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Impregnated copper ferrite on mesoporous graphitic carbon
nitride: An efficient and reusable catalyst for promoting
ligand-free click synthesis of diverse 1,2,3-triazoles and
tetrazoles
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Iran and their catalytic performances were evaluated in click chemistry for the first

Magnetic CuFe,0,/g-C3;N, hybrids were synthesized through a facile method

time. The structural and morphological characterization of prepared materials
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was carried out by different techniques such as X-ray diffraction, high-

resolution transmission electron microscopy, field emission scanning

electron microscopy, Fourier infrared spectroscopy, vibrating sample magne-

tometry, thermogravimetric analysis, and N, adsorption-desorption analysis
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(Brunauer-Emmett-Teller surface area). The utilization of magnetic
CuFe,0,/g-C3N, enabled superior performance in the one-pot azide-alkyne
cycloaddition reaction in water using alkyl halides and epoxides as azide pre-
cursors without the need of any additional agents. The present system is broad
in scope and especially practical for the synthesis of macrocyclic triazoles and
also tetrazoles. In addition, the catalytic system highly fulfills the demands of
“green click chemistry” with its convenient conditions, especially easy access
to a variety of significant products in low catalyst loading and simple work-

up and isolation procedure.
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1 | INTRODUCTION Following Huisgen's pioneering work, in 2002, copper-
catalyzed azide-alkyne cycloaddition (CuAAC) through
the ‘click chemistry’ concept has been developed inde-

pendently by Sharpless et al.!'®! and Meldal et al.l'”! to

Triazoles are an extremely important class of compounds
in chemistry" ! and biology'*®! that are widely used in
medicinal,''®'?! combinatorial, and material chemis-  exclusively synthesize 1,4-disubstituted 1,2,3-triazoles.
try.1>14! Therefore, new practical methods directing the Later, ruthenium-assisted azide-alkyne cycloaddition
synthesis of triazole nucleus have inspired organic =~ was introduced to facilitate the formation of 1,5-

chemists. Huisgen was the first to investigate the thermal [18]
synthesis of triazoles in the 1960s, a reaction now termed
“Huisgen cycloaddition.” This reaction involves a 1,3-
dipolar cycloaddition between an organic azide and
alkyne to produce a regioisomeric mixture of both 1,4-
and 1,5-disubstituted 1,2,3-triazoles (Scheme 1).'%

regioisomer.

Conventionally, CuAAC click transformation is per-
formed using Cu(I) salts, Cu(II) salts in combination with
a reducing agent,!* or by comproportionation of a Cu®/
cu' couple® wunder various reaction conditions.
Because of the detrimental features associated with
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Cu(I) species such as thermodynamic instability and initi-
ation of undesired diacetylenes, the direct use of Cu(I)
salts has been restricted.”?"! To solve these problems, aux-
iliary ligands should be added to protect and stabilize the
copper catalyst during cycloaddition. Recently, it has
been demonstrated that Cu(Il) salts can accelerate click
reaction under non-reductive conditions using N-
containing ligands.[22]

Nevertheless, these systems are usually homogeneous
and suffer from inherent drawbacks: difficulty in separat-
ing the catalyst and product, environmental concern, and
recyclability. Recent research in this area has focused on
beneficial heterogeneous catalysis which can address
these problems and has several advantages such as easier
separation of catalyst and product(s), better recovery,
allowing for reuse of the catalyst systems, and reduced
metal contamination in the final products.”*=>¥ In this
context, magnetic nanoparticles (MNPs) are considered
promising catalysts because of their response to an exter-
nal magnetic field and are thus extensively used in a vari-
ety of important organic reactions.”***”! Among various
MNPs, spinel ferrites such as CuFe,0,4 have acquired a
special place in the field because of their successful appli-
cation in a variety of catalytic transformations,***”! espe-
cially in click chemistry.!#3->1]

Moreover, copper ferrite nanoparticles have been
shown to be suitable candidates for a wide range of
technologically important applications, such as fuel
processing,'®* high-energy-storage materials,'®> and gas

1 N,
*N” °N
\=(4
R
SCHEME 1 Regioselectivity of the 1,3-
dipolar cycloaddition between an azide
and an alkyne in the synthesis of triazoles
[54] ional35]
sensors,”™ and also for photo-Fenton reactions'”” and

photocatalytic water splitting.[56] High activity and stabil-
ity, low preparation cost, efficient recovery, and good
recyclability are other specific features of CuFe,0,
NPs."”) Graphitic carbon nitride (g-C3N,) with marked
surface properties>**?! is believed to be one of the oldest
artificial layered polymers and is applied in different
arenas including organosynthesis, energy storage, and
environmental purification.***!! It is accepted that
among the various C;N, phases, tri-s-triazine ring is the
basic tectonic unit required to establish C;N, allotropes
and the most stable phase of C;N, at ambient conditions
(Scheme 2).[*!

The ordered mesostructure of g-C3;Ny is responsible for
its successful application as a catalyst or catalyst support
because it allows the assembly of active species such as

