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[BMIM]OAc promoted one-pot synthesis of
pyrazolo[4/,3":5,6]pyrido[2,3-d]pyrimidin-5-ones

and their antimicrobial activity
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A one-pot method was developed for synthesizing pyrazolo[4/,3':5,6]pyrido[2,3-d]pyrimidin-5-ones using
the recyclable ionic liquid catalyst [BMIM]OAc in ethanol under reflux conditions. This approach achieved

high yields (76-95%) across various substrates along with straightforward product isolation and catalyst

recyclability. The synthesized compounds 4(a—l) were tested for antimicrobial activity against Gram-
positive and Gram-negative bacteria, and fungal strains. Notably, compounds 4c and 4e showed strong
antibacterial effects against S. aureus (MIC: 8 pg mL™Y), while 4a, 4b, and 4f effectively inhibited E. coli

(MIC: 8 pg mL™Y). Compound 4l exhibited notable antifungal activity against C. albicans (MIC: 8 ng

mL %), outperforming the standard drugs. Cytotoxicity assessment on HEK293 cells revealed low toxicity

in most derivatives (ICso > 50 uM), with halogenated analogs (4c, 4e) displaying moderate activity but
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remaining less toxic than doxorubicin. Molecular docking and dynamics simulations confirmed stable

interactions of key compounds (4c, 4e, 4f) with bacterial Tet repressor class D and fungal sterol 14-
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1 Introduction

Heterocyclic structures are crucial in drug discovery, appearing
in over 70% of small-molecule drugs approved in recent
decades due to their ability to finely adjust properties like lip-
ophilicity, polarity, hydrogen bonding, and ADME profiles.*™*
Synthetic advances have enabled access to a wide variety of
these compounds, speeding up medicinal chemistry efforts.®
Fused heterocycles, for example, pyrazolo-pyrimidines, are
highly regarded as privileged scaffolds because their rigid,
nucleobase-like forms enhance selective binding to ATP-
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o demethylase, consistent with experimental data. Overall, this ionic liquid-catalyzed approach provides
an efficient route to bioactive heterocycles with promising antimicrobial and anticancer potential.

binding enzymes.®® Multicomponent reactions (MCRs) are
highly valuable in modern synthetic chemistry due to their
efficiency, sustainability, and versatility in constructing
complex molecules in a single step.”** These reactions adhere
to green chemistry principles by often removing the necessity
for intermediate purification and minimizing reagent
consumption."**” MCRs have broad applications across phar-
maceuticals, materials science, and agrochemicals, serving as
a robust platform to generate extensive libraries of bioactive
compounds, functional materials, and innovative molecular
architectures critical for both research progress and industrial
use.18720

Recently, ionic liquids have become prominent catalysts in
the synthesis of heterocyclic structures due to their dual role as
green solvents and catalysts.”>** Ionic liquids act green and
sustainable catalyst and solvent, the cation and anion combi-
nation can be changed for specific reaction conditions,
enhances reaction efficiency.” Numerous one-pot MCRs con-
ducted in ionic liquids have been reported for synthesizing
diverse heterocycles such as pyrimidine, quinoline, quin-
pyrimido-quinoline, and pyrido-pyrimidine
*427 Ppyrazolo, pyridine, and pyrimidine scaffolds
possess various biological activity because of producing
nitrogen-rich, planar frameworks capable of hydrogen bonding
and 7-7 interactions at biomolecular sites.”®*** Owing to these
features, they are considered privileged scaffolds in medicinal

azoline,
derivatives.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pyrazolo, pyridine nucleus-bearing drugs.

chemistry and have yielded diverse bioactive compounds, into
clinical studies.***** These heterocycles exhibit antimicrobial,
antifungal, anti-inflammatory, and anticancer activities sup-
ported by SAR studies.***” Such versatility underscores their
potential for further development as antimicrobial agents.
Some of the marketed drugs bearing pyrazole, pyridine, and
pyrimidine scaffold were shown in Fig. 1.

According to literature, the rational design of the target
molecules was guided by established SAR trends of barbituric
and thiobarbituric derivatives. Replacement of the carbonyl
oxygen with sulphur at C-2 increases lipophilicity and polariz-
ability, enhancing passive membrane diffusion and soft-soft
interactions with biological targets compared to the parent
oxygen analogues.*® Published studies report superior antibac-
terial profiles for thiobarbiturates versus barbiturates, attrib-
uted to altered hydrogen-bonding geometry and improved
intracellular accumulation. Additionally, N-alkyl substitution
modulates lipophilicity and steric bulk; ethyl chains provide an
optimal balance between hydrophobicity and solubility,
improving bacterial membrane penetration relative to methyl
substituents. Therefore, systematic incorporation of the C=S
group and variation of N-alkyl chain length (methyl vs. ethyl)
was selected to evaluate how physicochemical changes translate
into antimicrobial potency.’**

Several protocols exist for constructing pyrazolo-pyrido-
pyrimidine scaffolds by employing various catalyst like p-
TSA,** cellulose supported acidic ionic liquid,** (Na{[Nd (pydc-
OH)(H,0),]3}[SiW1,040]),®  ZIF-8@GO@MgFe,0,,*  Nano-
ZnO,* triethyl amine,*® conditions. To the best of our knowl-
edge, there is a lack of alternative methodologies for synthe-
sizing pyrazolo-pyrido-pyrimidine scaffolds has been reported
in the current literature. Therefore, exploring new and diverse
strategies for their synthesis remains essential due to their
significant importance.

To the best of our knowledge, this is the first report
describing a recyclable ionic-liquid-promoted one-pot MCR

© 2026 The Author(s). Published by the Royal Society of Chemistry

synthesis of pyrazolo[4’,3:5,6]pyrido[2,3-d]pyrimidin-5-ones.
Compared with previously published protocols employing
different catalysts, the present methodology offers several
distinctive advantages, including milder reaction conditions,
significantly higher yields, short reaction time, simple product
isolation, and efficient catalyst recyclability. Furthermore, the
current work not only provides an environmentally sustainable
synthetic route but also delivers biologically active compounds
with promising antimicrobial profiles, thereby demonstrating
practical medicinal relevance (Scheme 1).

