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Abstract

Catalytic reactions in supercritical CO2 have been receiving increased attention during the last decade. This report reviews enzymatic reac-
tions in supercritical CO2 such as carboxylation of pyrrole by a decarboxylase, asymmetric reduction of ketones by an alcohol dehydrogenase
and enantioselective esterification of a trifluoromethyl alcohol by a lipase.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Properties of supercritical CO2

Supercritical fluids have the unique properties to present a
grand opportunity to discover a range of novel chemical pro-
cesses[1–6]. Among many fluids, supercritical CO2, CO2
above its critical point as shown inFig. 1, has the added
benefits of an environmentally benign nature, nonflamma-
bility, low toxicity, high availability and an ambient critical
temperature (Tc = 31.0◦C).

Supercritical fluids differ from ordinary solvents in having
both their gas-like low viscosities and high diffusivities and
their liquid-like solubilizing power. Moreover, these proper-
ties are tunable by the manipulation of the pressure and tem-
perature[7–10]. Small changes in pressure or temperature
lead to significant changes in density and density-dependent
solvent properties such as the dielectric constant, the sol-
ubility parameter and the partition coefficient as shown in
Fig. 2 [7]. When solvent effects on the reaction are exam-
ined with supercritical fluids, it can be done without chang-
ing the kind of solvent. In addition, the solvent properties
can be changed continuously by manipulating the pressure
and temperature, so continuous change in a reaction can be
expected.
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1.2. Applications using supercritical CO2

Various applications using supercritical CO2 have been
developed as shown inTable 1 [11–26]. For example, in
the area of extraction, the use of supercritical CO2 on an
industrial scale began in 1978[11].

1.3. Enzymatic reactions in supercritical CO2

The first report on the enzyme catalyzed reactions in su-
percritical fluids was in 1985 by Randolph et al.[27], Ham-
mond et al.[28], and Nakamura et al.[29]. Recently, the
benefit of using supercritical fluids for enzymatic reactions
has been demonstrated by Mori et al.[30,31] and Kamat
et al.[32–35], e.g. improved reaction rates, control of selec-
tivities by pressure, etc. Some examples of enzymatic reac-
tions are shown inFig. 3.

However, most of the enzymes used in supercritical flu-
ids are hydrolytic enzymes such as lipases and proteases
[38–48]. In this report, the use of decarboxylase[49] and
alcohol dehydrogenase[50,51] as well as lipase[52,53] in
supercritical CO2 is reviewed.

2. Carboxylation

The development of CO2 fixation reactions on organic
molecules is one of the challenges in synthetic chemistry.
An increasing number of chemical CO2 fixation reactions
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Fig. 1. Phase diagram of CO2.

[54–61] has been reported, especially using supercritical
CO2, such as the synthesis of urethane[54], dimethyl car-
bonate[55], styrene carbonate[56], and methyl ethanoate
[57]. On the other hand, biocatalysis is now one of the most
powerful and indispensable tools for organic synthesis due to
its environmental friendliness and excellent enantio-, regio-
and chemoselectivities[62–66]. Some enzymatic CO2 fixa-
tion reactions have also been reported including the central
CO2 fixation reaction in photosynthetic organisms catalyzed
by ribulose-1,5-diphosphate carboxylases[67], the reduc-
tion of CO2 to formic acid or methanol by dehydroge-
nases[68–72], the reductive CO2 fixation on 2-oxoglutarate
and pyruvate by isocitrate[73] or malate[74] dehydroge-

Fig. 2. Tunability of solvent properties of CO2 by the temperature and pressure (a) density (b) dielectric constant (closed square: 32◦C, open square:
40◦C, closed circle: 50◦C, open circle: 60◦C) [7].

Fig. 3. Examples of enzymatic reactions in supercritical CO2 [27,30,31,36,37].

nases, and the CO2 fixation on pyrrole and phenolic com-
pounds (phenol and catechol) by decarboxylases fromBacil-
lus megaterium [75–78] or Clostridium hydroxybenzoicum
[79,80], respectively. In this chapter, it is described that cells
of B. megaterium catalyze the reverse reaction, CO2 fixation,
in supercritical CO2 [49]. As shown inScheme 1, CO2 was
fixed on pyrrole (1) to produce pyrrole-2-carboxylate (2) at
10 MPa and 40◦C. The yield of the reaction in supercritical
CO2 was much higher than that at atmospheric pressure.

