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cacy of novel mono- and di-
azomethine clubbed schiff bases against a-
glucosidase and human bacterial pathogens: in
vitro, molecular docking, and MD simulations

Anee Taj,a Iqra Kalsoom,a Asma Zaidi,a Majid Ali,ab Mesaik M. Ahmed,cd

Atia Masood Ahmed,e S. Tasqeeruddin, f Mohammad Zubair,cd Shamina Begum,c

Ajmal Khan, *gh Syed Majid Bukhari *a and Ahmed Al-Harrasi *g

A series of newmono-azomethine (compounds 1–10) and di-azomethine (compounds 11–20) Schiff bases

of 4-aminoantipyrine (compound 1–20) were synthesized, characterized, and evaluated for a-glucosidase

inhibitory activity along with antibacterial potential in parallel to explore their broader pharmacological

potential. In terms of antibacterial activity, mono-azomethine derivatives were generally more effective

than di-azomethine analogues. In particular, compounds 5 and 6 with –OH substitution on the benzene

ring presented excellent inhibition zones (51 ± 0.7 mm and 46 ± 0.5 mm against Salmonella typhi; 48 ±

0.6 mm and 43 ± 0.8 mm against Staphylococcus aureus respectively). Di-azomethine Schiff bases were

found to be less effective as compared to mono-azomethine, presenting zones of inhibition at 38 ±

0.8 mm for compound 13 and 34 ± 0.9 mm for compound 10 against Staphylococcus aureus, and

compound 19 at 37 ± 0.9 mm against Salmonella typhi. For a-glucosidase inhibition, the di-azomethine

compound 12 (5-F, 2-OH substitution on one ring and 4-Br substitution on the other) demonstrated the

most potent activity with an IC50 of 300 ± 22 mM. The mono-azomethine compound 8 (3,5-dimethoxy

substitution) also showed strong inhibition (IC50 343 ± 20 mM), both superior to the standard drug

acarbose (IC50 378.2 ± 0.12 mM). Molecular docking studies of the most active compound 12 revealed

stable binding in the active site of a-glucosidase (PDB ID: 1XSK) involving conventional hydrogen

bonding with Asp185 and Asp482, hydrophobic interactions, an RMSD of 1.8 Å, and a DG of

−9.6 kcal mol−1. Since Schiff bases are reported to exhibit both enzyme inhibition and antimicrobial

properties, such multi-target activities may provide leads for the development of multifunctional

therapeutic agents.
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Introduction

4-aminoantipyrine is an important organic compound that
belongs to the class of pyrazole derivatives. Its derivatives have
gained considerable interest due to their broad spectrum of
biological activities, particularly in medicinal chemistry.1–5

Several synthetic methods exist for 4-aminoantipyrine,
including Claisen–Schmidt condensation from chalcones,
reduction of azo compounds with hydrazine–hydrate, and
reduction of 4-nitrosoantipyrine. The structural unit of 4-ami-
noantipyrine is an important constituent of many organic
compounds and plays a signicant role in analytical, coordi-
nation, and agriculture chemistry.6,7 Schiff base metal
complexes are especially important in drug discovery, as drugs
administered as metal chelates oen show enhanced activity
compared to their free form.8,9 Schiff bases of pyrazole are of
great interest due to their wide range of biological activities,10

especially 4-aminoantipyrine derivatives, which possess
© 2026 The Author(s). Published by the Royal Society of Chemistry
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antipyretic action. Historically, these derivatives were rst re-
ported by Knorr in 1884, which led to their recognition as
antipyrines.11–17

The derivatives of 4-aminoantipyrine have been applied in
various medical elds, such as the treatment of oxidative stress
and liver disease diagnosis. They also exhibit a wide range of
pharmacological activities including antibacterial, antifungal,
anticancer, anti-HIV, anti-inammatory, anti-convulsant, and
antiviral. The antibacterial potential of 4-aminoantipyrine
derivatives has been reported to be active against Gram-positive
and Gram-negative bacterial strains, for instance, L. mono-
cytogenes, S. tythi, K. pneumonia,18 S. aureus, E. faecalis and E.
coli.19 Literature further suggests that the nature and position of
substituents signicantly inuence the antibacterial activity of
antipyrine derivatives. In particular, Schiff base derivatives of 4-
aminoantipyrine have shown remarkable antibacterial proper-
ties, oen outperforming their parent compounds. The imine
(C]N) linkage not only enhances lipophilicity but also facili-
tates better penetration through microbial cell membranes,
thereby improving antibacterial efficacy.20

One of the most desired mechanisms in treating diabetes is
postprandial hyperglycemia. a-Glucosidase inhibitors are key
antidiabetic agents that delay carbohydrate digestion and
regulate glucose absorption.21,22 Schiff bases of 4-amino-
antipyrine are noteworthy in coordination chemistry due to
their versatile binding with aldehydes, ketones, and metal ions,
which signicantly contribute to their pharmacological
behavior.23 Recent studies highlight that Schiff base derivatives
of 4-aminoantipyrine can act as potent a-glucosidase inhibitors.
Their structural exibility, combined with the ability to form
stable chelates, allows them to bind effectively at the enzyme's
active site, resulting in strong inhibitory action. This makes
them promising candidates for developing novel antidiabetic
agents.24 We have previously reported the a-glucosidase inhi-
bition potential of transition metal complexes of Schiff base
derivatives of 4-aminoantipyrine, showing non-competitive
inhibition.25 This inhibition potential is attributed to the
strong binding of these molecules within the enzyme's pocket,
facilitated by the diverse functionalities present in their struc-
tures. The derivatives of aminoantipyrine, including metal
complexes, are known to possess much better antidiabetic
potential as compared to known antidiabetic candidates. These
molecules tend to regulate a-glucosidase in the body.26 The aim
of the present study is to design and synthesize Schiff base
derivatives of 4-aminoantipyrine, evaluate their antibacterial
potential, and investigate their inhibitory activity against a-
glucosidase. This dual approach is intended to explore multi-
functional therapeutic candidates with both antimicrobial and
antidiabetic applications.

Materials and methods

In this study, analytical grade chemicals along with pure
solvents were used. All of the required chemicals and solvents
were purchased from Sigma-Aldrich. In order to monitor the
progress of reactions, thin layer chromatographic (TLC) plates
(MERCK silica gel 60 F254) were used. The melting points of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
obtained compounds were checked with the help of digital
melting point apparatus; model SMP 10, OE/Digital (08-09)169/
1 DMPA 09-01 and are expressed in (°C). The absorbance of all
the compounds was measured in the UV-vis region in chloro-
form (CHCl3) using 10 mm quartz in an instrument namely PG
instrument T80 + UV-vis spectrophotometer. Fourier
Transform-Infrared spectral analysis of all the compounds was
performed with the help of Thermo-Nicolet 6700 P FT-IR spec-
trophotometer model 270 in ATR diamond window. On an
advanced Bruker AM-400 MHz NMR spectrometer, the 1H-NMR
(ppm) spectra of the Schiff bases were recorded in CDCl3.
Chemical shi values (d) were obtained in ppm and the
coupling constant (J) was calculated in Hz. EcoBio Nutrient
Broth and NEOGEN culture Media broth were used for bacterial
growth. The source of S. aureus was a wound swab, and that of S.
typhi was a typhoid fever. For the in-vitro enzyme inhibition
assay, a-glucosidase enzyme derived from E. coli purchased
from Creative Enzymes Cat. No. NATE-1177 was used.