2 Experimental

2.1 Synthetic protocol for pyrazolo[4',3':5,6]pyrido[2,3-d]
pyrimidin-5-ones 4(a-1)

Using 10 mol% [BMIM]OAc as the catalyst, compounds 4(a-1)
synthesized by  reacting  5-amino-3-methyl-1-
phenylpyrazole (1, 1.0 mmol), 1,3-diethylthiobarbituric acid (2,
1.0 mmol), and the corresponding aromatic aldehydes (3(a-1I),
1.0 mmol) in ethanol under reflux conditions. The progress of
the reaction was monitored by thin-layer chromatography (TLC)
using silica gel 60 F254 plates with an ethyl acetate/hexane (3 : 7,
v/v) solvent system. After reaction completion, the mixture was
allowed to cool to room temperature, during which a solid
product precipitated in the reaction flask. The reaction mixture
was then quenched by the addition of water. The resulting solid
was collected by filtration and washed thoroughly with small
amounts of ethanol followed by hot water to afford the pure
product.

were

2.2 Analytical data of synthesized compounds 4(a-1)

2.2.1 4-(4-chlorophenyl)-3,6,8-trimethyl-1-phenyl-7-thioxo-
1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]pyrido[2,3-d]
pyrimidin-5-one 4a. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ ):
3173 (m, N-H), 1705 (s, C=0), 1137 (s, C=S) 'H NMR (400
MHz, DMSO-dg) 6: 9.42 (s, 1H, N-H), 7.32 (d, 2H, J = 4 Hz, Ar-H),

RSC Adv, 2026, 16, 488-500 | 489
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Scheme 1 Reaction protocols of pyrazolo-pyrido-pyrimidine scaffolds.

7.08 (d, 2H, J = 8 Hz, Ar-H), 6.95 (s, 1H, Ar-H), 6.62 (t, 2H, ] =
4 Hz, Ar-H), 6.53 (d, 2H, J = 4 Hz, Ar-H), 5.37 (s, 1H, C-H), 4.41
(q, 4H, J = 8 Hz, CH,), 2.07 (s, 3H, CH3), 1.30 (t, 6H, ] = 8 Hz,
CH,) *C NMR (126 MHz, DMSO-dg) 6: 171.97, 162.81, 160.82,
156.82, 152.44, 151.08, 144.83, 132.54, 131.41, 125.08, 124.24,
121.15, 115.34, 133.37, 84.89, 47.28, 43.63, 17.19, 13.11, 12.04.
Molecular weight: 461.95, MS(ESI m/z): 462.82.
2.2.2  4-(4-bromophenyl)-6,8-diethyl-3-methyl-1-phenyl-7-

thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3":5,6]pyrido[2,3-d]

490 | RSC Adv, 2026, 16, 488-500

Ethnaol, reflux

pyrimidin-5-one 4b. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ "):
3168 (m, N-H), 1712 (s, C=0), 1134 (s, C=S) "H NMR (400
MHz, DMSO-d,) 6: 9.86 (s, 1H, N-H), 7.62 (t, 1H, J = 8 Hz, Ar-H),
7.51(d, 2H,J = 8 Hz, Ar-H), 7.45 (d, 2H, J = 4 Hz, Ar-H), 7.36 (d,
2H, ] = 8 Hz, Ar-H), 7.18 (d, 2H, J = 8 Hz, Ar-H), 5.51 (s, 1H, C-
H), 4.42 (q, 4H, ] = 8 Hz, CH,), 2.12 (s, 3H, CH,), 1.46 (t, 6H, ] =
8 Hz, CH;) "*C NMR (126 MHz, DMSO-d) 6: 174.36, 167.85,
161.17, 145.70, 142.78, 140.57, 138.11, 135.76, 133.37, 129.99,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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129.44, 128.61., 127.54, 125.60, 85.90, 47.31, 43.92, 43.07.
Molecular weight: 506.40, MS(ESI m/z): 507.37.

2.2.3 6,8-Diethyl-4-(4-fluorophenyl)-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6 pyrido]2,3-d]
pyrimidin-5-one 4c. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ ):
3127 (m, N-H), 1717 (s, C=0), 1121 (s, C=S) 'H NMR (400
MHz, DMSO-d,) 6: 9.89 (s, 1H, N-H), 7.61 (t, 2H, ] = 8 Hz, Ar-H),
7.52 (d, 2H, J = 8 Hz, Ar-H), 7.46 (q, 2H, J = 8 Hz, Ar-H), 7.36 (d,
2H, ] = 8 Hz, Ar-H), 7.11 (s, 1H, Ar-H), 5.56 (s, 1H, C-H), 4.40 (q,
4H, J = 8 Hz, CH,), 2.10 (s, 3H, CHj3), 1.43 (t, 6H, ] = 8 Hz, CHj;)
13C NMR (126 MHz, DMSO-dg) 6: 171.51, 163.13, 160.09, 140.27,
139.00, 136.86, 134.45, 132.11, 130.06, 129.70, 127.03, 122.42,
114.03, 112.99, 82.23, 48.42, 42.68, 42.13, 17.84, 12.25, 11.58.
Molecular weight: 445.50, MS(ESI m/z): 444.83.

