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Abstract

lonic liquids (IL) offer new possibilities for solvent engineering for biocatalytic reactions. The deracemizatier)-ofandelic acid
using a lipase-mandelate racemase two-enzyme system was used to investigate the scopes and limitations of ionic liquids as new reaction
media for a dynamic resolution approach. Mandelate racemase [EC 5.1.2.2PBeadomonas putidATCC 12633 was observed to
be active in ionic liquids such as 1,3-dimethylimidazolium methylsulfate ((MMIM][MgB®r 1-butyl-3-methylimidazolium octylsulfate
([BMIM][OctSO,]) at water activities, > 0.74. Mandelate racemase activity could also be obtained in a biphasic system consisting of water
and 1-octyl-3-methylimidazolium hexafluorophosphate ([OMIM}Pn a ratio of 1:10.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction kinetic resolution holds great potential for dynamic resolu-
tion processefs].

The controlled racemization of organic compounds con-  Recently, mandelate racemase frBiseudomonas putida
stitutes the key to the transformation of racemates into ATCC 12633 [EC 5.1.2.2] was recognised as a valuable
a single stereoisomer in 100% theoretical yield employ- catalyst for the racemization of stereochemically stable
ing dynamic (kinetic) resolutiorf1-3] or stepwise der-  «a-hydroxycarboxylic acids, such as mandelic acid and
acemisation techniquep!], which consists of the cou- its derivatives, at neutral pH and ambient temperature
pling of a racemization reaction to an enantioselective [7,8]. These properties allowed it to be combined with a
transformation. lipase to furnish a two-enzyme deracemization process.

Since for dynamic resolutions, the racemization and the Lipases, which in nature catalyse the hydrolysis of triacyl
enantioselective transformation have to be performed in theglycerides, readily catalyse reactions such as esterifica-
same vessel, they must be compatible with each other. Un-tion, transesterification or acylation in anhydrous organic
fortunately, the majority of racemization methods described media.
so far require extreme pH and/or temperatures, which makes So far, deracemization ofH)-mandelic acid fig. 1) was
them incompatible in the presence of biocatalytic enantios- achieved by using a two-enzyme-two-step system consist-
elective reactions. This disadvantage may be overcome bying of a Pseudomonasp. lipase-catalysed O-acylation of
enzymatic racemisation which takes place under mild reac- (+)-mandelic acid in diisopropylether followed by mande-
tion conditions since enzymes are easily compatible with late racemase catalysed racemization of the remaining un-
each other, as they generally work under similar reaction reacted R)-mandelic acid in aqueous buffgf]. The whole
conditions[5]. As a consequence, the use of racemases forprocess, however, could not be turned into a dynamic resolu-
in situ substrate racemisation combined with biocatalysed tion due to the fact that mandelate racemase was completely

inactive in a large variety of organic solveri€y.

For an industrial-scale, a dynamic process which is per-
mspondmg author. Tels49-381-498-6450: formgd in one reaction vessel combining both piocatalyged
fax: +49-381-498-6452. reactions is preferred for the ease of handling. During

E-mail addressudo.kragl@chemie.uni-rostock.de (U. Kragl). the past decade, ionic liquids (IL) have gained increased
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Fig. 1. Deracemization of#f)-mandelic acid via a lipase-mandelate racemase two-enzyme syBsgudomonasp. lipase catalysed O-acylation of
(+)-mandelic acid and by mandelate racemase catalysed racemisation of the remaining unRantawi€lic acid.
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attention as new solvents and reaction media for performing 2.3. Equilibration and measurement of water activity

all types of reactions with sometimes remarkable results

[10-12] Due to their special properties and possible advan-  For the reactions in the presence of different % v/v of wa-

tages, ionic liquids have become of interest as new solventster, ionic liquids which are completely miscible with water

for biocatalytical reaction as well. In the last 2 years a num- were used and the amount of ionic liquid was reduced and

ber of papers have been published on first results of the usereplaced by water. In the case of [BMIM][(GEO,)2N] the

of ionic liquids as reaction media for enzymatic reactions. substrate solutions were equilibrated over saturated salt so-

