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ex-decorated ZrFe2O4

nanoparticles as a recyclable magnetic
nanocatalyst for synthesis of N-containing
heterocycles†

Tara Miladi and Masoomeh Norouzi *

In this study, a novel and magnetic nanocatalyst [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] was developed by

immobilization of an o-phenylenediamine–copper complex on ZrFe2O4@SiO2 nanoparticles. The as-

prepared nanocatalyst was identified by physicochemical techniques such as FT-IR, BET, SEM, VSM, XRD,

TEM, TGA, DSC, ICP EDX, and EDX elemental mapping. This nanocomposite exhibited remarkable

efficiency in promoting the green synthesis of nitrogen-rich heterocycles, including 5-substituted 1H-

tetrazoles and 2,3-dihydroquinazolin-4(1H)-one derivatives, through click and cyclization reactions,

respectively. The reactions were conducted under mild conditions, affording high yields in short reaction

times. Furthermore, the catalyst demonstrated excellent stability and reusability, with minimal copper

leaching observed across multiple catalytic cycles.
Introduction

With the advent of green chemistry, clean and efficient chem-
ical reactions have become the inevitable development trend of
the chemical industry. At present, one of the strategies to ach-
ieve this goal is to perform chemical reactions in the presence of
a catalyst.1,2 In the eld of catalyst knowledge, achieving a high
level of activity and selectivity to carry out a catalytic reaction is
a challenging issue.3–5 Heterogeneous catalysts play a signi-
cant role in promoting environmentally friendly and low-cost
protocols in the synthesis of organic compounds.6,7

The special advantage of such catalysts is the ability to reuse
and recycle their materials compared to other homogeneous
organic and inorganic catalysts.8,9 Nanocatalysts act as an effi-
cient and suitable linker between heterogeneous and homoge-
neous catalysts.8,10

Among different nanomaterials, magnetite nanoparticles
(MNPs) have received increasing attention in chemistry and
other elds due to their numerous and unique features,
including low preparation cost, large-scale production capa-
bility, simple synthesis method, and mechanical and thermal
stability.11–13 Also, their most important property, namely para-
magnetism, enables their easy and efficient separation in the
separation of heterogeneous catalysts, and they can be easily
ce, Ilam University, P.O. Box 69315516,

rouzi_88organic@yahoo.com

tion (ESI) available. See DOI:

–4116
separated from the reaction mixture using an external
magnet.11,14

In this context, the development of new and reliable
heterogeneous catalytic supports is a widely researched topic in
the elds of industrial and catalysis science.15,16 ZrFe2O4 MNPs,
also known as zirconium ferrite, is a promising material with
potential for this purpose. These MNPs possess several advan-
tageous properties, including low cost, availability, thermal
stability, good binding to organic molecules, high concentra-
tion of surface hydroxyl groups, small size, a high specic
surface area, thermal stability, optical properties, low density,
and electrical properties. As such, ZrFe2O4 MNPs are the ideal
candidate for use as a novel catalytic support in the immobili-
zation of homogeneous catalysts.17–23

Over the past decade, the synthesis of nitrogen-rich hetero-
cyclic compounds has garnered immense interest due to their
sustainable nature.24–26 Tetrazoles are a class of doubly unsat-
urated aromatic heterocycles with four nitrogen atoms, pos-
sessing unique properties including high nitrogen content,
a large dipole moment, high energy content, and strong
hydrogen bonding capabilities.27,28 These properties, combined
with their excellent chemical stability, make them valuable
bioisosteres for cis-amide bonds, leading to diverse applications
in pharmaceuticals and materials science.8,26 Due to their
synthetic nature, laboratories around the world have initiated
efforts to synthesize tetrazoles to further explore their chemistry
and potential functions.8,29–35

2,3-Dihydroquinazolin-4(1H)-ones are a type of N-
heterocyclic compound that have attracted signicant atten-
tion from researchers due to their wide-ranging biological
© 2025 The Author(s). Published by the Royal Society of Chemistry
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activities.36–38 These compounds, characterized by their unique
chemical structure, have shown promise in various therapeutic
areas, including cancer treatment, inammation reduction, and
neurological disorders.36,37,39 The incorporation of the quina-
zolinone core, a privileged structure known for its ability to bind
to multiple receptors, enhances the potential of these
compounds to interact with biological targets effectively.40–42

Consequently, the synthesis of quinazolinone-based heterocy-
cles has become a focal point in medicinal chemistry, with
numerous synthetic strategies developed to access these valu-
able molecules.42–47

Recognizing the environmental impact of chemical
synthesis, in this work we introduce a novel, eco-friendly, and
recyclable heterogeneous catalyst, [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)], for the synthesis of 5-substituted 1H-tetrazoles and
2,3-dihydroquinazolin-4(1H)-ones. This catalyst aligns with
green chemistry principles by minimizing waste generation,
reducing energy consumption, and promoting the use of benign
reagents. Its reusability further enhances its sustainability
prole, making it a promising candidate for industrial
applications.
Experimental
Materials and methods

