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We report a simple methodology for the stabilization of Cu,O nanoparticles of size 10-30 nm on the polar pore surface of a
polyoxomolybdate(NHy),,[M036(NO)4O0,03(H,0)16] ({Mose}). For the first time, a Cu,0@ ({Moss} composite has been utilized as a
10 recyclable catalyst for the Huisgen 1,3-dipolar cycloaddition reaction of terminal alkynes,aryl/alkyl halidesand NaNj for the synthesis of

1,2,3-triazoles.

Introduction
The 1,3-dipolar cycloaddition of organic azides and alkynes, a
15 direct route to 1,2,3-triazoles, has inarguably become the most
popular ligation reaction that has been widely applied in many
areas such as polymers, drug discovery, and advanced material
science, etc [1-5]. Early work has been focused on the
development of copper(I) catalytic systems for the one-pot
20 multicomponent copper-catalyzedazide— alkyne cycloaddition
(CuAAC) reaction [6-10]. Cu,O is also a source of catalytic Cu(I)
for these reactions, but direct use of Cu,O powder in a CuAAC
reaction usually requires long reaction times and yet result in
incomplete conversion and poor yields [11-13]. In order to
25 overcome these drawbacks, several research groups have made
enormous efforts to enhance the catalytic efficiency of Cu,O [14-
18]. The most common method employed for the synthesis of
Cu,0 nanoparticles is the reduction of metal ions in the presence
of NaBH, or hydrazine as a reducing agent, which are quite
30 expensive and possible hazard to the environment [19-21].
Polyoxometalates (POMs) are well-defined metal— oxygen cluster
anions that can be characterized by their ability to undergo
stepwise, multielectron redox reactions, whilst their structure
remains intact [22-25]. The high anionic charge of POMs causes
35 the electrostatic adsorption of metal ions on POMs surface [26].
Then POMs can participate in catalytic redox processes as
electron relays. Therefore, reduction potentials of POMs make
them ideal candidates for the stabilization of nanoparticles [27-
30]. This is attributed to their high anionic charge, which prevents
40 particle  aggregation by electrostatic  repulsion. Giant
polyoxomolybdate clusters, aside from interest in their enormous
structural diversity, are of special importance in this context as
they may provide highly symmetric, rigid, nanometer-sized
inorganic framework molecules [31-35].

45 Herein, we report an alternative, versatile and green-chemistry
procedure for the stabilization of Cu,O nanoparticles on POMs,
as a support as well as a reducing agent. By controlling the
experimental conditions so as to retain a polyoxometalate
structure, specifically, (NH,)12[M036(NO)40105(H20)16] ({Moss})

50 [36], we could also address its stabilizing effect on Cu,O
nanoparticles. The {Moss} polyoxomolybdate skeleton acts as a
localized support that gives rise to highly dispersed and stabilized
Cu,O nanoparticles (Scheme 1). Also, a simple, green, and
scalable process process for one— pot multicomponent synthesis

55 of 1,2,3-triazoles from aryl/alkyl halides, alkynes, and NaNj in
water, which are catalyzed by polyoxomolybdate-stabilized
Cu,0 nanoparticles is herein reported.

(NH,)15[Mo34(NO);0105(H;0)16]  cuno3), 3H,0
Cu,0@ {Mosg}
({Moss})

Ethyl acetate

Scheme 1. General procedure for the synthesis ofCu,O@ {Moss}

60

Experimental

Material

Chemicals and solvents were purchased from the Fluka and

Merck Chemical companies. (NHy)12[Mo36(NO)4O003(H20)16]
65 ({Moss}) was prepared according to our previous procedure [36].

Preparation of Cu,O@{Mo;¢}

Polyoxomolybdate (NH4)12[M036(NO)40108(H20)16] (001 mmol)

was suspended in ethyl acetate (10 mL) and then copper nitrate(1
70 mmol) was added followed by stirring at room temperature for 24

h. During stirring the color of solids was changed to green and

then yellow orange which shown the direct reduction of Cu(II) to
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Cu(l) species. The solid was filtered off, washed with ethyl
acetate and finally with diethyl ether and dried in air.

General procedure for the azide—alkyne cycloaddition
5 Alkyne (0.5mmol), the organic halide (0.55mmol), and NaNj
(0.55mmol) were added to a solution of Cu,O@ {Moss} (5 mol%)
in H,O (2mL). The reaction mixture was warmed to 70 °C and
monitored by TLC until total conversion of the starting materials.
Water (3 mL) was added to the resulting mixture, followed by
10 extraction with EtOAc (2x 10 mL). The collected organic phases
were dried with anhydrous CaCl, and the solvent was removed in
vaccum to give the corresponding triazoles, which did not require
any further purification.

