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a b s t r a c t

Lipase Pseudomonas cepacia (PS) catalyzed transesterification of ethyl 3-phenylpropanoate with eleven
alcohols was investigated in three ionic liquids [ILs], [Bmim]BF4, [Bmim]PF6, and [Bmim]Tf2N, consist-
ing of an identical cation and different anions. The yields were higher in hydrophobic ILs [Bmim]Tf2N
(55–96%) and [Bmim]PF6 (22–95%), than in hydrophilic [Bmim]BF4 (0–19%). The incubation of lipase PS
eywords:
onic liquids
ransesterification
seudomonas cepacia lipase
thyl 3-phenylpropanoate

in hydrophobic ILs for a period of 20–300 days at room temperature resulted in an increased yield of
62–98% in [Bmim]Tf2N and 45–98% in [Bmim]PF6, respectively. The lipase PS-hydrophobic IL mixture was
recycled five times without any decrease in the yield of the products. In another set of experiments, the
hydrolytic activity of the enzyme was determined after incubation in each of the three ILs and in hexane
for 20 days at room temperature. It was found to be 1.8- and 1.6-fold higher in [Bmim]Tf2N and [Bmim]PF6,
respectively, remained unchanged in [Bmim]BF4 and was 1.6 times lower in hexane as compared to the
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non-incubated enzyme.

. Introduction

Enzymatic reactions carried out in ionic liquids [ILs] report-
dly have high activity, good enantioselectivity, high reaction rates,
igh thermal and operational stability [1–4]. It is also known that
he effect of various ILs on enzymatic reactions varies widely and
npredictably [5–10]. The ILs commonly used for biocatalysis con-
ain an imidazolium based cation with anions such as BF4, PF6 and
f2N [11]. Most properties of ILs such as hydrophobicity, miscibil-
ty with organic solvents, ability to dissolve organic and inorganic
olutes mainly depend on the anion [12–14].
Earlier work from our laboratory reported that lipase Pseu-
omonas cepacia (PS) catalyzed transesterification of ethyl
-phenylpropanoate, when carried out with a variety of alcohols,

n different organic solvents resulted in transesterification only

Abbreviations: IL, ionic liquids; lipase PS, Pseudomonas cepacia lipase;
Bmim]BF4, 1-butyl-3-methylimidazolium tetrafluoroborate; [Bmim]PF6,
-butyl-3-methylimidazolium hexafluorophosphate; [Bmim]Tf2N, 1-butyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide; S.D., standard deviation;
MF, N,N-dimethylformamide; CAL-B, Candida Antarctica lipase B; [Emim]Tf2N,
-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [Bm3N]Tf2N,
utyltrimethylammonium bis(trifluoromethylsulfonyl)imide.
∗ Corresponding author at: Laboratory of Bioorganic Chemistry, Department of
iotechnology, Indian Institute of Technology Madras, Chennai 600036, India.
el.: +91 44 2257 4106; fax: +91 44 2257 4102.

E-mail address: anjuc@iitm.ac.in (A. Chadha).
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ith butanol in 92% yield [15,16]. 3-Phenylpropanoic acid esters
re important organic molecules and find application in the fla-
or and fragrance industry [17]. Since ILs were used as suitable
edia for carrying out lipase catalyzed reactions [7,13,18–20], and

s part of our continuing interest in developing ‘green’ methods
or the preparation of important organic molecules, we carried out
he biocatalyzed transesterification of ethyl 3-phenylpropanoate in
Ls with eleven alcohols (Scheme 1). In order to evaluate the influ-
nce of anions on the catalytic performance of lipase PS, three ILs,
Bmim]BF4, [Bmim]PF6 and [Bmim]Tf2N, with an identical cation
Bmim) and different anions [BF4, PF6 and Tf2N] were selected as
eaction media for this transesterification reaction. The long-term
tability of the enzyme in hydrophobic ILs up to a period of 10
onths was also examined. This is the first report demonstrat-

ng that lipase PS incubated in hydrophobic ILs for long periods
20–300 days) resulted in an increase in activity. The recycling of
ipase PS-hydrophobic IL mixture was also investigated.