The cells ofB. megaterium [76] were employed for the
CO2 fixation reaction. The reaction was conducted by adding
CO2 to 10 MPa to the mixture of (1), the cells, KHCO3, and
NH4OAc in potassium phosphate buffer. For the reaction at
atmospheric pressure (0.1 MPa), the evolved CO2 was re-
leased to keep the pressure atmospheric. The yields of the re-
action at 40◦C are listed inTable 2. The yield is much higher
for the reaction in supercritical CO2 than at atmospheric
pressure (Table 2, Entries 1–4). It was also confirmed by the
control experiment without the cells that the non-biocatalytic
carboxylation of (1) did not proceed (Table 2, Entry 5). A
control reaction using heat treated cells afforded no carboxy-
lation product, either, which indicates that a biocatalyst is at
work and that the carboxylation is not an unexpected pro-
cess promoted by non-enzymic constituents of the cell.
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Table 1
Applications using supercritical CO2

Applications Examples [Ref.]

Extraction Extraction of caffeine from coffee beans[11], extraction of oil from corn fiber[12], extraction of compounds with
pharmaceutical importance from microalgae[13], enantioseparation of chiral alcohols by complex formation and subsequent
supercritical fluid extraction[14]

Chromatography Separation of fatty acids[15], separation of enantiomers[16], supercritical fluid chromatography-mass spectrometry[17],
two-dimensional supercritical fluid chromatography[18]

Reactions Hydrogenation of supercritical CO2 to formic acid, alkyl formates, and formamides by homogeneous catalysts[19,20],
enantioselective hydrogenation of imines in supercritical CO2 by iridium-catalyst[21], hydroformylation in supercritical CO2
by rhodium catalysts[22], asymmetric Diels–Alder reactions in supercritical CO2 catalyzed by rare earth complexes[23]

Other Polymer coating/encapsulation of nanoparticles using a supercritical anti-solvent process[24], improvement of insulin
absorption from intratracheally administrated dry powder prepared by a supercritical CO2 process[25], dyeing of natural fibers
from perfluoropolyether reverse micelles in supercritical CO2 [26]

Scheme 1.[49].

Table 2
Carboxylation of (1) by Bacillus megaterium in supercritical CO2 [49]

Entry Pressure (MPa) Cells (mL)a pH Time (h) Yield (%)b

1 0.1 (atmospheric) 0.5 5.5 1 7
2 0.1 (atmospheric) 0.5 5.5 3 6
3 10 (supercritical) 0.5 5.5 1 54
4 10 (supercritical) 0.5 5.5 3 55
5 10 (supercritical) 0.0 5.5 3 0
6 10 (supercritical) 1.0 5.5 3 59
7 10 (supercritical) 0.5 7.0 1 59

a OD610 = 32; decarboxylation activity for (2) = 0.024 mmol/min/mL.
b Yield is the percentage of (2) based on the starting amount of (1).

The time courses of the reaction at 10 MPa and at atmo-
spheric pressure inFig. 4 also have a higher yield for the
former reaction. The reaction reached an equilibrium posi-
tion within a few hours and did not proceed further. As listed
in Table 2, the doubling of the quantity of cells (Entry 6)
as well as the change in the initial pH value from 5.5 to 7.0
to prevent a pH decrease caused by CO2 (Entry 7) did not
have any significant effect on the equilibrium position.

The effect of pressure on the carboxylation of (1) was also
investigated, and the result is shown inFig. 5. The maximum
yield was between 4 and 7 MPa; the yield at just above its
critical pressure (7.6 MPa) is about 12 times that at atmo-
spheric pressure (0.1 MPa). Similar pressure dependencies
of the yield were also observed using an increased quantity
of the cells, shorter reaction times and different tempera-
tures (data not shown). At present, it is not clear why the
increased concentration of CO2 in the range greater than
the critical pressure did not favorably shift the carboxylation
equilibrium.

Fig. 4. Time course of carboxylation of (1) by Bacillus megaterium: (�)
10 MPa (supercritical); (×) 0.1 MPa (atmospheric)[49].

Fig. 5. Effect of pressure on carboxylation of (1) by Bacillus megaterium
[49].

3. Asymmetric reduction

The resting cells of a fungus,Geotrichum candidum
[81–83], were employed for the reduction of various ke-
tones in supercritical CO2 [50,51]. The advantage of alco-
hol dehydrogenase catalyzed reactions in supercritical CO2
is the ease of the product isolation from CO2. When an
aqueous solvent is used, the product has to be extracted
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Scheme 2.[50,51].

from the solvent, but this is unnecessary when using super-
critical CO2. The whole resting cell instead of an isolated
enzyme was used for the reduction, and thus no addition of
an expensive coenzyme was required. Also, the solubility
of the coenzymes in supercritical CO2 did not need to be
considered. The cell was immobilized on a water-absorbing
polymer [83] to spread it on the large surface of the poly-
mer. At first, the reduction ofo-fluoroacetophenone (3)
in supercritical CO2 at 10 MPa was conducted, which af-
forded (S)-1-(o-fluorophenyl)ethanol ((S)-4) at 81% after
12 h (Scheme 2). A control experiment to prove that the
reduction did not proceed before the supercritical condition
was also conducted. The time course of the reaction (Fig. 6)
shows that the yield increased with the reaction time, which
proved that the alcohol dehydrogenase catalyzed the reduc-
tion even in the supercritical condition.