In these examples, ionic liquids such as [BMIM][gFr lutions in closed vessels based [@6]. The salts used were

[BMIM][BF 4] have been used to replace organic solvents LiBr (ay = 0.06), LiCl (ay = 0.11), MgCh (aw = 0.33),

in thermolysin- and lipase-catalysed reacti¢h3,14] Be- Mg(NO3)2 (aw = 0.53), NaCl @y = 0.74) and KSOy

sides, other enzymes as well as whole cell processes havéa,, = 0.97). To control the final equilibration state in both

been described15-21] First reviews on biocatalysis in  case, the water activityi,) was measured with an, mea-

ionic liquids are also availabl2—-24] In some cases re-  suring instrument from Novasina (Novasina AW SPRINT,

markable results with respect to yield, (enantio) selectivity Axair Ltd. Switzerland).

or enzyme stability were observed. Therefore, ionic liquids

seemed to be a promising solvent system to perform the2 4. Kinetic resolution of (R,S)-mandelic acid

dynamic resolution described above. Herein we report the

first example of the use of a mandelate racemase in ionic  All kinetic resolution experiments were performed in

liquids. 1.5ml eppendorf tubes. Rac-mandelic acid (8.3 mglml
0.055molt1) was dissolved in [BMIM][OctS@] or
[OMIM][PF¢]. Lyophilized lipase PS (8.3mgm}) and

2. Experimental vinylacetate (25@Iml~1, 2.71molfl) were added.
The mixtures were shaken using a thermomixer at
2.1. Materials 30°C and 130rpm for 24h. To study the influence

of water on the conversion ofSf-mandelic acid in

(+)-, p- andr-mandelic acid were purchased from Fluka [BMIM][OctSO4] the amount of the ionic liquid was
(Vienna) and were of analytical grade. Mandelate racemasereduced and replaced by water. The influence of water
was prepared by fermentation of Pseudomonas putida ATCCon the conversion ofS)-mandelic acid in [OMIM][P]
12633 on glucose andt)-mandelic acid, a partially pu- was studied using a two-phase system consisting of
rified enzyme preparation showing a specific activity of [OMIM][PFg] and water in different ratios. The samples
107 Umg?! (towardsp-mandelic acid at 20C and pH 7.5) were analysed by thin layer chromatography. Chloro-
was obtained25]. LyophilisedPseudomonasp. Lipase PS  form/methanol/acetic acid (60/10/1) was used as mobile
was purchased from Amano (Japan). The organic solventsphase R of (S)-acetyl mandelic acie: 0.4). Detection was
and vinylacetate as acyl-donor were obtained from Merck done by colouring the acetyl mandelic acid as a molybdate
(Vienna). The ionic liquids were a gift from P. Wasserscheid complex.
(Aachen University). They are also available from Solvent
Innovation GmbH (Cologne). 2.5. Dynamic resolution experiments

2.2. Racemization experiments Dynamic resolution experiments were performed in
1.5 ml eppendorf tubes as a biphasic reacti®xNandelic

All racemisation experiments were performed in acid (5mgmtl, 0.033molt!) was dissolved in 1ml
1.5ml eppendorf tubes.Rf-Mandelic acid (2 mgmi?, [OMIM][PF¢], lyophilized lipase PS (8.3mgm}l) was
0.013molt1) was dissolved in each ionic liquid and suspended and vinylacetate (380nl—1, 2.71 molmi?)
lyophilised mandelate racemase (2mgmml214Umg?) was added. The reaction was started by addingplGff
was added. The mixture was shaken in a thermomixer atan aqueous mandelate racemase solution (70 m§nais
30°C and 130rpm for either 24 or 48 h. The samples were the second phase. The reaction mixture was shaken in a
analysed by HPLC. thermomixer at 30C and 130 rpm for 24 h.
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The formation of §-acetyl mandelic acid was analysed (sometimes the mixture has to be warmed up téG@efore
by thin layer chromatography. Therefore, 3M HCI was used, and then cooled down for use), the lyophilised man-
added until the reaction mixture reached a pH of 2. The delate racemase preparation was not soluble in any of the
sample was then extracted three times with either ethyl ionic liquids. In neat ionic liquids no activity was observed
acetate or diisopropyl ether and the organic phase wasat all. In the ionic liquids a hexafluorophosphate anion, the

