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plex of lanthanum on modified
MCM-41 as a reusable nanocatalyst in the
homoselective synthesis of 5-substituted 1H-
tetrazoles†

Bahman Tahmasbi, * Mohsen Nikoorazm, * Parisa Moradi and Yunes Abbasi
Tyula

In this work, mesoporous MCM-41 was modified by a new Schiff-base formed from the condensation of

triethylenetatramine and 5-bromosalicylaldehyde. Then, it was used for the stabilization of lanthanum

metal (La-Schiff base@MCM-41) as a homoselective, reusable, efficient and biocompatible catalyst in the

synthesis of 5-substituted 1H-tetrazole derivatives. The synthesized tetrazoles were characterized using
1H NMR and FT-IR spectroscopy and methods to measure their physical properties. La-Schiff

base@MCM-41 was characterized by using various techniques such as ICP, CHN, XRD, TGA, BET, FT-IR

spectroscopy, SEM, EDS and WDX. This catalyst has good stability and a heterogeneous nature, enabling

it to be easily recovered and reused several times without significant loss in catalytic activity. This present

strategy has important advantages such as utilizing PEG as a green solvent, short reaction times,

excellent yields, easy recycling of the catalyst and pure separation of the products. The recovered La-

Schiff base@MCM-41 catalyst was characterized by using FT-IR spectroscopy, SEM and AAS.
1 Introduction

Catalyst reusability is one of the principles of green chemistry
and can increase the rate of a chemical process.1–6 Therefore,
separation of used catalysts is one of the main challenges for
chemists. On the other hand, a suitable, biocompatible and
economical catalyst should have several properties such as
simplicity of preparation, high catalytic activity, good selec-
tivity, good stability, easy separation, and excellent reusability.
The problems of recovering homogeneous catalysts and the low
catalytic activity or low selectivity of heterogeneous catalysts
have limited their application in industry and other
sciences.3,7–9 To overcome these problems, nanomaterials or
catalysts immobilized on nanomaterials seem to be ideal cata-
lysts because nanomaterials have stability and a heterogeneous
nature, enabling them to be easily recovered and reused like
heterogeneous catalysts, and they also have high surface areas
that can improve catalytic activity and selectivity in chemical
procedures.5,10 Therefore, nanocatalysts exist at the border
between heterogeneous and homogeneous catalysts because
they have advantages from both, such as efficiency, selectivity
and reusability.5,10,11 For example, various nanomaterials such
e, Ilam University, P. O. Box 69315516,
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as nanopolymers,12 carbon nanotubes,13–15 mesoporous
silica,16–18 boehmite nanoparticles,19–22 graphene oxide nano-
sheets,23 biochar nanoparticles,24,25 magnetic
nanoparticles,7–9,26,27 metal–organic frameworks28 etc. have been
employed in chemistry and especially in catalysis applications.
Amongst the nanomaterials, macroporous or mesoporous
nanomaterials especially MCM-41 have been widely used as an
ideal support for immobilization of various catalysts and other
applications.29,30 MCM-41 has also been used in other elds
such as drug delivery,31,32 extraction,33 adsorption,34,35

sensors,36,37 supports for catalysts,38–40 and energy.41 This is
because MCM-41 has unique properties, e.g. excellent thermal
and chemical stability, high surface area (>1000 m2 g−1), easy
surface functionalization, homogeneous hexagonal channel
structure (1.5–10 nm pore diameters), large pore volumes (up to
1.3 ml g−1), good biocompatibility and easy separation from the
reaction mixture.38–43 The large specic surface area of MCM-41
leads to a high capacity of catalyst loading. Also, the high
thermal and chemical stability of MCM-41 allows the applica-
tion of MCM-41 under harsh conditions and various chemical
conditions. Moreover, the large pore volume of MCM-41 allows
the application of MCM-41 in the immobilization of organic
ligands and metal complexes into its channels.38 Therefore, we
investigated a new Schiff-base complex of lanthanum-catalyst
on MCM-41 (La-Schiff base@MCM-41) as an efficient, stable
and recyclable nanocatalyst in the homoselective synthesis of 5-
substituted 1H-tetrazole derivatives, because tetrazole
RSC Adv., 2022, 12, 34303–34317 | 34303
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derivatives have biological activity and they are also used as
herbicides, analgesics, anti-HIV drug candidates, and antimi-
crobial, anti-inammatory, anti-proliferative, and anticancer
agents.44–52 For example, Candesartan, Irbesartan, Valsartan,
Cilostazol, Losartan, Pranlukast and Pemiroplast are several
pharmacologically important tetrazole derivatives.53–55

2 Experimental
2.1 Materials and instruments

The chemical compounds and solvents for synthesis of the
catalyst and tetrazoles used in this study were purchased from
Merck, Aldrich, Fluka or Iranian companies and used without
any purication.

