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Abstract

Candidarugosdipase has shown to retain catalytic activity in ionic liquids. In this work, enantioselectivity of this enzyme in the esterification
of 2-substituted-propanoic acids and 1-butanol is compared in ionic liquids and organic solvents. The role of solvent hydrophoBigity (log
water content and the effect of substituents are evaluated. Optimal water concentration in the reaction media was determined, where the
enzyme shows maximal activity and enantioselectivity. Enantioselectivity can be improved when chlorine substituent was replaced by slightly
bigger size bromine. Contrary to reactions in common organic solvents, there was no need for purification steps following the reaction
in ionic liquids in order to recycle the enzyme. In 1-butyl-3-methyl-imidazolium-hexafluoro-phosphate ([brg)rajirf-1-octyl-3-nonyl-
imidazolium-hexafluoro-phosphate ([onimjkonic liquids, C. rugosalipase could be recycled five times without appreciable activity or
enantioselectivity losses.
© 2004 Elsevier B.V. All rights reserved.

Keywords: lonic liquid; Candida rugosdipase; Enantioselective esterification; Water activity; Hydrophobicity

1. Introduction organic solvents or even assure better conditions, since many
enzymes have higher stability, activity and selectivity inionic
The number of the possible biocatalytic pathways lead- liquids than in organic solven{g8—6].
ing to a given product has been multiplied since itturned out ~ Beyond the fact that ionic liquids are considered as green
that enzymes are able to work not only in agueous systemssolvents, one of their further advantages is that—unlike or-
(their natural media), but in organic solvents, as well. Some ganic solvents—they can be “tailored” by selecting the proper
of the enzymes showed enhanced stability, activity and selec-cation and anion species. In case of organic solvents, the
tivity in the new non-conventional reaction media, thus the properties of the media can only be modified by applying
application of biocatalysts has been considerably widenedsolvent mixtures or some kind of additives, like water-
[1]. Application of organic solvents—as the most often used mimicking additive (e.g. ethylene-glycol (EG), polyethylene-
non-conventional reaction media—has, however, numerousglycol (PEG))[7]. For enzymatic reactions, in particular, this
disadvantages: they may be flammable, toxic, volatile, which is extremely important, since it is well known that the nature
makes the separation more difficult and the hazard of envi- of reaction media has significant effect on the activity and se-
ronmental pollution increases due to solvent loss. Usage oflectivity of enzymes. Varying the solvent, the substrate speci-
ionic liquids as green solvents seems to eliminate these draw-icity [8] and enantioselectiviti] of the enzyme may turn.
backs, while it is possible to keep the advantages of common  One of the most studied properties of the solvents is their
hydrophobicity (logP). In general, it is not possible to pre-
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also be found11]. There are even special cases, where no 2-chloro-, and 2-bromo-propanoic acids were obtained from
correlation between the Idgvalue and enzyme enantioselec- Merck (Darmstadt, Germany), other 2-substituted-propanoic
tivity was detected12]. In addition to this, dipole moment acids (2-metoxy-, 2-ethoxy-, 2-propoxy-, 2-iSopropoxy-,
and dielectric constant of the solvents have been found inand 2-phenoxy-propanoic acids were synthesised from
some systems to provide correlation to enzyme enantiose-2-chloro-propanoic acid, through the patent developed by us
lectivity [11]. So far, a general mechanism on the effect of [19]. Their purity, which was analysed by gas chromatog-
solvents has not been accepted, although various models wereaphy, exceeded 98% in all cases. lonic liquids [bmimg]PF
elaborated13]. (1-butyl-3-methylimidazolium hexafluorophosphate),

The amount of free water available for the enzyme can [onim]PFs (1-octyl-3-nonylimidazolium hexafluorophos-
be estimated by the water activity of the reaction medium phate) and [bmim]BE (1-butyl-3-methylimidazolium
[14]. It has great influence both on the reaction rate and thetetrafluoroborate) were from Solvent Innovation GmbH
selectivity. Therefore, in order to study the effect of solvents, (Cologne, Germany). 1-Butanol and all the other solvents
the most accurate method is to keep the water activity at awere products of Reanal Ltd. (Budapest, Hungary).
constant level during reactions in each solvent.

