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inable synthesis-functionalization
strategy for the oxidative cyclization towards 2,5-
disubstituted-1,3,4-oxadiazoles using bentonite-
supported copper(I) iodide as a green catalyst

Vinh Quang Tran,ab Dat Minh Tran,ab Minh Hai Tran,ab Phuong Hoang Tran ab

and Hai Truong Nguyen *ab

This study developed a novel, sustainable approach for synthesizing 2,5-disubstituted-1,3,4-oxadiazoles via

oxidative cyclization of hydrazones using a heterogeneous bentonite-supported copper(I) iodide (CuI/

Bent-NH2) as a catalyst. CuI/Bent-NH2 was prepared through a two-step process: functionalization of

natural bentonite clay with (3-aminopropyl)triethoxysilane (APTES) and subsequent immobilization of

CuI. The structure of CuI/Bent-NH2 was determined by methods such as FT-IR spectroscopy, Raman

spectroscopy, XRD analysis, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy

(EDX), thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS), which confirmed

successful surface modification, metal incorporation, and desirable structural and thermal properties of

the material. The catalytic system efficiently promoted the oxidative cyclization of hydrazone derivatives

in the presence of potassium persulfate as a green oxidant, and potassium carbonate as a base agent

under optimized conditions (100 °C, DMSO, 5 h). A broad range of hydrazones bearing both electron-

donating and electron-withdrawing substituents were converted into their corresponding oxadiazole

products in moderate to good yields (up to 67%). Mechanistic studies proposed a radical-mediated

pathway facilitated by Cu(II)/Cu(I) redox cycling and stabilized by p-conjugation and phenyl substituents.

The CuI/Bent-NH2 catalyst exhibited good recyclability, retaining substantial activity over four cycles,

although a slight decline in product yield was observed due to potential catalyst deactivation or product

adsorption. Comparative analysis demonstrated the superiority of this method over previously reported

homogeneous systems, especially in terms of environmental friendliness, simplicity, and reusability.
1 Introduction

Recent years have witnessed signicant breakthroughs in
heterocyclic chemistry, particularly in the development of novel
synthetic strategies and diverse biological applications. Among
heterocyclic scaffolds, such as quinolines,1 pyrimidines,2

benzofurans,3 thiophenes,4 and thiazoles,5 the 1,3,4-oxadiazole
nucleus has been extensively investigated due to its robust
biological prole. Of the four available regioisomeric forms, this
specic 1,3,4-oxadiazole core has received sustained research
interest to date. This preference stems from its intrinsic high
chemical stability, favorable extended p-conjugation system,
and superior electronic properties, which collectively make it
highly attractive for materials science and medicinal chemistry
applications.6 Structurally, the 1,3,4-oxadiazole ring resembles
furan, with substitution possible at the 2 and 5 positions; this
f Chemistry, University of Science, Ho Chi

@hcmus.edu.vn

City, 700000, Vietnam

the Royal Society of Chemistry
arrangement imparts excellent thermal and mechanical resil-
ience while reducing the carbon-to-nitrogen ratio to enhance
chemical stability.6,7 In pharmacology, this scaffold is a key
pharmacophore in several FDA-approved drugs, including the
HIV-1 integrase inhibitor Raltegravir, the antihypertensives
Nesapidil and Tiodazosin, and the antibacterial agent
Furamizole.7–9 The 1,3,4-oxadiazole moiety represents a privi-
leged scaffold in medicinal chemistry, characterized by a broad
spectrum of pharmacological proles including anticancer,
anti-inammatory, antimicrobial, and anticonvulsant proper-
ties. Furthermore, the inherent p-conjugated architecture of
these heterocycles has facilitated their integration into opto-
electronic technologies, such as OLEDs and photovoltaics, as
well as in the design of energetic materials.6,7 Such structural
robustness combined with synthetic exibility renders the 1,3,4-
oxadiazole core an indispensable building block for the fron-
tiers of drug discovery and advanced functional materials
(Scheme 1).

In tandem with advancements in molecular synthesis, the
global transition toward green chemistry has intensied the
RSC Adv., 2026, 16, 3765–3779 | 3765
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Scheme 1 Oxadiazole-containing molecules with therapeutic properties.
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demand for sustainable, recyclable catalysts.10 Consequently,
clay minerals have emerged as promising candidates in
heterogeneous catalysis due to their environmental compati-
bility and structural tunability. Within the diverse classica-
tions of clays-including smectite, kaolinite, and illite-bentonite
stands out; it is predominantly composed of 2 : 1-type mont-
morillonite, characterized by a fundamental layered architec-
ture centered around an octahedral Al3+ sheet.11 The
prominence of bentonite stems from its substantial specic
surface area, high cation exchange capacity, and exceptional
thermal stability.12 Puried and modied bentonite has
emerged as an efficient catalyst for various organic trans-
formations, such as alkylation,13 acylation,14 esterication,15

and the synthesis of heterocyclic compounds.16,17 Its inherent
reusability and commendable thermal stability further high-
light bentonite's potential as a compelling, eco-friendly
replacement for toxic homogeneous catalysts in sustainable
chemical processes.

