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ABSTRACT: Nanoporous titania-supported gold nanopar-
ticles have been synthesized through the deposition−
precipitation method, and the synthesized nanoparticles have
been characterized by XRD, SEM, HRTEM, EDAX, BET
adsorption isotherm, and IR and UV−vis spectral techniques.
The efficiency of this catalyst toward green organic synthesis has been studied by carrying out the 1,3-dipolar cycloaddition of
organic azides with a variety of terminal alkynes in water. The reaction proceeds regioselectively yielding the corresponding 1,4-
disubstituted-1,2,3-triazole derivative in good to excellent yield.
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■ INTRODUCTION

Nanomaterials find vast application in catalysis, electronics,
medicine, and sensors due to their novel properties that are
different from those of the corresponding bulk materials.1−4

Nanocatalysts have high surface to volume ratio, and their
surface atoms are very active relative to those of bulk
catalysts.4−11 In the regiospecific alkyne−azide cycloaddition
reaction, copper(I) compounds are very often used for the
activation of the alkyne substrate. These copper-catalyzed
reactions have some serious problems because of the instability
of simple copper(I) salts. The active species are often generated
in situ from copper(II) salts, and for such reactions, it is
necessary to use an additive, a cofactor, and a reducing agent.12

The CuI/NR3 system is not successful in aqueous or protic
solvents. Besides, they require a large amount of catalyst (up to
2 equiv) and additive (up to 20 equiv). The cycloaddition
proceeds very slowly even at elevated temperature with a
prolonged reaction time (80−120 °C for 12−24 h) in many
cases.13−16 Tetraalkylammonium hydroxides can be used in the
place of transition metal catalysts, but the formation of 4-
triazenyl triazole as a byproduct is a problem in this case.17 The
metal catalyst is lost at the end in many homogeneous reactions
and hence cannot be retraced and recycled. Several copper
complexes have also been employed as catalysts, but the
preparation of ligands in these cases involves the use of toxic
and volatile organic solvents like THF, dichloroethane, toluene,
acetonitrile, benzene, and divinylbenzene, consuming consid-
erable time (6−18 h).18−21

Heterogeneous catalytic systems, on the other hand, can have
advantages such as simpler isolation of the reaction products
and recycling of the catalyst systems by filtration. Cu(I) species
immobilized onto various supports such as silica,22 zeolites,23

activated charcoal,24 and titanium dioxide25 have been reported
recently. However, heterogeneous catalysts immobilized with
Cu(I) species frequently suffer from the general thermody-
namic instability of Cu(I), which results in its easy oxidation to
Cu(II) and/or disproportionation to Cu(0) and Cu(II).
Consequently, usage of copper(I) catalysts require an inert
atmosphere and anhydrous solvents. Copper-catalyzed 1,3-
dipolar cycloaddition in water may not be effective due to the
strong coordination capacity of copper with water, and use of
toxic organic solvents is unavoidable.25

Effective non-copper catalysts are not very popular toward
the cycloaddition of alkynes and azides in aqueous medium. For
instance, charcoal impregnated with a zinc and ruthenium
hydride complex, RuH2(CO)-(PPh3)3, is described as an
effective catalyst for the cycloaddition yielding 1,4-disubstituted
1,2,3-triazoles in DMF and benzene or THF as solvent, but the
yield was not encouraging when water was tried as the
solvent.26,27 Recently, many articles and reviews highlight the
catalytic use of nanoparticles suspended in colloidal solutions as
well as those adsorbed in different supports like various metal
oxides for organic transformations.1,9−11 It is also found that
gold nanoparticles are highly reactive when they are supported
on metal oxides, and titania has been found to be the best
support for gold nanoparticles to affect many chemical
transformations.28−31 The catalytic activity of gold has been
established despite the belief that gold is devoid of any
activity.32,33 Gold catalysts can be considered one of the most
powerful activators of C−C multiple bonds, which allows the

Received: May 17, 2013
Revised: July 18, 2013
Published: August 7, 2013

Research Article

pubs.acs.org/journal/ascecg

© 2013 American Chemical Society 1405 dx.doi.org/10.1021/sc400147r | ACS Sustainable Chem. Eng. 2013, 1, 1405−1411

pubs.acs.org/journal/ascecg


formation of C−C, C−O, C−N, and C−S bonds by
nucleophilic attack on the reactive multiple bonds.34,35 The
use of water as solvent in organic transformations has many
advantages: uncommon reactivities and selectivities, easy
workup, mild reaction conditions, and enabling recycling of
the catalyst.36−38 In continuation of our search on green
protocols for organic synthesis,39−41 porous titania nanosphere-
supported gold nanoparticles (abbreviated hereafter as Au/
TiO2) have been promoted as a catalyst for the Huisgen [3 + 2]
cycloaddition of azides and alkynes in the present investigation.
A new library of triazoles has been generated. The reaction was
attempted in aqueous medium, and the results are presented in
this article.

