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hesis of 1,2-dihydro-1-
arylnaphtho[1,2-e] [1,3] oxazine-3-ones using
a magnetic nickel–zinc ferrite nanocatalyst†

Sreelakshmi Sreekandan,a Anjitha Thadathil,b Bindu Mavila,c Kannan Vellayan*a

and Pradeepan Periyat *c

A high quality magnetic nanocatalyst Ni0.5 Zn0.5Fe2O4 (NZF) was synthesized via a sol–gel auto combustion

method. The structure and morphology of the synthesized Ni0.5Zn0.5Fe2O4 (NZF) nanocatalyst were

examined using various physico-chemical methods. The catalytic performance of the catalyst with

varying transition metal composition was investigated for the solvent-free synthesis of 1,2-dihydro-1-

arylnaphtho[1,2-e] [1,3] oxazine-3-ones, and it was found that the yield of the product was 87%. The NZF

nanocatalyst showed excellent catalytic performance for a wide range of substrates with a very low

catalyst loading. The super paramagnetic nature of the NZF nanocatalyst enabled the separation of the

catalyst from the reaction mixture by magnetic recovery. Recyclability of the NZF nanocatalyst was also

investigated, and it was found that the catalyst exhibited a recyclability of three cycles, without any

significant loss in its activity.
1 Introduction

The new era of chemistry focuses on the use of inexpensive
catalysts, with an eco-friendly aspect, which allow aqueous or
solvent-free synthesis without affecting the yield and quality of
the product.1 Nanocatalysis has become an important eld to
achieve such goals. Nanostructured materials have emerged as
powerful heterogeneous catalysts for various organic trans-
formations, in terms of selectivity, reactivity, and improved
yields of products. The high surface-to-volume ratio of nano-
particles provides a larger number of active sites per unit area.2

Nano-catalysts combine the advantages of both homogeneous
and heterogeneous catalytic systems, exhibiting high catalytic
activity (turnover frequency) and selectivity similar to homoge-
neous catalytic systems while allowing the recycling and sepa-
ration of the catalyst aer completion of the reaction as shown
by heterogeneous catalytic systems.3

Magnetically recyclable nano-catalysts (MRNCs) have been
recognized for their role in organic synthesis.4 Such catalytic
systems reduce the number of reaction steps, lower the cost of
the process and minimize waste generation.5 Recently, multi-
metallic systems with magnetic properties have been used as
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catalysts for conducting one-pot multistep reactions.6 Multi-
metallic nanoparticles, which contain more than two distinct
metals, exhibit synergistic effects that enhance the catalytic
activity.7 These multimetallic nanoparticles combine the prop-
erties of their individual constituents, resulting in characteris-
tics that are superior to those of their constituents, thereby
achieving improved activity, selectivity and stability.8 The
difference in electronegativity between the individual metal
nanoparticles can induce electron transfer, leading to the
generation of electron-poor and -rich regions on the multi
metallic surface. This electronic effect promotes high electron
uptake and increases the electron transfer between the target
molecules, resulting in a high catalytic activity of multi metallic
nanocatalysts.9

According to previous researches, trimetallic NPs exhibit
unique characteristics and demonstrate higher reactivity than
bimetallic and monometallic nanomaterials. They can be
employed as efficient nanocatalysts, antimicrobials and anti-
cancer agents.10 Trimetallic nanocatalysts display enhanced
catalytic performance and higher stability, making them
promising photocatalysts and adsorbents for the elimination of
hazardous pollutants and contaminants.11

Ferrite nanoparticles provide increased surface area for
organic groups to anchor, which enhances the product yield
and reduces the reaction time, providing a cost-effective and
efficient method for organic transformations.12 Various organic
reactions are reported, such as the photocatalytic decomposi-
tion of different dyes, alkylation, dehydrogenation, oxidation
and C–C coupling, with nano-ferrites as the catalyst.13 Multi-
metallic ferrites such as Ni–Mg–Zn ferrite, Ni–Co–Zn ferrite, Ni–
RSC Adv., 2025, 15, 4553–4561 | 4553
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Scheme 1 Synthesis of the Ni0.5Zn0.5Fe2O4 nanocatalyst.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 9
:1

9:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Zn–Al ferrite, Pd–Bi ferrite, Co–Sm ferrite, Co–Ce ferrite, Mg–Ce
ferrite, and Co–Zn–Gd ferrite have been proven to be promising
materials for waste water treatment, computer memory, elec-
tromagnetic interference ltration, transesterication and gas
sensing applications.14–22 The pure zinc ferrite (ZnFe2O4) and
ZnNd2O4 have demonstrated high activity for the coupling
reaction.23 Ferrite nanomaterials have been employed as
a catalyst for condensation and cyclization reactions, oxidation
of various alkenes, alkylation, C–C coupling, dehydrogenation
reactions and synthesis of organic compounds such as aryl-
amines and acetylferrocene chalcones.11,24 CuO nanoparticles
are potential candidates, showing antibacterial effect against
both Gram-negative and Gram-positive bacteria.25,26 Magnetic
nanodendrimers have shown promising catalytic activity for
a wide variety of organic transformations such as coupling,
reduction, cycloaddition and oxidation.27 Green-synthesized
Zn0.5Ni0.5FeCrO4 magnetic nanoparticles (MNPs), which are
magnetically recoverable, exhibit signicant photocatalytic
activity due to their unique composition, which enhances the
generation of reactive species when exposed to light. Their
synthesis through environmentally friendly methods oen
involves the use of plant extracts, which not only reduces the
use of harmful chemicals but can also enhance the properties of
nanocatalysts.28

The recovery of catalysts from the system is a crucial char-
acteristic for the catalyst to be acceptable in green chemical
manufacturing processes in industry. The ferrite nanocatalysts
can be separated easily from reaction systems using an external
magnet and can be reused with minimal loss of catalytic
activity. Magnetic separation reduces secondary waste genera-
tion and energy consumption.29 Multicomponent reactions are
gaining increasing interest in the synthesis of biologically
important compounds, as they simplify the possess of building
up complex molecules.30

Heterocyclic compounds (HC) with ve and six membered
rings play a vital role in medicinal chemistry, thus making the
synthesis of heterocycles with reusable nanocatalysts increas-
ingly important in the pharmaceutical and organic chemistry
elds. Oxazinone, benzoxazinone and their derivatives are
important classes of heterocyclic compounds that exhibit bio-
logical activities, such as HIV-1 reverse transcriptase inhibitors.31

Various heterocyclic compounds have demonstrated anti-
bacterial, antifungal, antiviral and anti-inammatory proper-
ties.32 Heterocycles constitute a common structural unit of most
marketed drugs, with 60% of unique small-molecule drugs
containing nitrogen.33 Recent advancements have utilized
nanoparticles as effective catalysts in the synthesis of nitrogen-
containing heterocyclic compounds; for example, MgO nano-
catalysts have been employed in the preparation of dihy-
dropyrano [2,3-c]pyrazole derivatives.34 Additionally a Schiff
base complex of copper immobilized on core–shell magnetic
nanoparticles Cu(II)-SB/GPTMS@SiO2@Fe3O4 has been re-
ported to be efficient in the synthesis of biologically active
polyhydroquinoline derivatives.35,36

2-Naphthol and naphthoxazinones and their derivatives
were reported to possess bactericidal, antioxidant and chelating
properties in the metal-catalysed asymmetric synthesis and they
4554 | RSC Adv., 2025, 15, 4553–4561
have cytotoxic and antifungal activities.37,38 Chiral Mannich
bases of b-naphthol are commonly used as metal-mediated and
ligand-accelerated catalysts in enantioselective carbon–carbon
bond formation.39,40

Various strategies employing harsh reaction conditions have
been reported for the synthesis of 1,2-dihydro-1-arylnaphtho
[1,2-e] [1,3] oxazine-3-ones by the condensation of aldehyde with
b-naphthol and urea in the presence of FeCl3 under microwave
assistance,41 thiamine hydrochloride catalyst in alcohol42 and
Sr(OTf)2 as the catalyst in chloroform.43 It is desirable to develop
a more efficient, simple, less expensive and less toxic one-pot
method for the synthesis of 1,2-dihydro-1-aryl naphtho[1,2-e]
[1,3] oxazine-3-ones. In this work, we demonstrate a method to
extend the scope of the three-component condensation of b-
naphthol, aryl aldehydes and urea, using efficient, readily
available, simply synthesized and magnetically retrievable
nickel zinc ferrite (NZF) nanoparticles as the catalyst under
solvent free conditions.