This study focuses on developing a sustainable synthetic
methodology for 2,5-disubstituted 1,3,4-oxadiazoles, a scaffold
of signicant pharmaceutical potential. The strategy involves
the engineering of an eco-friendly catalytic system by func-
tionalizing bentonite with (3-aminopropyl)triethoxysilane
(APTES) to serve as a robust support for CuI immobilization.
This heterogeneous CuI/Bent-NH2 catalyst, in combination with
potassium persulfate as a ‘green’ oxidant, was employed to
mediate the oxidative cyclization of N-acylhydrazones. Through
a multi-step synthetic route, a series of 2,5-disubstituted 1,3,4-
oxadiazole derivatives were successfully synthesized with
consistent yields. These ndings underscore the versatility and
efficacy of modied bentonite as a promising material in the
eld of sustainable catalysis.
3766 | RSC Adv., 2026, 16, 3765–3779
2 Results and discussion
2.1 Synthesis of CuI/Bent-NH2

Scheme 2 illustrates the stepwise functionalization and metal
loading process leading to the formation of CuI nanoparticles
supported on amine-modied bentonite (CuI/Bent-NH2).18–20

Initially, natural bentonite (Bent) was modied with 3-amino-
propyltriethoxysilane (APTES) in toluene to introduce surface
amine groups, yielding amino-functionalized bentonite (Bent-
NH2).20 These amine groups act as anchoring sites for copper
ions. Upon treatment with an aqueous CuSO4 solution (0.1 M),
Cu2+ ions were adsorbed and coordinated to the –NH2 moieties
through electrostatic and donor–acceptor interactions, forming
Cu2+-loaded bentonite (Cu/Bent-NH2). Subsequently, the Cu2+

species were converted to Cu+ and immobilized as CuI nano-
particles by in situ reaction with KI (0.1 M). In this step, iodide
ions not only served as reducing agents but also provided the I−

source for CuI formation, as reported in similar Cu-based
catalyst syntheses (CuI/Bent-NH2).21

The FT-IR analysis was performed to determine the func-
tionality of the organic matter on the catalyst and the presence
of certain chemical bonds in the substrate's structure. The FT-
IR spectrum of the bentonite substrate aer the silane modi-
cation shows a successful graing of silane (Fig. 1). A distinct,
weak signal at 2900 to 2950 cm−1 of the C–H bond stretching
vibration of the silane's methylene carbon can be seen on the
modied bentonite (Bent-NH2) and the CuI-deposited modied
bentonite (CuI/Bent-NH2). Two medium-intensity, wide bands
at 3350−3600 cm−1 and 1600−1750 cm−1 were attributed to the
deformation and stretching of the O–H bond in water molecules
within the interlayer gap. Strong absorption bands of 500–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Preparation process of CuI/Bent-NH2 from bentonite (Bent).

Fig. 1 FT-IR spectra of bent, Bent-NH2, and CuI/Bent-NH2.

Fig. 2 Raman spectroscopy of CuI/Bent-NH2.
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550 cm−1 and 1000−1070 cm−1 correspond to the deformation
of the Al–O–Si bond and vibration of the Si–O bond.22

In Fig. 2, the Raman spectrum of the bentonite-based
material reveals three major characteristic bands at approxi-
mately 643 cm−1, 1191 cm−1, and 3220 cm−1. The strong band
at 643 cm−1 was attributed to the bending vibration of Si–O–Si
bonds, which was typical of silicate frameworks such as mont-
morillonite, the dominant component in bentonite. The peak at
1191 cm−1 was associated with asymmetric stretching vibra-
tions of Si–O–Si, conrming the presence of a tetrahedral
© 2026 The Author(s). Published by the Royal Society of Chemistry
silicate structure. The broad band observed at 3220 cm−1 was
characteristic of O–H stretching vibrations, suggesting the
existence of structural hydroxyl groups (–OH) and possibly
interlayer water molecules. These spectral features are consis-
tent with previously reported studies on bentonite-based or
silicate materials. Madejová et al. reported that bentonites
display strong Raman bands related to Si–O–Si vibrations
between 600 and 1200 cm−1, with additional features above
3000 cm−1 linked to hydroxyl or adsorbed water content.23

Furthermore, López-Galindo et al. highlighted that the
RSC Adv., 2026, 16, 3765–3779 | 3767
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Fig. 4 EDX spectroscopy of CuI/Bent-NH2.
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hydration state and surface modications of bentonite signi-
cantly inuence the intensity of the OH-related bands in the
Raman spectrum.24

Fig. 3 displays the XRD pattern of the CuI/Bent-NH2 cata-
lysts, revealing and conrming structural insights into both the
bentonite support and the CuI phase. The diffraction peaks
match closely with the standard patterns for montmorillonite
(JCPDS no. 13-0135) and CuI (JCPDS no. 01-0561), conrming
that both materials are present in the hybrid.25 Three distinctive
broad peaks of bentonite clay were observed at 20.17, 35.99, and
62.18°. The intact montmorillonite peaks indicated that the
layered architecture of bentonite mostly remains unchanged
following the incorporation of functional groups andmetals. No
signicant alterations in peak positions or the emergence of
new diffraction lines were observed, indicating that CuI was
dispersed throughout the bentonite rather than intercalated
between its layers.26 The XRD pattern exhibited low-intensity
but distinct peaks at 25.59° and 42.29°, corresponding to the
(111) and (220) planes of crystalline CuI, respectively. These
observations conrm the effective immobilization of CuI onto
the amine-functionalized bentonite.27

Energy-dispersive X-ray spectroscopic analysis was per-
formed to determine the elemental composition of the
elements present in the catalyst (Fig. 4). The spectrum reveals
distinct peaks corresponding to elements such as O, N, C, Cu,
Mg, Al, Si, S, Cl, I and Ca, indicating their presence in the
sample. The strong signals from oxygen and silicon, along with
aluminum, conrming that the bentonite substrate is primarily
composed of silicate layers. The identication of nitrogen
conrms successful amine functionalization (–NH2), while the
copper signal supports the incorporation of Cu(I) species into
the material. Additionally, the quantitative bar chart inset
reinforces this observation, showing that oxygen is the most
abundant element in both atomic and mass percentages, fol-
lowed by silicon and aluminum, which are characteristic of
aluminosilicates. The measurable nitrogen content conrms
Fig. 3 XRD pattern of CuI/Bent-NH2.

3768 | RSC Adv., 2026, 16, 3765–3779
the effective surface functionalization of the clay. The La emis-
sion line of iodine at 3.93 keV was not detected.28 The Bent-NH2

aer the CuI deposition exhibited a color transition instead of
the grayish-brown color of CuI.