The chemicals used in this study were sourced from Merck and
Aldrich and utilized without purication. FTIR analysis (VRTEX
70 model BRUKER FT-IR, 400–4000 cm−1) identied functional
group compositions. XRD patterns were obtained from 2q= 10–
80° (Philips X'Pert Pro, 1.5405 Å) to determine nanoparticle
crystallography. Thermogravimetric analysis was conducted on
a thermal analyzer NETZSCH STA 449 F3 Jupiter from 25 °C to
800 °C at a heating rate of 10 °C min−1, in an air atmosphere.
The surface morphology of the catalyst was surveyed using an
FESEM-TESCAN MIRA3. Additionally, an SEM-integrated EDAX
and EDS-mapping system was employed to assess the elemental
composition of the supported catalyst. Also, the magnetic
properties of the nanocatalyst were measured with the help of
a vibrating sample magnetometer (VSM device (LBKFB) from
Magnetic Kavir Kashan). TEM was performed using a Zeiss
microscope at a voltage of 100 kV. The BET analysis was carried
out using a BELSORP MINI II instrument.
Typical procedure for synthesis of [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)] MNPs

Initially, a mixture of 3-glycidoxypropyltriethoxysilane (2.78 g,
10 mmol) and o-phenylenediamine (1.08 g, 10 mmol) was added
to a round-bottom ask containing 25 mL of dry toluene. The
mixture was reuxed for 24 hours. Subsequently, the reaction
mixture was added to a well-dispersed suspension of ZrFe2-
O4@SiO2 MNPs (2 g) in 25 mL of toluene, and the reux was
continued for an additional 24 hours. The synthesized ZrFe2-
O4@SiO2@GLYMO-oPD nanoparticles were magnetically
ltered and washed thoroughly with ethanol to remove
unreacted substrates, and dried in an oven at 80 °C. Finally, 1 g
of ZrFe2O4@SiO2@GLYMO-oPD nanoparticles was dispersed in
© 2025 The Author(s). Published by the Royal Society of Chemistry
50 mL of ethanol by sonication for 30 minutes. Then, 2.5 mmol
of Cu(NO3)2$3H2O was added to the reaction mixture and stir-
red at 80 °C for 24 hours. The nal [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)] complex was magnetically separated, washed thor-
oughly with water and ethanol to remove unreacted copper, and
dried in an oven at 80 °C for 4 h.
General procedure for synthesis of 5-substituted 1H-tetrazoles
using the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] complex

A 25 mL round-bottom ask was charged with a mixture of
ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) (20 mg), benzonitrile (1
mmol), sodium azide (NaN3, 1.2 mmol) and 2 mL of PEG-400 as
the solvent. The reaction mixture was stirred in a pre-heated
sand bath at 120 °C. Aer complete consumption of the start-
ing material (checked by TLC), the mixture was diluted with
15 mL of ethyl acetate and water, and the catalyst was
magnetically separated. The mixture was then transferred to
a separatory funnel and acidied with 10mL of 4 N hydrochloric
acid (HCl) solution. The organic phase was dried over sodium
sulfate, the solvent was evaporated, and further purication was
achieved using preparative silica gel TLC plates.
General procedure for synthesis of 2,3-dihydroquinazolin-
4(1H)-ones using the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex

A 25 mL round-bottom ask was charged with a mixture of
ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) (35 mg), 2-amino-
benzamide (1 mmol), aldehydes (1 mmol) and 3 mL of ethanol
as the solvent. The reaction mixture was stirred under reux
conditions to ensure that the reaction was completed (moni-
tored by TLC). Then the catalyst was magnetically separated
from the reaction mixture. The mixture was diluted with 15 mL
of hot ethanol, and the catalyst was magnetically separated. The
crude solid product was then puried by recrystallization in
ethanol.
Spectral data

5-Phenyltetrazole (Table 2, entry 1): 1H NMR (250 MHz, DMSO-
d6) d: 16.83 (b, 1H, N–H), 8.03–8.02 (d, J = 8 Hz, 2H, CHAr), 7.60
(t, J = 7.9 Hz, 3H, CHAr).

5-p-Tolyl-1H-tetrazole (Table 2, entry 2): 1H NMR (250 MHz,
DMSO-d6) d: 16.74 (s, 1H, NH), 7.93–7.89 (d, J= 8 Hz, 2H, CHAr),
7.41–7.38 (d, J = 8 Hz, 2H, CHAr), 2.33 (s, 3H, CH3).