The size and morphology of the MCM-41, nanocatalyst and
recovered catalyst were studied using FESEM imaging using
a MIRA3TESCAN-XMU or FESEM-TESCAN MIRA3 Scanning
Electron Microscope. Moreover, this Scanning Electron Micro-
scope was employed to determine the elemental composition
(EDS and WDX) of the nanocatalyst. Besides, the exact
concentration of lanthanum in the catalysts was measured by
an inductively coupled plasma instrument (ICP analysis) model
ELAN 6100 DRC-e from PerkinElmer Company and AAS using
a 400p-novAA instrument from Analytik Jena Company. The
concentration of carbon, hydrogen and nitrogen in the nano-
catalyst was measured by an elemental analyzer (CHN analysis)
from the British company CQOSTECH. The TGA diagram of the
nanocatalyst was recorded by a NETZSCH STA 449F3 Thermal
Analysis device under air in the temperature range of 30–800 °C.
Powder XRD patterns of the MCM-41 and nanocatalyst were
recorded with CuKa radiation at 40 kV and 30 mA by a PW1730
instrument from Philips Company. FT-IR spectra of the nano-
materials and tetrazoles were recorded in KBr pellets using
a VRTEX70 model Bruker FT-IR spectrometer. Nitrogen
adsorption isotherms of MCM-41 and the nanocatalyst were
obtained using a BELSORP MINI II device by a standard gas
manifold at 77 K. In addition, the nanomaterial samples were
degassed using a BEL PREP VAC II device before analysis at
120 °C for 2 h. NMR spectra of the tetrazoles were recorded
using a Bruker DRX-400 spectrometer at 100–400 MHz. Melting
points of the tetrazoles were obtained with an Electrothermal
9100 instrument.

2.2 Synthesis of the Schiff base ligand

First, 2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(4-
bromophenol) as a new Schiff base ligand (3) was prepared by
Scheme 1 Synthesis of 2,5,8,11-tetraazadodeca-(1,11-diene-1,12-diyl)
bis(4-bromophenol) as the Schiff base ligand (3).

34304 | RSC Adv., 2022, 12, 34303–34317
the condensation of 5-bromosalicylaldehyde (1) with triethyle-
netatramine (2) according to the illustrated procedure in
Scheme 1. In this regard, a solution of triethylenetetramine
(1 ml, 6.7 mmol) in methanol (30 ml) was added drop-wise to
a solution of 5-bromosalicylaldehyde (2.693 g, 13.4 mmol) in
methanol (20 ml) under stirring. Glacial acetic acid (4 drops)
was also added to the reaction mixture and reuxed for 4 h. The
resulting yellow precipitate was ltered off, washed with
methanol, and dried at room temperature.
2.3 Preparation of the catalyst

The modied MCM-41 by (3-chloropropyl)triethoxysilane (3-
CPTMS@MCM-41) was synthesized according to the reported
procedure in the literature.40 To achieve immobilization of the
Schiff base ligand (3) on MCM-41 (Schiff base@MCM-41), 1 g of
3-CPTMS@MCM-41 was reuxed with 3 (1 mmol) in toluene for
40 h. The obtained Schiff base@MCM-41 was isolated by simple
ltration, washed with DMSO and hot ethanol and dried at
room temperature. Finally, 1 g of Schiff base@MCM-41 was
dispersed in ethanol, and then lanthanum nitrate (1 mmol) was
added to the mixture and stirred for 24 h under reux condi-
tions. The obtained catalyst (La-Schiff base@MCM-41) was
ltered, washed and dried at room temperature (Scheme 2).
2.4 General method for the synthesis of 5-substituted 1H-
tetrazoles catalyzed by La-Schiff base@MCM-41

