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Silica immobilized copper N-heterocyclic carbene: An
effective route to 1,2,3-triazoles via azide-alkyne
cycloaddition and multicomponent click reaction
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A new silica supported copper N-heterocyclic carbene (Cu-NHC@SiO2) com-

plex is prepared and characterized by scanning electron microscopy (SEM),

energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectros-

copy (XPS) analyses. This complex is an efficient and easily retrievable catalyst

for 1,2,3-triazole synthesis through direct azide-alkyne cycloaddition reaction

as well as one-pot reaction using arylboronic acids. This catalytic system is also

suitable for synthesis of 4-aryl-NH-1,2,3-triazoles from diverse benzaldehydes.

Further, the catalyst can efficiently be recycled up to fifth cycle for all the three

methods of 1,2,3-triazole synthesis through direct azide-alkyne cycloaddition

and multi-component reactions.
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1 | INTRODUCTION

Solid supported catalysts offer innumerable opportunities
to recover and reuse catalysts from reacting media. These
characteristics of heterogeneous catalysts lead to better pro-
cess economy and environment compatibility to industrial
scale manufacturing. Silica remains preferred alternatives
among different heterogeneous supports as silica exhibits
good thermal and chemical stability, high surface area and
excellent porosity.[1] Due to the reactive silanol groups in
silica surface, different ligand functionality can be robustly
anchored onto it. Therefore, ample studies have been car-
ried out in fabricating silica surface[2] with different ligands
and subsequent incorporation of transition metals for their
use in various organic transformations.[3–5]

N-heterocyclic carbenes (NHCs) are widely used as
ligands in preparation of transition metal based organo-
metallic catalysts.[6] With strong σ-donating and Lewis
basicity NHCs can easily stabilize metal centers and form
metal complexes. Additionally, due to presence of strong σ
bonds, NHCs are comparatively stable to hydrolytic condi-
tions than phosphine ligands in similar complexes.[7]

Attributing to the better stability NHCs can form com-
plexes with almost all transition metals and many main
group elements.[8] In 1993, the first NHC coordinated cop-
per complex was reported and after that copper NHC com-
plexes have been widely used as effective catalysts in many
organic reactions[9] including click reaction for
1,4-disubstituted-1,2,3-triazole synthesis. In particular,
Nolan et al. reported a good example of three solid
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supported CuNHC complexes for triazoles synthesis.[10]

Further, a few more catalytic protocols based on CuNHC
catalyst[11] including a latent NHC catalyst,[12] which
shows excellent catalytic activity toward triazoles synthe-
sis at slightly elevated temperature were reported. Inspired
by the efficiency of these protocols, effort has been made
to develop new CuNHC catalyst, which can subsequently
be applied for 1,4-disubstituted-1,2,3-triazole synthesis. It
is worth mentioning that typical non-supported CuNHC
catalysts were stabilized by allowing the metal to make
complex with bulky ligands.[8–10] Therefore, our effort
involves use of solid support and functionalization of the
support with the NHC and consequently preparation of
supported CuNHC catalyst using simple ligand, which is
fairly stable for catalytic application.

Copper catalyzed azide-alkyne cycloaddition reaction
(CuAAC), also popularly known as click reaction, is the
most accessed route for 1,2,3-triazole synthesis.[13] After
its discovery in 2001, click reaction has frequently found
usage in material designing,[14] bioconjugation
application,[15] and most importantly in medicinal chem-
istry owing to broad-spectrum biological activity of
1,2,3-triazoles.[16] However, many catalytic systems have
been developed to improvise this system.[17] Especially,
Ramachary et al. have developed the first ever organo-
catalyzed [3 + 2]-cycloaddition of unsaturated ketones
and azides. Subsequently, various research groups have
reported transition metals other than copper and many
metal free systems for 1,2,3-triazole synthesis. Interest-
ingly, Na ascorbate/CuSO4 system still remains the most
favorite route for synthetic chemists to introduce
1,2,3-triazole moiety in various molecules owing to the
simplicity of the protocol. Hence, we are interested in
developing simple protocol for 1,2,3-triazole synthesis,
which is not only efficient but also versatile and easily
retrievable in nature.

