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Abstract

The effect of microwaves on the kinetics and the selectivity of the Cr(salen)-catalysed asymmetric ring opening of epoxides was inv
It was found that the reaction rate of the Cr(salen)-catalysed kinetic resolution of terminal epoxides and the asymmetric ring opening
meso-epoxides could be increased by three orders of magnitude without impairing the selectivity.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the first reports on the use of microwaves in orga
chemistry in 1986[1,2], the number of publications on micro
wave-assisted chemistry has increased every year. Wh
many applications focus on uncatalysed organic synthesi
actions[3], only a minority of the articles have described t
beneficial effect of microwaves on catalysed reactions. Furt
more, the area of transition metal-catalysed asymmetric r
tions[4] has received little attention in the microwave resea
probably because the difference in activation energy of the
enantiomers involved in the asymmetric reaction is insignific
in comparison with the energy supplied by the microwaves[5].
Consequently, the enantioselectivity of the reactions could
affected in a negative way by the use of microwaves.

The currently available microwave generators allow be
control of reaction conditions such as irradiation power, tem
ature, and pressure. This enables fine-tuning of the microw
treatment to optimise the selectivity of even enantioselec
reactions. In this context, the Cr(salen)-catalysed asymm
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ring opening of epoxides was tested under microwave irra
tion.

The chiral Cr(salen) complex1b (Fig. 1) catalyses the ki
netic resolution of racemic mixtures of terminal epoxides w
high selectivity[6]. This yields a highly enantioenriched epo
ide and a ring-opened product with high optical purity. In c
of meso-epoxides, the symmetric epoxide can be opene
offer highly enantioenriched products (Fig. 2). In fact, the com-
mercially available precatalyst1a is transformed into the ca
alytically active species1b under reaction conditions[7].

The Cr(salen)-catalysed asymmetric ring opening (AR
of epoxides displays a second-order kinetic dependenc
catalyst concentration[7]. Two catalyst molecules are in
volved in a simultaneous activation of both epoxide subst

Fig. 1. The (R,R)-Cr(salen) complex.
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Fig. 2. ARO of terminal andmeso-epoxides.

and azide. To enforce this cooperative mechanism, Jaco
and co-workers have prepared covalently linked dimeric c
plexes[8]. These dimeric Cr(salen) complexes were 1 to 2
ders of magnitude more reactive than the monomeric analog
with no loss in enantioselectivity. The only drawback is the d
ficult and time-consuming synthesis of such special Cr(sa
complexes.

2. Experimental

In this framework, commercially available monome
Cr(salen) complex was tested under microwave irradiationTa-
ble 1). Cyclohexene oxide and 1,2-epoxyhexane were cho
as representative substrates for the two major substrate cl
(i.e.,meso-epoxides and terminal epoxides).

The experiments were performed on a Biotage Initiator
Sixty microwave synthesizer. The ARO of cyclohexene ox
is described here as a representative procedure. In a 2- to
vial, 62.5 mg of Cr(salen) catalyst (2 mol%) was weighed. A
addition of a stirring bar, 3 ml of diethyl ether, 500 µl of cycl
hexene oxide, 100 µl of octane (internal standard), and 100
en
-
-
s,

)

n
ses

ml

of

Fig. 3. Temperature and power profile of the microwave assisted ARO of c
hexene oxide, using a hold time of 7 s at 60◦C.

water were added. This mixture was stirred for 60 s, and a
erence gas chromatography (GC) sample was taken. Fin
500 µl of TMSN3 (1 eq.) was added to the reaction mixture, a
the vial was capped. The reaction mixture was irradiated w
microwaves (Fig. 3), and after a hold time of 7 s at 60◦C, was
cooled with pressurised air. Ultimately, the reaction mixt
was analysed by chiral GC, using a Chrompack-CHIRAS
DEX CB column (0.32 mm× 0.25 mm× 25 m) using flame
ionisation detection.

3. Results and discussion

For both epoxide substrates, the microwave-assisted A
reactions displayed a very significant increase in reactivit
th
Table 1
Microwave assisted ARO of epoxides at 60◦C versus traditional room temperature reactions

+ TMSN3
2 mol% (R,R)-Cr(salen)a−−−−−−−−−−−−−−−−→

diethyl ether, H2O

+ TMSN3
2 mol% (R,R)-Cr(salen)a−−−−−−−−−−−−−−−−→

diethyl ether, H2O
+

Substrate Temperature Reaction

timeb
TMSN3
(Eq.)