■ EXPERIMENTAL SECTION
Materials. Titanium tetraisopropoxide (Fluka, 99%) was used as

the starting material for the preparation of porous titanium dioxide
nanospheres, and chloroauric acid trihydrate (Sigma-Aldrich) was used
as a precursor to prepare gold-loaded porous titanium dioxide (Au/
TiO2) nanospheres.
Preparation of Porous Titanium Dioxide Nanospheres.

Porous titanium dioxide nanospheres were prepared by a solvo-
thermal method reported earlier.42 Titanium tetraisopropoxide (10
mL) (Fluka, 99%) was added dropwise to 35 mL of distilled ethanol
with constant stirring wherein a milky suspension was formed
immediately. Five milliliters of double distilled water was then added
drop by drop to the suspension. After 2 h of stirring, the whole
suspension was transferred into a Teflon beaker and kept in a stainless
steel autoclave at 115 °C for 12 h. The resulting white porous titanium
dioxide nanospheres were separated though filtration and washed
several times with double distilled water, dried at 100 °C for removal
of water, and finally calcined at 400 °C for 3 h.
Preparation of Porous Au/TiO2 Nanospheres. The porous Au/

TiO2 nanospheres were prepared through the deposition−precip-
itation method.43 Accordingly, 100 mL of an aqueous solution of
HAuCl4.3H2O (1.02 mM) was heated to 80 °C, and the pH was
adjusted to 7 by dropwise addition of sodium hydroxide (1 M).
Afterward, 1 g of porous titanium dioxide nanospheres were dispersed
in the above solution followed by readjusting the pH to 7 with sodium
hydroxide (0.2 M). The suspension was then heated at 80 °C (in oil
bath) for 2 h with vigorous stirring. The solids were gathered by
centrifugation (12,000 rpm for 10 min), washed five times by stirring
in hot (50 °C) distilled water, and then centrifuged. After drying the
samples under vacuum at 100 °C for 2 h, they were calcined at 350 °C
for 2 h to get the porous Au/TiO2 nanospheres.
Characterization Techniques. The crystal phases of the prepared

nanospheres were investigated by using the X-ray diffraction analysis
(Rigaku diffractometer, Cu Kα radiation, 0.02° s−1). Particle size and
contour of the prepared nanocatalysts were analyzed using a Quanta
200 FEG scanning electron microscope and TECNAI G2 modal
transmission electron microscope. The surface area, pore volume, and
pore diameter of the sample were measured with the assistance of a
Micrometrics ASAP-2020 physisorption analyzer. Diffuse reflectance
spectra (DRS) of the samples were recorded using a Shimadzu UV−
vis 2550 spectrophotometer fitted with an ISR-2200 DRS accessory.
HPLC analysis was carried out using a Shimadzu LC-6AD HPLC
system employing 80:20 methanol−water as the mobile phase at 0.4
mL per min flow rate.
Procedure for Preparation of Azide (2).44,45 To substituted

phenacyl bromide/alkyl halide dissolved in acetone, sodium azide was
added in a 1:1.5 molar ratio with drops of water and stirred for 10−15
min at room temperature. After completion of the reaction, the
reaction mass was quenched with water. The solidified azide was
filtered and dried. In the case of liquid azides, the reaction mixture was
extracted with dichloromethane and dried over anhydrous sodium
sulfate.
Typical Procedure for Synthesis of Ethyl 1-(2-Oxo-2-

arylethyl)-1H-1,2,3-triazole-4-carboxylate (3). To a mixture of

ethyl propiolate (0.72 mmol) and substituted phenacyl azide (0.6
mmol) in distilled water (10 mL), porous Au/TiO2 nanospheres (2
mg) were added at room temperature. The reaction mixture was
heated in a water bath for 30 min. After the completion of the reaction,
the reaction mixture was cooled to room temperature. Then the
product was extracted with a minimum amount of chloroform and
dried over sodium sulfate. The product was crystallized in a
chloroform−ethyl acetate mixture (3:2) to yield pure ethyl 1-(2-oxo-
2-arylethyl)-1H-1,2,3-triazole-4-carboxylate (3) as a crystalline solid.
For the time−conversion studies, 200 μL of reaction mixture was
withdrawn at regular time intervals and dissolved in 1.8 mL of DCM
from which 100 μL was injected to the HPLC column.