Usually, organic azides that are cyclized with termi-
nal alkyne to yield 1,2,3-triazoles are prepared prior to
cycloaddition. Through multicomponent reaction (MCR),
azides can be generated in situ from easily available
reacting materials. Therefore, MCR offers convenient
route to access complex molecular architecture without
going through multistep reactions. A number of one-pot
systems have been developed recently, highlighting the
use of different copper catalysts.[18] Although many effi-
cient methods are present for synthesis of 1,2,3-triazole
further improvement in terms of selectivity, environment
issue related to use of solvents, high temperature needed
to be addressed. Herein, we have developed a new
CuI-NHC catalyst anchored on silica and its catalytic
application for azide-alkyne cycloaddition reaction and
NH-triazoles using aromatic aldehydes, nitromethane
and sodium azide.

2 | PREPARATION OF THE
CATALYST

The preparation of the catalyst was carried out by follow-
ing the method reported by Wang et al. for synthesis of
silica immobilized Cu-NHC complex for A3-coupling
reaction.[19] The synthesis of the catalyst involves follow-
ing steps:

a. Synthesis of CPTMS functionalized silica
CPTMS@SiO2: 2-g silica (pre-activated at 120�C for
4 h) was added to a two neck round bottom flask con-
taining 50 ml dry toluene, which was followed by
addition of 2-mmol 3-chloropropyl trimethoxy silane
(CPTMS). The resultant mixture was stirred under N2

atmosphere at 80�C for 8 h and was allowed to cool.
The solids were separated by filtration and washed
repeatedly through Soxhlet extraction with toluene.
The resulting material was then dried at 120�C for
24 h to obtain CPTMS@ SiO2.

b. Synthesis of Imidazole-CPTMS@SiO2: 1.5-g
CPTMS@SiO2 was added to a two neck round bottom
flask containing 50 ml dry toluene followed by addi-
tion of 2-mmol N-methylimidazole. The resultant
mixture was stirred under N2 atmosphere at 80�C for
6 h and was allowed to cool. The solids were sepa-
rated by filtration and washed repeatedly through
Soxhlet extraction with toluene. The resulting mate-
rial was then dried at 120�C for 24 h to obtain
Imidazole-CPTMS@SiO2.

c. Synthesis of Cu-NHC@SiO2: To a suspension of 1-g
Imidazole-CPTMS@SiO2 in THF 0.5 mmol of CuI and
1 mmol of KOtBu were added and stirred overnight
under N2 atmosphere at room temperature. The solids
were separated by filtration and washed several times
with methanol followed by THF. The filtrate was dried
in hot air oven for 6 h to obtain a gray–green powder.

3 | CHARACTERIZATION OF THE
CATALYST

Cu-NHC@SiO2 was characterized by Fourier transform
infrared (FTIR), thermo gravimetric analysis (TGA),
scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectros-
copy (XPS), and solid ultraviolet (UV) analyses. The FTIR
spectra of the samples (Figure 1) revealed important
information about formation of NHC complex and its
successful immobilization onto the support. For all the
samples, the bands around 1639 and 3430 cm�1 corre-
spond to νO–H stretching and bending vibrations of the
adsorbed water, while the absorption peaks around
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802 and 1087 cm�1 were attributed to Si–O–Si structure
of silica framework. Appearance of a band at 967 cm�1

was assigned to silanol group of silica. Intensity of this
particular band decreases as silica is functionalized with
CPTMS and 1-methyl imidazole. This observation indi-
cates formation of Si–O bond as a result of interaction
between silanol groups of silica with the (CH3O)3Si–
group of CPTMS.