15 Results and Discussion
Preparation of Cu,O@{Mo;s}
Polyoxomolybdate (NH4)12[M036(NO)40108(H20)16] was
suspended in the ethyl acetate solution of copper nitrate,
followed by stirring at room temperature for 24 h to obtain a
20 relatively yellow orange colored Cu,O@ {Moys}.

Catalyst characterization

To gain insight into the structure of Cu,O@{Mos4} catalytic
system, we have characterized the catalyst by energy dispersive
25 X-ray analysis (EDX), X-ray diffraction (XRD), scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). XRD patterns of {Moss} and Cu,O@ {Mose}
were quite similar (Fig. S1).The morphology and size of the
Cu,0O NPs stabilized in the {Mo3s} matrix were studied by SEM,
30 TEM and HRTEM and representative images are shown in Fig. 1
and Fig. 2 respectively. The TEM images show homogeneous
distribution of dark Cu,O NPs with size 10-30 nm throughout the
POM matrix (Fig. 2b). Furthermore, the selected area electron
diffraction (SAED) patterns from a larger sample area showed the
35 ring-like patterns indexed to the (111), (200) and (220)
reflections, suggesting the presence of cubic-phase Cu,O on the
{Mose}. It is worth noting that the solution impregnation method
enables incorporation of metal salts into the pores of the POM
matrix, where they interact with polar functional groups through
40 electrostatic interactions. The loading of Cu,O in the surface of
catalyst is determined by EDX analysis, and is found to be 4.37%
(Fig. S2).

45 Fig. | SEM images of a) {Moss} b) Cu,0@{Moss}

Fig. 2 TEM images of a) {Mosg}; b) Cu,0@{Moss}; ¢) HRTEM images
50 of Cu,0@{Moss}

To confirm the direct reduction of Cu(Il) to Cu(I) species on the
POM, the chemical state of the Cu on the surface was analyzed
by X-ray photoelectron spectroscopy (XPS). The Cu 2p core-

55 level spectrum shows two intense peaks at 932.2 and 952.1 eV,
which can be assigned to Cu 2p3/2 and Cu 2p1/2 spin—orbital
components of Cu(l) specials, respectively [37], whereas the
satellite peaks associated with Cu(Il) species at 934.6 are rather
weak, proving that CuO was reduced to form Cu,O directly by

60 {Moss} surface [38]. The Cu,O /CuO ratio by comparing the ratio
of satellite to main peaks intensities of Cu 2p3/2 in XPS spectra
are estimated to be about 1.82.
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Fig. 3 Cu 2p XPS peaks of Cu,0@ {Moss}

5 Catalytic effects
The presence of highly mono-dispersed Cu,O NPs with uniform
size on the POM matrix prompted us to study its catalytic activity
for Huisgen 1,3-dipolar cycloaddition reactions. Initial reactions
were carried out between benzyl chloride with phenylacetylene as
10 the model substrates, as shown in Table 1. In this preliminary
experiment, the Huisgen cycloaddition reaction was carried out in
various solvents, with Cu,0O@ {Mose} as a catalyst, in air at 70 °C
for 12 h. The reaction proceeded perfectly in water (entry 3), but
yields decreased when the reaction was carried out in other
15 solvents (entries 4-8). On the other hand, blank catalytic
reactions without catalyst or in the presence of {Mos4} showed no
conversion, suggesting the role of Cu,O nanoparticles in
catalyzing click reactions (entries 1, 2). Considering to develop
an economical and environmentally friendly reaction, using of
20 water as a green solvent is clearly the most favorable case in
these reactions. As indicated in Table 1, the reaction did not
initiate at room temperature under conventional stirring using a
magnetic stirrer for 12 h (entry 9), but a significant growth
increase in the product yield was observed at higher temperatures
25 (entries 10-12). Also the Cu(Il)-catalyzed [3+2] cycloaddition of
phenylacetylene and benzyl azide in water with Smol% of

not have any appreciable influence on the outcome of the reaction
(entries 1-6). Furthermore, steric hindrance due to the ortho
substituents on the benzyl chloride affected the reaction progress
and therefore benzyl chloride substituted with methyl group at

45 ortho position was less reactive to the cycloaddition reaction than
the para derivative (entries 2 and 3). When benzyl bromide was
used under the similar reaction conditions, the corresponding
products were obtained in higher yields than the case of benzyl
chloride (entries 7-9).

