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overable Fe3O4@SiO2@SBA-3@2-
ATP-Cu: an improved catalyst for the synthesis of
5-substituted 1H-tetrazoles†

Zahra Heidarnezhad,a Arash Ghorbani-Choghamarani *b and Zahra Taherinia a
Functionalization of Fe3O4@SiO2@SBA-3 with double-charged

3-chloropropyltrimethoxysilane (CPTMS) and 2-aminophenol,

followed by mechanical mixing of the solid product with cop-

per(I) chloride produces a new, greener and efficient Fe3O4@-

SiO2@SBA-3@2-ATP-Cu catalyst for the synthesis of 5-

substituted 1H-tetrazoles. XRD, SEM, atomic absorption, TGA, N2

adsorption–desorption, and VSM analyses were performed for

the characterization of the Fe3O4@SiO2@SBA-3@2-ATP-Cu

structure. Nitrogen adsorption–desorption analysis revealed

that Fe3O4@SiO2@SBA-3@2-ATP-Cu has a surface area of 242 m2

g−1 and a total pore volume of 55.72 cm3 g−1. In synthesizing 5-

substituted 1H-tetrazoles, Fe3O4@SiO2@SBA-3@2-ATP-Cu

shows superior yields in short reaction times at 120 °C. This

catalyst also showed high thermal stability and recyclability at

least for 4 runs without apparent loss of efficiency.

Introduction

For decades, researchers have widely searched for ways to
synthesize porous materials with high surface area and very
diverse contents.1–5 Among these porous solid compounds,
mesoporous materials such as MCM-41, MCM-48, SBA-15, and
SBA-3 have attracted more attention than others due to their
applications in many areas.6–10 The main differences in the
preparation of mesoporous materials are the type of used
templates (ionic surfactant for MCM-41 and triblock copolymer
in the case of SBA-15) and the synthesis medium (MCM-41
prepared in the basic medium, and SBA-15 prepared in the
acidic medium).11 SBA-type materials (SBA-15, SBA-3) show
much higher stability than MCM-41 due to the contribution of
some micropores connecting mesopores.12 However, the
chemical inertness of SBA-15, which is mainly composed of
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silicon dioxide, greatly limits its application in chemical engi-
neering, especially in heterogeneous catalysis. Incorporated
heteroatoms are commonly used to form active sites in the
mesoporous silica framework and confer acid sites and catalytic
activities to the silica matrix.13–15 In the literature, applications
of SBA-3 as a catalyst support are rarely reported.16–20 The use of
magnetic nanoparticles provides both economic and ecological
benets due to their properties, low toxicity, and simple sepa-
ration by an external magnetic eld.21–23 Magnetic nanoparticles
have been widely employed as novel magnetically recoverable
catalysts in medicinal applications,24–26 drug delivery,27,28 and
industry.29,30

On the other hand, tetrazoles are a valuable class of
heterocycles, which have been recently used as both anti-
cancer31,32 and antimicrobial agents.33,34 They have received
increased attention due to their potential biological
activities,35–37 and industrial applications.38–40 A versatile
method for the preparation of tetrazole is based on [3 + 2]
cycloaddition of the azide ion and organic nitriles in the
presence of a catalyst.41–47 Although the reported methods are
effective, they are limited due to the use of toxic solvents,
tedious workup, difficulty in separation, and expensive cata-
lysts. As part of our continuous efforts into the design of
modied magnetic mesoporous silica nanoparticles and their
application in organic synthesis,48,49 we report here the
preparation of Fe3O4@SiO2@SBA-3@2-ATP-Cu (Scheme 1),
and its performance for the synthesis of 5- substituted 1H-
tetrazoles.
Experimental
Preparation of Fe3O4@SiO2@SBA-3@2-ATP-Cu