Furthermore, presence of peaks at 3447 (sp2 C–H
stretching vibration of the imidazole moiety), 3342
(N–CH2 stretching vibration) and 1567 cm�1 (C–N and
C=C vibrations of the imidazole ring) in FTIR spec-
trum of Cu-NHC@SiO2 relative to raw silica sample
suggests functionalization of silica with desired ligands
and metal complex.[20] Appearance of a peak at
664.7 cm�1 is observed due to Cu–C stretching, which

FIGURE 1 Fourier transform infrared

(FTIR) spectra (a) SiO2, (b) NHC@SiO2, and

(c) Cu-NHC@SiO2

FIGURE 2 Scanning electron

microscopy (SEM) images of (a) silica

(c) catalyst; energy dispersive X-ray

spectroscopy (EDX) pattern of (b) silica

(d) catalyst
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indicates probable formation of silica anchored CuNHC
complex.

The scanning electron microscopic images
(Figure 2a,c) of silica and the catalyst suggest smaller
particle size of the catalyst following reaction of
silica particles, silane and CuI.[21] Furthermore, the
Cu-immobilized silica surface shows more roughness than
the non-functionalized silica (Figure 2b,d). The gray–green
color of silica gel and observation of a rougher surface
indicates the binding of copper to the silica gel. To further
confirm the structure, EDX was performed. EDX study
shows presence of different elements along with copper in
the highly uniform surface of the catalyst (Figure 2b,d).
The inductively coupled plasma atomic emission
spectroscopy (ICP-AES) results also reveal successful
attachment of metal on the silica surface. The amount of
metal content in the Cu-NHC@SiO2 catalyst was found to
be 37.67 mol% per gram of the catalyst.

The electronic properties of the catalyst were probed
by XPS analysis. Binding energies (±0.1 eV) of the ele-
ments were determined with respect to the position C 1s
peak at 283.78 eV. Calibration of the binding energy
(BE) scale was done by using the C 1s (BE = 284.8 eV)
signal. Figure 3a depicts full scan profile of the catalyst,
which shows presence of N, O, I, and Cu along with Si
and C in the catalyst. The binding energies of Cu 2p3/2
and 2p1/2 at 934.82 and 954.56 eV with strong satellite
peak at 941.96 and 943.65 eV indicates presence of copper

mostly in +2 oxidation state, while two peaks at 932.87
and 952.20 eV are suggestive of fraction of copper catalyst
present at +1 oxidation state. Similarly, from the XPS
profile binding energies of N (1s) and O (1s) were found
at 404.4 and 532.2 eV, respectively, owing to presence of
imidazole moiety attached to the silane. Moreover, I 3d
curve could be fitted with peak at the BE of 618.2 eV that
confirms I 3d5/2 component in the catalyst.

To examine the thermal stability of the catalyst TGA
was performed from 35 �C to 780�C at scanning rate of
20�C/min with Perkin Elmer STA 8000 instrument under
nitrogen atmosphere (N2 gas flow rate: 20 ml/min) taking
empty alumina as reference. The TGA curve (Figure 4) of
the catalyst demonstrates the superior thermal stability
of the catalyst up to 541�C, indicating wide temperature
range usefulness of prepared catalyst for any chemical
reaction.

4 | APPLICATION OF PREPARED
CU CATALYST IN TRIAZOLE
SYNTHESIS

CuAAC is known to be a powerful reaction, which is
applied in complex molecular synthesis, bioconjugation,
drug development, and so forth. Therefore, the scope of
the synthesized Cu catalyst was tested for triazole synthe-
sis. In our initial investigations, benzyl azide (1a) with

FIGURE 3 X-ray photoelectron spectroscopy (XPS) analysis of Cu-NHC@SiO2 for (a) full scan, (b) Cu 2p, (c) N 1s, (d) I 3d, and (e) O 1s
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phenyl acetylene (2a) was chosen as the probe. At first,
the reaction was conducted in open air at 60�C with
15 mg of the Cu catalyst in water with 10 mol% Na