Procedure for the synthesis of 4-aminoantipyrine based
mono-azomethine schiff bases

The 4-aminoantipyrine-based mono-azomethine derivatives
were synthesized by taking 100 mg of 4-aminoantipyrine in
a beaker and dissolving it in a sufficient quantity of ethanol to
obtain a clear solution. This solution was then transferred to
a 250 mL round-bottom ask followed by the addition of
equimolar quantities of the respective substituted aromatic
aldehydes, the solutions of which had been prepared separately
in beakers taking ethanol as solvent. A reux condenser was
attached to the reaction ask and the reaction mixture was
reuxed each time for 6 hours. Reaction monitoring was per-
formed each time by using normal-phase silica TLC plates
developed in a solvent system of ethyl acetate and n-hexane (3 :
2) solvent system. The reaction completion was determined
when a single spot of the product was obtained on the TLC
plate. The products were obtained in a powdered form. Most of
the products were yellow in color, while one product was off-
white. The products were thoroughly washed with ethanol,
dried, weighed, and their melting points were determined.
Once the desired products were formed, the scale-up reactions
of all compounds (1–10) were carried out.

Procedure for the synthesis of 4-aminoantipyrine based di-
azomethine schiff bases

The 4-aminoantipyrine-based di-azomethine derivatives were
synthesized in two steps. The rst step was the same as
described above, in which mono-azomethine derivatives of 4-
aminoantipyrine were obtained. Mono-azomethine Schiff base
molecules of 4-aminoantipyrine (5, 6 and 9) were further used
for the synthesis of di-azomethine compounds (11–20). The
required compounds were synthesized by taking 100 mg of
compounds (5, 6 and 9) separately in beakers and dissolving
them in 20 mL of ethanol to obtain clear solutions. Different
substituted anilines were taken in equimolar amounts in
different beakers and dissolved in ethanol to make clear solu-
tions. Each aniline solution was added to the 250 mL round-
RSC Adv., 2026, 16, 13682–13695 | 13683
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bottom ask along with a mono-azomethine solution. A reux
condenser was attached to each reaction ask and the reaction
mixture was reuxed for 48 hours. Aer reuxing, the solvent
was reduced to one-third of its volume and cooled to 0 °C. The
obtained colored products were ltered, washed with ethanol,
and dried. The melting points of the products were determined.
Purication was done by column chromatography where
required and scale-up reactions were conducted to increase the
quantity of the obtained products.
Characterization
Compound 1: 4-(4-nitrobenzylideneamino)-2-methyl-1-
phenyl-1,2-dihydropyrazol-5-one

Solid (dark yellow powder); yield = 82%; Rf = 0.6; (ethyl acetate:
n-hexane, 3 : 2); m.p;= 254–256 °C; UV-vis (DMF) lmax (410 nm);
FT-IR (neat, cm−1); n = 1570 cm−1 (stretching wavenumber of
imine group), 1637 cm−1 (stretching wavenumber of carbonyl
group), 1414 cm−1 (stretching wavenumber of nitrogen–methyl
bond); 1H NMR (400MHz, CDCl3) d (ppm); 8.27 (d, J= 8 Hz, 2H),
7.99 (d, J = 8 Hz, 2H), 9.82 (s, 1H), 2.54 (s, 1H), 3.25 (s, 1H), 7.40
(d, J = 8.0 Hz, 2H), 7.52 (t, J = 8 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H).
13C NMR (100 MHz, CDCl3) d (ppm) 162.7, 155.4, 148.3, 142.0,
138.9, 136.2, 133.1, 129.2, 128.5, 126.8, 124.6, 124.3, 40.0.
Compound 2: 4-(3-nitrobenzylideneamino)-2-methyl-1-
phenyl-1,2-dihydropyrazol-5-one

Solid (dark yellow powder); yield = 83%; Rf = 0.7; (ethyl acetate:
n-hexane, 3 : 2); m.p;= 218–220 °C; UV-vis (DMF) lmax (410 nm);
FT-IR (neat, cm−1); n = 1571 cm−1 (stretching wavenumber of
imine group), 1649 cm−1 (stretching wavenumber of carbonyl
group), 1522 cm−1 and 1349 cm−1 (stretching wave number of
nitro group), 1492 cm−1 (stretching wavenumber of nitrogen–
methyl bond); 1H NMR (400 MHz, CDCl3) d (ppm); 7.37 (t, J =
8 Hz, 1H), 7.51 (t, J = 8 Hz, 2H), 7.40 (d, J = 8 Hz, 2H), 2.55 (s,
3H), 3.25 (s, 3H), 9.8 (s, 1H), 8.07 (d, J = 8 Hz, 1H), 8.78 (d, J =
8.0 Hz, 1H), 7.58 (t, J = 8 Hz, 1H), 8.22 (d, J = 8.0H, 1H). 13C
NMR (100MHz, CDCl3) d (ppm) 162.8, 153.7, 146.7, 138.9, 138.4,
136.2, 133.4, 130.6, 129.2, 129.0, 126.0, 124.6, 122.5, 122.1, 40.0.
Compound 3: 4-(4-hydroxybenzylideneamino)-2-methyl-1-
phenyl-1,2-dihydropyrazol-5-one

Solid (yellowish powder); yield= 85%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 228–230 °C; UV-vis (DMF) lmax (380 nm);
FT-IR (neat, cm−1); n = 1578 cm−1 (stretching wave number of
imine group), 1630 cm−1 (stretching wave number of carbonyl
group), 1388 cm−1 (stretching wave number of carbon–nitrogen
bond), 1459 cm−1 (stretching wave number of nitrogen–methyl
bond); 1H NMR (400 MHz, CDCl3) d (ppm); 7.34 (t, J= 8 Hz, 1H),
7.49 (t, J = 8 Hz, 2H), 7.43 (d, J = 8 Hz, 2H), 3.15 (s, 3H), 2.49 (s,
3H), 9.63 (s, 1H), 7.74 (d, J = 8 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H).
13C NMR (100 MHz, CDCl3) d (ppm) 162.7, 157.4, 155.7, 138.9,
136.2, 133.1, 130.8, 129.7, 129.1, 126.3, 124.6, 116.1, 40.0.
13684 | RSC Adv., 2026, 16, 13682–13695
Compound 4: 4-(4-methoxybenzylideneamino)-2-methyl-1-
phenyl-1,2-dihydropyrazol-5-one

Solid (off white powder); yield = 86%; Rf = 0.7; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 245–249 °C; UV-vis (DMF) lmax (390 nm);
FT-IR (neat, cm−1); n = 1593 cm−1 (stretching wavenumber of
imine group), 1640 cm−1 (stretching wavenumber of carbonyl
group), 1377 cm−1 (stretching wavenumber of carbon–nitrogen
bond), 2838 cm−1 (stretching wavenumber of methoxy group);
1H NMR (400 MHz, CDCl3) d (ppm); 7.32 (t, J= 8 Hz, 1H), 7.49 (t,
J = 8 Hz, 2H), 7.43 (d, J = 8 Hz, 2H), 3.14 (s, 3H), 2.49 (s, 3H),
9.73 (s, 1H), 7.83 (d, J = 8 Hz, 2H), 6.95 (d, J = 8.0 Hz, 2H), 3.87
(s, 3H). 13C NMR (100 MHz, CDCl3) d (ppm) 162.8, 159.7, 155.6,
138.9, 136.2, 133.1, 132.3, 129.2, 126.4, 124.6, 114.8, 55.4, 40.0.
Compound 5: 4-(5-uoro-2-hydroxybenzylideneamino)-2-
methyl-1-phenyl-1,2-dihydropyrazol-5-one

