing stability and
binding affinity. Hydrogen bonding is a critical factor in drug–
target interactions, affecting solubility, bioavailability, and
binding specicity. Compounds APR1a, APR1b, and APR1c
share an identical prole with ve hydrogen bond acceptors and
three hydrogen bond donors, suggesting a uniform potential for
hydrogen bond formation with biological targets. This consis-
tency may lead to stable interactions with enzymes or receptors,
contributing to their potential efficacy.

In contrast, compound APR1d exhibits a higher number of
hydrogen bond acceptors (7), which could enhance its ability to
form multiple interactions with polar residues in protein
binding sites. This characteristic may improve its binding
affinity and specicity, making APR1d a strong candidate for
further optimization. However, excessive hydrogen bonding can
sometimes reduce membrane permeability, which needs to be
carefully evaluated in further studies.
© 2025 The Author(s). Published by the Royal Society of Chemistry
6.1.1.7 Hydrophobicity and aromatic ring contribution: inu-
encing drug permeability.Hydrophobicity is crucial for membrane
permeability, as highly hydrophobic compounds tend to pass
through cell membranes more efficiently. Compounds APR1a,
APR1b, and APR1c exhibit two hydrophobic regions, suggesting
a balanced prole that may allow for effective cellular uptake
while maintaining adequate aqueous solubility. On the other
hand, APR1d presents only one hydrophobic region, which could
slightly impact its membrane permeability but might enhance
solubility in aqueous environments.

All four compounds share a common aromatic ring count of
six, indicating a stable planar structure that could facilitate p–p
interactions with biological targets. Aromaticity oen enhances
binding affinity in drug–receptor interactions, which could
contribute to the compounds' therapeutic potential.

6.1.1.8 Ionizability and drug stability: enhancing pharmaco-
kinetic properties. None of the compounds exhibit negative or
positive ionizable groups, which suggests that they maintain
a neutral charge across physiological pH ranges. This character-
istic is advantageous, as excessive ionization can lead to poor
membrane permeability and reduced bioavailability. The absence
of ionizable groups indicates that these compounds may have
a stable pharmacokinetic prole, avoiding potential issues related
to pH-dependent solubility or unwanted electrostatic interactions.

The structural and physicochemical analysis of these
compounds highlights their promising potential for drug
development. While APR1a, APR1b, and APR1c share a similar
balance of hydrogen bonding and hydrophobicity, APR1d
stands out with an increased hydrogen bond acceptor count,
which could enhance its binding interactions. The uniform
aromaticity across all compounds suggests strong target
engagement, while the absence of ionizable groups supports
stability across physiological conditions.

Future investigations, including in vitro binding assays and
in vivo pharmacokinetic studies, will be essential to validate
these ndings and optimize the most promising candidates for
therapeutic applications.

7 Conclusion

A green, microwave-assisted synthesis of 4-amino-pyrrolo[2,3-d]
pyrimidine Schiff bases (APR1a–d) using reusable [HMIM][TFSI]
ionic liquid achieved high yields (82–94%).APR1dexhibited
exceptional antimicrobial activity (e.g., 28.0 mm zone against B.
subtilis), outperforming uconazole, and demonstrated low
cytotoxicity (LC50 > 3.50 × 10−4 M). HPLC analysis conrmed
$95% purity for all compounds (APR1a–d), validating the reli-
ability of biological evaluations. DFT and docking studies
revealed its high reactivity (HOMO–LUMO gap: 0.0679 eV) and
strong target binding (DG = −28.8 kcal mol−1). With favorable
ADMET properties and no Lipinski violations, APR1d emerges
as a promising antimicrobial lead.

Data availability
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