Hold
time

Conversion
(%)

EE (%) TONc TOFd

(h−1)Epox. Prod.

Cyclohexene oxidee Room temperature 18 h 1.05 – 83 – 84 41.5 2.3
Cyclohexene oxide 60◦C (microwave) 30 s 1.0 7 s 84 – 78 42 5040
Cyclohexene oxide 60◦C (oil bath) 3 m 1.0 – 86 – 41 43 860
1,2-Epoxyhexanef 0–2◦C 27 h 0.5 – 45.5 – 97 22.7 0.8
1,2-Epoxyhexane 60◦C (microwave) 30 s 0.6 3 s 59.5 99.5 76.5 29.7 3570
1,2-Epoxyhexane 60◦C (microwave) 30 s 0.5 1 s 57.9 98.6 89.8 28.9 3474
1,2-Epoxyhexane 60◦C (microwave) 30 s 0.4 1 s 45.3 70.6 93.5 22.6 2718
1,2-epoxyhexane 60◦C (oil bath) 3 m 0.5 – 58.1 97.5 72.4 29.0 581

a For all reactions precatalyst1a was used, except for the ARO of 1,2-epoxyhexane at 0–2◦C, which was performed with catalyst1b.
b For the microwave assisted ARO reactions, the reaction time is considered to be 30 s. For the reference reactions at 60◦C, the glass vials were put in an oil ba

for 3 m.
c TON, turnover number (number of substrate molecules converted to product per catalyst molecule).
d TOF, turnover frequency (TON per unit of time).
e Homogeneous reaction at room temperature, optimised for product selectivity, data from Ref.[9].
f Homogeneous reaction at 0–2◦C, optimised for product selectivity, data from Ref.[10].
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the Cr(salen) catalyst with no significant loss in enantio
lectivity. The turnover frequencies (TOFs) for the microwa
assisted ARO reactions were increased by 3 orders of ma
tude over those for the reactions at room temperature.

For the ARO of cyclohexene oxide at room temperature,
enantiomeric excess for the ring-opened product amounte
84% [9]. The TOF was 2.3 h−1, compared with>5000 h−1

for the microwave-assisted system. The ring-opened produc
the microwave-assisted reaction was present in an enantiom
excess of 78%.

For the kinetic resolution of terminal epoxides, the selec
ities of both the epoxide and ring-opened products were e
to the reported values for the room temperature reactions[10].
As shown inTable 1, the reaction can be tuned for the recov
of highly enantioenriched epoxide or highly pure ring-open
product by simply adjusting the amount of TMSN3 used. Again,
a TOF of >3500 h−1 can be calculated for the microwav
assisted reaction, whereas at room temperature the TOF is
ited to 0.84 h−1.

In fact, the selectivity of the kinetic resolution is temperatu
dependent; an increase in reaction temperature causes a
portant decrease in the enantiomeric excess of the pro
The reference reactions, optimised for product selectivity, w
performed at 0–2◦C and room temperature, respectively. T
impact of heating on selectivity is illustrated by the reactio
performed at 60◦C using an oil bath as heating apparat
which provided enantioselectivities of 41 and 72% for the ri
opened products.

The rapid homogeneous heating offered by microwave
diation can eliminate wall effects caused by temperature
dients, whereas with oil-bath heating, the reaction mixtur
contact with the vessel wall is heated first[5]. Rapid cooling
of the reaction mixture is necessary to halt the reaction,
cause for the kinetic resolution, the enantiomeric excess o
ring-opened product decreases with increasing conversio
contrast, enhancement of the polarity from the ground sta
the transition state can result in an additional acceleratio
the reaction[11]. Hence, the microwave flash-heating is su
rior to traditional heating, because it can combine an incre
reaction rate with optimal selectivity.
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4. Conclusion

The reaction rate of the Cr(salen)-catalysed ARO of ep
ides can be improved by increasing the reaction tempera
but because the product selectivity is temperature depen
this increase in temperature has a negative impact on the e
tiomeric excess of the product. In this context, the use of
crowaves offers an alternative. This is the first report of a kin
resolution enhanced by microwave irradiation. The reaction
can be enhanced by 3 orders of magnitude over the reacti
room temperature. At the same time, because of rapid ho
geneous heating, the selectivity of the reaction is not impa
Therefore, the commercially available Cr(salen) complex
der microwave irradiation can replace the synthesis of dim
Cr(salen) complexes as a method of increasing the reactivi
the catalyst.
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