Solid (yellow powder); yield = 80%; Rf = 0.7; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 209–212 °C; UV-vis (DMF) lmax (405 nm);
FT-IR (neat, cm−1); n = 1579 cm−1 (stretching wavenumber of
imine group), 1650 cm−1 (stretching wavenumber of carbonyl
group), 1158 cm−1 (stretching wavenumber of carbon–uorine
bond), 1377 cm−1 (stretching wavenumber of carbon–nitrogen
bond), 1412 cm−1 (stretching wave number of nitrogen–methyl
bond); 1H NMR (400 MHz, CDCl3) d (ppm); 9.78 (s, 1H), 2.43 (s,
3H), 3.21 (s, 1H), 7.40 (d, J= 4 Hz, 2H), 7.51 (t, J= 4 Hz, 2H), 7.37
(t, J = 4 Hz, 1H), 6.99–7.06 (m, 2H), 6.89–6.92 (m, 1H). 13C NMR
(100 MHz, CDCl3) d (ppm) 162.9, 157.0, 156.3, 155.2, 153.2,
138.5, 136.2, 133.3, 129.2, 126.4, 124.6, 123.3, 119.6, 119.4,
118.3, 116.7, 116.6, 40.0.
Compound 6: 4-(2-hydroxy-5-methylbenzylideneamino)-2-
methyl-1-phenyl-1,2-dihydropyrazol-5-one

Solid (yellowish powder); yield= 81%; Rf = 0.7; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 212–214 °C; UV-vis (DMF) lmax (405 nm);
FT-IR (neat, cm−1); n = 1576 cm−1 (stretching wave number of
imine group), 1647 cm−1 (stretching wavenumber of carbonyl
group), 1305 cm−1 (stretching wavenumber of carbon–nitrogen
bond), 1426 cm−1 (stretching wavenumber of nitrogen–methyl
bond); 1H NMR (400 MHz, CDCl3) d (ppm); 7.36 (t, J= 8 Hz, 1H),
7.51 (t, J = 8 Hz, 2H), 7.42 (d, J = 8 Hz, 2H), 3.18 (s, 3H), 2.30 (s,
3H), 9.80 (s, 1H), 7.15 (s, 1H), 13.14 (s, 1H), 7.11 (d, J= 8 Hz, 1H),
6.87 (d, J = 8 Hz, 1H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3)
d (ppm) 162.8, 157.2, 156.9, 138.5, 136.2, 133.3, 132.5, 132.1,
129.5, 129.2, 126.4, 124.6, 122.2, 116.8, 40.0, 20.6.
Compound 7: (E)-4-(4-phenylbenzylideneamino)-2,3-
dimethyl-1-phenyl-1,2-dihydropyrazol-5-one

Solid (light golden powder); yield= 85%; Rf= 0.8; (ethyl acetate:
n-hexane, 3 : 2); m.p;= 192–194 °C; UV-vis (DMF) lmax (415 nm);
FT-IR (neat, cm−1); n = 1571 cm−1 (stretching wavenumber of
imine), 1640 cm−1 (stretching wavenumber of carbonyl group),
1377 cm−1 (stretching wavenumber of carbon–nitrogen bond),
1403 cm−1 (stretching wavenumber of nitrogen–methyl bond);
1H NMR (400 MHz, CDCl3) d (ppm); 9.83 (s, 1H), 7.96 (d, J =
8 Hz, 2H), 7.68 (d, J = 8 Hz, 2H), 7.66 (t, J = 4 Hz, 2H), 7.33–7.40
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(m, 4H), 7.43–7.53 (m, 4H). 3.18 (s, 3H), 2.53 (s, 3H), 13C NMR
(100 MHz, CDCl3) d (ppm) 162.8, 148.2, 146.0, 142.5, 140.3,
139.4, 135.6, 133.8, 129.0, 128.8, 128.4, 127.9, 127.8, 127.6,
126.5, 123.7, 36.3, 14.0.
Compound 8: (E)-4-(3,5-dimethoxybenzylideneamino)-2,3-
dimethyl-1-phenyl-1,2-dihydropyrazol-5-one

Solid (light yellowish powder); yield = 83%; Rf = 0.8; (ethyl
acetate: n-hexane, 3 : 2); m.p; = 166–168 °C; UV-vis (DMF) lmax

(395 nm); FT-IR (neat, cm−1); n = 1583 cm−1 (stretching wave-
number of imine group), 1635 cm−1 (stretching wavenumber of
carbonyl group), 1370 cm−1 (stretching wavenumber of carbon–
nitrogen bond), 1415 cm−1 (stretching wavenumber of
nitrogen–methyl bond), 2839 cm−1 (stretching wavenumber of
methoxy group); 1H NMR (400 MHz, CDCl3) d (ppm); 9.70 (s,
1H), 3.86 (s, 1H), 6.53 (t, J= 4 Hz, 1H), 7.05 (d, J= 4 Hz, 2H), 7.42
(d, J= 8 Hz, 2H), 7.50 (t, J= 8 Hz, 2H), 7.34 (t, J= 8 Hz, 1H), 3.17
(s, 3H), 2.51 (s, 3H). 13C NMR (100 MHz, CDCl3) d (ppm) 162.7,
161.7, 148.0, 145.7, 141.4, 135.7, 133.7, 129.1, 126.5, 123.7,
107.0, 102.19, 55.3, 36.3, 13.9.
Compound 9: 4-(2-hydroxybenzylideneamino)-1,5-dimethyl-2-
phenyl-1,2-dihydropyrazol-3-one

Solid (yellow powder); yield = 80%; Rf = 0.59; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 198–200 °C; UV-vis (DCM) lmax (380 nm);
FT-IR (neat, cm−1); n = 1628 cm−1 (stretching wavenumber
of imine group), 1486 cm−1 (stretching wavenumber of
C]Caromatic), 2924 cm−1 (stretching wavenumber of ]C–H),
1358 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3345 cm−1 (stretching wavenumber of hydroxyl group),
1089 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm); 13.25 (s, 1H), 9.72 (s, 1H), 7.46
(t, J = 8.0 Hz, 2H), 7.43 (d, J = 8 Hz, 1H), 7.42 (d, J = 8.0 Hz, 2H),
7.40 (m, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.57 (s, 1H), 3.80 (s, 3H),
3.20 (s, 3H), 2.43 (s, 3H). 13C NMR (100 MHz, CDCl3) d (ppm)
162.7, 160.0, 149.6, 145.7, 135.5, 133.6, 132.4, 130.1, 129.2,
126.6, 125.5, 124.2, 121.2, 117.5, 36.2, 14.0.
Compound 10: 4-((2-hydroxy-4-methoxybenzylidene)amino)-
1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one

Solid (yellow powder); yield = 80%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p. = 128–200 °C; UV-vis (CDCl3) lmax (380 nm)
= 380; FT-IR (neat, cm−1); n = 1628 cm−1 (stretching wave-
number of imine group), 1486 cm−1 (stretching wavenumber of
C]Caromatic), 2924 cm−1 stretching wavenumber of ]C–H),
1358 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3345 cm−1 (stretching wavenumber of hydroxyl group),
1089 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 13.25 (s, 1H), 9.72 (s, 1H),
7.46 (t, J = 8.0 Hz, 2H), 7.43 (d, J = 8 Hz, 1H), 7.42 (d, J = 8.0 Hz,
2H), 7.40 (m, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.57 (s, 1H), 3.80 (s,
3H), 3.20 (s, 3H), 2.43 (s, 3H). 13C NMR (100 MHz, CDCl3)
d (ppm) 163.1, 162.9, 158.9, 149.6, 145.7, 135.8, 133.7, 130.4,
129.1, 126.2, 123.9, 119.9, 106.7, 101.8, 55.5, 36.2, 13.9.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Compound 11: (Z)-2-((1,5-dimethyl-2-phenyl-3-(phenylimino)-
2,3-dihydro-1H-pyrazol-4-ylimino)methyl)-4-uorophenol