2.2.4 6,8-Diethyl-3-methyl-4-(4-nitrophenyl)-1-phenyl-7-thi-
oxo0-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]pyrido[2,3-d]
pyrimidin-5-one 4d. Yellow solid; M.P.: >200 °C; IR (KBr, cm *):
3176 (m, N-H), 1723 (s, C=0), 1532 (s, NO,), 1364 (s, NO,), 1127
(s, C=S) 'H NMR (400 MHz, DMSO-d¢) 6: 9.94 (s, 1H, N-H), 7.63
(t, 2H, J = 8 Hz, Ar-H), 7.48 (m, 3H, Ar-H), 7.38 (d, 2H, J = 4 Hz,
Ar-H), 3.32 (t, 2H, ] = 8 Hz, Ar-H), 5.66 (s, 1H, C-H), 4.45 (q, 4H,
J =8 Hz, CH,), 2.06 (s, 3H, CH3), 1.35 (t, 6H, J = 8 Hz, CH;) *C
NMR (126 MHz, DMSO-dy) 6: 173.44, 167.21, 164.63, 144.57,
143.24, 141.77, 139.98, 138.55, 136.11, 133.96, 131.72, 130.00,
127.87, 116.93, 83.37, 48.11, 42.90, 42.15, 18.05, 12.68, 11.80.
Molecular weight: 472.51, MS(ESI m/z): 471.29.

2.2.5 4-(3-Chlorophenyl)-6,8-diethyl-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]pyrido[2,3-d]
pyrimidin-5-one 4e. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ "):
3165 (m, N-H), 1719 (s, C=0), 1113 (s, C=S) 'H NMR (400
MHz, DMSO-dg) &: 9.66 (s, 1H, N-H), 7.57 (s, 1H, Ar-H), 7.55 (s,
1H, Ar-H), 7.53 (d, 5H, ] = 4 Hz, Ar-H), 7.40 (t, 2H, ] = 4 Hz, Ar—
H), 5.38 (s, 1H, C-H), 4.43 (q, 4H, J = 8 Hz, CH,), 2.14 (s, 3H,
CH3), 1.40 (t, 6H, J = 8 Hz, CH;) *C NMR (126 MHz, DMSO-dj)
6:171.99, 165.88, 163.23, 145.43, 143.36, 141.09, 139.04, 135.48,
133.49, 131.91, 129.03, 124.81, 122.64, 120.02, 117.15, 112.48,
84.36, 49.47, 43.74, 42.72, 18.35, 13.06, 12.18. Molecular weight:
461.95, MS(ESI m/z): 460.38.

2.2.6 4-(3-Bromophenyl)-6,8-diethyl-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]|pyrido[2,3-d]
pyrimidin-5-one 4f. Yellow solid; M.P.: >200 °C; IR (KBr, cm™"):
3159 (m, N-H), 1725 (s, C=0), 1129 (s, C=S) 'H NMR (400
MHz, DMSO-d) 6: 9.44 (s, 1H, N-H), 7.34 (d, 2H, J = 8 Hz, Ar-H),
7.12 (t, 3H, ] = 8 Hz, Ar-H), 6.88 (d, 2H, J = 4 Hz, Ar-H), 6.57 (d,
2H, J = 4 Hz, Ar-H), 5.41 (s, 1H, C-H), 4.40 (q, 4H, J = 8 Hz,
CH,), 2.10 (s, 3H, CH3), 1.37 (t, 6H, ] = 8 Hz, CH;); *C NMR (126
MHz, DMSO-ds) 6: 173.73, 167.90, 165.84, 144.05, 141.82,
139.53, 139.16, 135.50, 133.21, 131.04, 129.11, 127.35, 122.82,
122.02, 119.80, 117.25, 83.84, 47.80, 43.21, 42.59, 18.93, 12.74,
11.77. Molecular weight: 506.40, MS(ESI m/z): 507.57.

2.2.7 6,8-Diethyl-4-(3-fluorophenyl)-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6 pyrido]2,3-d]
pyrimidin-5-one 4g. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ ):
3173 (m, N-H), 1708 (s, C=0), 1136 (s, C=S) "H NMR (400
MHz, DMSO-d) 6: 9.51 (s, 1H, N-H), 8.20 (d, 3H, J = 4 Hz, Ar-H),
8.07 (t, 2H,J = 2 Hz, Ar-H), 7.88 (t, 2H, ] = 4 Hz, Ar-H), 6.63 (q,
2H, J = 4 Hz, Ar-H), 5.50 (s, 1H, C-H), 4.49 (q, 4H, J = 8 Hz,
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CH,), 2.05 (s, 3H, CH3), 1.30 (t, 6H, ] = 8 Hz, CH;) "*C NMR (126
MHz, DMSO-ds) 6: 173.45, 167.16, 165.79, 144.47, 142.57,
139.21, 137.30, 135.17, 131.50, 128.27, 123.63, 121.23, 119.07,
116.59, 114.43, 114.28, 83.22, 43.30, 42.29, 18.32, 12.58, 11.67.
Molecular weight: 445.50, MS(ESI m/z): 444.92.

2.2.8 6,8-Diethyl-3-methyl-4-(3-nitrophenyl)-1-phenyl-7-thi-
ox0-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]|pyrido[ 2,3-d]
pyrimidin-5-one 4h. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ "):
3179 (m, N-H), 1711 (s, C=0), 1521 (s, NO,), 1352 (s, NO,), 1135
(s, C=S) "H NMR (400 MHz, DMSO-d,) é: 9.52 (s, 1H, N-H), 7.64
(d, 3H,J = 4 Hz, Ar-H), 7.59 (d, 1H, ] = 4 Hz, Ar-H), 7.26 (d, 3H, J
= 8 Hz, Ar-H), 7.12 (t, 2H, ] = 8 Hz, Ar-H), 5.55 (s, 1H, C-H), 4.37
(q, 4H, J = 8 Hz, CH,), 2.09 (s, 3H, CH3;), 1.13 (t, 6H, ] = 8 Hz,
CH;) C NMR (126 MHz, DMSO-d,) 6: 174.69, 163.38, 159.76,
144.57, 137.87, 135.78, 131.68, 130.26, 130.02, 128.70, 128.18,
126.49, 125.31, 123.50, 122.70, 117.14, 116.65, 83.84, 48.46,
43.20, 42.38, 18.53, 12.81, 12.13. Molecular weight: 472.51,
MS(ESI m/z): 471.08.

