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ated bifunctional CuFe2O4@GO-
NH2-facilitated synthesis of pyrazolo-triazepine
scaffolds as a potent post-prandial antidiabetic
agent against dual a-amylase and a-glucosidase
enzymes

Romica Jain, Ashok Kumar and Pratibha Sharma *

Non-insulin-dependent diabetes mellitus (NIDDM) is a prevalent illness among individuals. This study

elucidates the synthesis of pyrazolo-fused triazepine skeletons containing heterocycles and their assay-

based in vitro and in silico antidiabetic activity against dual a-amylase and a-glucosidase enzymes

followed by ab initio studies. The synthesis was assisted by acid-base bifunctional APTES-grafted

magnetic nanocatalyst (CuFe2O4@GO-NH2), using dibenzalacetone (1a–g) and hydrazine (2a–b) as

precursors, followed by the addition of isoniazid (3). The obtained heterocyclic compounds (4a–n) were

corroborated using spectroscopic techniques. The ab initio structural insights were computed at the

B3LYP/6-311G++(d,p) level of theory to investigate the HOMO–LUMO energy gap, chemical reactivity

and chemical potential of the synthesized compounds. Molecular docking using the CDOCKER

(CHARMm-based DOCKER) algorithm revealed appreciable binding interaction modes between the

active sites of the receptor (PDB ID: 2QV4 and 3W37) and heterocyclic ligands. Among all the

synthesized compounds, 4,4'-(1-(2,4-dinitrophenyl)-8-hydroxy-8-(pyridin-4-yl)-2,3,5,6,7,8-hexahydro-

1H-pyrazolo-[1,5-d][1,2,4]-triazepine-2,5-diyl)bis(2-methoxyphenol) (4d) (IC50 = 123.79 mg mL−1)

exhibited superior antidiabetic activity against a-amylase compared with the existing drug acarbose (IC50

= 171.8 mg mL−1), which is in accordance with the in silico and DFT studies. ADMET, Lipinski's Rule and

TOPKAT descriptor studies were performed to assess the remarkable biocompatibility and toxicity.

Therefore, the synthesized heterocycles could emerge as potent antidiabetic drugs for first-line

treatment in the near future.
1. Introduction

Diabetes mellitus is a serious life-threatening disease affecting
a considerable portion of the aged population, as claimed by the
International Diabetes Federation (2021),1 and is one of the
most common consequences of detrimental life habits. Despite
the availability of several existing antidiabetic drugs, viz., acar-
bose, miglitol, and voglibose, many of these are accompanied
by adverse side effects, such as nausea, abdominal distension,
atulence, diarrhea, weight loss2–4 and low absorption.5,6 This
has created a paramount need to develop novel drugs with
minimal side effects and poor absorption. Diabetes is a condi-
tion in which the beta cells of the pancreas do not produce
insulin adequately or develop insulin resistance, resulting in
high levels of glucose in the blood, termed “hyperglycemia”.7 It
is evident that inadequate secretion or malfunctioning of
insulin is a substantial cause of type-II diabetes mellitus.
University, Indore 452001 (M.P.), India.

the Royal Society of Chemistry
Glucose primarily enters the blood owing to the hydrolysis of
carbohydrates via the action of a-amylase and a-glucosidase
enzymes, which are responsible for starch breakdown and
intestinal absorption, respectively. In addition, a-amylase plays
a vital role in the digestion of polysaccharides, such as starch
and glycogen, by disintegrating them into monomers by
cleaving (1,4) glycosidic linkages,8 while a-glucosidase liberates
glucose in the blood by cleaving the glycosidic linkages of non-
reducing sugars.9 The deterioration of these two enzymes has
proven to be a signicant therapeutic procedure for treating
post-prandial hyperglycemia, which is associated with type-II
diabetes.10

Beyond these observations are the current need and
prerequisites for developing a new antidiabetic drug. Virtual
screening and ab initio studies are the best recommended
practices before proceeding directly to in vitro analysis. Phyto-
chemicals are veried to possess various inherent biological
activities against several diseases and have very few side effects.
It was found that most phytochemicals, which are promising
pharmacologically active drugs, are mainly composed of
RSC Adv., 2026, 16, 26249–26272 | 26249
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Fig. 1 Biologically active heterocycles adopting a [1,2,4]-triazepine framework.
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heterocyclic rings and that about 67% of the heterocycles are
extracted from plants.11 Thus, by possessing a signicant bio-
logical application (Fig. 1), viz., anti-cancer,12,13 anti-inamma-
tory,14 and anti-microbial activities,15 PTH1R antagonist,
mammalian ADA inhibitor,16 and antifungal17 activity, the1,2,4-
triazepine skeleton becomes a molecule of biological interest.
Therefore, the present study illustrates the synthesis of two
novel series of heterocycles comprising pyrazolo-fused tri-
azepine moieties, followed by computational studies
comprising molecular docking with the protein (PDB ID: 2QV4
and 3W37), density functional theory (ligand optimization,
HOMO–LUMO energy gap, and chemical potential), ADMET
and toxicity evaluation studies. Furthermore, the docked
ligands with proteins were chosen for assay-based in vitro
analysis to validate their antidiabetic activities against a-
amylase and a-glucosidase enzymes.

To address the growing demands for green and sustainable
approaches, the introduction of heterogeneous magnetic cata-
lysts in the cascade-cyclized synthetic protocol has laid the
foundation for tailoring heterocycles. In this regard, multi-
component one-pot synthesis is also powerful to construct
heterocycles via cascade cyclization.11,18–20 As multiple steps,
from condensation to cyclization to rearrangement, occur in
one vessel, it enhances the reaction efficiency, overall yield, time
and step economy in incorporating heterocycles.21–23 By keeping
in mind the green synthetic protocols and the need for an
efficient antidiabetic drug, we constructed a magnetic
nanocatalyst-mediated synthesis of precursor dibenzalacetone
(1a–g), which subsequently reacts with hydrazines (2a–b) to
form4,5-dihydropyrazole intermediate (IIIaa–ag and IIIba–bg,
respectively). Furthermore, the addition of isoniazid (3) gave the
desired novel drug compounds 1-(2,4-dinitrophenyl)-2,5-di-
phenyl-8-(pyridin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d]
[1,2,4]-triazepin-8-ol (4a–g) and 8-hydroxy-2,5-diphenyl-8-(pyr-
idin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo-[1,5-d][1,2,4]-
triazepine-1-carboxamide (4h–n).

Several reported reactions have used different catalysts, like
GO, ZnO/r-GO, Al2O3/CaO, and ZnO NPs, to synthesize
26250 | RSC Adv., 2026, 16, 26249–26272
dibenzalacetone.24,25 However, due to various bottlenecks with
existing protocols, viz., low yield, harsh conditions, and tedious
workup, we performed the synthesis using a novel bifunctional
catalyst. The versatile and compelling properties of acid-
modied graphene, i.e. GO, such as low toxicity, catalytic
activity, structural dispersion in polar solvents, large surface
area, and easy separation,26–30 make it an acceptable catalyst for
many organic conversions.31 To address issues like agglomera-
tion and separation aer the completion of the chemical reac-
tion, GO is immobilized by magnetic CuFe2O4 nanoparticles
that exhibit catalytic applications32 and provide a large surface
area,33 as Fe3+ in copper ferrite also acts as a Lewis acid.34

Furthermore, to append the basic nature in as-prepared
CuFe2O4@GO, (3-aminopropyl)triethoxysilane (APTES) was
graed on its surface for amine functionalization, resulting in
the desired bifunctional acid-base catalytic activity (CuFe2-
O4@GO-NH2).

Thus, this study aims to establish a one-pot, magnetic
nanocatalyst CuFe2O4@GO-NH2-mediated synthesis of novel
antidiabetic pyrazolo-fused triazepine (4a–n) using multi-
component-synthesized precursor dibenzalacetone (1a–g),
hydrazines (2a–b) and isoniazid (3), followed by the evaluation
of their biological activities. A greater extent of red region in the
surface contour of 4d and 4k exposes the compound suscepti-
bility towards electrophile, showing efficient hydrogen bonding,
which again demonstrates good agreement with biological
activity.
2. Results and discussion
2.1. Chemistry

2.1.1. Magnetic nanocatalyst CuFe2O4@GO-NH2. The
acidic functionalization of graphene to tailor GO was carried
out under ulrasonic irradiation, as reported in literature.
Subsequently, CuFe2O4@GO-NH2 was synthesized by the
sequential addition of copper and iron salts to GO under
ultrasonic irradiations, followed by the addition of APTES
reuxing, with anhydrous toluene for amine functionalization
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Fabrication of CuFe2O4@GO-NH2. )))) represent ultrasonics irradiation.
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(Scheme 1). Anhydrous toluene was necessary to enhance
reuxing and avoid hydrolysis and premature polymerization.
The dark brown solid nanocatalyst thus prepared was charac-
terized using different analytical techniques.

2.1.1.1 FT-IR. In FT-IR, the peaks near 3385 cm−1,
1598 cm−1 and 3300 cm−1 are associated with N–H stretching,
bending vibrations and O–H stretching vibration, respectively.
The bands around 1710 cm−1(C]O), 1628 cm−1(C]C),
1137 cm−1(Si–O), 587 cm−1(Fe–O), and 474 cm−1(Cu–O)
conrm the successful functionalization of GO.35,36 The
frequency shis and intensity changes in functional group
bands (compared with bare GO) further depict the chemical
interaction among CuFe2O4, APTES and GO (Fig. 2a).

2.1.1.2 XRD. The high intense peak at 26.5° with the (002)
index and a d-spacing of 3.36 Å of represents graphene. A single
phase cubic spinel structure of CuFe2O4@GO-NH2 with 2q
values at 18.01°, 30.2°, 35.6°, 43.3°, 51.6°, 62.09°, and 73.68°
mapped to (101), (220), (311), (400), (511), (440), and (533),
respectively37 (Fig. 2b). An average crystalline size of 45 nm was
obtained and determined by applying the Debye Scherrer
method. Low diffraction angles at 20.85° (d-spacing = 4.25 Å)
and 21.74° (d-spacing = 4.07 Å) with expansion factors of 1.26
and 1.21, respectively, reveal the interlayer (001) amination,
oxygen insertion, and intercalated water molecules that push
the sheets far apart compared with pristine graphite.

2.1.1.3 Magnetism. The observed magnetic prole with
magnetic saturation of 12.096 emu g−1 was performed from
−20 kOe to +20 kOe using a vibrating sample magnetometer
(Fig. 2c). Due to the addition of non-magnetic GO-NH2,
magnetic saturation is low compared with copper ferrite, but it
© 2026 The Author(s). Published by the Royal Society of Chemistry
is commendatory for magnetic separation of the catalyst from
the reaction mixture.

2.1.1.4 FE-SEM and EDX. In Fig. 2d–f, the faint contrast
regions in FE-SEM images depicted the less at, smooth ultra-
thin and wrinkled support GO sheets due to the presence of
functional groups and embedded strong contrast spherical
CuFe2O4, which made the GO surface rough (Fig. 2g). Due to the
presence of mild agglomeration of CuFe2O4 and organic resi-
dues, the size increases to 311.75 nm (Fig. 2h). The elemental
composition of C, N, O, Fe, Cu, and Si was calculated through
EDX (Fig. 2i), favoring the structural design of the catalyst.

