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Abstract

Catalytic reactions in supercritical G@ave been receiving increased attention during the last decade. This report reviews enzymatic reac-
tions in supercritical C@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 1.2. Applications using supercritical CO2

1.1. Properties of supercritical CO» Various applications using supercritical g@ave been
developed as shown ifiable 1 [11-26] For example, in

Supercritical fluids have the unique properties to present athe area of extraction, the use of supercritical G an

grand opportunity to discover a range of novel chemical pro- industrial scale began in 19781].

cesseg1-6]. Among many fluids, supercritical GOCO,

above its critical point as shown iRig. 1, has the added 1.3. Enzymatic reactions in supercritical CO;

benefits of an environmentally benign nature, nonflamma-

bility, low toxicity, high availability and an ambient critical The first report on the enzyme catalyzed reactions in su-

temperatureT; = 31.0°C). percritical fluids was in 1985 by Randolph et @7], Ham-
Supercritical fluids differ from ordinary solvents in having mond et al.[28], and Nakamura et a[29]. Recently, the

both their gas-like low viscosities and high diffusivities and benefit of using supercritical fluids for enzymatic reactions

their liquid-like solubilizing power. Moreover, these proper- has been demonstrated by Mori et [0,31] and Kamat

ties are tunable by the manipulation of the pressure and tem-et al.[32-35}, e.g. improved reaction rates, control of selec-

perature[7—10]. Small changes in pressure or temperature tivities by pressure, etc. Some examples of enzymatic reac-

lead to significant changes in density and density-dependentions are shown irrig. 3.

solvent properties such as the dielectric constant, the sol- However, most of the enzymes used in supercritical flu-

ubility parameter and the partition coefficient as shown in ids are hydrolytic enzymes such as lipases and proteases

Fig. 2 [7]. When solvent effects on the reaction are exam- [38—48] In this report, the use of decarboxylage®] and

ined with supercritical fluids, it can be done without chang- alcohol dehydrogenag60,51] as well as lipas¢52,53] in

ing the kind of solvent. In addition, the solvent properties supercritical CQ is reviewed.

can be changed continuously by manipulating the pressure

and temperature, so continuous change in a reaction can be ,
expected. 2. Carboxylation

The development of C@fixation reactions on organic

* Corresponding author. Tek:81 77 543 7466; fax+81 77 543 7483, Molecules is one of the challenges in synthetic chemistry.
E-mail address: matsuda@rins.ryukoku.ac.jp (T. Matsuda). An increasing number of chemical GQixation reactions
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160 - nases, and the GClixation on pyrrole and phenolic com-
S;ﬂﬁg'gg‘gﬁ' pounds (phenol and catechol) by decarboxylases Baail-
Pressure . lus megaterium [75—78] or Clostridium hydroxybenzoicum
(atm) \ [79,80], respectively. In this chapter, it is described that cells
Critical point: ; ; ;
vapor of B. megaterium catalyze the reverse reaction, gfxation,
—| 73atm (7.38 MPa) in supercritical CQ [49]. As shown inScheme 1CO;, was

100 |.31°C

Temperature (°C)

fixed on pyrrole 1) to produce pyrrole-2-carboxylat@)(at
10 MPa and 40C. The yield of the reaction in supercritical
CO, was much higher than that at atmospheric pressure.
The cells ofB. megaterium [76] were employed for the
CO; fixation reaction. The reaction was conducted by adding
[54-61] has been reported, especially using supercritical CO, to 10 MPa to the mixture ofl), the cells, KHCQ, and
COp, such as the synthesis of urethgbd], dimethyl car- NH4OAc in potassium phosphate buffer. For the reaction at
bonate[55], styrene carbonatfb6], and methyl ethanoate  atmospheric pressure (0.1 MPa), the evolved, @@s re-
[57]. On the other hand, biocatalysis is now one of the most leased to keep the pressure atmospheric. The yields of the re-
powerful and indispensable tools for organic synthesis due toaction at 40C are listed iriTable 2 The yield is much higher
its environmental friendliness and excellent enantio-, regio- for the reaction in supercritical GOthan at atmospheric
and chemoselectivitid$2—66] Some enzymatic CEfixa- pressureTable 2 Entries 1-4). It was also confirmed by the
tion reactions have also been reported including the centralcontrol experiment without the cells that the non-biocatalytic
CQO;, fixation reaction in photosynthetic organisms catalyzed carboxylation of {) did not proceedTable 2 Entry 5). A
by ribulose-1,5-diphosphate carboxylagég], the reduc- control reaction using heat treated cells afforded no carboxy-
tion of CO, to formic acid or methanol by dehydroge- lation product, either, which indicates that a biocatalyst is at
naseg68-72] the reductive CQfixation on 2-oxoglutarate ~ work and that the carboxylation is not an unexpected pro-
and pyruvate by isocitratfy3] or malate[74] dehydroge- cess promoted by non-enzymic constituents of the cell.