. Experimental procedures

.1. Materials
ILs [Bmim]BF4, [Bmim]PF6 and [Bmim]Tf2N were prepared
nd purified following reported procedures [7,8]. Lipase PS was
ought from Amano Pharmaceuticals Co., Nagoya, Japan. All other
hemicals were purchased from commercial sources and were of

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:anjuc@iitm.ac.in
dx.doi.org/10.1016/j.molcatb.2008.08.007
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Scheme 1. Lipase PS catalyzed transeste

nalytical grade. The transesterified products were identified by
Nucon Gas Chromatograph (5700 series) using Flame Ionization
etector (FID). An SE-30 column operating isothermally at 160 ◦C
as used to identify the enzymatically formed ester. The injec-

or and detector were kept at 280 ◦C. Column chromatography was
one on silica gel (100–200 mesh). All UV measurements were car-
ied out on a Jasco V 530 spectrophotometer. 1H NMR and 13C NMR
pectra were recorded in CDCl3 on a JEOL GSX-400 MHz spectrom-
ter. Chemical shifts are expressed in ppm values using TMS as an
nternal standard. IR spectra were recorded on a Shimadzu IR 470
nstrument. Mass spectra were recorded on a Q TOF micromass
pectrometer. TLC was done by using Kieselgel 60 F254 aluminium
heets (Merck 1.05554). The water content in the ILs was deter-
ined with an 831 Metrohm Karl-Fischer coulometer.

.2. Preparation of standard esters

3-Phenylpropanoic acid esters were prepared by the reported
rocedure [15]. All the 3-phenylpropanoic acid esters, except decyl-
-phenylpropanoate (Table 1 entry 10) are reported earlier. These
ere characterized by 1H and 13C NMR and compared with lit-

rature data [21]. Decyl-3-phenylpropanoate was obtained as a
olorless liquid in 61% yield after purification on a silica gel col-
mn using hexane as solvent. 1H NMR (CDCl3, 400 MHz) ı ppm:
.33–7.22 (m, 5H, Ph), 4.10–4.07 (t, 2H, CH2, J = 6.8 Hz), 3.00–2.96
t, 2H, CH2, J = 7.8 Hz), 2.67–2.63 (t, 2H, CH2, J = 7.3 Hz), 1.29–1.61
m, 16H, CH2), 0.93–0.89 (t, 3H, CH3, J = 7.3 Hz); 13C NMR (CDCl3,
00 MHz) ı ppm: 172.9, 140.5, 128.4, 128.2, 126.1, 64.5, 35.8, 31.8,
0.9, 29.4, 29.2, 29.2, 28.5, 25.8, 22.6, 14.0; IR (neat, cm−1): 2925,
736, 1455, 1162; HRMS (EI): calculated for C19H30O2Na (M+Na)+,
13.2151; found 313.2144.
The retention times [in minutes] for the esters on GC
ere as follows: methyl 3-phenylpropanoate: 1.59, ethyl 3-
henylpropanoate: 2.35, propyl 3-phenylpropanoate: 3.28, butyl 3-
henylpropanoate: 4.45, pentyl 3-phenylpropanoate: 7.25, hexyl 3-

able 1
ipase PS catalyzed transesterification of 1 in ILs

ROH log P Yield % of ester formed in

[Bmim]BF4 [Bmim]PF6 [Bmim]Tf2N
48 h 48 h 24 h

1 CH3OH −0.76 0 22 60
2 CH3(CH2)2OH 0.344 19 55 66
3 (CH3)2CHOH 0.691 11 42 55
4 CH3(CH2)3OH 0.875 19 95 96
5 CH3(CH2)4OH 1.407 14 65 83
6 (CH3)2CHCH2CH2OH 1.223 19 70 88
7 CH3(CH2)5OH 1.938 17 58 73
8 CH3(CH2)6OH 2.469 10 52 64
9 CH3(CH2)7OH 3.001 13 33 78