ascorbate, which successfully led to the formation of
1-benzyl-4-phenyl-1H-1,2,3-triazole (3a) with 91% yield
(Table 1, Entry 1), while using water and ethylene glycol
as solvent system in ratio 10:1 for the triazole synthesis
gave 3a in almost quantitative yield (Table 1, Entry 2). It
is assumed that the larger and less polar ethylene glycol
molecules enhance solubility of the organic substrates in
water. It is worth mentioning that in ethylene glycol
alone the reaction does not produce good result. Further
screening of solvents showed no improvement to existing
best condition (Table 1, Entries 4–10). To estimate opti-
mum temperature for the triazole synthesis under pre-
sent condition, a reaction was performed at 50�C and the
yield of 3a was found to be decreased (Table 1, Entry 11).
The reaction mixture needed to be stirred for consider-
ably longer time under room temperature to achieve con-
venient yield (Table 1, Entry 12). These observations
suggested the need of small thermal energy to activate
catalytic property of the catalyst. A catalyst-free reaction
was performed under similar condition that showed no
product formation at all which suggests requirement of
the catalyst (Table 1, Entry 13). Furthermore, decreasing

FIGURE 4 Thermo gravimetric analysis (TGA) and DTG curve

of the catalyst

TABLE 1 Optimization of reaction

condition

Sl. no. Reaction medium Time (h) Isolated yield (%)

1 H2O 1 91

2 H2O/EG (10:1) 0.5 99

3 EG 1 trace

4 H2O/DMSO (1:1) 1 56

5 H2O/t-BuOH 1 60

6 H2O/ACN 1 trace

7 Toluene 1 trace

8 DMF 1 32

9 THF 1 trace

10 DMSO 1 <10

11 H2O/EG (10:1) 1.5 93[a]

12 H2O/EG (10:1) 3 75[b]

13 H2O/EG (10:1) 4 0[c]

14 H2O/EG (10:1) 0.5 87[d]

Note: Reaction condition: Benzyl azide (0.5 mmol), phenyl acetylene (1.2 equiv), CuNHC 15 mg (1.13 mol%)
and Na-ascorbate (10 mol%) was stirred in 1-ml solvent (ratio in case of binary mixture) at 60�C.
aReaction mixture was stirred at 50�C.
bReaction was carried out at room temperature.
cReaction was performed without catalyst.
d12 mg of CuNHC was used.
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catalyst loading greatly affects the reaction resulting
decreased yield of 3a (Table 1, Entry 14). Thus, the opti-
mized catalytic system was established; 1a (0.5 mmol), 2a
(0.6 mmol), catalyst (15 mg, 1.13 mol%), Na ascorbate
(10 mol%), and water/ethylene glycol (10:1) at 60�C.

With the optimized condition in hand, we next inves-
tigated the scope of the catalytic system (Scheme 2). An
array of benzyl and aromatic azide could be cyclized to
corresponding 1,4-disubstituted-1,2,3-triazoles using this
protocol with excellent yields (3a–3k, 84–99% yields).
Benzyl, phenyl, or 4-substituted phenyl azides smoothly
reacted to furnish corresponding triazoles 3a–3h. Simi-
larly, 3- or 2-substituted phenyl azides and aliphatic
azide could also be tolerated under present catalytic
system affording corresponding triazoles in excellent
yields (3i–3k).

Next, the scope of alkyne substrates was tested with
our catalytic system (Scheme 3). It was pleasing to see
that all the alkynes under study reacted well affording
corresponding triazoles in good to excellent yields. Ini-
tially, two naphthyl derivatized alkynes were allowed to

cyclize with benzyl azide, and the products were obtained
in excellent yields (3l–3m). Likewise, reaction of phenyl
ether and phenyl thioether containing alkynes with ben-
zyl azide produced 1,4-disubstituted triazoles quantita-
tively (3n–3o). Further, other alkyne substrates with
2,4-disubstituted phenyl, ester, carboxylic groups, and ali-
phatic chain also tolerated well under current catalytic
condition (3p–3u). It is worth mentioning that internal
alkynes and heterocyclic alkynes also reacted readily to
furnish desired triazoles (3v–3x).