Fig. 1. Phase diagram of GO
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Fig. 2. Tunability of solvent properties of GQby the temperature and pressure (a) density (b) dielectric constant (closed squate:0B2n square:

40°C, closed circle: 50C, open circle: 60C) [7].
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Fig. 3. Examples of enzymatic reactions in supercriticalb¢2¥,30,31,36,37]
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Table 1

Applications using supercritical GO

Applications Examples [Ref.]

Extraction Extraction of caffeine from coffee bedid], extraction of oil from corn fibef12], extraction of compounds with

pharmaceutical importance from microalgd8], enantioseparation of chiral alcohols by complex formation and subsequent
supercritical fluid extractiorl4]

Chromatography Separation of fatty acid$], separation of enantiomef6], supercritical fluid chromatography-mass spectromgtiy,
two-dimensional supercritical fluid chromatograpiiy]

Reactions Hydrogenation of supercritical £@ formic acid, alkyl formates, and formamides by homogeneous cat4y$20],
enantioselective hydrogenation of imines in supercriticab @ iridium-catalyst[21], hydroformylation in supercritical CO
by rhodium catalyst$22], asymmetric Diels—Alder reactions in supercritical £€atalyzed by rare earth complexs]

Other Polymer coating/encapsulation of nanoparticles using a supercritical anti-solvent 2d¢esaprovement of insulin
absorption from intratracheally administrated dry powder prepared by a supercritigght@€esg25], dyeing of natural fibers
from perfluoropolyether reverse micelles in supercritical,G26]

Bacillus megaterium PYR2910
/ \ KHCO,, ammonium acetate, KPB / \

>

N Supercritical CO, (10 MPa, 40 °C) COy
H H
1

Scheme 1[49].

Table 2 60
Carboxylation of 1) by Bacillus megaterium in supercritical CQ [49] 50 i
Entry Pressure (MPa) Cells (M) pH Time (h) VYield (%Y Yield 407
e -
1 0.1 (atmospheric) 0.5 55 1 7 (%) Zg 1
2 0.1 (atmospheric) 0.5 55 3 6
3 10 (supercritical) 0.5 55 1 54 10 —x——x—x%
4 10 (supercritical) 0.5 55 3 55 0 T T T T
5 10 (supercritical) 0.0 55 3 0 0 1 2 3 4
6 10 (supercritical) 1.0 55 3 59 Time (h)
7 10 (supercritical) 0.5 70 1 59

- — - Fig. 4. Time course of carboxylation of)(by Bacillus megaterium: (@)
a0Dg10 = 32; decarboxylation activity forZ) = 0.024 mmol/min/mL. 10 MPa (supercritical); X) 0.1 MPa (atmospheridj9].
bYield is the percentage of) based on the starting amount df)(

The time courses of the reaction at 10 MPa and at atmo-
spheric pressure ifrig. 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) 0 — —_— .
as well as the change in the initial pH value from 5.5 to 7.0 0 2 4 6 8 10
to prevent a pH decrease caused by>,@BEntry 7) did not Pressure (MPa)

have any significant effect on the equilibrium position.

The effect of pressure on the carboxylation Dfas also Fig. 5. Effect of pressure on carboxylation dj Py Bacillus megaterium
investigated, and the result is showrFig. 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- 3. Asymmetric reduction
spheric pressure (0.1 MPa). Similar pressure dependencies
of the yield were also observed using an increased quantity The resting cells of a fungusGeotrichum candidum
of the cells, shorter reaction times and different tempera- [81-83] were employed for the reduction of various ke-
tures (data not shown). At present, it is not clear why the tones in supercritical C9[50,51] The advantage of alco-
increased concentration of GOn the range greater than hol dehydrogenase catalyzed reactions in supercritical CO
the critical pressure did not favorably shift the carboxylation is the ease of the product isolation from £0Nhen an
equilibrium. agueous solvent is used, the product has to be extracted
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F 0 Geotrichum candidum F OH Table 3 . . ) . .
Immobilized Resting Cell Reduction of various ketones b@eotrichum candidum in supercritical
> CO; [50]
Supercritical CO, - . .
Substrate Yield (%) ee (%) Configuration
3 (S)-4 o
©/K 51 >99 S
Scheme 2[50,51]
o)
é/k 81 >99 S
from the solvent, but this is unnecessary when using super-
critical CQ,. The whole resting cell instead of an isolated Q 53 >99 s
enzyme was used for the reduction, and thus no addition of
an expensive coenzyme was required. Also, the solubility %
of the coenzymes in supercritical G@id not need to be 11 97 S
considered. The cell was immobilized on a water-absorbing - ¢
polymer[83] to spread it on the large surface of the poly- ©)U= 96 96 R
mer. At first, the reduction ob-fluoroacetophenone3) o
in supercritical CQ at 10 MPa was conducted, which af- @)& 22 >99 S
forded ©-1-(o-fluorophenyl)ethanol §-4) at 81% after o
12h Scheme 2 A control experiment to prove that the @/\)k 61 >98 S
reduction did not proceed before the supercritical condition
was also conducted. The time course of the reactn ©) Q 9% _ B
shows that the yield increased with the reaction time, which é