10 CH3(CH2)9OH 4.063 10 30 54
11 C6H5CH2OH 1.035 10 62 80

he reaction mixture was kept in shaker at 50 ◦C at 250 rpm for 24–48 h.
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ion of ethyl 3-phenylpropanoate in ILs.

henylpropanoate: 13.26, heptyl 3-phenylpropanoate: 20.24, octyl
-phenylpropanoate: 32.14, decyl 3-phenylpropanoate: 44.05, 3-
ethyl-1-butyl 3-phenylpropanoate: 7.05, benzylpropanoate: 7.00,

-methyl ethyl 3-phenylpropanoate: 4.07.

.3. Typical procedure for lipase PS catalyzed transesterification
f ethyl 3-phenylpropanoate in ILs

To screw capped test tubes of 3 mL capacity ethyl 3-
henylpropanoate (50 mg, 0.28 mmol), alcohol (0.56 mmol), 1 mL
f IL and 50 mg of lipase PS were added. This mixture was kept in an
rbital shaker at 50 ◦C at 250 rpm for 48 h (Scheme 1). At intervals
f 8 h, aliquots of 50 �L were taken in 1 mL of hexane–ethyl acetate
90:10). This biphasic mixture was vortexed for 2 min to extract all
he reactants and product to the organic layer and analyzed by GC to

onitor the time course of the reaction (extraction efficiency was
99%). After the completion of the reaction, the reaction mixture
as extracted into hexane–ethyl acetate (90:10; 2 mL × 3), concen-

rated, purified by column chromatography and characterized as
iven in Section 2.2.

.4. Lipase PS-IL recyclability for transesterification

On completion of the transesterification reaction and separa-
ion of the products from the reaction medium, [Bmim]PF6 and
Bmim]Tf2N containing the lipase were recharged with a fresh set
f substrates and the transesterification was carried out as given in
ection 2.3.

.5. Determination of hydrolytic activity of lipase PS

Enzyme activity was determined by the of 4-nitrophenyl palmi-
ate assay [22], with modifications. The reaction was started by
dding 100 �L of a uniform suspension of lipase PS in IL or hex-
ne (0.5 mg in 500 �L) to 100 �L 0.8 mM solution of 4-nitrophenyl
almitate (6.04 mg dissolved in 500 �L of DMF, made up to 20 mL
ith water). The final volume was made up to 1 mL with IL or hex-

ne. This mixture was incubated at 37 ◦C for 10 min. The reaction
as arrested by addition of 2 mL of 0.3 M sodium carbonate solu-

ion. A blank correction for each sample was done. Enzyme activity
as determined by measuring the increase in absorbance at 412 nm
roduced by the release of 4-nitrophenol by the enzymatic hydrol-
sis of 4-nitrophenyl palmitate. All experiments were carried out in
uplicate providing a S.D. of less than 0.5%. One unit of hydrolytic
ctivity is expressed as �mol of the product (4-nitrophenol) formed
er minute by 1 mg of lipase PS.
.6. Stability of lipase PS in ILs

.6.1. Transesterification with lipase PS incubated in IL
To screw capped test tubes of 3 mL capacity, 50 mg of lipase PS

nd 1 mL of [Bmim]PF6 or [Bmim]Tf2N were added. The resulting
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Table 2
Transesterification of 1 after incubation of lipase PS in IL for 20 days

