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1 | INTRODUCTION

1,3-Cycloaddition reactions of azides with olefins provide
direct access to a wide range of 1,2,3-triazoles as useful hetero-
cyclic systems with remarkably stable aromatic structures,
which can serve, among other roles, as structural analogues of
apeptide linkage.!" "% Copper catalysts accelerate the cycload-
dition reactions of azides with such terminal alkynes by a factor
of at least 106 relative to the uncatalysed case!''! and copper-
catalysed azide—alkyne cycloaddition (CuAAC) is a well-
established methodology in modern organic synthesis.!'*2°!

Layered double hydroxides (LDHs), also known as a class
of synthetic two-dimensional nanostructured anionic clays,
are a family of materials that have attracted increasing attention
in recent years.””! > LDHs have anionic exchange capacity
with the ability to capture organic and inorganic anions that
makes them almost unique as inorganic materials for practical
applications in catalysis,'*® adsorption,'*”) pharmaceutics,*®
photochemistry!®*” and other areas.'** LDHs provide inexpen-
sive and potentially recyclable catalyst supports due to their rel-
ative ease of synthesis, high versatility and readily tailored
properties.*' =33

We were inspired by an earlier report of Choudary
et al.®¥ who synthesized a LDH-supported Pd(0) catalyst
via an exchange of PdCl,*~ followed by reduction with
hydrazine hydrate. Herein, we report the synthesis of LDH-
supported nanocopper(0) via the same method and its
catalytic application in azide—alkyne cycloaddition in the
presence of water and air leading to excellent yields.

Readily prepared copper(Il) immobilized on layered double hydroxide has been
found to effectively catalyse the 1,3-dipolar cycloaddition (CuAAC) of a variety
terminal alkynes and benzyl azides generated in situ from sodium azide and benzyl
halides furnishing the corresponding 1,2,3-triazoles in excellent yields. The
advantages of the protocol are short reaction time, mild reaction conditions,
reusability of the catalyst and applicability to a wide range of substrates.

azide—alkyne cycloaddition, copper, layered double hydroxide

2 | EXPERIMENTAL

2.1 | Materials

Chemicals and solvents were purchased from Merck and
Fluka and were used without further purification. LDH of
composition Mg; _, Al (OH),(Cl),-zH,0 and Na,CuCl, were
prepared according to previously reported procedures.*#3!

2.2 | Preparation of LDH-CuCl,*~

LDH (0.25 g) was suspended in a freshly prepared aqueous
solution (15 ml) of Na,CuCl, (0.063 g, 0.25 mmol) and
stirred at 25 °C for 24 h under air. The solid catalyst was
filtered, washed thoroughly with water and air-dried.

2.3 | Preparation of LDH-Cu’

LDH-CuCl,*~ (0.3 g) was reduced with hydrazine hydrate
(0.3 g, 6 mmol) in ethanol (10 ml) for 3 h at room tempera-
ture. The product was filtered and washed with ethanol to
afford an air-unstable brown-black powder (0.21 g).

3 | RESULTS AND DISCUSSION

3.1 | Preparation of LDH-CuCl42_

LDH was suspended in a freshly prepared aqueous solution
of Na,CuCl,; and tetrachlorocuprate (CuCl42_) was
exchanged onto chloride-saturated (Mg/Al) LDH to obtain
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green-coloured LDH-CuCl,*~. The Cu(II) immobilized on
LDH was then reduced with hydrazine hydrate, giving an
air- unstable brown-black powder of LDH-Cu®.**3*7! On
exposure to air, LDH-Cu" is again oxidized to the LDH-Cu"
form as a green powder.

3.2 |

The powder X-ray diffraction (XRD) patterns of the stable
synthesized materials LDH and LDH-CuCl,*>~ show peaks
at 11.2°, 22.6° and 32.7° which fit well to LDH with basal
reflections of (003), (006) and (009) without any crystalline
impurity phases (Figure 1).**! No peaks attributed to copper
are observed in the XRD pattern of LDH-CuCl,*". Elemental
analysis confirms the presence of 9.6% copper in the
LDH-CuCl,*~ sample.

The surface structure information of LDH and supported

Catalyst Characterization

copper particles was obtained using scanning electron
microscopy (SEM) as shown in Figure 2. The SEM images
of LDH-CuCl,*~ reveal the presence of many copper fine
particles with an average diameter of 50-70 nm covering
the surface of LDH. These results clearly show that CuCl4*~
is successfully loaded on the surface of the LDH support,
which is expected to improve the catalytic properties.

