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Nanomagnetic tetraaza (N; donor) macrocyclic
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In this research, a novel nanomagnetic tetra-azamacrocyclic Schiff base complex of copper(in) was
produced via a post-synthetic surface modification of an FezO,4 surface by a silane-coupling agent that
contains acetylacetone functionalities at the end of its chain. Moreover, the target Cu complex that
involves a tetradentate Schiff base ligand was obtained from a template reaction with o-
phenylenediamine and Cu(NOs),-3H,O. Furthermore, the prepared complex was nominated as
[Fes04@TAM-Schiff-base-Cu]. The Fourier-transform infrared (FT-IR) analysis indicates the presence of
a Schiff-base-Cu complex in the catalyst. X-ray spectroscopy (EDS) and TGA analysis reveal that
approximately 6-7% of the target catalyst comprises hydrocarbon moieties. The scanning electron
microscope (SEM) and transmission electron microscopy (TEM) images demonstrate the presence of
uniformly shaped particles, nearly spherical in nature, with sizes ranging from 9 to 18 nm. [Fez0,@TAM-
Schiff-base-Cu‘"] was applied as a catalyst for the click synthesis of a diverse range of 5-substituted-1H-
tetrazoles in PEG-400 as a green medium. Regarding the electrical properties of the Cu(i) complex, the
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to its excellent capacity to catalyze these organic transformations. Finally, the high magnetization value
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Introduction

Many types of biological functions have been attributed to
heterocyclic molecules.”” Moreover, five-membered N-
containing heterocyclic molecules are dominant in the field of
medicinal chemistry.>* Azole moieties are a type of synthetic
chemical molecule that is not found in nature.® Tetrazoles,
which were first synthesized by J. A. Bladin in 1885, are made of
a doubly unsaturated five-membered ring containing four
nitrogen atoms and one carbon atom, known as the greatest
quantity of nitrogen that may be found in a stable heterocyclic
ring.*” It is possible for these compounds to exist in a wide
variety of tautomeric forms, as well as anions and cations, such
as mono- and di-substituted NH tetrazole derivatives.® In this
regard, recent reviews have shown that tetrazole-containing
molecules can be prepared from the catalytic reactions of
amines, amides, aldoximes, aldehydes, and nitriles.”** The
most common method is to react sodium azide as the nitrogen
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compromising the catalytic efficiency.

source with nitriles in the presence of a transition metal cata-
lyst.'® Recently, chemists have focused on developing an effi-
cient catalytic synthesis of 5-substituted tetrazoles through this
approach.™'7"?° However, there is still a lot to learn about these
adaptable substances, and further research is needed to achieve
the best catalytic method under green conditions.
Homogeneous catalysts, which have been widely utilized to
catalyze chemical processes, have low recoverability, reusability,
and stability."”” To circumvent these constraints, heterogeneous
catalysts that are more efficient and environmentally benign are
being investigated.*"** Several investigations have been carried
out in which supported precious metals, such as palladium, gold
and silver, were utilized as catalysts for the click functionaliza-
tion of aryl nitriles to their corresponding 5-substituted-1H-tet-
razoles (RCN4H). Generally, the immobilization of transition
metals on high-surface-area materials, such as nanomaterials,
has been documented.'”**** However, these heterogenized cata-
lysts suffer from sluggish reaction rates and severe mass-transfer
limitations, in addition to active species leaching during reac-
tions. Recently, it has been demonstrated that modifying and
functionalizing nanomaterials with organic ligands and
complexes via covalent or noncovalent interactions is an alter-
native and efficient method to produce hybrid catalysts.>>*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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When one aims at changing the size, spatial organization and
electronic configuration, nanocatalysts are alluring alternatives
to the conventional catalyst.>***° Notably, they have a high
surface-to-volume ratio and improved catalytic activity, selec-
tivity, and stability.>*** The filtration or centrifugation processes
used to separate and recover nanocatalysts are difficult and
ineffective, which is made worse by the nanoscale size of the
catalyst particles, endangering their viability and economics.”**
Due to their ease of separation from the reaction medium by
means of an external magnetic field, magnetic nanoparticles
(MNPs) appear to be a viable solution to these problems.****

Recently, Schiff-base transition metal complexes have
piqued the interest of researchers due to their structural char-
acteristics, such as ligand stiffness, donor atom type, and
catalytic uses.***” These transition metal complexes of Schiff
bases are good organic synthesis agents.***° Since these struc-
tural units are engaged in a number of catalytic, biological, and
industrial activities, tremendous development in the chemistry
of tetraazamacrocyclic complexes has been observed.**** In this
sense, the present work aims at using acetylacetone (acac) as
a versatile carbonyl synthon to combine with o-phenylenedi-
amine in order to make an acac-based tetraaza (N, donor)
macrocyclic Schiff base as a new heterodentate ligand.