As shown in Fig. 5, the SEM images (a–e) exhibited a typical
layered and plate-like morphology of bentonite, characterized
by wrinkled sheets and irregular aggregates. The particle
surfaces appeared rough and porous. The particle size distri-
bution (f) revealed that most particles range from 1.5 to 4.0 mm,
with an average around 2.5–3.0 mm, following a normal distri-
bution. This size range was consistent with mechanically pro-
cessed bentonite, as reported in previous studies. These results
agree with published literature, conrming that the material
retains the typical structural and morphological characteristics
of natural bentonite.29

The EDX elemental mapping images showed a uniform
distribution of major elements, including Si, Al, O, Mg, and Ca,
which were characteristic components of bentonite, particularly
montmorillonite (Fig. 6). The presence of Si and Al indicated
a layered aluminosilicate structure, while O conrmed the oxide
nature of the material. The presence of Mg and Ca suggested
substitution within the clay layers or cation exchange, which
was commonly observed in natural bentonite. The relatively
homogeneous distribution of Cu demonstrated the successful
loading or functionalization of the metal onto the bentonite
surface. The detection of C and N could be due to organic
functional groups or surface modication. These ndings
aligned with prior studies; Madejová et al. conrmed that
natural bentonites exhibit strong signals for Si, Al, O, and
variable levels of Mg and Ca, while surface-modied clays may
show additional heteroatoms such as N, S, or transition metals
depending on treatment.30 Similarly, research by Zhu et al. on
metal-functionalized clays reported successful and uniform
incorporation of Cu on the bentonite surface for enhanced
catalytic applications.31
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM photographs at 1 mm (a), 2 mm (b), 5 mm (c), 10 mm (d), 50 mm (e), and particle size graph of CuI/Bent-NH2 (f).
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According to Fig. 7, the BET isotherm (le) showed a well-
dened linear region in the relative pressure range of 0.05–
0.30, yielding a calculated BET specic surface area of 20.13 m2

g−1. The adsorption isotherm (right) showed a steep uptake at
low relative pressures, indicating the presence of micropores,
followed by a gradual increase typical of mesoporous structures.
The average pore diameter was 20.85 Å (2.08 nm), classifying the
material within the mesoporous range.32 Additionally, the t-plot
micropore volume was 0.001479 cm3 g−1, suggesting a small
fraction of micropores within the structure. These values were
consistent with previous reports on bentonite-based materials,
which typically exhibited surface areas ranging from 10 to 60 m2

g−1 depending on treatment and functionalization.33,34

The thermogravimetric analysis (TGA) of the CuI/Bent-NH2

material exhibited a multi-stage weight loss pattern as the
temperature increases from 50 °C to 600 °C (Fig. 8). An initial
weight loss of 3.6% below 150 °C was attributed to the evapo-
ration of physically adsorbed moisture. A subsequent weight
loss of approximately 4.7% was recorded between 150 and 250 °
C, corresponding to the removal of interlayer water. Additional
losses of 1.9% (250−350 °C) and 2.0% (350−450 °C) likely
resulted from dehydroxylation of structural –OH groups in the
clay layers. A further 5.0% weight loss from 450–600 °C could be
associated with the decomposition of residual organic
compounds or irreversible structural changes. This decompo-
sition prole was consistent with previously reported behavior
of natural and modied bentonite clays, which typically showed
dehydration and dehydroxylation steps across this temperature
range.35

The survey X-ray photoelectron spectroscopy XPS spectrum
of the prepared catalyst conrmed the presence of elemental
© 2026 The Author(s). Published by the Royal Society of Chemistry
constituents corresponding to Al, Si, C, O, N, Cu, and I.
Subsequent high-resolution deconvolution of the core-level
spectra (Al 2p, Si 2p, O 1s, C 1s, N 1s, Cu 2p, and I 3d) was
performed to characterize the chemical states and interatomic
bonding environments within the material matrix. The Al 2p
spectrum (Fig. 9f) evidenced the existence of aluminol (Al–OH),
characterized by a binding energy (BE) of 74.8 eV. Furthermore,
the predominant form of Al atoms was attributed to the
aluminum-oxygen (Al–O) bond at a BE of 73.7 eV.36 For the Si 2p
spectrum (Fig. 9e), the BE for silanol (Si–OH) was located at
103.4 eV. Crucially, the magnitude of the Si–OH bond signal was
signicantly attenuated compared to the silicon-oxygen link-
ages (Si–O–Si or Si–O–Al), which were prominently observed at
approximately 102.5 eV. The Si 2p envelope also displayed an
overlapping signal corresponding to the Si–O–C bond origi-
nating from the ethoxy groups in APTES.37 Denitive evidence
for the successful chemical graing of APTES onto the
bentonite was provided by the O 1s spectrum (Fig. 9c). A strong,
characteristic component at 531.8 eV was attributed to the Si–O
bond present in both the bentonite framework and the APTES
moiety. Additionally, lower intensity signals were resolved in the
O 1s region at 530.8 eV (Al–O) and 529.8 eV (O lattice). The
successful immobilization of APTES was further corroborated
by the N 1s spectrum (Fig. 9d), which distinctly resolved three
unique chemical states of nitrogen: C–NH2 (399.5 eV), C–NH3

+

(401.2 eV), and C–N (403.3 eV).37 Analysis of the C 1s spectrum
(Fig. 9b) revealed signals at 284.2 eV and 284.8 eV, originating
from the C–Si and C–C/C]C bonds within the material's
framework.38 The peaks resolved at 292.8 eV and 295.6 eV were
assigned to p–p* transitions, which is likely indicative of
residual toluene physisorbed onto the bentonite structure. The
RSC Adv., 2026, 16, 3765–3779 | 3769
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Fig. 6 EDX mapping of CuI/Bent-NH2.
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incorporation of copper(I) iodide onto the bentonite support
was unequivocally demonstrated through the Cu 2p and I 3d
XPS spectra (Fig. 9g and h). For Cu 2p, the spin-orbit doublet at
3770 | RSC Adv., 2026, 16, 3765–3779
932.0 eV and 951.8 eV were designated as the Cu 2p3/2 and Cu
2p1/2 signals, respectively. These binding energies are charac-
teristic of Cu+ species. Notably, the absence of shake-up satellite
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 BET of CuI/Bent-NH2.