However, the great drawback of the methods applied for 2.2. Esterification without water control
keeping the water activity at a constant level is that addi-
tives may be necessary in the reaction medium (molecular In a typical experimental procedure, 2-chloro-propanoic
sieves, salt-hydratd44], salt solutiong4,15]). As a result, acid (0.2 M) and 1-butanol (1.2 M) were placed into screw-
product separation and enzyme recycling may become trou-capped vials and dissolved in the appropriate amount of sol-
blesome. Moreover, the application of salt-hydrates and saltvent. Reaction mixtures were shaken in a New Brunswick G
solutions is limited by the temperature, since many salts be- 24 horizontal incubator shaker at 30 and the reaction was
come unstable at elevated temperatures. For these reasonstarted by adding lyophilised enzyme powder (0.4 g/108)cm
either transesterification reactions have been studied, wherdo the reaction mixture. Water content was controlled and ad-
water formation is not occurring (having no effect on water justed using a Mettler DL35 automatic Karl-Fischer titrator.
activity in the reaction mixturel4,16], or in case of ester-
ification reactions water concentration is kept at a constant2.3. Esterification with water control
level instead of water activitjd 7].

Earlier the changes iBandida rugoséipase activity in es- Water produced during esterification reaction was re-
terification reaction of racemic 2-chloro-propanoic acid and moved in a standard laboratory pervaporation uRig(2)
1-butanol have been studied measuring the reaction rate and20]. The reaction mixture (liquid) was circulated on the
conversion in differentionic liquids and common organic sol- primary side of the pervaporation cell, while the permeate
vents[18]. In this work—as a continuation of our research (vapour) was condensed in cold traps cooled by dry-ice. Hy-
program—enantioselectivity and enzyme recycling in ionic drophilic membrane PERVAP2201 from Sulzer Chemtech
liquids and organic solvents are compared during the esteri-GmbH, Germany with an effective membrane area of 1& cm
fication of different 2-substituted-propanoic aciésy; 1). was used. The pervaporation experiments were carried out at

30°C (temperature of the reaction mixture) and a permeate
pressure of 10kPa, the feed volume used was 30roin
2. Materials and methods throughout all experiments.

2.1. Materials and enzyme 2.4. GC analysis

C. rugosalipase (E.C. 3.1.1.3.) (nominal activity: 943 U/ Esterification reaction was followed by an HP 5890A
MGenzyme Was from Sigma (St. Louis, MI, USA). Racemic type GC using a 25m FS-LIPODEX E chiral capillary

H H
| //O C.rugosa lipase ' //O
(R,S)-H:,C_‘C—C\ + HO —CH, : (R)-H:,C—'(_: —C\ + H,0
|X OH organig I‘solvem § [o] _C4H9
ionic liquid X
+
H
: p
(S)- H30—C—C\
OH

X

X: Cl-, Br-, MeO-, EtO-, PrO-, iPrO-, PheO-

Fig. 1. Lipase-catalysed enantioselective esterification of 2-substituted-propanoic acids with 1-butanol.
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Fig. 2. Schematics of the apparatus for continuous water removal by pervaporation R — feadfeermometerk — condenserP® — pump M — membrane
module, C1, C2 — cold traps, S1, S2 — silicpAe- zeolite, VP — vacuum pump, 1, 2 — valves, B pressure gauge.