5-(2-Fluoro-phenyl)-1H-tetrazole (Table 2, entry 5): 1H NMR
(250 MHz, DMSO-d6) d: 17.07 (b, 1H, N–H), 8.34 (s, 1H, CHAr),
7.97–7.93 (d, J = 8 Hz, 1H, CHAr), 7.87–7.81 (m, 2H, CHAr)

5-(4-Chloro-phenyl)-1H-tetrazole (Table 2, entry 7): 1H NMR
(250 MHz, DMSO-d6) d: 1693 (s, 1H, NH), 8.05–8.02 (d, J = 8 Hz,
2H, CHAr), 7.69–7.66 (d, J = 8 Hz, 2H, CHAr).

5-(4-Bromo-phenyl)-1H-tetrazole (Table 2, entry 8): 1H NMR
(250 MHz, DMSO-d6) d: 16.87 (b, 1H, N–H), 7.97–7.94 (d, J =
8 Hz, 2H, CHAr), 7.83–7.80 (d, J = 8 Hz, 2H, CHAr).

5-(3-Triuoromethyl-phenyl)-1H-tetrazole (Table 2, entry 10):
1H NMR (250 MHz, DMSO-d6) d: 8.07 (s, 2H, CHAr), 7.95–7.88 (t,
J = 7.9 Hz, 1H, CHAr), 7.80–7.73 (t, J = 7.9 Hz, 1H, CHAr)
Nanoscale Adv., 2025, 7, 4104–4116 | 4105
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2-(1H-Tetrazol-5-yl)-benzonitrile (Table 2, entry 11): 1H NMR
(250 MHz, DMSO-d6) d: 16.93 (b, 1H, N–H), 7.80–7.75 (s, 2H,
CHAr), 7.94–7.88 (d, J = 8 Hz, 1H, CHAr), 7.79–7.76 (m, 1H,
CHAr).

2-(4-Bromo-phenyl)-2,3-dihydro-1H-quinazolin-4-one (Table
4, entry 2): 1H NMR (250 MHz, DMSO-d6) d: 8.31 (s, 1H, NH),
7.60–7.56 (d, J = 7.6 Hz, 3H, CHAr), 7.43–7.40 (d, J = 7.4 Hz, 2H,
CHAr), 7.26–712 (s, J = 7 Hz, 1H, CHAr), 7.12 (s, 1H, NH), 6.70–
6.66 (m, 2H, CHAr), 5.73 (s, 1H, CH) ppm.

2-Phenyl-2,3-dihydro-1H-quinazolin-4-one (Table 4, entry 7):
1H NMR (250 MHz, DMSO-d6) d: 8.26 (s, 1H, NH), 7.60–7.57 (d, J
= 7.6 Hz, 1H, CHAr), 7.46 (s, 2H, CHAr), 7.37–7.34 (m, 3H,
CHAr), 7.25–7.19 (t, J = 7.22 Hz, 1H, CHAr), 7.09 (s, 1H, NH),
6.74–6.62 (m, J = 6.68 Hz, 2H, CHAr), 5.73 (s, 1H, CH).

2-(4-Chloro-phenyl)-2,3-dihydro-1H-quinazolin-4-one (Table
4, entry 10): 1H NMR (250 MHz, DMSO-d6) d: 8.31 (s, 1H), 7.60–
7.57 (d, J = 7.1 Hz, 1H, CHAr), 7.50–7.41 (m, 4H, CHAr), 7.26–
7.19 (t, 1H, CHAr), 7.12 (s, 1H, NH), 6.73–6.66 (t, J = 7.0, 2H,
CHAr), 5.74 (s, 1H, CH) ppm.
Scheme 1 Stepwise synthesis of the [ZrFe2O4@SiO2@GLYMO-oPD-
Cu(II)] complex.
Results and discussion

The core–shell structure [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex was successfully synthesized through a facile multi-
step process. Initially, ZrFe2O4 MNPs were prepared by
a precipitation reaction. Subsequently, the ZrFe2O4 MNPs were
coated with an amorphous silica layer to enhance their stability
and provide additional functionalization sites. Finally, a copper
complex of GLYMO-oPD was immobilized onto the silica
surface to obtain the desired catalyst (Scheme 1). The synthe-
sized catalyst was characterized using various techniques,
including Fourier Transform Infrared Spectroscopy (FT-IR),
XRD, Thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS), Brunauer, Emmett,
Teller (BET)/Barrett, Joyner, Halenda (BJH) analysis, inductively
coupled plasma (ICP), WDX, SEM, and Vibrating Sample
Magnetometry (VSM). The catalytic activity of the synthesized
catalyst was evaluated in the synthesis of tetrazole and 2,3-
dihydroquinazolin-4(1H)-one derivatives.
Fig. 1 FT-IR spectra of (a) ZrFe2O4, (b) ZrFe2O4@SiO2, (c) GLYMO-
oPD, (d) ZrFe2O4@SiO2@GLYMO-oPD, and (e) [ZrFe2O4@SiO2@-
GLYMO-oPD-Cu(II)].
Catalyst characterization