2.2.9 4-(2-Chlorophenyl)-6,8-diethyl-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3':5,6]pyrido[2,3-d]
pyrimidin-5-one 4i. Yellow solid; M.P.: >200 °C; IR (KBr, cm ™ "):
3164 (m, N-H), 1709 (s, C=0), 1127 (s, C=S) 'H NMR (400
MHz, DMSO-d) 6: 9.63 (s, 1H, N-H), 7.44 (d, 3H, ] = 4 Hz, Ar-H),
7.39 (q, 1H, ] = 4 Hz, Ar-H), 7.07 (d, 2H, ] = 8Hz, Ar-H), 7.79 (d,
2H, ] = 8 Hz, Ar-H), 6.53 (q, 1H, J = 4 Hz, Ar-H), 5.35 (s, 1H, C-
H), 4.46 (q, 4H, J = 8 Hz, CH,), 2.08 (s, 3H, CH3), 1.33 (t, 6H, ] =
8 Hz, CH;) *C NMR (126 MHz, DMSO-dg) 0: 174.73, 165.43,
161.45, 144.89, 142.11, 137.22, 135.59, 133.88, 131.72, 128.79,
125.85, 123.76, 121.64, 120.27, 116.63, 115.18, 83.45, 48.81,
43.36, 42.49, 18.09, 12.64, 11.89. Molecular weight: 461.95,
MS(ESI m/z): 460.92.

2.2.10 4-(2-Bromophenyl)-6,8-diethyl-3-methyl-1-phenyl-7-
thioxo-1,4,6,7,8,9-hexahydro-5H-pyrazolo[4',3":5,6]|pyrido[2,3-d]
pyrimidin-5-one 4j. Yellow solid; M.P.: >200 °C; IR (KBr, cm™):
3172 (m, N-H), 1718 (s, C=0), 1131 (s, C=S) 'H NMR (400
MHz, DMSO-d) 6: 9.74 (s, 1H, N-H), 7.43 (d, 1H, J = 8 Hz, Ar-H),
7.39 (s, 1H, Ar-H), 7.16 (q, 2H, ] = 4 Hz, Ar-H), 7.10 (d, 2H, ] =
8 Hz, Ar-H), 6.89 (d, 2H, J = 8 Hz, Ar-H), 6.80 (s, 1H, Ar-H), 5.34
(s, 1H, C-H), 4.41 (q, 4H, J = 8 Hz, CH,), 2.05 (s, 3H, CHj;), 1.32
(t, 6H, J = 8 Hz, CH;) "*C NMR (126 MHz, DMSO-dg) 6: 173.87,
164.47, 162.16, 144.52, 143.08, 139.83, 137.21, 134.47, 130.55,
129.65, 128.86, 125.68, 123.58, 121.59, 118.51, 116.67, 84.33,
49.02, 43.56, 42.93, 18.81, 12.80, 11.95. Molecular weight:
506.40, MS(ESI m/z): 507.62.

2.2.11 6,8-Diethyl-3-methyl-1-phenyl-7-thioxo-4-(4-(tri-
fluoromethyl)phenyl)-1,4,6,7,8,9-hexahydro-5H-pyrazolo
[4',3':5,6]pyrido[2,3-d]pyrimidin-5-one 4k. Yellow solid; M.P.:
>200 °C; IR (KBr, cm ™~ '): 3172 (m, N-H), 1713 (s, C=0), 1129 (s,
C=S); 'H NMR (500 MHz, DMSO-d;) ¢: 9.82 (s, 1H, N-H), 7.45
(d, 2H, ] = 8 Hz, Ar-H), 7.26 (d, 2H, J = 8 Hz, Ar-H), 7.11 (m, 4H,
Ar-H), 6.87 (d, 1H, J = 4Hz, Ar-H), 5.47 (s, 1H, C-H), 4.39 (q, 4H,
J =8 Hz, CH,), 2.08 (s, 3H, CH3;), 1.31 (t, 6H, ] = 8 Hz, CH;) °C
NMR (126 MHz, DMSO-d¢) 6: 173.06, 163.93, 161.61, 143.60,
142.11, 136.99, 135.31, 133.44, 131.46, 128.41, 123.55, 122.61,
117.37, 116.73, 83.80, 49.23, 43.46, 42.63, 18.89, 12.38, 11.35.
Molecular weight: 495.51, MS(ESI m/z): 496.56.
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2.2.12  4-(6,8-Diethyl-3-methyl-5-oxo-1-phenyl-7-thioxo-
4,5,6,7,8,9-hexahydro-1H-pyrazolo[4',3":5,6]|pyrido[2,3-d]
pyrimidin-4-yl)benzonitrile 41. Yellow solid; M.P.: >200 °C; IR
(KBr, cm™): 3177 (m, N-H), 2242 (s, CN), 1715 (s, C=0), 1131
(s, C=S) 'H NMR (500 MHz, DMSO-d;) é: 9.89 (s, 1H, N-H), 7.61
(t,2H,] = 8 Hz, Ar-H), 7.52 (d, 2H, ] = 8 Hz, Ar-H), 7.46 (q, 2H, ]
= 8 Hz, Ar-H), 7.36 (d, 2H, J = 8 Hz, Ar-H), 7.11 (s, 1H, Ar-H),
5.56 (s, 1H, C-H), 4.42 (q, 4H, ] = 8 Hz, CH,), 2.10 (s, 3H, CHj,),
1.43 (t, 6H, ] = 8 Hz, CH;) "*C NMR (126 MHz, DMSO-d,) 6
175.04, 167.36, 165.50, 143.71, 143.28, 137.62, 132.56, 131.65,
131.59, 128.35, 123.61, 122.79, 117.37, 116.78, 85.35, 50.17,
44.60, 43.37, 19.20, 14.25, 13.38. Molecular weight: 452.52,
MS(ESI m/z): 453.570.