column from Macherey-Nagel (Aachen, Germany). The sam- 3. Results and discussion

ples from organic solvents were directly injected to the capil-

lary column. In case of ionic liquid containing reaction mix- 3.1. Role of solvents

tures, products and unreacted substrates were extracted by 3

x 2 mlof n-hexane, and then injected to the GC column. The  As reaction media for the esterification & £)-2-chloro-
activity of the lipase was characterised by the amountR®pef(  propanoic acid and 1-butanol, [bmim]§Honim]PF and

and @-ester products. The enantioselectivity®birugosdi- [bmim]BF;4 ionic liquids andn-hexane, toluene and tetrahy-
pase characterised by the enantiomeric ratio was calculateddrofuran were selected due to the wide Ptange of these

by the method of Chen et §21] for reversible reactions. All  solvents Table J). In order to study the clear effect of these
experiments were conducted twice and the maximum devia-solvents on enzyme activity, reaction rate data obtained at

tions were <6%. the same water activity (same hydration of the enzyme) must
be compared. Therefore, first water amount necessary in the
2.5. Enzyme recycling reaction media for optimal hydration @. rugosalipase

was determined in each solvent by adjusting different wa-
After reaction inn-hexane, toluene and tetrahydofuran, ter concentrations (0.08-0.77 mol/@mater concentrations
enzyme preparation was filtered off from the reaction mix- according to solvent |oB) in the reaction mixtures prior to
ture, washed, dried and then used in the same esterificatiorstarting the reactions. Instead of using continuous water ac-
reaction. However, in case of reactions in ionic liquids where tivity control during esterifications, only short-term experi-
enzyme preparation remained in the ionic liquid phase, it was ments were carried out. Reactions were followed up to only
enough to separate the hexane phase containing the products0% conversion or for 5 h reaction time and the limiting acid
and unreacted substrates from the ionic liquid phase. Thensubstrate was applied in high dilution (low concentration).
fresh substrates were added to the ionic liquid containing the Under these conditions, up to 10% conversion of the acid
enzyme preparation, and the water content was measured angubstrate, the increase in the initial water concentration and
adjusted. After reaction, these procedures were repeated irthe amount of 2-chloro-propanoate butyl ester product as well

four more cycles. as the decrease in the 2-chloro-propanoic acid and 1-butanol
Table 1

Yield and enantioselectivity in the esterification 8$)-2-substituted-propanoic acids at initial water contegtgyield), andcy (E)

Solvent logP cw(yield) (mol/dn?) Yield (%) E cw(E) (mol/dr?) Yield (%) E
[bmim]BF4 —2.44+0.23 0.54 46 5 046 40 6
[bmim]PFs —2.38+0.28 0.38 290 18 031 262 20
[onim]PFs —2.19+0.24 0.31 134 24 Q023 89 25
Tetrahydrofuran 05 0.38 43 4 031 32 5
Toluene 25 0.23 139 3 015 101 5
n-Hexane 358 0.15 361 8 008 317 10

Reaction time: 2 h.
a Jog P values were measured by the “shake flask” mefl2@i
b Literature data.
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concentration was only 0.02 mol/dniThese small changes 8.6 mol/hg, which is only 4.4% lower than the reaction rate
in the composition of the substrates and products had noat 0.155 mol/dr& water concentration. Thus, it can be stated
strong influence on the polarity characteristics of the whole that the effect of water concentration change caused by the
reaction mixture. As a consequence, at the initial stage of thewater produced up to 10% conversion on the enzyme activity
esterification, water activity can be considered constant.  is negligible.

Based on data obtained up to 10% conversion, reaction In Table 1 two sets of yield and values are summa-
rates and enantioselectivities were calculated. Both the en-fized: yield and enantioselectivity data in the left were ob-
zyme activity and the enantioselectivity as a function of wa- served aty(yield) water concentrations (assuring optimal
ter concentration varied along bell shape curves. The maximahydration from activity aspect), however data in the right side
of reaction rate versus water concentration curves determinewere obtained aty(E) water concentrations (assuring opti-
the water concentrations where the esterification of 2-chloro- mal hydration from selectivity aspect). It can be seen, that the
propanoic acid and 1-butanol proceeds with the highest reac-yield decreased when lower hydratian, (E)) was provided
tion rate. Similarly, the maxima of values versus water for the enzyme. Similarly, when higher water concentration
concentration curves determine the water concentrations(Cw(yi€ld)), was provided for the enzyme where the highest
where the highedE value can be obtained at these particular €nzyme activity could be obtained, tRelecreased. It shows
reaction conditions. The former water concentration provid- again, thaC. rugosalipase requires different conditions de-
ing optimal hydration for the enzyme from activity aspect Pending on that its activity or selectivity are preferred in the
will be referred ax,,(yield) while the latter one providing ~ particular reaction.
optimal hydration for the enzyme from enantioselectivity as- ~ Enzyme activity observed in ionic liquids and common
pect ascy(E) throughout this paper. In each solvegy(E) organic solvents was in the same order of magnitude. The
was tended to be lower thas(yield) (Table 1. It can be highest yield could be reachedrirhexane (36.1%) followed
explained by the fact that lower hydration level enhance the by [bmim]PFg ionic liquid (29.0%) at water concentrations
rigidity of enzymes and so improve the enantioselectivity. ~ 0f 0.15 and 0.38 mol/dfyrespectively Table 3. Contrary to