2 Experimental
2.1 Synthesis of Ni0.5Zn0.5Fe2O4 (NZF) nanocatalysts

The nanocatalyst Ni0.5Zn0.5Fe2O4 (NZF) was synthesized by
a sol–gel auto combustion method (Scheme 1).43–45 Solutions of
iron nitrate (Fe (NO3)3$9H2O) at a concentration of 2.0 M, nickel
nitrate (Ni (NO3)2$6H2O) at a concentration of 0.5 M and zinc
nitrate (Zn (NO3)2$6H2O) at a concentration of 0.5 M were used
as the precursors for the nanoparticle synthesis. The iron
nitrate, nickel nitrate, and zinc nitrate solutions were mixed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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thoroughly with citric acid (C6H8O7) at a concentration of 2.2 M
to form a clear solution. The pH of the solution was adjusted to
7 by the addition of ammonia solution. This step was important
to create optimal conditions for the gel formation. The solution
was stirred continuously and kept at a temperature of 90 °C
until a gel-like substance formed. The gelling process helped to
form the desired nanoparticle structure. The gel was then
heated to 150 °C to initiate a self-propagating combustion
process. This combustion helped to further transform the gel
into the desired NZF nanoparticle structure. The resultant loose
powder from the combustion process was crushed well to break
down any large particles. This step ensured uniform particle
size distribution. The crushed powder was then calcined at
a temperature of 550 °C for 4 h. It helped further solidication
of particles and formation of the spinal phase. The ratio of
nitrates to citric acid used in the synthesis is 1 : 2.77. This ratio
had been optimized to obtain the desired properties of the NZF
nanoparticles.
2.2 Characterisation of Ni0.5Zn0.5Fe2O4 (NZF) nanocatalysts

The as synthesized Ni0.5Zn0.5Fe2O4 (NZF) nanocatalysts were
characterized by powder X-ray diffraction (XRD) (X'Pert3 Powder
with CuKa (l = 1.5406 Å) radiation) and FTIR spectroscopy
(JASCO FTIR-model 4100, in the range of 350–4000 cm−1 by the
KBr pellet method).

The morphology was investigated by scanning electron
microscopy (Hitachi S-3000H) and transmission electron
microscopy (JEOL/JEM2100 with a 200 kV accelerating voltage
and a lattice resolution of 0.14 nm) analysis.

The XRD pattern of the catalyst shows an average size of
10 nm, calculated using the Scherrer formula in eqn (1). The
broadening of diffraction peaks can be attributed to the bulk to
nanoscale conversion of crystallite sizes.

D = kl/(b cos q) (1)

The Scherrer formula describes the broadening of a peak at
a particular diffraction angle (q), where D is the crystalline
domain size and b is the width of the peak at half of its height.
The Scherrer constant k is typically considered to be 0.91 but
can vary with themorphology of the crystalline domains and l is
the wavelength of X-rays used.

These well characterized Ni0.5Zn0.5Fe2O4 (NZF) nanocatalysts
were used for the synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e]
[1,3] oxazine-3-ones.
Fig. 1 X-ray diffraction patterns of nickel ferrite (NF) and Ni0.5Zn0.5-
Fe2O4 (NZF) nanoparticles.
2.3 Synthesis of 1,2-dihydro-1-arylnaphtho [1,2-e] [1,3]
oxazine-3-ones using Ni0.5Zn0.5Fe2O4 (NZF)

A mixture of aryl aldehyde (1 mmol), b-naphthol (1 mmol) and
urea in the presence of the Ni0.5Zn0.5Fe2O4 catalyst (80 mg) was
stirred under solvent free conditions at a temperature of 120 °C.
The progress and completion of the reaction were monitored by
thin layer chromatography. The insoluble catalyst was
magnetically removed and the solvent was evaporated from the
reaction mixture followed by column chromatography over
silica gel using the solvent mixture of chloroform-ethyl acetate
© 2025 The Author(s). Published by the Royal Society of Chemistry
(7 : 3) to get the pure product. The product was then charac-
terised by 1H NMR (nuclear magnetic resonance) spectroscopy
to determine the molecular structure.