NH,

a
o N7 NN
j\ j\ HQNJ\\NJ\\Nl NH,

SCHEME 2 Tri-s-triazine ring structure of g-CsNy
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metals into porous structures. The nitrogen richness of g-
C;3N, and the threefold N-bridge connecting the triazine
structures provide a variety of nitrogen pots in the plane
of g-C3N, that supply abundant anchoring sites for metal-
lic nanoparticles. Therefore, g-C5N, can easily capture the
metal cations through strong interactions between the
cations and the negatively charged nitrogen atoms, which
mainly results from lone pairs of electrons in the nitrogen
pots of g-C;N,.*!] Recently, the introduction of different
transition-metal cations into the g-C3N,4 network without
destroying the actual structure of graphitic carbon
nitride has been reported.*®**°! g-C;N, exhibits high
catalytic capacities and is used in diverse applications
including fuel cells,!®™ heterogeneous catalysis, ® "]
photocatalysis,[***%! water splitting,[”°! and energy stor-
age.”!! Motivated by the attractive structure of g-C;N,
and its ability to chelate Cu'*"*’! and also by the out-
standing work of Zhu et al.,!*?! it is envisioned that g-
C3N, can be used as the matrix to load large amounts of
CuFe,0, without deliberate addition of a reducing agent
in azide-alkyne cycloaddition. We hypothesized that the
abilities of nitrogen pots of g-C5;N, to chelate Cu(Il) and
to subsequently reduce it to the highly catalytic Cu(T) spe-
cies can facilitate CuAAC click transformation. This is
similar to the argument put forth for the effect of auxil-
iary ligands on the CuAAC reaction.!”?! The modification
of g-C;N, with a bimetallic system can provide an oppor-
tunity to make huge strides in the field of catalyst chem-
istry owing to its extraordinary structural properties. In
this work, we describe the facile one-pot preparation of
magnetic CuFe,0,/g-C3N, hybrids as a heterogeneous
catalyst, and perform a preliminary evaluation of its
application in Huisgen [3 + 2] cycloaddition of azides
and terminal alkynes/nitriles, without any sacrificial
reducing agents. Moreover, the organic azides are gener-
ated in situ from the appropriate halides or epoxides
and sodium azide and thus safety issues associated with
the handling of the potentially explosive pre-prepared
azides are avoided. Our method is also applicable for
the synthesis of anthraquinone and aza-crown ether
derivatives of triazole and tetrazole scaffolds. Finally, it
was found that this heterogeneous catalytic system
exhibited much better catalytic activity and reusability
in comparison with CuFe,0,.14>%)

22

2 | EXPERIMENTAL
2.1 | Preparation of g-C;N,
Mesoporous carbon nitride was synthesized according to

the reported literature using 1:1 hydrogen-bonded supra-
molecular aggregates of the melamine-cyanuric acid

WILEY-Sineciic—L 201
complex.* In a typical synthesis, melamine (1 g) and
cyanuric acid (1.02 g) were dissolved in 35 and 17 mL of
dimethyl sulfoxide (DMSO), respectively. After comple-
tion of the dissolution process, both solutions were mixed
together for 15 min to obtain a white precipitate. Subse-
quently, the obtained precipitate was separated from the
solution by filtration and washed with ethanol. The
resulting white powder was dried at 50 °C and calcined
at 550 ° C for 4 hr at the heating rate of 2.5 °C min~"
under an argon atmosphere.

2.2 | Synthesis of CuFe,0,/g-C;N,

In brief, 0.5 g of g-C;N, was dispersed in a deionized
water—ethanol (1:1) (5 mL) solution by sonication for
30 min. Then 1 equivalent of Cu(NO3),-3H,O and 2
equivalents of Fe (NO3);-9H,0 were dissolved in distilled
water and added into the aforesaid suspension. Next, a
solution containing 20 mmol of NaOH (20 mL) was
added dropwise to the mixture with vigorous stirring for
30 min. After the addition of NaOH solution, the mixture
was continuously stirred for 10 min. Finally, the solution
was transferred into a Teflon-lined stainless steel auto-
clave and heated at 140 °C for 14 hr. After cooling the
mixture, the catalyst was separated by centrifugation
and washed with excessive deionized water and ethanol,
and dried in a vacuum oven at 60 °C.

2.3 | General procedure for the synthesis
of 1,4-disubstituted 1,2,3-triazoles

A mixture of alkyne (1.1 mmol), alkyl halide/epoxide
(1.2 mmol), sodium azide (1.2 mmol), and CuFe,0,/g-
C3N, (5 mg) was vigorously stirred in water (3 mL) at
80 °C for the appropriate time specified in Tables 2 and
3. After the completion of the reaction, as detected by
thin-layer chromatography (TLC), and separation of the
catalyst using an external magnet, the reaction mixture
was diluted with H,O (5 mL), followed by extraction with
EtOAc (3 X 10 mL). The acquired organic phases were
washed with saturated brine and dried with anhydrous
Na,S0O,. Removal of the solvent under vacuum, and puri-
fication by flash column chromatography on silica gel
using n-hexane—ethyl acetate (10:5) as the eluent pro-
duced the desired 1,2,3-triazole derivatives.

2.4 | General procedure for the synthesis
of 5-substituted 1H-Tetrazoles

In a round-bottomed flask, CuFe,0,/g-CsN, (15 mg) was
added to a mixture of nitrile (1 mmol) and sodium azide
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(1.2 mmol) in dimethylformamide (DMF; 3 mL) and mix-
ture was stirred at 110 °C until TLC indicated no further
progress in the conversion. After cooling the reaction
mixture to room temperature, the catalyst was removed
magnetically and the reaction mass was quenched
with water (5 mL) and extracted with ethyl acetate
(3 X 15 mL). The combined organic layers were dried
(anhydrous Na,SO,) and evaporated in vacuo. The crude
product was purified by flash column chromatography
on silica gel using n-hexane-ethyl acetate (10:5) as the
eluent to afford the desired 1H-tetrazole derivatives. All
the compounds were identified and characterized by the
comparison of their spectral data with those reported in
the literature.