Fig. 8 TGA curve of CuI/Bent-NH2.
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peaks in the 940–945 eV range conrms that no Cu2+ exists in
the sample.39 Similarly, the I 3d spectrum presented charac-
teristic binding energy peaks at 620.0 eV and 630.3 eV, repre-
sentative of the I 3d3/2 and I 3d5/2.40

ICP-MS analysis determined the Cu content (active catalytic
sites) to be 0.69 mmol g−1 (Table 1).
2.2 Synthesis of 2,5-disubstituted-1,3,4-oxadiazoles

This work describes the multi-step synthetic pathway for the
construction of a 2,5-disubstituted-1,3,4-oxadiazole compound,
starting from benzoic acid (Scheme 3). The procedure
commences with an esterication reaction involving benzoic
acid and methanol, facilitated by 98% sulfuric acid at 120 °C for
6 h, resulting in a 49% yield of methyl benzoate.41 This ester was
then treated with hydrazine hydrate (N2H4) and potassium
hydroxide (KOH) at 130 °C for 8 h to form a benzohydrazide
compound intermediate with a 76% yield.42 In the next step,
benzohydrazide was introduced into benzaldehyde and ethanol
© 2026 The Author(s). Published by the Royal Society of Chemistry
under reux conditions to form the hydrazone derivatives with
a 96% yield.43,44 Finally, the compound undergoes intra-
molecular cyclization in the presence of a heterogeneous CuI/
Bent-NH2 catalyst system, along with K2CO3 and K2S2O8 in
DMSO at 100 °C for 8 h, affording the target 2,5-disubstituted-
1,3,4-oxadiazole derivative in good yield. This synthetic
sequence highlights an efficient and environmentally friendly
route for the construction of heterocyclic scaffolds, leveraging
a recoverable, solid-supported catalyst.

Table 2 illustrates that an examination of reaction temper-
ature revealed a correlation between increasing temperature
and product yield (Entries 1–5, Table 2). The product yield is
meager at room temperature (3%) with a low increment at 60 °C
(6%). At 80 °C, the yield rapidly increases to 16%. The reaction
yield was a mere 18% and 19% at 100 °C and 120 °C, respec-
tively. At 120 °C, the reaction mixture formed a viscous brown
residue and TLC spotting of the reaction mixture showed
a streak of brown-green hue of unknown side products
stretching from the origin to near the product spot. The reaction
temperature of 100 °C was chosen to investigate the molar
equivalent of potassium persulfate (Entry 4, Table 2). Without
potassium persulfate, no product was detected when using TLC
(Entry 6, Table 2). The product yield exhibited a substantial rise
from 18% to 32% when 2 equivalents of potassium persulfate
were utilized in comparison to 1 equivalent (Entries 4 and 7,
Table 2). This increase in yield may result from the exposed
surface of potassium persulfate crystals that can release per-
sulfate ions into the reaction medium. The breakdown of per-
sulfate ions will form sulfate ions that can crystallize with the
potassium ions in the saturated reaction medium, depositing
on the potassium persulfate crystals and blocking the further
release of persulfate ions. When 3 equivalents of potassium
persulfate were used (Entry 8, Table 2), the reaction mixture
began to self-heating aer being heated for 1 minute and
releasing colorless gas profusely, the TLC analysis showed no
product was formed and the hydrazone spot also diminished
and replaced by a continuous streak of unidentied products.
The potent oxidizing properties of potassium persulfate may
RSC Adv., 2026, 16, 3765–3779 | 3771

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09105e


Fig. 9 XPS spectrum of CuI/Bent-NH2 catalyst with (a) survey XPS spectra, high-resolution XPS spectra of (b) C 1s; (c) O 1s; (d) N 1s; (e) Si 2p; (f) Al
2p; (g) Cu 2p; and (h) I 3d.

Table 1 ICP-MS analysis results

Sample Cu content (mmol g−1)

Bent-NH2 0.03
CuI/bent-NH2 0.72

3772 | RSC Adv., 2026, 16, 3765–3779
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impose a restricted limit on the potassium sulfate/hydrazone
ratio applicable for oxidizing the hydrazone to the 1,3,4-oxa-
diazole product, beyond which uncontrollable oxidation
prevails as the primary reaction. A 1 : 2 molar ratio of hydrazone
to oxidizer would be ideal for the oxidative cyclization of
hydrazone. When TBHP was used in place of potassium
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Preparation of 2,5-disubstituted-1,3,4-oxadiazoles.

