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In this work, we disclose that atomic-scale engineering of the active sites in copper-based catalysts can
effectively tune the material performance for regioselective synthesis of triazoles, important building blocks
for fine chemicals and pharmaceuticals. The copper catalysts have been prepared via impregnation of
zeolites with a Cu precursor, followed by post-synthetic modification with an organic ligand. The ligand is
expected to partially cover the active sites, reducing the ensemble where the reaction takes place. The
materials have been characterized by nitrogen adsorption, TEM, XRD, SEM-EDX, and FTIR spectroscopy to
determine the structural, compositional, and textural properties of the samples. Catalyst testing in a one-
pot three-component reaction of organic halides, terminal alkynes, and sodium azides in water shows that
the presence of an organic layer on the catalyst surface favours the reaction. Leaching experiments in eight
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Introduction

The design at the atomic scale of innovative catalytic
materials is an increasingly important direction for
sustainable chemical synthesis." Catalytic materials are used
in more than 80% of all chemical processes.”> In particular,
within the pharmaceutical sectors, homogeneous catalysts in
the form of organometallic complexes, inorganic acids, and
soluble salts are often employed. The underlying question
when evaluating process improvement strategies is whether it
is meaningful to heterogenize a catalyst that is active and
selective under homogeneous conditions. Despite skepticism
from the community, numerous examples of heterogeneous
catalysts for reactions traditionally conducted over
homogeneous systems have been reported to date.’

The Cu-catalyzed triazole synthesis is among those
reactions that can benefit for an improved understanding of
the catalyst structure. Developed by Huisgen and Sharpless,*
this method is importantly applied in the regioselective
synthesis of substituted triazoles, building blocks to make
drugs, perfumes, and vegetable essences, as well as versatile
intermediates for modern life science technologies.’
Enormous efforts have been devoted to maximizing the
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successive cycles have been conducted to prove the stability of the materials.

general efficiency of this reaction, which is homogeneously
catalyzed using copper(1) complexes.® In fact, the presence of
a significant amount of copper species in the final product
(requiring costly methods for metal recovery and product
purification) remains a challenge hampering the large-scale
utilization of the technology.” In this context, some authors
have reported stable poly(N-vinyl-2-pyrrolidone) (PVP)-
protected copper nanoparticles as effective homogeneous
catalysts for 1,3-dipolar cycloaddition of alkynes and azides
to obtain 1,2,3-triazoles, with excellent yields under mild
reaction conditions. These nanocatalysts could be recycled
and reused several times without significant loss of metal.®
However, the need for expensive organic precursors and
reducing agents makes this approach less industrially
attractive.

To overcome these limitations, heterogeneous catalysts
based on the exploitation of copper oxide nanoparticles have
been recently developed.’ In particular, it has been shown
that Cu,O nanoparticles are more efficient for synthesizing
both aliphatic and aromatic azides and are less toxic than
the = commonly-used = homogeneous  CuSO,/reductant
systems.'® Besides, the possibility to immobilize these
nanoparticles on heterogeneous carriers enables the
reutilization of the same material for consecutive reactions,
an aspect which meets the requirement for circular economy.

Despite the attractivity of such approaches, the
relationship between the ensemble of the active site in
immobilized copper oxide nanoparticles and the catalytic
performance has not been elaborated. Building on these
contributions, this work studies how the control of the active
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site via post-synthetic modification of copper nanoparticles
can enhance the catalyst reactivity and selectivity. This offers
an improved understanding of the optimal catalysts based on
the exploitation of Cu,O nanoparticles, and can further drive
the design of catalytic materials for triazole synthesis.

Materials and methods

Catalyst preparation

NH,-B zeolites (with a total Si/Al ratio of 120) were supplied
by the Dalian Ligong Qiwangda Chemical Technology
Company. HB zeolite (herein, indicated as () was obtained
from the calcination of NH,-B zeolites under dry air at 540 °C
for 6 h. The incorporation of Cu was performed by incipient
wetness impregnation. In particular, 1.0 g of this material
was added to 0.47 mL of a 0.5 mol L™ aqueous solution of
Cu(NO3),-3H,0 (Sigma-Aldrich) and stirred at 60 °C for 3 h.
Afterwards, the solid was dried at 60 °C for 6 h, and calcined
at 550 °C for 3 h to obtain nano-Cu/f.