The [3 + 2] cycloaddition of sodium azide salt (NaN3) with
organic nitrile compounds was selected for the synthesis of
heterocyclic tetrazoles in the presence of La-Schiff base@MCM-
41 as catalyst. In this process, NaN3 (1.4 mmol) and nitrile
compounds (1 mmol) were stirred in the presence of 50 mg of
La-Schiff base@MCM-41 in PEG-400 at 120 °C. The reaction was
monitored by using TLC. At the end of the reaction, the mixture
was cooled down to room temperature. Then, the reaction
mixture was diluted by water and ethyl acetate and the La-Schiff
base@MCM-41 catalyst was separated using simple ltration.
Finally, 10 ml of HCl (4 N) was added to the solution and the
tetrazole products were extracted from ethyl acetate. The
organic solvent was evaporated and the products were dried
using anhydrous sodium sulfate (Scheme 3). The tetrazole
products were obtained with yields of 89–98% and all obtained
tetrazoles were conrmed by 1H NMR and FT-IR spectroscopy
and physical property measurement such as melting point.

In order to show the reproducibility and reusability of the La-
Schiff base@MCM-41 catalyst, the [3 + 2] cycloaddition of NaN3

with benzonitrile was repeated under optimized conditions.
Aer completion of the reaction, the catalyst was recovered by
centrifugation, washed with water and ethyl acetate and further
employed in the next cycle. The La-Schiff base@MCM-41 cata-
lyst showed good reproducibility and can reused up to 6 times.
2.5 Spectral data

2.5.1 5-(4-Bromophenyl)-1H-tetrazole. 1H NMR (400 MHz,
DMSO): dH = 7.98–7.95 (d, J = 12 Hz, 2H), 7.83–7.81 (d, J =
12 Hz, 2H) ppm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of La-Schiff base@MCM-41.

Scheme 3 General method for the synthesis of 5-substituted 1H-
tetrazoles in the presence of La-Schiff base@MCM-41.
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IR (KBr) cm−1: 3423, 3090, 3064, 2966, 2852, 2768, 1638,
1611, 1559, 1482, 1431, 1385, 1276, 1252, 1157, 1119, 1054,
1018, 988, 872, 828, 742, 614, 451.

2.5.2 5-(3-Nitrophenyl)-1H-tetrazole. 1H NMR (400 MHz,
DMSO): dH = 18.44 (br, 1H), 8.82 (s, 1H), 8.48–8.45 (d, J= 12 Hz,
1H), 8.43–8.39 (d of q, J (d) = 12 Hz, J (q) = 2 Hz, 1H), 7.93–7.87
(t, J = 12 Hz, 1H) ppm.

2.5.3 2-(1H-tetrazol-5-yl)benzonitrile. 1H NMR (400 MHz,
DMSO): dH = 8.10–8.06 (t, J = 8 Hz, 2H), 7.95–7.89 (t, J = 12 Hz,
1H), 7.80–7.75 (t, J = 12 Hz, 1H) ppm.

IR (KBr) cm−1: 3426, 3082, 3029, 2922, 2582, 2721, 2615,
2229, 2005, 1735, 1638, 1609, 1581, 1493, 1454, 1408, 1384,
1280, 1242, 1199,1167, 1122, 1100, 1066, 1047, 1113, 999, 970,
856, 783, 756, 724, 705, 665, 585, 555, 518, 500.

2.5.4 5-(4-Nitrophenyl)-1H-tetrazole. 1H NMR (400 MHz,
DMSO): dH = 16.55 (br, 1H), 8.46–8.43 (d, J = 12 Hz, 2H), 8.31–
8.28 (d, J = 12 Hz, 2H) ppm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
IR (KBr) cm−1: 3212, 3069, 2903, 1957, 1822, 1717, 1604,
1512, 1337, 1108, 1059, 991, 857, 773, 691, 491, 443.

2.5.5 5-(4-Chlorophenyl)-1H-tetrazole. 1H NMR (400 MHz,
DMSO): dH = 16.99 (br, 1H), 8.06–8.03 (d, J = 12 Hz, 2H), 7.71–
7.68 (d, J = 12 Hz, 2H) ppm.

IR (KBr) cm−1: 3420, 3096, 3070, 2922, 2852, 2733, 1638,
1611, 1487, 1458, 1434, 1385, 1277, 1254, 1160, 1121, 1096,
1052, 1019, 988, 878, 829, 743, 709, 693, 623, 506, 464.

2.5.6 2-(1H-Tetrazol-5-yl)phenol. 1H NMR (400 MHz,
DMSO): dH = 8.00–7.98 (d, J = 12 Hz, 1H), 7.43–7.38 (t, J = 8 Hz,
1H), 7.08–7.06 (d, J= 8 Hz, 1H), 7.03–6.97 (t, J= 12 Hz, 1H) ppm.