The slope of reaction rate versus water concentration the activity, remarkable higher enantioselectivities were ob-
curves Fig. 3 shows how small changes in the water con- tained in [omim]Pk and [onim]PF ionic liquids compared
centration effect the reaction rate. In order to confirm that to that obtained in the organic solvents. In [bmimndRE =
the effect of 0.02 mol/dfhwater concentration increase as a 20) and [onim]PE (E = 25) ionic liquids at,(E) water con-
result of water produced up to 10% conversion is negligible, centrationsg was higher than in-hexane g = 10) by 2 and
the variation in the reaction rate as the effect of 0.02 mot/dm 2.5 times, respectively.
water produced up to 10% conversion was calculated foreach In order to evaluate the role of solvents, Park and
solvent. Kazlauskas have studied the relation between Reichardt's

Among the reaction rate versus water concentration curvespolarity of some ionic liquids and common organic solvents
(Fig. 3) the slope is highest in casemhexane, which means ~ and the activity ofPseudomonas cepacipase in a recent
that a unit increase in water concentration causes the largespaper[22]. They showed that in common organic solvents
change in reaction rate in case mhexane solvent. When  With Reichardt's polarity lower than 0.5 the activity of
the initial water concentration is 0.155 mol/8r(cy,(yield) Pseudomonas cepaciégpase is in inverse proportion to
in hexane), 10% conversion of the acid will increase the wa- solvent polarity (enzyme activity decreased with the increase
ter concentration of the reaction mixture with 12.9%, i.e. Of solventpolarity) while in the more polar ionic liquids (Re-
the actual water concentration will be 0.174 molfdmhe ichardt’s polarity between 0.6 and 0.8), enzyme activity is in
actual reaction rate can be determined by interpolation asdirect proportion to solvent polarity. Similarly, we studied the
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Fig. 3. Effect of water concentration on the reaction rate and enantioselectivity in the esterificaRf$)-@F ¢hloro-propanoic acid (10% conversion,°&t):
() toluene; W) n-hexane; @) tetrahydrofuran;{J) [omim]PFs; (A) [onim]PFs; (O) [bmim]BF4.
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5 8 Table 2

ﬁ Effect of water removal on the yield in the esterification Bf)-2-chloro-

= 71 propanoic acid catalysed Ify. rugosalipase

2 9 Solvent Yield (%)

2 5 5

s E Without water With water removal

§‘{:; & removal (constant water content)
~ 3 . .

g A [bmim]PRs 376 482

& 21 o [onim]PFs 238 318

8 14 .___.“ i Toluene 219 305

':9 0 Aiae B -AAA-- --A""" : ‘ n-Hexane 438 503

i 0 1 2 3 4 5 6 7 5h,T=30°C, cw(E) initial water concentration in each solvent as itiis listed

Time, h in Table 1

Fig. 4. Formation oflR)-, and §)-2-chloro-propanoate bgtyl ester ove_rtime influence on the enzyme performarj2d]. In order to study

(T =30°C, G = G(E) = constant): W) n-hexane; £) [onim]PF. Contin- the reactions of chiral propanoic acids containing differ-

uous line curves show the formation @)¢, while the broken line curves i ds i " . her 2-substi d .