Fe3O4@SiO2@SBA-3 was readily synthesized similar to
a previously reported study.48 Briey, the catalyst was
prepared by adding 1.5 mL of (3-chloropropyl)triethox-
ysilane (CPTES) to a suspension of Fe3O4@SiO2@SBA-3 (1 g)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of Fe3O4@SiO2@SBA-3@2-ATP-Cu.
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in 25 mL of toluene, followed by mechanical mixing of the
solid product at 90 °C for 24 h. The Fe3O4@SiO2@SBA-
3@CPTMS material (1 g) was then treated with 2-amino-
thiophenol (1.5 g) and trimethylamine (3 mL), followed by
subsequent thermal treatment of the reaction mixture at
78 °C in ethanol for 20 h, affording Fe3O4@SiO2@SBA-
3@CPTMS@ATP, and then the resulting material was then
washed with ethanol, and dried at room temperature.
Finally, Fe3O4@SiO2@SBA-3@CPTMS@ATP (1 g) in 25 mL of
ethanol was sonicated for 10 min. Then, the resulting
nanoparticles (Fe3O4@SiO2@SBA-3@CPTMS@ATP) were
ltered, washed with ethanol (70% v/v), and dried at room
temperature. The obtained Fe3O4@SiO2@SBA-
3@CPTMS@ATP (0.5 g) was dispersed in 25 mL of ethanol
and was sonicated for 10 min, and then copper(I) chloride (2
mmol) was added to the reaction mixture. The reaction
mixture was stirred at 80 °C for 24 h. Aer the separation of
the nal product by an external magnet, Fe3O4@SiO2@SBA-
3@2-ATP-Cu was washed with ethanol and consequently
dried in an oven at 55 °C.
General procedure for the synthesis of 5-substituted 1H-
tetrazoles

A sealed tube was chargedwith nitrile (1mmol), sodium azide (1.1
mmol), and Fe3O4@SiO2@SBA-3@2-ATP-Cu (60 mg) at 120 °C,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and then polyethylene glycol (1 mL) was added. The resulting
mixture was stirred under reux until the completion of the
reaction. Then the reaction mixture was acidied with 10 N HCl
and the product was extracted with ethyl acetate, washed with
water, dried over sodium sulfate, and concentrated. The product
was puried by column chromatography on silica gel (hexane :
ethyl acetate (4 : 1)) to afford the desired product.

Results and discussion

Aer the preparation of the catalyst, Fe3O4@SiO2@SBA-
3@2-ATP-Cu was extensively studied with several tech-
niques such as XRD, SEM, atomic absorption, TGA, N2

adsorption–desorption, and VSM. The XRD patterns of
mesoporous silica (1a), Fe3O4@SiO2@SBA-3@CPTMS (1b),
Fe3O4@SiO2@SBA-3@CPTMS@ATP (1c), and Fe3O4@-
SiO2@SBA-3@2-ATP-Cu (1d) samples are shown in Fig. (1).
The XRD patterns of arrayed silica nanoparticles show three
diffraction peaks that can be indexed as the (111), (220), and
(331) reections that are arranged in a face-centered-cubic
(fcc) structure (Fig. 1).50 For all samples, peaks at 30.39°,
35.66°, 53.96°, 57.30°, and 62.94° correspond to the (220),
(400), (422), (511), and (440) planes, which is in agreement
with the literature (Fig. 1).51 The XRD patterns of 2-amino-
thiophenol were not found in the XRD spectra.52 The copper
nanoparticles are responsible for the diffraction planes of
Nanoscale Adv., 2024, 6, 4360–4368 | 4361
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Fig. 2 TGA graph of Fe3O4@SiO2@SBA-3@2-ATP-Cu.

Fig. 3 Magnetization curves for Fe3O4@SiO2@SBA-3@2-ATP-Cu at
room temperature.

Fig. 1 XRD patterns of mesoporous silica (a), Fe3O4@SiO2@SBA-
3@CPTMS (b), Fe3O4@SiO2@SBA-3@CPTMS@ATP (c), and Fe3O4@-
SiO2@SBA-3@2-ATP-Cu (d).
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(002)53 and the XRD pattern of Fe3O4@SiO2@SBA-3@2-ATP-
Cu, which showed the presence of characteristic peaks at 2q
values of 32, 42.3°, 55°, and 75°, related to (110), (112), (020),
and (222) planes for both the conventional and green CuO,
respectively.54

The Cu content of the prepared mesoporous magnetic
material was determined by atomic absorption spectroscopy
(AAS) and calculated to be 3.6 × 10−4 mol g−1.