2.1.2. Heterocycles. A catalyst-mediated synthetic protocol
was developed to en route the target compounds in three steps,
as shown in Scheme 2. CuFe2O4@GO-NH2-catalyzed Claisen–
Schmidt condensation was established between aromatic
aldehydes and acetone in the presence of ethanol to construct
a dibenzalacetone analogue (1a–g) (Table 1). With 0.04 g catalyst
loading, 1c yielded 85% without use of sodium hydroxide,
which has traditionally been used38,39 for this condensation
reaction (Table 2). Among the solvents studied, ethanol
exhibited superior results due to its moderate polarity, which is
not as high as that of water and as low as that of acetonitrile,
good solubility of reactants, support for ionization, lack of
suppression of the base activity of the catalyst, and stabilization
of the enolate intermediate and transition states. It was
observed that benzaldehydes with electron-withdrawing
substituents produce a maximum yield of 85% (1c), while
electron-donating substituents show low returns. The synthe-
sized dibenzalacetone (1a–g) was used as a substrate in the next
step, reacted with hydrazine (2a–b) in the presence of catalyst
RSC Adv., 2026, 16, 26249–26272 | 26251
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Fig. 2 Characterization of CuFe2O4@GO-NH2: FT-IR spectra (a), XRD patterns (b), hysteresis loop (c), FE-SEM images (d)–(g), surface roughness
plot (h), particle size distribution curve (i), and EDX elemental mapping (j).
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CuFe2O4@GO-NH2 in ethanol, and was heated to reux for 3–
4 h at 70 °C to incorporate the4,5 dihydropyrazole intermediate
(IIIaa–IIIag and IIIba–IIIbg) (Fig. S44). An electron withdrawing
26252 | RSC Adv., 2026, 16, 26249–26272
group attached to hydrazine decreases the nucleophilicity of
nitrogen, which can be enhanced by deprotonation in a basic
medium.40 Thus, the acidic and basic functionality of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of the heterocycles (4a–n).
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catalyst plays an important role in the activation of the carbonyl
of dibenzalacetone and the nitrogen of hydrazine, respectively.
It was found that the corresponding hydrazones (Fig. S46) were
obtained at a lower temperature around 40 °C, so to achieve the
Table 1 Reaction-optimized conditions for the synthesis of 1a–ga,d

Entry Benzaldehydes Temp (in °C)

1 R = H r.t.
2 R = 4-OH 40
3 R = 4-NO2 r.t.
4 R = 4-OH and 3-OCH3 40
5 R = 2-OH 40
6 R = 4-NMe2 50
7 R = 4-Cl r.t.

a Reaction conditions: benzaldehydes (2 mmol), acetone (1 mmol), solven
monitored using TLC. d Catalyst loading = 40 mg.

© 2026 The Author(s). Published by the Royal Society of Chemistry
desired cyclized pyrazoline, a high temperature was required.
Now, without isolating the cyclized intermediate and catalyst,
isoniazid (3) was added along with ethanol, and aer contin-
uous stirring of 3–4 h under reux, the desired fused triazepine
Timec (h) Product Yieldb (in %)

3 1a 80
4.5 1b 40
3 1c 85
4 1d 55
5 1e 30
4.5 1f 35
3 1g 83

t (10 mL), and r.t. 25 °C-30 °C. b Isolated yield. c All the reactions were

RSC Adv., 2026, 16, 26249–26272 | 26253
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Table 2 Optimized reaction conditions for the synthesis of 1ca

Entry Catalyst loading (mg) Solvent Temp (in °C) Timec (h) Yieldb (in %)

1 20 (CuFe2O4@GO-NH2) CH3CN 40 3 No product
2 30 (CuFe2O4@GO-NH2) CH3CN Reux 4 No product
3 20 (CuFe2O4@GO-NH2) H2O 40 2 20
4 40 (CuFe2O4@GO-NH2) H2O Reux 2 28
5 20 (CuFe2O4@GO-NH2) EtOH r.t. 2 35
6 20 (CuFe2O4@GO-NH2) EtOH Reux 2 40
7 30 (CuFe2O4@GO-NH2) EtOH r.t. 2.5 70
8 40 (CuFe2O4@GO-NH2) EtOH r.t. 3 85
9 40 (CuFe2O4@GO-NH2) DCM r.t. 3 No product
10 40 (CuFe2O4@GO-NH2) EtOH + H2O (6 : 4) r.t. 3 55
11 40 (CuFe2O4@GO-NH2) EtOH + H2O (8 : 2) r.t. 3 65
12 40 (CuFe2O4@GO) EtOH 60 4 70
13 60 (GO) EtOH 70 4.5 65
14 60 (CuFe2O4) EtOH 60 4 60

a Reaction conditions: p-nitrobenzaldehyde (2 mmol), acetone (1 mmol), solvent (10 mL), and r.t. 25 °C-30 °C. b Isolated yield. c All the reactions
were monitored by TLC.
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(4a–n) was obtained (Tables 3 and 4). With 0.02 g catalyst and 3
hours of reuxing, 4b and 4i in ethanol solvent produce
maximum yields of 65% and 63%, respectively (Tables 5 and 6).
Ethanol was found to be the best medium due to its tendency to
form hydrogen bonding and sufficient dipole–dipole interac-
tion, which activates carbonyl carbon electrophilicity and
stabilizes imine, cyclized intermediates and transition states,
Table 3 Optimized reaction conditions for the synthesis of 4a–ga

Entry Dibenzalacetone R T

1 1a R =H 4
2 1b R = 4-OH 4
3 1c R = 4-NO2 4
4 1d R = 4-OH and 3-OCH3 4
5 1e R = 2-OH 4
6 1f R = 4-NMe2 4
7 1g R = 4-Cl 4

a Reaction conditions: dibenzalacetone (1 mmol), 2,4-dinitrohydrazine
b Reuxing. c All the reactions were monitored using TLC. d Isolated yield

26254 | RSC Adv., 2026, 16, 26249–26272
with subsequent suppression of side products, and due to
moderate Lewis acidity, it does not over-stabilize the nucleo-
phile, like strongly polar solvents. One major spot associated
with the desired product was observed along with several other
spots in the TLC using the hexane:ethyl acetate (7 : 3) eluent,
and the compound was puried via column chromatography
without trying to isolate and identify other spots. To avoid side
empb (in °C) Timec (h) Product Yieldd (in %)

0 3 4a 53
0 3 4b 65
0 3.5 4c 43
5 4 4d 55
5 4 4e 42
0 3 4f 58
0 3 4g 48

(1 mmol), isoniazid (1 mmol), ethanol (10 mL), and 0.02 g catalyst.
.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Optimized reaction conditions for the synthesis of 4h–na

Entry Dibenzalacetone R Tempb (in °C) Timec (h) Product Yieldd (in %)

1 1a R = H 45 3.5 4h 53
2 1b R = 4-OH 40 3 4i 65
3 1c R = 4-NO2 50 4 4j 43
4 1d R = 4-OH and 3-OCH3 45 4 4k 55
5 1e R = 2-OH 55 4.5 4l 42
6 1f R = 4-NMe2 40 3.5 4m 58
7 1g R = 4-Cl 40 3 4n 48

a Reaction conditions: dibenzalacetone (1 mmol), 2,4-dinitrohydrazine (1 mmol), isoniazid (1 mmol), ethanol (10 mL), and r.t. 25–30 °C.
b Reuxing. c All the reactions were monitored using TLC. d Isolated yield.

Table 5 Optimized reaction conditions for the synthesis of 4ba

Entry Catalyst loading (mg) Solvent Temp. (in °C) Timec (h) Yield (in %)b

1 20 (CuFe2O4@GO-NH2) CH3CN r.t. 3 30
2 20 (CuFe2O4@GO-NH2) CH3CN 40 2.5 35
3 20 (CuFe2O4@GO-NH2) CH3CN Reux 2 45
4 30 (CuFe2O4@GO-NH2) CH3CN Reux 3 28
5 20 (CuFe2O4@GO-NH2) DCM Reux 2 55
6 20 (CuFe2O4@GO-NH2) DCM 40 3 45
7 30 (CuFe2O4@GO-NH2) DCM Reux 1.5 48
8 20 (CuFe2O4@GO-NH2) DMF Reux 2.5 58
9 30 (CuFe2O4@GO-NH2) DMF Reux 2 50
10 20 (CuFe2O4@GO-NH2) H2O Reux 3 40
11 20 (CuFe2O4@GO-NH2) EtOH r.t. 3 42
12 20 (CuFe2O4@GO-NH2) EtOH r.t. 3 43
13 20 (CuFe2O4@GO-NH2) EtOH Reux 3 65
14 30 (CuFe2O4@GO-NH2) EtOH Reux 3 60
15 60 (CuFe2O4@GO) EtOH Reux 24 No product
16 80 (GO) EtOH Reux 24 No product
17 65 (CuFe2O4) EtOH Reux 24 No product

a Reaction conditions: dibenzalacetone (1 mmol), 2,4-dinitrohydrazine (1 mmol), isoniazid (1 mmol), solvent (10 mL), and 25–30 °C. b Isolated
yield. c All the reactions were monitored using TLC.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 26249–26272 | 26255
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Table 6 Optimized reaction conditions for the synthesis of 4ia

Entry Catalyst loading (mg) Solvent Temp. (in °C) Timec (h) Yieldb (in %)

1 20 (CuFe2O4@GO-NH2) CH3CN r.t. 3 25
2 20 (CuFe2O4@GO-NH2) CH3CN 40 2.5 30
3 20 (CuFe2O4@GO-NH2) CH3CN Reux 2 34
4 30 (CuFe2O4@GO-NH2) CH3CN Reux 3 32
5 20 (CuFe2O4@GO-NH2) DCM Reux 2 50
6 20 (CuFe2O4@GO-NH2) DCM 40 3 43
7 30 (CuFe2O4@GO-NH2) DCM Reux 1.5 45
8 20 (CuFe2O4@GO-NH2) DMF Reux 2.5 43
9 30 (CuFe2O4@GO-NH2) DMF Reux 2 46
10 20 (CuFe2O4@GO-NH2) H2O Reux 3 35
11 20 (CuFe2O4@GO-NH2) EtOH r.t. 3 43
12 20 (CuFe2O4@GO-NH2) EtOH 40 3 50
13 20 (CuFe2O4@GO-NH2) EtOH Reux 3 63
14 30 (CuFe2O4@GO-NH2) EtOH Reux 3 61
15 60 (CuFe2O4@GO) EtOH Reux 24 No product
16 80 (GO) EtOH Reux 24 No product
17 65 (CuFe2O4) EtOH Reux 24 No product

a Reaction conditions: dibenzalacetone (1 mmol), semicarbazide (1 mmol), isoniazid (1 mmol), solvent (10 mL), and 25–30 °C. b Isolated yield. c All
the reactions were monitored using TLC.
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products, lower temperatures and low catalyst loading were
favorable, but in the absence of a catalyst, no product was ob-
tained. However, the presence of electron donating substituents
on the benzene ring underwent efficient cascade ring closure via
attack of pyrazoline nitrogen to carbonyl carbon of isoniazid,
facilitated by a catalyst (Scheme 3), and the ortho-substituted
benzene ring offered poor yield due to steric crowding during
cyclization. When we performed the reaction with GO and
CuFe2O4@GO, we did not obtain the nal desired product as
the reaction can occur with the synthesized catalyst because the
enhanced catalytic activity of CuFe2O4@GO-NH2 is attributed to
the synergistic interaction between Lewis acidic Cu2+/Fe3+

centers, Brønsted acidic sites –COOH, –OH and basic –NH2

groups, which enables simultaneous activation of electrophile
and nucleophile, thereby facilitating efficient Schiff base
formation and subsequent cyclization. An additional key
feature of the synthesized magnetic CuFe2O4@GO-NH2 that
puts the reaction protocol under the umbrella of green chem-
istry is the facile recovery of the catalyst via external magnet,
and it can be reused up to ve cycles with a subsequent decrease
in yield to 25–30% in the h cycle for all the synthesized
heterocycles (4a–n). The heterogeneity of CuFe2O4@GO-NH2

was conrmed by performing a hot ltration test40 to tailor 4b
and 4i. Aer 1.5 hours, when half of the conversion had taken
place, the catalyst was removed from the reaction mixture, and
26256 | RSC Adv., 2026, 16, 26249–26272
the reaction mixture was continuously stirred for the next 1.5
hours. It was found with the help of TLC that no progression
and completion of reaction occurred for both 4b and 4i, hence
clearly revealing that no leaching of catalyst took place, which
indicates its heterogeneity. The structures of the compounds
were elucidated by 1H and 13C NMR spectra.