Solid (orange powder); yield = 60%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 113–115 °C; UV-vis (CDCl3) lmax (391 nm);
FT-IR (neat, cm−1); n = 1629 cm−1 (stretching wavenumber
of imine group), 1484 cm−1 (stretching waven mMber of
C]Caromatic), 3054 cm−1 (stretching wavenumber of ]C–H),
1354 cm−1 (stretching wavenumber of carbon–nitrogen bond),
1134 cm−1 (stretching wavenumber of carbon–uorine bond),
3248 cm−1 (stretching wavenumber of hydroxyl group); 1H NMR
(400 MHz, CDCl3) d (ppm); 11.12 (s, 1H), 10.81 (s, 1H), 7.48 (d, J
= 4.0 Hz, 1H), 7.45 (dd, J = 8.0 Hz, 2H), 7.35 (t, J = 8.0 Hz, 1H),
7.31 (d, J = 8.0 Hz, 2H), 7.16 (m, 1H), 7.15 (d, J = 8.0 Hz, 1H),
7.13 (dd, J = 8.0, 4.0 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 6.99 (t, J =
8.0 Hz, 1H), 1.28 (s, 1H), 1.00 (s, 3H). 13C NMR (100MHz, CDCl3)
d (ppm) 156.4, 156.1, 156.1, 155.3, 154.4, 150.5, 150.5, 146.0,
141.1, 138.9, 128.9, 128.8, 127.7, 126.1, 124.4, 124.2, 124.1,
123.8, 121.0, 119.9, 119.7, 118.2, 118.1, 117.4, 117.3, 36.3, 14.1.
Compound 12: (Z)-2-((3-(4-bromophenylimino)-1,5-dimethyl-
2-phenyl-2,3-dihydro-1H-pyrazol-4-ylimino)methyl)-4-
uorophenol

Solid (orange powder); yield = 75%; Rf = 0.59 (ethyl acetate: n-
hexane, 3 : 2); m.p; = 133–135 °C; UV-vis (CDCl3) lmax (391 nm);
FT-IR; n = 1615 cm−1 (stretching wavenumber of imine group),
1482 cm−1 (stretching wavenumber of C]Caromatic), 3075 cm−1

(stretching wavenumber of ]C–H), 1348 cm−1 (stretching
wavenumber of carbon–nitrogen bond), 1142 cm−1 (stretching
wavenumber of carbon–uorine bond), 3057 cm−1 (stretching
wavenumber of hydroxyl group); 1H NMR (400 MHz, CDCl3)
d (ppm) = 12.79 (s, 1H), 9.87 (s, 1H), 7.58 (dd, J = 8.0, 4.0 Hz,
2H), 7.18 (d, J = 8.0 Hz, 2H), 7.16 (t, J = 8.0 Hz, 1H), 7.15 (d, J =
4.0 Hz, 1H), 7.13 (m, 1H), 7.10 (d, J = 8.0 Hz, 1H), 7.02 (d, J =
8.0 Hz, 2H), 6.99 (d, J= 8.0 Hz, 2H), 3.50 (s, 3H), 3.20 (s, 1H). 13C
NMR (100MHz, CDCl3) d (ppm) 156.2, 155.6, 155.6, 154.2, 153.8,
151.0, 151.0, 145.3, 140.7, 138.7, 131.8, 129.0, 127.5, 126.2,
124.1, 124.0, 123.6, 122.5, 122.4, 120.0, 119.8, 118.0, 117.9,
117.4, 117.2, 36.3, 14.1.
Compound 13: (Z)-2-((3-(4-chlorophenylimino)-1,5-dimethyl-
2-phenyl-2,3-dihydro-1H-pyrazol-4-ylimino) methyl)-4-
uorophenol

Solid (orange powder); yield = 70%; Rf = 0.6 (ethyl acetate: n-
hexane, 3 : 2);= 128–130 °C; UV-vis (CDCl3) lmax (384 nm); FT-IR
(neat, cm−1); n = 1615 cm−1 (stretching wavenumber of imine),
1481 cm−1 (stretching wavenumber of C]Caromatic), 3055 cm−1

(stretching wavenumber of ]C–H), 1354 cm−1 (stretching
wavenumber of carbon–nitrogen bond), 1145 cm−1 (stretching
wavenumber of carbon–uorine bond), 3389 cm−1 (stretching
wavenumber of hydroxyl group); 1H NMR (400 MHz, CDCl3)
d (ppm) = 12.78 (s, 1H), 9.88 (s, 1H), 7.42 (dd, J = 8.0, 4.0 Hz,
2H), 7.25 (d, J = 8.0 Hz, 2H), 7.16 (t, J = 8.0 Hz, 1H), 7.15 (d, J =
4.0 Hz, 1H), 7.14 (m, 1H), 7.11 (d, J= 8.0 Hz, 1H), 7.02 (2H, d, J=
8.0 Hz, 2H), 6.99 (d, J= 8.0 Hz, 2H), 3.24 (s, 3H), 1.28 (s, 3H). 13C
NMR (100MHz, CDCl3) d (ppm) 156.4, 155.5, 155.4, 154.4, 153.8,
RSC Adv., 2026, 16, 13682–13695 | 13685
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151.0, 151.0, 144.6, 141.1, 138.7, 131.7, 129.0, 127.7, 126.2,
124.1, 124.0, 123.8, 122.0, 119.9, 119.7, 118.1, 118.0, 117.4,
117.2, 36.4, 14.0.

Compound 14: (Z)-4-uoro-2-((3-(4-iodophenylimino)-1,5-
dimethyl-2-phenyl-2,3-dihydro-1H-pyrazol-4-ylimino) methyl)
phenol

Solid (orange powder); yield = 80%; Rf = 0.6 (ethyl acetate: n-
hexane, 3 : 2); m.p; = 118–200 °C; UV-vis (CDCl3) lmax (384 nm);
FT-IR (neat, cm−1); n = 1613 cm−1 (stretching wavenumber
of imine group), 1482 cm−1 (stretching wavenumber of
C]Caromatic), 3059 cm−1 (stretching wavenumber of ]C–H),
1350 cm−1 (stretching wavenumber of carbon–nitrogen bond),
1142 cm−1 (stretching wavenumber of carbon-uorine),
3342 cm−1 (stretching wavenumber of hydroxyl group); 1H
NMR (400 MHz, CDCl3) d (ppm) = 12.78 (s, 1H), 9.78 (s, 1H),
7.65 (dd, J = 8.0, 4.0 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 7.48 (m,
1H), 7.47 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.15 (d, J =
4.0 Hz, 1H), 6.80 (m, 1H), 6.45 (d, J = 8.0 Hz, 1H), 3.50 (s, 3H),
2.45 (s, 3H). 13C NMR (100 MHz, CDCl3 d (ppm) 157.0, 155.5,
154.9, 147.6, 147.0, 146.9, 146.2, 139.0, 138.8, 137.9, 128.9,
127.5, 126.2, 124.3, 124.3, 123.0, 120.0, 119.8, 117.8, 116.8,
116.6, 94.3, 36.3, 13.5.

Compound 15: 2-((((Z)-1,5-dimethyl-2-phenyl-3-
(phenylimino)-2,3-dihydro-1H-pyrazol-4-yl)imino)methyl)-4-
methylphenol

Solid (orange to yellow powder); yield = 55%; Rf = 0.5; (ethyl
acetate: n-hexane, 3 : 2); m.p; = 100–102 °C; UV-vis (CDCl3) lmax

(385 nm); FT-IR (neat, cm−1); n = 1617 cm−1 (stretching wave-
number of imine group), 1485 cm−1 (stretching wavenumber of
C]Caromatic), 2918 cm−1 (stretching wavenumber of carbon–
hydrogen bond), 1354 cm−1 (stretching wavenumber of carbon–
nitrogen bond), 3058 cm−1 (stretching wavenumber of hydroxyl
group), 1070 cm−1 (stretching wavenumber of carbon–oxygen
bond); 1H NMR (400 MHz, CDCl3) d (ppm) = 12.78 (s, 1H), 9.88
(s, 1H), 7.47 (s, 1H), 7.45 (dd, J = 8.0, 4.0 Hz, 2H), 7.33 (m, 1H),
7.30 (d, J= 8.0 Hz, 2H), 7.23 (dd, J= 8.0, 4.0 Hz, 2H), 7.21 (d, J=
8.0 Hz, 2H), 6.99 (d, J= 8.0 Hz, 1H), 6.97 (d, J= 8.0 Hz, 1H), 6.91
(m, 1H), 3.25 (s, 3H), 2.35 (s, 6H). 13C NMR (100 MHz, CDCl3)
d (ppm) 157.5, 155.3, 149.7, 146.0, 141.1, 138.9, 132.7, 131.8,
129.6, 128.9, 128.8, 127.7, 126.1, 124.4, 123.8, 123.4, 121.0,
116.6, 36.3, 20.6, 14.1.