Herein, Fe;O, is used as a support material for the ACAC
functionalities. Afterwards, the corresponding Cu™ Schiff base
complex was synthesized using the template approach, and
then it was applied as a promoter to assist the sustainable
synthesis of 5-substituted-1H-tetrazole derivatives in PEG-400 as
a greener alternative to the traditional solvents. According to the
findings, the [Fe;0,@TAM-Schiff-base-Cu™] complex possesses
greater performance and reusability in comparison to those of
the majority of reported transformations.

Experimental
Materials and methods

All of the materials used in this work were purchased from the
Merck and Aldrich companies and used without purification.
FTIR analysis (FTIR, USA, PerkinElmer, 400-4000 cm™ ") was
utilized for the identification of functional group compositions.
The examination of XRD patterns was conducted within the
range of 2 = 10-80° (1.5405 A0 = XRD-BRUKER) to determine the
crystallography of the nanoparticles. Thermogravimetric analysis
was performed using an STA503 instrument (Germany, BAHR) in
a temperature range of 35 °C to 805 °C, with a rising rate of 10 °
C min~' and an air atmosphere. Elemental components and
their distribution patterns were determined through EDX/
mapping analysis (VEGA II Detector, TESCAN, Czech Republic).
The surface morphology of the catalyst was examined using
FESEM (FESEM/TE/SCAN, Philips) and TEM (TEM/CM 120, Phi-
lips) analysis. Magnetic characteristics of the nanocatalyst were
measured using a vibrating sample magnetometer (VSM, model
EZ-9, G. Colombo 81, 20133 Milano, Italy). The specific surface
area of the samples was determined using the BET (Brunauer-
Emmett-Teller) method with a Micromeritics ASAP 2020 instru-
ment. Nitrogen adsorption measurements were performed at 77
K after degassing the samples at 100 °C under vacuum for 2
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hours. The relative pressure (P/P,) range for the measurements
was set between 0.03 and 0.99. The instrument was calibrated
using standard reference materials prior to the measurements.
Data analysis was conducted using the BET equation and the
surface area was calculated based on the adsorption isotherm.

Preparation of the [Fe;0,@TAM-Schiff-base-Cu™] complex

During the first step, Fe;0, and 3-(3-trimethoxysilylpropyl)ace-
tylacetone were prepared according to previous methods.*>*¢
Afterwards, in order to synthesize the target Fe;O,@SiO,@sil-
acac MNPs, 1 g of Fe;0, MNPs was dispersed in 50 mL of
toluene for 30 min, and then 5 mmol of 3-(3-trimethox-
ysilylpropyl)acetylacetone was added to the reaction mixture
and stirred under reflux conditions for 24 h. Subsequently, the
obtained particles were separated using an external magnet,
washed with ethanol and acetone, and dried at 60 °C. At the
final step, the [Fe;0,@TAM-Schiff-base-Cu™] complex was
prepared via a template reaction. In this sense, 1 g of Fe;0,@-
SiO,@sil-acac MNPs was dispersed in 50 mL of ethanol for
30 min, and then 2.5 mmol of o-phenylenediamine and
2.5 mmol of Cu(NOj3),-3H,0 were added to the reaction mixture
and stirred under a N, atmosphere at 80 °C for 1 day. After-
wards, the obtained [Fe;0,@TAM-Schiff-base-Cu™] complex
was separated using an external magnet, washed with water and
ethanol, and dried at room temperature (Scheme 1).

General procedure for the synthesis of 5-substituted 1H-
tetrazoles over the catalysis of a [Fe;0,@TAM-Schiff-base-
cu™] complex

A round-bottomed flask containing one milliliter of PEG-400
was used to combine a mixture - consisting of 25 mg of the
[Fe;0,@TAM-Schiff-base-Cu(u)] complex, 1.4 mmol of sodium
azide, and 1.0 mmol of aryl nitrile. Eventually, the reaction
mixture was agitated at a temperature of 120 °C. After reaction
completion (controlled via TLC) and a simple work-up,
involving magnetic decantation of the catalyst from the
diluted mixture, extraction with ethyl acetate, washing, drying
and solvent evaporation, the crude products were purified using
a silica gel plate.