The substrate specificity was investigated, and as listed in
Table 3, the enzymatic reduction in supercritical CO2 pro-
ceeded for various ketones. Acetophenone, acetophenone
derivatives, benzyl acetone and cyclohexanone were used as
substrates, and it was found that all of them were reduced by
the alcohol dehydrogenase in supercritical CO2. The effects
of fluorine substitution at theortho-, para- and�-positions
of acetophenone were obvious. Compared with the unsub-
stituted analogue, substitution at theortho- or �-position in-
creased the yield, whereas substitution at thepara-position
decreased the yield.

The finding that the alcohol dehydrogenase is active in su-
percritical CO2 is significant, but not sufficient for practical
use; high enantioselectivity of the reduction is also neces-
sary for synthetic purposes. In our case, very high enantios-
electivities (>99% ee) were obtained for the reduction with
the majority of the substrates tested, while slightly lower
enantioselectivities (96, 97% ee) were observed for a few
of them. The enantioselectivities obtained in this system are
superior to or at least equal to those for most other biocat-
alytic and chemical systems[62–66,81–83].

Fig. 6. Time course of reduction of (3) by Geotrichum candidum in
supercritical CO2 at 10 MPa[50].

Table 3
Reduction of various ketones byGeotrichum candidum in supercritical
CO2 [50]

Substrate Yield (%) ee (%) Configuration

51 >99 S

81 >99 S

53 >99 S

11 97 S

96 96 R

22 >99 S

61 >98 S

96 – –

The immobilized resting cell ofG. candidum was
also used as a catalyst for the reduction of ketones in a
semi-continuous flow process using supercritical CO2 [51].
With flow reactors, the addition of a substrate to the col-
umn with a catalyst yields the product and CO2, which is
a gas at ambient pressure, whereas, with the batch reactor,
separation of the product from the biocatalyst is necessary
after depressurization. Therefore, the flow type is superior
to the batch type for achieving virtually no solvent reaction.
Moreover, the size of the reactors using the flow process
to generate an amount of product comparable with the cor-
responding batch reactors is smaller, which is particularly
attractive for a supercritical fluid system[84]. This reac-
tion using a semi-continuous flow process also resulted in
a higher space-time yield than that of the corresponding
batch process.

The reduction of cyclohexanone was examined first as a
model reaction to test the viability of the process. The appa-
ratus is shown inFig. 7. The typical experiment is as follows.
The immobilized cells were placed in a stainless steel reac-
tor, and a stainless steel pipe was inserted in the bottom of the
test tube. The conditions were set to 35◦C and 10 MPa. The
substrate, cyclohexanone, dissolved in 2-propanol (which
is necessary as a hydrogen donor) was injected through an
HPLC injection valve and then the product was trapped (in-
jection/trap 1 inTable 4). The injection of the substrates
was repeated four times to assess reusability (injection/traps
2–5). The results are shown inTable 4. Cyclohexanol was
obtained successfully. The biocatalyst was recycled up to
four times with only a slight loss in activity.

Encouraged by this promising result, reduction of
o-fluoroacetophenone (3) was conducted by the same
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Fig. 7. Apparatus for biocatalytic reduction with flow process using supercritical CO2 [51].

Table 4
Reduction of cyclohexanone byGeotrichum candidum with the
semi-continuous flow process using supercritical CO2 [51]

Injection/trap Yield (%)

1 12
2 21
3 36
4 36
5 30

method. ((S)-4) was obtained successfully with a yield of
8%. The space-time yield of this flow system was compared
with that of the corresponding batch system. That of the
flow system (0.24�mol/min) was almost twice as much as
that of the corresponding batch system (0.13�mol/min) at
35◦C and 10 MPa using a pressure-resistant vessel (Taiatsu
Techno Co., Osaka, TVS-N2 type, 10 mL) for the reduction
of (3). Therefore, the flow-type reactor is more efficient
than the corresponding batch system.

4. Esterification

One of the most characteristic features of the supercriti-
cal fluid is the tunability of the properties. Our interest is to
control the biocatalytic reaction in supercritical CO2 by ad-

Scheme 3.[52,53].