Fig. 1 presents the FT-IR spectra of ZrFe2O4, ZrFe2O4@SiO2,
GLYMO-oPD, ZrFe2O4@SiO2@GLYMO-oPD, and the [ZrFe2-
O4@SiO2@GLYMO-oPD-Cu(II)] complex. The FTIR spectra of
ZrFe2O4 MNPs exhibited strong bands at approximately
3400 cm−1 and 570 cm−1, attributed to O–H stretching and
metal–O stretching vibrations, respectively (Fig. 1a). The FTIR
spectrum of ZrFe2O4@SiO2 (Fig. 1b) displays additional
absorption bands at 1088 and 951 cm−1, which are related to the
Si–O–Si and Si–O bending modes. These bands conrmed the
successful modication of the ZrFe2O4 surface with a silica
shell.17

The FTIR spectrum of GLYMO-oPD exhibited peaks at
2986 cm−1 and 3057 cm−1, corresponding to the stretching
vibrations of sp3 C–H and sp2 C–H bonds, respectively,
4106 | Nanoscale Adv., 2025, 7, 4104–4116
conrming the presence of both the GLYMO linker and o-phe-
nylenediamine moiety in its structure (Fig. 1c). The absorption
bands at 783 cm−1, 1063 cm−1, and 1126 cm−1 are assigned to
the symmetric and asymmetric stretching vibrations of Si–O
bonds at the end of the GLYMO-oPD molecule chain. Addi-
tionally, the peak at 3379 cm−1 is assigned to the stretching
vibration of the NH2 group of o-phenylenediamine, while the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA and DSC curves of the [ZrFe2O4@SiO2@GLYMO-oPD-
Cu(II)] complex.

Fig. 3 XRD patterns of ZrFe2O4 (a) and the [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)] complex (b).

Fig. 4 FESEM images of the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex.
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peaks at 1471 cm−1 and 1506 cm−1 are associated with the C]C
and C–N bonds, respectively. Finally, the broad peak observed
between 3415 cm−1 and 3550 cm−1 are attributed to the
stretching vibrations of N–H and O–H bonds. The FTIR spec-
trum of ZrFe2O4@SiO2@GLYMO-oPD (Fig. 1d), in addition to
the peaks observed for ZrFe2O4@SiO2, exhibits characteristic
peaks of GLYMO-oPD at 3404, 2952, 1626, and 1383 cm−1,
attributed to the stretching vibrations of OH, C–H, C]C, and
C–N bands, respectively. These ndings indicate the successful
immobilization of GLYMO-oPD onto the nanoparticles.
Furthermore, the observed changes in FT-IR spectra of ZrFe2-
O4@SiO2@GLYMO-oPD-Cu(II) in comparison to ZrFe2O4@-
SiO2@GLYMO-oPD can be attributed to coordination to copper
ions (Fig. 1e).

TGA and DSC were employed to explore the thermal behavior
and organic group content of the synthesized [ZrFe2O4@-
SiO2@GLYMO-oPD-Cu(II)] complex (Fig. 2). The TGA thermo-
gram reveals two distinct weight loss stages. An initial weight
© 2025 The Author(s). Published by the Royal Society of Chemistry
loss of approximately 2% occurs at low temperatures (50–200 °
C), corresponding to the disruption of physically adsorbed
solvents and hydrogen-bonded water. The second weight loss,
around 11.01%, takes place between 200 and 800 °C, related to
the decomposition of the organic layers on the nanoparticle
surface. Additionally, the DSC curve provides further insight
into the thermal properties and phase transitions of the sample.
The DSC curve exhibits an exothermic peak indicating the
Nanoscale Adv., 2025, 7, 4104–4116 | 4107
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Fig. 5 TEM images of the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex.

Fig. 6 EDX spectra of the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex.

Fig. 7 EDX elemental mapping of [ZrFe2O4@SiO2@GLYMO-oPD-
Cu(II)].

Fig. 8 Magnetization curve of ZrFe2O4 (a) and the [ZrFe2O4@SiO2@-
GLYMO-oPD-Cu(II)] complex (b).
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evaporation of surface solvents. Subsequently, a sharp
exothermic peak at 331 °C is observed, likely corresponding to
the decomposition of the copper complex.

The XRD patterns of ZrFe2O4 and the[ZrFe2O4@SiO2@-
GLYMO-oPD-Cu(II)] complex (Fig. 3a and b, respectively)
exhibited eight distinct Bragg's diffraction peaks at specic 2q
4108 | Nanoscale Adv., 2025, 7, 4104–4116
values (18.35°, 30.10°, 35.46°, 43.09°, 53.41°, 56.93°, 62.48°, and
73.84°), indicative of a cubic inverse spinel structure charac-
teristic of ZrFe2O4 MNPs (standard card JCPDS no. 01-088-
0315).22 The good agreement between the experimental and
standard XRD patterns suggests that the crystalline phase of the
magnetic core remained intact aer the coating process. The
average crystallite size of ZrFe2O4 and the ZrFe2O4@SiO2@-
GLYMO-oPD-Cu(II) nanocatalyst was calculated to be 19.37 and
36.31 nm, respectively, using the Debye–Scherrer formula at the
peak 2q = 35.46°.