H,0. NH,OH
N,. 80 °C. 30 min

Fely 4H,0
+

FeCly 6H,0
Fe;04 MNPs
A ~e =0 Ki(5 mmol) —o,
~A- St Cl + e i S
0" o— o p
; Acetone (50 mL) s o
reflux. 48 h ¢
5 mmol 5 mmol
R
— ¢ _NH,
¢ \"N | D Toluene N,
=} AN Reflux. 48 h
o NH,
N- N 2.5 mmol
N—
Na? Cu(NO;3),:3H,0 5
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Scheme 1 Stepwise synthesis of [FesO,@TAM-Schiff-base-Cu"]
complex.
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Spectral data

5-Phenyltetrazole (Table 2, entry 1). 'H NMR (400 MHz,
DMSO-dg), 6 (ppm):16.92 (s, 1H), 8.03 (dd, J = 6.5, 3.3 Hz, 2H),
7.60 (dd, J = 5.1, 2.1 Hz, 3H).

5-p-Tolyl-1H-tetrazole (Table 2, entry 2). "H NMR (400 MHz,
DMSO-dy), 6 (ppm): 16.68 (s, 1H), 7.93-7.89 (d, J = 8 Hz, 2H),
7.42-7.38 (d, J = 8 Hz, 2H), 2.38 (s, 3H).

5-(4-Trifluoromethyl-phenyl)-1H-tetrazole (Table 2, entry 3).
'H NMR (400 MHz, DMSO-dy), 6 (ppm): 8.35-8.33 (d, J = 8 Hz,
2H), 7.98-7.95 (d, J = 8 Hz, 1H), 7.88-7.83 (t, 1H).

5-(4-Nitrophenyl)tetrazole (Table 2, entry 5). "H NMR (400
MHz, DMSO-dy), § (ppm): 8.46-8.81 (d, J = 8 Hz, 2H), 8.52-8.33
(m, 2H).

5-(2-Fluoro-phenyl)-1H-tetrazole (Table 2, entry 6). "H NMR
(400 MHz, DMSO-dy), & (ppm): 16.86 (b, 1H (N-H)), 8.07 (s, 1H),
7.67-7.64 (d, J = 8 Hz, 1H), 7.52-7.41 (m, 2H).

5-(2-Chlorophenyl)tetrazole (Table 2, entry 7). "H NMR (400
MHz, DMSO-d,), 6 (ppm): 16.88 (b, 1H (N-H)), 8.01 (s, 1H), 7.82-
7.79 (d,J = 8 Hz, 1H), 7.73-7.72 (d, ] = 8 Hz, 1H), 7.63-7.55 (m, 1H).

5-(4-Chloro-phenyl)-1H-tetrazole (Table 2, entry 8)

'H NMR (400 MHz, DMSO-d,), 6 (ppm): 16.89 (b, 1H (N-H), 8.07
(s, 1H), 8.05-8.02 (d, J = 8 Hz, 2H), 7.70-7.66 (d, J = 8 Hz, 2H).

5-(4-Bromo-phenyl)-1H-tetrazole (Table 2, entry 9). "H NMR
(400 MHz, DMSO-d), 6 (ppm): 7.98-7.95 (d, ] = 8 Hz, 2H), 7.83-
7.80 (d, J = 8 Hz, 2H).

4-(1H-Tetrazol-5-yl)-phenol (Table 2, entry 11). "H NMR (400
MHz, DMSO-ds), 6 (ppm): 10 (br, 1H, OH), 7.86-7.83 (d, / = 8 Hz,
2H), 6.95-6.98 (d, J = 8 Hz, 2H).

2-(1H-Tetrazol-5-yl)-benzonitrile (Table 2, entry 12). '"H NMR
(400 MHz, DMSO-dy), 6 (ppm): 8.19-8.06 (m, 2H), 7.95-7.90 (t, J
= 8 Hz, 1H), 7.80-7.75 (t, ] = 8 Hz, 1H).

Results and discussion
Catalyst characterization

The successful synthesis of target nanomaterials was confirmed
by the investigation of their functional groups, crystalline phases,
thermal stability, elemental composition, surface size and
morphologies, and magnetic properties via analytical techniques.

Fourier-transform infrared spectroscopy (FTIR)

The spectra of Fe;0, and Fe;0,@SiO,@sil-acac are exactly the
same as said in earlier reports regarding the fingerprints of the
samples.”” A prominent -OH stretching absorption band was
detected in the FT-IR spectrum of Fe;O, (Fig. 1a) in the range of
3055-3640 cm ', The stretching vibration mode of the Fe-O
bonds causes peaks at 580 cm ™' and 630 cm ™ ".*’ The FT-IR spectra
of 3-(3-trimethoxysilylpropyl)acetylacetone functionalized Fe;O,
show the appearance of bands between 2918 cm™ " and 2858 cm ™"
that are the result of C-H stretching vibrations in the CH, groups
(Fig. 1b).*® Moreover, strong signals at 1703 cm™ " are attributed to
the stretching vibration of C=0 groups, indicating that the ligand
was grafted on Fe;0, nanoparticles.* Regarding the [Fe;0,@TAM-
Schiff-base-Cu"™] complex, the imine bond (C=N) and C-N
stretching vibrations are accountable for the bands that appear at
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Fig. 1 FT-IR spectra of (a) FesO,, (b) Fes04@SiO,@sil-acac, (c) the
[Fes04@TAM-Schiff-base-Cu] complex.
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Fig. 2 XRD pattern of (a) FesO4 and (b) [FesO4@TAM-Schiff-base-
cu™ complex.