2.5 | Characterization of the products

1-Benzgyl-4-phenyl-1H-1,2,3-triazole (3a): Yellowish white
solid, melting point (mp) = 128-130 °C. infrared (IR;
KBr, cm_l): v = 3093, 3031, 1458, 1218, 1072, 972, 736.
'H nuclear magnetic resonance (NMR; 250 MHz, CDCl;)
8: 5.55 (s, 2H), 7.24-7.44 (m, 8H), 7.67 (s, 1H), 7.79 (d,
J = 6.9 Hz, 2H). *C NMR (100 MHz, CDCls): 148.2,
134.6, 130.4, 129.2, 128.8, 128.2, 128.1, 125.7, 119.5, 54.3.
Anal. Calcd. for C;5sH;3N5: C, 76.57; H, 5.57; N, 17.86;
Found: C, 76.49; H, 5.55; N, 17.96.
2-Phenyl-2-(4-phenyl-1H-1,2,3-triazole-1-yDethanol

(5a): White solid, mp = 126-128 °C. IR (KBr, cm™):

L = 3423, 3217, 2862, 1651, 1504, 1402, 1342, 1242,
1095, 1041, 833, 524. "H NMR (250 MHz, CDCl;) 8: 4.23
(dd, J = 12.7, 3.5 Hz, 1H), 4.63 (dd, J = 12.6, 8.2 Hz,
1H), 5.66-5.70 (m, 1H), 7.27-7.33 (m, 3H), 7.35-7.40 (m,
5H), 7.70 (s, 1H), 7.77-7.80 (m, 2H). *C NMR
(100 MHz, CDCl,): 147.7, 136.1, 130.2, 129.2, 129.0,
128.8, 128.3, 127.2, 125.7, 120.6, 67.4, 65.1. Anal. Calcd.
For C,;cH;5sN;O: C, 72.43; H, 5.70; N, 15.84; Found: C,
72.57; H, 5.58; N, 15.96.

5-Phenyl tetrazole (7a): White solid, mp = 215-217 °C,
IR (KBr, cm™'): v = 3363, 3062, 1658, 1573. '"H NMR
(250 MHz, CDCl;): 8 (ppm) = 6.31 (br, 1H), 7.40-7.56
(m, 3H), 7.80-7.84 (m, 2H). *C NMR (100 MHz, CDCl,):
156.1, 131.4, 129.6, 126.9. 124.4. Anal. Calcd. For C,HgN,:
C, 57.53; H, 4.14; N, 38.34; Found: C, 57.64; H, 4.22; N,
38.14.

3 | RESULTS AND DISCUSSION

Doughnut-like mesoporous graphitic carbon nitride
(mpg-C;N,) was obtained according to the literature!*#
by precipitating a 1:1 mixture of melamine and cyanuric
acid in DMSO and subjecting it to calcination under an
argon atmosphere at 550 °C for 4 hr (Scheme 3).

The one-pot modified calcination method was then
used to synthesize the magnetic CuFe,0,/g-C3N, nano-
composite.!*”! The structure and morphology of the pre-
pared mpg-CsN, and CuFe,0,4/g-C3N, hybrids were

e O NSO

NN O\
. o e
/Il\l\é\))N\ . HNJ\NH DMSO, rt. N)\N/LNOJ\N)\N
HaN" N7 “NH, OZ\H/&O OYNYO\N/ YNW?O
N N\N)\N,N N

Melami ic acid
elamine cyanoric aci O| Q |o

Melamine-cyanoric acid supramolecular aggregates (MCAs)

Thermal polycondensation

550 °C, 4 hr
2.5 °C/min, Ar

SCHEME 3 Mesoporous graphitic
carbon nitride (mpg-C;N,) formation.
DMSO, dimethyl sulfoxide; r.t., room
temperature
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characterized by Fourier transform infrared (FT-IR) spec-
troscopy, X-ray diffraction (XRD) patterns, field emission
scanning electron microscopy (FESEM), high-resolution
transmission electron microscopy (HRTEM), X-ray pho-
toelectron spectroscopy (XPS), thermogravimetric analy-
sis (TGA), vibrating sample magnetometry (VSM), and

—— CuFe204@CsN4
—— CuFez204
&-CsN4
~~
xR
N
(]
Q
=
]
=
£
v
s
£ 3440
=
1635 572
813
/
1642 1244
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm'')

FIGURE 1 Fourier transform infrared spectra of mpg-C;Ny
(green), CuFe,0, nanoparticles (blue), and CuFe,0,/g-C5N, (red)

Chemistry

Brunauer-Emmett-Teller (BET) surface area analysis to
establish their characteristics. The FT-IR spectra of
CuFe,04 NPs, mpg-C3N,, and CuFe,0,/g-C3N, hybrids
are presented in Figure 1. For the pure CuFe,O4 NPs, a
distinct absorption band at 572 cm™" belongs to the sym-
metric stretching vibration of the Fe-O band.[*®! The
band at 410 cm™' is attributed to the octahedral metal
stretching of Cu-O. The absorption bands at 3440 and
1635 cm ™' represent the stretching and bending mode
of -OH groups of H,O which absorbed on the surface of
ferrite. In the case of mpg-C;N,, characteristic bands at
1244, 1319, 1427, 1566, and 1642 cm™ result from the
stretching modes of aromatic C-N heterocycles. The
sharp peak at 813 cm™" was ascribed to the out-of-plane
bending vibration of the triazine units. A broad band,
arising from -NH, vibrations of uncondensed amine
groups, is detectable around 3200-3400 cm™'. The FT-IR
spectrum of magnetic CuFe,0,/g-C5N, shows characteri-
zation peaks in the region of 400-600 cm™' for Fe-O
(550 cm™') and Cu-O (427 cm™'), which indicate the
presence of copper ferrites, and 1200-1650 cm™" for the
C-N group, which indicates the presence of copper ferrite
and carbon nitride in the composite (Figure 1). As shown
in Figure 1, the intensity of band located at 1407 cm™*
(aromatic C-N stretching bond) decreased in CuFe,0,/
g-C3N, compared with that in mpg-CsN4, which is
regarded as a strong evidence for the interaction between
copper ferrite and the C-N bond of mpg-C;N,.”!