proved that the alcohol dehydrogenase catalyzed the reduc-
tion even in the supercritical condition.
The substrate specificity was investigated, and as listed in - The jmmobilized resting cell ofG. candidum was

Table 3 the enzymatic reduction in supercritical €Pro-  ajso used as a catalyst for the reduction of ketones in a
ceeded for various ketones. Acetophenone, acetophenongemi-continuous flow process using supercriticabQ&l].
derivatives, benzyl acetone and cyclohexanone were used agith flow reactors, the addition of a substrate to the col-
substrates, and it was found that all of them were reduced byymn with a catalyst yields the product and £®hich is

the alcohol dehydrogenase in supercritical.CThe effects 5 gas at ambient pressure, whereas, with the batch reactor,

of fluorine substitution at thertho-, para- anda-positions  separation of the product from the biocatalyst is necessary
of acetophenone were obvious. Compared with the unsub-after depressurization. Therefore, the flow type is superior

stituted analogue, substitution at trtho- or a-position in- 5 the batch type for achieving virtually no solvent reaction.
creased the yield, whereas substitution atgaea-position  Moreover, the size of the reactors using the flow process
decreased the yield. to generate an amount of product comparable with the cor-

The finding that the alcohol dehydrogenase is active in su- responding batch reactors is smaller, which is particularly
percritical CQ is significant, but not sufficient for practical  attractive for a supercritical fluid systefB4]. This reac-
use; high enantioselectivity of the reduction is also neces- tion using a semi-continuous flow process also resulted in
sary for synthetic purposes. In our case, very high enantios-5 higher space-time yield than that of the corresponding
electivities (>99% ee) were obtained for the reduction with patch process.
the majority of the substrates tested, while slightly lower  The reduction of cyclohexanone was examined first as a
enantioselectivities (96, 97% ee) were observed for a few model reaction to test the viability of the process. The appa-
of them. The enantioselectivities obtained in this system are rays is shown ifig. 7. The typical experiment is as follows.
superior to or at least equal to those for most other biocat- The immobilized cells were placed in a stainless steel reac-
alytic and chemical systenj62-66,81-83] tor, and a stainless steel pipe was inserted in the bottom of the
test tube. The conditions were set to°8band 10 MPa. The
substrate, cyclohexanone, dissolved in 2-propanol (which

13: is necessary as a hydrogen donor) was injected through an
Yield HPLC injection valve and then the product was trapped (in-
(%) 50 jection/trap 1 inTable 4. The injection of the substrates
25 was repeated four times to assess reusability (injection/traps
0 2-5). The results are shown Trable 4 Cyclohexanol was

obtained successfully. The biocatalyst was recycled up to
four times with only a slight loss in activity.

Fig. 6. Time course of reduction of3( by Geotrichum candidum in Encouraged by this promising result, reduction of
supercritical CQ at 10 MPa[50]. o-fluoroacetophenone3) was conducted by the same

Time (h)
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Fig. 7. Apparatus for biocatalytic reduction with flow process using supercritical [50.
Table 4 justing the pressure and temperat[52,53] Such attempts

Reduction of cyclohexanone byGeotrichum candidum with the to control enzymatic reactions have been done by using
semi-continuous flow process using supercritical,Gil] - . . .
supercritical fluoroform because its polarity changes drasti-

Injection/trap Yield (%) cally with pressure and temperatiite5,21,34,35,38,85,86]
1 12 For example, Mori et al. demonstrated the reversible control
2 21 of transglycosylation by a lipid-coatefl-p-galactosidase
3 36 [85] and enantioselective esterification by a lipid-coated
;‘ gg lipase[86]. Kamat et al. examined the enantioselectivity of

subtilisin Carlsberg and aAspergillus proteasd34,35] in
supercritical fluoroform. However, only a few reports on the

method. (§-4) was obtained successfully with a yield of control of biocatalytic reactions using supercritical £@-