The post-synthetic modification of nano-Cu/p to obtain a
hybrid Cu-based catalyst (hybrid-Cu/B) was performed by
following an established method for the surface modification
of copper oxide and using a commercial and cheap
surfactant.” In particular, 1 g of nano-Cu/f was immersed in
50 mL of 10 mol L' n-dodecylphosphonic acid (Alfa Aesar)
in ethanol, and the suspension was kept in a closed vial, at
room temperature and under stirring for 24 h. Then, the
modified copper sample was filtered, subjected to 10 min
sonication in ethanol, and finally dried at 60 °C for 6 h.

Catalyst characterization

To determine the bulk Si/Al ratio and the elemental Cu
content, the materials were analyzed by X-ray fluorescence
(XRF) on a Bruker SRS3400 spectrometer (Bruker, Madison,
USA). The X-ray diffraction (XRD) patterns of the powders
were recorded using a Rigaku D/max - 2004 diffractometer
(Rigaku, Kyoto, Japan) with Cu Ko radiation (40 kv, 100
mA) and a 0.01° min"' (26) scanning speed. Transmission
electron microscopy (TEM) was done on an FEI (Tecnai F30
G2, The Netherlands) microscope. Nitrogen physisorption
was conducted on a Micromeritics ASAP 3020 instrument
(Micromeritics, Atlanta, USA) at -196 ©°C. Before data
collection, the samples (ca. 20-40 mesh) were degassed at
120 °C for 6 h. The surface area was determined by the
Brunauer-Emmett-Teller =~ (BET) method using the
adsorption branch in the p/p, range from 0.05 to 0.35. The
micropore and mesopore volumes were calculated using the
t-plot method at p/p, of 0.99. Fourier transform infrared
spectroscopy (FTIR) was used to investigate the acid sites of
the zeolite catalysts. The spectra for surface hydroxyl (OH)
vibrations and pyridine adsorption were recorded with a
Nicolet 10 FT-IR spectrometer in the range from 4000 to
400 cm™ with an optical resolution of 4 cm™. The zeolite
sample (16 mg) was pressed into a self-supporting thin
wafer and decontaminated at 120 °C under vacuum (107
Pa) for 6 h in a quartz IR cell equipped with CaF,
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windows. Afterwards, the cell was cooled down to room
temperature for sample measurement. The hydroxyl
vibration spectra were measured by subtracting the
background spectrum (recorded with an empty IR cell in
the absence of the sample) from the measured sample
spectra.

Catalyst performance

In a pressure-resistant tube, alkyl halide (0.5 mmol), sodium
azide (0.5 mmol), and alkyne (0.5 mmol) were dissolved in
3.0 mL of water, and the catalyst (30 mg) was added. The
reaction tube was sealed and heated in an oil bath at 70-110
°C for 0-10 h. After the completion of the reaction, the crude
product was extracted from the catalyst by washing with ethyl
acetate. For the stability test, the catalyst was washed with
ethyl acetate, water, and ethanol, dried at 60 °C for 6 h, and
reused in a subsequent reaction run.

Results and discussion
Catalyst characterization

The parent B has a BET surface area of 678 m* g~ and a pore
volume of 0.28 m? g™'. The BET surface area and the pore
volume slightly decrease after Cu incorporation, becoming
653 m> g and 0.23 m*> g, respectively (Table 1 and Fig. 1a).
After grafting, the hybrid sample has a BET area of 564
m?* ¢™' and a pore volume of 0.20 m* g (Fig. 1a). From these
data, we can conclude that both nano-Cu/f and hybrid-Cu/f
have comparable textural properties. The X-ray diffraction
(XRD) patterns of the different samples in the 5-40 26 region
is shown in Fig. 1b. These patterns exhibit prominent
diffraction peaks at 7.8°, 21.6°, 22.6°, 25.3°, 27.0°, and 29.6°,
which are characteristic for p-type zeolite.'” As expected, the
samples are thus highly crystalline. A peak at 43° is present,
which can be indexed with the (200) lattice fringe of Cu,0."?
The small intensity of this peak is due to the high dispersion
of the copper phase. This is verified by microscopy analysis.
Fig. 2 shows the transmission electron micrographs of nano-
Cu/B. The parent zeolite particles have well-defined cubic
shapes. On top, small (5-10 nm) copper oxide species are
well dispersed.