separated and used for analysis. enzyme preparation formed aggregates, which might be the
reason that no activity was observed.
2.6. Sample preparation for HPLC-analysis Reactions, which are catalysed by enzymes in non-

conventional media, are often affected by the nature of the
3 M HCIl was added to the sample until the reaction mix- solvent as well as by its water contd@¥]. The water con-
ture reached pH 2. The sample was then extracted threetent of the reaction media plays an important role in enzyme
times with either ethyl acetate or diisopropyl ether. The or- catalysis, because it influences the flexibility of the protein,
ganic phase was separated, dried (NgSahd the solvent  which is responsible for its activity and selectiv[B8].
was evaporated under reduced pressure. The residue was re- To investigate the influence of water the ionic liquids
suspended im-heptanégfpropanol (80:20) and analysed by [EMIM][CH 3—CsH4—SQs], [BMIM][BF 4], [PMIM][BF 4],

HPLC. [MMIM][MeSO 4] and [BMIM][OctSO4] were chosen,
since these compounds are miscible with water in all pro-
2.7. HPLC-analysis portions. As shown inTable 1, the enzyme activity varies

significantly with the nature of the ionic liquid and the water
The extracts were analysed by HPLC as previously content leading to a total loss of activity for the ionic liquids
described[7], using a Chiracel OD-H column (Daicel [EMIM][CH 3—CsHs—SQs], [BMIM][BF 4], [PMIM][BF 4],
0.46 cmx 25 cm) at 18 C, n-heptand/tpropanol/trifluoroacetic even at high water contents up to 70% (v/v). A racemisation
acid (80:20:0.1 v/v) was used as mobile phase at 0.5 mithin of (R)-mandelic acid was only obtained in the presence of
11.5min §); 13.5min R). The enantiomeric excess, con- 90% (v/v) water. However, a racemization &){mandelic
version and reaction rate were calculated from the HPLC acid was still observed in [MMIM][MeSg] in the presence
data. of 50% (v/v) water and in [BMIM][OctS@] the mandelate
racemase was even active in the presence of 20% (v/v) water.
To compare the enzyme’s activity in dependence of the

3. Results and discussion water present in solvents of different polarities, however, itis
more precise to use the water activity [29]. Fig. 2shows

3.1. Racemization experiments: mandelate racemase the water amount in the reaction mixture as a function of

activity in ionic liquids and influence of water activity water activity for the ionic liquids [MMIM][MeSQ] and

[BMIM][OctSO4]. Even when both reaction mixtures con-
Eleven different ionic liquids were used as solvents to in- tain the same amount of water, the water activity is always
vestigate the influence on the mandelate racemase activitylower in the presence of [MMIM][MeSg). This might be
(Table ) to racemise R)-mandelic acid under anhydrous due to the stronger interactions between the methyl sulfate
conditions. The activity was determined by the enantiomeric ions and the water molecules.
excess of theR)-enantiomer of the mandelic acid after 24 h. Fig. 3 shows the activity of the mandelate racemase
While the mandelic acid was soluble in all neat ionic liquids in [MMIM][MeSO 4] and [BMIM][OctSOy4] as a function

Table 1

Mandelate racemase activity in the presence of ionic liquid and in dependence of different water amounts

lonic liquid (R)-Enantiomer ee (%)

Water amount (% (v/v)) 0 10 20 30 50 70 90
[MMIM][MeSO 4] 100 100 100 100 89 63 14
[EMIM][CH 3—CsHa—S Q3] 100 100 100 100 100 100 <90
[EMIM][(CF 3SO)2N] 100