The crystalline structures of the as-synthesized
CuFe,0,4, mpg-C3N,, and CuFe,0,/g-CsN, hybrids were
studied by XRD (Figure 2). For pure CuFe,0, NPs, typi-
cal diffraction peaks at 26 = 20.6, 29.9, 35.5, 38.9, 42.8,
56.9, and 62.4° are ascribed to the (101), (112), (103),
(211), (202), (220), (321), and (224) planes of the tetrago-
nal CuFe,O, NPs (JCPDS card no: 77-0427),
respectively.!”!

mpg-C;N, exhibits two well-resolved peaks centered at
20 = 12.8 and 27.7, corresponding to the (100) and (002)

Relative intensity (a.u.)

CuFez04@CsNa4
CuFez204
g~CsN4
10 2I0 3]0 4‘0 5’0 6I0 7‘0

Position [2Theta, degrees]

FIGURE 2 X-ray diffraction pattern of g-C3N,, CuFe,0, and CuFe,0,/g-C;N,
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plane arising from the in-plane arrangement of nitrogen-
linked triazine units and interlayer spacing of the
graphite-like structure, respectively (JCPDS 87-1526).17%)
For the CuFe,0,/g-C3;N, nanocatalyst, the main peaks of
both mpg-C;N, and CuFe,0, are discernible, confirming
that the CuFe,0,4 NPs have been successfully loaded onto
mpg-C;N,. The location of the (002) peak down shifts from
27.7° (C3Ny) to a lower angle direction of 27.1° (CuFe,0,/
g-C3N,), indicating the increase of the corresponding
interplanar distance from 0.321 to 0.328 nm. The BET sur-
face area was calculated using N, adsorption isotherms at
77 K which indicated that an average pore diameter of
around 16.6 nm is generated at 550 °C, where mpg-C;N,
had a BET surface area of 52 m* g~' and a pore volume
of 0.3 cm® g ~'. The total pore volume and specific BET sur-
face area of the resulting CuFe,0,/g-C5N, were 0.3 cm® g !
and 81 m?/g, respectively.

As expected, the BET surface areas gradually
decreased after modification, probably because the
copper ferrites blocked the pores partially. Moreover,
the Barrett-Joyner-Halenda pore-size distribution of
CuFe,0,/g-C3N, calculated from the adsorption branch
further shows that the pore-size distribution fluctuates
between 10 and 50 nm, with the maximal value centered

at 15.9 nm. The morphology and structural details of the
synthesized samples were characterized by FESEM
(Figure 3) and HRTEM (Figure 4).

FESEM analysis of carbon nitride at low and high
magnification shows a well-developed “doughnut-like”
mesopore architecture with an average diameter of
around 1-3 um and a narrow size distribution. The
FESEM image of CuFe,0,/g-C3N, reveals that the Cu
NPs have been well dispersed on the carbon nitride sur-
faces. Compared with Figure 3a, the “doughnut-like”
structure cannot be seen, because it is now covered by
copper ferrite nanoparticles. In addition, the energy-
dispersive X-ray spectroscopy (EDS) spectrum of the
CuFe,0,/g-C3N, hybrid in Figure 3e confirmed the pres-
ence of Cu, Fe, O, C, and N.

TEM images show that the pores with diameters in the
range of 30-40 nm are embedded in the nanosheet struc-
ture of carbon nitride. HRTEM of the CuFe,0,4/g-C5N,
hybrid demonstrates that after hybridization, the surface
of carbon nitride is decorated finely with CuFe,0, parti-
cles to form an excellent heterojunction and interface
between CuFe,0,4 and mpg-C;3Nj.

To obtain a quantitative idea of the surface chemical
nature of the as-synthesized composite, XPS

oMok Map, £U1E KX wiy 23 Nigal HRSE+ RS

FIGURE 3 Structural evolution of g-CsN, by field-emission scanning electron microscopy: (a) g-CsN, (low magnification), (b) g-CsNy
(high magnification), (c) field emission scanning electron microscopy image of CuFe,0,/g-C3Ny; and energy-dispersive X-ray spectroscopy

analysis: (d) g-C3N, and (e) CuFe,0,/g-C3Ny
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FIGURE 4 High-resolution transmission electron microscopy images of (a,b) g-CsN, and (c,d) CuFe,0,4/g-C5N,

measurements were performed for the CuFe,0,/g-C5N,
hybrid (Figure 5).

The XPS survey spectrum reveals that besides the three
lines corresponding to the carbon, nitrogen, and oxygen of
carbon nitride, signals of Cu and Fe can be found in the
composite, which further confirms the incorporation of
CuFe,0, into mpg-C;N,. The -corresponding high-
resolution spectra of Cls, N1s, Ols, Cu2p, and Fe2p are
also presented. The C1s spectra can be mainly divided into
three peaks located at about 284.8, 286.2, and 288.3 eV,
respectively. As shown in Figure 5, the Cls peaks at
284.7 and 286.2 eV can be ascribed to sp> C-C bonds in
carbon species and C-O species on the surface of the
material, respectively, whereas the peak at 288.3 eV corre-
sponds to sp>-bonded carbon (N-C=N).[®! The N1s spec-
tra (Figure 5) is divided into three sub-bands centered at
398.8, 399.9, and 401.6 eV, which correspond to the sp2
nitrogen bonded to carbon involved in triazine rings, the
three coordinated nitrogen bonded to carbon atoms in
the form of N-(C)3, and terminal amino groups (N-H),
respectively.[74] In Ols spectra, two peaks can be distin-
guished to be centered at 529.6 and 531.2 eV, which are
exclusively assigned to the O, in CuFe,0, lattice and sur-
face hydroxyl group, respectively.!”*) The peaks at 933.5
and 953.8 eV (with a satellite at 961.7 €V) in the spectrum
of Cu2p can be assigned to Cu (2P5,) and Cu (2P, ), spin-
orbital components, respectively. The deconvoluted Cu
(2P5/,) XPS spectrum (Figure 5) shows two peaks at
933.4 and 934.8 eV which could be attributed to Cu* and