8%. The space-time yield of this flow system was compared der various pressures and temperatures have been reported
with that of the corresponding batch system. That of the [39,40] We have examined the enantioselective acetyla-
flow system (0.24vmol/min) was almost twice as much as tion of racemic 14§-chlorophenyl)-2,2,2-trifluoroethanol
that of the corresponding batch system (Qub%ol/min) at  ((R/S)-5) with lipases and vinyl acetaf87] in supercritical
35°C and 10 MPa using a pressure-resistant vessel (TaiatsuCO2 as shown inScheme 3 [52,53]The fluorinated com-

Techno Co., Osaka, TVS-N2 type, 10 mL) for the reduction pound was chosen as a model substrate because optically
of (3). Therefore, the flow-type reactor is more efficient Pure fluorinated alcohols have received much attention for

than the corresponding batch system. the synthesis of ferroelectric liquid crystals or bioactive
compoundg88-91] We found that the enantioselectivity
of a reaction using the lipase Novozym can be controlled
4. Esterification by adjusting the pressure and temperature of supercritical
CO,. Moreover, at constant density, the modified Eyring
One of the most characteristic features of the supercriti- plot of InE [92] against 1T was found to be linear, which
cal fluid is the tunability of the properties. Our interest is to correlates well with results predicted by the theory of the

control the biocatalytic reaction in supercritical €8y ad- effects of temperature on enantiochemig8$].
OH Lipase OH OAc
)\ /\OAC /E\
Ar CF3 CO, (7 - 21 MPa), Ar CF3 Ar CF3
Ar = p-Chlorophenyl 31-60°C
(R/S)-5 (R)-5 (S)-6

Scheme 3[52,53]
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Table 5
Screening of lipases for enantioselective acetylation RIS|(5) in supercritical CQ [53]
Lipase Low pressure conditions (9.1 MPa) High pressure conditions (14.5 MPa)
Yield (%) E? Yield (%) E?
LPL (Pseudomonas aeruginosa) 52 12 38 16
AY (Candida rugosa) 8 1P 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: 40C, 4 h.

aEnantiomeric ratioE value, was used to evaluate enantioselectivity= (Va/Ka)/(Ve/Kg) WhereVa, Ka and Vg, Kg denote maximal velocities
and Michaelis constants of the fast- and slow-reacting enantiomers, respectively§)¥maiftiomer reacted faster thaR){enantiomer.

bIn this case, theR)-enantiomer reacted slightly faster than ti8-¢nantiomer.

First, we screened various lipases for the enantioselectivechanged, there was no significant change in the polarity
acetylation of (R/S)-5) with vinyl acetate in supercritical  evaluated as dielectric constafitid. 2b [7] and logP (at
CQO,. The results are listed ifable 5 To evaluate the  50°C; 1.4 at 8MPa and 1.9 at 11 MP@§]. It is not clear
enantioselectivity of this reaction, the ratio of the speci- if this small change in polarity has a large effect on this
ficity constants of the enantiomerg, value, was used. reaction. On the other hand, the density of supercritical
(9-Enantiomers reacted faster thaR)-nantiomers, af- CO, does change from 0.20 to 0.42 g/mL when the pres-
fording (9-acetate (§-6) and the remainingR)-alcohol sure is changed from 8 to 11 MPa at*€5([7,8]. Ikushima
((R)-5) except when lipase AY was used at 9.1 MPa. The explained the high enantioselectivity of lipase in a very
highest enantioselectivityE( = 38) was obtained using limited pressure range at 304.1K as resulting from interac-
Novozym at 9.1 MPa. Interestingly, the enantioselectivity tion between C@ and enzyme moleculg89,40] We also
was significantly affected by the pressure. propose that the large change in density could significantly

The enantioselective acetylation oR(§)-5) with vinyl change the interaction of GQand the enzyme by the for-
acetate in supercritical CQby Novozym was investigated mation of carbamates from G@nd the free amine groups
at 55°C and 10 MPa. The reaction rate decreased when theon the surface of the enzynj@8], by CO, adsorption on
yield of acetate®) reached approximately 50%. The effect the enzyme as reported in other protd@s] and/or by CQ
of pressure on the enantioselectivity was investigated by incorporation in the substrate-binding pocket of the enzyme
changing the reaction time from 2 to 4 h. As showifig. 8, as reported in the incorporation of organic molecules in
the E value changed continuously from 50 to 10 when the enzymeq96,97] These interactions may gradually change
pressure was changed from 8 to 19 MPa, regardless of thethe conformation of the enzyme in response to pressure,
reaction time. resulting in a continuous change in enantioselectivity.

