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ABSTRACT

CuI-exchanged solids based on zeolite materials were investigated for the first time as catalysts in organic synthesis. The catalytic potential
of these materials was evaluated in the Huisgen [3 + 2]-cycloaddition. Five Cu I-exchanged zeolites were examined and Cu I-USY proved to be
a novel and efficient heterogeneous ligand-free catalyst for this “click chemistry”-type transformation.

The development of synthetic tools able to connect highly
functionalized fragments still constitutes an exciting chal-
lenge for organic chemists. The so-called “click chemistry”
establishing heteroatom linkages between unsaturated build-
ing blocks is probably the most effective way to connect
molecules.1 Among them, the CuI-catalyzed version2 of the
Huisgen [3+ 2]-cycloaddition3 between a terminal alkyne
1 and an azide2 is to date the most practical and useful
“click” reaction, regioselectively affording 1,4-disubstituted
1,2,3-triazoles3 (Scheme 1).4,5

In this reaction, the active CuI catalytic species are directly
formed from CuI salts in the presence of ligands2a,6 or
prepared in situ by reduction of CuII salts2b or by oxidation

of Cu turnings.7 More flexible, supported, and reusable
catalysts would clearly improve the scope of this click
reaction.8

Involved in zeolite and other solid acid-catalyzed chem-
istry,9 we were aware of the possibility of modifying such
catalysts. Because CuI-modified zeolites have been recently
described and characterized,10 we thus wondered if such
heterogeneous CuI species would catalyze the Huisgen
reaction and give rise to click chemistry. We show here that
CuI-zeolites are indeed an effective ligand-free catalyst for
the Huisgen [3+ 2]-cycloaddition (Scheme 1).
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Scheme 1

a Classical catalytic system (L) ligand).bInvestigated catalytic
system.
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Because zeolites are solids mainly characterized by their
topologies (cage or channel-type), pore size (typically 6-8
Å), and acidity (correlated to the Si/Al ratio), we prepared a
series of catalysts derived from five representative zeolites,
e.g., H-USY, H-Y, H-MOR, H-ZSM5, and H-â,11 by
subjecting them to CuCl treatment.12 It is noteworthy that
the incorporation as well as the stabilization of CuI ions in
zeolite frameworks have been largely demonstrated in
previous reports.10

The classical cycloaddition of phenylacetylene1a with
benzyl azide2a was used to explore the efficiency of these
CuI-modified zeolites (Tables 1 and 2).

Without any catalyst, this reaction did not take place in
toluene at room temperature (Table 1, entry 1), but led to a
1:1 mixture of regioisomers after a prolonged reaction time
at reflux (Table 1, entry 2). With CuCl alone as the catalyst,
the reaction was still very slow but yielded a single

regioisomer (Table 1, entry 3). In sharp contrast, the modified
zeolites CuI-USY, CuI-Y, CuI-MOR, CuI-ZSM5, and CuI-â
gave the expected adduct even at room temperature as a
single regioisomer (Table 1, entries 4-13). Good to high
yields were obtained in refluxing toluene (entries 5, 7, 9,
11, and 13) and even at room temperature, except for CuI-â
(entry 12 vs 4, 6, 8, and 10). CuI-USY clearly appeared as
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Table 2. Optimization of the Solventa

entry solvent yield (%)b,c

1 PhCH3 83
2 PhH 64
3 CH2Cl2 82d

4 THF 62d

5 CH3CN 61d

6 CH3OH 61d,e

a Reagents and reaction conditions:1a (1.2 equiv), 2a (1.0 equiv),
solution concentration (1 M), 10 mol % of catalyst,13 15 h, rt. bYields of
isolated pure product3a. cOnly the 1,4-adduct was formed and isolated
unless otherwise noted.dUnidentified byproducts were formed.eIncomplete
conversion even after 48 h.

Table 1. Screening of Catalysts for the Cycloaddition of
Phenylacetylene1a to Benzyl Azide2aa

entry catalyst temp (°C) time (h) yield (%)b,c

1 none rt 96 <5d

2 none 110 48 70e

3 CuCl rt 48 70f

4 CuI-USY rt 15 83
5 CuI-USY 110 5 87
6 CuI-Y rt 15 68
7 CuI-Y 110 5 75
8 CuI-MOR rt 15 69
9 CuI-MOR 110 5 79

10 CuI-ZSM5 rt 15 63
11 CuI-ZSM5 110 5 79
12 CuI-â rt 15 47
13 CuI-â 110 5 73
14 H-USY rt 15 -d

a Reagents and reaction conditions:1a (1.2 equiv), 2a (1.0 equiv),
solution concentration (1 M), 10 mol % of catalyst,13 toluene.bYields of
isolated pure product3a after complete conversion unless otherwise stated
(see Supporting Information).cOnly the 1,4-adduct was formed and isolated
unless otherwise noted.dMainly recovery of the starting materials.e1:1
mixture of regioisomers.fIncomplete conversion.
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the best system (entries 4 and 5 vs 6-13). Furthermore, an
experiment performed on native H-USY did not yield any
expected adduct3a, highlighting the key role of copper
loaded in the zeolite (entry 14 vs 4).