3 Results and discussion
3.1 Catalyst characterization

3.1.1 X-ray diffraction. The X-ray diffraction technique is
a powerful non-destructive method to understand the crystal-
lographic structure, chemical composition and physical prop-
erties of nanocatalysts.46 The XRD patterns of nickel ferrite (NF)
and Ni0.5Zn0.5Fe2O4 (NZF) nanoparticles are shown as Fig. 1.
The reections corresponding to the (111), (220), (311), (222),
(400), (331), (422), (511) and (440) lattice planes in the XRD
patterns of ferrite nanoparticles conrmed the formation of
a spinel cubic structure belonging to the Fd�3m space group. The
characteristic diffraction peaks were in good agreement with
JCPDS-00-008-0234. Each peak can be evaluated independently
and should produce a consistent crystalline domain size as long
as the sample can be roughly approximated as uniform,
spherical particles.

The average crystallite size (D) of the NZF nanoparticles (10
nm) was calculated from the broadening of the most intense
peak (311) of the sample. The crystallite size increases when
more Ni2+ ions are replaced by Zn2+ ions (0.83 Å) with a large
size compared to Ni2+ ions (0.78 Å).

3.1.2 FT-IR spectral analysis. FT-IR spectra of the NZF
nanocatalyst are shown as Fig. 2. It has been reported that the
distinct IR bands of solids correspond to the vibrational modes
and position of ions in the crystal lattice.47 Notably two main
absorption bands have been observed in the ngerprint region
around 350–590 cm−1. These bands were attributed to the
stretching vibration of metal ion-oxygen bonds in the tetrahe-
dral and octahedral sites. For NZF nanoparticles, the octahedral
and tetrahedral M–O stretching vibrations have been observed
at 396 cm−1 and 579 cm−1, respectively. The splitting of the
absorption bands has been attributed to the local lattice
RSC Adv., 2025, 15, 4553–4561 | 4555
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Table 1 Magnetic properties of NZF nanoparticlesa

Nanoparticles TB (K) Ms (emu g−1) Mr (emu g−1) Hc (Oe)

NZF 56.2 45.38 4.85 28.8

a TB (K): blocking temperature,Ms (emu g−1): saturation magnetization,
Mr (emu g−1): remanent magnetization and Hc (Oe): coercivity.

Table 2 Optimization of solvents in the synthesis of 1,2-dihydro-1-
arylnaphtho[1,2-e] [1,3] oxazine-3-ones

Solvent Time (min) Yield (%)

Water 120 45
Ethanol 120 72
Toluene 120 55

Fig. 2 FTIR spectra of NZF nanoparticles.
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View Article Online
deformation, as evident from the spectra.48,49 Additionally,
a peak observed at 3403 cm−1 has been attributed to the
symmetric stretching vibration of –OH groups of adsorbed
water.

3.1.3 SEM and TEM analysis. The morphology and size
distribution of the NZF nanoparticles have been examined by
SEM analysis and it was found that the particles have slight
agglomeration as shown in Fig. 3(a). The nanoparticles tend to
agglomerate and grow into larger assemblies, which may be
attributed to their high surface energies.50 TEM micrographs of
nanocrystalline NZF nanoparticles are shown as Fig. 3(b). In the
TEM image, most of the particles exhibited roughly spherical
structures. The Ni0.5Zn0.5Fe2O4 (NZF) nanocatalysts synthesized
in the current study have an average particle size of 10 nm.

3.1.4 Magnetic properties of NZF nanoparticles. The
magnetic properties measured for NZF are listed in Table 1. Ni–
Zn ferrites are associated with high magnetic permeability.51

The total magnetization of the NZF system increased due to the
increase of inter-sublattice A–B super exchange interaction
between the magnetic ions of A and B sublattices. In nickel zinc
ferrites of spinel structure, the tetrahedral A sites have been
Fig. 3 (a) SEM and (b) TEM images of NZF nanoparticles.

4556 | RSC Adv., 2025, 15, 4553–4561
strongly favoured to be occupied by Zn2+ ions and the octahe-
dral B sites by Ni2+ ions. The cation distribution in NZF can be
expressed by (ZnxFe1−x)A (Ni1−xFe1+x)BO4. As nonmagnetic Zn2+

ions are introduced to the NF system, it pushes more Fe3+ ions
from tetrahedral A sites to octahedral B sites, and as a result the
magnetic moment of the B site increases. Therefore, the total
magnetization increases; this increase in saturation magneti-
zation is in good agreement with Néel's collinear two-sublattice
model.52,53
3.2 Synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3]
oxazine-3-ones

Aer the synthesis and complete characterisation of the NZF
nanocatalyst, the nanocatalyst has been scrutinized in the
synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-
ones. Various parameters such as reaction conditions, type of
solvent used, reaction time, temperature and the amount of
catalyst loading have been optimised.