The effect on enantioselectivity of changes in pressure  On the contrary, the continuity of the enantioselectivity
is indeed noteworthy, although the reason is not clear change was not observed using conventional organic sol-
at present. When the pressure of supercritical, s vents for the same reaction as showrFig. 9. Moreover,
it is unclear whether th& values depended only on the po-
larity of the solvent, because a polarity change is inevitably

60 1 accompanied by a change in the molecular structure of the
50 7
400
0
300
O
20 E 200 . .
10 - 100 T )\oj\ .
NN
0 T T T T T T 0 T T T T
7 9 11 13 15 17 19 15 20 25 3.0 35 40
Pressure (MPa) Log P
Fig. 8. Effect of pressure on enantioselectivity of acetylation BfS(5) Fig. 9. Effect of organic solvent on enantioselectivity of acetylation of

by Novozym in supercritical C@®at 55°C [52] (E: enantiomeric ratio ((RI'9)-5) by Novozym[52] (E: enantiomeric ratio described ifable 5
described inTable 5 [92). [92)).
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Fig. 11. Effect of temperature on enantioselectivity of acetylation of
((R'9-5) by Novozym in supercritical C®at 0.75g/mL[53] (E: enan-
tiomeric ratio described iffable 5 [92).

7 9 1 13 15 17 19 21 ory is applicable to the reaction in supercritical £0r the
Pressure (MPa) firsttime. At a density of 0.75 g/mL (31C at 9.5 MPa, 35C
at 11.2 MPa, 40C at 13.2 MPa, 45C at 15.3 MPa, 50C at
o e ey o oty L7.5MPa, S5C at 19.6 MPa, and G at 2L.8MPa)
6)(;OC (tria);\gle) [53]p(E: enantiomeric ratio dgscribéd ifable 5 [92). was plotted against I{ As shown inFig. :.Ll the Eyring
plot was found to be linear throughout this range and thus
) ) indicates the conformational stability of the transition state.
solvent (cyclic or acyclic) and the molecular structure of the  The observation of variation in the enantioselectivity by
solvent, as well as its polarity, affects the enantioselectiv- changing the temperature at the same density, i.e. at the same
ity of the reaction[96]. On the other hand, by using GO gjelectric constarif7], is in contrast to the case for the trans-
the solvent properties can be changed simply by altering theglycosylation by a lipid-coatefi-p-galactosidas85] or the

pressure. _ . enantioselective esterification by a lipid-coated lipf&&]

_ The effect of pressure on the enantioselective acetyla-i gypercritical fluoroform by Mori et al. In these reports,
tion of ((R/S)-5) with vinyl acetate in supercritical Cby reactivities and selectivities were controlled by the dielec-
Novozym was also investigated at 31, 40 and6@Fig. 10). tric constant but either solely by temperature or by pressure.
Asin the case at 5%, the §)-enantiomer reacted faster than - Ths contrasting result is probably due to the difference be-
the R)-enantiomer, affording §)-6) and unreacted K)-5). tween fluoroform and C®in the magnitude of the change

The E value changed continuously according to the pres- i gielectric constants caused by the manipulation of pres-
sure. This is probably due to the change in the density as ingre and temperature. In our case, both the density and the
the case at 55C. This explanation agrees with the following  temperature controlled the reaction, but in their case, the ef-
observations. At lower temperature (31,°@), theE values et of temperature on the reactions was probably negligible

changed rapidly from high to low values within a small range compared to the effect of the dielectric constant.
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 correlat% Conclusion
well with the change in density as shownHig. 2a [7,8] '

However, wherE values of the same density (at different 5451 1ation by a decarboxylase, asymmetric reduction

temperatures and different pressures) were compredl; 1y o ajcohol dehydrogenase and enantioselective esterifica-
ues were affected by the temperature. The enanuoselectlvnytiOn by a lipase in supercritical GQwere described in this

is determined nqt only by the dgnsity butlallso by the temp_er- report. This is the beginning of the investigation of novel

aturg. .In a reactlpn gnder amplent conditions, the enantios- o ction systems which are in harmony with the natural en-
electivity in the kinetic resolution is temperature-dependent \;ironment. We believe that it opens up new possibilities for
and obeys a modified Eyring equatif#8,98,99] synthesis by various kinds of enzymes with a natural, easily

ArgE1 aast removable, and high-functional solvent, supercritical,CO

R T + R
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