MCRs are always helpful in accessing seemingly diffi-
cult products that cannot be synthesized otherwise. In
order to expand accessibility of our system towards
broader range of triazoles, we have put emphasis on
accessing 1-aryl-1,2,3-triazoles using aryl boronic acids as
azide precursor. The same reaction condition was
maintained for this MCR of 3-methoxy phenylboronic
acid, sodium azide, and phenyl acetylene, which led suc-
cessfully to desired product 3y in 1 h with 92% yield. Sim-
ilarly, seven different triazoles are synthesized
(Scheme 4). It was observed that the triazoles (Scheme 4,

SCHEME 2 Reaction of various

azides 1a–1k with alkyne 2aa.aReaction
conditions: azides (0.5 mmol), 2a (1.2

equiv), Cu-NHC@SiO2 (15 mg, 1.13 mol

%), and Na ascorbate (10 mol%) were

stirred in H2O/EG (10:1, 2 ml) at 60�C for

0.5–2 h. Isolated yields

SCHEME 1 Preparation of the catalyst
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3c–3x) were produced as efficiently by multicomponent
strategy as it had been done by typical azide-alkyne cyclo-
addition discussed earlier.

Under the hood of 1,2,3-triazole family, the NH-1,
2,3-triazole is an important class showing promising
applications in many fields, particularly in post-
alkylation or arylation of NH-1,2,3-triazole for synthesis
of N2-substituted 1,2,3- triazoles.[22] It is worth mention-
ing, however, that their synthesis is still remaining a
challenge compared to the direct synthesis of substituted
1,2,3-triazoles. Initially introduced by Zefirov, condensa-
tion of nitroalkenes and NaN3 was a popular method for
the synthesis of NH-1,2,3-triazoles but usually alkenes
undergo polymerization and overall yield of triazole

product gets decreased.[23] This problem can be overcome
through one-pot reaction of aryl aldehyde, sodium azide,
and nitroalkane by employing Cu or Pd catalysts.[24]

Therefore, as an expansion of scope of our catalytic sys-
tem, ability of Cu-NHC@SiO2 to catalyze one-pot synthe-
sis of NH-1,2,3-triazole was studied. For standardization
purpose 4-bromobenzaldehyde, NaN3 and nitromethane
were selected as model substrates and allowed to react in
presence of 15 mg copper catalyst in water at 100�C,
which resulted formation of 3aa with 37% yield (Table 2,
Entry 1). To improve yield of NH-triazole, different sol-
vents were tried and PEG 400 was found to produce the
best result (Table 2, Entries 2–5). After that, catalyst load-
ing and temperature were optimized while only trace of

SCHEME 3 Reaction of benzyl/phenyl

azide with various alkynesa. aReaction

conditions: Benzyl or phenyl azide

(0.5 mmol), alkyne (0.6 mmol), Cu-

NHC@SiO2 (15 mg, 1.13 mol%), and Na

ascorbate (10 mol%) were stirred in H2O/EG

(10:1, 2 ml) at 60�C for 0.5–1 h. Isolated

yields

SCHEME 4 Reaction of various

arylboronic acids, sodium azide, and

different alkynesa. aReaction condition:

arylboronic acids (0.5 mmol), NaN3

(1. mmol), alkynes (0.6 mmol), Cu-

NHC@SiO2 (15 mg, 1.13 mol%), and Na

ascorbate (10 mol%) were stirred in H2O/

EG (10:1, 2 ml) at 60�C for 1–3 h. Isolated

yields
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triazole product was obtained through catalyst-free reac-
tion (Table 2, Entries 6–10). Thus, PEG 400, 20 mg
(1.5 mol%) Cu-NHC@SiO2 catalyst at 100�C was found to
be the best condition for the synthesis of NH-
1,2,3-triazoles.

