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Efficient synthesis of tetrazoles via [2 + 3]
cycloaddition reaction catalyzed by cobalt—nickel

on magnetic mesoporous hollow spheresy
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This study reports the fabrication and characterization of a novel magnetic Co—Ni/FesOs@mesoporous

silica hollow sphere (Co-Ni/Fes04@MMSHS) nanocomposite. Then, it was used as an effective

nanocatalyst to efficiently synthesize tetrazoles from various aromatic nitriles and sodium azide through

a [2 + 3] cycloaddition reaction. This nanocatalyst was provided through a multi-step process involving

the preparation of carbon spheres, their magnetization with FezO,4, loading with cobalt and nickel

nanoparticles, and subsequent silica coating and calcining to form a mesoporous hollow structure. The

nanocatalyst was characterized using various techniques, including FT-IR, XRD, FE-SEM, EDS, elemental

mapping, BET, and VSM, confirming its successful synthesis and desired properties. The catalytic
performance of the Co-Ni/Fes04@MMSHS was evaluated for the synthesis of a range of tetrazole
derivatives. The results demonstrated high catalytic activity, achieving excellent product yields (up to
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98%) within short reaction times (8—44 minutes) under mild conditions. The catalyst demonstrated

excellent recyclability and reusability, making it an environmentally friendly and economically viable
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1. Introduction

Catalysts are substances that enhance the rate of a chemical reac-
tion without being consumed.'* Catalysts are pivotal in numerous
chemical processes, significantly accelerating reaction rates that
would otherwise be prohibitively slow or not occur.? By lowering the
activation energy required for a reaction, the catalysts enhance
efficiency and reduce energy consumption, thereby minimizing
production costs.** Furthermore, many catalysts exhibit selectivity,
enabling the targeted synthesis of desired products while sup-
pressing the formation of undesirable byproducts.®®

They play an essential role in many industrial processes,
including the production of chemicals,®** fuels,"”** and phar-
maceuticals."** Also, the catalysts are crucial in reducing
emissions within the automotive industry and other sectors.'*™**

Recent advancements in nanotechnology have spurred the
development of innovative catalytic materials, particularly
porous®*?** and hollow®?® nanostructures. These novel catalysts
offer substantial advantages over their conventional counterparts.

These nanocatalysts exhibit exceptional catalytic activity due
to their remarkably high surface-to-volume ratios, facilitating

Department of Organic Chemistry, Faculty of Chemistry, University of Kashan, Kashan,
87317-51167, 1. R. Iran. E-mail: Naeimi@kashanu.ac.ir; Fax: +983155912397; Tel:
+98-31-55912388

T Electronic  supplementary  information
https://doi.org/10.1039/d5ra02982a

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

choice for tetrazole synthesis. This study emphasizes the potential of using rationally designed
nanocatalysts for efficient and sustainable organic transformations.

enhanced interaction with reactants and accelerating reaction
kinetics. Moreover, the unique architectures of porous and
hollow nanostructures provide precise control over reaction
environments and offer a significantly increased density of
active catalytic sites.”” These distinctive properties render
nanocatalysts highly promising for a wide range of applications,
including energy conversion, environmental remediation, and
the sustainable production of chemicals and pharmaceuticals.”®

Hollow nanostructures are one of the new fields of research
in nanosciences. These nanostructures are one of the most used
organic reaction catalysts due to their unique capabilities such
as; large surface area, large and adjustable internal volume,
etc.” The shell of these nanostructures provides the possibility
of optimizing the contact surface of the catalyst with the reac-
tant, which, due to this unique feature, increases the efficiency
of the catalyst.*® Changing their compounds can improve cata-
Iytic activity, stability, and resistance to catalyst poisoning. One
of the outstanding advantages of these structures is the ability
to magnetize them. This feature allows the nanocatalyst to be
easily separated from the reaction medium and recycled. In
green chemistry, these nanostructures reduce the consumption
of dangerous chemicals for the environment. In addition to
catalysis applications, the hollow nanostructures have many
applications in other fields, such as energy storage,* sensors,*
and drug delivery.* This versatility is due to the ability to adjust
their structural properties, allowing researchers to find inno-
vative applications for these nanostructures.
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A diverse array of nanocatalysts exists, encompassing
metallic, metal oxide, and metal-polymer hybrid materials.>*3¢
Each class exhibits unique physicochemical properties,
rendering them suitable for specific applications. Furthermore,
incorporating multiple metals within a single catalytic system
has emerged as a prominent strategy in modern catalysis. This
approach, often called bimetallic or multimetallic catalysis, has
significantly enhanced the efficiency of numerous organic
transformations. The synergistic interactions between the
different metals within these systems usually lead to dramatic
improvements in catalytic activity, enabling rapid and highly
efficient conversion of reactants to desired products.

Tetrazoles are aromatic heterocyclic compounds consisting
of a five-membered ring containing four nitrogen atoms and
one carbon atom. Due to their stability and similarity to the
carboxylate group, they are used as pharmaceutical precursors
to design advanced drugs. The presence of multiple nitrogens in
the structure of these compounds enables them to create strong
hydrogen bonds, which makes them useful in certain chem-
icals. In addition, tetrazoles are the precursors of many effective
and valuable catalysts in the synthesis of complex materials.?”
Also, scientists have found antibacterial and anti-cancer prop-
erties in certain tetrazoles through their research.