The transmission electron microscopy (TEM) images
presented in Figure 3 show that the LDH-CuCl,*~ particles
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FIGURE 1  XRD patterns of LDH and LDH-CuCl,*~ nanoparticles

SEMMAG 400kx  Det SE
SEMHV 1500kv WO 7 833mm
Date(midny 0113216 Vac HIVat

10 um ol

SEMMAG 800k Det SE
SEMHV 1500 WD 1831mm
Date(miny 0116 Vac HivaC raene

SEM MAG. .00 kx Det SE
SEM HV 15008V WO 6133 mm
Date(midy)y 0171316 Vac HiVac

SEMMAG 800K Det SE
SEMMHV 15000 WO 8133 mm H
Date(midiy 0171316 Vac HiVac R’Iﬂcn

FIGURE 2 SEM images of (a, b) LDH and (c, d) LDH-CuCl,*~
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are largely spherical in shape with diameters ranging from
100 to 200 nm.

The Fourier transform infrared (FT-IR) spectra of the
prepared samples of LDH and LDH-CuCl,>~ are shown in
Figure 4. A broad band at 3000-3600 cm™" in both spectra
is characteristic of O—H stretching of hydroxide basal layer

100nm

FIGURE 3 TEM images of LDH-CuCl,*~ nanoparticles
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and interlayer water. The main bands related to intercalated
and adsorbed anions and the metal-oxygen v(M—O—M)
stretching modes are, respectively, observed at 1000-1800
and 400-1000 cm™".®%! The positions of all bands in the
spectrum of LDH-CuCl,*~ are almost coincident with those
in the spectrum of pure LDH, due to the fact that most bands
of CuCl42_ almost coincide with the bands of LDH.

3.3 | Catalytic Effects

Synthetic utility of prepared materials LDH and LDH-
CuCl,>~ was further explored as catalysts in the azide—alkyne
cycloaddition reaction with the purpose of optimizing
the reaction conditions for dipolar cycloaddition of
phenylacetylene, benzyl chloride and NaN; as model sub-
strates (Table 1). The investigation was initiated by compar-
ing the activity of LDH and LDH-CuCl,*". The control
experiments in the absence of catalyst or pure LDH give no
conversion at 70 °C in water, suggesting the role of copper-
catalysing click reactions (entries 1 and 3). With increasing
LDH-CuCl,*~ catalyst concentration from 0.001 to 0.004 g
we observe 97% isolated yield of 1-benzyl-4-phenyl-1,2,3-
triazole after 12 h (entries 4-6). The yield of reaction
decreases to 70% when LDH-CuCl,®>~ is replaced by
Na,CuCly (entry 2). As indicated in Table 1, at lower temper-
atures a modest yield is achieved, but a significant increase in
the product yield is observed at higher temperatures (entries
6-8). To determine the most effective solvent for 1,3-dipolar
cycloaddition using LDH-CuCl,*~ as catalyst, the reaction of
phenylacetylene, benzyl chloride and NaNj; was carried out
in various solvents such as acetone, chloroform, ethyl acetate,
ethanol, methanol and acetonitrile (entries 9-14). Water is
found to be the best solvent system for the azide—alkyne
cycloaddition reaction in the presence of LDH-CuCl,>".
Also, according to Table 1 (entry 16), the reaction is com-
pleted within 6 h.

CuAAC reactions were also carried out under optimized
conditions with various aromatic and aliphatic benzyl halides
and alkynes (Table 2). The presence of electron-donating and
electron-withdrawing groups on the phenyl ring of the benzyl

{LDH-Cu ll

2927

e

1623

1365
575
—

1LDH

3544

T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400

T
2200

T T T
2000 1800 1400

Wavenumbers (cm™1)