Cu?*, respectively.'*>7?! This may be due to the transfor-

mation of Cu®* into Cu* during the formation of the
CuFe,0,4/g-C3N, composite. These are in conformity
with the results reported elsewhere.[*>7>7¢! The high-
resolution narrow scan for the Fe2p spectrum reveals Fe
(2p1/2) and Fe (2ps,2) binding energy peaks related to the
oxidized Fe species, which can be deconvoluted into five
peaks (Figure 5). The peak centered at 724.9 eV is attrib-
uted to the binding energies of 2p, ;, of Fe** and Fe** ions,
and the peak centered around 723.2 eV corresponds to the
binding energies of 2p, ,» of Fe** ion. The peaks at 712.0
and 710.3 eV are assigned to 2ps,, of the Fe** and Fe**
ions, respectively, with a satellite peak at 718.5 eV, which
indicates the coexistence of Fe** and Fe®* in the catalyst.
The obtained results are in agreement with published
work on the CuFe,0,/g-CsN, hybrid.!”*! The magnetic
behavior of the CuFe,0,/g-CsN, hybrid was also exam-
ined using a vibrating sample magnetometer.

Figure 6 displays the hysteresis loop formed by the
CuFe,0,/g-C3N, hybrid at room temperature (300 K).
The observed magnetic parameters of the CuFe,0,/g-
C3N, hybrid such as relatively high saturation magnetiza-
tion (Mg = 17.2 emu g ') and low remnant magnetization
and coercivity revealed that the synthesized CuFe,0,/g-
C;3N, composites show soft magnetic behavior and can
be easily separated by an external magnetic field. The
lower M value in the CuFe,0,/g-C3;N, hybrid materials
is possibly due to the strong counteraction between the
CuFe,0, MNPs and mpg-C3N,.
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FIGURE 5

X-ray photoelectron spectroscopy spectra of CuFe,0,/g-C3Ny: (a) survey, (b) Cls, (c) N1s, (d) Ols, (e) Cu2p, and (f) Fe2p

FIGURE 6 Vibrating sample magnetometry curve of CuFe,0,/g-
C3N4

The thermal stability of the fresh CuFe,0,4, mpg-C;Ny,
and CuFe,0,/g-CsN, hybrid is studied by TGA and their
corresponding TGA profiles are shown in Figure 7.

These results demonstrate that pure CuFe,O4 NPs are
stable and do not lose any weight from 30 to 800 °C,
whereas mpg-C3;N, loses almost all of its weight from
500 to 600 °C. For the CuFe,0,4/g-C5sN, hybrid sample,
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FIGURE 7 Thermogravimetric analysis graph: (a) CuFe,0,, (b)
mpg-C;sN,, and (c) CuFe,0,4/g-CsNy

the slight weight loss below 150 °C likely results from
the evaporation of absorbed water in the sample, but
the significant weight loss above 550 °C results from the
direct thermal decomposition of the mpg-C;N, phase.
This result shows that thermal stability of the mpg-C3N,
phase in the CuFe,0,/g-CsN, nanocomposite is less than
that in pure mpg-C;N,, which may be due to a catalytic
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effect of the Cu-Fe mixed oxide on the oxidation of the
carbon nitride support or the weakening of cross-linked
rings of mpg-C;N, resulting from the introduction of
CuFe,0,.[%!

In our quest to develop aqueous medium organic syn-
thesis of triazoles,”””7®! we employed CuFe,0,/g-C3N,
hybrids as a catalyst in the click reaction of
phenylacetylene 1la (1.1 mmol), benzyl bromide 2a
(1.2 mmol), and sodium azide (1.2 mmol) in H,O without
using any reducing agent (Table 1).

The control experiment in the absence of the catalyst
showed that a trace amount of desired product 3a was
formed at 80 °C even after prolonged reaction time (entry
1). This result clearly highlights the role of Cu NPs as cat-
alysts in the click reaction. Another copper promoter,
CuFe,0,, was also examined in this reaction and the
yield of triazole 3a was 80% after 3 hr (entry 2). According
to Table 1, the CuFe,0,/g-CsN, hybrids with 5-mg load-
ing showed high catalytic activity to give 1-benzyl-4-phe-
nyl-1H-1,2,3-triazole in excellent yield (entry 3). The
effect of reaction temperature was also investigated
(entries 4 and 5). The results indicated that the yield of
the product was not changed obviously by raising the
temperature. Decreasing the reaction temperature to

TABLE 1 Optimization of the parameters for click reaction®

Chemistry

60 °C also resulted in the decrease of yield of the desired
triazole. Next, the optimal amount of CuFe,0,/g-CsN,
nanocatalyst to be used in the synthesis was examined.
It is clear from Table 1 that an increase in the amount
of the nanocatalyst had no positive effect on the overall
yield of triazole 3a while decreasing the amount of cata-
lyst to 2.5 mg led to a lower yield (entries 6 and 7).
Among the different solvents screened, water was recog-
nized to be the best for the model reaction (entries 8-
12). In addition, a comparative study on the reactivity of
the CuFe,0,/g-C5N, nanocatalyst with heterogeneous
Cu catalysts such as Cu, CuO, and Cu,O was performed,
but the results were not encouraging (entries 13-15).
Therefore, the CuFe,0,/g-C5N, nanocatalyst (5 mg, entry
3) proved to be the best choice among the screened het-
erogeneous catalysts under the reaction conditions. To
assess and broaden the scope of the present methodology,
a series of triazole derivatives were prepared under the
optimized reaction conditions, with the results presented
in Table 2 (See supporting information).

