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The Diels–Alder reaction between various acrylates and
cyclopentadiene in supercritical CO2 are catalysed by
scandium tris(trifluoromethanesulfonate); optimisation of
CO2 density leads to increased endo+exo selectivities com-
pared to those obtained in conventional solvents.

The use of supercritical carbon dioxide (scCO2) as an
environmentally friendly non-toxic alternative to common
organic solvents is an area of significant current interest.1
Alongside the environmental aspects, scCO2 also has additional
benefits as a reaction medium, such as its ready availability,
ease of removal and disposal and/or recycling. Other advan-
tages which are particularly relevant for carrying out reactions
in scCO2 are: fine control of solvent properties by changes in
temperature and pressure (vide infra); the ability to homogenise
reaction substrates, electrically neutral metal complexes and
gases like oxygen and hydrogen; enhanced diffusion rates; and
potential for product processing.2

More recently, it has become apparent that there are more
significant benefits to carrying out reactions in scCO2. In our
own laboratories we have recently reported that dramatic
enhancements of diastereoselectivity are possible compared to
those obtained in conventional solvents, simply by switching to
scCO2 and optimising the pressure and hence density of the
reaction medium.3 We have also recently shown that it is
possible to fine tune the endo+exo selectivity of the Diels–Alder
reaction between cyclopentadiene and methyl acrylate by
controlling the density of the reaction medium by varying the
temperature and pressure of the scCO2.4 It proved possible to
change the endo+exo ratio from approximately 3+1 to 4+1.
Whilst such a variation could be effected by changing solvent in
a liquid phase reaction, it was of interest that similar variations
could also be achieved in the same solvent, simply by altering
its density. Such levels of selectivity and the slow rate of
reaction were however of limited preparative value, and hence
further investigations were warranted.

It is well known that Lewis acids catalyse Diels–Alder
reactions and can improve their rate and stereoselectivity.5
However, examples of conventional Lewis acid catalysis in
scCO2 are very limited.6 It is known that fluorinated organo-
metallic complexes have enhanced solubility in scCO2, a factor
we have recently exploited in the development of new C–C
bond forming processes in scCO2 using palladium sources such
as Pd(OCOCF3)2.7 We reasoned that related Lewis acidic
complexes should also be capable of enhancing the rate and
stereoselectivity of a Diels–Alder reaction such as that de-
scribed above. Initial results of these studies are described
below.

To follow on from our previous work, we decided to
investigate catalysis of the Diels–Alder reaction between a
variety of acrylates and cyclopentadiene (Scheme 1). Our initial
studies concentrated on using n-butyl acrylate as dienophile as
this was particularly convenient for product isolation and
purification.

Scandium tris(trifluoromethanesulfonate) is widely used as a
Lewis acid in a variety of reaction media.8 Owing to its
fluorinated nature, we believed it would also be suitable for use

in scCO2. Initial results were encouraging. The reaction went to
completion within 15 h at 50 °C, whereas the uncatalysed
reaction was only 10% complete after 24 h under otherwise very
similar conditions. In addition, a significant increase in
endo+exo selectivity was observed as is common for Lewis acid
catalysed Diels–Alder reactions.5 We found that 6.5 mol%
Sc(OTf)3 catalyst gave good results, with no significant
improvement at greater catalyst loading. In a conventional
solvent such as toluene, an equivalent reaction gave a ratio of
10+1 endo+exo stereoselectivity. Changing to a significantly
more polar solvent such as chloroform only had minimal effect
on the selectivity (11+1 endo+exo). In scCO2 at the same
temperature (50 °C), variation of pressure (Fig. 1) allowed us to
optimise the selectivity of this process,9 with a maximum of
24+1 endo+exo being achieved, which is a considerable
improvement, and further confirms our previous findings that
significant enhancements of diastereoselectivity can be ob-
tained by carrying reactions out in scCO2 and optimising by
varying the pressure and hence density of the reaction medium.
Similar observations were observed with both phenyl and
methyl acrylates, with endo+exo selectivities improving from
2+1 (toluene) to > 8+1 (scCO2, 1.09 g ml21 density), and 4+1
(toluene) to > 10+1 (scCO2, 1.12 g ml21 density) respec-
tively.

It is of interest to note that, as was observed in our previous
work, as pressure increases, the stereoselectivity rises to a
maximum, and then begins to decrease. Note that this maximum

Scheme 1

Fig. 1 Pressure dependent enhancement of endo+exo selectivity for Diels–
Alder reaction between n-butyl acrylate and cyclopentadiene in scCO2

catalysed by Sc(OTf)3 at 50 °C. a 10+1 endo+exo selectivity observed in
toluene at atmospheric pressure added for comparison.
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occurs above the critical density of the medium and so is
unlikely to be associated with clustering of molecules as is often
proposed for effects observed around the critical point in near-
supercritical fluids.10 These new observations are consistent
with the ‘potential tuning’ effect proposed in our previous
paper4 where the optimisation of the position and number of
nearest neighbour solvent molecules with respect to a particular
transition state was used to explain such a phenomenon. In such
a case, an effect is observed which can be likened to a state of
resonance between the solvent and reagents leading to an
optimal selectivity for the reaction.

This work has now demonstrated the potential of Lewis acid
catalysed reactions in scCO2, and shown that enhanced rates
and selectivities are possible. We are now further studying the
origin and potential of this effect with respect to Diels–Alder
reactions and other Lewis acid mediated reactions. The results
of these studies will be reported in due course.
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