justing the pressure and temperature[52,53]. Such attempts
to control enzymatic reactions have been done by using
supercritical fluoroform because its polarity changes drasti-
cally with pressure and temperature[1,5,21,34,35,38,85,86].
For example, Mori et al. demonstrated the reversible control
of transglycosylation by a lipid-coated�-d-galactosidase
[85] and enantioselective esterification by a lipid-coated
lipase[86]. Kamat et al. examined the enantioselectivity of
subtilisin Carlsberg and anAspergillus protease[34,35] in
supercritical fluoroform. However, only a few reports on the
control of biocatalytic reactions using supercritical CO2 un-
der various pressures and temperatures have been reported
[39,40]. We have examined the enantioselective acetyla-
tion of racemic 1-(p-chlorophenyl)-2,2,2-trifluoroethanol
((R/S)-5) with lipases and vinyl acetate[87] in supercritical
CO2 as shown inScheme 3 [52,53]. The fluorinated com-
pound was chosen as a model substrate because optically
pure fluorinated alcohols have received much attention for
the synthesis of ferroelectric liquid crystals or bioactive
compounds[88–91]. We found that the enantioselectivity
of a reaction using the lipase Novozym can be controlled
by adjusting the pressure and temperature of supercritical
CO2. Moreover, at constant density, the modified Eyring
plot of lnE [92] against 1/T was found to be linear, which
correlates well with results predicted by the theory of the
effects of temperature on enantiochemistry[93].
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Table 5
Screening of lipases for enantioselective acetylation of ((R/S)-5) in supercritical CO2 [53]

Lipase Low pressure conditions (9.1 MPa) High pressure conditions (14.5 MPa)

Yield (%) Ea Yield (%) Ea

LPL (Pseudomonas aeruginosa) 52 12 38 16
AY (Candida rugosa) 8 1b 2 2
AH (Pseudomonas cepacia) 3 29 0 –
PS-D (Pseudomonas cepacia) 0 – 0 –
PS-C (Pseudomonas cepacia) 43 8 22 17
Lipozyme (Rizomucor miehei) 0 – 0 –
Novozym (Candida antarctica) 25 38 24 23

Reaction conditions: 40◦C, 4 h.
a Enantiomeric ratio,E value, was used to evaluate enantioselectivity.E = (VA/KA)/(VB/KB) where VA, KA and VB, KB denote maximal velocities

and Michaelis constants of the fast- and slow-reacting enantiomers, respectively. The (S)-enantiomer reacted faster than (R)-enantiomer.
b In this case, the (R)-enantiomer reacted slightly faster than the (S)-enantiomer.

First, we screened various lipases for the enantioselective
acetylation of ((R/S)-5) with vinyl acetate in supercritical
CO2. The results are listed inTable 5. To evaluate the
enantioselectivity of this reaction, the ratio of the speci-
ficity constants of the enantiomers,E value, was used.
(S)-Enantiomers reacted faster than (R)-enantiomers, af-
fording (S)-acetate ((S)-6) and the remaining (R)-alcohol
((R)-5) except when lipase AY was used at 9.1 MPa. The
highest enantioselectivity (E = 38) was obtained using
Novozym at 9.1 MPa. Interestingly, the enantioselectivity
was significantly affected by the pressure.

The enantioselective acetylation of ((R/S)-5) with vinyl
acetate in supercritical CO2 by Novozym was investigated
at 55◦C and 10 MPa. The reaction rate decreased when the
yield of acetate (6) reached approximately 50%. The effect
of pressure on the enantioselectivity was investigated by
changing the reaction time from 2 to 4 h. As shown inFig. 8,
the E value changed continuously from 50 to 10 when the
pressure was changed from 8 to 19 MPa, regardless of the
reaction time.

The effect on enantioselectivity of changes in pressure
is indeed noteworthy, although the reason is not clear
at present. When the pressure of supercritical CO2 was

Fig. 8. Effect of pressure on enantioselectivity of acetylation of ((R/S)-5)
by Novozym in supercritical CO2 at 55◦C [52] (E: enantiomeric ratio
described inTable 5 [92]).

changed, there was no significant change in the polarity
evaluated as dielectric constant (Fig. 2b) [7] and logP (at
50◦C; 1.4 at 8 MPa and 1.9 at 11 MPa)[94]. It is not clear
if this small change in polarity has a large effect on this
reaction. On the other hand, the density of supercritical
CO2 does change from 0.20 to 0.42 g/mL when the pres-
sure is changed from 8 to 11 MPa at 55◦C [7,8]. Ikushima
explained the high enantioselectivity of lipase in a very
limited pressure range at 304.1 K as resulting from interac-
tion between CO2 and enzyme molecules[39,40]. We also
propose that the large change in density could significantly
change the interaction of CO2 and the enzyme by the for-
mation of carbamates from CO2 and the free amine groups
on the surface of the enzyme[38], by CO2 adsorption on
the enzyme as reported in other proteins[95] and/or by CO2
incorporation in the substrate-binding pocket of the enzyme
as reported in the incorporation of organic molecules in
enzymes[96,97]. These interactions may gradually change
the conformation of the enzyme in response to pressure,
resulting in a continuous change in enantioselectivity.