[BMIM][BF 4] 100 100 100 100 100 100 <90
[BMIM][OctSO4] 100 100 61 58 312 33 78
[BMIM][(CF 3S0,)2N] 100

[PMIM][BF 4] 100 100 100 100 100 100 <90
[HMIM][PF ¢] 100

[OMIM][PF¢] 100

INMIM][PF ¢] 100

Conditions: 0.013 moH! (R)-mandelic acid; 214 U mi'; 30°C; 130 rpm; 24 h.
a2 0.5h.
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Fig. 2. Water activity &) as function of water content (% (v/v)) in
different water—ionic liquid mixtures at 2%; (A) [MMIM][MeSO 4], (B)
[BMIM][OctSO4].

of water activity. In both cases the enzyme activity de-
creased by reducing the water activity. While the graph for
[MMIM][MeSO 4] describes an almost linear correlation
between enzyme activity and water activity, the graph of
[BMIM][OctSO4] shows a significant deviation from this

linear behaviour. With higher amounts of the ionic liquid
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cently [26]. The method of controlling water activity by
equilibration over saturated salt solutions was transferred
from organic media to ionic liquids and it could be shown
that the kinetic resolution ofR,9-1-phenylethanol catal-
ysed by a lyophilised lipase frorRseudomonasp. was
markedly influenced by the water activity and had higher
selectivity in [BMIM][(CF3S(O,)2N] at low water activities
(aw < 0.53) than in methytert-butylether[26]. Following
this report, the racemisation oR\-mandelic acid was also
studied in dependence of solvent’s initial water activity
using [BMIM][(CF3S0,)2N] as pure solvent. To our disap-
pointment even at high water activities,{ 0.97) this kind
of ionic liquid caused a denaturation of the enzyme and no
activity could be found for the mandelate racemase at all.
The non-water miscible ionic liquids such as [BMIM]
[(CF3S(O)2N] or ionic liquids possessing a hexafluorophos-
phate anion also offer the possibility for a biphasic reaction.
Therefore, a biphasic system containing an aqueous phase
for the mandelate racemase catalysed racemisation and an
ionic liquid for the lipase catalysed kinetic resolution was in-
vestigated. It is worth to note, that the contact with the aque-
ous phase leads to an equilibration of initial water activity
in the ionic liquid. In the case of lipase catalysed reactions,

the activity of the enzyme drops and reaches less thenat high water activities the hydrolysis is favoured against the

20% although the water activity is nearly constant. This
behaviour is reproducible. Finally the water activity could
be reduced t@y: 0.75 while the enzyme was still active.
At higher enzyme concentration (up to 8 mgrhlin the

acetylation. Therefore, the water activity in the ionic liquid
has to be kept low. In the biphasic system the water activ-
ity in the ionic liquid can be controlled over the phase ratio.
To investigate the influence of phase ratio on the mandelate

reaction mixture) the conversion reaches values of nearly racemase activity, the ionic liquid [OMIM][RF was cho-

47% but the reaction velocity is still lower in the presence
of the ionic liquid than in water.

sen. The phase ratio of water:;[OMIM][BFwas varied from
1:1 to 1:20. Activity for the mandelate racemase could be

It has recently been shown that reactions catalysed by obtained up to a ratio of 1:10. At this point the conversion

isolated lipases have resulted in improved enantioselec-

tivity, improved conversion or higher stability when such

from (R)- to the ©-enantiomer was already low, but the
enzyme is still active. At higher mandelate racemase con-

reactions have been performed in ionic liquids such as centrations (up to 24 mgmt based on the volume of the

[BMIM][PF ¢]; [BMIM][BF 4] or [BMIM][(CF 3SO;)2N]
[30-33] The equilibration of initial water activity in such
non-water miscible ionic liquids has been described re-

100
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Fig. 3. Mandelate racemase activity as function of water activity in
different ionic liquids; starting concentrations: 0.013 mdl (R)-mandelic

acid; 214U mt? lyophilized mandelate racemase; °80, 130 rpm; 24 h.
(A) [MMIM][MeSO 4]; (B) [BMIM][OctSO 4].

whole reaction mixture) a conversion of 42% was reached
after 24 h but the reaction velocity is still much lower than
in a pure aqueous system.