After standardizing the reaction condition, various
aryl aldehydes were subsequently tested with the
catalytic system (Scheme 5). Aromatic aldehydes with
electron donating functional groups (–OCH3, –OH, and –
CH3) reacted satisfactorily affording NH-triazoles in

TABLE 2 Standardization of reaction condition for NH-1,2,3-triazole synthesis

Entry Solvent Catalyst loading (mg) Temperature (�C) Isolated yield

1 H2O 15 100 37

2 H2O/EG (10:1) 15 100 45

3 DMSO 15 100 35

4 PEG 400 15 100 76

5 EG 15 100 29

6 PEG 400 20 100 91

7 PEG 400 25 100 91

8 PEG 400 20 110 90

9 PEG 400 20 80 79

10 PEG 400 - 100 <10

Note: Reaction conditions: 4-Bromobenzaldehyde (0.5 mmol), nitromethane (0.75 mmol), NaN3 (1 mmol), and Cu-NHC@SiO2 were stirred in solvent (2 ml) for 2 h.

SCHEME 5 Reaction of different aromatic aldehydes,

nitromethane, and sodium azidea. aReaction conditions:

Aldehyde (0.5 mmol), nitromethane (0.75 mmol), NaN3

(1 mmol), and Cu-NHC@SiO2 (20 mg, 1.5 mol%) were

stirred in PEG-400 (2 ml) at 100�C for 1.5–3 h. Isolated

yields
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excellent yields (3ab–3ad). Moreover, benzaldehyde
(3ae), halogen substituted aryl aldehydes (3af–3ah) and
nitro benzaldehydes (3ai–3aj) also furnished
corresponding NH-triazole with excellent yields. It
should be noted that heterocycle containing NH-triazoles
3ak–3al were obtained in good yields from corresponding
heterocyclic aldehydes using this method. Similarly, after
variation of nitroalkane part desired triazole was
obtained in high yield (3am).

Reusability of Cu-NHC@SiO2 catalyst was investi-
gated for all the three reactions, that is, (I) direct AAC
for synthesis of triazoles, (II) one-pot synthesis of
1,2,3-triazole from arylboronic acids, and (III) one-pot
NH-1,2,3-triazole synthesis; discussed here. For Reac-
tion (I), reusability test was performed with benzyl
azide and phenyl acetylene as substrate using our
established standard condition. It was observed that the
copper catalyst can be reused with ease for at least up
to fifth cycle with only small decrease in product yield
from 99% to 90%. Similarly, reusability test for Reaction
(II) was performed taking 3-methoxyphenylboronic
acid, NaN3, and phenyl acetylene as substrate while for
reaction (III) 4-bromo benzaldehyde, NaN3 and nitro-
methane as reactants. The catalyst again stands out to
be efficient for both these reactions and desired prod-
ucts were obtained without significant loss of product
yield up to fifth cycle (for Reaction [II], decrease of
yield from 92%–85%; for Reaction [III], yield decreases
from 91% to 83%, Figure 5).

This small decrease in product yield during reusabil-
ity test may be due to physical loss of the catalyst during
repetitive steps or leaching of the metal from the catalyst.
ICP-AES analysis was performed for the reused catalyst
that showed only a very small decrease in metal loading.
Moreover, SEM and EDX analyses (Figure S1) also
showed no significant change in surface morphology and

composition of the catalyst. The solid UV–Visible spec-
trum of the catalyst is typical for the Cu (II) metal, while
the UV spectrum of the catalyst after fifth cycle of reuse
showed very little change indicating persistence in metal
content after repetitive use (Figure S2). All these results
were representative of strong binding of the metal with
anchored ligand and efficiency of the heterogeneous cata-
lyst for 1,2,3-triazole synthesis.

5 | CONCLUSION

In conclusion, a silica supported copper catalyst has been
developed that combined with excellent reusability shows
remarkable catalytic efficiency towards direct azide-
alkyne cycloaddition as well as one-pot triazole synthesis
from arylboronic acids. This catalyst can also be used in
one-pot synthesis of 4-aryl-NH-1,2,3-triazoles from vari-
ous benzaldehydes. This method offers advantage over
other catalytic protocol in terms of broad substrate scope
with electronically diverse substrates for three different
reactions, easy recovery and use of green solvents as reac-
tion media.
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