One of the most common methods for synthesizing tetrazoles
is using various nitriles in the presence of sodium azide. A
common approach is [2 + 3] cycloaddition reactions using nitriles
and sodium azide as raw materials. This method is popular due
to its simplicity and high efficiency. Sinha et al. developed 5-
substituted 1H-tetrazoles by creating a cobalt(i1) complex with the
tetradentate  ligand  N,N-bis(pyridin-2-ylmethyl)quinoline-8-
amine, utilizing nitrile derivatives alongside sodium azide.
They employed cobalt complexes in a [2 + 3] cycloaddition reac-
tion to synthesize 1H-tetrazoles for the first time.*® Safari and
colleagues synthesized tetrazole derivatives from N-aryl cyana-
mides and sodium azide utilizing CuO-NiO-ZnO through both
ultrasonic and thermal methods.?* Acid, base, or metallic cata-
lysts have advanced these reactions. The use of an acid catalyst,
which must be a strong acid, reduces reaction time and high
selectivity in product type, but one of the major problems of
using strong acid is the corrosion of equipment, especially on an
industrial scale. On the other hand, using strong bases as cata-
lysts in synthetic tetrazoles is a common and compatible method
with sensitive functional groups. These reactions are carried out
in polar solvents, and their advantages include reducing the
production of unwanted products, but one of the significant
disadvantages of this method is the possibility of unwanted
formation of tetrazolium salts.

Synthesizing tetrazoles with nanocatalysts presents safety,
stability, efficiency, and design challenges. Addressing these
challenges requires innovative strategies to create safe and
appropriate nanocatalysts for industrial use. Nanocatalysts have
attracted significant attention due to advantages such as a high
surface-to-volume ratio, easy recovery, and reusability. However,
several challenges remain in the catalyzed synthesis of tetrazole
derivatives via [2 + 3] cycloaddition reaction. The handling and
reuse of nanocatalysts can be unstable under reaction conditions,
reducing reusability and complicating the separation process.
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Numerous nanocatalysts, particularly those using metal catalysts
on inorganic supports, can experience desorption throughout the
reaction or work-up stages. This desorption may decrease catalyst
efficiency and lead to product contamination. In addition, the
formation of stable metal-tetrazole complexes may complicate
the separation process and impact overall efficiency. Without
a suitable catalyst, the [2 + 3] cycloaddition reaction is slow and
yields low amounts. Although nanocatalysts can somewhat over-
come this problem, not all are equally efficient.

This research investigated the effects of a novel heterogeneous
catalyst based on magnetic silica hollow spheres containing
cobalt and nickel metals on the synthesis of tetrazoles from
various nitrile derivatives and sodium azide. This catalyst with
a unique structure has the potential to significantly improve the
efficiency and speed of the reaction compared to traditional
methods. The traditional synthetic methods of tetrazoles are
often associated with problems such as; using harmful organic
solvents, the need for harsh reaction conditions, and the
production of side products. In this method, we seek to present
a greener and more efficient process for synthesizing tetrazoles.

2. Experimental

2.1. Materials and apparatus

To guarantee optimal results, all reagents used in this study
were of analytical grade purity and sourced from reputable
chemical suppliers, Merck, Fluka, and Sigma-Aldrich. All other
reagents were used without further purification. The progress of
the reaction was monitored using thin-layer chromatography
(TLC) with silica gel 60 F,s, plates. The melting points of the
synthesized organic compounds were analysed using a Thermo
Scientific 9200 melting point apparatus. Fourier transform
infrared (FT-IR) spectra were obtained using potassium
bromide (KBr) pellets on a Nicolet IMPACT-400 FT-IR spectro-
photometer, covering the range of 400 to 4000 cm™*. "H NMR
spectra were obtained using a Bruker DRX-400 spectrometer,
with CDCl; as the solvent and tetramethylsilane (TMS) as the
internal standard. Also, X-ray powder diffraction (XRD) patterns
were obtained using a Panalytical X'Pert Pro diffractometer that
utilized a Cu Ko, radiation source (A = 1.54 A). A BELSORP-mini
II device evaluated nitrogen adsorption and desorption
isotherms at 77 K. The BET (Brunauer-Emmett-Teller) method
calculated the specific surface area. The magnetic properties of
the catalyst were evaluated at room temperature using
a vibrating sample magnetometer (model VSM 7300, Meghnatis
Daghigh Kavir Co., Kashan, Iran) with an applied magnetic field
of 15 kOe. Finally, High-resolution imaging of the nanoparticles
was performed with a Zeiss field emission scanning electron
microscope (FE-SEM) set to an accelerating voltage of 15 kV.

2.2. General procedure for preparation of Co-Ni/
Fe;0,@magnetic mesoporous silica hollow spheres (Co-Ni/
Fe;0,@MMSHS)

First, 12 g of p-glucose was dissolved in 80 mL of deionized water
to obtain a clear solution. The solution was placed in a 300 mL
Teflon-lined steel autoclave and processed for 5 h at 180 °C. Once
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the contents inside the Teflon-lined steel autoclave reached
ambient temperature, the carbon spheres were separated using
a centrifuge (5500 rpm, 5 min), washed several times with
deionized water and ethanol, and dried at 50 °C for 12 h.

To prepare magnetic Fe;O, nanoparticles, ultrasonic waves
dissolved 9.6 g of FeCl;-6H,0 and 4 g of FeCl, -4H,0 well in
90 mL of deionized water. The resulting solution was transferred
to a 250 mL flask equipped with an N, system and stirred for
30 min by a mechanical stirrer. Then, the solution temperature
was raised to 90 °C, stirred for another 30 min, and then, 24 mL
of 30% ammonia was added drop by drop to the solution with
a syringe. After the reaction mixture was stirred for another 2 h at
90 °C, it was brought to ambient temperature, and magnetic
nanoparticles were separated with the help of an external magnet
and washed several times with deionized water. The obtained
magnetic nanoparticles were dried for 8 h at 60 °C and stored in
a sealed container for use in the following steps.

