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a b s t r a c t

The kinetic resolution of racemates constitutes one major route to manufacture optically pure com-
pounds. The enzymatic kinetic resolution of (R,S)-1-phenylethanol over Candida antarctica lipase B (CALB)
by using vinyl acetate as the acyl donor in the acylation reaction was chosen as model reaction. A
systematic screening and optimization of the reaction parameters, such as enzyme, ionic liquid and
substrates concentrations with respect to the final product concentration, were performed. The enan-
eywords:
inetic resolution
ptimization

onic liquids
ipase

tioselectivity of immobilized CALB commercial preparation, Novozym 435, was assayed in several ionic
liquids as reaction media. In particular, three different ionic liquids: (i) 1-butyl-3-methylimidazolium
hexafluorophosphate [bmim][PF6], (ii) 1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF4] and
(iii) 1-ethyl-3-methylimidazolium triflimide [emim][NTf2] were tested. At 6.6% (w/w) of Novozym
435, dispersed in 9.520 M of [bmim][PF6] at 313.15 K, using an equimolar ratio of vinyl acetate/(R,S)-
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nantiopure 1-phenylethanol after 3 h
enantiomeric excess for su

. Introduction

Chiral intermediates and fine chemicals are in high demand both
rom pharmaceuticals and agrochemical industries for the prepara-
ion of bulk drug substances and agricultural products. Therefore,
he production of single enantiomers of chiral intermediates has
ecome increasingly important in the pharmaceutical industry
1], for which safety is of utmost importance. This led to a need
or scientists to develop a process to produce the optically pure
ompound with the desired biological activity [2]. The demand
f enantiopure compounds is expected to dramatically increase
1,3], the pharmaceutical industry being the main contributor and
riving force of this tendency. The biocatalysis has been heralded
s superior over chemical synthesis to obtain enantiopure sub-
tances due to the high regio- and enantioselectivity. Despite the
mpressive new progress in asymmetric synthesis, the dominant
roduction method to obtain a single enantiomer in industrial syn-
hesis consists of kinetic resolution of racemates [4]. The success
f this method is dependent on the fact that the two enantiomers

eact at different rates with a chirality entity, the biocatalyst.

Room-temperature ionic liquids (ILs), ion containing liquids,
hich combine good and tuneable solubility properties with no
easurable vapour pressure and excellent thermal stabilities, have

∗ Corresponding author. Tel.: +386 2 22 94 461; fax: +386 2 2516 750.
E-mail address: zeljko.knez@uni-mb.si (Ž. Knez).
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ioconversion, the highest possible conversion (50%) was reached with
te higher than 99%.

© 2008 Published by Elsevier B.V.

apidly found a place of choice as valuable environmentally benign
edia substitutes for many volatile solvents [5–9]. With respect to

nzymatic reactions carried out in conventional solvents, reactions
n ILs exhibited several thermodynamic and kinetic behaviours,

hich led to improved process performance [10–14]. Surprisingly,
t is only recently that attention has been focused on the applica-
ion of ILs as reaction media for enantioselective processes [15–17].
he variations possible for tailor-made solvents may have a similar
mpact as the pioneering work of the use of enzymes in pure organic
olvents [18]. Moreover, ILs showed an over-stabilization effect on
iocatalysts [19] on the basis of the double role played by these
eoteric solvents. First, ILs act as a solvent, providing an adequate
icroenvironment for the catalytic action of the enzyme (mass

ransfer phenomena and active catalytic conformation); second, ILs
ay be regarded as liquid immobilization supports, since multi-

oint enzyme–IL interactions (hydrogen, Van der Waals, ionic, etc.)
ay occur, resulting in a flexible supramolecular net able to main-

ain active the protein conformation [20]. However, many enzymes
ere rapidly inactivated in ILs [21].

The disadvantages of using ILs as media for enzymatic reactions
re their high costs. The question about how “green” are ILs, also
ppears, since their synthesis involves toxic reagents. The toxic-

ty effect on humans/environment is still not yet clear, so they are
ather considered as harmful.

Chiral phenylethanol derivatives are important chiral building
locks for pharmaceuticals, agrochemicals and natural products.
ovozym 435, a commercially available Candida antarctica lipase B

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:zeljko.knez@uni-mb.si
dx.doi.org/10.1016/j.molcatb.2008.10.007
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production by enzymatic transesterification reaction of (R,S)-1-
phenylethanol with vinyl acetate as acyl donor in the acylation
reaction was performed. Experiments were carried out in a batch
stirred tank reactor (BSTR), consisting of 100 mL round bottom flask,
magnetically stirred and thermostated in a water bath, by means
Fig. 1. Reaction scheme of kinetic

CALB) preparation has been shown to be an excellent chiral bio-
atalyst for the stereo-selective acylation of racemic alcohols [22]
ue to its very high kinetic resolution (R)-enantiomer yields and
electivity [2,23–25]. Moreover, it is reported to withstand a great
ariation in experimental conditions [26].