Fourier-transform infrared (FTIR) spectroscopy (Fig. 1c)
was performed to study the hydroxyls (-OH) related to
Brgnsted acidity and those representatives of isolated
silanols on the external surface in the materials."* Both Cu-
based catalysts display a small band at 3610 cm™ related
to the Bronsted acidity’”® and a prominent band at 3741
em ™, characteristic of isolated SiOH.'® However, the
intensity of these bands is similar for both samples, which
indicate that the resultant catalytic differences cannot be
attributed to variation in the acid character of the carrier.
Finally, XRF analysis of nano-Cu/f and hybrid-Cu/f
confirms that both catalysts have a Cu loading of 1.5 wt%
(Table 1).

Table 1 reports the P/Cu ratio over the samples. On the
nano-Cu/f, no phosphorus is detected. On the other hand,
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Table 1 Textural and surface properties of the samples
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Catalyst Sper/m”® g~ Vpore lem® g7 Cu®/wt% P/Cuyps/—
Nano-Cu/f 653 0.23 1.5 0
Hybrid-Cu/B 564 0.20 1.5 0.082

“ From BET method. ” From the ¢-plot method. ¢ From X-ray fluorescence spectroscopy. ¢ Relative atomic concentration of P/Cu, proving the
presence of ligand on the surface of the copper oxide nanoparticles in hybrid-Cu/p.
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Fig. 1 N, adsorption-desorption isotherms (a), X-ray diffraction patterns (b), and FTIR spectra (c and d) of the samples.

the corresponding values over hybrid-Cu/p is 0.082.'* This
parameter confirms the presence of the ligand on the hybrid-
Cu/B, and can be used to evaluate the grafting efficiency of
our route. In fact, based on the recipe reported in the
Materials and methods, 0.237 mmol Cu is present on the
catalyst after incipient wetness impregnation, assuming full
impregnation of the 0.47 mL aqueous solution of
Cu(NO3),-3H,0 at 0.5 mol L' concentration. On the other
hand, the n-dodecylphosphonic acid solution used for ligand
grafting contains 0.048 mmol of ligand, given the 1:1
stoichiometry between P and n-dodecylphosphonic acid
(C12H,703P). Based on the theoretical P/Cu ratio determined
here (P/Cugeor = 0.201) and on the experimentally obtained
result (P/Cueps = 0.082), we can estimate a grafting efficiency
of 41%, which is in line with literature precedents."” Fig. 1d
shows the infrared spectra of the hybrid catalyst in the 3000~
1000 em™" region, confirming the presence of the ligand over
hybrid-Cu/p. Several IR reflections in the 1000-2000 cm ™" are
indexed to P-O and P=—=O0 vibrations. Meanwhile, the peaks at

1880 | React. Chem. Eng., 2021, 6, 1878-1883

ca. 2850 and 2919 ecm™" correspond to highly-ordered and
self-organized alkane chains entrapped on the catalyst
surface, as shown elsewhere.'* From these data, it is difficult
to determine the preferential grafting mode (mono, bi, or
tridentate) of n-dodecylphosphonic acid on the surface of
Cu,O, although earlier results have demonstrated that
bidentate grafting seems comparable for copper oxide
catalytic surfaces."""”

Catalyst performance

With the full set of characterization techniques in hands, we
have initiated the catalytic evaluation of the samples, using
first the synthesis of 1,4-disubstituted-1,2,3-triazole via the
1,3-dipolar cycloaddition between phenylacetylene and the
organic azide formed in situ from the corresponding benzyl
bromide and sodium azide. The reaction was first conducted
at 110 °C. Increasing the reaction time (Fig. 3a), the yield of
1,4-disubstituted-1,2,3-triazole increases with both catalysts.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Transmission electron micrographs of nano-Cu/p.

However, hybrid-Cu/f appears to be more reactive than
nano-Cu/f. In fact, after a 2.5 h reaction time, the yield
of 1,4-disubstituted-1,2,3-triazole is 25% over nano-Cu/f
and ca. 40% over hybrid-Cu/B. With a longer reaction
time (>7 h), the formation of 1,4-disubstituted-1,2,3-
triazole using the nano-Cu/f catalyst reaches a plateau
at ca. 60%, while the use of hybrid-Cu/p results in 90%
isolated yield. This result is confirmed keeping the
reaction time constant at 2.5 h, and varying the
temperature from 70 °C to 110 °C (Fig. 3b). Also in
this case, the hybrid-Cu/p catalyst leads to a higher
fraction of the formed product compared to the nano-
Cu/p catalyst under all conditions.