Compound 16: 2-((((Z)-3-((4-bromophenyl) imino)-1,5-
dimethyl-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)imino)methyl)-
4-methylphenol

Solid (orange powder); yield = 70%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 172–174 °C; UV-vis (CDCl3) lmax (388 nm);
FT-IR (neat, cm−1); n = 1613 cm−1 (stretching wavenumber
of imine group), 1481 cm−1 (stretching wavenumber of
C]Caromatic), 3075 cm−1 (stretching wavenumber of ]C–H),
1351 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3521 cm−1 (stretching wavenumber of hydroxyl group),
1067 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 12.75 (s, 1H), 9.87 (s, 1H),
13686 | RSC Adv., 2026, 16, 13682–13695
7.56 (dd, J = 8.0, 4.0 Hz, 2H), 7.35 (m, 1H), 7.24 (s, 1H), 7.21 (d, J
= 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H),
6.93 (d, J= 8.0 Hz, 1H), 6.91 (d, J= 8.0 Hz, 1H), 3.00 (s, 3H), 2.35
(s, 6H). 13C NMR (100 MHz, CDCl3) d (ppm) 157.1, 153.8, 149.7,
145.3, 140.7, 138.7, 133.3, 132.0, 131.8, 129.5, 129.0, 127.5,
126.2, 123.6, 123.4, 122.5, 122.4, 116.6, 36.3, 20.6, 14.1.

Compound 17: 2-((((Z)-3-((4-chlorophenyl) imino)-1,5-
dimethyl-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)imino)methyl)-
4-methylphenol

Solid (yellow powder); yield = 55%; Rf = 0.5; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 102–104 °C; UV-vis (CDCl3) lmax (385 nm);
FT-IR (neat, cm−1); n = 1645 cm−1 (stretching wavenumber
of imine group), 1481 cm−1 (stretching wavenumber of
C]Caromatic), 3068 cm−1 (stretching wavenumber of ]C–H),
1367 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3368 cm−1 (stretching wavenumber of hydroxyl group),
1060 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 12.82 (s, 1H), 9.87 (s, 1H),
7.41 (d, J = 8.0 Hz, 2H), 7.35 (t, J = 8.0 Hz, 1H), 7.23 (dd, J = 8.0,
4.0 Hz, 1H), 7.21 (d, J= 8.0 Hz, 1H), 6.96 (d, J= 8.0 Hz, 2H), 6.93
(d, J = 8.0 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 3.22 (s, 3H), 2.35 (s,
6H). 13C NMR (100 MHz, CDCl3 d (ppm) 157.4, 153.8, 149.7,
144.6, 141.1, 138.7, 132.6, 132.0, 131.7, 129.6, 129.0, 127.7,
126.2, 123.8, 123.4, 122.0, 116.5, 36.4, 20.6, 14.0.

Compound 18: 2-((((Z)-1,5-dimethyl-3-((4-nitrophenyl)imino)-
2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)imino)methyl)-4-
methylphenol

Solid (yellow powder); yield = 70%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 114–116 °C; UV-vis (CDCl3) lmax (386 nm);
FT-IR (neat, cm−1); n = 1612 cm−1 (stretching wavenumber
of imine group), 1485 cm−1 (stretching wavenumber of
C]Caromatic), 3059 cm−1 (stretching wavenumber of ]C–H),
1358 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3358 cm−1 (stretching wavenumber of hydroxyl group),
1070 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 9.88 (s, 1H), 8.68 (s, 1H), 7.74
(d, J = 8.0 Hz, 2H), 7.72 (dd, J = 8.0, 4.0 Hz, 2H), 7.58 (m, 1H),
7.56 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.22 (d, J =
8.0 Hz, 1H), 7.16 (d, J = 8.0 Hz, 1H), 6.96 (s, 1H), 2.34 (s, 3H),
1.00 (s, 6H). 13C NMR (100 MHz, CDCl3) d (ppm) 157.2, 154.0,
150.3, 149.8, 147.0, 141.1, 138.9, 132.6, 132.2, 129.6, 129.1,
127.7, 126.4, 124.5, 123.8, 123.4, 121.6, 116.6, 36.4, 20.6, 14.0.

Compound 19: (Z)-2-((1,5-dimethyl-2-phenyl-3-(phenylimino)-
2,3-dihydro-1H-pyrazol-4-ylimino)methyl)-5-methoxyphenol

Solid (yellowish powder); yield= 70%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p = 102–104 °C; UV-vis (CDCl3) lmax (386 nm);
FT-IR (neat, cm−1); n = 1611 cm−1 (stretching waven mMber
of imine group), 1482 cm−1 (stretching wavenumber of
C]Caromatic), 3059 cm−1 (stretching wavenumber of ]C–H),
1351 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3208 cm−1 (stretching wavenumber of hydroxyl group),
1080 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 13.64 (s, 1H), 11.41 (s, 1H),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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7.47 (d, J = 8.0 Hz, 1H), 7.45 (dd, J = 8.0, 4.0 Hz, 2H),7.34 d, J =
8.0 Hz, 2H), 7.32 (t, J = 8.0 Hz, 1H), 7.32 (t, J = 8.0 Hz, 1H), 7.27
(m, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.45 (s, 1H), 6.43 (d, J = 8.0 Hz,
1H), 3.59 (s, 3H), 2.24 (s, 3H), 1.25 (s, 3H). 13C NMR (100 MHz,
CDCl3) d (ppm) 163.0, 158.7, 155.3, 150.2, 146.2, 141.1, 138.7,
130.1, 129.0, 128.8, 127.7, 126.1, 124.4, 123.8, 121.0, 117.7,
107.0, 102.2, 55.5, 36.4, 14.1.

Compound 20: 2-((((Z)-3-((4-chlorophenyl)imino)-1,5-
dimethyl-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)imino)
methyl)-5-methoxyphenol

Solid (yellow powder); yield = 55%; Rf = 0.6; (ethyl acetate: n-
hexane, 3 : 2); m.p; = 126–128 °C; UV-vis (CDCl3) lmax (384 nm);
FT-IR (neat, cm−1); n = 1619 cm−1 (stretching wavenumber
of imine group), 1482 cm−1 (stretching wavenumber of
C]Caromatic), 3050 cm−1 (stretching wavenumber of ]C–H),
1358 cm−1 (stretching wavenumber of carbon–nitrogen bond),
3345 cm−1 (stretching wavenumber of hydroxyl group),
1067 cm−1 (stretching wavenumber of carbon–oxygen bond); 1H
NMR (400 MHz, CDCl3) d (ppm) = 11.51 (s, 1H), 9.74 (s, 1H),
8.53 (d, J = 8.0 Hz, 1H), 7.43 (m, 1H), 7.40 (dd, J = 8.0, 4.0 Hz,
2H), 7.30 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.54 (d, J =
8.0 Hz, 2H), 6.51 (d, J = 8.0 Hz, 1H), 6.45 (s, 1H), 3.80 (s, 3H),
1.34 (s, 3H), 1.27 (s, 3H). 13C NMR (100 MHz, CDCl3) d (ppm)
162.7, 158.7, 154.0, 150.8, 144.6, 141.1, 138.9, 132.1, 130.3,
129.1, 129.0, 127.7, 126.4, 123.8, 122.0, 117.7, 107.2, 102.1, 55.5,
36.4, 14.0.