IR (KBr) cm−1: 3431, 3252, 3062, 2930, 2686, 2567, 1737,
1610, 1546, 1477, 1391, 1356, 1295, 1232, 1156, 1112, 1086,
1002, 941, 809, 741, 542.

2.5.7 5-(2-Chlorophenyl)-1H-tetrazole. 1H NMR (400 MHz,
DMSO): dH = 16.95 (br, 1H), 7.82–7.80 (d, J = 8 Hz, 1H), 7.73–
7.70 (d, J = 12 Hz, 1H), 7.66–7.61 (t, J = 8 Hz, 1H), 7.58–7.54 (t,
J = 8 Hz, 1H) ppm.

IR (KBr) cm−1: 3418, 2823, 2708, 1660, 1651, 1634, 1602,
1565, 1556, 1539, 1471, 1441, 1409, 1385, 1369, 1243, 1163,
1129, 1076, 1060, 1039, 1020, 1007, 988, 943, 874, 777, 747, 732,
651, 486, 453, 434.

2.5.8 4-(1H-Tetrazol-5-yl)phenol. 1H NMR (400 MHz,
DMSO): dH = 16.51 (br, 1H), 10.15 (br, 1H), 7.87–7.84 (d, J =
12 Hz, 2H), 6.96–6.93 (d, J = 12 Hz, 1H) ppm.
RSC Adv., 2022, 12, 34303–34317 | 34305
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2.5.9 5-Phenyl-1H-tetrazole. 1H NMR (400 MHz, DMSO):
dH = 16.88 (br, 1H), 8.06–8.03 (m, 2H), 7.63–7.59 (m, 3H) ppm.

IR (KBr) cm−1: 3423, 3055, 2985, 2901, 2832, 1813, 1638,
1611, 1562, 1486, 1466, 1411, 1384, 1288, 1256, 1163, 18 084,
1057, 1034, 1015, 991, 959, 925, 784, 726, 703, 687, 619, 493, 462.
3 Results and discussion
3.1 Characterization of the catalyst

In the rst step, MCM-41 with its surface modied by 3-chlor-
opropyl)triethoxysilane was obtained based on a new reported
procedure.40 Subsequently, 2,5,8,11-(tetraazadodeca-1,11-diene-
1,12-diyl)bis(4-bromophenol), a new Schiff-base (ligand 3),
complexed with lanthanum was stabilized on the chloro-
Fig. 1 SEM images of (a) MCM-41 and (b) La-Schiff base@MCM-41 cata

34306 | RSC Adv., 2022, 12, 34303–34317
modied MCM-41 nanoparticles (La-Schiff base@MCM-41) as
an efficient and reusable nanocatalyst in the homoselective
synthesis of 5-substituted 1H-tetrazole derivatives. This is the
rst report of immobilization of 2,5,8,11-tetraazadodeca-1,11-
diene-1,12-diyl)bis(4-bromophenol) on MCM-41. Also, this is
the rst report where a lanthanum complex of 2,5,8,11-
tetraazadodeca-1,11-diene-1,12-diyl)bis(4-bromophenol) was
used as a catalyst in the synthesis of organic compounds.
Therefore, this catalyst could be effective for other organic
condensation or cycloaddition reactions. A FESEM-TESCAN
MIRA III Scanning Electron Microscope instrument was
employed to study the size and particle morphology of the
MCM-41 and La-Schiff base@MCM-41 catalyst (Fig. 1). The
obtained images show that MCM-41 and La-Schiff base@MCM-
lyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDS spectrum of the La-Schiff base@MCM-41 catalyst.
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41 formed as uniform spherical shaped particles with quite
homogeneous diameters of less than 100 nm. As can be seen in
the SEM images, there is no signicant difference in the shape
and size of the MCM-41 particles and the catalyst, which indi-
cates that the nanoparticles are stable during the modication.