These data thus show that the CuI catalytic activity is
significantly enhanced in the presence of modified zeolites.

After selection of the most efficient catalyst, we screened
different solvents to adjust the reaction conditions (Table
2). Among the solvents examined, toluene and benzene were
the only ones where reactions proceeded without detectable
formation of byproducts. Toluene proved to be the best
solvent, being more effective than benzene (Table 2, entry
1 vs 2). In dichloromethane, the yield was very similar to
the one in toluene (entry 3), but the reaction was however
less clean. More polar solvents such as tetrahydrofuran,
acetonitrile, and methanol led to lower yields and to the
formation of undesirable byproducts (entries 4-6). In the
case of toluene and benzene, purity of the crude adduct was
more than 95% as judged by1H NMR (see Supporting
Information). With other solvents, chromatography purifica-
tion was required to obtain pure3a (entries 3-6). We also
examined the recycling of the catalyst. It is noteworthy that,
under the optimized reaction conditions (i.e., Cu-USY
catalyst in toluene), the catalyst was reused three times
without dramatic yield loss.

To explore the scope of this reaction, simple alkynes
bearing different functional groups1b-g were submitted to
various azides2b-d in the presence of CuI-USY as catalyst
(Table 3, entries 1-10).

Simple nonfunctionalized alkynes such as1b reacted with
benzyl azide2a very efficiently, giving the expected adduct
3eas a single regioisomer in excellent yield (Table 3, entry
5). Hydroxy-substituted alkynes such as1cand1d also gave
the expected adducts3f,g as a single regioisomer in good to
high yields (Table 3, entries 6 and 7).

Electronic effects are known to influence cycloaddi-
tions.14,15 Although the mechanism of the CuI-catalyzed
Huisgen reaction is probably different from a classical [3+
2]-cycloaddition,16 we nevertheless investigated on one hand
the reaction of terminal alkynes substituted by either an
electron-donating or -withdrawing group (entries 1 and
5-10) and on the other hand the reaction of phenyl azides
bearing or not an electron-donating or -withdrawing group
at the para position (entries 2-4).

With benzyl azide2a, no significant difference was
observed with acetylenes substituted with an alkyl, a phenyl,
or an electron-withdrawing group (entries 1, 5, and 10). With
phenylacetylene1a, phenyl azide itself2b gave the expected

1,4-diphenyl-1,2,3-triazole3b in good yield after chroma-
tography (entry 2). Itspara-methoxy analogue2c reacted
similarly (entry 3). However, the correspondingpara-
nitrophenyl azide2d did not react under the same conditions
and only traces of the expected adduct could be detected,
revealing a deleterious effect of electron-withdrawing sub-
stitutents on the reaction (entry 4).

Acetylenes conjugated with either an amide or an ester
group such as1f and1g reacted without any problem with
benzyl azide. The corresponding triazoles3i and 3j were
obtained in high yields (entries 9 and 10). However,
1-phenylpropynone1e seemed to decompose under the
reaction conditions, even at room temperature, and byprod-
ucts were formed. The yield of triazole3h was therefore
lower (entry 8).

(13) Concerning CuI-zeolite, 10 mol % of catalyst corresponds to 10
mol % of CuI species based on the theoretical number of native acidic sites
of the corresponding H-zeolite. For a recent method of determination of
Brönsted acid sites on zeolites, see: Louis, B.; Walspurger, S.; Sommer, J.
Catal. Lett.2004, 93, 81-84.
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363. (b) Herndon, W. C.Chem. ReV. 1972, 72, 157-179. (c) Houk, K. N.
Acc. Chem. Res.1975, 8, 361-369. (d) Gothelf, K. V.; Jorgensen, K. A.
Chem. ReV. 1998, 98, 863-909.

(16) Rodionov, V. O.; Fokin, V. V.; Finn, M. G.Angew. Chem., Int.
Ed. 2005, 44, 2210-2215.

Table 3. Scope of the Catalytic Systema

a Reagents and reaction conditions:1 (1.2 equiv),2 (1.0 equiv), solution
concentration (1 M), 10 mol % of CuI-USY,13 toluene, 15 h, rt.bYields of
isolated pure product3. cOnly the 1,4-adduct was formed and isolated unless
otherwise noted.dMainly recovery of the starting materials.eUnidentified
byproducts were formed.
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In conclusion, we have reportedfor the first time an
original use of CuI-modified zeolites as catalysts in organic
synthesis. With such catalysts, we have developed a simple
and efficient method for the [3+ 2]-cycloaddition of terminal
alkynes with azides. Moreover, a single regioisomer, the 1,4-
diphenyl-1,2,3-triazole, was formed. These results thus
broaden the scope of this so-called click chemistry.

Further work is now underway to expand the use of
modified zeolites as catalysts in organic synthesis and to
better understand the role of the zeolite core in these
reactions.
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