On the contrary, the continuity of the enantioselectivity
change was not observed using conventional organic sol-
vents for the same reaction as shown inFig. 9. Moreover,
it is unclear whether theE values depended only on the po-
larity of the solvent, because a polarity change is inevitably
accompanied by a change in the molecular structure of the

Fig. 9. Effect of organic solvent on enantioselectivity of acetylation of
((R/S)-5) by Novozym [52] (E: enantiomeric ratio described inTable 5
[92]).
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Fig. 10. Effect of pressure on enantioselectivity of acetylation of ((R/S)-5)
by Novozym in supercritical CO2 at 31◦C (square), 40◦C (circle) and
60◦C (triangle)[53] (E: enantiomeric ratio described inTable 5 [92]).

solvent (cyclic or acyclic) and the molecular structure of the
solvent, as well as its polarity, affects the enantioselectiv-
ity of the reaction[96]. On the other hand, by using CO2,
the solvent properties can be changed simply by altering the
pressure.

The effect of pressure on the enantioselective acetyla-
tion of ((R/S)-5) with vinyl acetate in supercritical CO2 by
Novozym was also investigated at 31, 40 and 60◦C (Fig. 10).
As in the case at 55◦C, the (S)-enantiomer reacted faster than
the (R)-enantiomer, affording ((S)-6) and unreacted ((R)-5).
The E value changed continuously according to the pres-
sure. This is probably due to the change in the density as in
the case at 55◦C. This explanation agrees with the following
observations. At lower temperature (31, 40◦C), theE values
changed rapidly from high to low values within a small range
of pressure below 10 MPa. However, at higher temperature
(55, 60◦C), theE values changed gradually within a larger
range of pressure below 14 MPa. These changes correlate
well with the change in density as shown inFig. 2a [7,8].

However, whenE values of the same density (at different
temperatures and different pressures) were compared,E val-
ues were affected by the temperature. The enantioselectivity
is determined not only by the density but also by the temper-
ature. In a reaction under ambient conditions, the enantios-
electivity in the kinetic resolution is temperature-dependent
and obeys a modified Eyring equation[93,98,99]:

ln E = −��H‡

R

1

T
+ ��S‡

R

Therefore, with the equation, a temperature modulation of
stereochemistry of enzymatic catalysis is possible. Using en-
zymatic reactions performed at temperatures ranging from
30 to−50◦C, Sakai et al. showed the first experimental ev-
idence supporting the theory of the effect of temperature on
stereochemistry[98,99]. Here, we examined whether the the-

Fig. 11. Effect of temperature on enantioselectivity of acetylation of
((R/S)-5) by Novozym in supercritical CO2 at 0.75 g/mL[53] (E: enan-
tiomeric ratio described inTable 5 [92]).

ory is applicable to the reaction in supercritical CO2 for the
first time. At a density of 0.75 g/mL (31◦C at 9.5 MPa, 35◦C
at 11.2 MPa, 40◦C at 13.2 MPa, 45◦C at 15.3 MPa, 50◦C at
17.5 MPa, 55◦C at 19.6 MPa, and 60◦C at 21.8 MPa), lnE
was plotted against 1/T. As shown inFig. 11, the Eyring
plot was found to be linear throughout this range and thus
indicates the conformational stability of the transition state.

The observation of variation in the enantioselectivity by
changing the temperature at the same density, i.e. at the same
dielectric constant[7], is in contrast to the case for the trans-
glycosylation by a lipid-coated�-d-galactosidase[85] or the
enantioselective esterification by a lipid-coated lipase[86]
in supercritical fluoroform by Mori et al. In these reports,
reactivities and selectivities were controlled by the dielec-
tric constant but either solely by temperature or by pressure.
This contrasting result is probably due to the difference be-
tween fluoroform and CO2 in the magnitude of the change
in dielectric constants caused by the manipulation of pres-
sure and temperature. In our case, both the density and the
temperature controlled the reaction, but in their case, the ef-
fect of temperature on the reactions was probably negligible
compared to the effect of the dielectric constant.

5. Conclusion

Carboxylation by a decarboxylase, asymmetric reduction
by an alcohol dehydrogenase and enantioselective esterifica-
tion by a lipase in supercritical CO2 were described in this
report. This is the beginning of the investigation of novel
reaction systems which are in harmony with the natural en-
vironment. We believe that it opens up new possibilities for
synthesis by various kinds of enzymes with a natural, easily
removable, and high-functional solvent, supercritical CO2.

Acknowledgements

The authors greatly appreciate the assistance of Prof. Na-
gasawa at Gifu University for providingBacillus megaterium
PYR 2910 and collaborating with us, Prof. Okamoto at Ky-
oto Institute of Technology, Prof. Okahata and Prof. Mori at



110 T. Matsuda et al. / Catalysis Today 96 (2004) 103–111

Tokyo Institute of Technology, Dr Ozaki at Osaka Univer-
sity and Prof. Hori and Dr Tabata at Fukui University for
advice and technical support in assembling the supercriti-
cal CO2 reactor, Novozymes Japan and Amano Enzyme for
providing lipases, and Osaka Yuki Kagaku Kogyo for pro-
viding BL-100 (water-absorbing polymer).