1622 em ™' and 1170 cm ™", respectively (Fig. 1¢).*%* In addition,
the aromatic C-H groups, aromatic-N stretching vibration and
aromatic C-C bonds are responsible for the bands that appear at
2981 cm™ ', 1355 cm ' and 1494 cm ™', respectively.”® Further-
more, the disparagement of C=0 groups and the formation of
imine (C=N) and C-N bands indicated the production of the

target Cu(u)-Schiff base complex through the template reaction.

Powder X-ray diffraction (PXRD)

The XRD spectra of the bare Fe;0, and [Fe;0,@TAM-Schiff-base-
cu™] complex are depicted in Fig. 2. Crystalline Fe;0, MNPs are
accountable for the sharp peaks at 26 = 30.16°, 35.59°, 43.19°,
53.70°, 57.32°, 63.03° and 74.44°, corresponding to the reflection
planes (220), (311), (400), (422), (511), (440) and (533), respec-
tively (JCPDS card no. 34-421).>>* Thus, it is possible to conclude
that the magnetic Fe;0, phase was maintained even when the
functionalization process was performed. The results confirm
the successful formation of the [TAM—Schiff—base—Cu(H)] complex
over the surface of Fe;O, MNPs.

Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG)

The DTG-TGA method was used to evaluate the mass ratios and

thermal stability of the [Fe;0,@TAM-Schiff-base-Cu™]

© 2023 The Author(s). Published by the Royal Society of Chemistry
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complex. Furthermore, multiple degradation stages are depic-
ted in Fig. 3. The evaporation of moisture, water and organic
solvents that are physically adsorbed on the prepared nano-
composite caused the two initial weight losses of 2.66% below
160 °C.>** Disintegration of the supported Schiff base-copper
complex causes the next weight loss in the range of 162-400 °C,
which is about 6.78%. Significantly, DTG max was detected at
335.69 °C. The physical changes, such as fusion, dehydration
reactions and phase crystalline change (oxidation of Fe;0, to
Fe,0; (hematite) and the formation of SiO, metal oxide), are the
causes of the two weight gains in the temperature range of 400
to 648 °C. According to the TGA-DTG results, the [Fe;0,@TAM-
Schiff-base-Cu™] complex has an excellent thermal stability,
which is an efficient characteristic for catalysis at high
temperatures.

Energy-dispersive X-ray spectroscopy (EDAX) and inductively
coupled plasma optical emission spectroscopy (ICP-OES)

The EDAX analysis confirmed the presence of all the expected
elements in the [Fe;0,@TAM-Schiff-base-Cu™] complex
composition. As shown in Fig. 4, the presence of iron and oxygen
peaks refers to key elements of the Fe;0, MNPs. In addition, the
presence of a silicon peak affirms the successful grafting of the 3-
(3-trimethoxysilylpropyl)acetylacetone on Fe;O, and the
construction of Fe;0,@Si0,@sil-acac MNPs. As shown in Fig. 4,
the presence of key elements, such as carbon, nitrogen, and
copper, affirms that the template reaction of Fe;0,@SiO,@sil-
acac MNPs with o-phenylenediamine and copper salt leads to
the successful formation of the target Cu(i) Schiff base complex.
Furthermore, the exact amount of copper in the [Fe;0,@TAM-
Schiff-base-Cu™] complex was determined to be 0.076 mmol g~
through the utilization of ICP-OES methodology.

Wavelength dispersive X-ray analysis (WDS)

The elemental mapping analysis of the [Fe;0,@TAM-Schiff-base-
cu™] complex is shown in Fig. 5. The obtained mapping images
indicate the high density of iron and oxygen elements that come
from the catalyst support, which, based on thermal analysis,
constitute more than 90% of the sample. In addition, the
mapping images indicate that the silicon, carbon, nitrogen, and

TGA curve|
{—— DTG curve
100
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04 __
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o 984 B
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= )
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8 9 =
= 3
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824 -0.02
90 4 f--0.04
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Fig. 3 TGA-DTG curves of the [FesO,@TAM-Schiff-base-Cu'"]
complex.
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Fig. 4 EDAX analysis of the [Fes0,@TAM-Schiff-base-Cu™] complex.

copper moieties are excellently distributed on the Fe;0, support.
As can be seen in these photograms, there is a good agreement
between the distribution patterns of these elements, which
demonstrated that the imine groups of the TAM-Schiff-base
ligand serve as donor nitrogen atoms for the coordination of
cu®™ ions. The uniform dispersion of copper as the active
component in this heterogeneous catalyst is expected to result in
an increase in the number of active sites. This, in turn, is antic-
ipated to enhance the accessibility of reactants and, conse-
quently, lead to a higher production rate of organic products.