The surface morphology of the [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)] complex was investigated using FE-SEM analysis
(Fig. 4). FE-SEM images revealed clusters of nanoparticles
exhibiting a core–shell structure. The nanoparticles displayed
a spherical morphology with a relatively uniform size distribu-
tion ranging from approximately 30 to 60 nm. The nanoparticle
surfaces appeared relatively smooth, with minor surface
roughness likely attributable to the presence of defects or
functional groups. These observations suggest that the
synthesis process effectively yielded nanoparticles within the
desired size range, which could potentially enhance catalytic
activity due to the increased surface-to-volume ratio character-
istic of nanomaterials. Besides, the evaluation of the TEM image
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 BET analysis and BJH plot of the [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)] complex.

Table 1 Optimization of reaction conditions in the synthesis of 5-pheny

Entry Catalyst Catalyst (mg)

1 — —
2 ZrFe2O4 —
3 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 10
4 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
5 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 30
6 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
7 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
8 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
9 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
10 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
11 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20
12 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 20

a Isolated yield. b Conditions: aryl nitrile (1.0 mmol), sodium azide (1.2 m

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5), while conrming the accuracy of the SEM images,
showed a particle size of about 10–40 nm with a spherical
shape.

The elemental composition of the ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II) complex was investigated using EDX analysis. As
depicted in Fig. 6, the EDX spectrum of the complex exhibited
distinct peaks characteristic of Zr, Fe, O, Si, C, N, and Cu con-
rming the presence of these elements within the material.
Notably, the presence of copper peaks in the EDX spectrum,
coupled with their correlation with the nitrogen content,
provides compelling evidence for the successful coordination of
copper within the ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) complex.
Additionally, ICP analysis conrmed the presence of copper in
the prepared complex, with a copper loading of 0.44 mmol g−1.
These quantitative data further support the successful incor-
poration of copper into the material.

Elemental mapping analysis revealed the distribution of
elements within the synthesized [ZrFe2O4@SiO2@GLYMO-oPD-
Cu(II)] complex (Fig. 7). The core region primarily consists of Zr,
Fe, and O atoms, conrming the presence of ZrFe2O4 MNPs.
The remaining elements, Si, C, N, and Cu, are evenly distributed
across the particle surface, indicating a homogeneous coating
of the coordination complex.

VSM analysis was used to investigate the magnetic properties
of ZrFe2O4 and the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
complex (Fig. 8a and b). The complex exhibited a saturation
magnetization (Ms) of 5.68 emu g−1, which is lower than the Ms

value of bare ZrFe2O4 nanoparticles of 12.50 emu g−1 respec-
tively.19 This decrease in saturation magnetization is related to
the increased size of the coordinated organometallic shells
surrounding the magnetic core, which reduces the overall
magnetic contribution of the ZrFe2O4 nanoparticles. Despite
this, the sample can be easily demagnetized with a magnetic
eld, characteristic of paramagnetic materials.
l-1H-tetrazole

Solvent Temperature (°C) Time (min) Yielda,b (%)

PEG-400 120 600 NR
PEG-400 120 600 NR
PEG-400 120 120 30
PEG-400 120 40 93
PEG-400 120 55 80
EtOH Reux 360 N.R
Water Reux 360 N.R
DMSO 120 360 N.R
EtOAc Reux 360 N.R
n-Hexane Reux 360 N.R
PEG-400 100 100 75
PEG-400 80 150 40

mol), catalyst (mg) and solvent (5 mL).
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Table 2 Substrate scope for the synthesis of 5-phenyl-1H-tetrazole
using the ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) nanocatalyst

Entry Nitrile Product Time (m) Yielda,b (%)

1 40 93

2 30 80

3 35 95

4 60 95

5 90 97

6 80 95

7 15 90

8 135 97

9 15 96

10 60 90

11 40 93

a Isolated yield. b Conditions: aryl nitrile (1.0 mmol), sodium azide (1.2
mmol) and the ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) complex (20 mg) in
PEG-400 (5 mL) at 120 °C.