2.3 Biological screening

2.3.1 Antimicrobial assay. The antimicrobial activity of
compounds 4(a-1) was assessed using the broth microdilution
method consistent with our established protocols. Standard
Gram-positive bacteria (Staphylococcus aureus, Bacillus subtilis)
and Gram-negative bacteria (Escherichia coli) were used for
antibacterial studies, while antifungal activity was evaluated
against Candida albicans and Aspergillus niger. Stock solutions
(1 mg mL ") of each compound were prepared in DMSO and
diluted two-fold to obtain final test concentrations ranging

View Article Online

Paper

from 1 to 512 pg mL ™" in Mueller-Hinton Broth (MHB) for
bacteria and RPMI-1640 medium for fungi. Each well of a 96-
well plate received 100 pL of inoculum (~5 x 10> CFU mL™')
and 100 pL of compound dilution. Plates were incubated at 37 ©
C for 18-24 h (bacteria) or 28-30 °C for 48 h (fungi). The
minimum inhibitory concentration (MIC) was calculated as the
lowest concentration showing no visible turbidity. Tetracycline
and chloramphenicol (bacteria) and fluconazole and micona-
zole (fungi) served as positive controls; DMSO (=1%) served as
vehicle control. All experiments were performed in triplicate.
2.3.2 Cytotoxicity assay. The cytotoxic potential of 4(a-I)
was evaluated on HEK-293 human embryonic kidney cells. Cells
were cultured in DMEM supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin at 37 °C in 5% CO,. For
the assay, cells (5 x 10 per well) were seeded in 96-well plates
and allowed to adhere overnight. Serial dilutions of each
compound (0.1-100 pM) were added and incubated for 48 h.
MTT reagent (0.5 mg mL ') was then added and incubated for
4 h; the resulting formazan crystals were dissolved in DMSO,
and absorbance was read at 570 nm. Cell viability (%) was
calculated relative to control and IC5, values determined using
nonlinear regression. Doxorubicin served as positive control. All
assays were performed in triplicate, and results were expressed
as Mean + SEM. The HEK 293 human embryonic kidney cells
were procured from National centre for cell sciences (NCCS),

Table 1 Optimized reaction circumstances for synthesis of pyrazolol4’,3':5,6]pyridol2,3-dlpyrimidin-5-one 4a%?

Cl

Reaction condition®

Cl

NN
KNS
RN

N s
1 // 4a

2
Entry Catalyst (mol%) Solvent Temperature (°C) Time (min) Yield? (%)
1 — Ethanol Reflux — —
2 p-TSA (20) Ethanol Reflux 180 77
3 Pp-TSA (20) Acetonitrile Reflux 160 82
4 p-TSA (20) N,N'-Dimethyl formamide Reflux 160 85
5 L-Proline (20) Ethanol Reflux 200 68
6 L-Proline (20) Acetonitrile Reflux 210 59
7 — Acetic acid Reflux 140 80
8 [BMIM]CI (20) Ethanol Reflux 120 87
9 [BMIM]CI (10) Ethanol Reflux 150 75
10 [BMIM]OACc (20) Ethanol Reflux 90 91
11 [BMIM]OACc (15) Ethanol Reflux 90 90
12 [BMIM]OACc (10) Ethanol Reflux 95 90

¢ Reaction COHdlthIlS 5-amino-3-methyl-1-phenyl pyrazole 1 (1.0 mmol), 1,3-diethylthiobarbituric acid 2 (1.0 mmol), and p-chlorobenzaldehyde 3a

(1.0 mmol). ? Isolated yield.
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Pune, India. The cells are maintained and experiments were
performed in cancer biology lab, centre for molecular and
nanomedical sciences, Sathyabama Institute of Science and
Technology, Chennai, India.

2.4 Molecular docking

The crystal structures of the Tet repressor class D bound to
tetracycline (PDB ID: 2VKE) and the sterol 14-alpha demethylase
complexed with the tetrazole-based antifungal candidate
VT1161 (PDB ID: 5TZ1) were obtained from the RCSB Protein
Data Bank. Both protein structures were processed using the
Protein Preparation Wizard in Schrodinger (version 2017_2) 47,
48 to eliminate water molecules, reconstruct missing loops and
side chains, and add hydrogen atoms for proper structural
optimization. Protonation states and partial charges were

View Article Online

RSC Advances

assigned using the OPLS3 force field. The protein structures
were subsequently subjected to restrained minimization until
the root-mean-square deviation (RMSD) of non-hydrogen atoms
reached 0.3 A. Ligand preparation was carried out with the
LigPrep module in the Schrodinger 2017-2 suite to generate
possible tautomers and predict ionization states at pH 7.0 & 2.0
using Epik. Receptor grids were then constructed around the co-
crystallized ligand binding site of each protein's crystal struc-
ture. Finally, molecular docking was performed using the Glide
XP protocol with the optimized receptor models.

2.5 MD simulations

MD simulations of the docked protein-ligand complexes were
performed using the Desmond module within the Schrédinger
software suite. The simulation system was constructed in an

Table 2 Substrate scopes for pyrazolo[4’,3":5,6]pyrido[2,3-d]pyrimidines 4(a—1)*

[BMIM]OAc (10 mol%)

Ethnaol, reflux

4g, 88%

N7 N
N
©4i,76%

4j,76%

4k, 80% 4, 88%
) (3

¢ Reaction conditions: 5-amino-3-methyl-1-phenyl pyrazole 1 (1.0 mmol), 1,3-diethylthiobarbituric acid 2 (1.0 mmol), and aromatic aldehyde 3(a-I)

(1.0 mmol); [BMIM]OAc (10 mol%), 4 mL ethanol, reflux.
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No. of Run

00

n
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=
o
R 0
) 2
o I - ‘
1 2

orthorhombic box via the System Builder panel, employing the
simple point charge (SPC) model to represent water molecules.
Simulations were carried out under an NPT ensemble at 310 K
and 1.013 bar for a duration of 100 ns. Results from the
molecular dynamics analyses were evaluated using the Simu-

Fig. 2 Reusability of [BMIM]OACc.