Antibacterial potential

The synthesized compounds were investigated for possible
antibacterial potential using the agar well diffusion method.
The in-vitro biological screening effects of the synthesized
compounds were tested against the bacteria Salmonella typhi
and Staphylococcus aureus. The stock solution for each sample
was obtained aer sample dissolution in DMSO. The agar
medium was prepared in distilled water and autoclaved at 121 °
C for 25 min. On the agar medium wells were prepared and then
lled with tested sample using a micropipette. The incubation
of plates was carried out at 37 °C and the diameter of inhibition
zones was measured. Ciprooxacin was taken as a positive
control (standard).

a-Glucosidase inhibition assay

For the enzyme inhibition assay, a-glucosidase enzyme derived
from E. coli purchased from Creative Enzymes, Cat. No. NATE-
1177, was used, and the assay was performed following a re-
ported method with slight modications. In a 96-well plate, 120
mL of sodium phosphate buffer (pH= 7) was added, and then 20
mL of enzyme (2 U mL−1) was added. Then 20 mL of test
compound (0.5 mM) was added followed by immediate incu-
bation for a time of 15 min at 37 °C. In sequence, substrate p-
nitrophenyl glucopyranoside (pNPG) (20 mL, 1 mM) was taken in
each well, and dissolved in buffer. The reaction mixture was
again subjected to incubation for about 15 min at 37 °C. The
termination of the reaction was achieved by adding 20 mL of
0.1 mM sodium carbonate (Na2CO3), so that the nal volume
© 2026 The Author(s). Published by the Royal Society of Chemistry
becomes 200 mL. The activity of the enzyme was measured
spectrophotometrically at 405 nm by measuring the concen-
tration of the product formed. Triplicate analysis was done for
each sample under consideration. The % inhibition and IC50

results were calculated and compared with positive control
(Acarbose).

Molecular docking studies

The crystal structure of the enzyme a-glucosidase (PDB
ID:1XSK) was retrieved from the Protein Data Bank (PDB).
Docking of synthesized molecules in the active site was carried
out using MOE-Dock. The triangle matcher placement method
was used with the London dG scoring function with default
parameters. Renement was carried out using the Induced-Fit
method and rescoring by Affinity dG. The maximum number
of retained poses was 10 during docking. Final poses were
selected based on binding energies, (root means square devia-
tions) RMSD values, and molecular interactions. To obtain 2D
and 3D docking poses of complexes, MOE was used which
automatically creates 2D poses with known 3D structures.

MD simulation studies

Molecular dynamics (MD) simulation is a computational tool
used to numerically solve the equations of motion for atoms in
a specied reference frame. In this study, the Desmond soware
was employed to simulate a protein-ligand complex over 100
nanoseconds using the TIP3P solvent model. To accurately
represent molecular interactions, the OPLS3 force eld was
applied, along with periodic boundary conditions (PBC) to
mimic an innite system.27 An orthorhombic solvation box
containing TIP3P water molecules was constructed to solvate
the system, and neutralization was achieved by adding NaCl
counter ions at a concentration of 0.15 M. The system under-
went a 2000-step energy minimization using the steepest
descent method to resolve steric clashes. It was then equili-
brated to 300 K and 1.01 bar under an isothermal–isobaric
(NPT) ensemble. Short-range van der Waals interactions were
considered within a 10 Å cutoff. Pressure and temperature
stability were maintained using the Martyna–Tobias–Klein
barostat and the Nosé–Hoover thermostat.28 The production
run of 100 ns was performed with trajectory snapshots saved
every 100 picoseconds. The particle mesh Ewald method was
utilized to calculate electrostatic interactions, with a 2-femto-
second time step ensuring precision.29 Finally, the simulated
trajectories of the protein-ligand complex were analyzed using
the Desmond simulation diagram protocol.30

Results and discussion
Synthesis of 4-aminoantipyrine based mono-azomethine
schiff bases

The 4-aminoantipyrine derivatives were synthesized by reacting
4-aminoantipyrine with various substituted benzaldehydes (1–
10) in the presence of ethanol as shown in Scheme 1. Each time
the reaction mixture was reuxed for 6 hours, and colored
powdered compounds were ltered and washed with ethanol.
RSC Adv., 2026, 16, 13682–13695 | 13687
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Scheme 1 General synthetic scheme for the synthesis of mono-azomethine Schiff bases of 4-aminoantipyrine.
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Synthesis of 4-aminoantipyrine based di-azomethine schiff
bases

Mono-azomethine Schiff base molecules of 4-aminoantipyrine
(5, 6 and 9) were further used for the synthesis of di-azomethine
compounds (11–20) as given in Scheme 2. The required
compounds were synthesized by dissolving compounds (5, 6
and 9) in 20 mL of ethanol and heating them under reux for
about 48 hours. Aer reuxing, the solvent was reduced to one-
third of its volume and cooled to 0 °C. The obtained products
were colored powders, it was ltered, and washed with ethanol.

The 4-aminoantipyrine-based mono-azomethine (1–10) and
di-azomethine (11–20) Schiff bases were synthesized according
to the generalized synthetic Schemes 1 and 2, respectively. All
the compounds were colored and soluble in CHCl3 and DMSO.
The structural elucidation of all of the newly synthesized Schiff
bases was carried out using UV-vis, FT-IR, 1H NMR and 13C NMR
spectroscopic techniques.

The characteristic signals of the imine group stretching
appeared at 1570 cm−1 in the case of compound 1 and up to
Scheme 2 General synthetic scheme for the synthesis of di-azomethin

13688 | RSC Adv., 2026, 16, 13682–13695
1649 cm−1 in the case of compound 17 (Fig. 1). These signals
always appeared as sharp and distinct signals. In mono-
azomethine series of compounds, in almost all cases, the
characteristic signal showed the highest percent transmittance
whereas in the di-azomethine series, the signals were still sharp
but had lower percent transmittance than in the rst series.
This indicates that the introduction of a second azomethine
group results in the appearance of other signals sharper in
terms of percent transmittance compared to the imine func-
tionality. The characteristic proton signal of the imine in the
case of mono-azomethine was observed in the range of
9.63 ppm (compound 3) to 9.83 ppm (compound 7). All other
compounds of the mono-azomethine series showed imine
proton signals within the above ppm range. This signal always
appeared as a singlet due to the non-availability of neighboring
protons. Similarly, the incorporation of respective aldehydes
into the nal compounds was evident from the aromatic
signals. For instance, the aromatic signals appearing at and
above 8 ppm in the case of compound 1 and compound 2
e Schiff bases of 4-aminoantipyrine.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of compound 1 for the discussion of NMR signals.

Fig. 2 Structure of compound 11 for the discussion of NMR signals.
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belonged to the protons of nitroaromatic rings of the reactant
aldehydes. The small signals appearing at 9.86 ppm in the case
of compound 3 and at 13.14 in the case of compound 6
belonged to the hydroxyl groups of the respective attached
aldehydes; a signal at 3.87 ppm corresponded to methoxy
protons in compound 4 and uorine coupling appeared in the
NMR of compound 5 where uorine was part of the aldehyde
moiety. Similar characteristic signals are also noticeable in the
other members of this series.

