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Recyclable supported catalysts in microwave-assisted reactions:
first Diels–Alder cycloaddition of a triazole ring
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Abstract—We describe here the first example in which a 1,2,3-triazole ring acts as a diene towards DMAD in microwave-assisted
solvent-free Diels–Alder cycloadditions. The extrusion of a molecule of a nitrile affords pyrazole derivatives as the products. The
yields can be markedly increased by using a recyclable supported Lewis acid catalyst, which can be reused at least five times without
a decrease in the yield.
� 2006 Elsevier Ltd. All rights reserved.
The intermolecular Diels–Alder reactions of heterocyclic
compounds are the basis for the synthesis of a wide
range of target molecules.1

Dimethyl acetylenedicarboxylate (DMAD) undergoes
Diels–Alder cycloaddition reactions with several hetero-
cyclic systems with subsequent extrusion of a small
molecule (through retro-Diels–Alder cleavage). DMAD
reacts with: (i) 3-arylsydnones to afford pyrazole-3,4-
dicarboxylates and CO2;2 (ii) oxazoles leading to furans
and a nitrile;3 (iii) furan4 and pyrrole5 derivatives to give
furan- or pyrrole-3,4-dicarboxylates and ethylene or an
alkyne, respectively; (iv) methoxythiophenes to yield di-
methyl phthalates and sulfur;6 (v) dimesityl-1,2,4-oxadi-
phosphole to give a 1,2-oxaphosphole and mesitylphos-
phaacetylene;7 (vi) 2-(1H)-pyrazinones to afford 2-(1H)-
pyridinone-4,5-dicarboxylates and cyanogen chloride or
pyridine-3,4-dicarboxylates and an isocyanate.8

1,2,3-Triazole is the essential structural unit in a number
of drugs and some of these materials are also potent
HIV-1 inhibitors,9 antimicrobial agents10 or selective
b3-adrenergic receptor agonists.11 1,2,3-Triazole can be
easily built by a 1,3-dipolar cycloaddition using an azide
derivative.12 However, its reactivity, particularly in
Diels–Alder reactions, has barely been studied in com-
parison with other heterocyclic systems.
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Typically, a Lewis acid catalyst such as aluminium chlo-
ride is used in Diels–Alder reactions. However, in recent
years, following a drive for simplified work-ups, solid
acids have become increasingly considered for these
reactions, albeit with limited success. These solid acids
were shown to be capable of facilitating the same reac-
tions as the unsupported reagents, with the advantage
of recovery by filtration for a subsequent reuse.13

In the last decade, we have often demonstrated the
utility of microwave irradiation in cycloaddition reac-
tions.14 The combination of supported reagents and
microwave irradiation can be used to carry out a wide
range of Diels–Alder reactions in short times and with
high conversions and selectivity, without the need for
solvents.

As a continuation of our studies, we report here that
1,2,3-triazoles undergo a Diels–Alder cycloaddition with
DMAD under solvent-free conditions and microwave
irradiation within 20 min to afford pyrazole-3,4-dicarb-
oxylates with extrusion of the substituent on position 4
of the triazole as a nitrile (Scheme 1). Yields can be
increased significantly by using silica-bound AlCl3 as a
catalyst15 (0.1 mol %) (Table 1).16

The silica-bound Lewis acid catalyst could be reused five
times in the cycloaddition of 1f under microwaves with-
out a decrease in the product yield. This result shows the
utility and enhances the environmentally benign applica-
tions of this catalyst.17
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Scheme 1. Reaction of 1,2,3-triazoles 1a–h with DMAD under microwave irradiation.

Table 1. Product yield obtained in the reaction of 1,2,3-triazoles 1a–h with DMAD by classical heating or under microwaves

Entry Substrate R1 R2 Product Power (W)c Temperature (�C) Product yielda,b (%)

Classical heatingd Microwaves

1 1a H H 3a 60 120 15 (8) 40 (14)
2 1b C6H5 H 3a 80 120 34 (5) 58 (18)
3 1c CHO H 3a 80 130 7 (4) 35 (15)
4 1d CO2Me H 3a 80 120 12 (5) 38 (12)
5 1e C6H5 CH3 3b 60 120 30 (11) 57 (20)
6 1f CH3CH2 CH3CH2 3c 40 80 46 (25) 89 (56)
7 1g CH3OCH2 CH3OCH2 3d 60 100 62 (12) 94 (20)
8 1h CH3(CH2)3 CH3(CH2)3 3e 80 100 48 (21) 86 (34)

a Isolated products.
b Yields of uncatalyzed reactions are given in brackets.
c Starting power in the microwave-assisted reactions.
d No significative increase of the yields is observed at higher reaction times.
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To the best of our knowledge, this reaction represents
the first example of a Diels–Alder cycloaddition involv-
ing a 1,2,3-triazole ring. The importance of these results
particularly relates to: (i) the transformation of a very
unreactive and scarcely studied heterocyclic system,
which extends the scope of its reactivity and (ii) the envi-
ronmentally friendly and sustainable reaction conditions
used, that is, absence of solvent, microwave irradiation
and recyclable supported catalyst.