Fig. 2 displays the thermogravimetric analysis (TGA) of Fe3-
O4@SiO2@SBA-3@2-ATP-Cu in the temperature range of 50–
1000 °C. Results revealed a weight loss of about 8 wt% at
a temperature of under 250 °C, which was related to the loss of
water and the organic solvents. The maximum mass loss that
occurred in the temperature range of 250 to 750 °C is due to the
4362 | Nanoscale Adv., 2024, 6, 4360–4368
decomposition of immobilized organic moieties on the surface
of magnetic mesoporous silica nanoparticles, and the amount
of organic components was found to be about 10% of the total
solid catalyst.

Fig. 3 shows the dependence of magnetization on the
applied eld (M–H) for Fe3O4@SiO2@SBA-3@2-ATP-Cu at room
temperature. The modied magnetic mesoporous silica nano-
particle sample exhibited decreased magnetism due to the
loading of 2-ATP-Cu on the surface of Fe3O4@SiO2@SBA-3
compared to the bare Fe3O4@SiO2@SBA-3.48

The size and structure of Fe3O4@SiO2@SBA-3@2-ATP-Cu
were evaluated using FE-SEM (Fig. 4). The results of the anal-
ysis showed uniformity and sphere-like morphology.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of Fe3O4@SiO2@SBA-3@2-ATP-Cu.

Fig. 5 N2-adsorption isotherms of Fe3O4@SiO2@SBA-3@2-ATP-Cu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Nitrogen adsorption–desorption analysis gives us infor-
mation on the mesoporous nature of Fe3O4@SiO2@SBA-
3@2-ATP-Cu. Fig. 5 shows a type II isotherm with an H3
type hysteresis loop in the range of 0.0–0.97 (P/P0) for Fe3-
O4@SiO2@SBA-3@2-ATP-Cu. The BET surface area of the
prepared material was found to be 242 m2 g−1. The textural
data of the nanocatalysts are shown in Table 1. The
Table 1 Nitrogen adsorption–desorption data for Fe3O4@SiO2@SBA-
3@2-ATP-Cu

Entry BET plot

Vm 55.72 cm3 g−1

as,BET 242 m2 g−1

Total pore volume (p/p0 = 0.990) 0.15 cm3 g−1

Mean pore diameter 2.48 nm

Nanoscale Adv., 2024, 6, 4360–4368 | 4363
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Fig. 6 BJH-plot of Fe3O4@SiO2@SBA-3@2-ATP-Cu.

Table 2 BJH-plot data for Fe3O4@SiO2@SBA-3@2-ATP-Cu

Plot data Adsorption branch

Vp 0.0.07 cm3 g−1

rp, peak(area) 1.22 nm
ap 82.52 m2g−1
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calculated mean pore diameter from the adsorption–
desorption data using the BET procedure is 2.48 nm which
further conrms the formation of the mesoporous structure
in the synthesized material as shown in (Fig. 6, and Table 2).
Table 3 The optimization of reaction conditionsa

Entry Solvent Catalyst (mg)

1 PEG 60
2 DMSO 60
3 DMF 60
4 H2O 60
5 PEG 50
6 PEG 40
7 PEG 60
8 PEG 60

a Reaction conditions: benzonitrile (1 mmol), sodium azide (1.1 mmol), c

4364 | Nanoscale Adv., 2024, 6, 4360–4368
Catalytic activity of Fe3O4@SiO2@SBA-3@2-ATP-Cu for the
synthesis of 5-substituted 1H-tetrazoles

To explore the catalytic activity of magnetic mesoporous
silica nanoparticles, cycloaddition reactions of nitriles with
sodium azide were investigated. Initially, the reaction of
benzonitrile with sodium azide was selected as a model
reaction to optimize the reaction conditions, such as various
amounts of catalyst, solvents, and temperature (Table 3).
First, the effect of solvents was studied and it was observed
that the reaction was highly effective in PEG medium.
Furthermore, the high efficiency of the reaction depended
strongly on the amount of catalyst, which the reaction was
completed in the presence of 60 mg of Fe3O4@SiO2@SBA-
3@2-ATP-Cu for 1 mmol of benzonitrile. The ideal temper-
ature for the reaction was found to be 120 °C. Under these
conditions, a wide range of benzonitrile derivatives were
tolerated. This reaction proceeded well giving the desired
products in high to excellent yields (Table 4).