■ RESULTS AND DISCUSSION
X-ray Diffraction Analysis of TiO2 and Au/TiO2

Nanospheres. The XRD patterns of porous TiO2 and Au/
TiO2 nanospheres are shown in Figure 1. The X-ray diffraction

peaks observed at 2θ values of 25.46, 37.88, 48.06, 53.94, 55.11,
62.86, and 75.10° correspond to the (1 0 1), (0 0 4), (2 0 0), (1
0 5), (2 1 1), (2 0 4), and (2 1 5) plans of the anatase phase of
TiO2 [JCPDS file no. 11272]. This reveals that porous TiO2
nanospheres have a single phase of anatase. Furthermore, the
porous Au/TiO2 nanospheres exhibit a peak at 44°
corresponding to the (2 0 0) plane of Au crystal lattice. The
peak resulting from (1 1 1) planes (38°) of Au might have been
buried in the anatase peak at 37.88°. These peaks were
emphasized for crystal lattices of Au in the form of a face-
centered cubic ( fcc) crystal system [JCPDS file no. 40784].
Besides, the 2θ values at which the major peaks appear are
found to be almost the same for both TiO2 and Au/TiO2
indicating that the porous TiO2 crystal structure was not altered
while doping with Au nanoparticles.

SEM, HRTEM, and EDAX Analyses of TiO2 and Au/TiO2
Nanospheres. Figure 2(A) shows the SEM image of the
porous TiO2 nanospheres revealing the nanospheres average
diameter to be about 150 nm. The high magnification SEM
image shows that the porous TiO2 nanospheres are composed
of many TiO2 nanoparticles of ∼10 nm size (Figure 2(A)
inset). The TEM image (Figure 2(B)) clearly exhibits the
porous structures of the Au/TiO2 nanospheres, formed by the
assembly of TiO2 nanoparticles of about 10 nm. The HRTEM
image (Figure 2(C)) of the Au/TiO2 nanospheres illustrates

Figure 1. XRD patterns of porous TiO2 (A) and Au/TiO2 (B)
nanospheres.
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that Au nanoparticles with size of ∼5 nm are dispersed on the
porous TiO2 surface. The EDAX spectrum confirmed the
presence of Au on the porous TiO2 matrix (Figure 2(D)). In
the EDAX spectrum, the peak due to Cu originates from the
Cu grid used. The HRTEM image also clearly shows the
polycrystalline nature of a single Au/TiO2 nanosphere, which
was further confirmed from the continuous sharp circles formed
in the selected area electron diffraction (SAED) pattern.
Nitrogen Adsorption−desorption Analysis of Porous

TiO2 and Au/TiO2 Nanospheres. The mesoporous structural
characteristics of the obtained porous TiO2 and Au/TiO2
nanosphere were analyzed through N2 adsorption−desorption
experiments. Figure 3 exhibits the N2 adsorption−desorption
isotherms and their corresponding pore diameter distribution
curves (inset) for the TiO2 and Au/TiO2 nanospheres. Well-
defined adsorption steps in the relative pressure (P/P0) range
of 0.6−0.84 and 0.6−0.8 were observed for the porous TiO2
and Au/TiO2, respectively. The curves exhibited a type IV
isotherm, a typical characteristic of mesoporous materials.46

Moreover, the Barrett−Joyner−Halenda (BJH) pore size
distribution plots (Figure 3, inset) reveal that the Au/TiO2
nanospheres contain slightly smaller pore sizes and a narrower
size distribution compared to those of TiO2 nanospheres, which
indicates that the Au nanoparticles are doped on the porous
TiO2 matrix. This is in good agreement with the TEM results.
Furthermore, the BET specific surface area, pore volume, and
pore size of TiO2 nanospheres were found to be 104 m

2/g, 0.29
cm3/g, and 3.7 nm, respectively, while those of the Au/TiO2
nanospheres were 92 m2/g, 0.25 cm3/g, and 3.0 nm,
respectively. As the Au/TiO2 nanospheres possesses continu-
ous particle framework together with high surface area and
microporosity, these Au/TiO2 nanospheres may offer large
numbers of catalytic reaction centers that facilitate the

interaction between reactant molecules and the catalyst within
the porous materials.