show the formation of$)-ester isomers. en_t igands ina-position, _SIX ot er_ -Su StItU'Fe -propanoic
acids were selected and involved in the studies. Enzyme ac-

possible connections between the Rgalues of the ionic  tivity and enantioselectivity in the esterification 6§-2-
liquids and the activity, enantioselectivity &. rugosa  Br-» MeO-, EtO-, PrO-jPrO- and PheO-propanoic acids in
lipase. So far, the correlation between the octanoliwater [PMiM]PFs ionic liquid and n-hexane were compared. In
partition coefficient of ionic liquids and the performance N-hexane 0.08 mol/dfy while in [bmim]PF; ionic liquid
of different enzymes has not been widely published yet. 0.31 mol/dn? Water concgntratlons were adjusted and con-
Moreover, data only on the Idgof [omim]PRs (—2.39+  trolled according to data imable 1 _ _
0.27) could be found in the literatuf23]. We measured the Esterification of all the six racemic 2-substituted-
10g Poctanojwater Of [omim]PFs, [onim]PRs and [bmim]BR, propanoic acids proceeded vv_lth measuraplg reaction ra’Fe.
ionic liquids by the so-called “shake flask” method which Electron acceptor halo substituents containing propanoic
utilizes the fact that imidazolium ring present in these ionic acids showed higher reactivity than the alkoxy- and phenoxy-
liquids absorbs strongly at 211 r@8]. For all ionic liquids, ~ Propanoic acids Table 3. Furthermore, in case of the
the average of three parallel measurements were calculated?'dger size bromine substituent containirig§)-2-bromo-
(Table 7). Despite the highly hydrophilic character of ionic Propanoic acid, enzyme activity was lower but the enantiose-
liquids (logP is below zero)g,,(E) andcy(yield) in organic lectivity was higher compared to 2-chloro-propanoic acw!. It
solvents and ionic liquids are in the same range. This fact ¢an be, therefore, concluded that electron acceptor and bigger
together with the variation of yield arwith solvent logP size s_ut_)st!tuent in-position of the 9h_|ral propanoic acid is
indicates that solvent hydrophobicity cannot be correlated beneficial in terms of enantioselectivity.
with activity or enantioselectivity of. rugosalipase. Based on literature data, and data observed by our group,
SinceC. rugosalipase showed only very low activity in esterlflcatlons of chlr.al'2—subst|tuteQ—propan0|c acids should
tetrahydrofuran and [bmim]Bfionic liquid (Fig. 3) these ~ Pe discussed by dividing these acids into two groyps:
solvents were not involved in further studies. In [omimjpF  fénscontaining aryl substituents amdn-profenscontaining
[onim]PFs, toluene andi-hexane solvents long-term exper- Other substituents in the chiral acid molecule. The esterifi-
iments were conducted. In order to decrease the hydrolysiscation reactions of the two groups differ significantly taken
side reaction occurring as a result of water producing dur- INto account reaction rate and enantioselectivity. Esterifica-
ing esterification, continuous water removal was applied. In tion of chiral propanoic acids containing halo, halophenoxy
each solvent, water concentration optimal from enantioselec-and alkoxy substituents takes place approximately three order
tivity aspect were adjusted and controlled by pervaporation.
The formation of R)-, and §)-2-chloro-propanoate butyl es-  Table 3 _ o o _
ters were followedKig. 4) and the reaction rate as well as Yleld‘and enantlosglect_lVlty in the esterification of differe,g)-2-
the E were calculated. As a consequence of shifting the es- substituted-propanalc acids

terification equilibrium, reaction yield increasetaple 3. X ‘substituent  Conversion (%) E
As it was expected, equilibrium concentrations Bf-( and n-Hexane  [bmim]PE  n-Hexane  [bmim]PE
(9-propanoate esters were enhanced, thereforgas not Chlorine 317 262 10 20
influenced by continuous removal of water as by-product.  Bromine 245 205 18 29
Methoxy 292 213 16 25
3.2. Role of substituents E:gz)c?:(y 21172 i;g 13 il,
Isopropoxy 100 108 7 14
It is well known, that the size and the e-acceptor/donor Phenoxy 2 6.2 4 10

character of the substituent(s) in the chiral substrates have2 h, c,(E) water concentration in each solvent as it is listedable 1
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of magnitude higher rate under the same reaction conditions,50% lowerE value was obtained when the enzyme was used
and applying sam€. rugosalipase concentration, but the in the fifth recycling.