Entry ROH Yield % of ester formed in

[Bmim]PF6 [Bmim]Tf2N
48 h 24 h

1 CH3OH 45 (2.04) 78 (1.30)
2 CH3(CH2)2OH 65 (1.18) 70 (1.06)
3 (CH3)2CHOH 62 (1.47) 65 (1.18)
4 CH3(CH2)3OH 96 (1.01) 98 (1.02)
5 CH3(CH2)4OH 96 (1.47) 98 (1.18)
6 (CH3)2CHCH2CH2OH 98 (1.40) 98 (1.11)
7 CH3(CH2)5OH 98 (1.68) 98 (1.34)
8 CH3(CH2)6OH 98 (1.88) 98 (1.53)
9 CH3(CH2)7OH 61 (1.84) 98 (1.25)

10 CH3(CH2)9OH 60 (2.00) 62 (1.14)
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ixture was vortexed for 2 min and kept at room temperature. At
elected intervals of time, i.e. every 5 days up to 1 month and then
very 20 days up to 10 months, a fresh set of substrates (1 and
lcohol) were added to each lipase-IL mixture and the transesteri-
cation reaction was carried out as given in Section 2.3.

.6.2. Hydrolytic activity of lipase PS incubated in IL
To 1.5 mL screw-capped vials, 0.5 mg of lipase PS, 500 �L of

Bmim]BF4, [Bmim]PF6, [Bmim]Tf2N or hexane were added. This
ixture was vortexed for 1 min and kept at room temperature for

0 days. A fresh mixture of lipase PS with IL or hexane was also
repared as described above. The hydrolytic activity of the enzyme
efore and after incubation was determined as in Section 2.5.

. Results and discussion

.1. Influence of the anions on lipase PS catalyzed
ransesterification of 1

Earlier work from our laboratory reported that lipase PS
atalyzed transesterification of ethyl 3-phenylpropanoate with
lcohols, viz. butanol, 1-phenyl ethanol, benzyl alcohol and octanol
n a variety of organic solvents, resulted in transesterification only

ith butanol in 92% yield [15,16]. However, replacement of organic
olvents by the IL, [Bmim]PF6 resulted in the formation of trans-
sterified products with all the alcohols. Since the results clearly
roved that [Bmim]PF6 is an excellent medium for this trans-
sterification, two more ILs, [Bmim]BF4 and [Bmim]Tf2N were
sed to examine the role of the anion in the IL. Eleven differ-
nt alcohols were used. The results are summarized in Table 1.
Bmim]Tf2N and [Bmim]PF6 proved to be the best choice for this
eaction [yields 22–96%], whereas in [Bmim]BF4 the yields were
ound to be very low (0–19%). These three ILs influence the con-
ormation of the enzyme and consequently its activity [23,24] due
o the differences in their properties, viz. polarity, hydrophobic-
ty, hydrogen bonding, basicity and viscosity, It is reported that
ydrophilic polar organic solvents impede the rate of enzyme cat-
lyzed reactions by stripping the tightly bound water from the
nzyme molecule causing the deactivation of the enzyme [25,26].
ven though [Bmim]BF4 is the most polar of the three ILs studied,
ll of them are more polar than methanol or acetonitrile [27,28].
ence, high polarity alone is insufficient to explain the low yields

n [Bmim]BF4.
[Bmim]BF4 is hydrophilic whereas [Bmim]PF6 and [Bmim]Tf2N

re hydrophobic. The hydrophobicity increases in the order
Bmim]Tf2N > [Bmim]PF6 [8]. Since this transesterification reaction
as carried out under anhydrous conditions (only IL was used as

he medium, without any addition of water as a co-solvent), it is
ossible that [Bmim]BF4 removes the tightly bound water from the
nzyme molecule thus reducing its catalytic activity under anhy-
rous conditions leading to poor yield. In addition, [Bmim]BF4,
ith its ability to form strong hydrogen bonds [29] may react

eadily with both—the internal hydrogen bonds of the enzyme
nd the tightly bound water molecules of the enzyme, result-
ng in conformational changes that decrease the activity of the
nzyme.