As can be seen from Table 2, the reactions of all
substrates could be completed at 80 °C to provide the cor-
responding triazoles in good to excellent yields. As
expected, benzyl halides bearing electron-withdrawing

NS

Ph—C=CH + PhCH,Br +  NaNj M N __ N/\©
Solvent, T(°C)
o el

Entry Catalyst (mg) Solvent (condition) Time (hr) Yield of 3a (%)°
1 — H,O0, 80 °C 6 Trace
2 CuFe,0, (5) H,0, 80 °C 3 80

3 CuFe,0,/g-CsN, (5) H,0, 80 °C 1 95°

4 CuFe,0,/g-C5N, (5) H,0, 100 °C 1 94

5 CuFe,0,/g-CsN, (5) H,0, 60 °C 1 79

6 CuFe,0,/g-C3N, (10) H,0, 80 °C 1 93

7 CuFe,0.,/g-C3Ny (2.5) H,0, 80 °C 3 75

8 CuFe,0,/g-C5N, (5) EtOH, reflux 1 84

9 CuFe,0,4/g-C3Ny (5) CH;CN, reflux 1 67

10 CuFe,0,/g-C5N, (5) Dioxane, reflux 3 51

11 CuFe,0,4/g-C3N, (5) THF, reflux 6 13

12 CuFe,0,/g-C5N, (5) Toluene, 80 °C 6 42

13 Cu H,0, 80 °C 6 49

14 CuO H,0, 80 °C 6 70

15 Cu (0OAc),.H,0 H,0, 80 °C 3 77

*Reactions were performed with phenylacetylene (1.1 mmol), benzyl bromide (1.2 mmol), NaN; (1.2 mmol), solvent (3 mL), and catalyst (type and amount

indicated).

®Yields of isolated pure products.

“Bold value signifies the best reaction conditions.
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TABLE 2 Substrate scope for CuFe,0,/g-C3Ny-catalyzed triazole formation®

Ar—C=CH + RX + NaNj
1a-b 2
1a: Ar = Ph-

1b: Ar = NaphOCH-
2: X=-Br, -Cl

gre

Entry 1: 3a, 95%>2, 1 h (X = Br)

91%, (X = CI)

s,

Entry 4: 3d, 91%, 1 h (X =Br)
90% (X =Cl)

N7V SN~ CHa(CH2)6CHs
Entry 7: 3g, 85%, 2 h (X = Br)
82% (X = Cl)

Entry 10: 3], 78%, 3.5 h (X = Br)

Entry 13: 3m, 90%, 1 h (X = Br)

CuFe;04/g-C3Ny4 (5 mg)

H,0, 80 °C

Entry 2: 3b, 90%, 1.5 h (X = Br)

86% (X = CI)

Fo

Entry 5: 3e, 92%, 1 h (X =Br)

N\ ~CHa(CH,)sCH3

N

Entry 8: 3h, 81%, 3 h (X = Br)
79%, (X = Cl)

Entry 11: 3k, 89%, 1.5 h (X =Br)

87% (X = Cl)

Entry 14: 3n, 90%, 1 h (X = Br)
87% (X =Cl)
87% (X = Cl)

Entry 3: 3¢, 93%, 1 h (X =Br)

Entry 6: 3f, 94%, 1 h (X = Br)

ol
N” N

Entry 9: 3i, 80%, 3 h (X = Br)

Entry 15: 30, 91%, 1.5 h (X = Br)
85% (X = C1)

85% (X = CI)

“Reactions were performed with terminal alkyne (1.1 mmol), alkyl halide (1.2 mmol), NaNj; (1.2 mmol), 3 mL of H,O as a solvent, and CuFe,0,/g-C3N, (5 mg)

at 80 °C.

%Yield of isolated pure products.

and electron-donating groups were rapidly converted to
the respective products using only 5 mg of the catalyst
for 1-3 hr at 80 °C (entries 1-5). Allyl bromide could also
be applied to the reaction successfully (entry 6). The pri-
mary and secondary aliphatic alkyl halides could be
used as the azide precursors in the reaction with

phenylacetylene, which provided the best results (entries
7-10). The usefulness of this reaction was further verified
with another terminal alkyne, 2-(prop-2-yn-1-yloxy)naph-
thalene, with the results indicating that it worked well
and afforded the desired triazoles in good to excellent
yields (entries 11-15). Following reports of the catalytic
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TABLE 3 Multicomponent synthesis of 8-hydroxy-1,2,3-triazoles from epoxides catalyzed by CuFe,0,/g-C5N,*

RL_oH OH
° CuFe,04/g-CsNs (5 mg) N j N/”N\N/(w
A—C=CH + /N 4+ NaNg UPeo0a/g-51 (© MY N” N N ~ NTR
R H,0, 80 °C )=/ =/
Ar Ar
1a-b 4 5
when R' = Alkyl when R" = Aryl

1a: Ar = Ph-
1b: Ar = NaphOCH,-
2: R1 = Alkyl and Aryl

OH HO,
N
N” N/(© N_N/<© N N

Entry 1: 5a, 3 h, 90%?" Entry 2: 5b, 3 h, 92% Entry 3: 5¢, 4 h, 90%
,/N\ N NS
NN N;N%O/Q N o
" & o
Entry 4: 5d, 4 h, 89% Entry 5: 5e, 4 h, 8% Entry 6: 51, 6 h, 85%

ey Baas O
<

Entry 7: 5g, 6 h, 71%

Entry 8: Sh, 3 b, 90% Entry 9: 5i, 5 h, 86%
PAN N
\. NVOQ }JNVO/\/
o :
‘ O
Entry 10: 5, 4 h, 87% Entry 11: 5k, 4 h, 83%

*Reactions were performed with terminal alkyne (1.0 mmol), epoxide (1.2 mmol), NaN; (1.2 mmol), 3 mL of H,O as a solvent, and CuFe,0,/g-C3N, (5 mg) at
80 °C.