References

[1] P.G. Jessop, T. Ikariya, R. Noyori, Chem. Rev. 99 (1999) 475.
[2] J.F. Brennecke, J.E. Chateauneuf, Chem. Rev. 99 (1999) 433.
[3] A. Baiker, Chem. Rev. 99 (1999) 453.
[4] J.A. Darr, M. Poliakoff, Chem. Rev. 99 (1999) 495.
[5] E. Kiran, P.G. Debenedetti, C.J. Peters, Supercritical Fluids Funda-

mentals and Applications, Kluwer Academic Publishers, Dordrecht,
2000.

[6] W. Leitner, Acc. Chem. Res. 35 (2002) 746.
[7] T. Moriyoshi, T. Kita, Y. Uosaki, Ber. Bunsenges. Phys. Chem. 97

(1993) 589.
[8] F.-H. Huang, M.-H. Li, L.L. Lee, K.E. Starling, F.T.H. Chung, J.

Chem. Eng. Jpn. 18 (1985) 490.
[9] H. Iwasaki, M. Takahashi, J. Chem. Phys. 74 (1981) 1930.

[10] K.D. Bartle, A.A. Clifford, S.A. Jafar, G.F. Shilstone, J. Phys. Chem.
Ref. Data 20 (1991) 713.

[11] R. Fukuzato, in: S. Saito (Ed.), Science and Technology of Super-
critical Fluids, Sankyo Business, Sendai, Japan, 1996, p. 305.

[12] R.A. Moreau, M.J. Powell, K.B. Hicks, J. Agric. Food Chem. 44
(1996) 2149.

[13] R.L. Mendes, B.P. Nobre, M.T. Cardoso, A.P. Pereira, A.F. Palavra,
Inorg. Chim. Acta 356 (2003) 328.

[14] E. Szekely, B. Simandi, E. Fogassy, S. Kemeny, I. Kmecz, Chirality
15 (2003) 783.

[15] F.J. Senorans, E. Ibanez, Anal. Chim. Acta 465 (2002) 131.
[16] K.W. Phinney, L.C. Sander, Chirality 15 (2003) 287.
[17] Y.N. Zhao, G. Woo, S. Thomas, D. Semin, P. Sandra, J. Chromatogr.

A 1003 (2003) 157.
[18] Y. Hirata, T. Hashiguchi, E. Kawata, J. Sep. Sci. 26 (2003) 531.
[19] P.G. Jessop, T. Ikariya, R. Noyori, Science 269 (1995) 1065.
[20] P.G. Jessop, Y. Hsiao, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 118

(1996) 344.
[21] S. Kainz, A. Brinkmann, W. Leitner, A. Pfaltz, J. Am. Chem. Soc.

121 (1999) 6421.
[22] D. Koch, W. Leitner, J. Am. Chem. Soc. 120 (1998) 13398.
[23] S. Fukuzawa, K. Metoki, S. Esumi, Tetrahedron 59 (2003) 10445.
[24] Y.L. Wang, R.N. Dave, R. Pfeffer, J. Supercrit. Fluid. 28 (2004) 85.
[25] H. Todo, K. Iida, H. Okamoto, K. Danjo, J. Pharmaceut. Sci. 92

(2003) 2475.
[26] K. Sawada, J.H. Jun, M. Ueda, Coloration Technol. 119 (2003) 336.
[27] T.W. Randolph, H.W. Blanch, J.M. Prausnitz, C.R. Wilke, Biotechnol.

Lett. 7 (1985) 325.
[28] D.A. Hammond, M. Karel, A.M. Klibanov, V.J. Krukonis, Appl.

Biochem. Biotechnol. 11 (1985) 393.
[29] K. Nakamura, Y.M. Chi, Y. Yamada, T. Yano, Chem. Eng. Commun.

45 (1986) 207.
[30] T. Mori, Y. Okahata, Chem. Commun. (1998) 2215.
[31] T. Mori, A. Kobayashi, Y. Okahata, Chem. Lett. (1998) 921.
[32] S. Kamat, J. Barrera, E.J. Beckman, A.J. Russell, Biotechnol. Bioeng.

40 (1992) 158.
[33] S.V. Kamat, B. Iwaskewycz, E.J. Beckman, A.J. Russell, Proc. Natl.

Acad. Sci. USA 90 (1993) 2940.
[34] S.V. Kamat, E.J. Beckman, A.J. Russell, J. Am. Chem. Soc. 115

(1993) 8845.
[35] A.K. Chaudhary, S.V. Kamat, E.J. Beckman, D. Nurok, R.M. Kleyle,

P. Hajdu, A.J. Russell, J. Am. Chem. Soc. 118 (1996) 12891.

[36] T.W. Randolph, D.S. Clark, H.W. Blanch, J.M. Prausnitz, Science
239 (1988) 387.