To magnetize the carbon spheres synthesized in the previous
step (Fe3O, to carbon spheres ratio of 1:1.67), place 1.2 g of
Fe;O, nanoparticles in 160 mL of hydrochloric acid solution
(pH = 2.3). In a separate container, add 2 g of carbon spheres to
120 mL of hydrochloric acid solution (pH = 2.3). Both mixtures
were exposed to ultrasound waves for 20 minutes to ensure
proper dispersion. The two solutions prepared in the previous
step were slowly added to each other and stirred for 6 h. Then,
the magnetic carbon nanospheres were separated with an
external magnet and washed well with deionized water to
neutralize them. Finally, the magnetic carbon nanospheres
(Fe;0,@carbon nanospheres) were dried at 50 °C for 12 h.

To load cobalt and nickel nanoparticles on the surface of
magnetic carbon nanospheres (Co-Ni/Fe;O,@carbon nano-
spheres), 10 mg of each CoCl,-6H,0 and NiCl,-6H,0 salts were
first dissolved in 60 mL of deionized water. The prepared
solution was gradually added to 300 mg of magnetic carbon
spheres suspended in 50 mL of deionized water. The resulting
mixture was stirred for 10 h by a mechanical stirrer. The carbon
nanospheres functionalized with nickel and cobalt were sepa-
rated from the reaction medium using an external magnet,
washed several times with deionized water and ethanol, and
maintained at 50 °C for 12 h.

In the last step, the Co-Ni/Fe;O,@carbon nanospheres
prepared in the previous step were dispersed in 80 mL of deionized
water for 20 min with the help of ultrasonic waves. Then, 60 mL of
ethanol, 2 mL of 30% ammonia, and 0.3 g of CTAB were added to
the prepared solution and stirred vigorously. After 10 min, 400 puL
of TEOS were added to the reaction mixture. Finally, after 8 h, the
nanoparticles were separated with an external magnet and washed
with water and ethanol. The nanoparticles were dried at 50 °C for
12 h. Then, the dried nanoparticles were calcined at 400 °C with
a ramping rate of 2 °C per minute for 7 h in an air atmosphere to
obtain the Co-Ni/Fe;0,@MMSHS.

2.3. General procedure for the synthesis of tetrazole
derivatives

A 25 mL round-bottom flask equipped with a magnetic stirrer
was set up with the following reagents: 1.2 mmol of sodium
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azide, 1 mmol of an aromatic nitrile, 8 mg of Co-Ni/Fe;0,@-
MMSHS as a catalyst, and 5 mL of H,O/EtOH (1:1) as the
solvent. The reaction mixture was heated at 60 °C for the time
indicated in Table 4. The progress of the reaction was moni-
tored using thin-layer chromatography (TLC). Once the reaction
was complete, the container's contents were cooled to room
temperature, and the magnetic catalyst was separated from the
reaction environment using an external magnet. The separated
catalyst was washed several times with distilled water and
methanol and then dried at 50 °C (6 h) for reuse. The resulting
sediments were separated from the reaction medium using
filter paper. 20 mL of 5 N HCI and 20 mL of ethyl acetate were
added to the filtered solution. The organic phase was separated,
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The crude product was purified through recrystalli-
zation from ethanol to obtain the pure product. All products
were confirmed by their melting points and spectroscopic
methods, such as FT-IR and "H NMR.

2.3.1 Spectroscopic and physical data

2.3.1.1 5-(4-Nitrophenyl)-2H-tetrazole (3a). Cream solid;
m.p.: 218-220 °C (Lit. m.p.: 218-220 °C);* FT-IR (KBr): v = 3447,
2917, 2852, 1608, 1487, 1441, 1133, 1086, 994 cm ™ *; 'H NMR
(400 MHz, DMSO-dg) 6 (ppm): 8.30 (d, 2H, J = 8.0 Hz), 8.45 (d,
2H, ] = 8.0 Hz).

2.3.1.2 5-(4-Fluorophenyl)-2H-tetrazole (3b). White solid;
m.p.: 209-210 °C (Lit. m.p.: 210-211 °C);** FT-IR (KBr): v = 3435,
3075, 2851, 1611, 1446, 1412, 1164, 1051, 989 cm ™ *; 'H NMR
(400 MHz, DMSO-d,) 6 (ppm): 7.45 (d, 2H, J = 8.0 Hz), 8.07 (d,
2H, J = 8.0 Hz), 16.90 (s, NH).

2.3.1.3 5-(4-Bromophenyl)-2H-tetrazole (3c). Cream solid;
m.p.: 263-265 °C (Lit. m.p.: 263-266 °C);*° FT-IR (KBr): v = 3435,
3002, 2768, 1605, 1482, 1430, 1156, 1075, 1055, 832 cm ™ %; 'H
NMR (400 MHz, DMSO-dg) 6 (ppm): 7.45 (d, 2H, J = 8.0 Hz), 8.07
(d, 2H, J = 8.0 Hz), 16.90 (s, NH).

2.3.1.4 5-(4-Chlorophenyl)-2H-tetrazole (3d). Cream solid;
m.p.: 260-264 °C (Lit. m.p.: 262-265 °C);* FT-IR (KBr): v = 3451,
2769, 1609, 1487, 1435, 1160, 1054, 834 cm '; "H NMR (400
MHz, DMSO-d¢) 6 (ppm): 7.69 (d, 2H, J = 8.0 Hz), 8.04 (d, 2H, ] =
8.0 Hz), 17.03 (s, NH).