Table 2 Reaction condition optimizationa

Entry
Temp.
(°C)

Oxidation
reagents

Loading of oxidation
reagents (eq.) Solventsb

Loading of
CuI/Bent-NH2 (mg mmol−1)

Time
(h)

Isolated
yieldc (%)

1 RT K2S2O8 1 DMSO 40 8 3
2 60 K2S2O8 1 DMSO 40 8 6
3 80 K2S2O8 1 DMSO 40 8 16
4 100 K2S2O8 1 DMSO 40 8 18
5 120 K2S2O8 1 DMSO 40 8 19
6 100 K2S2O8 0 DMSO 40 8 NRd

7 100 K2S2O8 2 DMSO 40 8 32
8 100 K2S2O8 3 DMSO 40 8 NRd

9 100 TBHP 2 DMSO 40 8 17
10 100 K2S2O8 2 Sulfolane 40 8 5
11 100 K2S2O8 2 DMFe 40 8 11
12 100 K2S2O8 2 ACNe 40 8 28
13 100 K2S2O8 2 None 40 8 NRd

14 100 K2S2O8 2 DMSO 0 8 18
15 100 K2S2O8 2 DMSO 10 8 27
16 100 K2S2O8 2 DMSO 20 8 31
17 100 K2S2O8 2 DMSO 60 8 30
18 100 K2S2O8 2 DMSO 40 1 26
19 100 K2S2O8 2 DMSO 40 2 27
20 100 K2S2O8 2 DMSO 40 3 29
21 100 K2S2O8 2 DMSO 40 4 30
22 100 K2S2O8 2 DMSO 40 5 32
23 100 K2S2O8 2 DMSO 40 6 31
24 100 K2S2O8 2 DMSO 40 7 32
25 100 K2S2O8 2 H2O 40 5 8
26 100 K2S2O8 2 EtOH 40 5 NRd

a Reaction conditions: hydrazone (1 mmol), oxidation reagents (1–3 eq.), solvents (1 mL), CuI/Bent-NH2 (0–60 mg mmol−1). b Volume of solvent: 1
mL. c Isolated yield was recorded by column chromatography with n-hexane : ethyl acetate = 98 : 2. d NR = No reaction. e DMF =
Dimethylformamide, ACN = Acetonitrile.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 3765–3779 | 3773
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persulfate (Entry 9, Table 2), the product yield was lower, this
can be explained by the reduction potential of TBHP being
much lower compared to that of persulfate, hence lower
oxidizing power.45 The investigation of solvents was performed
with solvents with a wide potential window (Entry 10–12, Table
2) so the oxidation of the solvent would likely not have
happened and consumed the persulfate.46,47 The process
utilizing sulfolane had the lowest yield among the four solvents
employed; the hydrazone was scarcely soluble in sulfolane, and
upon completion of the reaction, residual hydrazone crystals
were observable (Entry 10, Table 2). The solubility of the
hydrazone may suggest that the reaction would likely take place
in a homogeneous medium. When DMF was used (Entry 11,
Table 2), the solvent turned light green quickly aer being
added to the solid mixture. Even though the hydrazone seemed
to be dissolved completely, the yield was lower at one-third of
that of entry 7, this may be due to the copper ions on the
modied bentonite surface forming the copper-amine complex
Scheme 4 Scope of 2,5-disubstituted-1,3,4-oxadiazole derivatives. aRe
CuI/Bent-NH2 (40 mg), and DMSO (1 mL), at 100 °C for 5 h. The crude r
products)/(mole of catalyst); TOF = TON/hour (h−1).

3774 | RSC Adv., 2026, 16, 3765–3779
with the DMF molecules. Guin et al. hypothesized that the
coordination of the hydrazone intermediate with the copper ion
would promote the cyclization and form the new carbon-oxygen
bond.48 The copper ions may have a greater affinity for DMF
than the hydrazone, which hindered the hydrazone interme-
diate from coordinating and initiating the cyclization process,
hence lowering the product yield. When using ACN as the
solvent, 10 mL of ACN was used to 1) Allow the magnetic stir bar
to work due to the potassium carbonate and potassium per-
sulfate forming a thick slurry when 1 mL of ACN was used; 2) To
compensate for the volume of ACN that constantly reuxing
because the experiment setup required a condenser and the
volatile nature of ACN makes it likely to evaporate off the
reaction vessel over the course of 8 h. The product yield was
satisfactory at 28%; however, the intrinsic complexity of the
reaction setup and the utilization of tenfold the solvent volume
compared to entry 7 rendered entry 12 unfavorable for exam-
ining the other conditions. Using the condition of entry 7, the
action conditions: hydrazone (1 mmol), K2CO3 (3 eq.), K2S2O8 (2 eq.),
esidue was purified by flash column chromatography. TON = (mole of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalyst-to-hydrazone ratio was investigated. With no catalyst
being used, the 6a product was still able to form, but with
a lower yield than other experiments that used CuI/Bent-NH2,
the DMSO may contribute to the stability of the hydrazone
intermediate. Entries 15, 7, and 16 show a low increase in yield
from 31% to 32% and decrease down to 30%, respectively. The
increase in yield can be related to the increase in the amount of
CuI/Bent-NH2 being used (Entries 7 and 15, Table 2). The
decline in yield was hypothesized as the product being adsorbed
in the modied bentonite support (Entry 16, Table 2). The
amount of CuI/Bent-NH2 used in Entries 15 and 7 was low
enough so that the adsorption of 6a was not too obvious due to
the substrate being saturated with other components in the
reaction mixture when water was added to quench the reaction.
In entry 16, more CuI/Bent-NH2 was used, so the substrate was
less saturated, so a noticeable amount of 6a would be adsorbed,
contributing to the decrease in yield. The investigation of the
reaction time of Entries 17 to 23 shows a similar result to the
qualitative reaction using the original reaction condition. Aer
5 h, the product yield reached the maximum and further reac-
tion would not increase the yield past 32%.

From Scheme 4, the yield of the 4-substituted phenyl deriv-
atives was moderate, ranging from 14% to 67%. The 6a and 6d
products were quite similar in their physicochemical properties
but had widely different yields of 32% and 57% respectively,
Scheme 5 Proposed mechanism for the formation of compound 6a.