The qualitative elemental composition analysis of the La-
Schiff base@MCM-41 catalyst was performed using energy-
dispersive X-ray spectroscopy (EDS) using a FESEM-TESCAN
MIRA III Scanning Electron Microscope instrument (Fig. 2).
The EDS diagram contains the special energy (keV) of each
element in terms of intensity. A quantitative increase in the
amount of each element leads to an increase in the intensity of
Fig. 3 Elemental mapping of (a) Si, (b) O, (c) C, (d) Br, (e) La, (f) N, and (g) C
41 catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
its peak in the EDS diagram. As shown in the EDS diagram of
the La-Schiff base@MCM-41 catalyst, silicon and oxygen
elements have the highest intensity, which are related to the
skeleton of MCM-41. Also, the EDS diagram shows the presence
of C, N and Br elements in the structure of the La-Schiff
base@MCM-41 catalyst, which shows that the Schiff-base
ligand is well stabilized on the MCM-41. Also, the EDS
diagram shows La element in the structure of the La-Schiff
base@MCM-41 catalyst, which indicates the successful stabili-
zation of the lanthanum Schiff-base complex on the modied
MCM-41. Furthermore, the EDS diagram of the La-Schiff
base@MCM-41 catalyst shows the presence of chlorine
l and (h) the combination of all elements for the La-Schiff base@MCM-

RSC Adv., 2022, 12, 34303–34317 | 34307
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element in its structure, which is related to some chlorine in 3-
CPTMS@MCM-41 that was not replaced by the Schiff-base
ligand 3. Also, the results of elemental composition of the La-
Schiff base@MCM-41 catalyst from EDS analysis were
conrmed by wavelength dispersive X-ray spectroscopy (WDX)
analysis, which is shown in Fig. 3. The obtained results from
WDX clearly show a homogeneous distribution of Si, O, C, N, Br,
Cl and La in the structure of the La-Schiff base@MCM-41
catalyst. The results of WDX, like EDS, show that silicon and
oxygen are the most common elements of the La-Schiff
base@MCM-41 catalyst.

Considering that lanthanummetal is the active site of the La-
Schiff base@MCM-41 catalyst, the exact amount of lanthanum
element in La-Schiff base@MCM-41 was obtained by ICP
Fig. 4 TGA diagram of La-Schiff base@MCM-41 catalyst.

Fig. 5 N2 adsorption–desorption isotherms of (a) MCM-41 and (b) La-S

34308 | RSC Adv., 2022, 12, 34303–34317
analysis, and the value was 0.23 × 10−3 mmol g−1. Also, the
content of carbon, hydrogen and nitrogen in La-Schiff
base@MCM-41 was obtained using CHN analysis. The ob-
tained results from CHN showed that this catalyst contains
9.17% carbon, 2.52% hydrogen and 0.22% nitrogen.

Volatile components can be measured by mass loss in TGA.
Therefore, TGA can be employed to determine the organic and
inorganic component ratio in a sample. For this, TGA was per-
formed by gradually raising the temperature of the La-Schiff
base@MCM-41 catalyst (Fig. 4). The TGA diagram of the La-
Schiff base@MCM-41 catalyst indicated a small mass loss (3%
weight) below 150 °C, which is attributed to the evaporation of
adsorbed solvents.56 Also, the TGA diagram of the La-Schiff
base@MCM-41 catalyst indicated a notable mass loss (24%
chiff base@MCM-41 catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties of MCM-41 and La-Schiff base@MCM-41 catalyst

Entry Sample SBET (m2 g−1) Pore diameter (nm) Pore volume (cm3 g−1)

1 MCM-41 854.13 5.37 1.15
2 La-Schiff base@MCM-41 452.58 2.381 0.269

Fig. 6 Low angle XRD patterns of (a) MCM-41 and (b) La-Schiff base@MCM-41 catalyst.
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weight) in the region of 150 °C–600 °C, which represented the
decomposition of immobilized Schiff-base organic components
on the surface of MCM-41.57 Except for the evaporation of
surface solvents, no weight loss was observed up to 160 °C, so
this catalyst has thermal stability at least up to 160 °C.

The N2 adsorption–desorption isotherms of MCM-41 and
the La-Schiff base@MCM-41 catalyst are shown in Fig. 5. Based
on the IUPAC classication, this catalyst displays a type IV
isotherm, which represents the class of mesoporous mate-
rials.18,58 The BET surface area of La-Schiff base@MCM-41 is
452.58 m2 g−1 (Table 1, entry 2). Due to its high surface area, it
can be used as a catalyst. Also, the average pore diameter and
pore volume of La-Schiff base@MCM-41 were calculated by the
BET method using N2 adsorption–desorption and are 2.38 nm
and 0.269 cm3 g−1, respectively (Table 1, entry 2). The BET
surface area, average pore diameter and pore volume of MCM-
41 are 854.13 m2 g−1, 5.37 nm and 1.15 cm3 g−1, respectively
(Table 1, entry 1). The BET surface area, average pore diameter
Table 2 Study to find the best reaction conditions for the synthesis of 5-
41 nanocatalyst