It must be noted that both catalysts have similar textural
and surface properties. Thus, all differences must be linked
to the surface modification on the copper oxide nanoparticle
induced by the presence of n-dodecylphosphonic acid.
Modification of the copper surface by incorporation of a
phosphonate-terminated film reduce the active sites formed
by the copper ensemble, since the monolayer film induce
separation of the copper surface metal center.*® Based on the
catalysis data, this appears to be desirable to better control
the active site and enhance the reactivity.

The durability of the hybrid-Cu/f was investigated by
employing it in several successive reactions (Fig. 4). After the
first cycle, the material was recovered and reused in a
subsequent reaction. It is noteworthy to mention that no
distinct difference in the yield of the product was observed

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper
a .
( )80- hybrid-Cu/p
< 601 @
=~ nano-Cu/p
3 40 a
> )
20+
0 . . . .
0 2 4 6 8 10
reaction time / h
(b)
801
< 601
g 40+ hybrid-Cu/p
>
20 nano-Cu/B
O
0+ r : .
70 80 90 100 110

temperature / °C

Fig. 3 Effect of reaction time (a, at a fixed temperature of 110 °C) and
temperature (b, at a fixed reaction time of 2.5 h) on the conversion of
1,4-disubstituted-1,2,3-triazole via 1,3-dipolar cycloaddition between
phenylacetylene, benzyl bromide, and sodium azide. Each
experimental data was collected using 0.5 mmol benzyl bromide, 0.5
mmol sodium azide, 0.5 mmol phenylacetylene, 3.0 mL water, and 30
mg catalyst.

and the catalytic system worked extremely well even up to
eight subsequent runs. ICP-MS analysis of the product
solution after the runs confirmed the absence of any leached
Cu species in the sample.

To finally expand the applicability of this procedure,
several alkynes and azides with different functionalities were
examined (Table 2). The reaction works well with a variety of
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Fig. 4 Evaluation of the recyclability of the nano-Cu/p and hybrid-Cu/f.
Each experimental data was collected using 0.5 mmol benzyl bromide,
0.5 mmol sodium azide, 0.5 mmol phenylacetylene, 3.0 mL water, and 30
mg catalyst, using a temperature of 110 °C and a reaction time of 2.5 h.
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Table 2 Substrate scope for the synthesis of 1,4-disubstituted-1,2,3-
triazoles over nano-Cu/p and hybrid-Cu/p. Each experimental data was
collected using 0.5 mmol alkyl halide, 0.5 mmol sodium azide, 0.5 mmol
alkyne, 3.0 mL water, and 30 mg catalyst, using a temperature of 110 °C
and a reaction time of 9 h

R, Ry
_\B =R cat. \\ /NQ
r . _, N~ SN
110°C, 9 h \:<
NaN,

Yield (%)

Entry Ry R, Nano-Cu/f3 Hybrid-Cu/p
1 Ph Ph 58 90
2 4-Br-Ph Ph 51 87
3 2-Br-Ph Ph 48 93
4 4-NO,-Ph Ph 43 81
5 2,2-Cl-Ph Ph 48 78
6 2,4-Cl-Ph Ph 44 79
7 Ph 2-Me-Ph 46 92
8 Ph 4-Br-Ph 38 91
9 Ph n-C,Ho 41 69
10 Ph 4-NO,-Ph 46 87

aryl halides (entries 1-6) and alkynes (entry 7-10), tolerating
a wide spectrum of electron donating and withdrawing
functional groups in the starting material.

Conclusions

A novel catalyst based on a surface-modified Cu-based
B-zeolite has been reported. The catalyst has proven to be
highly active for the one-pot copper-catalyzed alkyne-azide
cycloaddition, providing the expected triazoles in better yields
compared to the bare Cu,O-based catalyst. Moreover, the
reactions could be performed using water as solvent, which
is advantageous in terms of process sustainability. The
catalyst could be efficiently recycled and reused at least 8
times without marked loss in its activity and with neglectable
metal leaching in the liquid phase.
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