In the present work, the enantioselectivity of commercially
vailable immobilized CALB (Novozym 435) for the kinetic res-
lution of racemic sec-alcohols was assayed in different ILs. In
inetic resolution of (R,S)-1-phenylethanol via transesterification,
he acyl donor of choice was an enol ester such as vinyl acetate.
he vinyl alcohol formed as a by-product undergoes keto-enol tau-
omerization to yield the corresponding carbonyl compound, the
cetaldehyde (Fig. 1). Thus this transesterification pathway is much
aster compared to reaction using free carboxylic acids or simple
sters such as ethyl acetate [27]. Previous studies on immobilized-
ipase mediated kinetic resolution of racemic sec-alcohol in ionic
iquids dealt chiefly with enzyme free form assay and the influ-
nce of the IL on the biocatalyst activity [15–17,28]. In this research,
e set out to investigate the enzyme and solvent concentrations

nd the substrates molar ratio conditions on the enantiomer-
cally pure compound (R)-1-phenylethyl acetate formation via
inetic resolution of racemic 1-phenylethanol in three different
Ls, such as (i) 1-butyl-3-methylimidazolium hexafluorophosphate
bmim][PF6], (ii) 1-butyl-3-methylimidazolium tetrafluoroborate
bmim][BF4] and (iii) 1-ethyl-3-methylimidazolium triflimide
emim][NTf2]. Chemical structures of the assayed ILs are depicted in
ig. 2.

. Materials and methods

.1. Materials

(R,S)-1-Phenylethanol (≥98%), vinyl acetate (≥99%), 1-ethyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide [emim]-

NTf2] (≥98%), 1-butyl-3-methylimidazolium hexafluorophos-
hate [bmim][PF6] (≥96%) and 1-butyl-3-methylimidazolium
etrafluoroborate [bmim][BF4] (≥97%) were provided from Fluka
Buchs, Switzerland). n-Heptane (>99%) was purchased from

erck (Darmstadt, Germany). (R)-1-phenylethanol and (S)-1-
henylethanol were obtained from Sigma (Schnelldorf, Germany).
ecane (99+%) was supplied by Aldrich Chemical Co. (Deisenhofen,
ermany).

The commercially available enzyme preparation, CALB—
ovozym 435, a lipase with 1,3-positional specificity (EC 3.1.1.3)
mmobilized on a macroporous anion exchange resin, was kindly
onated from Novozymes AS (Bagsvaerd, Denmark). The crude
nzyme consisted of spherical micronic granules with a mean par-
icle size of about 500 �m. The biocatalyst was used without any
re-treatment.

F
i
t
[

tion of racemic 1-phenylethanol.

.2. Analytical methods

The enantiomers content during the reaction time course was
onitored by an HP 5890 series A gas chromatograph, equipped
ith a FID detector, using helium as carrier gas and a capillary

olumn with a 20% content of permethylated �-cyclodextrin (�-
EX 120, length × I.D. 30 m × 0.25 mm with 0.25 �m film thickness,
upelco, Schnelldorf, Germany), at following temperature program:
73.15 K hold for 5 min, rise up to 393.15 K at rate of 5 K/min, hold
or 12 min and last rise up to 473.15 K hold for 10 min; detector and
njector temperatures were set at 523.15 and 493.15 K, respectively.

.3. Procedure

Enantiomerically pure compound (R)-1-phenylethyl acetate
ig. 2. Chemical structures of three tested ionic liquids: (a) 1-butyl-3-methyl-
midazolium hexafluorophosphate [bmim][PF6], (b) 1-butyl-3-methylimidazolium
etrafluoroborate [bmim][BF4] and (c) 1-ethyl-3-methylimidazolium triflimide
emim][NTf2].
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f a rotating heating mixing system (Rotamix 550 MMH, Tehtnica,
ˇelezniki, Slovenia). The reaction solution was continuously mixed
o ensure a homogeneous dispersion of the enzyme particles in
he reaction medium. The reaction started when the enzyme was
dded to the substrates and was carried out for at least 5 h. The
xperiments were carried out at temperature of 313.15 K and stir-
er rate of 500 rpm, by modulating the operative variables. Aliquots
f the sample were periodically withdrawn from the reaction vessel
t fixed time intervals, suspended in decane (internal standard, IS)
olution in n-heptane and analyzed by GC in order to establish the
roduct formation profile. No reaction was detected in the absence
f the enzyme. The enantiomers of the (R,S)-1-phenylethanol and
f the product (R,S)-1-phenylethyl acetate were baseline separated
n the GC-analysis. The conversion (C) was calculated by applying
he equation, which is valid for irreversible reactions:

= eeR

eeR + eeP
× 100.

t least two experiments were run at each operative condition. The
elative deviation was within ±1%.