2.3.1.5 5-(4-Methylphenyl)-2H-tetrazole (3e). Cream solid;
m.p.: 248-250 °C (Lit. m.p.: 248-250 °C);** FT-IR (KBr): v = 3435
3045, 2918, 2769, 1615, 1436, 1405, 1163, 1084, 1053, 990 cm ™ ;
'H NMR (400 MHz, DMSO-d,) 6 (ppm): 2.38 (s, 3H, J = 8.0 Hz),
7.41 (d, 2H, J = 8.0 Hz), 7.92 (d, 2H, J = 8.0 Hz), 16.76 (s, NH).

2.3.1.6 5-(2-Fluorophenyl)-2H-tetrazole (3f). White solid;
m.p.: 161-163 °C (Lit. m.p.: 161-162 °C);** FT-IR (KBr): v = 3436,
2986, 2761, 1620, 1490, 1456, 1152, 1109, 1059, 995 cm™%; 'H
NMR (400 MHz, DMSO-d,) 6 (ppm): 7.44 (t, 1H, J = 8.0 Hz), 7.49
(t, 1H, J = 8.0 Hz), 7.64-7.69 (m, 1H), 8.05 (t, 1H, J = 8.0 Hz),
16.86 (s, NH).

2.3.1.7 5-(3-Nitrophenyl)-2H-tetrazole (3g). Cream solid;
m.p.: 155-156 °C (Lit. m.p.: 154-156 °C);* FT-IR (KBr): v = 3304
3089, 2896, 2749, 1621, 1528, 1471, 1157, 1078, 1021, 870 cm ™ %;
'H NMR (400 MHz, DMSO-d,) 6 (ppm): 7.82-7.91 (d, 1H, ] = 8.0
Hz), 8.41 (d, 1H, J = 8.0 Hz), 8.45 (d, 1H, J = 8.0 Hz), 8.82 (s, 1H),
16.81 (s, NH).
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2.3.1.8 5-(3-Methylphenyl)-2H-tetrazole (3h). Yellow solid;
m.p.: 249-251 °C (Lit. m.p.: 249-251 °C);* FT-IR (KBr): v = 3433,
2888, 1599, 1566, 1470, 1439, 1412, 1393, 1050, 745 cm ™ ; 'H
NMR (400 MHz, DMSO-dg) 6 (ppm): 7.39 (d, 1H, J = 8.0 Hz),
7.47-7.49 (d, 1H,J = 8.0 Hz), 7.82 (d, 1H, J = 8.0 Hz), 7.86 (s, 1H),
16.81 (s, NH).

2.3.1.9 5-(2-Methylphenyl)-2H-tetrazole (3i). Yellow solid;
m.p.: 230-233 °C (Lit. m.p.: 232-233 °C);** FT-IR (KBr): v = 3431,
2980, 1618, 1597, 1564, 1485, 1462, 1282, 1062, 1036, 995 cm ™ };
'H NMR (400 MHz, DMSO-dg) & (ppm): 7.39 (d, 1H, J = 8.0 Hz),
7.47-7.49 (d, 1H, J = 8.0 Hz), 7.82 (d, 1H, J = 8.0 Hz), 7.86 (s, 1H),
16.81 (s, NH).

2.3.1.10 2-(1H-Tetrazol-5-yl) benzonitrile (3j). White solid;
m.p.: 231-232 °C (Lit. m.p.: 230-232 °C);* FT-IR (KBr): v = 3427,
3025, 2917, 1608, 1574, 1491, 1452, 1407, 1281, 1064, 1011,
782 cm™*; "H NMR (400 MHz, DMSO-dg) & (ppm): 7.77-7.79 (t,
2H,J = 8.0 Hz), 7.92-7.94 (t, 2H, ] = 8.0 Hz), 8.07-8.09 (t, 2H, ] =
8.0 Hz).

2.3.1.11 5-(3-Bromoophenyl)-2H-tetrazole (3k). White solid;
m.p.: 149-151 °C (Lit. m.p.: 149-150 °C);** FT-IR (KBr): v = 3088,
2747, 1621, 1528, 1471, 1412, 1350, 1077, 729 cm ™ *; 'H NMR
(400 MHz, DMSO-dg) 6 (ppm): 7.89-7.91 (t, 2H, J = 8.0 Hz), 8.41
(d, 2H, J = 8.0 Hz), 8.47 (s, 2H), 8.83 (s, NH).

2.3.1.12  5-(4-Hydroxyphenyl)-2H-tetrazole (31). White solid;
m.p.: 230-233 °C (Lit. m.p.: 230-233 °C);* FT-IR (KBr): v = 3430,
2936, 1612, 1512, 1470, 1414, 1279, 1079, 791 cm™*; '"H NMR
(400 MHz, DMSO-dg) ¢ (ppm): 6.94 (d, 2H, J = 8.0 Hz), 7.85 (d,
2H, J = 8.0 Hz), 10.17 (s, 1H), 16.48 (s, NH).

2.3.1.13 5-Phenyl-1H-tetrazole (3m). White solid; m.p.: 230-
234 °C (Lit. m.p.: 230-233 °C);* FT-IR (KBr): v = 3432, 3055,
2839, 1608, 1563, 1464, 1409, 1286, 1056, 726 cm™; '"H NMR
(400 MHz, DMSO-dg) 6 (ppm): 7.59-7.62 (m, 3H), 8.03 (d, 2H, J =
8.0 Hz), 16.85 (s, NH).