B Reaction time
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H %Yield

o

=
V)
oo [
~
~ | 2]
3

4

result in the desired product (entry 1, Table 1). The model
reaction was tested with several different catalysts, as shown in
Table 1. Among these, [BMIM]OAc at (10 mol%) in ethanol

lation Interaction Diagram tool available in Desmond (The Table4 [Csqvalues (uM)of 4(a—l) on HEK-293 cells (mean £ SEM, n =
University of Queensland Research Computing Centre). 2024. 3)
Bunyé supercomputer. Brisbane, Queensland, Australia. https:// Compound 1Cso (M)
dx.doi.org/10.48610/wf6c-qy55).47*°
4a 102 + 3.5
H H 4b 60 + 2.8
3 Result and discussion 1 a5t o1
3.1 Chemistry 4d 55+25
. . 4e 42 + 1.9
At the beginning of our experiment, we chose 5-amino-3-methyl-  4f 58 + 2.7
1-phenyl pyrazole (1, 1.0 mmol), 1,3-diethylthiobarbituric acid 4g 80 & 3.0
(2, 1 mmol), and p-chlorobenzaldehyde (3, 1 mmol) as model ~4h 65+ 2.6
. . . 4i 100 + 3.7
substrates to react in one-pot process. To determine the optimal 4 50423
reaction conditions for reaction, we tested different solvents 4Jk 20 + 2:9
and catalysts. Our first attempt involved heating the reactantsin 41 55+ 2.4
ethanol without using any catalyst for 24 hours, but it did not Doxorubicin 5404
Table 3 MIC values (ng mL™Y) of 4(a—1) against bacteria and fungi (mean =+ SEM, n = 3)
Compound S. aureus B. subtilis E. coli C. albicans A. niger
4a 32 1.5 64 £ 2.0 8 +2.1 64 + 3.0 128 + 3.4
4b 16 + 1.0 32+1.3 8+2.2 32 +2.0 64 +2.5
4c 8 +0.9 16 £ 1.1 32+ 1.5 32 + 1.8 64 £ 2.0
ad 16 + 1.2 32+ 1.4 16 + 1.8 32 +1.9 64 +2.3
4e 8 + 0.8 16 £ 1.0 32 1.2 32+ 1.5 64 £+ 2.1
af 16 + 1.3 32+1.5 8+2.0 32 +21 64 +2.6
4ag 32 +1.4 32 £1.6 64 + 2.3 64 £ 2.5 128 + 3.0
4h 16 + 1.2 32+ 1.4 32+1.9 32 +2.0 64 +2.3
4i 64 £+ 2.1 64 £ 2.4 128 + 3.2 32 4+ 3.0 128 + 3.5
4j 16 + 1.0 324+1.2 64 +2.0 32+21 64 +2.5
4k 32 +1.3 32 £1.5 64 + 2.1 16 £ 2.4 128 + 3.2
41 16 + 1.1 32+1.3 32+1.8 8+2.0 64 +2.2
Tetracycline 36 + 0.02 72 + 0.05 16 + 0.6 — —
Chloramphenicol 38.8 + 0.04 88.3 &+ 0.05 42.5 + 1.6
Fluconazole 64.0 + 0.05 98.6 + 0.06
Miconazole — — — 126 + 0.2 84.5 + 0.8
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Fig.3 (A) 4c, (B) 4e, (C) 4f, and (D) tetracycline were docked into the crystal structure of Tet repressor class D (PDB ID: 2VKE) to identify potential
interacting residues in the tetracycline binding site. (E) Superimposition of 4c, 4e, 4f, and tetracycline in the tetracycline binding site of Tet
repressor class D (PDB ID: 2VKE).

Table 5 Amino acid residues involved in interactions between the standard compounds and the experimentally identified top antibacterial and
antifungal candidates with their respective targets

Docking score

Compound (kcal mol ™) H-bond Hydrophobic interaction Polar bond

PDB ID: 2VKE

4c —4.378 Hie100 Leu60, Phe86, Leu101, Pro105, Val113, Hie100, Thr103, GIn109, GIn116,
Leul17, Leu131, Ile134, and Leu142 Ser135, Ser138, and Hie139

e —4.672 Hie100 Leu60, Phe86, Leu101, Pro105, Val113, Hie64, Hie100, Thr103, GIn109,
Leul17, Leu131, Ile134, and Leu142 GIn116, Ser135, Ser138, and Hie139

af —4.704 Hie100 Leu60, Phe86, Leu101, Pro105, Val113, Hie64, Ser67, Hie100, Thr103, GIn109,
Leul17, Leu131, Ile134, and Leu142 GIn116, Ser138, and Hie139

Tetracycline —5.108 — Leu60, Phe86, Pro105, Val113, Val137, Hieb64, Ser67, Asn82, Hie100, GIn109,
Ile134, and Leu142 Thr112, Gln116, Ser135, Ser138, and Hie139

PDB ID: 5TZ1

4c —7.627 — Phe105, Tyr118, Leu121, Phe126, Ile131, Thr122, Thr311, and His468

Tyr132, Leu139, Phe228, Leu300, Ile304,
Leu376, 1le379, Phe463, Cys470, Tle471,
Met508, and Val509
4e —7.985 Tyr132 Leu121, Ile131, Tyr132, Leu139, Phe228, Thr311 and His468
Ile304, Pro375, Leu376, Phe463, Cys470,
Ile471, Phe475, Ala476, and Met508
af —6.969 — Tyr118, Leul121, Phe126, Ile131, Tyr132, Thr311 and His468
Phe228, Leu300, Ile304, Leu370, Met374,
Pro375, Leu376, 1le379, Pro462, Phe462,
Phe463, Cys470, Ile471, Ala476, and Met508
Fluconazole —7.589 Tyr132 Tyr118, Leu121, Phe126, Ile131, Tyr132, Thr122, Thr311, and Thr378
Phe228, Phe233, Leu376, Ile379, Phe380,
Met508, and Val509
Miconazole —9.792 Tyr132, Cys470  Tyr118, Leul21, Phe126, Ile131, Tyr132, Thr122, Thr122, and Thr311
Leu139, Phe228, Phe233, Leu300, 1le304,
Ile379, Cys470, Ile471, and Met508
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worked best, leading to full conversion of the starting materials,
utilizing these best conditions, we did multicomponent reac-
tions with compound 1, 2, and 3(a-I) to check how well and wide
this method works. Aromatic aldehydes with electron-
withdrawing groups reacted smoothly, giving isolated prod-
ucts with moderate to high yields between 76% to 95%.
Electron-donating aromatic aldehydes (e.g., -Me, -OMe, ~OH)
were also screened; however, no desired product formation was
observed, likely due to reduced electrophilicity of the carbonyl
group. Therefore, the study was restricted to electron-
withdrawing aromatic aldehydes, which afforded high yields.
The range of substrate used is detailed in Table 2.