2.1.3. Mechanistic approach. Under catalytic conditions,
benzaldehyde derivatives react with acetone through Claisen–
Schmidt condensation pathway in which the carbonyl of benz-
aldehyde derivatives activated with via Cu2+ and Fe3+ of CuFe2O4

acts as Lewis acid and hydrogen bonding with carboxylic,
hydroxy functional groups on catalyst, thus acts as electrophile
and active methyl hydrogen of acetone abstract by the basic
functionality i.e. NH2 of CuFe2O4@GO-NH2 and with removal of
water molecules dibenzalacetone (1a–g) were synthesized.
Furthermore, the reaction is ushered in with CuFe2O4@GO-NH2

activating the carbonyl group of dibenzalacetone (1a–g) with the
Brønsted acidic functionality, making the carbonyl carbonmore
electrophilic, which then undergoes 1,2-nucleophilic addition
with enhanced nucleophilicity of the terminal –NH2 of hydra-
zine (2a or 2b) by the basic sites of the catalyst, generating an
alkoxide intermediate stabilized at the catalyst surface, followed
by the formation of corresponding hydrazone (II) with the
removal of water. The presence of dinitro on benzene reduces
the lone pair-donating tendency of –NH2 of hydrazine, thus
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Plausible mechanism of the synthesis of heterocycles (4a–g).
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making it unsuitable for Michael addition.41 Therefore, the
basic functionality of the catalyst plays an important role in
enhancing nucleophilicity. Moreover, in the presence of the
bifunctionality of the catalyst and an increase in temperature
forces the hydrazone (II) to undergo cyclization to give inter-
mediate (III), in which proton rearrangement gives 4,5 di-
hydropyrazole intermediate (IV). Now, with the subsequent
addition of activated carbonyl of isoniazid (3) via acidic sites of
catalyst onto stabilized intermediate (IV) on catalyst surface aza-
Michael type cyclization takes place to lead to the fully formed
adduct, in which the hydrazine (2a or 2b) fragment and ami-
nopyridine (3) remain attached through N–N and C–N linkages,
yielding the nal products 4a–g with the regeneration of the
catalyst, as represented in Scheme 3. Hence, to incorporate the
desired intermediates and products, dual acidic and basic sites
are required in the catalyst, revealing the importance of the
synthesized catalyst, which cannot be achieved with the existing
catalysts, GO or CuFe2O4@GO, which lack basic functionality.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2. In vitro assay-based a-amylase and a-glucosidase
inhibition

The substituted fused pyrazole1,2,4-triazepine heterocycles (4a–
4n) were evaluated for in vitro assay-based antidiabetic activity
against a-amylase (EC no. 3.2.1.1) and a-glucosidase (EC no.
3.2.1.20), which are responsible for type-II diabetes. The
appreciable percentage of the inhibitory activity of compounds
(4a-4n) obtained by triplicate experiments (Tables S1 and S2)
against a-amylase and a-glucosidase is illustrated in Table 7
and Table 8, respectively. It was found that compound 4d,
among all the synthesized compounds, shows a greater extent
of inhibition against both enzymes, with an IC50 value compa-
rable with the reference drug acarbose reported in literature.42,43

For all the compounds, with the increase in concentration,
inhibitory activity also increases (Fig. 3). The results reveal that
compounds with electron withdrawing substituents show
a high value of IC50 and less inhibition compared with electron
donating substituents and that hydroxy and amine substituents
RSC Adv., 2026, 16, 26249–26272 | 26257
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Table 7 Percentage a-amylase inhibition activity of the compounds (4a–4n) at different concentrations with ±S.D. (standard deviation)

Compounds

% Inhibition (mg mL−1)

IC50 (mg mL−1)50 mg mL−1 100 mg mL−1 200 mg mL−1 300 mg mL−1 400 mg mL−1 500 mg mL−1

4a 18.84 � 2.26 35.14 � 1.66 37.32 � 0.63 46.38 � 0.63 47.46 � 0.63 53.62 � 1.25 247.99
4b 39.13 � 3.81 55.07 � 0.63 59.42 � 0.63 67.39 � 1.09 68.12 � 0.63 68.11 � 0.62 226.3
4c 36.59 � 3.81 45.29 � 0.63 53.26 � 1.09 55.80 � 0.63 58.33 � 0.63 60.14 � 1.25 165.38
4d 48.18 � 2.73 71.74 � 1.88 78.62 � 0.63 87.68 � 1.66 88.77 � 0.63 89.13 � 0.00 123.79
4e 25.00 � 1.88 40.58 � 1.66 48.91 � 1.09 50.36 � 0.63 51.81 � 0.63 53.62 � 1.25 198.68
4f 46.01 � 1.66 67.03 � 0.63 73.91 � 1.09 79.35 � 1.09 80.07 � 0.63 80.43 � 0.00 137.48
4g 21.73 � 2.17 36.59 � 1.26 52.54 � 0.63 48.91 � 1.09 54.71 � 5.02 51.81 � 0.62 237.98
4h 17.02 � 2.26 42.03 � 4.39 36.59 � 0.63 43.12 � 0.63 55.07 � 0.63 55.79 � 0.62 175.39
4i 34.05 � 3.32 45.65 � 2.17 51.09 � 1.09 53.26 � 1.09 53.26 � 1.09 53.98 � 1.25 184.61
4j 29.34 � 2.87 40.94 � 1.26 47.46 � 0.63 53.26 � 1.09 52.90 � 0.63 57.49 � 1.10 237.92
4k 36.59 � 2.26 48.55 � 2.51 54.35 � 1.09 56.52 � 1.09 56.16 � 0.63 58.21 � 0.82 166.97
4l 25.72 � 2.51 41.67 � 0.63 46.38 � 0.63 52.54 � 0.63 53.26 � 1.09 53.98 � 0.62 272.14
4m 36.23 � 3.32 45.65 � 1.09 53.26 � 2.26 54.71 � 0.63 55.07 � 0.63 55.79 � 0.62 173.62
4n 18.84 � 3.81 35.14 � 1.66 44.93 � 0.63 48.91 � 1.09 52.72 � 0.77 53.80 � 0.76 259.53
Concentration 250 mg mL−1 500 mg mL−1 750 mg mL−1 1000 mg mL−1 — — IC50 (mg mL−1)
Acarbose42 61.5 72.08 82.23 88.19 � 0.01 — — 171.8

Table 8 Percentage a-glucosidase inhibition activity of the compounds (4a–4n) at different concentrations with ±S.D. (standard deviation)

Compounds

% Inhibition (mg mL−1)

IC50 (mg mL−1)50 mg mL−1 100 mg mL−1 200 mg mL−1 300 mg mL−1 400 mg mL−1 500 mg mL−1

4a 20.51 � 1.28 — 16.67 � 1.81 31.62 � 0.74 35.90 � 7.80 50.43 � 28.56 273.42
4b 15.38 � 1.28 32.91 � 1.96 40.17 � 23.04 46.15 � 1.28 51.71 � 1.48 59.40 � 33.80 261.8
4c 35.04 � 0.74 28.63 � 1.96 32.91 � 19.65 41.03 � 1.28 46.15 � 1.28 48.72 � 27.87 272.79
4d 13.25 � 0.74 45.30 � 1.96 53.85 � 31.57 65.81 � 1.96 71.37 � 1.96 86.75 � 49.81 167.49
4e 33.76 � 0.74 16.24 � 2.67 26.92 � 15.37 32.91 � 1.96 38.89 � 1.48 46.58 � 26.35 279.17
4f 26.50 � 0.74 38.89 � 1.48 46.58 � 26.79 52.14 � 0.74 68.38 � 3.92 76.50 � 43.83 199.43
4g — 33.33 � 1.28 — 34.62 � 1.28 51.71 � 1.48 60.26 � 34.50 254.56
4h 30.77 � 1.28 — 21.37 � 0.91 34.19 � 0.74 40.17 � 1.48 45.73 � 26.35 253.1
4i 27.35 � 0.74 34.19 � 1.96 — 43.16 � 1.96 47.44 � 2.56 50.85 � 28.99 199.19
4j 28.63 � 0.74 27.78 � 1.96 17.09 � 9.13 32.48 � 1.48 41.45 � 3.23 45.30 � 25.61 252.46
4k 11.97 � 0.74 31.62 � 1.48 46.58 � 26.35 47.44 � 1.28 61.54 � 2.56 69.66 � 39.74 237.67
4l 22.65 � 0.74 19.23 � 1.28 29.91 � 17.10 40.17 � 1.48 42.74 � 1.48 46.58 � 27.11 261.26
4m 17.09 � 0.74 28.21 � 1.28 43.59 � 24.53 45.73 � 0.74 56.84 � 1.96 64.10 � 36.77 273.29
4n — 19.66 � 1.96 31.20 � 17.77 41.03 � 2.56 38.46 � 1.28 44.44 � 25.28 254.47

— not found.
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favor more inhibition up to ∼90% at 500 mg mL, while acarbose
inhibits only 72%.
2.3. In silico studies

2.3.1. Molecular docking. The receptor protein models
with PDB ID: 2QV4 and 3W37, associated with a-amylase and a-
glucosidase enzymes, respectively, were validated and used for
molecular docking evaluation. To optimize and identify the
docking conditions, receptor grid sphere and active binding
sites, the reference co-crystal ligand (acarbose) was successfully
re-docked with both proteins with acceptable RMSDs of 1.031 Å
and 1.026 Å. The same receptor sites were used to disclose the
binding interactions of 16 compounds (4a–4p) with 2QV4
(Fig. S48) and 3W37 (Fig. S49) enzyme proteins. The receptor
grid sphere models with multiple docked ligands and
26258 | RSC Adv., 2026, 16, 26249–26272
hydrophobic, aromaticity, and hydrogen bonding susceptible
regions of 2QV4 and 3W37 are shown in Fig. 4 and 5, respec-
tively. All the 16 compounds exhibited satisfactory binding
affinity with cdocker energy and cdocker interaction energy, as
summarized in Tables 9 and 10, respectively. a-Amylase
hydrolyses internal a-1,4-linkages of starch (endo action), while
glucosidase trims terminal a-glucosidase bond (exo action), as
their catalytic residues such as GLU233, ASP300, and ASP197 of
2QV4; ASP469 and ASP568 of 3W37 and substrate recognition
residues GLN63, HIS201, TYR62, HIS299, ARG195, TYR151,
HIS101, ALA106, THR163, GLY164 of 2QV4; PHE236, ASN237,
and SER497 of 3W37 reect these roles.44–46 The interaction with
catalytic residues GLU233 and ASP300 of 2QV4 and pocket
geometry residues fostering the inhibition activity of 4d and 4k,
respectively, against 2QV4, similarly with ASP469, ASP568 of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Graphical representations of the inhibition activity of the compounds 4a-4n against the a-amylase and a-glucosidase enzymes.

Fig. 4 2QV4 receptor grid model (10.53 Å; 48.13, 26.09, and 12.38) with multiple docked ligands (a), associated susceptible regions for hydrogen
bonding (b), hydrophobicity (c), and aromaticity (d).
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3W37 in the case of 4d, 4f, and 4m, respectively, against 3W37
provides results comparable with those of acarbose. The
stronger inhibition against 2QV4 of acarbose than 4d, and that
of 4d and 4f more than 4k is due to the presence of a greater
number of hydrogen bonds with the shortest distances of
interaction associated with a high-cdocker interaction energy
(associated with only protein-ligand binding energy), as depic-
ted in Fig. 6, which is also responsible for a stable protein-
ligand complex, as reected in the high-cdocker energy (asso-
ciated with interaction energy and ligand strain). Similarly, the
closest binding interactions of 4d and 4f against a-glucosidase
© 2026 The Author(s). Published by the Royal Society of Chemistry
protein 3W37 are illustrated in Fig. 7. Thus, the in silico docking
results were in accordance with the in vitro assay based
experiments.