Of the two hydrophobic ILs, better yields were obtained in
Bmim]Tf2N, possibly because [Bmim]Tf2N (27 cP, at 25 ◦C) is less
iscous than [Bmim]PF6 (397 cP, 25 ◦C). The high viscosity of
Bmim]PF6 may limit the mass transfer of the substrates and prod-

cts to and from the active site of the enzyme and may lead
o a decrease in conversion yield [8]. Moreover, the reaction in
Bmim]Tf2N was found to be faster, i.e. completed within 24 h,
hile with the other two ILs, it took 48 h for completion of the

eaction.

i
s
t
m
c

11 C6H5CH2OH 90 (1.45) 92 (1.15)

alues in brackets indicate the fold increase compared to the non-incubated lipase
S (Table 1). The reaction mixture was kept in shaker at 50 ◦C at 250 rpm for 24–48 h.

The stability of the lipase PS in IL for this transesterification
eaction was studied [Section 2.6.1]. [Bmim]PF6 and [Bmim]Tf2N
ere considered for this study since the yields were very low in

Bmim]BF4. It was observed that the enzyme was stable in these
Ls for a period of at least 10 months. Interestingly, the hydrophobic
Ls, [Bmim]PF6 and [Bmim]Tf2N are hygroscopic and get saturated
t low water concentration even after drying at 70 ◦C for 4 h at
oom temperature [8,29]. It is suggested that even at mole frac-
ion of water less than 0.25, for [Emim]Tf2N (hydrophobic) nearly
alf the water is associated with other water molecules, and exists
s water clusters [30]. The water content in the ILs for this transes-
erification reaction, as determined by Karl-Fischer coulometer was
ound to be in the range 0.72–0.77% for [Bmim]Tf2N and 1.09–1.13%
or [Bmim]PF6. Hence lipase PS in these water-immiscible ILs at
aturation of water (‘wet IL’) can be considered as existing as an
queous solution, in which there are free water clusters which
reserve the critical water molecules in the microenvironment
f the enzyme, thus preventing its deactivation due to the loss
f the essential water shell [31]. Dupont describes that wet ILs
re nano-structured materials which allow neutral molecules to
eside in less polar regions and ionic or polar species to undergo
aster diffusion in the more polar or wet regions [32]. In this
ontext, enzymes in water immiscible ILs should also be con-
idered as included into hydrophilic gaps of the network, where
he observed stabilization of enzymes could be attributed to the

aintenance of this strong network around the protein display-
ng exceptional synthetic activity and operational stability [31].
he storage stability of cytochrome c in aqueous buffer is mod-
st, but in a 20 wt% solution of choline dihydrogen phosphate IL in
ater, the activity was maintained for at least 6 months at room

emperature [33]. In another set of experiments, the thermal sta-
ility of CAL-B at 50 ◦C over 4 days was found to be 3–4 times
igher in [Emim]Tf2N and [Bm3N]Tf2N than in water or hexane
34].

In the present study it was observed that lipase-PS incubated
n the ILs for 20 days to 10 months resulted in increased yields
f 45–98% (1–2-fold) in [Bmim]PF6 and 62–98% (1–1.5-fold) in
Bmim]Tf2N (Table 2). Recyclability of the lipase PS-hydrophobic IL

ixture [Section 2.4], showed that both the lipase PS-IL mixtures
an be reused five times without any decrease in the yields (data
ot shown). Thus [Bmim]PF6 and [Bmim]Tf2N function as excel-

ent stabilizing agents for lipase PS at room temperature resulting

n a remarkable increase in the yields for transesterification when
tored for long time. The results indicate that apart from preserving
he essential water shell, the IL provides a suitable microenviron-

ent for the enzyme leading to a more compact conformation,
apable of exhibiting high activity and stability.
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Table 3
Hydrolytic activity of lipase PS in IL/hexane as determined by 4-nitrophenyl palmi-
tate assay

Medium Hydrolytic activity (�mol/min/mg) Fold change in activity

Before incubation After incubation

Hexane 26.0 16.2 1.6a

[Bmim]BF4 16.6 16.7 1.0
[Bmim]PF 28.3 45.2 1.6b
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Bmim]Tf2N 35.3 63.5 1.8b

a Fold decrease.
b Fold increase.