2.3.1.14 5-(4-Methoxyphenyl)-2H-tetrazole (3n). White solid;
m.p.: 68-69 °C (Lit. m.p.: 68-69 °C);*” FT-IR (KBr): v = 3088,
2747, 1621, 1528, 1471, 1350, 1077, 729 cm™%; *H NMR (400
MHz, DMSO-dg) ¢ (ppm): 3.38 (s, 3H), 7.15 (d, 2H, J = 8.0 Hz),
7.97 (d, 2H, J = 8.0 Hz), 16.63 (s, NH).

3. Results and discussion

3.1. Preparation and characterization of the catalyst

The designed catalyst was prepared in five main steps, as shown
in Fig. 1. In the first stage, carbon spheres of the same shape
and size were prepared using the hydrothermal method. In the

)@)®)®)

Fe:Oym@ carbon

Carbon spheres
nanospheres

Fig. 1 Preparation steps of Co—Ni/Fez0,@MMSHS nanocatalyst.
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next step, the carbon spheres were magnetized by Fe;O,4. Then,
cobalt and nickel metals were adsorbed on the surface of
magnetic carbon spheres. These metals are the active sites in
the catalytic reaction for synthesizing tetrazoles. In the third
step, the silicate template and CTAB are placed on the surface of
the Co-Ni/Fe;O,@carbon spheres. The CTAB undergoes calci-
nation, forming pores within the catalyst structure. Finally, the
prepared structure is calcined in the last stage, and the internal
carbon structure is decomposed and removed. The surfactant in
the silicate structural wall decomposes, forming a hollow,
porous silica sphere.

The FT-IR spectra of the various stages of Co-Ni/Fe;0,@-
MMSHS nanocatalyst preparation is presented in Fig. 2. Fig. 2a
displays the spectrum of the carbon spheres formed during the
glucose polymerization process. The peak observed at
3441 cm™ " corresponds to the stretching vibration of the O-H
bond, attributed to alcoholic groups in the carbon sphere
structure. The absorption peaks observed in regions 2923 and
2871 cm™" are related to the asymmetric stretching and
symmetric stretching vibrations of C-H sp® bonds, respectively.
The absorption peak observed at 1712 cm ™" is associated with
the stretching vibration of the ketone carbonyl group within the
polymerized structure of glucose. The absorption peaks
observed at 1627 and 1383 cm ' are related to the aromatic
rings formed during polymerization. The peak observed at
approximately 1300 cm ™" is associated with the C-O stretching
vibrations. Fig. 2b displays the spectrum of magnetic carbon
spheres. It reveals absorption peaks at 534 and 451 cm™ ', which
are associated with the stretching vibrations of the Fe-O bond.
This evidence confirms the binding of Fe;O, nanoparticles to
the surface of the carbon spheres.

The absorption spectrum shown in Fig. 2¢ corresponds to
the magnetic carbon sphere covered by cobalt and nickel. The
absorption peaks observed at 593 and 470 cm ™" are related to
Co-0 and Ni-O, respectively. The increase in the intensity of the
peaks associated with stretching vibrations of C-H sp® in the
region of 2918 and 2852 cm™" is due to the presence of the
carbon chain of CTAB as a surfactant in the structure of the
nanocatalyst (Fig. 2d). Absorption peaks at 1071 and 964 cm™*
correspond to the Si-O-Si and Si-OH, respectively. These peaks
indicated that the SiO, is present on the surface of the
nanocatalyst.

Finally, Fig. 2e displays the spectrum of the nanocatalyst
following the calcination process. In this spectrum, all peaks
associated with the organic substances from the previous stage

Co NiTesOu@
MMSHS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The FT-IR spectra of carbon spheres (a), FesO4@carbon nanospheres (b), Co-Ni/FesO4@carbon nanospheres (c), SiO,@Co-Ni/Fes-

O4@carbon nanosphere (d), Co—Ni/FezO4,@MMSHS (e).

have vanished, indicating their decomposition and the
successful synthesis of a hollow structure.

X-ray diffraction (XRD) was utilized to investigate the
different stages of the nanocatalyst synthetic process, as shown
in Fig. 3. The amorphous pattern observed in the X-ray
diffraction of the synthesized carbon spheres, as shown in
Fig. 3a, indicates the nature of their carbon structure. Fig. 3b
shows the X-ray diffraction pattern of carbon spheres after
magnetization. The decrease in the pattern's height at 26 = 25°
is attributed to the surface of the carbon spheres covered by

Fe;0,4 nanoparticles. The observed pattern aligns perfectly with
the pattern associated with Fe;O, (JCPDS no. 01-075-0449).
Additionally, the size of the Fe;0, nanoparticles on the catalyst
surface was determined to be 16.70 nm using the Debye-
Scherrer equation. By adding cobalt and nickel to the surface of
magnetic carbon spheres, the amorphous pattern seen in Fig. 3¢
has been eliminated due to increased structural crystallinity.
According to JCPDS no. 01-086-2267 and 00-022-1086, the
presence of cobalt and nickel nanoparticles in the structure has
been confirmed. The pattern in Fig. 3d relates to the
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Fig. 3 The XRD patterns of carbon spheres (a), FesO4@carbon nanospheres (b), Co—Ni/FezO4@carbon nanospheres (c), SiO,@Co-Ni/Fes-

O4@carbon nanosphere (d), Co—Ni/Fez04,@MMSHS (e).
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nanocatalyst's silica coating. The amorphous pattern observed
in 26 = 25° indicates that silica successfully covers the surface
and confirms the coating process. The pattern shown in Fig. 3e
illustrates the nanocatalyst after calcination. As the carbon
structure and the surfactant within the silica wall of the nano-
catalyst are eliminated, the crystallinity of the material
increases. Consequently, the amorphous pattern observed in
the previous step has disappeared. The average size of the Co-
Ni/Fe;0,@MMSHS nanocatalyst was calculated using the
Debye-Scherrer formula, with an average crystallite size of
12.31 nm.