Entry
Amount of catalyst
(mg) Solvent NaN

1 — PEG 1.4
2 40 PEG 1.4
3 50 PEG 1.4
4 50 PEG 1.3
5 50 DMSO 1.4
6 50 H2O 1.4
7 50 n-Hexane 1.4
8 50 Dichloromethane 1.4
9 50 PEG 1.4

a Isolated yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and pore volume of La-Schiff base@MCM-41 are lower than
those of the unmodied mesoporous MCM-41 due to the
graing of the Schiff-base complex on MCM-41 (Table 1).38,59

The reason for the decrease in BET surface area, average pore
diameter and pore volume is that when organic groups and
metal complexes are stabilized inside the pores of MCM-41,
the pores of MCM-41 are lled, therefore the volume of the
pores, diameter of the pores and the surface area are also
reduced.

The small angle XRD patterns of MCM-41 and La-Schiff
base@MCM-41 are shown in Fig. 6. The low angle XRD
pattern of unfunctionalized MCM-41 has three peaks at 2q
values of about 2.95° (related to 100 reections), 4.55° (related
to 110 reections) and 4.05° (related to 200 reections), which
represent the ordered hexagonal channels of MCM-41.40 As is
well known, functionalization and modifying the MCM-41
surface can reduce or fade the intensity of these peaks. As
predicted, these peaks are present in the low angle XRD pattern
substituted 1H-tetrazoles in the presence of the La-Schiff base@MCM-

3 (mmol) Time (min)
Temperature
(°C) Yielda (%)

140 120 NR
270 120 90
120 120 98
150 120 75
120 120 68
120 Reux 55
120 Reux Trace
120 Reux Trace
120 100 42

RSC Adv., 2022, 12, 34303–34317 | 34309
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of La-Schiff base@MCM-41 with a lower intensity than those of
the un-functionalized MCM-41, which is due to the graing of
the Schiff-base complex on MCM-41.60 The reason for the
Table 3 Synthesis of 5-substituted 1H-tetrazole derivatives catalyzed by

Entry Nitrile Product

1

2

3

4

5

6

7

8

9

34310 | RSC Adv., 2022, 12, 34303–34317
decrease in intensity of the peaks is that when organic groups
andmetal complexes are stabilized inside the pores of MCM-41,
the ordered hexagonal nature of the channels is reduced.
the La-Schiff base@MCM-41 nanocatalyst

Time (min) Yield (%) Melting point

120 98 214–216

40 97 169–182

60 95 222–225

60 95 209–212

150 97 260–263

480 95 216–219

45 94 229–233

19h 89 259–262

410 91 149–152

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.2 Catalytic study of the catalyst

The catalytic ability of La-Schiff base@MCM-41 in organic
chemistry was investigated in the synthesis of heterocyclic tet-
razole compounds through the [3 + 2] cycloaddition of sodium
azide (NaN3) with benzonitrile derivatives. For this study, the
reaction of NaN3 with benzonitrile under various conditions
was selected to nd the best reaction conditions. In this regard,
the effect of all parameters such as amount of NaN3, amount of
La-Schiff base@MCM-41 catalyst, temperature and nature of
solvent was examined in this reaction (Table 2). As shown in
Table 2 (entry 2), 40 mg of La-Schiff base@MCM-41 catalyst
cannot achieve completion of the reaction, while this reaction is
completed when 50 mg of La-Schiff base@MCM-41 catalyst is
used (Table 2, entry 3). Also, polar solvents provide better
conditions for the synthesis of tetrazoles, therefore several polar
solvents were examined to nd the best reaction conditions for
the [3 + 2] cycloaddition of NaN3 and benzonitrile (Table 2,
entries 4–6). Also, the reaction was investigated in other
Scheme 4 Homoselectivity of the La-Schiff base@MCM-41 nanocatal
cycloaddition of NaN3 with dicyano substituted derivatives.