The reactivity of heterocyclic compounds as dienes in
Diels–Alder reactions is a subject of extensive study
from two points of view: (i) in terms of synthetic appli-
cations leading to valuable compounds and (ii) from a
theoretical point of view because, as aromatic com-
pounds, these are at the limit of reactivity as dienes.

Five-membered heterocyclic systems with one hetero-
atom have been reacted as dienes, with furan being the
most reactive and thiophene the least. The introduction
of a second heteroatom decreases the reactivity of these
systems as dienes. In azoles only 1,3-diazoles and—
almost exclusively—oxazoles (2-azadienes) show reac-
tivity as dienes, whereas 1,2-azoles (1-azadienes) do
not react at all.

In this regard, of the five-membered heterocyclic com-
pounds with three heteroatoms only 1,3,4-oxadiazole
(2,3-diazadiene) reacts as a diene and a large number
of papers have been published in this area. In contrast,
1-substituted 1,2,3-triazole is one of the least reactive
heterocyclic systems (1,2-diazadiene) and reports on its
use as a diene have not been published.18

As a consequence, our methodology opens new possibil-
ities for a large number of heterocyclic compounds to
act as dienes and these, in principle, should be more
reactive than 1-substituted 1,2,3-triazoles.

In the absence of microwaves and catalyst, and under
similar reaction conditions (time and temperature), the
yields of the products decrease dramatically (4–25%).
This fact explains why 1,2,3-triazole and/or its cyclo-
addition reactions have not been studied previously.

5-Phenyl-1,2,3-triazoles, such as 1,5-diphenyl- and 1,4,5-
triphenyl-1,2,3-triazoles 1i and 1j, respectively, do not
react with DMAD under prolonged irradiation at high
temperatures and in these cases only decomposition of
the reagents was observed. In order to have a higher
knowledge on the mechanism of this reaction, we
decided to compute the structure of the 4-phenyl- and
5-phenyl-1,2,3-triazoles at the B3LYP/6-31G* level of
theory (Fig. 1). These structures show that the steric
hindrance is crucial in this reaction. Thus, the 4-phenyl
group is coplanar with the triazole ring. The driedral an-
gle between the 4-phenyl and the triazole is �2.89� in
compound 1b and �26.86� in compound 1e. In contrast,
the 5-phenyl substituent is more perpendicular to the
triazole (43.66� in the case of 1i and �57.31 in 1j) and,
for this reason, the approach of DMAD is unfavoured
on both sides of the triazole ring.

On the other hand, the reaction of (1H)-1,2,3-triazole (4)
and DMAD under microwave irradiation in the absence
of catalyst led to a mixture of products 5 (as the E ste-
reoisomer) and 6 (as a E/Z mixture, 7:3 ratio) through
a Michael addition (Scheme 2).19 The overall yield in-
creased from 57% to 91% in the presence of silica-bound
AlCl3 without modification of the isomer ratio. Tenta-
tively, in the absence of a protic solvent, protonation
of the Michael intermediate must occur mainly from



Figure 1. Fully optimized [B3LYP/6-31G+d level of theory] structures of 1,2,3-triazoles 1b,e,i,j.
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Scheme 2. Reaction between (1H)-1,2,3-triazole (4) and DMAD.
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the triazole side leading to the E stereoisomer as the only
or main product. This stereochemical assignment was
confirmed by comparison of the olefinic proton chemical
shifts in 5 and 6 with its pyrazole analogue.20

In conclusion, we have described the first microwave-
assisted Diels–Alder reaction in which a 1,2,3-triazole
ring acts as a diene. The use of a recyclable silica gel
functionalized Lewis acid in the absence of solvent not
only improves the product yields dramatically but
makes this reaction into an environmentally friendly
process. Further studies to expand the scope of this
reaction to other uninvestigated heterocyclic systems
will be the subject of future publications.
Acknowledgements

Financial support from the Spanish DGCyT (Project
CTQ2004-01177/BQU) and Junta de Comunidades de
Castilla-La Mancha (Projects PAI05-019 and PBI06-
0020) is gratefully acknowledged. We would like to
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