Solvent free condition has been tested at various tempera-
tures starting from 30 °C. The maximum yield has been ob-
tained at 120 °C, and no further increase in yield was obtained
when increasing the temperature. In order to study the effect of
the catalyst, the reaction has been carried out in the absence of
Table 3 Optimization of catalyst loading for the synthesis of 1,2-
dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-ones

Amount of catalyst (g) Time (min) Yield (%)

0.020 120 64
0.030 120 69
0.040 120 71
0.050 120 76
0.060 120 78
0.070 120 82
0.080 120 87
0.090 120 87

DCM 120 65
Solvent free 120 87

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of catalytic performance of the NZF nano-
catalyst with other multimetallic nanocatalysts in the synthesis of 1,2-
dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-ones

Catalyst Reaction condition Yield % Reference

Co0.5Mg0.5Al2O4 Solvent-free 52 —
ZnO Solvent-free 74 45
Fe3O4 Solvent-free 54 46
Ni0.5Zn0.5Fe2O4 Solvent-free 87 NZF catalyst
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the catalyst under the same reaction condition. A trace amount
of product was obtained, clearly indicating the role of the
catalyst.
Scheme 3 Proposed mechanism for the synthesis of 1,2-dihydro-1-aryl

Scheme 2 Synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3] oxa-
zine-3-ones under optimized conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2.1 Solvent screening studies. To investigate the effect of
solvents on the synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e]
[1,3] oxazine-3-ones, solvents such as water, ethanol, dichloro-
methane (DCM) and toluene have been used and the % yield is
summarized in Table 2 [the amount of catalyst used was 80 mg
and the reactions were carried out at 120 °C]. The catalytic
reaction yielded a moderate result in the polar aprotic solvent
DCM. The reaction showed little progress in water. Among the
solvents selected, ethanol gave a better yield of 72%, whereas
under solvent free conditions 87% yield was obtained.

3.2.2 Effect of catalyst loading. The amount of catalyst has
been varied as 20, 30, 40, 50, 60, 70 and 80 mg and the results
are summarized in Table 3. The optimum catalyst loading has
been found to be 80 mg, and a further increase in the amount of
catalyst did not lead to any change in the yield.

3.2.3 Effect of temperature. To optimize the temperature,
a mixture of b-naphthol (1 mmol), aldehyde (1 mmol) and urea
(1 mmol) has been heated in the presence of 80 mg of NZF
nanocatalyst under solvent free conditions, at various temper-
atures ranging from 30 °C to 150 °C. The maximum yield has
been obtained at 120 °C.

A comparison of catalytic activity of Ni0.5Zn0.5Fe2O4 (NZF)
nanocatalysts with that of other catalysts in the solvent free
naphtho[1,2-e] [1,3] oxazine-3-ones using NZF nanoparticles.

RSC Adv., 2025, 15, 4553–4561 | 4557

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05486e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 9
:1

9:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-
ones is given in Table 4.

In summary, the optimization studies revealed that the
Ni0.5Zn0.5Fe2O4 (NZF) nanocatalyst showed good yield in the
synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-
ones with a reaction time of 120 minutes at 120 °C under
solvent free conditions (Scheme 2).

The proposed mechanism for the synthesis of 1,2-dihydro-1-
arylnaphtho[1,2-e] [1,3] oxazine-3-ones is shown as Scheme 3. In
the initial step, reactants get adsorbed on the surface of the
catalyst. The nanocatalyst bears high surface area, which
Table 5 Synthesis of 1,2-dihydro-1-arylnaphtho[1,2-e] [1,3] oxazine-3-o

Sl. no. b-Naphthol Aldehyde Urea

1

2

3

4

5

6

7

8

a Reaction condition: aryl aldehyde (1 mmol), b-naphthol (1 mmol) and u
120 °C under solvent free condition.