© 2026 The Author(s). Published by the Royal Society of Chemistry
which corresponds to the fact that the hydrazone 5d dissolved
readily when DMSO was added to the reaction mixture, whether
in the case of the hydrazone 5a only dissolved aer the reaction
mixture was heated. An increase in yield when the substituent
of the phenyl group is connected to an electron-donating group
(compound 6b, 6c, 6e) is observed. The proposed mechanism
for the oxidative cyclization of the hydrazone hypothesized the
formation of a carbene from the carbon atom of the aldehyde
part. The electron-rich phenyl group would increase the elec-
tron density of the carbene, making it more stable, which in
turn increases the likelihood of the intermediate to undergo
intramolecular cyclization and form the 1,3,4-oxadiazole ring.
In the case of compound 6f, the electron-decient phenyl group
would likely destabilize the carbene intermediate, causing
a dramatic reduction in yield (14%). The catalytic efficiency
across the synthesized derivatives was evaluated based on the
respective turnover number (TON) and turnover frequency
(TOF) values. Derivative 6b exhibited the most prominent
results, achieving a maximum TON of 24 and a TOF of 5 h−1,
which are considered satisfactory for laboratory-scale bench-
marks. Conversely, derivative 6f showed the lowest activity, with
a TON of 5 and a TOF of 1 h−1. Overall, the recorded ranges
(TON = 5–24; TOF = 1–5 h−1) indicate a relatively stable cata-
lytic performance. These ndings establish a promising
RSC Adv., 2026, 16, 3765–3779 | 3775
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baseline for further structural optimization and future devel-
opment of this heterogeneous system.

2.3 Proposed mechanism for the synthesis of (6a)

From Scheme 5, the formation of compound 6a was proposed
by a mechanism with 5 steps. The reaction begins with the N–H
bond being oxidized by the copper(II) ion, forming the corre-
sponding nitrogen-radical and releasing a proton. The N–N
bond is then rotated 180° to form intermediate A. The reso-
nance of the cN–N]C structure of intermediate A resulted in
the formation of intermediate B with the S-cis conformation of
the carbonyl C]O and N]N double bond. Intermediate B was
a benzylic radical which would be stabilized by the resonance of
the phenyl group, increasing the likelihood of forming the C–O
bond with the oxygen of the carbonyl and close the 5-membered
ring, forming the C intermediate. The sulfate radical anion is
then abstracting the hydrogen at the benzylic position, and the
radical is combined with the electron of the cleaving C–H bond
to form the double bond. And the sulfate radical anion was
created by the homolytic cleavage of the O–O bond of the per-
sulfate anion when heat was applied. The copper ion in the
catalyst would be reoxidized by the sulfate radical cation and re-
enter the oxidation cycle.49,50

2.4 Assessment of green metrics

In the context of Green Chemistry, the validation of a novel
synthetic protocol's environmental compatibility is a critical
prerequisite. This is accomplished by evaluating key green
metrics, with specic calculation methodologies detailed in the
supplementary material. The synthesis exhibited an impres-
sively low E-factor of 0.51, indicating a minimal and acceptable
level of waste generation. Furthermore, the low Process Mass
Intensity (PMI) of 8.35 conrms highly efficient utilization of
bulk materials. For this transformation, the process achieves an
outstanding atom economy (AE) of 98.34%. This inherently
high value signies that nearly all atoms from the starting
materials are incorporated into the nal product structure.
However, the reaction mass efficiency (RME) is moderate at
65.89%. This observation suggests that although the reaction
mechanism is highly efficient (high AE), the actual chemical
yield of the transformation is the primary factor limiting the
Fig. 10 Catalytic activity of CuI/Bent-NH2 in four cycles for the reactio
recovery (B); XRD pattern of CuI/Bent-NH2 fresh and CuI/Bent-NH2 rec

3776 | RSC Adv., 2026, 16, 3765–3779
overall RME. The procedure further demonstrates a good
carbon efficiency (CE) of 67.0%, and an acceptable eco-score of
66.5%, collectively validating the overall feasibility and
sustainability of the developed methodology.51–53

2.5 Reusability of the CuI/Bent-NH2 catalyst in the synthesis
of (6a)

From Fig. 10, the FT-IR spectra of CuI/Bent-NH2 before and aer
catalytic reuse reveal changes in the functional groups that
reect the material's structural stability. In the fresh catalyst,
strong absorption bands at 3784, 3631, and 3412 cm−1 corre-
spond to Al–OH and O–H stretching vibrations, indicating the
presence of structural hydroxyls and interlayer water. Aer
reuse, these bands become weaker and broader, suggesting
a partial loss of hydroxyl functionality or surface hydration,
likely due to repeated heating and washing processes during
recovery. These spectral changes correlate well with the catalyst
recovery and product yield data. While the catalyst retains high
recovery efficiency (up to 84% for the third cycle), the product
yield gradually decreases from 31% to 22% aer four cycles,
indicating progressive catalyst deactivation. This could be
attributed to surface modication or active site blockage, as
evidenced by the reduced intensity of O–H and Al–OH bands in
the reused material.54

XRD analysis was performed on the recovered catalyst to
evaluate its structural stability. The resulting diffraction
patterns were indexed against standard references for mont-
morillonite (JCPDS no. 13-0135) and CuI (JCPDS no. 01-0561).
The diffractogram exhibited characteristic reections of
bentonite at 2q = 16.87°, 20.10°, 35.66°, 37.32°, 54.84°, and
62.09°, conrming that the silicate framework remained largely
intact following the recycling cycles. A low-intensity peak
observed at 25.51° corresponds to the presence of CuI, though
its signicantly diminished magnitude suggests a notable loss
of the active phase aer recovery. Consequently, the yield of
product 6a experienced a gradual decline from 31% to 22% over
four consecutive catalytic runs.