Scheme 2 A possible mechanism for the synthesis of 5-substituted
1H-tetrazoles.
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The textural properties of the [ZrFe2O4@SiO2@GLYMO-oPD-
Cu(II)] complex were studied by nitrogen adsorption–desorption
(Fig. 9). The complex was synthesized with a mean pore diam-
eter of about 29.6 nm, while the total pore volume and surface
area were measured to be 0.18 cm3 g−1 and 24.3 m2 g−1,
respectively. In addition, BJH analysis illustrates a mesopore
size distribution of 2–30 nm (Fig. 9).
4110 | Nanoscale Adv., 2025, 7, 4104–4116
Application of the catalyst

To assess the catalytic activity of the synthesized catalyst, the
synthesis of two classes of nitrogen-containing heterocycles was
investigated: 5-substituted 1H-tetrazoles and 2,3-dihy-
droquinazolin-4(1H)-ones. To optimize reaction conditions, the
effects of solvent, catalyst loading, and temperature were
examined for both reactions.

Initially, benzonitrile was used as a model substrate to
optimize the synthesis of 5-substituted 1H-tetrazoles (Table 1).
A comparison of catalyst-free conditions with varying catalyst
loadings (10–30 mg) clearly demonstrated the catalyst's crucial
role in driving the reaction (Table 1, entries 1–5). Without the
catalyst, no product formation was observed, even aer
extended reaction times (Table 1, entries 1 and 2). Reducing the
catalyst loading to 10 mg led to a 30% decrease in yield (Table 1,
entry 3). Notably, using 20 mg of the catalyst provided the
highest product yield, highlighting its efficiency and mini-
mizing material waste (Table 1, entries 4 and 5). The effect of
solvents on the reaction yield was evaluated by testing different
solvents (Table 1, entries 4 and 6–10). At this stage, several
nonpolar and polar solvents such as DMSO, H2O, ethanol, n-
hexane and ethyl acetate were ineffective and resulted in
incomplete conversion (Table 1, entries 6–10). The research
demonstrated that the solubility of NaN3 plays a role as an
effective parameter in the yield of the target product in polar
and non-polar aprotic solvents. This reaction most likely results
in a very low yield due to the insufficient solubility of NaN3 in
the reaction medium. Among the solvents tested, PEG-400
showed a much higher yield, achieving an isolated yield of
93% (Table 1, entry 4). This behavior can be attributed to the
phase transfer nature of the catalyst, which is facilitated by PEG-
400. Furthermore, the complete ionization of sodium azide salt
in this solvent increases the phase transfer efficiency of the
catalyst. Besides, the use of PEG, as an alternative to traditional
solvents, provides a less toxic and non-volatile reaction
medium, an essential aspect for green chemistry. Additionally,
lowering the reaction temperature resulted in decreased yields,
indicating that the reaction is favored at elevated temperatures
(Table 1, entries 11 and 212).

Aer optimizing the reaction conditions, we evaluated the
catalytic potential of this method for synthesizing various 5-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Optimization of reaction conditions in the synthesis of 2,3-dihydroquinazolin-4(1H)-one

Entry Catalyst Catalyst (mg) Solvent Temperature (°C) Time (min) Yielda,b (%)

1 — — EtOH Reux 12 h N.R
2 ZrFe2O4 35 EtOH Reux 12 h Trace
3 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 45 EtOH Reux 55 95
4 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 EtOH Reux 70 98
5 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 25 EtOH Reux 90 93
6 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 15 EtOH Reux 110 78
7 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 5 EtOH Reux 180 25
8 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 DI water Reux 180 20
9 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 EtOAc Reux 180 68
10 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 CH2Cl2 Reux 180 N.R
11 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 n-Hexane Reux 180 N.R
12 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 EtOH 50 180 68
13 [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] 35 EtOH r.t 180 15

a Isolated yield. b Conditions: 4-chlorobenzaldehyde (1 mmol) and 2-aminobenzamide (1 mmol), EtOH solvent (5 mL).
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substituted 1H-tetrazoles. Table 2 demonstrates that all
aromatic nitrile tetrazoles containing both electron-
withdrawing (NO2, CN, CF3, Cl, and Br) and electron-donating
(CH3, OH) functional groups gave the desired tetrazoles in
excellent yields. Notably, in the case of phthalonitrile, only one
of the adjacent positions underwent selective transformation
into the corresponding tetrazole, resulting in the formation of
the tetrazole derivatives (Table 2, entry 11).

Based on our ndings and previous literature, we propose
that the most likely reaction mechanism is depicted in Scheme
2. Initially, the copper-ligand complex readily binds to nitrile,
which drives the [2 + 3] cycloaddition. Subsequently, an azide
molecule binds to the copper complex, allowing a nucleophilic
attack to form an 18-electron complex. Hydrolysis of this
complex yields the tetrazole anion, releasing the copper catalyst
for further reaction cycles. Protonation of the resulting anionic
intermediate upon acidication completes the reaction,
producing the desired 5-aryl-1H-tetrazole product.26