2.3.2. ADMET analysis. The plot between A log P and PSA
reveals much better drug likeness than acarbose (Fig. 8). A log P
and PSA are the standard descriptors for exploring drug char-
acteristics, like oral absorption, solubility and blood–brain
barrier. Acarbose shows poor absorption, while all the
compounds (4a–4p) fall within the absorption ellipses and
outside the BBB ellipses, indicating favorable oral absorption,
while no penetration to the BBB is also advantageous for an
RSC Adv., 2026, 16, 26249–26272 | 26259
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Fig. 5 3W37 receptor grid model (9.89 Å; 0.108, −1.91, and −23.05) with multiple docked ligands (a); associated susceptible regions for
hydrogen bonding (b), hydrophobicity (c), and aromaticity (d).

Table 9 Cdocker energy and cdocker interaction energy of the
compounds (4a-4n) with the a-amylase protein receptor (2QV4)

Entry Compounds
-Cdocker energy
(kcal mol−1)

-Cdocker interaction
energy (kcal mol−1)

1 4a −6.04544 43.2612
2 4b −7.39189 52.7811
3 4c 8.0601 44.6678
4 4d 5.802631 78.3542
5 4e −3.51015 51.3859
6 4f −1.87997 67.8439
7 4g −5.2506 47.4387
8 4h 4.75304 42.9307
9 4i 6.5959 49.1111
10 4j 2.4342 43.698
11 4k 10.9233 60.3177
12 4l 2.73058 43.9564
13 4m 7.70246 45.0517
14 4n 5.21054 39.9079
15 Acarbose −19.8945 58.0488

Table 10 Cdocker energy and cdocker interaction energy of the
compounds (4a–4n) with the a-glucosidase protein receptor (3W37)

Entry Compounds
-Cdocker energy
(kcal mol−1)

-Cdocker interaction
energy (kcal mol−1)

1 4a −7.89474 40.9305
2 4b −3.98288 45.5413
3 4c −13.7246 46.7802
4 4d 2.9835 78.5975
5 4e −2.57054 43.0875
6 4f 2.12069 69.2093
7 4g 8.9162 44.7756
8 4h 4.75304 42.9307
9 4i 6.5959 49.1111
10 4j 2.4342 43.698
11 4k 10.9233 58.3177
12 4l 2.73058 43.9564
13 4m 8.04299 47.3917
14 4n 5.21054 39.9079
15 Acarbose −5.85001 71.2107
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antidiabetic drug because for an antidiabetic drug, CNS pene-
tration is not required and helps to eradicate neurological
adverse effects. Good solubility supports absorption properties.
Some of the compounds show hepatotoxicity (risk of liver
toxicity) and CYP2D6 inhibition (risk of drug–drug interac-
tions), but compounds 4d, 4f, 4k, and 4m with good docking
and in vitro activity exhibit excellent drug likeness over acarbose
with no signs of toxicity, as shown in Table 11. The true/false
PPB (plasma protein binding) level for compounds divulges
the binding/non-binding of drugs with protein binding, i.e. if
26260 | RSC Adv., 2026, 16, 26249–26272
false, then enhancing efficacy due to the presence of the drug in
circulation.

2.3.3. Lipinski's rule of ve. The molecular properties of
4a–4p are shown in Table 12 and demonstrate that all the
compounds follow Lipinski's Rule as per reported literature,47

while acarbose violates the rule with respect to low negative A
log P values and a high number of hydrogen bond acceptors and
donors. Thus, these compounds are superior to acarbose.

2.3.4. Toxicity predictions. In designing a drug for thera-
peutic cure, toxicity prediction by computer-assisted technology
(TOPKAT) is the best tool that uses the QSTR model for toxicity
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Closest interactions between the active site residues of the a-amylase (2QV4) with the synthesized compounds 4d, 4f, 4k and the
reference drug acarbose, respectively, in two-dimensional (2D; left) and three-dimensional (3D; right) representations.
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evaluation. The prediction is performed by scrutinizing the
components within the optimal predictive space (OPS), and the
results are considered false positives if they lie outside the
© 2026 The Author(s). Published by the Royal Society of Chemistry
range. The results of toxicity predictions against NTP, Carcino-
genic Potency TD50, WOE, Skin Irritancy, Ames, Oral LD50, Inha-
lational LC50, and Daphnia EC50 are summarized in Table 13.
RSC Adv., 2026, 16, 26249–26272 | 26261
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Fig. 7 Closest interactions between the active site residues of the a-glucosidase (3W37) with the synthesized compounds 4d, 4f, and the
reference drug acarbose, respectively, in two-dimensional (2D; left) and three-dimensional (3D; right) representations.

26262 | RSC Adv., 2026, 16, 26249–26272 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Plot of PSA_2D (two-dimensional polar surface area) versus A Log P98 for the compounds 4a-4p and the standard drug acarbose,
representing 95% and 99% assurance limits associated with the BBB (blood–brain barrier) and intestinal absorption model.
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2.4. Density functional theory insights

In determining the reactivity and stability of the molecules,
frontier molecular orbitals are found to be a consequential
approach. All the molecules were optimized to produce stable
structures without any imaginary frequency. The HOMO and
LUMO were drawn for all the molecules, and their energy gap
was estimated (Fig. S50). The high energy gap between HOMO–
LUMO depicts the inertness of the compound, which is
Table 11 ADMET predictions of the compounds (4a–4p) and acarbose

Entry Compounds BBB levela Absorption levelb Solubility lev

1 4a 4 3 3
2 4b 4 1 3
3 4c 4 2 3
4 4d 4 1 4
5 4e 4 2 3
6 4f 4 1 4
7 4g 4 2 0
8 4h 4 0 2
9 4i 4 1 3
10 4j 4 2 3
11 4k 4 1 3
12 4l 4 2 1
13 4m 4 1 3
14 4n 4 1 0
15 Acarbose 4 3 1

a 0, 1, 2, 3, and 4 denote very high, high, medium, low, and undened, res
low absorption, and very low absorption, respectively. c 0, 1, 2, 3, 4, and 5
soluble, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
associated with the hardness of compounds.48 Thus, a lower
value of chemical hardness (h) indicates high reactivity. Elec-
trophilicity index (u) gives an idea about the lowering in energy
when an electron ows from HOMO to LUMO, thus revealing
the energy changes when a molecule is saturated by the addi-
tion of an electron, which indicates the reactivity.49 The negative
of electronegativity is termed the electronic chemical potential
(m). The values of the energy gap, h, u, and m are summarized in
elc Hepatotoxicity CYP2D6 PPB level A log P98 PSA_2D

True False False 4.241 108.242
False False False 4.466 114.947
False False False 5.657 119.873
False False False 4.624 117.733
False False False 4.63 130.308
False False False 5.233 135.694
True False True 4.93 133.888
True False False 6.223 140.048
False False False 3.96 121.679
False False False 4.444 130.048
False False False 4.773 135.048
False False True 3.432 101.679
False False False 5.768 116.753
True False False 3.727 109.539
False False False −6.02 307.246

pectively. b 0, 1, 2, and 3 denote good absorption, moderate absorption,
denote extremely low, very low but possible, low, good, optimal, and too
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Table 12 Physiochemical molecular properties of the compounds (4a–4p) and acarbose

Entry Compound
A log
P

Molecular
weight

Num_H_
donor

Num_H_
acceptor

Num_rotable_
bonds

Num_
rings

Num_
aromatic_rings

Molecular_Fractional
Polarsurface_area

1 4a 4.405 551.553 3 10 6 6 4 0.301
2 4b 3.921 583.552 5 12 6 6 4 0.363
3 4c 4.194 641.548 3 14 8 6 4 0.417
4 4d 3.888 643.603 5 14 8 6 4 0.351
5 4e 3.921 583.552 5 12 6 6 4 0.363
6 4f 4.729 637.688 3 12 8 6 4 0.252
7 4g 5.733 620.443 3 10 6 6 4 0.278
8 4h 1.976 428.486 4 6 3 5 3 0.26
9 4i 1.459 520.537 6 10 5 5 3 0.329
10 4j 1.492 460.485 6 8 3 5 3 0.34
11 4k 2.301 514.622 4 8 5 5 3 0.211
12 4l 3.305 497.376 4 6 3 5 3 0.236
13 4m 1.492 460.485 6 8 3 5 3 0.34
14 4n 1.765 518.481 4 10 5 5 3 0.408
15 Acarbose −6.02 617.595 13 18 8 4 0 0.526
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Table 14. Among all the compounds, 4d, 4f, 4k, and 4m were
found to be the most reactive with the least value of h (Fig. 9)
thus in agreement with biological activity. The MEP surface
contour is depicted in Fig. 10 with red and blue regions, indi-
cating electronegative and electropositive densities, respec-
tively. A greater extent of red region in the surface contour of 4d
and 4k exposes the compound susceptibility towards electro-
phile, showing efficient hydrogen bonding, which again
demonstrates good agreement with biological activity.
3. Conclusions

In summary, pyrazole fused[1,2,4]-triazepine embracing
compounds (4a–4n) were synthesized in the presence of as-
prepared magnetic nanocatalyst CuFe2O4@GO-NH2, and their
structural and morphological properties were corroborated
through various spectroscopic measurements. All the
compounds exhibit appreciable inhibition activity against dual
a-amylase and a-glucosidase enzymes, which is in good agree-
ment with in silico molecular docking results. The binding
interactions between the receptor proteins and ligand
compounds and the stability of the protein-ligand complex due
to more efficient hydrogen bonding were clearly elucidated by
means of molecular docking. Compound 4d showed satisfac-
tory antidiabetic activity, with an IC50 value comparable with
the reference drug acarbose. Pharmacokinetic properties
determined based on ADMET and Lipinski's Rule of Five for
synthesized compounds were more drug-like than those of
acarbose. The toxicity of the synthesized compounds was also
within the range of the limit with no penetration of compounds
to the blood–brain barrier, like acarbose, making them a suit-
able drug. Additionally, the chemical reactivity, stability and
electrophilicity of the synthesized compounds were governed by
density functional theory calculations, which are in accordance
with biological activity. Thus, the present synthesis, biological
activity evaluation and DFT insights with the exploration of
26264 | RSC Adv., 2026, 16, 26249–26272
pharmacokinetic properties pave the way for synthesized
compound 4d as a potent drug candidate.

4. Experimental
4.1. Chemicals and apparatus

All the chemicals used were of AR grade purity, purchased from
Sigma Aldrich and Merck India and used without further puri-
cation. The melting point measurements with errors, were
carried out in open capillary tubes using a Veego melting point
apparatus. The Cole Parmer ultrasonic processor Model CPX
130, with a maximum power of 150 W, operating at an ampli-
tude of 60% and frequency of 20 kHz was used as the ultrasonic
radiation source. The spectroscopic 1H and 13C NMR spectral
characterization were performed at 400 and 200 MHz, respec-
tively, in DMSO using a Bruker Advance II 400 NMR spectrom-
eter. Reaction monitoring was performed by means of thin-layer
chromatography (TLC) using silica gel 60 F254 precoated
aluminum sheets. A UV 1800 benchtop double beam UV-visible
spectrophotometer was used to measure absorbances for the
evaluation of inhibition activity against enzymes. A Bruker D8
Advance X-ray diffractometer (Cu Ka radiation; l = 0.154 nm)
was used to determine the PXRD patterns. FE-SEM images and
the corresponding EDAX data were recorded using a JEOL
microscope (JSM7100F). Magnetism experiments were carried
out using a vibrating sample magnetometer (VSM, JDM-13) at
room temperature.