selectivity of the esterification reactions is much lower. The

enantiomeric ratio was 12 in the resolution of racemig@2-(

chloro-phenoxy)propanoic acid with 1-butanol (with same 4. conclusions

substrate an€. rugosalipase concentration) ilso-octane

[21]. In the esterification reaction of 2-chloro-propanoic acid In our previous workC. rugosalipase showed compara-
and 1-butanolE varied between 3 and 25 depending on the pje or higher activity in the esterification oR(S)-2-chloro-
solvent. In case of profens much higher enantioselectiély (  propanoic acids in ionic liquids compared to thatihexane

can be achieved in the similar reactions because >88%  [18]. Here, the range of 2-substituted-propanoic acids ester-

value can be obtained at 50% conversi28]. ified in ionic liquids has been extended. This study demon-
strated that application of [omim]RFRand [onim]PFk ionic
3.3. Enzyme recycling liquids is beneficial from not only enzyme activity, but enan-

tioselectivity aspect as well. In the esterification 8S)-
When enzyme preparation is to be used repeatedly in reac-2-chloro-propanoic acid, 98 and 150% higher enantioselec-
tions in common organic solvents, first, enzyme preparation tivity could be achieved in [bmim]Rfand [onim]PF ionic
must be filtered off, then washed and dried before applied for liquids than inn-hexane.
the catalysis of another reaction. In ionic liquids, however, ~ One of the great advantage of ionic liquids is that enzyme
following product extraction by-hexane, enzyme prepara- recycling is much more easy compared to common organic
tion remains in the ionic liquid phase, therefore, there is no solvents. The purification steps before reuse of the enzyme
need for further purification of the enzyme. It can be used preparation can be eliminated, therefore, enzyme, solventand
again for the catalysis of the same reaction, only the watertime can be savedC. rugosalipase maintained its activity
content must be adjusted and controlled. Because of this fea-after recycling five times in ionic liquids. Moreover, during
ture of ionic liquids, solvent and enzyme losses, process timethe fifth reuse of the lipase in [bmim]BFand [onim]Pk
as well as money can be saved by eliminating the treatmentionic liquids, enantioselectivity decreased only by 10 and
steps before recycling. 15%, respectively, while the enzyme performed only 50% of
In order to evaluate the possibility of enzyme recycling in its initial enantioselectivity im-hexane.
ionic liquids, enzyme preparation was used in five consec-  Although theE values throughout this study were not high
utive esterification reactions. The activity of recycled lipase enough foran industrial application the significantincrease in
(relative activity) is expressed as the percentage of its ini- theEvaluesin PEanion containingionic liquidsis promising
tial activity (100%) obtained in the first reaction. In order to €specially when consider that in these experiments free lipase
avoid the effect of water by-product, pervaporation was used preparation was applied without any purification or treatment.
again. SurprisinglyC. rugosaipase retained 92 and 95% of ~ Since additives (for water removal or to imprdzZpwere not
its original activity after recycling five times in [omim]RF  used, ionic liquids as well as the enzyme preparation itself
and [onim]PF ionic liquids Fig. 5. While inn-hexane and  canbe easily recycled. As aconsequence, solventand enzyme
toluene, initial activity decreased to 55 and 50%, respectively. losses could be markedly decreased.
Moreover, relative enantioselectivity of recycl€d rugosa In order to find explanation for the improved enzyme per-
lipase in [bmim]Pk and [onim]PF ionic liquids decreased ~ formance in ionic liquids, further experiments are necessary.
only by 10 and 15% comparedehexane, where more than It is worth investigating other ionic liquids and substrates as
well in order to find relation between the structure of ionic
liquids, substrates and enzyme catalysis.
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