UV−Vis Diffuse Reflectance and IR Spectral Analysis.
The diffused reflectance spectra and Tauc plots (inset) of
porous TiO2 and Au/TiO2 nanospheres are shown in Figure S1
of the Supporting Information. As TiO2 is an indirect transition
semiconductor, plots of (αhν)1/2 vs the energy (hν) of
absorbed light (Tauc plot) could be used to obtain the band
gaps of the porous TiO2 and Au/TiO2 nanospheres. The
extrapolation of the linear portion of the Tauc plots (Figure S1,
inset, Supporting Information ) give the band gap energy values
of 3.07 and 3.08 eV for porous TiO2 and Au/TiO2
nanospheres, respectively, which indicates that the Au nano-

Figure 2. (A) SEM image of porous TiO2. Inset: Magnified image of a single TiO2 nanosphere. (B) TEM image of Au/TiO2. (C) HRTEM image of
Au/TiO2. (D) EDAX spectrum of porous Au/TiO2.

Figure 3. Nitrogen adsorption−desorption isotherms of porous TiO2
and Au/TiO2 nanospheres. Inset shows corresponding BJH pore size
distribution plots.
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particles have not altered the band gap of the porous TiO2
nanospheres. The appearance of a surface plasman resonance
band in the 520−620 nm range reveals the presence of Au
nanoparticlse on the porous TiO2 matrix. Thus, these studies
point out the presence of Au nanoparticles on the surface/
pores of the TiO2 nanospheres, which are in conformity with
XRD and N2-adsorption studies.
Synthesis of Triazoles Using Nanoporous Titania-

Supported Gold Nanoparticles. In a quest to develop
efficient synthetic protocols, non-copper-catalyzed cycloaddi-
tion of alkyne with azide has been envisioned in this work. In a
typical synthesis of triazoles, 0.6 mmol of phenacyl azides, 0.72
mmol of ethyl propiolate, and 2 mg of Au/TiO2 were added in
water and heated for 30 min in a water bath. After completion
of the reaction, the product was obtained as a white solid
(Scheme 1). To the best of our knowledge, this is the first
report where Au/TiO2 has been used to promote the
regioselective synthesis of 1,4-disubstituted 1,2,3-triazoles in
water.

The reaction of phenacyl azide with ethyl propiolate has been
carried out in different solvents to choose the best solvent for
this transformation. It is noticed that solvents like THF,
ethanol, and dimethyl sulfoxide gave relatively moderate yield,
while the use of toluene, p-xylene, 1,2-dichloroethane, and
acetonitrile led to poor yield for this reaction. It is found that
the rate of this Huisgen [3 + 2] cycloaddition has been
accelerated in water or a t-BuOH/water mixture (Table S1,
Supporting Information) ending up in excellent yield of 1,4-
disubstituted 1,2,3-triazoles as a single regioisomer. Compared
with organic solvents, water molecules can be adsorbed well on
the surface of TiO2, and we believe that the better contact of
the reactants in the aqueous medium with Au nanoparticles
may have facilitated the reaction. A simple workup procedure
without the need for chromatographic separation is the added
advantage of this protocol. The retraced catalyst was thoroughly
washed with dichloromethane and recycled five times without
any significant loss in yield at a 30 min reaction time, and the
details are presented in Figure S2 of the Supporting
Information. It is tentatively believed that the catalytic activity
has not been substantially decreased, and the decrease in yield
could be due to the loss of the catalyst.
FT-IR spectra of porous TiO2, Au/TiO2 nanospheres, and

Au/TiO2 recovered after reaction (for reuse) were recorded in
the region 4000−400 cm−1. Both Au/TiO2 and Au/TiO2
recovered after the reaction show identical IR absorption
bands indicating retainment of originality of the catalyst after
the reaction. The recovered catalyst did not show any IR bands
corresponding to the organic materials suggesting that the
catalyst is not poisoned during the reaction (Figure S3,
Supporting Information). An increase in the amount of catalyst
from 2 to 20 mg decreased the time taken for completion of the
reaction considerably (Figure 4). In a typical case (synthesis of
3a), the reaction was completed within 15 min in the presence
of 20 mg of Au/TiO2, while it took 30 min for completion with