In summary, activity for the mandelate racemase could
be obtained in [BMIM][OctSQ] at a water activityay:
0.75 and in a biphasic system consisting of water and
[OMIM][PFg] in a ratio of 1:10.

3.2. Kinetic resolution of (R,S)-mandelic acid

The kinetic resolution of R,9-mandelic acid catalysed
by a lipase fromPseudomonasp. was performed both in
[BMIM][OctSO4] in the presence of 20% (v/v) watea:
0.75) and in the biphasic system using [OMIM]&Fand
water. The conversion of the lipase catalysed reaction was
markedly influenced by the amount of water as well in
[BMIM][OctSO4] as in the biphasic approach. While the
mandelate racemase needs at least a water adiyit.75
to be active in [BMIM][OctSQ], however, measurable con-
version for the lipase catalysed reaction could only be ob-
tained when the water activity of the media was reduced to
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ay: 0.47. Therefore, a combination of the mandelate race- same vessel at the same time was not possible, because the
mase catalysed reaction and the lipase catalysed reaction irmandelate racemase was incompatible with the vinylacetate
one phase using an ionic liquid such as [BMIM][Oct§O  used as acyl-donor for the lipase catalysed kinetic resolution
was impossible. of (§-mandelic acid.

Therefore, the lipase catalysed kinetic resolution of It has been shown that a number of other acyl-donors can
(+)-mandelic acid was performed in the biphasic system be used for lipase catalysed acylation with nearly similar re-
using [OMIM][PFs] and the influence of the phase ratio action velocities and conversiof8]. If an acyl-donor could
on the conversion was investigated. Again the phase ratiobe found which is compatible with the mandelate racemase
water:;[OMIM][PFs] was varied from 1:1 to 1:20. A de- the biphasic approach using an ionic liquid and water in the
tectable formation of theSj-acetyl mandelic acid could right ratio offers a great potential to realise the combination
be obtained in a reaction system consisting of water and of two enzymatic reactions for a dynamic resolution process.
[OMIM][PFg] in a ratio of 1:9. As mentioned above the
mandelate racemase was still active in the biphasic system
at a phase ratio of 1:10. This encouraging result led us to Acknowledgements
combine both enzymatic reactions to perform a dynamic

resolution of &£)-mandelic acid. Financial support by the Deutscher Akademischer Aus-
tauschdienst (DAAD, Germany) and tRends der Chemis-
3.3. Dynamic resolution experiments chen Industrigs gratefully acknowledged.

After performing both enzyme catalysed reactions sepa-
rately, for the first time both reactions were performed to-
gether in the same reaction system. While the ionic liquid
contained the mandelic acid, the Ilpase_and the acyl-donor, [1] R.S. Ward, Tetrahedron: Asymmetry 6 (1995) 1475.
the mandelate racémase was d'_SSOWed In the agueous phasep] R. Noyori, M. Tokunaga, M. Kitamura, Bull. Chem. Soc. Jpn. 68
During the reaction a precipitation of protein material was (1995) 36.
observed and it could be figured out to be denaturated man- [3] F.F. Huerta, A.B.E. Minidis, J.-E. Backvall, Chem. Soc. Rev. 30
delate racemase. Analysis of the reaction mixture relating _ (2001) 321.
to the formation of $)-acet | mandelic acid showed. that [4] U.T. Strauss, K. Faber, Tetrahedron: Asymmetry 10 (1999) 4079.