Scanning electron microscopy (SEM)

As displayed in Fig. 6, SEM-derived images are provided to
investigate the topographical characteristics of the [Fe;0,@TAM-
Schiff-base-Cu™] complex. The morphological study showed
that the catalyst was made up of uniform particles that were
almost sphere-like in shape. These particles are made up of small
particles that are slightly agglomerated and have a particle size of
less than 50 nm, which, due to the formation of catalytic layers
on its surface is slightly larger than the particle size of Fe;O,
found in the literature,* Moreover, the SEM micrograph revealed
the successful immobilization of the [TAM-Schiff-base-Cu™]
complex on the Fe;O, surface, while the catalytic support
retained its spherical morphology upon modification.

Transmission electron microscopy (TEM)

The morphology of the [Fe;0,@TAM-Schiff-base-Cu™] complex
was observed using TEM. The results present well-dispersed

Fig. 5 Elemental mapping analysis of the [FesO,@TAM-Schiff-base-
cu™ complex.
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Fig. 6 SEM images of the [Fes04@TAM-Schiff-base-Cu‘"] complex.

nanoparticles with a uniform spherical shape. The average size
of the particles was 25 nm, and more than 90% of them had
a size in the range 9-18 nm (Fig. 7). The particle size is much
bigger than that expected from Fe;O, nanoparticles. As can be
seen, there is a lighter shell with an amorphous structure and
a dark crystalline magnetite core inside that suggests the
formation of a core-shell structure. This suggests that
a uniform layer of the [TAM-Schiff-base-Cu] complex was
successfully immobilized on its surface, which caused some
agglomerations on the outside of the Fe;0, MNPs.

Value stream mapping (VSM)

The magnetic properties of the [Fe;0,@TAM-Schiff-base-Cu™]
complex were examined using VSM analysis (Fig. 8). The satis-
faction magnetization value (MS value) was measured to be
44.92 emu g~ '. As compared to the bare Fe;O, MS value,* it was
revealed that the presence of the [TAM-Schiff-base-Cu™]
complex leads to a significant effect on the catalytic support.
Keeping in mind that the ligand and linker components are
diamagnetic in nature and decrease the MS value, it is worth
mentioning that the elemental Cu™ is paramagnetic because of
the necessity of unpaired electrons in their orbitals (configu-
ration is [Ar]3 d°) and increases the MS value of the final
complex.”” Nevertheless, the super magnetic properties and
high MS value of the [Fe;0,@TAM-Schiff-base-Cu™] complex

Fig. 7 TEM images of the [Fes04@TAM-Schiff-base-Cu""] complex.
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Fig. 9 N, adsorption—desorption isotherms of [FezO,@TAM-Schiff-
base-Cu‘"] complex.

meant that it could be easily isolated from the reaction mixture
with the application of a simple external magnet.

Fig. 9 displays the N, adsorption-desorption isotherm of the
[Fe;0,@TAM-Schiff-base-Cu™] complex. As can be observed,
the prepared nanostructure exhibits a Type IV isotherm, in line
with the IUPAC classification for micro-mesoporous materials.
These nanoparticles possess a specific surface area of 121.03 m?
¢~ ', a mean pore diameter of 7.6941 nm, and a total pore
volume (p/p, = 0.990) of 0.2328 cm® g~ *. These characteristics
play a significant role in enhancing its catalytic efficiency.

Catalytic studies
Optimization of reaction parameters

Regarding the green chemistry aspects and conditions in
organic synthesis, herein we report the application of PEG-400
as a greener alternative to the traditional solvent in synthe-
sizing the -substituted-1H-tetrazoles using the [Fe;0,@TAM-
Schiff-base-Cu™] complex as heterogeneous Lewis acid catalyst.
Initially, the click reaction of benzonitrile and sodium azide was
studied at 120 °C using PEG-400 media in a catalyst-free manner
and in the presence of FeCl,-4H,0, FeCl;-6H,0, Fe;0, and
Cu(NO3),-3H,0 salt as the catalyst. Accordingly, it was found
out that the reactions required long times with a trace or
minimum yields of product and the remaining benzonitrile
reactant intact (TLC-based analysis). Afterwards, we varied the
reaction conditions using various amounts of [Fe;0,@TAM-
Schiff-base-Cu™] and, accordingly, the best yield was obtained
using 25 mg of catalyst. In a control experiment, an increase in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Evaluation of reaction parameters on the synthesis of 5-phenyl-1H-tetrazole over the catalysis of the [Fes0,@TAM-Schiff-base-Cu"]