As an example, the synthesis of compound 4a was confirmed
by seeing a signal singlet at 5.37 ppm in the "H-NMR spectrum.
The key points were that there were no signals for the methylene
protons from the 1,3-diethylthiobarbituric acid and no signal
for aldehyde proton. Also, the lack of a signal for the aldehyde
carbon at 200 ppm in the "*C-NMR spectrum helped to prove
that the compound was formed.

In our recycling experiments, a model reaction was used to
assess the catalytic performance of [BMIM]OAc. After confirm-
ing reaction completion via TLC, 5 mL of distilled water was
added to precipitate the product, which was then collected by
filtration. To recover the catalyst and eliminate water, the
filtrate was concentrated under reduced pressure using rotary
evaporator at 70-80 °C. this process was carried out for three
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additional cycles using the recover catalyst. A comparison
between the third and the initial run indicated a decrease in
product yield, as shown in Fig. 2.

3.2 Biological outcomes

3.2.1 Antimicrobial activity. The antimicrobial activity of
compounds 4(a-1) was evaluated against Gram-positive (S.
aureus, B. subtilis), Gram-negative (E. coli), and fungal strains (C.
albicans, A. niger) (Table 3). Compounds 4c¢ and 4e showed the
highest activity against S. aureus (MIC: 8 pg mL "), more potent
than tetracycline (36 pg mL ') and chloramphenicol (38.8 pg
mL™"), and also active against B. subtilis (MIC: 16 pg mL ™).
Against E. coli, 4a, 4b and 4f exhibited the strongest inhibition
(MIC: 8 pg mL™ "), outperforming the standards, while 4i, 4j,
and 4k were less effective (MIC: 64-128 ug mL ™). In antifungal
tests, 41 showed excellent activity against C. albicans (MIC: 8 pug
mL '), significantly better than fluconazole (64 pg mL ") and
miconazole (126 pug mL™"), whereas 4c, 4e, 4d, and 4f had
moderate effects (MIC: 32 pg mL ‘). Most compounds di-
splayed moderate inhibition against A. niger (MIC: 64 ug mL ™),
with 4a and 4g being weaker (128 ug mL™'). Overall, 4a, 4b, 4c,
4e, 4f, and 4l emerged as the most promising candidates for
further antimicrobial development.

3.2.2 Cytotoxicity (MTT assay). Cytotoxic evaluation on
HEK-293 cells showed low toxicity for most compounds, with
ICs, values > 50 uM for the majority of derivatives. Halogenated

Fig. 4 2D interactions of (A) 4c, (B) 4e, (C) 4f, (D) fluconazole, and (E) miconazole with the crystallized structure of sterol 14-alpha demethylase
(PDB ID: 5TZ1). (F) 4c, 4e, 4f, and standard drugs fluconazole and miconazole were superimposed in the VT1 (co-crystallized ligand) binding site

of the target (PDB ID: 5TZ1).
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analogues (4c, 4e) showed moderate cytotoxicity (IC5, ~ 40-50
uM) but remained significantly less toxic than doxorubicin (ICs
= 5 uM). Results are presented in Table 4.

The anticancer activity of compounds 4(a-1) was evaluated
using the MTT assay, and the IC5, values are summarized in
Table 4. Among the tested derivatives, 4e (42 + 1.9 uM) and 4c
(45 £ 2.1 uM) exhibited the highest cytotoxic activity, followed
closely by 4j (50 & 2.3 uM). Other compounds, including 4b, 4d,
4f, and 4h, displayed moderate activity with ICs, values ranging
from 55-65 pM, whereas 4a and 4i were comparatively less
potent (ICs, > 100 uM). In comparison, the standard drug
doxorubicin showed a markedly higher potency with an ICs, of 5
=+ 0.4 uM, highlighting its superior cytotoxic effect. Importantly,
cytotoxic evaluation against HEK 293 normal human kidney
cells revealed that most compounds exhibited low toxicity (ICs,
> 50 uM), suggesting a favorable safety margin. Notably, halo-
genated analogues such as 4c and 4e demonstrated moderate
cytotoxicity (~40-50 uM) but remained significantly less toxic
than doxorubicin, underscoring their potential as selective
anticancer leads.

3.3 Molecular docking

In case of the molecular docking against the bacterial target, the
results showed that the compounds 4c, 4e, and 4f possessed
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moderate binding affinities towards Tet repressor class D (PDB
ID: 2VKE) with Glidescores of —4.378, —4.672, and
—4.704 kecal mol™" (Fig. 3(A)-(C), respectively), compared to
tetracycline (co-crystallized ligand) at —5.108 kcal mol ™"
(Fig. 3(D)). All three of 4c, 4e, and 4f showed a common H-bond
interaction with the Hie100 (deprotonated form of His) residue
(Table 5). Also, these compounds and tetracycline showed
mutual polar contacts with Hie100, GIn109, GIn116, Ser138,
and Hie139. Additionally, these three compounds showed
common hydrophobic interactions with Leu60, Phe86, Pro105,
Val113, Ile134, and Leu142 residues. All three compounds, as
well as tetracycline, superimposed very well inside the binding
pocket of Tet repressor class D.