4.2. Catalyst synthesis

First, the GO was prepared according to the reported protocol.50

Thereaer, 1 g GO was dispersed in 150 mL distilled water
under ultrasonic irradiations for 20 min, followed by the addi-
tion of FeCl3$6H2O (169.1 mg) and CuCl2$2H2O (53.5 mg) to the
reactionmixture with the dropwise addition of 30% ammonium
hydroxide solution (25 mL) under a nitrogen atmosphere for 3
hours. Aer completion of the reaction, CuFe2O4@GO was
isolated from solution by means of an external magnetic eld
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 14 Density functional theory (DFT)-based electronic properties of the compounds (4a–4n)

Entry Compounds EHOMO (eV) ELUMO (eV)
DE = ELUMO -
EHOMO

Chemical

hardness h =
DE

2

Chemical
potential

m =
EHOMO þ ELUMO

2

Electrophilicity =
m2

2h

1. 4a −5.96039 −3.51571 2.444672 1.222336 −4.73805 9.182871
2. 4b −5.81372 −3.50483 2.308887 1.154444 −4.65927 9.402285
3. 4c −6.0608 −3.1021 2.958696 1.479348 −4.58145 7.094228
4. 4d −7.78164 −1.82208 5.959569 2.979784 −4.80186 3.869048
5. 4e −6.20991 −3.63054 2.579369 1.289684 −4.92023 9.385497
6. 4f −6.73918 −2.33093 4.408247 2.204123 −4.53505 4.665505
7. 4g −7.30817 −5.51058 1.797585 0.898793 −6.40937 22.85292
8. 4h −5.24037 −3.37966 1.860716 0.930358 −4.31001 9.983373
9. 4i −5.65888 −3.05938 2.599505 1.299753 −4.35913 7.309859
10. 4j −5.88746 −3.47598 2.411474 1.205737 −4.68172 9.089259
11. 4k −5.9397 −1.60983 4.329878 2.164939 −3.77477 3.290821
12. 4l −5.98678 −3.49449 2.492292 1.246146 −4.74063 9.017246
13. 4m −4.99302 −0.89036 4.102663 2.051331 −2.94169 2.109247
14. 4n −5.62813 −3.97014 1.657991 0.828995 −4.79914 13.89135
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and placed in a vacuum oven at a temperature of 80 °C for 14
hours. Then, 1 g CuFe2O4@GO was dispersed in 20 mL anhy-
drous toluene under ultrasonication for 2 hours. Moreover,
0.5 mL APTES was added and then allowed to stir for 6 hours via
reux. The solid collected was washed with DCM and vacuum
dried at 60 °C for 12 hours.
4.3. Heterocycle synthesis

4.3.1. Dibenzalacetone (1a–g). 40 mg CuFe2O4@GO-NH2

and 10 mL ethanol were placed in a round bottom ask and
sonicated for 15 min to disperse the catalyst. With stirring,
benzaldehyde (2 mmol) and acetone (1 mmol) were added to the
ask at 0–5 °C (ice bath) for 30 min. The ask was removed from
the ice bath and stirred at 25–50 °C depending on the substit-
uents attached to benzaldehyde. When TLC (hexane:EtOAc= 7 :
3) showed complete consumption of benzaldehyde (starting
material) and formation of a dibenzalacetone spot, stirring was
stopped, and the reaction mixture was cooled to room temper-
ature. The catalyst was removed from the mixture by means of
an external magnet or a lter through a Buchner funnel. The
cake was washed with EtOH (two times with 5 mL). The ltrate
was collected, and its volume was reduced by concentrating it
under reduced pressure. 20 mL ethyl acetate was added, and the
organic phase was washed with water (two times with 5 mL) and
then brine (10 mL). The mixture was dried under Na2SO4,
ltered, evaporated and puried by recrystallization from EtOH/
hexane.

4.3.1.1 1,5-Diphenylpenta-1,4-dien-3-one (1a). Yield: 80%,
1H-NMR (400 MHz, DMSO-d6): d 7.92 (d, 2H), 7.41–7.21 (m,
10H), 7.18 (d, 2H); 13C NMR (400 MHz, DMSO-d6): d 191.1 (C-4),
143.1 (C-2, C-6), 135.8 (C-1, C-7), 129.4 (C-11, C-16), 129.0 (C-10,
C-12, C-15, C-17), 128.0 (C-3, C-5), 128.1(C-9, C-13, C-14, C-18).

4.3.1.2 1,5-Bis(4-hydroxyphenyl)penta-1,4-dien-3-one (1b).
Yield: 40%, 1H-NMR (400MHz, DMSO-d6): d 8.59 (s, 2H), 7.75 (d,
2H), 7.19 (d, 4H), 6.99 (d, 2H), 6.76 (d, 4H); 13C NMR (400 MHz,
DMSO-d6): d 191.1 (C-4), 159.3 (C-11, C-16), 143.1 (C-2, C-6),
26266 | RSC Adv., 2026, 16, 26249–26272
129.9 (C-1, C-7), 128.1 (C-3, C-5), 127.6 (C-9, C-13, C-14, C-18),
116.3 (C-10, C-12, C-15, C-17).

4.3.1.3 1,5-Bis(4-nitrophenyl)penta-1,4-dien-3-one (1c). Yield:
85%, 1H-NMR (400 MHz, DMSO-d6): d 8.18 (d, 4H), 7.87 (d, 2H),
7.59 (d, 4H), 7.28 (d, 2H); 13C NMR (400 MHz, DMSO-d6): d 191.1
(C-4), 147.8 (C-11, C-16), 143.1 (C-2, C-6), 142.4 (C-1, C-7), 129.1
(C-3, C-5), 128.1 (C-9, C-13, C-14, C-18), 124.4 (C-10, C-12, C-15,
C-17).

4.3.1.4 1,5-Bis(4-hydroxy-3-methoxyphenyl)penta-1,4-dien-3-
one (1d). Yield: 55%, 1H-NMR (400 MHz, DMSO-d6): d 8.66 (s,
2H), 7.92 (d, 2H), 7.19 (d, 2H), 6.93–6.84 (m, 4H), 6.73 (d,2H),
3.80 (s, 6H); 13C NMR (400 MHz, DMSO-d6): d 191.1 (C-4), 149.5
(C-11, C-16), 148.5 (C-10, C-17), 143.7 (C-2, C-6), 128.6 (C-3, C-5),
127.5 (C-1, C-7), 123.1 (C-13, C-14), 115.8 (C-12, C-15), 111.7 (C-
9,C-18), 56.7 (C-24).

4.3.1.5 1,5-Vis(2-hydroxyphenyl)penta-1,4-dien-3-one (1e).
Yield: 30%, 1H-NMR (400 MHz, DMSO-d6): d 7.96 (d, 2H), 7.17
(dd, 2H), 7.05 (m, 2H), 6.93–6.65 (m, 6H), 6.82–6.73 (d, 2H); 13C
NMR (400 MHz, DMSO-d6): d 191.1 (C-4), 157.0 (C-9, C-18), 140.8
(C-2, C-6), 131.3 (C-11, C-16), 128.7 (C-3, C-5), 126.5 (C-13, C-14),
121.8 (C-1, C-7), 120.6 (C-12, C-15), 117.7 (C-10, C-17).

4.3.1.6 1,5-Bis(4-(dimethylamino)phenyl)penta-1,4-dien-3-one
(1f). Yield: 35%, 1H-NMR (400 MHz, DMSO-d6): d 7.72 (d, 2H),
7.15 (d, 4H), 6.93 (d, 2H), 6.59 (d, 4H), 2.89 (s, 12H). 13C NMR
(400 MHz, DMSO-d6): d 191.10 (C-4), 151.12 (C-11, C-16), 143.13
(C-2, C-6), 129.91 (C-1, C-7), 128.11 (C-3, C-5), 123.80 (C-9, C-13,
C-14, C-18), 112.70 (C-10, C-12, C-15, C-17), 41.90 (C-21, C-22, C-
23, C-24).

4.3.1.7 1,5-Bis(4-chlorophenyl)penta-1,4-dien-3-one(1g).
Yield: 83%, 1H-NMR (400MHz, DMSO-d6): d 7.77 (d, 2H, J= 12.1
Hz), 7.36–7.21 (m, 8H), 7.03 (d, 2H, J = 12.1 Hz); 13C NMR (400
MHz, DMSO-d6): d 191.10 (C-4), 143.13 (C-11, C-16), 135.42 (C-2,
C-6), 135.18 (C-1, C-7), 129.33 (C-3, C-5), 129.16 (C-9, C-13, C-14,
C-18), 128.11 (C-10, C-12, C-15, C-17).

4.3.2. [4,5]Dihydropyrazole (IIIab). To conrm the forma-
tion of the cyclized intermediate, a synthetic protocol was set up
and isolated for structural elucidation. CuFe2O4@GO-NH2 was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Molecular orbital (HOMO and LUMO) representations of the compounds 4d, 4f, 4k and 4m, respectively, with their corresponding
HOMO–LUMO energy gaps.
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dispersed in ethanol under ultrasonic irradiation for 10–
15 min, followed by the addition of 2,4-dinitrophenyl hydrazine
(2a) (1 mmol) and dibenzalacetone 1,5-bis(4-hydroxyphenyl)
penta-1,4-dien-3-one (1b) (1 mmol). The reaction was heated
to 40 °C and stirred for 2 h. TLC (hexane : EtOAc = 7 : 3) indi-
cated that compound 1b was consumed, and a new, more polar
spot of hydrazone (II) was formed. Now, to achieve the cyclized
pyrazoline type intermediate (IIIab), the temperature was
increased to 70 °C-80 °C to reux for 2–3 h with constant stir-
ring. A spot corresponding to a lower polarity in the TLC showed
the conversion of hydrazone into a cyclized intermediate. The
catalyst was separated through an external magnet and then
ltered. The residue was washed with water and ethanol, and
the crude product was dried at room temperature.

4.3.2.1 4,40-(3-(2-(2,4-Dinitrophenyl)hydrazono)penta-1,4-
diene-1,5-diyl)diphenol (IIab). Yield: 80% 1H-NMR (400 MHz,
© 2026 The Author(s). Published by the Royal Society of Chemistry
DMSO-d6): d 9.25 (s, 1H, Ar–H), 8.74 (d, 1H, Ar–H), 8.54 (s, 2H,
O–H), 7.80 (m, 1H, Ar–H), 7.15 (m, 4H, Ar–H), 6.71 (m, 6H, Ar–H,
sp2 C–H), 6.55 (m, 2H, sp2 C–H); 13C NMR (400 MHz, DMSO-d6):
d 159.3 (C-7, C-26), 142.4 (C-1, C-11), 140.9 (C-14), 135.6 (C-12),
132.3 (C-15), 131.0 (C-15), 129.9 (C-3, C-21), 127.8 (C-5, C-9, C-24,
C-28), 127.6 (C-2, C-4, C-22), 123.0 (C-13), 121.8 (C-20), 120.2 (C-
16), 116.3 (C-6, C-8, C-25, C-27).

4.3.2.2 4-(1-(3,5-Dinitrophenyl)-3-(4-hydroxystyryl)-4,5-di-
hydro-1H-pyrazol-5-yl)phenol (IIIab). Yield: 68% 1H-NMR (400
MHz, DMSO-d6): d 9.01 (t, 1H, Ar–H, J = 1.1 Hz), 8.59 (d, 2H, Ar–
H, J = 1.0 Hz), 8.51 (s, 1H, O–H), 7.15 (m, 4H, Ar–H, J = 6.6, 6.1
Hz), 6.82 (m, 2H, Ar–H; 1H, sp2 C–H, J= 9.0, 3.0 Hz), 6.74 (d, 2H,
Ar–H, J = 6.0 Hz), 6.09 (d, 1H, sp2 C–H, J = 12.1 Hz), 4.86 (t, 1H,
sp2 C–H, J= 6.1 Hz), 2.89 (m, 1H, sp3 CH2, J= 10.0, 6.1 Hz), 2.68
(m, 1H, sp3 CH2, J= 9.9, 6.1 Hz); 13C NMR (400 MHz, DMSO-d6):
d 159.3 (C-7), 157.8 (C-26), 156.0 (C-1), 149.7 (C-15, C-17), 141.8
RSC Adv., 2026, 16, 26249–26272 | 26267
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Fig. 10 Molecular electrostatic potential (MEP) surface contour maps of the compounds (4a–4n).
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(C-19), 132.9 (C-3), 129.9 (C-5, C-9), 128.8 (C-24, C-28), 127.6 (C-
4), 127.5 (C-22), 116.3 (C-6, C-8), 115.7 (C-14), 115.7 (C-25, C-27),
114.4 (C-16, C-18), 70.1 (C-13), 40.5 (C-12).