Table 2. Cycloaddition of benzyl halides with terminal alkynes in the
presence of Cu,0@ {Moss}

R 1
1 1
R>7 5 R2 N /N\\
X + NaN; + RrPmee= ——» N
o H,0, 70 «C g(
Rs
Entry R' R? X R; Yield (%)
1 Ph H Cl Ph 88
2 4-Me-Ph H Cl Ph 82
3 2-Me-Ph H Cl Ph 73
4 4-NO,-Ph H Cl Ph 90
5 Ph H Cl  4-MeO-Ph 86
6 Ph H Cl 4-Me-Ph 85
7 Ph H Br Ph 95
8 Ph H Br  4-MeO-Ph 91
9 Ph H Br  4-Me-Ph 93
10 Ph Ph  Br Ph 64

55 Repeated use of a catalyst is an important parameter in its
evaluation, the reusability of the catalyst Cu,0@{Mo;s} system
was investigated. After precipitation and filtration of the azide—
alkyne cycloaddition products, water solution of the catalyst was
reused for new cycle of the reaction. Two recycling experiments

60 were carried out with relatively high yield (Fig. 4). Small losses
of catalyst mass during washing procedure may be caused in the
low diminution in the activity from the first to the third cycle.

Cu,0@{Moss} resulted in 97% of 1-benzyl-4-phenyl-1,2,3- P,
traizole. —
80 1
=
30 Table 1.The Effect of various conditions on the azide—alkyne S 60+
cycloaddition :T i —
Entry catalyst Temperature solvent Yield 5 401
() (%) 5G]
1 - 70 H,O 0 1
2 {MO35} 70 HzO 0 0 ¥ - .
3 CuZO@{M036} 70 Hzo 88 1 2 3
4 CUZO@ {MO35} 70 C2H5OH 51
5 Cu,0@ {Mos! 70 CH;CN 38 Run number
6 Cu,0@{Moss} 70 toluene 11
7 Cu,0@ {Mose} 70 CeHs 7 Fig. 4 Recycling studies of the Cu,O@{Moss} in the azide-alkyne
8 Cu,0@ {Mose} 70 EtOAc 15 65 cycloaddition reaction.
9 CuZO@{M036} r.t. Hzo 21
10 Cu,0@{Moss} 40 H,O 35
11 Cu,0@ {Mos} 50 H,0 57 To address the leaching of copper species into solution, the
12 Cu,0@{Moss} 60 H,0 73

catalytically active particles were removed from the reaction by

Encouraged by the efficiency of the reaction protocol described
35 above, the scope of the reaction was examined with
Cu,O@{Mosg}under air at 70°C. First, various benzyl chlorides
were investigated and reacted with phenylacetylenes. As shown
in Table 2, benzyl chlorides and phenyl acetylenes with the
substitution of electron withdrawing and electron donating groups
40 on the phenyl ring were suitable cycloaddition partners and did

filtration at half the reaction time in a separate experiment and the

70 filtrate was monitored for continued activity. The results show
that the reaction did not proceed significantly upon further
treatment of the residual mixture under similar reaction condition
for second half of the reaction, indicating that no catalytically
active Cu remained in the filtrate.

75 The IR spectrum of the recycled catalyst Cu,0@{Moss} shows
no vibrational changes indicating a good stability of the catalyst

(Fig. 5).
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Fig. 5 IR spectrum of fresh (red line) and reused catalyst Cu,O@{Moss} 5()
(blue line)

5 A reaction mechanism proposed for the Cu,0@ {Mos} catalysed
1,3-dipolar cycloaddition of terminal alkynes with azides is
outlined in Scheme 2 on the basis of the previous reports [39].
During the reaction, it is proposed that Cu,O are attracted
towards the phenylacetylene to form a Cu(I)-acetylidine complex

10 in the first step. Next, the azide interacts with the copper
acetylide through coordination interactions and forms a six- §()
membered copper metallacycle, which forms a copper triazole
complex on ring contraction. Finally, protonolysis of the copper
triazole complex gives the 1,2,3-triazole product and regenerates

15 the catalyst. -

. R !
N\N,N\RI 0

Scheme 2 Proposed mechanism of Cu,O@ {Mose}catalytic cycle for the
formation of 1,2,3-triazole.

85

20 Conclusions

In conclusion the polar surface of a
polyoxomolybdate(NH,)1,[M034(NO)4003(H20)6] was used as a 90
support and stabilization scaffold for Cu,O nanoparticles of 10—
30 nm size. This is the first time that such a composite system has

25 been successfully demonstrated as a highly efficient recyclable
catalyst for the synthesis of 1,2,3-triazoles by the azide—alkyne

cycloaddition.
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Graphical Abstract

A Cu,0@ ({Moss} composite has been utilized as a recyclable catalyst for the Huisgen 1,3-dipolar
cycloaddition reaction.
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