y . . ! 5] E. Adams, Adv. Enzymol. Relat. Areas Mol. Biol. 44 (1976) 69.
the mand_ellate racemase was totally inactive under this reac- [6] B. Schnell, K. Faber, W. Kroutil, Adv. Synth. Catal. 345 (2003) 653.
tion conditions. It turned out, that the mandelate racemase [7] M. Goriup, U.T. Strauss, U. Felfer, W. Kroutil, K. Faber, J. Mol.
was affected by the vinylacetate used as acyl-donor for the  Catal. B: Enzymatic 15 (2001) 207. _
lipase catalysed acylation. So far a promising reaction sys- (&l lé 't:‘T”eBrv E-T- Striusiév("é(gl";tz"vlg"-’\"-':- Fabian, K. Faber, J. Mol.
. . . . . atal. b Enzymalic .
te.m Wa_lS founc.l using an ionic liquid and Wate_r to perfo_rm a [9] M. Pogorevc, H. Stecher, K. Faber, Biotechnol. Lett. 24 (2002) 857.
biphasic ref_icuoﬂl but nevertheless_a dynamic resolution Of[10] P. Wasserscheid, T. Welton (Eds.), lonic Liquids in Synthesis,
(£)-mandelic acid could not be realised because the mande-  wiley-VCH, Weinheim, 2002.
late racemase was not compatible with the acyl-donor used.[11] T. Welton, Chem. Rev. 99 (1999) 2071.
[12] K.R. Seddon, J. Chem. Tech. Biotechnol. 68 (1997) 351.
[13] M. Erbeldinger, A.J. Mesiano, A.J. Russel, Biotechnol. Progr. 16
(2000) 1129.
[14] R.M. Lau, F. van Rantwijk, K.R. Seddon, R.A. Sheldon, Org. Lett.
2 (2000) 4189.

We have shown, for the first time, tHatputidamandelate [15] J.A. Laszlo, D.L. Compton, Biotechnol. Bioeng. 75 (2001) 181.
racemase Catalysed the racem|sat|ormfr('|ande“c ac|d |n [16] P. Loz§n0| T.de Dlego, J.P. Guegan, M. Vaultier, J.L. Iborra, Biotech-
ionic liquids. Reaction rates and therefore enzyme activity __ "°l- Bioend. 75 (2001) 563.

. i .. i [17] T.L. Husum, C.T. Jorgensen, M.W. Christensen, O. Kirk, Biocatal.

is mgrkedly influenced by the _vv_ater activity of the reaction Biotrans. 19 (2001) 331,

media. In general, water activity less than 0.8 caused ajig] M. Eckstein, M. Sesing, U. Kragl, P. Adlerkcreutz, Biotechnol. Lett.

loss of enzyme activity. A combination of the mandelate 24 (2002) 867.

racemase Cata|ysed racemisation Rf_mandenc acid and [19] E\IZ.OOKé‘El)l‘tZik,3 P. Wasserscheid, U. Kragl, Org. Process. Res. Dev. 6

he li | kinetic resolution ndelic aci 553.

the lipase cata ysed. et.c .eso utio Q{na delic acid [20] S.G. Cull, J.D. Holbrey, V. Vargas-Mora, K.R. Seddon, G.J. Lye,

t tyl del d BMIM][OctSg) at

0 (S-acetyl mandelic acid in [ J[OctSa) at a wa- Biotechnol. Bioeng. 69 (2000) 227.

ter activity a,: 0.75 was not successful, because at such ap21] 3. Howarth, P. James, J.F. Dai, Tetrahedron Lett. 42 (2001) 7517.

high water activity no conversion for the lipase catalysed [22] R.A. Sheldon, R.M. Lau, M.J. Sorgedrager, F. van Rantwijk, K.R.

reaction could be obtained. However, in a biphasic system  Seddon, Green Chem. 4 (2002) 147. _

Consisting of [OMII\/I][PI%] and water in a ratio of 1:10 [23] on\ézr; :Il?;lntwuk, R.M. Lau, R.A. Sheldon, Trends Biotechnol. 21
! i . 4] U. Kragl, M. Eckstein, N. Kaftzik, Curr. Opin. Biotechnol. 1

both, a measurable racemase activity and the format|on[2 ] | kstei ftzik, Curr. Opin. Biotechnol. 13 (2002)

of a measurable amount of)facetyl mandelic acid was 565.

observed. At least the realisation of both reactions in the [25] H. Stecher, U. Felfer, K. Faber, J. Biotechnol. 56 (1997) 33.
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