The catalytic activity of [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]
was further evaluated in the synthesis of 2,3-dihydroquinazolin-
4(1H)-ones. Initially, it was investigated whether 2,3-dihy-
droquinazolin-4(1H)-one formation from 4-Cl-benzaldehyde
and 2-aminobenzamide was possible using ZrFe2O4 or in the
absence of a catalyst as a model substrate (Table 3, entries 1 and
2). Aer 12 h, the resulting yield is very poor. Therefore, catalyst
amounts of about 5, 15, 25, 35 and 45 were investigated (Table 3,
entries 3–7). As observed, the best amount for carrying out the
reaction was 35 mg (Table 3, entry 4). By increasing the amount
of catalyst to 45 mg, there was no benecial effect on produc-
tivity and the reaction rate (Table 3, entry 3). Furthermore, to
improve the product yield, the temperature effect and different
© 2025 The Author(s). Published by the Royal Society of Chemistry
solvents (EtOH, CH2Cl2, EtOAc, n-hexane, and DI water) were
investigated (Table 3, entries 4 and 8–11). Polar protic and
aprotic solvents were able to achieve moderate good yields.
Among these solvents, ethanol was identied as the most effi-
cient option, achieving 98% conversion (Table 3, entry 4).
However, the use of hexane and dichloromethane for 180 min
under reux conditions did not yield satisfactory results due to
their limited ability to dissolve nonpolar materials (Table 3,
entries 10 and 11). Ethanol is not only greener and safer than
many other solvents but also has lower toxicity and is very easy
to transport and dispose of. In addition, ethanol is readily
available, affordable, and can be puried. These types of reac-
tions were also investigated at different temperatures. It was
observed that the reaction at room temperature and 50 °C
signicantly reduced the efficiency, while at 80 °C it gave the
best yield (Table 3, entries 4 and 12 and 13).

To further broaden the scope of this method, various
aromatic aldehydes with electron-rich (CH3, OCH3, OH, and
N(CH3)2) and electron-withdrawing (NO2, Cl, 2,4-Cl, and Br)
substituents were successfully converted into the desired 2,3-
dihydroquinazolin-4(1H)-ones in good yields and short reaction
times under optimized conditions, as summarized in Table 4

Scheme 3 illustrates a possible mechanism for the synthesis
of 2,3-dihydroquinazolin-4(1H)-ones catalyzed by [ZrFe2O4@-
SiO2@GLYMO-oPD-Cu(II)]. The catalytic activity is attributed to
the Lewis acidity of the copper metal center. Initially, the Cu-
based nanocatalyst activates the carbonyl group of the alde-
hyde, facilitating nucleophilic attack by the –NH2 group of 2-
aminobenzamide (1). Subsequently, dehydration of the inter-
mediate, promoted by the metal center, leads to the formation
of the imine intermediate (2). Finally, intramolecular
Nanoscale Adv., 2025, 7, 4104–4116 | 4111
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Table 4 Substrate scope for the synthesis of 2,3-dihydroquinazolin-4(1H)-one derivatives using the ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)
nanocatalyst

Entry aldehyde Product Time (min) Yielda,b (%)

1 55 96

2 130 95

3 300 83

4 300 89

5 120 88

6 300 94

7 60 97

8 300 91

9 35 96

10 70 98

a Isolated yield. b Conditions: 4-chlorobenzaldehyde (1 mmol) and 2-aminobenzamide (1 mmol), the [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] complex
(35 mg) in EtOH solvent (5 mL).

4112 | Nanoscale Adv., 2025, 7, 4104–4116 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 A possible mechanism for the synthesis of 2,3-dihy-
droquinazolin-4(1H)-ones.

Fig. 10 Recycling of [ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)]; the model
reaction under optimized conditions.

Fig. 11 XRD pattern of the recovered nanocatalyst.

Fig. 12 FT-IR spectrum of the recovered nanocatalyst.
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cyclization occurs through the nucleophilic attack of the amide
nitrogen on the activated imine group, resulting in the forma-
tion of the desired product (4).63

Catalyst recycling. The development of highly efficient and
recyclable catalytic systems is a crucial aspect of green chem-
istry, promoting sustainable chemical synthesis and environ-
mental protection. To assess the reusability of our novel
[ZrFe2O4@SiO2@GLYMO-oPD-Cu(II)] nanocatalyst, we conduct-
ed a series of model reactions. As illustrated in Fig. 10, the
catalyst exhibited remarkable reusability, maintaining signi-
cant activity over at least four consecutive reaction cycles. Even
aer the fourth cycle, the reaction efficiency remained at
a commendable 81%, demonstrating the catalyst's durability
and potential for multiple uses. This impressive reusability
highlights the catalyst's potential for sustainable and cost-
© 2025 The Author(s). Published by the Royal Society of Chemistry
effective chemical processes, minimizing waste generation
and reducing the need for fresh catalyst production.

The stability of the recovered catalyst was assessed over ve
reaction cycles using XRD and FTIR analysis. XRD analysis of
the recycled nanocatalysts revealed identical diffraction
patterns to those of the fresh samples, without new signals and
negligible changes (Fig. 11). Similarly, the FTIR spectrum of the
recycled catalyst corresponds to that of the original catalyst
(Fig. 12), indicating that it preserved its structural integrity and
remained active throughout the reaction-recovery-reuse
process.