complex
CN Catalyst N~
©/ + NaN;, ———— > 7
N~
Solvent, A H

Catalyst Temperature ~ Time  Yield*” TOF¢
Entry  Catalyst (mg, (mol% of Cu))  Solvent (°Q) (min) (%) TON (min™")
1 — — PEG 120 1day N.R — —
2 FeCl,-4H,0 25 PEG 120 95 N.R — —
3 FeCl;-6H,0 25 PEG 120 95 Trace — —
4 Fe;0, 25 PEG 120 95 11 57.89  0.60
5 Cu(NO;), 3H,0 25 PEG 120 95 15 78.94  0.83
6 [Fe;0,@TAM-Schiff-base-Cu™] complex 20, (0.15) PEG 120 240 73 486.66  2.02
7 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) PEG 120 100 98 515.78 5.16
8 [Fe;0,@TAM-Schiff-base-Cu™] complex 35, (0.26) PEG 120 95 97 373.07  3.93
9 [Fe;0,@TAM-Schiff-base-Cu™] complex 50, (0.38) PEG 120 85 98 257.89  3.03
10 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) DMSO 120 100 30 157.89  1.58
11 [Fe;0,@TAM-Schiff-base-Cu®™] complex 25, (0.19) EtOH Reflux 100 21 110.52  1.10
12 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) MeOH Reflux 100 16 8421  8.42
13 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) Acetone Reflux 100 N.R — —
14 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) Ethyl Reflux 100 N.R — —

acetate

15 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) DI water Reflux 100 41 215.78  2.16
16 [Fe;0,@TAM-Schiff-base-Cu®™] complex 25, (0.19) PEG 100 170 96
17 [Fe;0,@TAM-Schiff-base-Cu™] complex 25, (0.19) PEG r.t 170 N.R — —

“ Isolated yield. ? Conditions: benzonitrile (1 mmol), sodium azide (1.4
rounded to two decimal places.

the catalyst dose did not lead to an increment of the tetrazole
adduct but resulted in a decrement of reaction time from 100 to
85 min, which indicates a decrease in the TOF of the catalyst.
For further optimization purposes, we tried PEG-400, ethanol,
methanol, water (as a protic-polar media), dimethyl sulfoxide,
acetone, and ethyl acetate (as a non-protic media). In most
cases, the reaction was not completed. Significantly, the best
result was found with the PEG-400 solvent and, accordingly, it
was selected as the optimal solvent. Finally, due to the versatile
role of temperature on this transformation, we analyzed the
effectiveness of it in various experimental conditions. It was
observed that, when the reaction mixture was stirred at an
elevated temperature (100 °C), the yield dropped while the
reaction time increased to 170 min. Overall, all the observed
results show that 25 mg of the [Fe;0,@TAM-Schiff-base-Cu™]
catalyst in PEG-400 at 120 °C is the optimal conditions for this
process (Table 1).

Screening of reaction generality

Considering the ideal reaction conditions, we aimed at inves-
tigating the scope of the catalyst in click synthesis of different
tetrazoles via replacing the benzonitrile with the substituted
aromatic and aliphatic nitriles. Pleasingly, NaN; readily reacts
with aryl nitriles having electron-withdrawing substituents to
form the corresponding tetrazoles in excellent yields (Table 2).
However, the aryl nitriles having electron-donating substitu-
ents, including chlorine, fluorine and hydroxyl groups at the

© 2023 The Author(s). Published by the Royal Society of Chemistry

mmol), catalyst (mg) and solvent (1 mL). ¢ The obtained values have been

para and ortho positions, are less reactive as compared to the
benzonitrile and aryl nitrile carrying electron-withdrawing nitro
groups. Moreover, this is because of the fact that the increment
of the negative charge on the nitrile group's carbon reduces the
electrophilicity, which slows down their reaction with the N3~
agent. It is worth mentioning that the para substituent only
contributes inductive and resonance effects whereas in the
ortho-substituted one there is a strict hindrance too. Notably,
aliphatic nitriles and Knoevenagel adducts, such as malononi-
trile, acetonitrile and 2-benzylmalononitrile, do not react with
sodium azide, displaying no complementary products. These
investigations show a high degree of selectivity for aromatic
nitriles, which can be efficiently involved in the reaction and
conversion to their corresponding tetrazole derivatives in
presence of the [Fe;0,@TAM-Schiff-base-Cu™] complex, while
the aliphatic C=N groups in the molecule will remain intact.
Also, the nanocatalyst provides a good homoselectivity
(Scheme 2) in dicyano-functional benzonitriles, such as phtha-
lonitrile (Table 2, entry 12), for the synthesis of the corre-
sponding tetrazoles (Scheme 3).