®Yield of isolated pure products.

effect of copper catalysts in the Huisgen reaction, interest ~ click reaction and it was possible to transform it into

in the synthesis of macrocycles possessing triazole moie- desired product 3q under the reaction conditions
ties has increased significantly.l”>®"! Hence, we scruti-  (Scheme 5).
nized the possibility of using macrocyclic halide Having successfully established the CuFe,0,/g-C3N,-

substrates in the click reaction which, being reconcilable catalyzed one-pot click reaction for the synthesis of 1,4-
with the optimized reaction conditions, could extend the disubstituted triazoles, it was suggested that f-hydroxy-

versatility of the catalyst (Scheme 4). For this purpose, 1,2,3-triazoles might also be synthesized under the same
the aza-crown ether bearing an acetylenic moiety was reaction conditions by replacing alkyl halides with
synthesized in a four-step procedure starting from cate- epoxides.

chol. The resulting acetylenic aza-crown ether was finally To explore the feasibility of using epoxides in the

subjected to CuAAC to afford the corresponding 1,4- CuAAC reaction, we carried out coupling between
disubstituted triazole. The yield of product 3p was 73% phenylacetylene 1a (1 mmol), sodium azide (1.2 mmol),
by this method. and styrene oxide (1.2 mmol) in the presence of

The pre-synthesized anthraquinone 2-(bromomethyl)-  catalytic amounts of CuFe,0,/g-C3N, (5 mg) (See supple-
1-hydroxy-9,10-anthracenedione was also tested in this mentary data). This reaction provided exclusively primary
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o]
HkOH

1) NaOH

OH 5 GICH,CO0H © EtOH
3) H30* reflux
OH o
KH/OH
0
o
HN
0 0
CICH,COCI
EtsN, CHoClp, r.t. N—
0 4 cl
N
o

NaNgz, Ph—C=CH
CuFep04/g-C3Ny4
H,0, 80 °C

(0] HN N
- H
@[ r.t.

(]

3p (73%)

SCHEME 4 CuFe,0,/g-C3N,-catalyzed synthesis of macrocycles possessing the triazole moiety. r.t., room temperature

O OH
_ NBS,CCl,

CHg
O‘O dibenzoyl peroxide
(0]

_NaNs, Ph—C=CH _
CuF9204/g C3Ny

ek

(77%)

SCHEME 5 Anthraquinone derivative as a substrate in click reaction. NBS = N-Bromosuccinimide

B-hydroxy triazole 5a as the major product in 90% yield
(Table 3, entry 1), without the formation of another
regioisomer. This regioselectivity can be justified by pref-
erential ring opening of the benzylic position.®!!

In the same way, more hindered attack was found with
4-chlorostyrene oxide as an aryl-substituted epoxide
(entry 2). Bicyclic epoxides such as cyclohexene oxide
are shown to be more disinclined to react and took more
time to produce a high yield of the corresponding tri-
azole 5c (entry 3). Alkyl-substituted epoxides were also
made to react under the stipulated conditions to afford
B-hydroxy triazoles with opposite regioselectivity to that
displayed by the aryl-substituted epoxides (entries 4-6).
Ethyloxirane, glycidyl phenyl ether, and glycidyl allyl
ether showed similar reactivity, providing the corre-
sponding triazoles 5d-f in good yields. The present meth-
odology was proven to be equally effective for other
terminal alkynes such as 2-methyl-3-butyn-2-ol and
2-(prop-2-yn-1-yloxy)naphthalene, which manifested the
same reactivity pattern (entries 7-11). A similar trend
on governed regiochemistry is observed in major prod-
ucts 5g-k obtained from the reaction of monoalkyl-/
monoaryl-substituted oxiranes. This result is in good
agreement with the previously reported azidolysis of
aryl-/alkyl-monosubstituted oxiranes.’®!! Finally, further
experiments were performed to verify the recovery
potential of the catalyst in the cycloaddition reaction of
phenylacetylene, sodium azide, and benzyl bromide under

the optimized reaction conditions. After the first use, the
CuFe,0,/g-C5N, catalyst was simply separated using a
magnet and washed several times with EtOAc, dried in
an oven, and subsequently reused directly in the next cycle
for further catalytic reactions. No significant change in
activity was observed up to six rounds (Table 4).

To further illustrate the detailed chemical structure of
the catalyst, TEM analysis of the recycled catalyst after
the fourth run was performed. Interestingly, there was
no significant change of the catalyst before and after
recycling (Figure 8).

To determine the heterogeneity/leaching of the cata-
lytic system, a hot filtration test was also carried out using
the model reaction and it was found that no further con-
sumption of phenyl acetylene occurred after the catalyst
was filtered off at the conversion of 61%. In addition,
inductively coupled plasma analysis showed that no Cu
species were released in the course of the reaction which

TABLE 4 Catalyst reusability study®
Run 1 2 3 4 5 6
Yield of 3a® 95 93 93 92 91 91

“Reaction conditions: Phenyl acetylene (1.1 mmol), benzyl bromide
(1.2 mmol), NaN; (1.2 mmol), and CuFe,0,/g-C3N, (5 mg each) in H,O
(3 mL) at 80 °C.

“Isolated yield.
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FIGURE 8 Transmission electron microscopy image of the
recycled catalyst after the fourth run

proves the hot filtration test results. These analyses dem-
onstrated that the CuFe,0,/g-C5N, catalyst is heteroge-
neous in nature and CuAAC truly promoted the
reaction under heterogeneous conditions. A brief look at
the mechanism of this azide-alkyne click chemistry and
an analysis of the XPS data revealed that the catalytic
Cu(I) species which partially exist in the structure of the
catalyst can be responsible for efficient CuAAC click
transformation.?>?*!  After the generation of Cu(l)
species, the cycloaddition is performed according to a
reaction mechanism proposed previously by Sharpless
et al. (Scheme 6).11°!