The field emission scanning electron microscopy (FE-SEM)
images of the nanocatalyst are shown at two different scales:
200 and 500 nm, illustrated in Fig. 4a and b. These images
reveal the catalyst's spherical morphology. Fig. 4b demonstrates
the hollowness of the Co-Ni/Fe;0,@MMSHS nanocatalyst. The
internal space increases the contact surface between the
nanocatalyst and the reactants, thereby enhancing reaction
efficiency and reducing reaction time. The thickness of the
nanocatalyst's silica wall was measured at 81 nm (Fig. 4b). This
thickness enhances the nanocatalyst's physical and chemical
resistance, allowing for consecutive reuse.

Fig. 5 illustrates the histogram displaying the size distribu-
tion of the Co-Ni/Fe;0,@MMSHS nanocatalyst. The mean size
of the Co-Ni/Fe;O0,@MMSHS was determined to be 388 nm,
with a standard deviation of 95.05 nm.

Fig. 6 shows the energy dispersive X-ray analysis of Co-Ni/
Fe;0,@MMSHS nanocatalyst. 12.07% of carbon was observed
in the sample, which can be attributed to the residual carbon
after calcination. The estimated amount of Si in the walls of
nanoparticles is 14.52 wt%. Additionally, the weight percent-
ages of Fe, Co, and Ni were measured as 22.32%, 0.39%, and
0.12%, respectively. Approximately 50.58% of the sample's
weight consists of oxygen.

EDS elemental mapping analysis is a valuable method for
studying the distribution of elements in nanomaterials. Fig. 7
shows the EDS elemental mapping of the Co-Ni/

85
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Fig. 5 The histogram of the size distribution of Co-Ni/FezO4@-
MMSHS nanocatalyst.
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Fig. 6 The energy dispersive X-ray analysis (EDX) of Co—-Ni/FezO4@-
MMSHS nanocatalyst.
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Fig. 4 The FE-SEM images of the Co—Ni/Fes0,@MMSHS nanocatalyst with magnification 500 (a) and 200 (b) nanometers.
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Fig. 7 The EDS elemental mapping of the Co—Ni/FezO4@MMSHS nanocatalyst.

Fe;O,@MMSHS nanocatalyst. The obtained data show the
proper dispersion of O, Ni, Si, Co, Fe elements throughout the
nanocatalyst. The uniform dispersion of nanoparticles as cata-
lytic active sites enhances nanocatalyst efficiency, ensuring
uniform catalytic performance across the entire surface.

The Brunauer-Emmett-Teller (BET) technique estimates the
surface area, pore volume, and pore size of the Co-Ni/Fe;-
0,@MMSHS nanocatalyst (Fig. 8). The BET plot (Fig. 8a) indi-
cates that the nanocatalyst's specific surface area is 204.83 m”
g~'. Additionally, this technique calculates the total pore
volume of the Co-nanocatalyst, which is 0.1434 cm® g~ .

Fig. 8b illustrates the N, adsorption-desorption isotherm for
the Co-Ni/Fe;O,@MMSHS nanocatalyst. According to the
IUPAC classification, the nanocatalyst exhibited type IV
adsorption-desorption isotherms. This type of isotherm indi-

hysteresis type of the nanocatalyst is H4, commonly found in
nanomaterials with inner space, like hollow spheres with mes-
oporous silica walls. Using the Barrett-Joyner-Halenda (BJH)
method, the pore radius was determined to be 1.21 nm, and the
pore area was calculated to be 18.68 m> g~ " (Fig. 8c).

Fig. 9 shows that the magnetic properties of the prepared
nanoparticles are measured using the vibrating-sample
magnetometry (VSM) analysis at room temperature. The
magnetic property of the Fe;0, nanoparticles 63.60 emu g~
was measured (Fig. 9a). After layering various materials on the
nanocatalyst and calcining it, the magnetic properties of the
final nanocatalyst, 24.51 emu g~ ' were measured (Fig. 9a). The
analysis results indicate that the synthesized nanocatalyst
retains its magnetic properties and can be easily separated from
the reaction medium using an external magnet.

BJH-Plot
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Fig. 8 The BET plot (a), adsorption/desorption isotherm (b), and BJH plot (c) of the Co—Ni/FezsO,@MMSHS nanocatalyst.
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CN N”l\i
| N
Co-Ni/Fe;0 @MMSHS N
+ NaN; o h

Reaction conditions

1m 2 3m

Scheme 1 Synthesis of 5-phenyl-1H-tetrazole using Co-Ni/Fes-
0O4@MMSHS nanocatalyst.

3.2. Evaluation of catalytic activity

The reaction between benzonitrile and sodium azide for
synthesizing 5-phenyl-1H-tetrazole (3m) was selected as a model
reaction to optimize the reaction conditions after preparing and
identifying the nanocatalyst (Scheme 1). The temperature,
amount of catalyst, and solvent were selected as variable factors
to optimize the reaction conditions.

Table 1 shows the results of the optimum amount of catalyst.
According to the obtained results, the optimal amount of cata-
lyst is 8 mg (entry 5), and no change in reaction time or

Table 1 Optimization of catalyst amount for the synthesis of 5-
phenyl-1H-tetrazole (3m)*

Entry Catalyst amount (g) Time (min) ield” (%)
1 — 300 Trace

2 0.002 240 37

3 0.004 90 66

4 0.006 32 79

5 0.008 12 98

6 0.010 12 98

“ Reaction conditions: benzonitrile (1 mmol), sodium azide (1.2 mmol),
Co-Ni/Fe;0,@MMSHS as a catalyst, and 5 mL of H,O/EtOH (1:1) as the
solvent at 60 °C. ” Isolated yields.
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Table 2 Optimization of temperature for the synthesis of 5-phenyl-
1H-tetrazole (3m)*

Entry Temperature Time (min) Yield” (%)
1 R.T. 300 Trace

2 40 55 77

3 60 12 98

4 80 12 98

5 100 12 98

¢ Reaction conditions: benzonitrile (1 mmol), sodium azide (1.2 mmol),
Co-Ni/Fe;0,@MMSHS (8 mg) as a catalyst, and 5 mL of H,O/EtOH (1:1)
as the solvent. ” Isolated yields.