[37] T.W. Randolph, H.W. Blanch, J.M. Prausnitz, AIChE J. 34 (1988)
1354.

[38] A.J. Mesiano, E.J. Beckman, A.J. Russell, Chem. Rev. 99 (1999)
623.

[39] Y. Ikushima, Adv. Colloid Interf. Sci. 71/72 (1997) 259.
[40] Y. Ikushima, N. Saito, M. Arai, H.W. Blanch, J. Phys. Chem. 99

(1995) 8941.
[41] S.V. Kamat, E.J. Beckman, A.J. Russell, Crit. Rev. Biotechnol. 15

(1995) 41.
[42] O. Aaltonen, M. Rantakyla, Chemtech (1991) 240.
[43] S.-H. Yoon, H. Nakaya, O. Ito, O. Miyawaki, K.-H. Park, K. Naka-

mura, Biosci. Biotechnol. Biochem. 62 (1998) 170.
[44] S.-H. Yoon, O. Miyawaki, K.-H. Park, K. Nakamura, J. Ferment.

Bioeng. 82 (1996) 334.
[45] E. Cernia, C. Palocci, in: Abelson, J.N., Simon, M.I. (Eds.), Methods

in Enzymology, Vol. 286, Academic Press, San Diego, 1997, p. 495.
[46] J.C. Erickson, P. Schyns, C.L. Cooney, AIChE J. 36 (1990) 299.
[47] N. Fontes, M.C. Almeida, C. Peres, S. Garcia, J. Grave, M.R.

Aires-Barros, C.M. Soares, J.M.S. Cabral, C.D. Maycock, S. Bar-
reiros, Ind. Eng. Chem. Res. 37 (1998) 3189.

[48] N. Fontes, E. Nogueiro, A.M. Elvas, T.C.D. Sampaio, S. Barreiros,
Biochim. Biophys. Acta 1383 (1998) 165.

[49] T. Matsuda, Y. Ohashi, T. Harada, R. Yanagihara, T. Nagasawa, K.
Nakamura, Chem. Commun. (2001) 2194.

[50] T. Matsuda, T. Harada, K. Nakamura, Chem. Commun. (2000) 1367.
[51] T. Matsuda, K. Watanabe, T. Kamitanaka, T. Harada, K. Nakamura,

Chem. Commun. (2003) 1198.
[52] T. Matsuda, R. Kanamaru, K. Watanabe, T. Harada, K. Nakamura,

Tetrahedron Lett. 42 (2001) 8319.
[53] T. Matsuda, R. Kanamaru, K. Watanabe, T. Kamitanaka, T. Harada,

K. Nakamura, Tetrahedron: Asymmetry 14 (2003) 2087.
[54] M. Yoshida, N. Hara, S. Okuyama, Chem. Commun. (2000) 151.
[55] T. Sakakura, J.-C. Choi, Y. Saito, T. Masuda, T. Sako, T. Oriyama,

J. Org. Chem. 64 (1999) 4506.
[56] H. Kawanami, Y. Ikushima, Chem. Commun. (2000) 2089.
[57] R.J. Sowden, M.F. Sellin, N.D. Blasio, D.J. Cole-Hamilton, Chem.

Commun. (1999) 2511.
[58] T. Mizuno, N. Okamoto, T. Ito, T. Miyata, Tetrahedron Lett. 41

(2000) 1051.
[59] M. Kunert, M. Brauer, O. Klobes, H. Gorls, E. Dinjus, Eur. J. Inorg.

Chem. (2000) 1803.
[60] Y. Wada, T. Kitamura, S. Yanagida, Res. Chem. Intermed. 26 (2000)

153.
[61] M. Tokuda, T. Kabuki, Y. Kato, H. Suginome, Tetrahedron Lett. 36

(1995) 3345.
[62] B. Zwanenburg, M. Mikolajczyk, P. Kielbasinski, Enzymes in Action,

Kluwer Academic Publishers, Dordrecht, 2000.
[63] K. Faber, Biotransformations, Springer-Verlag, Berlin, 2000.
[64] S.M. Roberts, J. Chem. Soc. Perkin Trans. 1 (2000) 611.
[65] S.M. Roberts, J. Chem. Soc. Perkin Trans. 1 (1999) 1.
[66] S.M. Roberts, J. Chem. Soc. Perkin Trans. 1 (1998) 157.
[67] F.C. Hartman, M.R. Harpel, Annu. Rev. Biochem. 63 (1994) 197.
[68] B.A. Parkinson, P.F. Weaver, Nature 309 (1984) 148.
[69] M. Kodaka, Y. Kubota, J. Chem. Soc. Perkin Trans. 2 (1999) 891.
[70] R. Obert, B.C. Dave, J. Am. Chem. Soc. 121 (1999) 12192.
[71] S. Kuwabata, R. Tsuda, K. Nishida, H. Yoneyama, Chem. Lett.