SCHEME 6 Plausible mechanism of
one-pot copper-catalyzed azide-alkyne
cycloaddition using CuFe,0,/g-C3Ny

Chemistry

By contrast, tetrazole scaffolds with impressive func-
tionality have attracted unprecedented interest over the
last decade mainly due to their distinct applications in
various areas of science.®?! The wide applicability of
tetrazoles has prompted extensive attempts toward the
development of new and practical strategies for their syn-
thesis,'®*~** however, the [3 + 2] cycloaddition of organic
nitriles with an azide anion remain by far the most effi-
cient and sustainable route for the synthesis of diverse
S-substituted 1H-tetrazoles.!®>®*%88] The investigation
was initiated using 1 mmol of benzonitrile (6a) and
NaNj; (1.2 mmol) as model substrates in the presence of
the catalyst under various conditions (Table 5). In the
absence of the catalyst, the reaction led to the target 5-
phenyl-1H-tetrazole 7a in a very low yield of 17% using
DMF as a solvent (Table 5, entry 1).

It was observed that 15 mg of the CuFe,0,/g-C3N, cat-
alyst was found to be optimum after evaluating various
amounts of the catalyst from 5 to 20 mg (entries 2-4).
The efficiency of the reaction system at different reaction
temperatures was also examined, with 110 °C found to be
the best choice (entries 5-6). Subsequently, the influence
of solvent on the reaction outcome was investigated and
it was found that DMF was superior to other tested
solvents such as H,O, EtOH, CH;CN, and DMSO. Under
the optimized reaction conditions described -earlier,
various 5-substituted 1H-tetrazoles were synthesized
using this novel protocol. The results are summarized in
Table 6.

The results furnished in Table 6 reveal that a smooth
conversion of aryl nitriles occurred in all the cases.
Variation of the aryl unit within a series of nitriles was
investigated, with the incorporation of both electron-
donating and electron-deficient substituents providing 5-

R—=§— CU-03N4
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TABLE 5 Optimization of the reaction®

HN-N
CN < N
(7« v, Sredsom. @*N
6a 7a

Entry Amount of CuFe,0,/g-C;N, (mg) Solvent Temperature (°C) Time (hr) Yield (%)°

1 — DMF 110 12 17

2 5 DMF 110 6 52

3 10 DMF 110 4 80

4 15 DMF 110 3 87

5 20 DMF 110 3 84

6 15 DMF 80 8 66

7 15 DMF 120 3 85

8 15 H,0 90 8 75

9 15 EtOH Reflux 8 69

10 15 CH;CN Reflux 8 51

11 15 DMSO 110 3 78
*Reactions were performed with benzonitrile (1.0 mmol), NaN; (1.2 mmol), solvent (3 mL), and CuFe,0,/g-C3N,.
®Yields of isolated pure products.
“Bold value signifies the best reaction conditions.
DMF, dimethylformamide; DMSO, dimethyl sulfoxide.
TABLE 6 Synthesis of 5-substituted tetrazoles using CuFe,0,/g-C5N,*

Ar-CN +  NaNj gk’f;ﬁ“ég;g N (15 mg) i[NN

Ar” N
6 7a-h
HN-N, HN-N, HN’NN
N N S
HaCO HsC

Entry 1: 7a, 3 h, 87%?" Entry 2: 7b, 4 h, 82%

HN-N,

N2

N

Entry 4: 7d, 3 h, 88%

HN-N,

S

Cl

Entry 7: 7g,4 h, 87%

HN-N,
\/N
N

Cl

Entry 5: 7e, 5 h, 82%

HN-N,
N

N

NO,

Entry 8: 7h, 4 h, 84%

Entry 3: 7¢, 4 h, 78%

HN-N
=

N

Cl

Entry 6: 7f, 4 h, 86%

HN-N,
>

N

NO,

Entry 9: 7i, 3 h, 87%

*Reaction conditions: Nitrile (1.0 mmol), NaN3 (1.2 mmol), dimethylformamide (3 mL), and CuFe,0,/g-C3N, (15 mg) stirred at 110 °C for 3-5 hr.

*Isolated yields.
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87 86 86 85 85 84
Run Run Run Run Run Run
1 2 3 4 5 6

Isolated Yield

FIGURE 9 Catalyst reusability study for the synthesis of 7a

substituted 1H-tetrazoles 7a-7i in good to excellent yields.
Aryl nitriles containing electron-donating groups such as
-OCH; and —CHj; at the para position afforded 82% and
78% of products 7b and 7c, respectively (Table 6, entries
2 and 3). The reaction of nitrile having an electron-
withdrawing group such as —CFj; at the para position gave
better yield (entry 4). Halogen-substituted substrates
could also be employed to give the corresponding
tetrazoles 7e-7g in high yields (entries 5-7). Moreover,
aryl nitriles holding -NO, as an electron-withdrawing
group were also found to be suitable reaction partners
with sodium azide in the reaction (entries 8 and 9). Fur-
thermore, the reusability of the catalyst was investigated
in the reaction for the preparation of 5-phenyl-1H-tetra-
zole 7a starting with benzonitrile and sodium azide; after
six consecutive cycles only a slight loss of activity was
observed which is consistent with slight leaching of the
active catalyst species and indicated that the catalyst has
great potential for the development of green processes
(Figure 9).

4 | CONCLUSION

In summary, magnetic CuFe,0,/g-C3N, hybrids were
successfully synthesized by a facile one-step process and
characterized by FT-IR, XRD, FESEM, EDS, HRTEM,
XPS, VSM, and TGA techniques. An efficient and
ligand-free catalytic system which utilized the CuFe,0,/
g-C3N, nanocomposite was implemented for convenient
access to triazoles through in situ generation of organic
azides from alkyl halides and epoxides with alkynes. We
also demonstrated that this catalyst system can be applied
for click reactions using macrocyclic halide substrates.
Moreover, this heterogeneous catalyst was used to gener-
ate a diverse range of 5-substituted 1H-tetrazoles through
[3 + 2] cycloaddition of sodium azide and a wide variety
of nitriles in DMF. Chemical stability, low cost, effortless
recoverability, and recyclability of the catalyst, along with
simple and clean workup of the products, make this cata-
lyst an attractive candidate from an environmental
standpoint.

Chemistry
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