4.3.3. Fused triazepine (4a–n). Without isolating the
cyclized intermediate (III) and catalyst. The following synthetic
protocols were performed in the same reaction mixture leading
to the nal product (4). Therefore, aer mixing of di-
benzalacetone (1) and hydrazine (2) in ethanol with stirring
under reux for 3–4 h at 70 °C-80 °C, the mixture was cooled to
40 °C and then isoniazid (3) was added along with 0.1 mL acetic
26268 | RSC Adv., 2026, 16, 26249–26272
acid directly into the ask with heating to reux for 2–3 h with
constant stirring, followed by the dropwise addition of N,N-di-
isopropylethylamine (1.25 mmol, ∼0.22 mL). The progress of
the reaction was monitored via TLC (EtOAc : hexane= 6 : 4). The
appearance of the more polar spot (nal product 4) and disap-
pearance of the intermediate evidenced the completion of the
reaction. The catalyst was removed using an external magnet,
and the remaining solids were ltered and washed with
ethanol. 20 mL saturated NaHCO3 was added to the ltrate and
transferred to a separate funnel, and the organic layer was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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extracted. The organic layer was washed sequentially with 0.5 M
HCl (15 mL) to remove the base, followed by brine (15 mL). The
mixture was dried over Na2SO4, ltered, and concentrated
under reduced pressure. The crude was puried by silica
column chromatography (hexane:EtOAc = 7 : 3).

4.3.3.1 1-(2,4-Dinitrophenyl)-2,5-diphenyl-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepin-8-ol (4a).
Yield: 53%, m.p.: 275–276 °C; 1H-NMR (400 MHz, DMSO-d6):
d 9.01 (s,1H, Ar–H), 8.59 (s, 1H, Ar–H), 8.51 (m, 2H, pyridine Ar–
H), 7.64 (d, 2H, pyridine Ar–H), 7.44–7.08 (m, 11H, Ar–H), 6.25
(s, 1H, O–H), 4.87 (m, 1H, sp2 C–H), 4.79 (m, 1H, sp3 C–H), 4.14
(t, 1H, sp3 C–H), 3.00 (s, 1H, N–H), 2.72 (d, 1H, CH2), 2.61 (m,
1H, N–H), 2.36 (d, 1H, CH2);

13C NMR (400 MHz, DMSO-d6):
d 151.4 (C-27, C-29), 146.1 (C-13), 144.0 (C-11), 139.4 (C-5), 138.6
(C-26, C-30), 137.8 (C-21), 137.1 (C-22), 132.0 (C-24), 130.7 (C-
23), 128.8 (C-16, C-20, C-31, C-37), 128.2 (C-17, C-19, C-32, C-
34), 127.8 (C-18, C-33), 124.4 (C-15), 123.7 (C-14), 122.1 (C-25),
101.0 (C-10), 70.9 (C-2, C-6, C-9), 47.8 (C-1); elemental analysis
calculated for C29H25N7O5: C, 63.15; H, 4.57; N, 17.78; O, 14.50.
Found: C, 63.56; H, 4.39; N, 17.56; O, 14.07.

4.3.3.2 4,40-(1-(2,4-Dinitrophenyl)-8-hydroxy-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-2,5-
diyl)diphenol (4b). Yield: 65%; m.p.: 285–286 °C; 1H NMR (400
MHz, DMSO-d6): d 9.00 (d, 1H, Ar–H), 8.64 (d, 2H, pyridine Ar–
H), 8.51–8.43 (m, 2H, O–H), 8.18 (s, 1H, Ar–H), 7.58 (d, 2H,
pyridine Ar–H), 7.28 (m, 3H, Ar–H), 7.15 (d, 2H, Ar–H), 6.83 (d,
2H, Ar–H), 6.77 (d, 2H, Ar–H), 4.87 (m, 1H, sp2 C–H), 4.83–4.76
(m, 2H, O–H, sp3 C–H), 4.14 (t, 1H, sp3 C–H), 2.61 (d, 1H, CH2),
2.41–2.32 (m, 3H, N–H, CH2);

13C NMR (400 MHz, DMSO-d6):
d 157.8 (C-18), 157.4 (C-33), 151.5–151.3 (C-27, C-29), 146.1 (C-
13), 144.0 (C-11), 139.4 (C-5), 137.8 (C-21), 132.0 (C-22), 130.7
(C-23), 130.0 (C-14), 129.8 (C-15), 129.3 (C-24), 128.9–128.7 (C-
25), 127.5 (C-17, C-19), 124.4 (C-32, C-34), 123.9–123.5 (C-16,
C-20), 122.1 (C-26, C-30), 115.7–115.0 (C-31, C-37), 101.0 (C-
10), 70.9 (C-2, C-6, C-9), 49.0 (C-1); elemental analysis calcu-
lated for C29H25N7O7: C, 59.69; H, 4.32; N, 16.80; O, 19.19.
Found: C, 59.56; H, 4.39; N, 16.56; O, 19.87.

4.3.3.3 1-(2,4-Dinitrophenyl)-2,5-bis(4-nitrophenyl)-8-(pyridin-
4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepin-8-ol
(4c). Yield: 43%; m.p.: 279–280 °C; 1H NMR (400 MHz, DMSO-
d6): d 9.00 (d, 1H, Ar–H), 8.65 (d, 2H, pyridine Ar–H), 8.50 (m,
1H, Ar–H), 8.29 (d, 2H, pyridine Ar–H), 8.18 (d, 2H, Ar–H), 7.67
(m, 4H, Ar–H), 7.50 (d, 2H, Ar–H), 7.30 (d, 1H, Ar–H), 5.97 (s, 1H,
O–H), 4.87 (m, 1H, sp2 C–H), 4.79 (m, 1H, sp3 C–H), 4.14 (t, 1H,
sp3 C–H), 2.61 (m, 1H, CH2), 2.50 (s, 2H, N–H), 2.36 (m, 1H,
CH2);

13C NMR (400 MHz): d 151.4 (C-27, C-29), 147.4 (C-18),
146.6 (C-33), 146.1 (C-13), 145.0 (C-14), 144.0 (C-11), 142.2 (C-
15), 139.4 (C-5), 137.8 (C-21), 132.0 (C-24), 130.7 (C-23), 128.2
(C-16, C-20), 127.1 (C-31, C-37), 125.3 (C-32, C-34), 124.4 (C-22),
124.2 (C-17, C-19), 123.7 (C-26, C-30), 122.1 (C-25), 101.0 (C-10),
70.9 (C-2, C-6, C-9)), 41.5 (C-1); elemental analysis calculated for
C29H23N9O9: C, 54.29; H, 3.61; N, 19.65; O, 22.44. Found: C,
53.96; H, 3.39; N, 19.46; O, 22.07.

4.3.3.4 4,40-(1-(2,4-Dinitrophenyl)-8-hydroxy-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-2,5-
diyl)bis(2-methoxyphenol) (4d). Yield: 55%; m.p.: 284–285 °C; 1H
NMR (400 MHz, DMSO-d6): d 9.16 (s, 1H, Ar–H), 9.02–8.95 (m,
© 2026 The Author(s). Published by the Royal Society of Chemistry
2H, pyridine Ar–H), 8.62 (d, 2H, pyridine Ar–H), 8.47 (dd, 1H,
Ar–H), 7.71 (d, 2H, Ar–H), 7.25 (d, 1H, O–H), 6.97–6.85 (m, 2H,
Ar–H), 6.84–6.75 (m, 4H, Ar–H, O–H), 5.97 (s, 1H, N–H), 4.87 (m,
1H, sp2 C–H), 4.79 (m, 1H, sp3 C–H), 4.14 (t, 1H, sp3 C–H), 3.81
(d, 6H, sp3 C–H), 2.65–2.54 (d, 1H, CH2), 2.42–2.31 (m, 2H, N–H,
CH2);

13C NMR (400 MHz, DMSO-d6): d 151.4 (C-27, C-29), 147.8
(C-34), 147.4 (C-18), 147.0 (C-17), 146.6 (C-33), 146.1 (C-13),
144.0 (C-11), 139.4 (C-5), 137.8 (C-21), 132.0 (C-24), 130.7 (C-
23), 130.2 (C-14), 129.3 (C-15), 124.4 (C-22), 123.7 (C-31), 122.1
(C-25), 120.9 (C-20), 120.5 (C-26, C-30), 115.4 (C-19), 114.8 (C-
32), 111.5 (C-37), 111.3 (C-16), 101.0 (C-10), 70.9 (C-2, C-6, C-
9), 56.7 (C-40, C-41), 49.3 (C-1); elemental analysis calculated
for C31H29N7O9 C, 57.85; H, 4.54; N, 15.23; O, 22.37. Found: C,
57.96; H, 4.49; N, 15.36; O, 22.26

4.3.3.5 2,20-(1-(2,4-Dinitrophenyl)-8-hydroxy-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-2,5-
diyl)diphenol (4e). Yield: 42%; m.p.: 289 °C-290 °C; 1H NMR (400
MHz, DMSO-d6): d 8.80 (d, 1H, Ar–H), 8.44 (d, 2H, pyridine Ar–
H), 8.26 (m, 1H, Ar–H), 8.09 (s, 1H, Ar–H), 7.49 (m, 1H, O–H),
7.14 (m, 2H, pyridine Ar–H), 7.05 (m, 3H, Ar–H), 6.43–6.65 (m,
5H), 6.79–6.58 (broad, 2H, O–H), 4.76 (m, 1H, sp2 C–H), 4.68 (d,
1H, sp3 C–H), 4.22 (s, 1H, N–H), 4.08–4.00 (t, 1H, sp3 C–H), 2.44
(m, 1H, CH2), 2.35–2.26 (m, 2H, N–H, CH2);

13C NMR (400 MHz,
DMSO-d6): d 157.7 (C-31), 156.8 (C-16), 151.4 (C-27, C-29), 146.1
(C-13), 144.0 (C-11), 141.3 (C-5), 137.8 (C-21), 132.0 (C-24), 130.7
(C-23), 129.9 (C-20), 129.7 (C-37), 129.4 (C-18), 128.1 (C-33),
124.4 (C-22), 123.7 (C-26, C-30), 123.7–123.6 (C-14), 122.1 (C-
25), 121.0 (C-34), 120.6 (C-19), 119.9 (C-15), 118.4 (C-32), 116.0
(C-17), 101.7 (C-10), 75.0 (C-5, C-9), 65.4 (C-2), 40.9 (C-1);
elemental analysis calculated for C29H25N7O7 C, 59.69; H,
4.32; N, 16.80; O, 19.19. Found: C, 59.56; H, 4.29; N, 16.46; O,
19.15.