2.6 Comparison of this work to various synthetic methods

The comparison of various synthetic methods for constructing
2,5-disubstituted-1,3,4-oxadiazole frameworks, as summarized
n of 6a (A); FT-IR spectra of CuI/Bent-NH2 fresh and CuI/Bent-NH2

overy (C).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in Table 3. Traditional multi-step syntheses, such as themethod
using (t-Butoxycarbonyl)phenylalanine with SOCl2 and pyridine,
offer relatively low yield (30%) and require complex procedures.
More efficient approaches, such as the one employing KI/UHP/
K2CO3 under mild conditions (0 °C, DME-H2O), achieve
a higher yield of 70% but require long reaction times (20 h). The
method utilizing ceric ammonium nitrate with benzohydrazide
and 4-methoxybenzaldehyde also affords a good yield (67%)
under reux in CH2Cl2, though it requires extended reaction
time (11 h). The highest reported yield (73%) was obtained via
a CDI-mediated reaction with benzoyl hydrazide and pivalic
acid under mild conditions (0 °C), highlighting the efficiency of
this approach. The method reported in this work uses
a heterogeneous CuI/Bent-NH2 catalyst system, with K2CO3 and
K2S2O8 as additives in DMSO at 100 °C. This approach provides
a competitive yield of 67% and has the added advantage of
employing a reusable solid-supported catalyst, potentially
offering greater environmental and operational benets.

3 Experimental
3.1 Synthesis of CuI/Bent-NH2

3.1.1 Modication of bentonite clay with APTES. APTES-
functionalized bentonite was synthesized following the
method described by Kostenko et al.22 Bentonite powder (4.00 g)
was suspended in toluene (10 mL) and reuxed for 2 h in
a 100 mL round-bottom ask. Subsequently, a solution of
APTES (1.77 g, 8 mmol) in toluene (5 mL) was added, followed
by a 5 mL toluene rinse to ensure quantitative transfer (total
volume: 20 mL). The mixture was reuxed for an additional 6 h
with periodic agitation to maintain a homogeneous suspension
and prevent clay aggregation. Upon cooling to room tempera-
ture, the solid was isolated by centrifugation. To ensure
complete removal of residual toluene, the modied clay was
soaked in methanol (10 mL) for 2 h, followed by centrifugation.
The resulting Bent-NH2 was dried at 100 °C for 12 h and
pulverized using a glass mortar and pestle.

3.1.2 Depositing copper(I) iodide on modied bentonite
surface. The synthesis of the CuI/Bent-NH2 composite followed
a modied procedure reported by Myeni et al.59 Briey,
CuSO4$5H2O (0.375 g, 2 mmol) was dissolved in 20 mL of
deionized water to yield a 0.1 M solution. Modied bentonite
(3.00 g) was slowly introduced to the solution and stirred for
15 min to facilitate the adsorption of Cu2+ ions onto the
substrate. Subsequently, 4.5 mL of 0.1 M KI was added dropwise
Table 3 Comparison with several other synthetic methods for 2,5-disub

Entry Substrates Catalyst

1 (t-Butoxycarbonyl)phenylalanine SOCl2, pyrid
2 1-(2-Bromo-2-nitroethyl)-4-methoxybenzene, ethyl

hydrazinecarboxylate
KI (2 eq.), U
K2CO3 (2 eq

3 Benzohydrazide, 4-methoxylbenzaldehyde Ceric ammo
4 Hydrazide, phenylglyoxylic acid Eosin Y
5 (4-Fluorobenzylidene)benzohydrazide CuI/Bent-NH

K2CO3 (3 eq

© 2026 The Author(s). Published by the Royal Society of Chemistry
over 3 h under continuous stirring. In this in situ process, iodide
ions acted as both a reducing agent (converting Cu2+ to Cu+) and
a precipitant, resulting in the nucleation and growth of CuI
crystals on the bentonite surface. The resulting slurry was
centrifuged, and the solid was washed with deionized water (10
mL) and allowed to equilibrate for 4 h to ensure the removal of
loosely bound ions. Aer further centrifugation, the material
underwent solvent exchange with acetone (3 × 10 mL) to
remove residual water. Finally, the CuI/Bent-NH2 product was
dried at 100 °C for 12 h.
3.2 Synthesis of 2,5-disubstituted-1,3,4-oxadiazoles

3.2.1 Synthesis of methyl benzoate (2). Benzoic acid
(24.4398 g, 200 mmol) was dissolved in methanol (80 mL) in
a 500mL round-bottom ask. Concentrated H2SO4 (95%, 7.60 g)
was added dropwise under vigorous stirring. The mixture was
reuxed at 120 °C for 6 h, with progress monitored hourly via
TLC. Upon completion, excess methanol was removed by
distillation. The cooled residue was transferred to a separatory
funnel; the organic layer was isolated, and the aqueous phase
was extracted with n-hexane (3× 20 mL). The combined organic
fractions were washed with saturated Na2CO3 (2 × 10 mL) and
deionized water (2 × 10 mL), then dried over anhydrous
Na2SO4. Aer solvent evaporation, the crude product was puri-
ed by fractional distillation, collecting the portion boiling at
195–198 °C. The product identity was conrmed by 1H-NMR
and melting point analysis.

The colorless, clear, oily liquid with a strong minty odor was
obtained with 49% (13.4118 g). Rf = 0.78 (n-Hexane : ethyl
acetate = 4 : 1, v/v). B.p. = 195–198 °C. 1H NMR (500 MHz,
CDCl3): d = 8.04 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.44
(t, J = 7.5 Hz, 2H), 3.92 (s, 3H) ppm.

3.2.2 Synthesis of benzohydrazide (3). Hydrazine was rst
liberated by reacting hydrazine sulfate (26.0000 g, 200 mmol)
with potassium hydroxide (22.4440 g, 400 mmol) in a sealed
round-bottom ask. The mixture was agitated vigorously, with
intermittent cooling in a water bath to manage the exothermic
nature of the process. Following stabilization at room temper-
ature, ethanol (100 mL) was added to facilitate the precipitation
of the intermediate.

Subsequently, methyl benzoate (13.0870 g, 96.2 mmol) was
introduced to the mixture. The reaction was maintained at
reux (130 °C, sand bath) for 8 h, with progress monitored by
TLC. The resulting solid was isolated via ltration, washed with
stituted-1,3,4-oxadiazole frameworks

Conditions Yield (%) Ref.

ine Multi-step 30 55
HP (1 eq.),
.)