For reference, the NMR signals of compound 1 are discussed
here in detail. In the 1H-NMR spectrum of compound 1,
a singlet signal was observed at d 9.82 ppm (downeld) attrib-
uted to the proton of imine group (position 15). Protons at
position 18 and 20 appeared downeld due to the electron
withdrawing effect of neighboring nitro group. These deshiel-
ded protons, being equivalent in the same electronic environ-
ment, produced a doublet at d 8.27 ppm. Similarly, protons at
positions 17 and 21, also equivalent gave doublet signals at
around d 7.99 ppm. Protons at positions 13 and 09, each having
one neighboring proton, exhibited doublets at d 7.40 ppm. The
signals are in agreement with literature.7 Two triplets were
observed for protons at positions 10, 11 and 12. Protons at
positions 10 and 12 being equivalent, appeared as a triplet at
d 7.20 ppm, while the proton at position 11, present in their
vicinity, gave a triplet at d 7.37 ppm. Two singlets corresponding
to six protons of the two methyl groups were also noted. These
two methyl groups, being in slightly different electronic envi-
ronments, appeared at different shis. The proton at position 6
was slightly deshielded and appeared downeld relative to the
proton at position 23 due to its attachment with the nitrogen i.e.
electronegative atom. The above-described signals are in good
agreement with literature values.31

In the case of the compounds of di-azomethine series, the
characteristic proton signals of imine groups appear in the
range of 9.78–10.81 ppm. In some cases, these protons
appeared in relatively shielded regions, as seen for compounds
17 and 19. The hydroxyl groups in these compounds showed
further downeld resonances, appearing as relatively short and
broad signals. The inuence of substituents was also evident,
halogens at the R2 position (compound 12 to 14 and 16, 17) and
the nitro group in case of compound 18 produced characteristic
deshielding effects on the neighboring protons. In particular,
the aromatic protons in compound 18 were signicantly
deshielded due to the strong electron-withdrawing nature of the
nitro functionality for reference, the NMR signals of compound
11 are discussed in detail (Fig. 2). The 1H-NMR spectrum of
© 2026 The Author(s). Published by the Royal Society of Chemistry
compound 11 revealed that the proton (imine group) at position
16 appears as a singlet with the chemical shi value at
d 10.81 ppm (downeld). This signal is in agreement with the
literature.32 The proton at position 18 appeared as a doublet at
chemical shi of d 7.48 ppm. Protons at position 26 and 30 have
one neighboring proton each, therefore, they showed doublets
at d 7.31 ppm. Protons at position 27 and 29 are in similar
environment and exhibited a doublet of doublets at d 7.45 ppm.
Two triplets were observed for protons at position 13 and 28.
Proton at position 28 gave a triplet at d 7.35 ppm, while proton
at position 13 appeared as a triplet at d 6.99 ppm. Protons at
position 11 and 15 are equivalent and produced a doublet at
d 7.01 ppm. Similarly, protons at 12 and 14 are also equivalent
and showed a doublet of doublets at d 7.13 ppm. The proton at
position 20 appeared as a multiplet at d 7.16 ppm, while proton
21 was assigned a doublet at d 7.15 ppm due to coupling with
a neighbouring proton. Two singlets were observed for 6
protons of two methyl groups. Both of these methyl groups are
in different environments. The proton at position 6 is shielded
and appears upeld at d 2.00 ppm, whereas the proton at
position 8 gave a singlet at d 2.28 ppm. The above mentioned
signals are in agreement with literature.33 The 13C-NMR spectra
of both series complemented the number of carbon atoms
present in the members of both mono- and di-azomethine
series. In both series, the most deshielded carbon signals cor-
responded to the characteristic imine carbon.

The total signals of NMR from this study are further
compared with the literature. The signals of 4-aminoantipyrine
derivatives are in good agreement with the antipyrine-based
compounds reported in the literature.34,35 The comparative
analysis validates the NMR signals of the present study.

Antibacterial activity

The antibacterial activity of the synthesized compounds (1–20)
was evaluated against Salmonella typhi (Gram-negative bacteria)
and Staphylococcus aureus (Gram-positive bacteria). All the
derivatives showed considerable zone of inhibition against both
bacteria with ciprooxacin taken as the standard drug. The
results revealed that compound 5 and 6 exhibited excellent
zones of inhibition at 51 ± 0.7 mm and 46 ± 0.5 mm, respec-
tively against Salmonella typhi whereas they showed 48 ±

0.6 mm and 43 ± 0.8 mm, respectively, against Staphylococcus
RSC Adv., 2026, 16, 13682–13695 | 13689
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Table 1 Zones of inhibition (mm) ± SD (n = 3) of mono-azomethine and di-azomethine Schiff-base derivatives of 4-aminoantipyrine against
Staphylococcus aureus and Salmonella typhia

Compounds
Staphylococcus
aureus zone of inhibition (mm)

Salmonella
typhi zone of inhibition (mm)

1 22 � 0.3 09 � 0.4
2 11 � 0.8 0
3 12 � 0.3 16 � 0.3
4 0 13 � 0.4
5 48 � 0.6 51 � 0.7
6 46 � 0.5 45 � 0.5
7 28 � 1.2 19 � 0.9
8 17 � 0.8 18 � 0.7
9 17 � 1.3 10 � 0.9
10 34 � 0.9 25 � 0.6
11 15 � 0.2 0
12 14 � 0.3 07 � 1.1
13 38 � 0.8 24 � 0.7
14 11 � 0.6 0
15 0 06 � 0.5
16 14 � 0.6 15 � 0.5
17 12 � 0.4 11 � 0.4
18 22 � 0.9 14 � 0.6
19 25 � 0.8 37 � 0.9
20 15 � 1.0 0
DMSO 0 0
Ciprooxacin (standard) 62 � 0.9 54 � 0.5

a Mean ± SD (n = 3).
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aureus as compared to the standard drug (ciprooxacin) which
showed zones of inhibition at 54 ± 0.5 mm and 62 ± 0.9 mm,
respectively. The di-azomethine products were less effective,
presenting zones of inhibition at 38 ± 0.8 mm with compound
13 and 34 ± 0.9 mm with compound 10 against Staphylococcus
aureu, compound 19 showed 37 ± 0.9 mm against Salmonella
typhi. The values of zones of inhibition of the most active
compounds are summarized in Table 1.

According to the structure-activity relationship (SAR), mono-
azomethine Schiff bases of 4-aminoantipyrine with –OH
substitution (5 and 6) exhibited better anti-bacterial activity
against both types of bacteria compared to di-azomethine Schiff
bases (13, 10 and 19). However, in both cases (mon- and di-
azomethine) the compounds containing halogens were found
to be the most effective in order of F > Cl > Br > I.
a-Glucosidase inhibition

All the synthesized compounds (1–20) were evaluated for their
inhibition potential against a-glucosidase. The In-vitro a-
Table 2 IC50 values of the most active compounds from mono-
azomethine and di-azomethine Schiff bases of 4-aminoantipyrine
against a-glucosidase

Compounds IC50 � SEM (mM) Compounds IC50 � SEM (mM)

1 401 � 11 8 343 � 20
2 424 � 14 9 500 � 10
5 480 � 08 12 300 � 22
6 456 � 12 Acarbose 378.2 � 0.12

13690 | RSC Adv., 2026, 16, 13682–13695
glucosidase inhibition assay indicated that compound 12,
belonging to di-azomethine Schiff base series, and compound 8,
belonging to the mono-azomethine Schiff base series, exhibited
excellent inhibition potential with IC50 values of 300 ± 22 mM
and 343 ± 20 mM, as compared to standard drug acarbose with
IC50 value of 378.2± 0.12 mM. Other compounds 1, 2, 5, 6, and 9
belonging to mono-azomethine Schiff bases represented inhi-
bition with IC50 values in the range of 400 to 500 mM which are
also comparable to the standard, as provided in Table 2.