Scheme 5 Expected mechanism for the synthesis of 5-substituted 1H-te

© 2022 The Author(s). Published by the Royal Society of Chemistry
solvents (such as dichloromethane and n-hexane), however the
obtained results in these solvents were not favorable compared
to the PEG-400 solvent (Table 2, entries 7 and 8). Because the
boiling point of these solvents is low, the necessary temperature
for the synthesis of tetrazole cannot be reached. Therefore, PEG-
400 solvent was selected as the best solvent. Finally, the effect of
temperature was examined (Table 2, entry 9), and the best
results were obtained at 120 °C (Table 2, entry 3). The concen-
tration of NaN3 was also checked, and 1.4 mmol of NaN3 was
used for the synthesis of the tetrazole compounds.

In continuation, several tetrazole compounds were synthe-
sized under the optimized conditions in the presence of the La-
Schiff base@MCM-41 catalyst (Table 3). Amongst these, various
benzonitrile derivatives having electron-donating or electron-
withdrawing functional groups were investigated. In these
studies, all 5-substituted 1H-tetrazoles were synthesized in
tolerable yields in the presence of the La-Schiff base@MCM-41
catalyst. As shown in Scheme 4, this catalyst shows excellent
homoselectivity in the synthesis of 5-substituted 1H-tetrazoles.
yst in the synthesis of 5-substituted 1H-tetrazoles from the [3 + 2]

trazoles in the presence of the La-Schiff base@MCM-41 nanocatalyst.

RSC Adv., 2022, 12, 34303–34317 | 34311
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Fig. 7 The recoverability and reusability of the La-Schiff base@MCM-
41 nanocatalyst in the synthesis of 5-phenyl-1H-tetrazole.
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Further, in the reaction of NaN3 with phthalonitrile having the
same two cyano-functional groups, only mono-addition was
observed (Scheme 4).

Based on previous literature,61,62 a suitable cyclic mechanism
for the synthesis of 5-substituted 1H-tetrazoles in the presence
of the La-Schiff base@MCM-41 catalyst is proposed in
Fig. 8 FT-IR spectra of (a) La-Schiff base@MCM-41 before reuse and (b

34312 | RSC Adv., 2022, 12, 34303–34317
Scheme 5. In this mechanism, intermediate I is formed from
the interaction of the C^N bond with the catalyst, which then
introduced intermediate II. Then, in the work-up step, inter-
mediate II gives the nal tetrazole product by addition of HCl
and the catalyst is regenerated and can undergo another cata-
lytic cycle of the reaction.
3.3 Reusability of the catalyst

The most important advantage of a heterogeneous catalyst over
homogeneous catalysts is its recyclability. Accordingly, green
chemistry recommends the use of heterogeneous catalysts
because they are both environmentally friendly and economical.
Therefore, the reusability of the La-Schiff base@MCM-41 catalyst
was studied in the [3 + 2] cycloaddition of NaN3 with benzonitrile
under the optimized conditions. In this regard, the catalyst was
separated by centrifugation aer each cycle and further was
employed in the next cycle without any activation. As shown in
Fig. 7, the La-Schiff base@MCM-41 catalyst can reused up to 6
times without a notable reduction of its catalytic efficiency.
) recovered La-Schiff base@MCM-41.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FESEM images of recovered La-Schiff base@MCM-41 catalyst.
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3.4 Characterization of the recovered catalyst

The recovered La-Schiff base@MCM-41 catalyst was character-
ized using FT-IR spectroscopy, SEM and AAS.

To investigate the heterogeneous nature of the La-Schiff
base@MCM-41 catalyst, the reaction between NaN3 and ben-
zonitrile was performed under the optimized conditions. Aer
completion of the reaction, the catalyst was removed by ltra-
tion. Then, the exact amount of leached lanthanum in the
reaction solution was measured by atomic absorption spec-
troscopy (AAS). No signicant amount of leached lanthanum
was detected in the reaction solution. These results prove the
heterogeneous nature and stability of the La-Schiff base@MCM-
41 catalyst.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Also, the IR spectrum of the reused La-Schiff base@MCM-41
was compared to that of the fresh La-Schiff base@MCM-41
catalyst and a good similarity could be seen between them.
The stability of La-Schiff base@MCM-41 was conrmed by the
similar position and shape of the stretching vibrations in the
FT-IR spectra of the recovered and fresh catalyst. These results
provide strong evidence for the good stability of La-Schiff
base@MCM-41 aer reuse (Fig. 8).