4558 | RSC Adv., 2025, 15, 4553–4561
increases the adsorption of reactant molecules. The unique
surface chemistry associated with the nanocatalyst and higher
zeta potential value help in the stabilization of the nanocrystal
system.54,55 In NZF, Zn2+ is the main active component having
Lewis acid properties and superior catalytic properties.56,57 The
NZF catalyst activates the carbonyl group of the aldehyde via co-
ordination of the vacant orbital present on Ni2+ with carbonyl
oxygen. The carbonyl group is then polarized because of the
difference in electronegativities between carbon and oxygen.
Aer this step, the unshared pair of electrons in the nitrogen
atom of amine is attracted to the partially positive carbon of the
nes by varying the aldehydesa

Product Yield % M.P. (°C)

87 216

89 188

85 182

86 183

82 203

87 168

85 225

Trace

rea in presence of catalyst Ni0.5Zn0.5Fe2O4 (80 mg), at a temperature of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbonyl group. This facilitates the reaction of aryl aldehydes
with beta-naphthol, generating an intermediate.58 Again, the
catalyst activates the intermediate and thus accelerates intra-
molecular cyclization to give the desired product. It was re-
ported previously that the use of smaller catalyst particles
(10 nm in the present work) can enhance the catalytic perfor-
mance by reducing the diffusion path, providing more active
sites, enhancing stability and workability under reactive
environments.59–61

Semi-empirical calculations provide a reliable method for
the study of organic reaction mechanisms, balancing compu-
tational efficiency in modelling chemical processes, structures
and properties to give evidence for the proposed mechanism.62

Theoretical calculations were performed to predict the transi-
tion state using the semiempirical PM6 method. The proposed
mechanism is in agreement with the theoretically obtained
transition state. The transition state obtained and IRC pathway
details are included in the ESI.†

Aer optimizing the reaction conditions, in order to study
the electronic effect of substituted aryl aldehydes, the reactions
have been repeated with a variety of substituted aryl aldehydes
with electron releasing and electron withdrawing groups while
keeping 1 and 3 as xed substrates. The results are summarized
in Table 5. The yield of the product depends on both the elec-
tronic effect of reactants and the polarity of the carbonyl group
in aldehydes. Aromatic aldehydes with both electron-donating
and electron-withdrawing groups reacted and gave the prod-
ucts in good yields. Aldehydes with electron withdrawing
groups gave higher yields (Table 5). Poor yield of product was
obtained when using veratraldehyde, which may be due to the
steric hindrance.
3.3 Recyclability studies

Recyclability is crucial in terms of economy and sustainability.
The catalytic process was repeated over three consecutive reac-
tion cycles to study the recyclability of the catalyst. Magnetic
separation is an important property for the separation and
Fig. 4 Recyclability of the catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
reuse of nano-catalysts. The super paramagnetic nature of the
NZF nanocatalyst enables the separation of the catalyst from the
reaction mixture using a permanent magnet by magnetic
recovery. The separation of magnetic solid catalysts was found
to be fast, simple, convenient, and efficient by using an external
magnet. Aer each cycle, the catalyst has been washed with
ethanol at 60 °C, dried and used again. It was found out that the
NZF catalyst can be reused three times without any signicant
loss of catalytic activity towards the synthesis of 1,2-dihydro-1-
arylnaphtho[1,2-e] [1,3] oxazine-3-ones. The variation of
percentage yield with the number of cycles is depicted as Fig. 4.

The H1-NMR and C13-NMR spectral data of the products are
incorporated in the ESI le.†
4 Conclusions

The work presented here demonstrated a novel approach to the
synthesis of 1,2-dihydro-1-aryl naphtho [1,2-e] [1,3] oxazine-3-
ones using the nanocatalyst Ni0.5Zn0.5Fe2O4. The NZF nano-
catalyst was prepared by using a sol–gel auto combustion
method, involving the reaction between Fe (NO3)3$9H2O, Ni
(NO3)2$6H2O and Zn (NO3)2$6H2O. The prepared NZF catalysts
were found to be magnetically separable and demonstrated
promising catalytic efficiency for organic conversions. The
catalyst proved to be an effective heterogeneous catalyst for the
one-pot synthesis of naphthoxazinones, which are of signicant
medicinal importance. The reaction involved three-component
coupling of b-naphthol, aromatic aldehydes and urea using the
NZF nanocatalyst, which had several advantages like high yield,
environmental suitability and simple work-up procedure. A
mechanism was proposed for the reaction, which was further
supported by computational studies. The catalyst was recovered
and reused without signicant loss in the catalytic activity. The
structures of the newly synthesized products were conrmed
through spectroscopic data. The study demonstrated that the
NZF nanocatalyst provided a promising route for the synthesis
of naphthoxazinones and similar compounds in organic
synthesis.
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