Table 3 Optimization of the solvent for the synthesis of 5-phenyl-1H-
tetrazole (3m)*

Entry Solvent Time (min) Yield” (%)
1 DMSO 68 72
2 DMF 56 64
3 EtOH 188 69
4 H,0 260 55
5 THF 260 28
6 PEG 240 56
7 Toluene 300 42
8 CH;CN 300 17
9 H,O/EtOH (1:1) 12 98

¢ Reaction conditions: benzonitrile (1 mmol), sodium azide (1.2 mmol),
Co-Ni/Fe;0,@MMSHS (8 mg) as a catalyst, and 5 mL of selected solvent
at 60 °C. ” Isolated yields.

efficiency has been observed in higher amounts of catalyst
(entry 6).

Table 2 indicates that the reaction efficiency at room
temperature was very low during the temperature optimization
study. By increasing the reaction temperature to 60 °C, we have
seen an increase in the reaction efficiency. As a result, the
catalyst has reduced the energy required to carry out the reac-
tion. Also, no change in product yield was observed by further
increasing the reaction temperature to 100 °C.

Yield(%)

Fig. 10 Investigating the synergistic effect of the catalyst for the
synthesis of the model reaction.
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Table 3 shows the results of optimizing the solvent in the
reaction. The solvents such as; DMSO, DMF, EtOH, H,O, THF,
PEG, toluene, CH;CN, and H,O/EtOH were investigated, and
according to the obtained results, the 1:1 mixture of H,O and
EtOH showed the highest efficiency and the shortest reaction
time (Table 3, entry 9).

To demonstrate the positive synergistic effect of nano-
particles in the nanocatalyst structure, the model reaction was

View Article Online

RSC Advances

conducted under optimal conditions using the nanoparticles
illustrated in Fig. 10. According to the results obtained from
Fig. 10, the mesoporous silica hollow sphere did not show the
catalytic effect. The Fe;O,@MMSHS catalyzed the reaction due
to the presence of Fe;O, nanoparticles as a Lewis acid, which
showed a product yield of about 17%. When nickel and cobalt
nanoparticles are present individually on the surface of the
magnetic hollow mesoporous spheres, lower efficiency is

Table 4 Synthesized tetrazole derivatives®” from sodium azide and various aromatic nitriles

CN /’N\N
Co-Ni/Fe;0,@MMSHS N
—+ NaN3 . \
R Reaction conditions R H
la-n 2 3a-n

3a-n?, Yield® (%), Time (min), TON, TOF (m™1)

N ’N\ N’N\ N/N\
[ N | 'N | N
N N N
H H H
02N F Br
3a, 93, 32, 3000,94 3b, 95, 18, 3064, 170 3¢,95, 22, 3064, 139
NN NN N-N,
| N | N [N
N N N
H H H
Cl H3C F

3d, 96, 28, 3096, 111 3e, 98, 8, 3161, 395 3f, 93, 21, 3000, 143
N’N\ N/N\
| N | N N»l\\l\
N N | N
H H 1\\1
H
NO, CH, CH;
3g, 94, 38, 3032,80 3h, 97, 10, 3129, 313 3i, 95, 15, 3064, 204
N-N N-N
N N N
N N | N
H H N
CN H
Br HO
3j, 88, 44, 2838, 65 3k, 97, 25, 3129, 125 31,97, 8, 3129, 391
NN N’N\\

3m, 98, 12, 3161, 263

\

Q

H;CO
3n, 98, 6, 3161, 527

N
H

“ Reaction conditions: 1.2 mmol of sodium azide, 1 mmol of an aromatic nitrile, 8 mg of Co-Ni/Fe;0,@MMSHS as a catalyst, and 5 mL of H,O/EtOH
(1:1) as the solvent at 60 °C. ® Isolated yield.
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Fig. 11 Radar chart comparing efficiency and reaction time based on
various substitutions.

observed compared to when both metals are present simulta-
neously on the surface of the nanocatalyst. This analysis
demonstrated a positive synergistic effect between cobalt and
nickel nanoparticles in synthesizing tetrazole derivatives.

After optimizing the reaction conditions, Table 4 shows the
results of synthesizing tetrazole derivatives from various
aromatic nitriles and sodium azide. This table displays each
synthesized derivative's reaction time and yield under optimal
reaction conditions.

The radar chart comparing yield and reaction time based on
various substitutions is extracted from Table 4 and shown in
Fig. 11. The results indicate that the reaction yield ranged from
88% to 98%. It was also observed that the nitrile compounds
with electron-donating groups had higher yields, but they did
not differ much from nitriles with electron-withdrawing groups.
In addition, the results showed that nitriles with the group in
position 2 have lower yield and longer time due to the steric
hindrance.

Table 5 compares the Co-Ni/Fe;0,@MMSHS nanocatalyst
with other reported catalysts for synthesizing 5-phenyl-1H-tet-
razole (3m) from benzonitrile and sodium azide. The reactions
in entries 1 to 4 were performed at temperatures above 100 °C.