0 °C, 20 h, DME-H2O 70 56

nium nitrate Reux, CH2Cl2, 11 h 67 57
Hv, DMF, 45 °C, 12 h 78 58

2 (40 mg),
.), K2S2O8 (2 eq.)

100 °C, 5 h, DMSO (1 mL) 67 This work

RSC Adv., 2026, 16, 3765–3779 | 3777
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ethanol (2× 20 mL), and the ltration was concentrated by slow
evaporation to yield additional needle-like crystals. The
combined crude product was collected using a fritted glass
funnel, washed with cold deionized water until the amber
impurities were removed, and dried in a desiccator. The identity
and purity of the benzohydrazide product were conrmed
by 1H-NMR and melting point analysis.

The white solid was obtained with 76% (9.9722 g). Rf = 0.25
(ethyl acetate = 100%, v/v). M.p. = 114–116 °C [Lit.: 113–115 °
C].60 1H NMR (500 MHz, Methanol-d4): d = 7.79–7.77 (m, 2H),
7.53 (t, J = 7.5 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H) ppm.

3.2.3 Synthesis of (E)-N0-benzylidenebenzohydrazide (5a).
Benzohydrazide (2.7465 g, 20 mmol) was suspended in ethanol
(50 mL) in a round-bottom ask. Benzaldehyde (2.3604 g, 22.2
mmol) was added, and the mixture was stirred until a clear
solution was obtained. The reaction was maintained at reux
(120 °C) for 3 h. Subsequently, the solvent was partially evapo-
rated to induce crystallization. The resulting crystalline product
was collected via a fritted glass funnel, washed with cold
methanol, and air-dried. Final traces of moisture were removed
in a desiccator. The identity and purity of the product were
conrmed by 1H-NMR spectroscopy and melting point analysis.

The white solid was obtained with 96% (3.9122 g). Rf= 0.6 (n-
Hexane : ethyl acetate = 4 : 6, v/v). M.p. = 214 °C. 1H NMR (500
MHz, DMSO-d6): d = 11.86 (s, 1H), 8.47 (s, 1H), 7.93 (d, J =
7.5 Hz, 2H), 7.74 (d, J = 6.5 Hz, 2H), 7.60 (t, J = 7.0 Hz, 1H), 7.53
(t, J = 7.0 Hz, 2H), 7.48–7.44 (m, 3H) ppm.

3.2.4 Synthesis of 2,5-disubstituted-1,3,4-oxadiazoles. A
glass vial was charged with hydrazone (0.1121 g, 0.5 mmol),
K2S2O8 (0.2703 g, 1.0 mmol), K2CO3 (0.2073 g, 1.5 mmol), and
the catalyst (20 mg, 40 mg mmol−1 relative to hydrazone) in
anhydrous DMSO (1 mL). The mixture was stirred at 100 °C for
5 h. Aer completion, the reaction was quenched with deion-
ized water (5 mL) under stirring. The resulting suspension was
centrifuged, and the aqueous phase was extracted with ethyl
acetate (2 × 5 mL). The combined organic layers were washed
with water (2 × 5 mL), dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The crude residue was
puried by ash column chromatography. Product identity and
purity were established via 1H-NMR, 13C-NMR spectroscopy,
and melting point analysis.

4 Conclusions

In summary, this study establishes a green and sustainable
protocol for accessing 2,5-disubstituted-1,3,4-oxadiazole deriv-
atives via the development of a novel CuI/Bent-NH2 heteroge-
neous catalyst. By graing APTES onto the bentonite surface
followed by the immobilization of CuI, we engineered amaterial
characterized by its distinct layered architecture and superior
thermal stability. The catalytic utility of CuI/Bent-NH2 was
demonstrated in the synthesis of oxadiazoles, where it effi-
ciently mediated the intramolecular cyclization of (E)-N0-
benzylidenebenzohydrazide precursors. A key innovation of this
methodology is the synergistic combination of the heteroge-
neous catalyst with K2S2O8 – an environmentally benign oxidant
– facilitating a clean cyclization process. Notably, the catalyst's
3778 | RSC Adv., 2026, 16, 3765–3779
exceptional durability and ease of recovery via simple ltration
demonstrate a signicant leap toward sustainable industrial
applications. This work highlights the transformative potential
of functionalized clay minerals, positioning them as cost-
effective alternatives to homogeneous catalysts in modern
green organic synthesis.
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35 B. C. Erdoğan and S. Ülkü, Appl. Clay Sci., 2011, 54, 217–225.
© 2026 The Author(s). Published by the Royal Society of Chemistry
36 S. Carquigny, J. Takadoum and S. Ivanescu, Eur. Phys. J. Appl.
Phys., 2019, 85, 21301.

37 G. G. Lara, G. F. Andrade, M. F. Cipreste, W. M. da Silva,
P. L. Gastelois, D. A. Gomes, M. C. de Miranda, W. A. de
Almeida Macedo, M. J. Neves and E. M. B. de Sousa, J.
Mater. Sci.: Mater. Med., 2018, 29, 130.

38 X. Chen, X. Wang and D. Fang, Fuller. Nanotub. Car.N., 2020,
28, 1048–1058.

39 P. V. F. de Sousa, A. F. de Oliveira, A. A. da Silva and
R. P. Lopes, Environ. Sci. Pollut. Res., 2019, 26, 14883–14903.

40 N. Ghazal, M. Madkour, A. Abdel Nazeer, S. S. A. Obayya and
S. A. Mohamed, RSC Adv., 2021, 11, 39262–39269.

41 V. Umrigar, M. Chakraborty and P. Parikh, J. Inst. Eng. India
Ser. E, 2020, 101, 109–114.
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