. Results and discussion

.1. Effect of the enzyme concentration

The commercial immobilized form of CALB was assayed to cat-
lyze the (R,S)-1-phenylethanol transesterification by using vinyl
cetate as acyl donor. ILs based on the N,N′-dialkylimidazolium
ation were chosen as model reaction media due to the wide
pectrum of physico-chemical properties of this class [10–13]. Con-
erning the anions, bis(trifluoromethylsulfonyl)imide [NTf2

−] has
ttracted particular interest, as it gives particularly thermally sta-
le salts. In the research published to date, it has been regarded
s one of the most suitable for biocatalysis. For this reason, firstly
-ethyl-3-methylimidazolium-IL based on trifluoromethyl sulfon-
mide anion, [NTf2

−], was assayed. CALB concentration was varied
n the range 1.1–4.4% (w/w). At low CALB concentration a very
ow synthesis of (R)-1-phenylethyl acetate was observed. Above a
ovozym 435 concentration of 4.4% (w/w), where after 6 h of reac-

ion 43% conversion was observed, the reaction bulk appeared fully
aturated by the immobilized enzyme preparation. For this reason,
o further experiments were performed at higher CALB amounts.
e expect higher resolution performances at higher biocatalyst

ontents. However, at higher enzyme concentrations the reaction
ould switch from being rate limited to mass transfer-limited [29].

.2. Screening of several ionic liquids

Then, a comparison of reactions performances obtained in
emim][NTf2] with those obtained in ILs based on dialkylim-
dazolium cations associated with mononuclear anions, such
s [BF4

−] and [PF6
−], was proposed. All the assayed ILs,

bmim][PF6], [bmim][BF4] and [emim][NTf2], proved to be ade-
uate media for Novozym 435-mediated transesterification of
ac-1-phenylethanol. For all the three tested ILs, excellent enan-
ioselectivity was observed. The straightforward interpretation of
hese successful results could be due to the exceptional solvent
ower, which results in an enhancement of mass transfer, exhibited
y the three assayed ILs. Both the reactants and products exhibited
o be soluble in the three assayed ILs, producing a single homoge-

ous phase. Previous studies [30] reported that low hydrogen-bond
asicity minimizes interference with the internal hydrogen bonds
f the enzyme. However, due to their different properties [19] with
egard to polarity, hydrophobicity and solvent miscibility behaviour
hrough the combination of the different cation (i.e. 1-alkyl-3-
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ethylimidazolium) and anion (i.e. [BF4
−]; [PF6

−]; [NTf2
−]) ILs

xhibited different performances as reaction media for (R,S)-1-
henylethanol kinetic resolution. The immobilized CALB showed
ood-to-excellent enantioselectivity with a decrease in polarity,
hilst hydrophobicity and viscosity increase of the ILs, the best

esults being obtained with [bmim][PF6]. Under the tested condi-
ions, after 5 h of bioreaction in [bmim][PF6] by using an enzyme
oncentration of 2.2% (w/w), a conversion of (R)-1-phenylethanol
nto its esterified form of 44% and an enantiomeric excess for
eactants (eeR) of 77% were registered. The (R)-1-phenylethanol
onversion profile with time in [bmim][PF6] was clearly higher than
n [bmim][BF4]. The kinetic resolution of rac-1-phenylethanol in
emim][NTf2] was the less successful: conversions and enantios-
lectivity are lower than in [bmim][PF6] and [bmim][BF4], which
ight be due to a protein’s conformational change, occurred in

resence of [emim][NTf2]: the inclusion of the biocatalyst in the
L matrix likely provide the protein with a conformation less suited
o enantioselective action of CALB.

.3. Effect of the IL concentration

IL concentration likely affects the reaction performance by
hanging the rate constant and the reactants solubility. To ascer-
ain the influence of these enzymatic neoteric solvents media,
he IL concentration effect was studied. The influence of IL
oncentration on the immobilized CALB enantioselectivity for
R,S)-1-phenylethanol kinetic resolution was ascertained to be

determining factor for the reaction performance. The (R)-1-
henylethyl acetate yield and the enantiomeric excess for reactants
or three different [bmim][PF6] concentrations, 9.520, 7.578 and
.704 M, at 313.15 K, 500 rpm, dissolving an equimolar vinyl
cetate/rac-1-phenylethanol solution, showed that by increasing
he [bmim][PF6] concentration, the conversion was enhanced.

hen the IL concentration of 9.520 M was used, the highest con-
ersion of the enantiomeric (R)-1-phenylethanol into its esterified
orm increased up to 47%. The synthetic product (R)-1-phenylethyl
cetate was obtained with an eeR of 89, while (S)-ester product was
ever detected.