.2. Influence of IL on hydrolytic activity of lipase PS due to the
retreatment of Lipase

Since the lipase PS-IL mixture, incubated for 20 days resulted
n an increase in the yields of the transesterification reaction, we
lso investigated the hydrolytic activity of lipase PS due to incuba-
ion in IL or hexane for 20 days, as mentioned in Section 2.6.2. The
ydrolytic activity of lipase PS for the hydrolysis of 4-nitrophenyl
almitate was high in the hydrophobic ILs than in hydrophilic
Bmim]BF4 (Table 3). On incubation for 20 days, activity increased to
.8- and 1.6-fold in [Bmim]Tf2N and [Bmim]PF6, respectively, while
n [Bmim]BF4 the activity remained unchanged and in hexane, a 1.6-
old decrease in activity was observed. A possible reason could be
hat the IL might be interacting with charged groups of the enzyme,
ither in the active site or at its periphery, causing changes in the
nzyme’s structure [35]. Lipase PS exhibited the same hydrolytic
ctivity in [Bmim]BF4 even after 20 days, which might be due to
he ability of this IL to conserve these electrostatic interaction with
he enzyme for long periods, whereas [Bmim]Tf2N and [Bmim]PF6

ight be maximizing the interactions required for stabilization
f the enzyme and the maintenance of the water shell around it,
hus resulting in increased activity and stability. In another study,
ucor janvanicus lipase pretreated with ILs such as [Bmim]BF4,

Bmim]PF6, [Emim]Tf2N and [Emim]BF4 for 20 min was found to
e higher than that of untreated lipase for a hydrolysis reaction in
n aqueous medium [36].

.3. Effect of alcohols on the lipase PS catalyzed
ransesterification of 1

The effect of alcohols on conversion yields in hydrophobic ILs,
Bmim]Tf2N and [Bmim]PF6 present some interesting observations.

ith straight chain alcohols, the yield increases as the number
f carbon atoms increases, reaching a maximum with butanol
Table 1 entries 1, 2, 4). Further increase in the number of carbon
toms of the alcohols resulted in decreased yield of the transes-
erified product giving lowest yields with decanol (Table 1 entries
, 7–10). Transesterification with 3-methyl-1-butanol and benzyl
lcohol yielded 62–88% of the products (Table 1 entries 6, 11) in
oth the ionic liquids. It is interesting to note that the among
he eleven alcohols, transesterification with butanol, pentanol, 3-

ethyl-1-butanol and benzyl alcohols whose log P lies in the range
.875–1.407, which can be considered as moderately hydrophilic
37] resulted in high yields (62–96%) in both the ILs.
. Conclusion

Three ILs having identical cation and different anions were
ested as reaction media for the lipase PS catalyzed transesterifica-

[

[
[

[

alysis B: Enzymatic 57 (2009) 145–148

ion of 3-phenylpropanoate with eleven alcohols. The hydrophobic
Ls, [Bmim]PF6 and [Emim]Tf2N were found to be very efficient

edia for this transesterification than hydrophilic [Bmim]BF4 indi-
ating that the nature of the anion has an impact on the catalytic
erformance of lipase PS. The lipase PS-hydrophobic IL mixture

ncubated for 20–300 days resulted in an increased yield for trans-
sterification. In another set of experiments, the hydrolytic activity
f lipase PS for 4-nitrophenyl palmitate hydrolysis in these three
Ls was found to be high with hydrophobic ILs and resulted in an
nhancement in activity when the lipase PS-hydrophobic IL mix-
ure was incubated for 20 days. The results reported here clearly
emonstrate that hydrophobic IL can be used as excellent medium
nd also as a reservoir for lipase PS, in which the enzyme can be
tored with improved activity and stability.
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