In the IR spectra, three peaks at 462, 803, and 1088 cm−1

relate to the Si–O–Si vibrations.63 The stretching vibration of
N–H and O–H bonds can be observed at 3417 cm−1.10 Also,
stretching vibration of C–H bonds locates at 2923 cm−1 in the IR
spectra.21 The bands at 701 cm−1, 1438 cm−1 and 1638 cm−1
RSC Adv., 2022, 12, 34303–34317 | 34313
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Table 4 Comparison results of the La-Schiff base@MCM-41 nanocatalyst with other catalysts in the synthesis of 5-phenyl-1H-tetrazole

Entry Catalyst Time (h) Yield (%) TON TOF (h−1) Ref.

1 MCM-41 2.5 Trace — — 18
2 CoY zeolite 14 90 — — 64
3 Cu–Zn alloy nanopowder 10 95 — — 65
4 B(C6F5)3 8 94 18.8 2.35 66
5 Fe3O4@SiO2/salen Cu(II) 7 90 225 32.14 67
6 Fe3O4/ZnS HNSs 24 81.1 4.70 0.195 68
7 Pd-isatin-boehmite 8 94 21.3 2.6 69
8 Mesoporous ZnS 36 86 2.5 0.07 70
9 AgNO3 5 83 8300 1660 71
10 CuFe2O4 12 82 2.05 0.17 72
11 Nano ZnO/Co3O4 12 90 — — 73
12 Pd-SMTU@boehmite 2.5 95 31.65 12.66 74
13 Cu-TBA@biochar 7 98 125.6 18.4 10
14 L-Cysteine-Pd@MCM-41 3 98 33.79 11.26 18
15 Ni-MP(AMP)2@Fe-biochar 3.8 92 1066 280.7 24
16 Cu(II)-adenine-MCM-41 5 92 35.5 7.1 40
17 Pd-Arg@boehmite 7 97 28.7 4.1 57
18 Cu-DABP@Fe3O4/MCM-41 2 99 60 30 75
19 La-Schiff base@MCM-41 2 98 85 217 42 608 This work
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correspond to the C–Br, aromatic C]C and C]N bonds,
respectively.10

The FESEM images of the recovered La-Schiff base@MCM-41
were obtained using an electron microscope (model
MIRA3TESCAN-XMU). The FESEM images of the recovered La-
Schiff base@MCM-41 are shown in Fig. 9. As shown, no signi-
cant change could be observed in the FESEM images of this
catalyst aer reuse in terms of shape or particle size. The SEM
images of the recovered catalyst showed a good similarity with the
SEM images of the fresh catalyst. Therefore, this catalyst is stable
under the reaction conditions of the synthesis of tetrazoles.
3.5 Comparison of the catalyst

Table 4 is provided to show the practicality of the La-Schiff
base@MCM-41 catalyst in comparison with some reported
catalysts for the [3 + 2] cycloaddition of NaN3 with benzonitrile.
As reported, the [3 + 2] cycloaddition of NaN3 with benzonitrile
in the presence of unfunctionalized MCM-41 without any metal
loading provided no 1H-tetrazole yield (Table 4, entry 1).
However, the La-Schiff base@MCM-41 catalyst exhibited a 98%
yield of 1H-tetrazole within 120 min, which is superior to some
previously reported catalysts in terms of reaction times and
yields. As shown in Table 4, the TON and TOF values of the La-
Schiff base@MCM-41 catalyst are much higher than those of
previous catalysts. TON and TOF are two important factors to
evaluate the efficiency of catalysts. Therefore, one of the most
important innovations of this work is the very high TON and
TOF values of this La-Schiff base@MCM-41 catalyst compared
to other catalysts. Previous methods using hazardous solvents
and extremely long reaction times have been limited in the
synthesis of 5-phenyl-1H-tetrazoles with biological properties.
Now, using PEG as a green solvent, a short reaction time,
excellent yield, easy recycling of the catalyst and pure separation
of the products are the important advantages of the present
strategy over previous strategies.
34314 | RSC Adv., 2022, 12, 34303–34317
4 Conclusions

In conclusion, we synthesized a new Schiff-base complex of
lanthanum on MCM-41 (La-Schiff base@MCM-41). La-Schiff
base@MCM-41 was characterized using various techniques
such as ICP, CHN, XRD, TGA, BET, FT-IR spectroscopy, SEM,
EDS and WDX. Then, the catalytic application of La-Schiff
base@MCM-41 was studied in the homoselective synthesis of
5-substituted 1H-tetrazole derivatives. All products were ob-
tained in good yields. Also, the recyclability of La-Schiff
base@MCM-41 was described, which showed good recycla-
bility in the synthesis of 5-substituted 1H-tetrazoles.
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