To assess the potential for copper leaching from the support
surface during catalytic reactions, ICP analysis was conducted
on the reused catalyst following multiple cycles of 2,3-dihy-
droquinazolin-4(1H)-one (Table 4, entry 10) synthesis. The
results showed negligible copper leaching (0.41 mmol g−1),
indicating that the copper complex remains rmly anchored to
the support material throughout the catalytic process. This
demonstrates the stability and reusability of the nanocatalyst,
which is crucial for practical applications that prioritize
economic and environmental sustainability.
Nanoscale Adv., 2025, 7, 4104–4116 | 4113
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Table 5 Comparison of the synthesis of 5-substituted 1H-tetrazole [entries 1–13] and 2,3-dihydroquinazolin-4(1H)-one [entries 15–25]
compounds in model reactions by using different catalysts

Entry Catalyst Time (min) Yield (%) Ref.

1 Fe3O4@HT@AEPH2-Co
II 60 95 49

2 Fe3O4@L-lysine-Pd(0) 60 99 50
3 CoFe2O4@glycine-Yb 140 93 51
4 Fe3O4@SiO2–APTES–TFA 50 96 52
5 Nano-Fe3O4 270 93 53
6 Amberlyst-15 720 93 54
7 Fe3O4@MCM-41@Cu–P2C 180 95 55
8 Fe3O4@SiO2-aminotet-Cu(II) 150 86 56
9 Co-(PYT)2@BNPs 120 98 57
10 B(C6F5)3 580 95 58
11 Cu(II) immobilized on Fe3O4@ SiO2@L-histidine 240 95 59
12 SO3H@MCM-41 120 90 60
13 Fe3O4/SBA-15 180 75 61
14 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 40 93 This work
15 Fe3O4@diaza crown ether@Ni 50 95 62
17 CuCl2/Fe3O4 – TEDETA 60 95 63
18 Nylon@SO3H 30 97 64
19 Fe3O4@NCs-PA 60 95 65
20 Fe3O4@SiO2-TA-SO3H 45 97 66
21 Silica sulfuric acid 180 81 67
22 Fe3O4–Schiff base of Cu(II) 210 95 68
23 Fe3O4@SiO2@DOPisatin-Ni(II) 85 93 69
24 Betacyclodextrin 150 91 70
25 ZrFe2O4@SiO2@GLYMO-oPD-Cu(II) 70 98 This work
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Comparison

Table 5 displays the synthesis of 2,3-dihydroquinazolin-4(1H)-
one and 5-substituted 1H-tetrazole compounds using various
catalysts in comparison with that of [ZrFe2O4@SiO2@GLYMO-
oPD-Cu(II)]. As indicated in this table, the [ZrFe2O4@SiO2@-
GLYMO-oPD-Cu(II)] magnetic nanocatalyst demonstrated
superior performance in terms of yield and time in these reac-
tions. Furthermore, previous synthetic methods were usually
associated with limitations, including the need to use
hazardous solvents and large amounts of catalysts to achieve
desired yields. These limitations not only negatively affected
environmental and safety aspects but also increased opera-
tional costs. In contrast, the magnetic catalyst [ZrFe2O4@-
SiO2@GLYMO-oPD-Cu(II)] is able to operate under milder
conditions, use smaller amounts of catalyst, and use green
solvents such as ethanol and PEG. As a result, this catalyst is
more efficient, environmentally sustainable, and safe.
Conclusion

In conclusion, we have successfully developed a practical and
efficient method for synthesizing complex copper nanocatalysts
supported on magnetic zirconium ferrite. The synthesis
involves a straightforward and sustainable approach, utilizing
readily available and inexpensive precursors. The resulting
catalyst demonstrates remarkable catalytic activity in the
synthesis of biologically important heterocyclic compounds,
such as tetrazoles and quinazolines. The catalyst exhibits
excellent versatility, accommodating a wide range of substrates.
Moreover, the copper complex remains rmly anchored to the
4114 | Nanoscale Adv., 2025, 7, 4104–4116
support, minimizing leaching and ensuring the catalyst's
stability and reusability. The incorporation of magnetic cores
and the organometallic complex facilitates easy recovery and
separation, further enhancing the catalyst's environmental
friendliness and economic viability. This work provides
a promising approach for the development of efficient and
sustainable catalysts for organic synthesis. A recent study
introduces a novel catalyst that outperforms traditional systems
and promises increased selectivity, efficiency, and environ-
mental compatibility. However, it is important to evaluate the
reaction conditions to ensure scalability and real-world appli-
cation. Addressing these challenges provides a balanced
perspective for the industrial adoption of the catalytic process.
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