According to structure-activity relationship (SAR) from the
data given in Table 2, compound 5 from the mono-azomethine
Schiff base (IC50: 480 ± 08 mM) became a more effective inhib-
itor when it was converted into di-azomethine Schiff base
(compound 12) with a 4-bromo substitution on the benzene ring
(IC50: 300 ± 22 mM). In contrast, compound 8 from the mono-
azomethine with 3,5 di-methoxy substitution on the benzene
ring with IC50 of 343± 20 mMwas a better inhibitor compared to
compound 1 and 2, which have nitro (–NO2) substitution and
are more effective than compounds with others substitution on
the benzene ring. This result conrms that both of the above-
mentioned compounds are signicantly better inhibitors of
the enzyme than the standard. Therefore, it can be suggested
that either any one or both of these compounds can be
considered potential standard inhibitors of the enzyme. We
have previously reported the a-glucosidase inhibition potential
of transition metal complexes of Schiff base derivatives of 4-
aminoantipyrine, showing non-competitive inhibition.25 The
remaining compounds of both series 3, 4, 7, 10, 11, 13, 14, 15,
16, 17, 18, 19, 20 showed less than 50% inhibition.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Molecular docking studies
Structure optimization

The structures of the synthesized compounds were optimized
using DFT calculations in Gaussian 09, employing the B3LYP
method with the 6-31G basis set.

Docking studies of the most active compound 12 with the
active site of a-glucosidase (PDB ID: 1XSK) indicated that it
makes a conventional hydrogen bond with Asp185 and Asp482
along with other hydrophobic interactions, having RMSD value
of 1.8 Å and Gibb's free energy (S) of −9.6 kcal mol−1, as shown
in Fig. 3a (3D) and b (2D).
Molecular dynamic simulation

The Root Mean Square Deviation (RMSD), expressed in nano-
seconds (ns), is plotted against time in this graph. In molecular
dynamics simulations, RMSD is a commonly used quantity to
quantify a molecule's structural divergence from a reference
structure, usually its initial conformation. Greater exibility or
conformational changes are suggested by larger RMSD values,
whereas lower values indicate structural stability. This plot
compares two systems over a 100 ns simulation period: the
complex, represented by purple, and the free protein, repre-
sented by red (Fig. 4). Within the rst 10 ns, the RMSD for the
free protein rapidly rises from a very low starting point of 1.5 Å.
This quick increase suggests that the free protein starts to
explore its structural exibility during the rst equilibration
period, undergoing major conformational changes. Following
this initial increase, the RMSD uctuates during the simulation
before stabilizing at 3.0 and 3.5 Å. When the free protein is not
attached to any ligand, its consistently greater RMSD indicates
that it is structurally exible and explores a wider range of
conformational states. Free proteins frequently exhibit this
behavior because they can take on a variety of structural shapes
Fig. 3 (a) 3D binding pose of compound 12 (ball & stick model) with the
ribbon model. (b) 2D binding pose of compound 12 in the active site of

© 2026 The Author(s). Published by the Royal Society of Chemistry
due to the lack of connections that hold conformations in place.
The complex, on the other hand, behaves very differently.
Throughout the simulation, the RMSD of the complex is much
lower, beginning at about 1.0 Å and stabilizing at about 1.5 Å.
The complex is more stable and deviates less from its original
shape, as indicated by this continuously low RMSD. The
reduced uctuations also imply that structural restrictions
imposed by the interactions between the protein and its ligand
limit the protein's exibility and inhibit its ability to explore
a large conformational region. Over the course of the simula-
tion, these stabilizing interactions such as hydrophobic or
hydrogen bonding help to preserve the complex structure's
integrity. The stabilizing effect of the ligand in the complex is
highlighted by the comparison of the two systems. The
substantial variation in RMSD values between the complex and
free protein highlights how ligand binding limits conforma-
tional freedom and preserves structural stability. Throughout
the simulation, the complex stays comparatively rigid and
stable, but the free protein shows more exibility and structural
alterations. This nding supports the widely held belief that
interactions between ligands and partners frequently stabilize
protein structures by locking them into functional conforma-
tions and lowering overall structural uctuations.

The free protein has higher RMSF values all around, which
suggests that its residues are more exible and move more
dynamically. Large peaks (such as those at regions ∼50, 400,
and 700) indicate extremely exible segments that could be
terminal sections, unstructured loops, or other dynamic protein
regions. The complex exhibits consistently lower RMSF values,
which are indicative of decreased residue mobility. This implies
that interactions between the protein and its ligandmaintain its
structure and limit the exibility of many residues. The com-
plex's decreased RMSF suggests that binding events stabilize
the protein, particularly in exible areas. Protein-ligand
active residues (stick model) of a-glucosidase enzyme (PDB:1XSK) in
enzyme representing bonds and hydrophobic interactions.

RSC Adv., 2026, 16, 13682–13695 | 13691
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Fig. 4 RMSD trajectory analysis for protein (red colored trajectory), protein-ligand complex (purple colored trajectory).

Fig. 5 RMSF trajectory analysis for protein (red colored trajectory), protein-ligand complex (purple colored trajectory).
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interactions are responsible for its stabilization because they
limit conformational freedom. In molecular systems where
binding ligands improve structural stability, this is a typical
occurrence. In conclusion, the complex is more stable, as
observed by lower RMSF values, whereas the free protein is
more exible and dynamic (Fig. 5).
13692 | RSC Adv., 2026, 16, 13682–13695
Conclusion

A series of new mono- and di-azomethine Schiff base derivatives
of 4-aminoantipyrine were synthesized, characterized by spec-
troscopic techniques, and evaluated for their antibacterial activity
against Salmonella typhi and Staphylococcus aureus, and enzyme
© 2026 The Author(s). Published by the Royal Society of Chemistry
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inhibition potential against a-glucosidase. Compound 5 and 6
exhibited excellent zones of inhibition at 51 ± 0.7 mm and 46 ±

0.5 mm, respectively, against Salmonella typhi, whereas 48 ±

0.6 mm and 43 ± 0.8 mm, respectively, against Staphylococcus
aureus as compared to the standard drug (ciprooxacin) which
showed zones of inhibition at 54 ± 0.5 mm and 62 ± 0.9 mm,
respectively. Di-azomethine Schiff bases were found to be less
effective as compared to mono-azomethine molecules. The In-
vitro a-glucosidase inhibition assay indicated that compounds 8
and 12 exhibited excellent inhibition with IC50 of 343 ± 20 mM
and 300 ± 22 mM, respectively compared to the standard drug
(acarbose) (IC50= 378.2± 0.12 mM). Therefore, either one or both
of these compounds can be considered as standard inhibitors of
the enzyme. According to molecular docking studies, the most
active compound 12 makes a conventional hydrogen bond with
Asp185 and Asp482 as well as other hydrophobic interactions,
with the active site of a-glucosidase (PDB ID: 1XSK) and is
potentially important in targeting type 2 diabetes. Such enzyme
inhibitors tend to introduce a delay in the absorption of carbo-
hydrates from the digestive system and, therefore, exerts
a lowering effect on postprandial blood glucose and insulin levels.

The prospect of this work is to explore further the inhibition
process and determine the structure-activity relationship of the
synthesized compounds for enzyme inhibition. Furthermore,
other key enzymes in this cascade should also be targeted for
similar studies with related molecules in order to nd potent
lead compounds.
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A. Khurshid, M. Arshad, S. A. A. Shah and M. F. Erben,
Crystal engineering with novel antipyrine derivatives:
© 2026 The Author(s). Published by the Royal Society of Chemistry
iInsights from X-ray diffraction, Hirshfeld surface analysis,
and DFT calculations on intermolecular interactions, J.
Mol. Struct., 2025, 1319, 139450.

35 A. Khurshid, A. Saeed, M. F. Erben, T. Hökelek and
E. Jabeen, DFT guided substitution effect on azomethine
reactive center in newly synthesized Schiff base aromatic
scaffolds; syntheses, characterization, single crystal XRD,
Hirshfeld surface and crystal void analyses, J. Mol. Struct.,
2023, 1273, 134215.
RSC Adv., 2026, 16, 13682–13695 | 13695

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00719h

	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations

	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations

	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations

	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations

	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations
	Comparative efficacy of novel mono- and di-azomethine clubbed schiff bases against tnqh_x03B1-glucosidase and human bacterial pathogens: in vitro, molecular docking, and MD simulations