In case of the molecular docking against the fungal target,
the results showed that the compounds 4c, 4e, and 4f possessed
moderate binding affinities towards sterol 14-alpha demethyl-
ase (PDB ID: 5TZ1) with Glidescores of —7.627, —7.985, and
—6.969 kecal mol " (Fig. 4(A)~(C), respectively), compared to the
standard drugs, i.e., fluconazole and miconazole, at —7.589 and
—9.792 keal mol ™" (Fig. 4(D) and (E), respectively). Among the
three compounds, 4e showed a mutual H-bond interaction with
Tyr132 with both the standard drugs (Table 5). Also, all three
compounds showed a common polar contact with Thr311 and
His468, while all of them possessed a single mutual polar

e BB = _ - .
‘?\7«\)? ?b \sz&*x&?}&os& x&q }°:\°\‘\x°1}\1}{i\c;\\‘b\)s"\e\'&\’x’;}"‘%@:ﬂ’h 4’1‘01«,"‘@
TP EEELE PP ELEFE Y
H-bonds # Hydrophobic M lonic M Water bridges |

Br

Hydrophobic eo—e Pi-Pi stacking Solvent exposure

Fig. 5 The results of the molecular dynamics simulations of 4f-Tet repressor class p-tetracycline (PDB ID: 2VKE). (A) RMSD plot of the protein—
ligand complex, (B) protein—ligand contacts diagram, (C) stacked bar plot of the fractions of time of the interactions for 200 ns of simulation time.

(D) Ligand atom interactions with the protein residues.
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contact with Thr311 residue, with the standard drugs. All 5
compounds (4c, 4e, 4f, and the standard drugs) showed
common hydrophobic interactions with Leu121, Ile131, Tyr132,
Phe228, and Met508. All three compounds, as well as the
standard drugs, superimposed moderately inside the binding
pocket of the target.

3.4 Molecular dynamics (MD) simulations

MD studies of the 4f-Tet repressor class D (PDB ID: 2VKE)
complex and 4f-sterol 14-alpha demethylase (PDB ID: 5TZ1)
were done on the top Glide Score-containing complex. For the
4f-Tet repressor class D complex (PDB ID: 2VKE), the Root Mean
Square Deviation (RMSD) remained below 2 A throughout the
200 ns molecular dynamics simulation (Fig. 5(A)), indicating
moderate structural stability within the tetracycline-binding
site of the Tet repressor class D. Analysis of the protein-
ligand interaction diagram revealed that His100, Pro105,
Tyr132, and Leu142 contribute significantly to complex stability
(Fig. 5(B) and (C)). Among these, Pro105, Tyr132, and Leu142
predominantly participate in hydrophobic interactions at the
active site, each with an interaction fraction exceeding 0.25.
Furthermore, His100 primarily forms hydrogen bonds and
water bridges, both persisting for more than 15% of the simu-
lation time. Overall, the in silico results suggest that His100,
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Pro105, and Leul42 are key residues influencing antibacterial
activity, consistent with their involvement in the molecular
docking interactions of the standard tetracycline compound.

For the 4e-sterol 14-alpha demethylase complex (PDB ID:
5TZ1), the Root Mean Square Deviation (RMSD) remained below
1 A during the 200 ns molecular dynamics simulation (Fig. 6(A)),
indicating a highly stable complex within the tetrazole-based
antifungal binding site of sterol 14-alpha demethylase.
According to the protein-ligand interaction analysis, Tyr132,
Phe463, His468, and Ala476 play key roles in maintaining the
stability of the complex (Fig. 6(B) and (C)). Among these, Phe463
and Ala476 primarily form hydrophobic interactions at the
active site, each with an interaction fraction exceeding 0.5.
Additionally, Tyr132 and His468 contribute major water-bridge
interactions, persisting for more than 60% of the simulation
time. There is no significant H-bond interaction (only Thr311;
interaction fraction of <0.1) reported here. The conformational
stability of the docked complexes was further assessed using
MD simulations. Representative snapshots at different simula-
tion time points are shown in Fig. 7.

According to the in silico findings, Tyr132 and Leu376 appear
to play crucial roles in antifungal activity, as these interactions
were consistently observed in the molecular docking results for
the reference compounds Fluconazole and Miconazole.

[ Sl
q}@ ’i > P x;;»}@ *‘(’“\0&(’0& 0400 @ © & ;@‘? © P 5,\1 & @t@
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Fig. 6 The results of MD simulations of 4e-sterol 14-alpha demethylase (PDB ID: 5TZ1) complex. (A) RMSD plot of the 5TZ1-4e complex, (B)
5TZ1-4e contacts diagram, (C) stacked bar chart illustrating the interaction fractions over the 200 ns simulation period. (D) Ligand atom

interactions with the protein residues.
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Fig. 7 Results of MD simulations of 4f-2VKE and 4e-5TZ1 at 1st (A), 2500th (B), 5000th (C), 7500th (D), 10002nd (E) frames of MD simulations.

4 Conclusion

In summary, we have established a green, efficient, and recy-
clable ionic-liquid-mediated multicomponent strategy for the
synthesis of pyrazolo[4’,3":5,6]pyrido[2,3-d]|pyrimidin-5-one
derivatives using [BMIM]OAc as a catalyst. This protocol
provides several advantages over previously reported methods,
including mild reaction conditions, shorter reaction times,
excellent product yields, and simple catalyst recovery and
reusability, thereby aligning closely with green chemistry prin-
ciples. The antimicrobial screening studies revealed that
compounds 4a, 4b, 4c, 4e, 4f, and 41 exhibited potent activity,
outperforming standard reference drugs in selected microor-
ganisms, while the majority of synthesized molecules demon-
strated low cytotoxicity, indicating a favourable therapeutic
window. Furthermore, molecular docking and MD simulations
confirmed strong and stable binding interactions, supporting
their biological potential. Overall, this research provides
a valuable foundation for future applications of ionic-liquid-
assisted multicomponent reactions in medicinal chemistry
and supports the further exploration of these heterocycles for
potential  antimicrobial and anticancer therapeutic
development.
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