Reaction mechanism

The mechanism followed by the metal-based click synthesis of 5-
aryl-1H-tetrazole derivatives is well described in our previously
published articles. As illustrated in Scheme 3, it begins with the
interaction of Cu complex with a nitrile group - leading to the
intermediate (I) R-C=N-Cu™. The second phase yields

Nanoscale Adv., 2023, 5, 6594-6605 | 6599
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Table 2 The synthesis of 5-substituted 1H-tetrazoles over the catalysis of the [FesO4@TAM-Schiff-base-Cu'"] complex
~CN [Fe;0,@TAM-Schiff-base-Cu "] complex (25 mg) RZ N\ /N\
R + NaNj . B\
= PEG-400, 120 °C N
Melting point
Entry  Nitrile Product Time (min)  Yield*® (%) TON TOF (min~') Measured Literature
CN N~ N
2
1 ©/ ©_<N,Kj 100 98 515.78  5.16 215-217  211-214 (ref. 58)
H
CN N\N
%
2 /©/ Me~©—< N 220 93 489.47  2.45 249-251 252-254 (ref. 59)
Me
H
CN N\N
%
3 /©/ F3C©_< /',h 70 9% 505.26  7.21 221-222 218-219 (ref. 60)
F4C N
CN N~
a
4 N-N 150 98 515.78  3.43 145-146  149-152 (ref. 58)
H
O5N
NO, 2
CN N~ N
y
5 /©/ 02N4©_< ,Kl 120 93 489.47  4.07 219-220  217-220 (ref. 58)
O,N N
CN N~
7
6 O: Q_<N _N 270 95 500 1.85 157-159 158-160 (ref. 61)
F g H
CN N~
@t
7 ©i Q—<N -N 300 93 489.47  1.63 179-180  180-181 (ref. 58)
Cl
c
CN N~y
‘< >_</
8 D/ cl ,Kl 150 94 49473 3.29 252-254  261-263 (ref. 58)
Cl H
CN N~
y
9 /©/ Br4©_<N/KI 280 9% 505.26  1.80 264-266  264-266 (ref. 62)
Br H
CN /N ~N
1
10 O: N-N 35 97 510.52  14.58 223-224  224-226 (ref. 58)
OH on H
CN N~n
%
11 /©/ H04©_<N’K‘ 80 95 500 6.25 234-236 233-235 (ref. 58)
HO H
CN N-N
| N
12 N 65 94 494.73  7.611 211-213 209-211 (ref. 63)
CN H
CN
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Table 2 (Contd.)

~CN [Fe;0,@TAM-Schiff-base-Cu "] complex (25 mg) RZ N\ /N\N

R +  NaNj — N
= PEG-400, 120 °C N
Melting point

Entry  Nitrile Product Time (min)  Yield*® (%) TON TOF (min~') Measured Literature

CN /N ~N
13 N 24h N.R — — — —

CN NC N~

H
CN NC N~ N
%
14 N 24h N.R — — — —
CN N
H
N~
Me— 1i
15 MeTen 4<N’ 24 h N.R — — — —
H

“ Isolated yield. ® Conditions: aryl nitrile (1.0 mmol), sodium azide (1.4 mmol) and [Fe;0,@TAM-Schiff-base-Cu™] complex (25 mg/0.175 mol%) in

PEG-400 (1 mL) at 120 °C.

[Fez0,@TAM-Schiff-base-Cu("”) complex
(25 mg)

N-N

| N
@“ .

cN

94%

CN
O -
CN

PEG-400, 120 °C

N-N
Il N
N
=N
I
N
HN\N
0%

Scheme 2 Homoselectivity of the [FesO4@TAM-Schiff-base-Cu'"]
complex in the synthesis of tetrazoles.

RCN
aNj3
R~</ NH R~</ ( \
R—rx————
R~</ /N

& ,+
N*jNN
@U A

Scheme 3 Plausible mechanism for the click synthesis of 5-aryl-1H-
tetrazoles over the catalysis of the [FesO,@TAM-Schiff-base-Cuf(i)]
complex.

intermediate (IT) when the azide anion (N=N* = N") attacks the
R-C=N-Cu"™ intermediate. Moreover, the Cu(u) catalyst with the
appropriate lower oxidation state is regenerated when the resul-
tant species is reduced. Finally, the corresponding 5-aryl-1H-tet-
razole product is produced via an easy protonation of the anionic
intermediate and acidifying the reaction using 10 mL of 4N.