4.3.3.6 2,5-bis(4-(Dimethylamino)phenyl)-1-(2,4-di-
nitrophenyl)-8-(pyridin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo
[1,5-d][1,2,4]triazepin-8-ol (4f). Yield: 58%; m.p.: 283–284 °C; 1H
NMR (400 MHz, DMSO-d6): d 9.00 (d, 1H, Ar–H), 8.65 (m, 2H,
pyridine Ar–H), 8.46 (m, 1H, Ar–H), 7.65 (d, 2H, pyridine Ar–H),
7.38–7.21 (m, 3H, Ar–H), 7.13 (m, 2H, Ar–H), 6.68 (m, 2H, Ar–H),
6.60 (m, 2H, Ar–H), 4.87 (m, 1H, sp2 C–H), 4.79 (m, 2H, O–H, sp3

C–H), 4.14 (t, 1H, sp3 C–H), 2.88 (d, 12H), 2.65–2.56 (m, 2H, N–
H, CH2), 2.43–2.32 (m, 2H, N–H, CH2);

13C NMR (400 MHz,
DMSO-d6): d 152.1 (C-18), 151.4 (C-27, C-29), 150.6 (C-33), 146.1
(C-13), 144.0 (C-11), 139.4 (C-5), 137.8 (C-21), 132.0 (C-24), 130.7
(C-23), 128.9 (C-31, C-37), 128.3 (C-16, C-20), 126.5 (C-14), 124.4
(C-22), 123.7 (C-26, C-30), 123.0 (C-15), 122.1 (C-25), 114.2 (C-32,
C-34), 112.7 (C-17, C-19), 101.0 (C-10), 70.9 (C-2, C-5, C-9), 50.3
(C-40, C-41, C-42, C-43), 49.8 (C-1); elemental analysis calculated
for C33H35N9O5 C, 62.15; H, 5.53; N, 19.77; O, 12.54. Found: C,
62.04; H, 5.12; N, 19.23; O, 12.34.

4.3.3.7 2,5-Bis(4-chlorophenyl)-1-(2,4-dinitrophenyl)-8-(pyr-
idin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]
triazepin-8-ol (4g). Yield: 48%; m.p.: 276–277 °C; 1H NMR (400
MHz, DMSO-d6): d 8.99 (d, 1H, Ar–H), 8.60 (d, 2H, pyridine Ar–
H), 8.47–8.40 (m, 1H, Ar–H), 7.81 (m, 1H, Ar–H), 7.73 (d, 2H,
pyridine Ar–H), 7.31–7.15 (m, 8H, Ar–H), 4.87 (m, 1H, sp2 C–H),
4.76 (m, 1H, sp3 C–H), 4.14 (t, 1H, sp3 C–H), 3.44 (s, 1H, O–H),
2.71 (m,1H, N–H), 2.61 (m, 1H, CH2), 2.46 (m, 1H, N–H), 2.36
RSC Adv., 2026, 16, 26249–26272 | 26269
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(m, 1H, CH2);
13C NMR (400 MHz, DMSO-d6): d 151.4 (C-27, C-

29), 146.1 (C-13), 144.0 (C-11), 139.4 (C-5), 137.8 (C-21), 137.4
(C-14), 136.2 (C-15), 133.4 (C-18), 133.1 (C-33), 132.0 (C-24),
130.7 (C-23), 130.0 (C-16, C-20), 129.6 (C-31, C-37), 129.2 (C-32,
C-34), 128.7 (C-17, C-19), 124.4 (C-22), 123.7 (C-26, C-30), 122.1
(C-25), 101.0 (C-10), 70.9 (C-2, C-6, C-9), 41.5 (C-1); elemental
analysis calculated for C29H23Cl2N7O5 C, 56.14; H, 3.74; Cl,
11.43; N, 15.80; O, 12.89. Found: C, 57.04; H, 4.12; N, 16.14; O,
13.01.

4.3.3.8 8-Hydroxy-2,5-diphenyl-8-(pyridin-4-yl)-2,3,5,6,7,8-
hexahydro-1H-pyrazolo[1,5-d][1,2,4] triazepine-1-carboxamide
(4h). Yield: 53%; m.p.: 273–274 °C; 1H NMR (400 MHz, DMSO-
d6): d 8.59 (d, 2H, pyridine Ar–H), 7.60 (d, 2H, pyridine Ar–H),
7.41–7.09 (m, 10H, Ar–H), 6.18 (s, 2H, N–H), 4.95–4.84 (m, 2H,
sp2 C–H, sp3 C–H), 4.79 (d, 1H, sp3 C–H), 3.28 (s, 1H, O–H), 2.63
(m, 1H), 2.38 (m, 1H), 2.16 (s, 1H); 13C NMR (400 MHz, DMSO-
d6): d 158.8 (C-11), 151.4 (C-22, C-24), 146.1 (C-13), 139.5 (C-5),
138.6 (C-14), 137.1 (C-15), 128.8 (C-17, C-19, C-27, C-29), 128.2
(C-16, C-20), 127.8 (C-26, C-30), 127.8 (C-18, C-28), 123.7 (C-21,
C-25), 101.6 (C-10), 65.6 (C-2, C-6, C-9), 47.0 (C-1); elemental
analysis calculated for C24H24N6O2 C, 67.27; H, 5.65; N, 19.61; O,
7.47. Found: C, 67.06; H, 5.45; N, 19.23; O, 7.21.

4.3.3.9 8-Hydroxy-2,5-bis(4-hydroxyphenyl)-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-1-
carboxamide (4i). Yield: 65%; m.p.: 286–287 °C; 1H NMR (400
MHz, DMSO-d6): d 8.55 (d, 2H, pyridine Ar–H), 8.44 (s, 1H, sp2

O–H), 7.50 (d, 2H, pyridine Ar–H), 7.22–7.14 (m, 4H, Ar–H), 7.09
(s, 2H, Ar–H), 6.82 (m, 4H, NH2, Ar–H), 6.56 (s, 1H, O–H), 4.94–
4.84 (m, 2H, sp2 C–H, sp3 C–H), 4.79 (s, 1H, sp3 C–H), 2.96 (s,
1H, N–H), 2.67–2.57 (m, 2H, N–H, CH2), 2.38 (m, 1H, CH2);

13C
NMR (400 MHz, DMSO-d6): d 158.8 (C-11), 157.8 (C-18), 157.4 (C-
28), 151.4 (C-22, C-24), 146.1 (C-13), 139.5 (C-5), 129.9 (C-16, C-
20), 129.3 (C-14), 128.8 (C-26, C-30), 127.5 (C-15), 123.7 (C-21, C-
25), 115.7 (C-27, C-29), 115.0 (C-17, C-19), 101.6 (C-10), 65.6 (C-2,
C-6, C-9), 48.67 (C-1); elemental analysis calculated for
C24H24N6O4 C, 62.60; H, 5.25; N, 18.25; O, 13.90. Found: C,
63.16; H, 5.23; N, 18.32; O, 13.12.

4.3.3.10 8-Hydroxy-2,5-bis(4-nitrophenyl)-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-1-
carboxamide (4j). Yield: 43%; m.p.: 286–287 °C; 1H NMR (400
MHz, DMSO-d6): d 8.62 (d, 2H, pyridine Ar–H), 8.27 (d, 2H,
pyridine Ar–H), 8.23 (d, 2H, Ar–H), 7.68–7.52 (m, 6H, Ar–H), 5.94
(s, 2H, NH2), 5.44 (s, 1H, O–H), 4.95–4.84 (m, 2H, sp2 C–H, sp3

C–H), 4.79 (d, 1H, sp3 C–H), 2.69–2.58 (m, 2H, N–H, CH2), 2.55
(s, 1H, N–H), 2.38 (m, 1H, CH2);

13C NMR (400 MHz, DMSO-d6):
d 158.8 (C-11), 151.4 (C-22, C-24), 147.4 (C-18), 146.6 (C-28),
146.1 (13), 145.0 (C-14), 142.2 (C-15), 139.5 (C-5), 128.2 (C-16,
C-20), 127.1 (C-26, C-30), 125.3 (C-27, C-29), 124.2 (C-17, C-19),
123.7 (C-21, C-25), 101.6 (C-10), 65.6 (C-2, C-6, C-9), 47.8 (C-1);
elemental analysis calculated for C24H22N8O6 C, 55.60; H,
4.28; N, 21.61; O, 18.51. Found: C, 55.32; H, 4.16; N, 21.43; O,
18.33.

4.3.3.11 8-Hydroxy-2,5-bis(4-hydroxy-3-methoxyphenyl)-8-
(pyridin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]
triazepine-1-carboxamide (4k). Yield: 55%; m.p.: 277–278 °C; 1H
NMR (400 MHz, DMSO-d6): d 8.95 (s, 1H, Ar–H), 8.62 (d, 2H,
pyridine Ar–H), 8.30 (s, 1H, Ar–H), 7.57 (d, 2H, pyridine Ar–H),
26270 | RSC Adv., 2026, 16, 26249–26272
7.04–6.89 (m, 2H, O–H), 6.89–6.67 (m, 7H, Ar–H, NH2), 4.96–
4.84 (m, 2H, sp2 C–H, sp3 C–H), 4.79 (d, 1H, sp3 C–H), 3.87–3.79
(m, 6H, CH3), 3.16 (s, 1H, N–H), 2.63 (m, 1H, CH2), 2.62 (m, 1H,
N–H), 2.38 (m, 1H, CH2);

13C NMR (400 MHz, DMSO-d6): d 158.8
(C-11), 151.4 (C-22, C-24), 147.8 (C-29), 147.4 (C-l8), 147.0 (C-28),
146.6 (C-17), 146.1 (C-13), 139.5 (C-5), 130.2 (C-14), 129.3 (C-15),
123.7 (C-21, C-25), 120.9 (C-20), 120.5 (C-26), 115.4 (C-19), 114.8
(C-27), 111.5 (C-16), 111.3 (C-30), 101.6 (C-10), 64.8 (C-2, C-6, C-
9), 56.7 (C-33, C-34), 47.2 (C-1); elemental analysis calculated for
C26H28N6O6 C, 59.99; H, 5.42; N, 16.14; O, 18.44. Found: C,
59.15; H, 4.65; N, 16.32; O, 18.57.

4.3.3.12 8-Hydroxy-2,5-bis(2-hydroxyphenyl)-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-1-
carboxamide (4l). Yield: 42%; m.p.: 281–282 °C; 1H NMR (400
MHz, DMSO-d6): yield: 45%; m.p.: 281–282 °C; 1H NMR (400
MHz, DMSO-d6): d 8.49 (d, 2H, pyridine Ar–H), 8.34 (s, 1H, O–H),
7.49 (d, 2H, Ar–H), 7.20–7.04 (m, 4H, Ar–H), 6.93–6.80 (m, 3H,
Ar–H), 6.76 (d, 1H, O–H), 5.91 (s, 2H, NH2), 4.95–4.84 (m, 2H,
sp2 C–H, sp3 C–H), 4.79 (d, 1H, sp3 C–H), 3.13 (s, 1H, N–H), 2.63
(m, 1H, CH2), 2.55 (s, 1H, N–H), 2.38 (m, 1H, CH2);

13C NMR
(400 MHz, DMSO-d6): d 158.8 (C-11), 157.7 (C-26), 156.8 (C-16),
151.4 (C-22, C-24), 146.1 (C-13), 141.5 (C-5), 129.9 (C-20), 129.7
(C-30), 129.4 (C-18), 128.1 (C-28), 123.7 (C-21, C-25), 123.7–123.6
(C-14), 121.0 (C-29), 120.6 (C-19), 119.9 (C-15), 118.4 (C-27),
116.0 (C-17), 102.3 (C-10), 64.1 (C-2, C-6, C-9), 47.0 (C-1);
elemental analysis calculated for C26H28N6O6 C, 59.99; H,
5.42; N, 16.14; O, 18.44. Found: C, 59.43; H, 5.44; N, 16.32; O,
18.66.