2 mg of Au/TiO2 catalyst. Even though the reaction time was
reduced to half when the amount of catalyst was increased by
10 times from the initial catalyst load, considering the cost of
the catalyst, the reaction conditions were optimized with 2 mg
of the catalyst. In the absence of Au/TiO2 or in the presence of
porous titania alone, the yield of 3a at a 30 min reaction time
was poor (<20%). The representative high pressure liquid
chromatograms obtained for the reaction mixture withdrawn at
various time intervals is shown in Figure S4 of the Supporting
Information. This reveals that the reaction is catalyzed by gold
nanoparticles, which may help to enhance the electrophilicity of
the alkyne.
To evaluate the scope of this new Au/TiO2 catalyzed process

further, reactions of phenacyl azide with aliphatic and aromatic
terminal alkynes substituted by electron donating as well as
electron withdrawing groups were carried out. Likewise, the
reactivity of alkynes with alkyl and aryl azides was also studied.
Thus, a new triazole library has been created (3a−y; Table 1),
and in all the cases, very good yields of a single regioisomer,
namely 1,4-disubstituted 1,2,3-triazoles, were obtained. All the
synthesized triazoles have been characterized through NMR
spectral techniques (Figure S5−S56, Supporting Information).
On the basis of an analogy with previous reports,47 a stepwise

mechanism of cycloaddition is outlined in Scheme 2. In the
proposed mechanism, the electron density of the alkyne is
reduced by the gold atom (I) enabling that to undergo facile
nucleophilic attack by azide.48,49 The formation of a six member
intermediate II can be proposed before getting the other
intermediate III. Finally, removal of gold affords 1,4-
disubstituted 1,2,3-triazoles as product (Scheme 2).
We have also tested the feasibility of conducting one-pot,

three component, regioselective synthesis of 1,2,3-triazole from
phenacyl/alkyl bromide, azide, and alkyne in the presence of a
Au/TiO2 catalyst. Here too, the corresponding 1,2,3-triazole is
obtained (in 75% yield at 30 min) as a single regioisomer
(Scheme S1, Supporting Information). However, as the crude
reaction mixture was always contaminated with starting
materials (in the three component system), the stepwise
method is more advantageous than the three component
reaction. Though the HMBC spectrum helps to arrive at the
regiochemistry of 3, the regiochemistry has been unambigu-
ously ascertained by the crystal structures (Figure S57,

Scheme 1. Titania-Supported Gold Nanosphere Catalyzed
1,2,3-Triazole Synthesis

Figure 4. Time conversion of product 3a at various catalyst
concentrations. The results of the reaction with TiO2 only are plotted
in the secondary (top and right) X and Y axes, while the results of the
reactions with Au/TiO2 are plotted in the primary (bottom and left) X
and Y axes.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400147r | ACS Sustainable Chem. Eng. 2013, 1, 1405−14111408



Supporting Information) of 3a, 3c, and 3d, and the crystal data
have been submitted to CCDC (CCDC-890748 to 890750).
We have also examined the efficiency of the Au/TiO2 catalyst

in the reaction of non-terminal alkynes with azide. It was found
that the reaction of non-terminal alkyne with azide take a
relatively long time (>1.5 h) in the absence of the catalyst,
which leads to an incomplete reaction. But interestingly, in the
presence of the catalyst, the cycloaddition was completed in a
short time (45 min) with good to excellent yield (4a−g,
Scheme 3, Table 2). This may be due to the alkynophilic (not
oxophilic) nature of gold, which may activate the non-terminal
alkyne and improve the rate of reaction. All the synthesized
triazoles have been characterized through NMR spectral
techniques (Figure S58−S71, Supporting Information).
In reactions involving other nanocatalysts for triazole

synthesis under aqueous medium, the catalyst load used was
higher than Au/TiO2 employed in our case, and also those
reactions required prolonged heating.50−54 Because of
thermodynamical instability, recovered nanocopper loses its
catalytic efficiency in water. In contrast, supported gold has
sufficient stability in water. Also, due to the small size and

Table 1. Synthesis of 1,2,3-Triazoles (3a−y) Using Nanoporous Au/TiO2

Scheme 2. Plausible Mechanism for the Formation of
Triazole
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nanoporous nature of Au/TiO2 nanoparticles, a large surface
area for effective cycloaddition is available. It can be recovered
and reused up to five times without any significant loss of
product yield at a given reaction time.

■ CONCLUSION
In conclusion, porous TiO2 nanospheres of about 150 nm in
diameter have been prepared using the solvo-thermal method
and were utilized for the preparation of porous Au/TiO2
nanospheres through the deposition−precipitation method. It
is reported for the first time that Au/TiO2 can serve as an active
catalyst in the Huisgen [3 + 2] cycloaddition of azides with
terminal alkynes in aqueous medium, yielding 1,4-disubstituted
1,2,3-triazoles regioselectively as the sole product.
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