Recyclability and hot filtration tests

The ability of the environmentally friendly catalysts to be recy-
cled is one of the most noticeable features that distinguishes

© 2023 The Author(s). Published by the Royal Society of Chemistry

them from conventional catalysts. In fact, it is necessary to
verify the reusability of a new catalyst in order to avoid under-
stating the cycle stability and operational applicability of the
catalyst. In this regard, a study was conducted to investigate the
[Fe;0,@TAM-Schiff-base-Cu(u)] recyclability on the model
reaction. After the reaction was completed, the heterogeneous
catalytic complex was separated using an external magnet, and
then washed with hot water and ethanol. The recovered catalyst
was then used in the next cycle of the reaction (Table 3). As
shown in Fig. 10, it has been demonstrated that the [Fe;0,@-
TAM-Schiff-base-Cu(u)] complex was able to be recovered and
reused for four continuous cycles without significant loss of its
capacity to catalyze the studied transformations or suffering
a high loss in performance. FT-IR spectroscopy was performed
on the recovered catalyst after 4 runs (Fig. 11). This analysis
clearly indicated the presence of bands similar to those of the
fresh catalyst. In addition, the N, adsorption-desorption
isotherm of the reused catalyst is provided in Fig. 12. The result
shows that the specific surface area was decreased to 38.533 m>
g ! that could be due to the accumulation of substrates on its
surface.

Hot-filtration and leaching test

Hot filtration and leaching experiments were carried out on the
model reaction. After 50 minutes, the heating was stopped, the
reaction was diluted using hot water, and the catalytically active
particles were removed via magnetic filtration. Furthermore,
the filtrate was reintroduced into the oil bath and allowed to
react for another 50 minutes. It was observed that the product
yield did not considerably rise by more than 43%. In addition,
the recovered catalyst was also studied applying ICP-AES

Nanoscale Adv., 2023, 5, 6594-6605 | 6601
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Table 3 Comparison of the catalytic efficiency of the [FesO4@TAM-Schiff-base-Cu"’] complex in a model reaction of the synthesis of 5-aryl-

1H-tetrazole

Entry Synthesis Catalyst Time (min) Yield” (%) Ref.
1 5-Phenyl-1H-tetrazole Boehmite@SiO,@Tris-Cu() 120 95 58
2 5-Phenyl-1H-tetrazole BNPs @SiO,-TPPTSA 60 96 64
3 5-Phenyl-1H-tetrazole Cu-Amd-RGO 30 96 65
4 5-Phenyl-1H-tetrazole SA-TGO 240 94 66
5 5-Phenyl-1H-tetrazole Fe;0,@Si0,@BHA-Cu(n) 70 95 67
6 5-Phenyl-1H-tetrazole [Fe;0,@TAM-Schiff-base-Cu™] complex 100 98 This work
“ Isolated yield.
60
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Fig.10 Reusability of synthesized the [FesO4@TAM-Schiff-base-Cu'"]
complex during the model reaction.
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Fig. 11 FT-IR spectra of the [Fes04@TAM-Schiff-base-Cu"] complex
after four times of reuse.

analysis to quantify the copper leaching content (0.064 mmol
g™ "). These observations demonstrate that the catalyst [Fes-
0,@TAM-Schiff-base-Cu™] is heterogeneous in nature.

Comparison

Considering Table 3, the results of the click synthesis of 5-aryl-
1H-tetrazole in the presence of the [Fe;0,@TAM-Schiff-base-
cu™] complex are compared to those of other transition metal-
containing catalysts found in the literature. According to the
comparative overview, [Fe;0,@TAM-Schiff-base-Cu] has one
of the highest yields ever reported. This might be the conse-
quence of a careful post-synthesis modification which includes
the use of an acac-based tetraaza (N4 donor) macrocyclic Schiff
base as an N-rich organic ligand to modify the electrical prop-
erties of the support, leading to an increment in the Cu ions

6602 | Nanoscale Adv, 2023, 5, 6594-6605

p/p,

Fig. 12 N, adsorption—desorption isotherms of the [FesO4@TAM-
Schiff-base-Cu'"] complex after four times reuse.

capacity to catalyze this click-type of reaction. It is noticeable
that the [Fe;0,@TAM-Schiff-base-Cu™] complex in which PEG-
400 was used as a green solvent needed less reaction time and
produced excellent yields, as compared to the listed

approaches.

Conclusion

In conclusion, a straightforward technique has been designed
to produce a novel nanomagnetic tetra-aza macrocyclic Schiff
base complex of copper(u) as a powerful catalyst for the click
reaction between aryl nitriles and NaN; in PEG-400 as an envi-
ronmentally friendly solvent. This method selectively converts
the aryl nitriles into the corresponding 5-aryl-1H-tetrazoles
while the aliphatic nitriles remain intact. The performance of
the homogeneous catalysis system remains consistent over four
recycling cycles.
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