4.3.3.13 2,5-Bis(4-(dimethylamino)phenyl)-8-hydroxy-8-(pyr-
idin-4-yl)-2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]
triazepine-1-carboxamide (4m). Yield: 58%; m.p.: 284–285 °C; 1H
NMR (400 MHz, DMSO-d6): d 8.61 (d, 2H, pyridine Ar–H), 7.53
(d, 2H, pyridine Ar–H), 7.17 (d, 2H, Ar–H), 7.09–6.98 (m, 4H, Ar–
H), 6.67 (d, 2H, NH2), 6.60 (d, 3H, Ar–H, O–H), 4.96–4.84 (m, 2H,
sp2 C–H, sp3 C–H), 4.79 (d, 1H, sp3 C–H), 3.17 (s, 1H, N–H), 2.88
(d, 12H, CH3), 2.63 (d, 1H, CH2), 2.38 (d, 1H, CH2);

13C NMR (400
MHz DMSO-d6): NMR (400 MHz) d 158.8 (C-11), 152.1 (C-18),
151.4 (C-22, C-24), 150.6 (C-28), 146.1 (C-13), 139.5 (C-5), 128.9
(C-16, C-20), 128.3 (C-26, C-30), 126.5 (C-14), 123.7 (C-21, C-25),
123.0 (C-15), 114.2 (C-27, C-29), 112.7 (C-17, C-19), 101.6 (C-10),
65.6 (C-2, C-6, C-9), 49.7 (C-35, C-36, C-37, C-38), 48.6 (C-1);
elemental analysis calculated for C28H34N8O2 C, 65.35; H,
6.66; N, 21.77; O, 6.22. Found: C, 65.11; H, 6.78; N, 22.34; O,
7.36.

4.3.3.14 2,5-Bis(4-chlorophenyl)-8-hydroxy-8-(pyridin-4-yl)-
2,3,5,6,7,8-hexahydro-1H-pyrazolo[1,5-d][1,2,4]triazepine-1-
carboxamide (4n). Yield: 48%; m.p.: 273–274 °C; 1H NMR (400
MHz, DMSO-d6): d 8.55 (d, 2H, pyridine Ar–H), 7.55 (d, 2H,
pyridine Ar–H), 7.43–7.22 (m, 8H, Ar–H), 7.13–7.02 (m, 2H,
NH2), 6.64 (s, 1H, O–H), 5.57 (s, 1H, N–H), 4.96–4.71 (m, 3H, sp2

C–H, sp3 C–H, sp3 C–H), 2.95 (s, 1H, N–H), 2.63 (d, 1H, CH2),
2.38 (d, 1H, CH2).

13C NMR (400 MHz, DMSO-d6): d 158.8 (C-11),
151.4 (C-22, C-24), 146.1 (C-13), 139.5 (C-5), 137.4 (C-14), 136.2
(C-15), 133.4 (C-28), 133.1 (C-18), 130.0 (C-16, C-20), 129.6 (C-26,
C-30), 129.2 (C-27, C-29), 128.7 (C-17, C-19), 123.7 (C-21, C-25),
101.6 (C-10), 65.6 (C-2, C-6, C-9), 47.4 (C-1); elemental analysis
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculated for C24H22Cl2N6O2 C, 57.96; H, 4.46; Cl, 14.26; N,
16.90; O, 6.43. Found: C, 57.22; H, 4.36; N, 16.76; O, 7.53.

4.4. Biological assays

The a-amylase and a-glucosidase enzyme assays were conduct-
ed according to reported literature protocols.33,34 The optical
densities were measured by applying a UV-visible
spectrophotometer.

4.5. In silico docking studies

The molecular docking studies were conducted in Biovia
Discovery Studio (2019). All the optimized ligands (4a-4p) and
proteins went through energy minimization using a CHARMm
(Chemistry at Harvard Macromolecular Mechanics)-based
smart minimizer. Minimization took place by performing
2000 steps of steepest descent, followed by 1000 steps of the
conjugate gradient with an RMSD gradient of 0.01 kcal mol−1.
The X-ray crystal structures of the protein with PDB ID: 2QV4
and 3W37 were retrieved from RCSB Protein Data Bank (https://
www.rcsb.org/). The proteins were prepared by removing water
molecules and adding appropriate charges by following the
standard protocols.42 The receptor grid was identied by
redocking the co-crystal ligand with the receptor protein. The
binding site sphere was set with a radius of 10.5387 Å and x, y,
and z dimensions of 48.1361 Å, 26.092 Å, and 12.3847 Å for
2QV4 and a radius of 0.108773 Å and x, y, and z dimensions of
−1.91698 Å, −23.0532 Å, and 9.89006 Å, respectively. The
docking was performed using a cdocker (charm-based
DOCKER) algorithm. Out of the 10 docked binding poses, the
best mode was chosen for each compound, and interactions
were analyzed using 2D and 3D protein-ligand complex
diagrams. The binding energies and complex stability were
compared with the reference co-crystal ligand acarbose.

4.6. Pharmacokinetic properties

Drug-likeness proles of the synthesized compounds and
acarbose were screened by Lipinski's Rule of Five using
molecular properties. All these molecules with the best pose
were subjected to TOPKAT descriptor toxicity and ADMET
analysis using the Biovia Discovery Studio (2019).

4.7. Density functional theory studies

The molecules were optimized at the B3LYP level of theory with
a 6-311G++(d,p) basis set using the Gaussian 09 program suite.
The energies of HOMO and LUMO were determined. The reac-
tivity and stability of the compounds were appraised by calcu-
lating the following parameters such as chemical hardness (h),
chemical potential (m), and electrophilicity (u). Furthermore, for
a broad level understanding of electronic density dispersion,
the molecular electrostatic potential (MEP) surface contour was
determined.
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W. Kałas and M. Zimecki, Pharmaceuticals, 2021, 14, 468,
DOI: 10.3390/ph14050468.

15 T. E. S. Ali and M. A. Ibrahim, J. Braz. Chem. Soc., 2010, 21,
1007–1016, DOI: 10.1590/S0103-50532010000600010.

16 K. M. Elattar, M. A. Abozeid, I. A. M. Mousa and A. El-
Mekabaty, RSC Adv., 2015, 5, 106710–106753, DOI: 10.1039/
C5RA21108E.

17 S. M. Ibrahim, M. M. Baraka, O. I. El-Sabbagh and
H. Kothayer, Med. Chem. Res., 2013, 22, 1488–1496, DOI:
10.1007/s00044-012-0102-2.

18 Y. W. Sun and L. Z. Wang, New J. Chem., 2018, 42, 20032–
20040, DOI: 10.1039/c8nj04893b.

19 R. Sarkar, B. Dam, L. Kyndiah, F. K. Sarkar, S. Gajurel and
A. K. Pal, Green Chem., 2022, 24, 5579–5591, DOI: 10.1039/
d2gc00194b.

20 D. Geedkar, A. Kumar and P. Sharma, ACS Omega, 2022, 7,
22421–22439, DOI: 10.1021/acsomega.2c01570.

21 A. A. A. Hashem and S. A. Al-Hussain, Pharmaceuticals, 2022,
15, 1232, DOI: 10.3390/ph15101232.

22 Y. El Bakri, K. Subramani, A. Ben-Yahya and E. M. Essassi, J.
Mol. Struct., 2020, 15, 127317, DOI: 10.1016/
j.molstruc.2019.127317.

23 K. M. Elattar, M. A. Abozeid, I. A. Mousa and A. El-Mekabaty,
RSC Adv., 2015, 5, 106710–106753, DOI: 10.1039/
C5RA21108E.

24 G. D. Yadav and D. P. Wagh, Chem. Select, 2020, 5, 9059–
9085, DOI: 10.1002/slct.202001737.

25 A. Dhakshinamoorthy, M. Alvaro and H. Garcia, Adv. Synth.
Catal., 2010, 352, 711–717, DOI: 10.1002/adsc.200900747.

26 J. Pyun, Angew. Chem., Int. Ed., 2011, 50, 46–48, DOI: 10.1002/
anie.201003897.

27 G. M. Scheuermann, L. Rumi, P. Steurer, W. Bannwarth and
R. Mülhaupt, J. Am. Chem. Soc., 2009, 131, 8262–8270, DOI:
10.1021/ja901105a.

28 Y. W. Liu, M. X. Guan, L. Feng, S. L. Deng, J. F. Bao, S. Y. Xie,
Z. Chen, R. B. Huang and L. S. Zheng, Nanotechnology, 2012,
24, 025604, DOI: 10.1088/0957-4484/24/2/025604.

29 A. Maleki, Tetrahedron Lett., 2013, 54, 2055–2059, DOI:
10.1016/j.tetlet.2013.01.123.
26272 | RSC Adv., 2026, 16, 26249–26272
30 A. Maleki, Tetrahedron, 2012, 68, 7827–7833, DOI: 10.1016/
j.tet.2012.07.034.

31 A. M. Anjali, M. Khurana, B. Pani and S. K. Awasthi,
ChemistrySelect, 2025, 10, e202404742, DOI: 10.1002/
slct.202404742.

32 A. Kumar, L. Rout, L. S. K. Achary, R. S. Dhaka and P. Dash,
Sci. Rep., 2017, 7, 42975, DOI: 10.1038/srep42975.

33 A. Maleki, M. Ghassemi and R. Firouzi-Haji, Pure Appl.
Chem., 2018, 90, 387–394, DOI: 10.1515/pac-2017-0702.

34 H. Boroumand, H. Alinezhad, B. Maleki and S. Peiman,
Polycyclic Aromat. Compd., 2023, 43, 7853–7869, DOI:
10.1080/10406638.2022.2140683.

35 T. A. Vu, G. H. Le, H. T. Vu, K. T. Nguyen, T. T. T. Quan,
Q. K. Nguyen, H. T. K. Tran, P. T. Dang, L. D. Vu and
G. D. Lee, Mater. Res. Express, 2017, 4, 085003, DOI:
10.1088/2053-1591/aa6079.

36 P. Choudhury, P. Ghosh and B. Basu, Mol. Divers., 2020, 24,
283–294, DOI: 10.1007/s11030-019-09949-0.

37 H. S. M. Abd-Rabboh and A. H. Kamel, RSC Adv., 2024, 14,
31683–31693, DOI: 10.1039/D4RA03720K.

38 H. N. Lynch, A. H. Harnage and A. L. Pathiranage, J. Chem.
Educ., 2021, 98, 3572–3579, DOI: 10.1021/
acs.jchemed.1c00595.

39 S. Bargujar and S. Ratnani, Org. Prep. Proced. Int., 2022, 54,
563–565, DOI: 10.1080/00304948.2022.2096383.

40 H. Veisi1, B. Karmakar, T. Tamoradi1, R. Tayebee,
S. Sajjadifar1, S. Lot1, B. Maleki and S. Hemmati1, Sci.
Rep., 2021, 11, 4515, DOI: 10.1038/s41598-021-83854-1.

41 A. Hoz, I. Alkorta and J. Elguero, Tetrahedron, 2021, 97,
132413, DOI: 10.1016/j.tet.2021.132413.

42 M. Taha, N. H. Ismail and S. Imran, Med. Chem. Res., 2017,
26, 916–928, DOI: 10.1007/s00044-017-1806-0.

43 T. V. Sravanthi, S. S. Lulu, S. Vino, M. A. Jayasri,
A. Mohanapriya and S. L. Manju, Med. Chem. Res., 2017,
26, 1306–1315, DOI: 10.1007/s00044-017-1851-8.

44 T. Tagami, K. Yamashita, M. Okuyama, H. Mori, M. Yao and
A. Kimura, J. Biol. Chem., 2013, 288, 19296–19303, DOI:
10.1074/jbc.M113.465211.

45 T. Ogunwa and F. Ayenitaju, Arch. Curr. Res. Int., 2017, 10, 1–
14, DOI: 10.9734/acri/2017/35759.

46 P. Kumar, M. Duhan, K. Kadyan, J. Sindhu, S. Kumar and
H. Sharma, MedChemComm, 2017, 8, 1468–1476, DOI:
10.1039/C7MD00080D.

47 A. Khursheed, A. K. Pandey and V. K. Jain, Int. J. Glob. Acad.
Sci. Res., 2023, 2, 18–40, DOI: 10.55938/ijgasr.v2i1.40.
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