View Article Online
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The catalysts listed in this table (entries 1 to 5) are organome-
tallic complexes, and their efficiency may decrease after
multiple recoveries. Also, the solvents used in entries 1 to 4 are
not green and environmentally friendly conditions. As a result,
the Co-Ni/Fe;0,@MMSHS nanocatalyst synthesizes tetrazole
derivatives with high efficiency in a shorter reaction time (Table
5, entry 6). In addition, water and ethanol solvents, which are
green and environmentally friendly solvents, are used.
Compared to others, one important feature of this catalyst is its
high stability and reusability. All of these features have made
the Co-Ni/Fe;0,@MMSHS nanocatalyst significantly better
than the catalysts that have been previously reported.

3.3. Proposed reaction mechanism

Scheme 2 illustrates the proposed® the mechanism for
synthesizing tetrazole derivatives from benzonitrile and sodium
azide using Co-Ni/Fe;0,@MMSHS as a catalyst. Sodium azide
first forms a complex with metals on the catalyst surface (I). The
aromatic nitrile compound adsorbs onto the catalyst surface
with nitrogen, and after the proper orientation of the reactants,
a [2 + 3] cycloaddition occurs (II). The correct alignment of the
raw materials and the complex formed on the catalyst's surface
has increased the speed of the reaction. The [2 + 3] cycloaddi-
tion reaction occurs simultaneously, forming intermediate (III)
through the creation of new bonds. After the proteolysis of
intermediate III, the tetrazole as a final product is formed, and
the catalyst reenters the reaction cycle.

3.4. Reusability

Due to the importance of catalyst recovery and environmental
concerns, the designed catalyst was thoroughly investigated.
The catalyst was used and recovered in several stages; its results
are shown in Fig. 12. This test utilized the model reaction to
evaluate the catalyst's recovery properties. After each recovery,
the catalyst was washed multiple times with distilled water and
methanol and dried at 50 °C for 6 h. According to the results
presented in Fig. 12, after numerous recovery cycles, the catalyst
exhibited only a 5% decrease in performance.

After recovery, the FE-SEM image (Fig. 13a) and XRD image
(Fig. 13b) of the Co-Ni/Fe;0,@MMSHS show no significant
changes in the catalyst's structure and morphology. After
multiple recovery steps, the catalyst's structural stability

Table 5 Comparison of the catalytic activity of the Co—-Ni/Fez0,@MMSHS nanocatalyst with the other reported catalysts for the synthesis of 5-

phenyl-1H-tetrazole (3m)

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

1 Sm-TADDbBP@MCM-41 (50 mg, PEG-400, 120 °C) 70 97 48

2 Nd-bis(PYT)@boehmite NPs (50 mg, PEG-400, 120 °C) 150 97 49
Cobalt(nr) complex with (N,N-bis pyridin-2-yl methyl)quinolin-8-amine 720 99 38
(1 mol%, DMSO, 110 °C)

4 [Cu(L)]-0.5H,0 (0.7 mol%, DMSO, 110 °C) 240 96 50

5 FeTSPP (0.05 mmol, H,O/EtOH, 60 °C) 20 97 51

6 Co-Ni/Fe;0,@MMSHS (8 mg, H,O/EtOH, 60 °C) 12 98 This work

“ Isolated yield.
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Scheme 2 Proposed reaction mechanism for the synthesis of tetrazole derivatives from sodium azide and aromatic nitriles.

demonstrates its excellent durability and retention of catalytic

REUSABILITY activity under the reaction conditions. Also, by comparing the

= Yield (%) catalyst's XRD patterns before and after recovery and examining

- : the data obtained from the reaction yield, it can be concluded

that the catalyst's active sites have largely maintained their
structure and efficiency after several stages of recovery.

The designed catalyst was also evaluated through a leaching
test. The model reaction was placed under optimal conditions
for 6 min, and then the catalyst was separated from the reaction
medium by an external magnet. After removing the catalyst
from the reaction environment, the progress of the reaction was
assessed using the TLC technique. The TLC technique revealed
that the reaction did not proceed. Stopping the reaction at this
stage indicates the stability of the catalyst and its excellent
separation ability.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Fig. 12 The reusability results of the Co-Ni/Fez:0,@MMSHS nano-
catalyst under the model reaction.
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Fig. 13 The FE-SEM image (a) and the XRD spectra (b) of the Co—-Ni/Fez04@MMSHS nanocatalyst after recovery.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 18535-18547 | 18545


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02982a

Open Access Article. Published on 03 June 2025. Downloaded on 6/16/2026 9:39:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

4. Conclusion

The designed catalyst has shown very good performance in
synthesizing tetrazole derivatives. This catalyst has reduced the
reaction time and enhanced the reaction yield in an environ-
mentally friendly solution. Also, the magnetic property of this
catalyst has caused easy separation from the reaction medium.
The unique ability to recover and reuse this catalyst has made it
one of the most efficient catalysts known for synthesizing tet-
razole derivatives. The main goal of this research was to design,
prepare, and characterize a catalyst with a large active surface
area that can take advantage of the synergistic properties of
nickel and cobalt metals to increase reaction efficiency. The
spherical and hollow structure with mesopore walls has greatly
improved this catalyst's active surface. Using a neutral and non-
toxic silica substrate to stabilize nanoparticles has made the
catalyst environmentally friendly.

The prepared catalyst showed greater efficiency than other
catalysts used in tetrazole synthesis. Many of the catalysts used
in synthesizing tetrazoles could not easily separate from the
reaction medium, and their efficiency was significantly reduced
after reuse. However, the catalyst developed in this research
demonstrates effective separation and high recovery capability
without compromising efficiency.
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