Recyclability of the Fe3O4@SiO2@SBA-3@2-ATP-Cu catalyst

The recovery of a catalyst is valuable and interesting from both
the economic and the environmental aspects. To gain a better
insight into the heterogeneity of Fe3O4@SiO2@SBA-3@2-ATP-
Cu, a catalytic reusability test was conducted using benzoni-
trile as a starting nitrile material. Aer each catalytic run, the
catalyst was removed with an external magnet, washed, dried,
and reused directly for the next run. Within four catalytic runs,
the catalyst presented excellent reusability with no signicant
loss of the original catalytic yield (Fig. 7).

To show the accessibility of the present work, we summarize
some of the results for the preparation of 5-substituted-1H-
Temperature (°C) Time (min) Yieldb (%)

120 65 94
120 65 78
120 65 82
Reux 65 N. R
120 65 81
120 65 73
100 65 77
80 65 48

atalyst, solvent (1 mL). b Isolated yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Synthesis of 5-substituted-1H-tetrazoles in the presence of Fe3O4@SiO2@SBA-3@2-ATP-Cu

Entrya Nitrile Product Time (min) Yieldb (%)

M.p. (°C)

Found Reported

1 65 94 212–215 212–213 (ref. 55)

2 48 97 261–263 261–264 (ref. 55)

3 190 91 266–267 264–265 (ref. 56)

4 55 96 216–218 217–219 (ref. 55)

5 150 91 172–175 175–177 (ref. 57)

6 25 90 254–257 251–253 (ref. 55)

7 35 92 148–149 148–151 (ref. 55)

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 4360–4368 | 4365
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Table 4 (Contd. )

Entrya Nitrile Product Time (min) Yieldb (%)

M.p. (°C)

Found Reported

8 12 89 208–209 209–213 (ref. 58)

9 120 95 181–183 182–183 (ref. 55)

10 25 93 221–223 220–222 (ref. 58)

11 25 88 123–124 117–120 (ref. 56)

a Reaction conditions: nitrile (1 mmol), sodium azide (1.1 mmol), catalyst (60 mg), PEG (1 mL). b Isolated yield.

Fig. 7 Recyclability of Fe3O4@SiO2@SBA-3@2-ATP-Cu.

4366 | Nanoscale Adv., 2024, 6, 4360–4368 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of the results for modified Fe3O4@SiO2@SBA-3@2-ATP-Cu with other catalysts for the formation of 5-phenyl-1H-
tetrazole

Entry Catalyst Conditions Time (h) Yield (%) References

1 CuO/aluminosilicate DMF, reux 8 89 59
2 SiO2-MTSA DMF, 120 °C 6 83 60
3 Sm@l-MSN DMF, 100 °C 5 94 61
4 Zn/Al hydrotalcite DMF, 120 °C 12 84 62
5 Fe3O4@SiO2@SBA-3@2-ATP-Cu PEG, 120 °C 65 min 94 This work
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tetrazoles in Table 5. The results show that modied magnetic
mesoporous silica is the most efficient catalyst in terms of reaction
time and yield.

Conclusion

In conclusion, Fe3O4@SiO2@SBA-3@2-ATP-Cu was synthesized
by a co-precipitation technique and exhibited efficient catalytic
performance and outstanding recyclability for the synthesis of
5-substituted 1H-tetrazoles under relatively mild conditions. We
hope the design and preparation of new magnetic mesoporous
silica nanoparticles owing to their high surface area and
thermal stability to be a step forward in the eld of heteroge-
nous catalysis development.
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