FIGURE 4 FT-IR spectra of LDH and LDH-CuCl,*~ nanoparticles
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TABLE 1  Effect of reaction conditions on azide—alkyne cycloaddition
Entry Catalyst Catalyst amount (g) Solvent Temperature (°C) Time (h) Yield (%)*
1 — — H,0 70 12 0
2 Na,CuCl, 0.004 H,0 70 12 70
3 LDH 0.004 H,0 70 12 0
4 LDH-Cu" 0.001 H,0 70 12 58
5 LDH-Cu" 0.003 H,0 70 12 68
6 LDH-Cu" 0.004 H,0 70 12 97
7 LDH-Cu" 0.004 H,0 50 12 82
8 LDH-Cu"" 0.004 H,0O Lt 12 31
9 LDH-Cu" 0.004 Acetone 70 12 90
10 LDH-Cu"! 0.004 CH;Cl 70 12 Trace
11 LDH-Cu" 0.004 EtOAc 70 12 Trace
12 LDH-Cu" 0.004 C,HsOH 70 12 26
13 LDH-Cu" 0.004 CH;0H 70 12 22
14 LDH-Cu" 0.004 CH;CN 70 12 Trace
15 LDH-Cu"" 0.004 H,O 70 4 86
16 LDH-Cu" 0.004 H,0 70 97
“Isolated yield.
TABLE 2 Cycloaddition of alkyl halides with terminal alkynes in the presence of LDH-CuCl,*~ catalyst
RN + NaN; + R, LDH-Cu! Rl/\N/N\\N
X H,0, 70 «C |§(
Ry
Entry R, X R, Yield (%)*
1 Ph l Ph 96
2 4-CHsPh Cl Ph 91
3 2-CH3Ph Cl Ph 80
4 4-NO,Ph Cl Ph 96
5 Ph cl 4-CH;0Ph 94
6 Ph cl 4-CH;Ph 95
7 Ph cl HOC(CH3), 62
8 Ph Cl HOCH, 66
9 Ph Br Ph 96
10 Ph Br 4-CH;0Ph 95
11 Ph Br 4-CH;Ph 95
12 Ph Br HOC(CH3), 71
13 Ph Br HOCH, 85
“Isolated yield.

halides and the phenylacetylenes does not greatly affect the
yield of cycloaddition products. When aliphatic alkynes are
coupled with benzyl halides (entries 7 and 8), a decrease in
the yield of cycloaddition products is observed, but the
reactions have good yields when the reaction time is extended
to 12 h. Replacement of benzyl chloride with benzyl bromide
does not have a decisive effect on the catalytic activity, as ben-
zyl bromide reacts to give the corresponding 1,2,3-triazole
product in almost quantitative yields (entries 9-11), except
for aliphatic alkynes (entries 12 and 13).

The lifetime of a catalyst and its level of reusability are
highly significant factors for the useful applications of such

a heterogeneous system for organic reactions. Indeed the
reusability of the LDH-CuCl,>~ catalyst was investigated
for the cycloaddition of benzyl chloride, NaN; and
phenylacetylene (Figure 5). The concentration of both catalyst
and reactants were increased fivefold, and the experiment was
performed under the previously optimized reaction condi-
tions. After the first run, the product was extracted with ethyl
acetate, and the residual catalyst was reused for a new cycle of
the reaction under the same conditions. The results indicate
that it is possible to recycle and reuse the catalytic system
for a minimum of four cycles with relatively high catalytic
activity. The small decrease in the activity of the catalyst from
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FIGURE 5 Recycling of LDH-CuCl*~ catalyst for azide-alkyne
cycloaddition

the first to the fourth cycle can be related to a small decrease of
catalyst mass during the washing procedure.

To investigate the leaching of copper species into
solution, after separation of the LDH-CuCl,*~ catalyst, the
copper content of the residual mixture was measured using
atomic absorption spectroscopy. The results show that the
copper content of solution is significantly lower than the
detection limit which confirms negligible leaching of copper
from the catalyst.

To confirm the absence of catalyst leaching during
reaction, the cycloaddition of benzyl chloride, NaN; and
phenylacetylene as a model reaction was stopped at half the
reaction time and the catalyst was completely separated from
solution by centrifugation. With continuation of stirring
(without catalyst) for another period of half the reaction time,
it was observed that a trace amount of product is formed and
therefore the catalyst really is heterogeneous.

4 | CONCLUSIONS

We have developed an efficient and simple protocol for the
preparation of Cu(II) immobilized on LDH as a catalyst for
the synthesis of 1,2,3-triazoles by 1,3-dipolar cycloaddition
of terminal alkynes with benzyl azides generated in situ from
sodium azide and various benzyl halides. This protocol has
been performed efficiently to provide the desired products
in excellent yields. Simple operation, easy separation, short
reaction times, wide substrate scope, readily available starting
materials and reagents, and recyclable and inexpensive cata-
lyst are the salient features of this method.
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