(1993) 1631.
[72] S. Kuwabata, R. Tsuda, H. Yoneyama, J. Am. Chem. Soc. 116 (1994)

5437.
[73] K. Sugimura, S. Kuwabata, H. Yoneyama, J. Am. Chem. Soc. 111

(1989) 2361.
[74] K. Sugimura, S. Kuwabata, H. Yoneyama, J. Electroanal. Chem. 299

(1990) 241.
[75] M. Wieser, T. Yoshida, T. Nagasawa, Tetrahedron Lett. 39 (1998)

4309.



T. Matsuda et al. / Catalysis Today 96 (2004) 103–111 111

[76] M. Wieser, N. Fujii, T. Yoshida, T. Nagasawa, Eur. J. Biochem. 257
(1998) 495.

[77] T. Yoshida, T. Nagasawa, J. Biosci. Bioeng. 89 (2000) 111.
[78] M. Wieser, T. Yoshida, T. Nagasawa, J. Mol. Catal. B: Enzym. 11

(2001) 179.
[79] Z. He, J. Wiegel, Eur. J. Biochem. 229 (1995) 77.
[80] Z. He, J. Wiegel, J. Bacteriol. 178 (1996) 3539.
[81] T. Matsuda, T. Harada, N. Nakajima, T. Itoh, K. Nakamura, J. Org.

Chem. 65 (2000) 157.
[82] K. Nakamura, T. Matsuda, J. Org. Chem. 63 (1998) 8957.
[83] K. Nakamura, Y. Inoue, T. Matsuda, I. Misawa, J. Chem. Soc. Perkin

Trans. I (1999) 2397.
[84] M.G. Hitzler, M. Poliakoff, Chem. Commun. (1997) 1667.
[85] T. Mori, M. Li, A. Kobayshi, Y. Okahata, J. Am. Chem. Soc. 124

(2002) 1188.
[86] T. Mori, M. Funasaki, A. Kobayshi, Y. Okahata, Chem. Commun.

(2001) 1832.
[87] Y.-F. Wang, J.J. Lalonde, M. Momongan, D.E. Bergbreiter, C.-H.

Wong, Vinyl alcohol initially formed by the reaction is usually
converted to acetaldehyde spontaneously, J. Am. Chem. Soc. 110
(1988) 7200.

[88] T. Kitazume, T. Yamazaki, in: J.T. Welch (Ed.), Proceedings of the
ACS Symposium Series No. 456, Selective Fluorination in Organic

and Bioorganic Chemistry Effect of the Fluorine Atom on Stereo-
controlled Synthesis, American Chemical Society, 1991, pp. 175.

[89] G. Resnati, Tetrahedron 49 (1993) 9385.
[90] T. Itoh, K. Sakabe, K. Kudo, H. Ohara, Y. Takagi, H. Kihara, P.

Zagatti, M. Renou, J. Org. Chem. 64 (1999) 252.
[91] H. Hamada, M. Shiromoto, M. Funahashi, T. Itoh, K. Nakamura, J.

Org. Chem. 61 (1996) 2332.
[92] C.-S. Chen, Y. Fujimoto, G. Girdaukas, C.J. Sih, J. Am. Chem. Soc.

104 (1982) 7294.
[93] R.S. Phillips, Trends Biotechnol. 14 (1996) 13.
[94] H. Nakaya, O. Miyawaki, K. Nakamura, logP (hydrophobicity pa-

rameter: the logarithm of the partition coefficient of a solvent between
octanol and water) is usually used to understand the solvent effect of
the biocatalytic reaction, Enzyme Microb. Technol. 28 (2001) 176.

[95] K. Nakamura, T. Hoshino, H. Ariyama, Agric. Biol. Chem. 55 (1991)
2341.

[96] K. Nakamura, M. Kinoshita, A. Ohno, Tetrahedron 51 (1995) 8799.
[97] N.H. Yennawar, H.P. Yennawar, G.K. Farber, Biochemistry 33 (1994)

7326.
[98] T. Sakai, I. Kawabata, T. Kishimoto, T. Ema, M. Utaka, J. Org.

Chem. 62 (1997) 4906.
[99] T. Sakai, T. Kishimoto, Y. Tanaka, T. Ema, M. Utaka, Tetrahedron

Lett. 39 (1998) 7881.


	Enzymatic reactions in supercritical CO2: carboxylation, asymmetric reduction and esterification
	Introduction
	Properties of supercritical CO2
	Applications using supercritical CO2
	Enzymatic reactions in supercritical CO2

	Carboxylation
	Asymmetric reduction
	Esterification
	Conclusion
	Acknowledgements
	References