A series of experiments at the highest [bmim][PF6] concen-
ration (9.520 M) was performed by increasing the biocatalyst
oncentrations, assaying immobilized CALB concentration in the
ange 1.65–6.6% (w/w) (Fig. 3). The excellent stereo-selectivity
f this enzyme was clearly demonstrated by the rapidly reached
omplete conversion of (R)-1-phenylethanol into the enantiopure
R)-1-phenylethyl acetate, whilst (S)-product was never observed.
fter only 3 h of bioconversion, approximately 50% yield in (R)-
-phenylethyl acetate was attained at the highest IL and enzyme
oncentrations. By halving the CALB concentration a lower reaction
ate and yield in the desired enantiopure compound was observed:
t CALB concentration of 1.65% (w/w) an enantiomeric excess for
eactants (eeR) of 91 was achieved after 5 h of bioconversion. Above

Novozym 435 concentration of 6.6% (w/w) the reaction bulk
ppeared fully saturated by the immobilized enzyme preparation.
or this reason, no further experiments were performed at higher
nzyme amounts.

.4. Effect of the substrates molar ratio

Acyl donor/alcohol molar ratio is one of the most important
arameters in enzymatic transesterification. In this reaction, a

ovalently linked acyl-enzyme intermediate is formed and the
ucleophile attack by water results in ester hydrolysis, although
he presence of another nucleophile, namely rac-1-phenylethanol,

ight involve the formation of the transesterification product. This
atter synthetic pathway may be regarded as a kinetically con-
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ig. 3. Enzymatic kinetic (R,S)-1-phenylethanol resolution over immobilized CALB
t 313.15 K, 500 rpm, using an equimolar ratio of vinyl acetate/(R,S)-1-phenylethano

rolled process, where the rapid accumulation of the acyl-enzyme
ntermediate and the preferential nucleophilic attack by the alco-
ol are essential. The first condition is enhanced by the use of
ctivated acid acyl donors such as vinyl esters, since the vinyl alco-
ol released in the degradation of the vinyl ester tautomerizes to
cetaldehyde, which cannot act as substrate for the enzyme [31].
nol esters, such as vinyl and isopropenyl esters, are the most
idely used irreversible donors [32]. The second condition may

rise from using reaction media with very low water content (lower
han 0.05%) with high nucleophile concentration. Since the reaction
s reversible, an increase in the acyl donor concentration should
esult in higher product yields and shift the chemical equilibrium
owards the synthesis. However, high substrates concentration may
low down the reaction rates due to inhibition phenomenon occur-
ing. Therefore, in the present study the nucleophile concentration
xcess for the (R)-1-phenylethyl acetate formation was optimized.
he effect of substrate vinyl acetate/(R,S)-1-phenylethanol molar
atio on the final conversion was studied at acyl donor/alcohol
olar ratios of 1/2, 1/l and 2/l, under the following reaction con-

itions: 3.3% (w/w) of biocatalyst, 313.15 K and 500 rpm. Rising the
cyl donor molar concentration with respect to the alcohol con-
entration a higher yield in the desired enantiopure compound was
chieved. The highest activity in term of enantioselectivity by using
n acyl donor/alcohol molar ratio of 2/1 was shown by the chiral
atalyst. Under the tested conditions, after 3 h of bioconversion a
omplete conversion of (R)-1-phenylethanol into the enantiopure
R)-1-phenylethyl acetate was attained and an enantiomeric excess
or reactants (eeR) higher than 99 was registered.

. Conclusions

Performing biocatalytic conversions in ILs can be beneficial with
egard to activity, (enantio)selectivity and stability [33]. In the
resent work the kinetic resolution of racemic 1-phenylethanol
ver immobilized CALB as the chiral catalyst and vinyl acetate as
he acyl donor was performed, screening several ILs as reaction

edia. ILs resulted excellent reaction media for enzyme-catalyzed
esolution of racemic mixtures, exhibiting very widely tuneable
roperties with regard to polarity, hydrophobicity and solvent mis-

ibility behaviour. This study has highlighted that by increasing
he amount of the chiral catalyst, the suitable solvent and the
cyl donor is a successful approach. The results presented here
learly demonstrated the potential of ILs for enzymatic biotrans-
ormations. Further tests are being conducted to investigate the

[
[
[

[

6.6% (w/w), (�) 3.3% (w/w), (�) 1.65% (w/w), dispersed in 9.520 M of [bmim][PF6]
volume of the reaction mixture was 1.7 mL.

nzymatic resolution of 1-phenylethanol racemates in ionic liq-
id/supercritical carbon dioxide biphasic systems in order to carry
ut an integral green biocatalytic processes.
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