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Abstract

Enantioselective esterification of (±)-menthol was studied using Candida rugosa lipase (CRL) in ionic liquids (1-butyl-3-methyl-

imidazolium hexafluorophosphate ([BMIM][PF6]) and 1-butyl-3-methyl-imidazolium tetraflouroborate) and organic solvents of

different hydrophobicities. Propionic anhydride was employed as an acylating agent. Because the enzyme showed comparable con-

version yield and enantioselectivity in [BMIM][PF6] and hexane in a 24-h reaction, more work focused on these two reaction media.

Comparison of the activity, stability and enantioselectivity of CRL was carried out by examining the effects of the mole ratio of

substrates, temperature, incubation time and enzyme recycling. It was found that temperature control was more crucial in the ionic

liquid than in hexane to reach high conversion and enantioselectivity. The ionic liquid system showed an advantage of using less acid

anhydride to achieve higher (±)-menthol conversion yield and better enantioselectivity. Moreover, during an incubation of 4–60

days in the ionic liquid, CRL activity was 2.5 times higher than its initial value, while that in hexane decreased to less than 60%

in 2 days. In addition, the enzyme showed potentiality of recycled use in the ionic liquid. These advantages of the ionic liquid suggest

that it would be used as a green alternative to organic solvents for the enantioselective esterification of (±)-menthol.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Room-temperature ionic liquids are known as green

reaction media of the future and have attracted much
attention in recent years (Rogers & Seddon, 2002; Shel-

don, Lau, Sorgedrager, Rantwijk, & Seddon, 2002).

The application of ionic liquids for organic synthesis

has been well documented in recent reviews (Sheldon,

2001; Wasserscheid & Keim, 2000; Welton, 1999). More-

over, biocatalysis in ionic liquids has also been investi-

gated increasingly since the research work on

thermolysin-catalyzed Z-aspartame synthesis in an ionic
liquid was initiated by Erbeldinger,Mesiano, and Russell
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(2000). Some potential advantages of enzymatic reac-

tions in ionic liquids, such as high activity (Eckstein, Ses-

ing, & Kragl, 2002) thermal and operational stability of

biocatalysts (Persson & Bornscheuer, 2003), good enanti-
oselectivity (Kim, Choi, & Lee, 2003) of biotransforma-

tion in comparison with conventional reaction media,

have been reported. Currently, the design of efficient

reaction procedures using the unconventional solvent

characteristics of ionic liquids has become the local point

in ionic liquids-related biocatalysis research (Itoh,

Nishimura, & Ouch, 2003; Nara, Harjani, & Salunkhe,

2002). Various reactions with different ionic liquids and
enzymes have been investigated to examine the behavior

of biocatalysis in ionic liquids.

(�)-Menthol and its esters are important flavor

compounds from an industrial point of view because

of their cooling and refreshing effects. Up to now,
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Y. Yuan et al. / Food Chemistry 97 (2006) 324–330 325
enzymatic resolution of (±)-menthol in organic solvent

has been investigated by some researchers (Athawale,

Manjrekar, & Athawale, 2001). Here, we describe

the enzyme-catalyzed esterification of (±)-menthol in

ionic liquids with propionic anhydride as an acyl

donor. Comparison of the stability, activity and
enantioselectivity of lipase in ionic liquids and organic

solvents is performed. The effect of various reaction

parameters such as solvents, mole ratio of substrates,

temperature, incubation time and enzyme recycling

on the conversion as well as enantioselectivity was

studied.
2. Materials and methods

2.1. Chemicals and enzyme

(±)-Menthol and (�)-menthol were purchased from

Aldrich. Propionic anhydride and (�)-menthyl propio-

nate were from Sigma (St. Louis, MO, USA). Methanol,

hexane and dichloromethane for gas chromatography
were of HPLC grade from Fisher Scientific (Fair Lawn,

NJ, USA). All other regents were of analytical grade

and obtained from local sources. The organic solvents

were anhydrated by molecular sieves of 3 Å (Dalian

Institute of Chemical Physics, Dalian, China) before

use.

The enzyme Candida rugosa lipase (E.C. 3.1.1.3) was

also obtained from Sigma. The enzyme activity was
determined by the method of olive oil hydrolysis (Cho

& Rhee, 1993). The released fatty acids were determined

by titration with 5 mM NaOH in ethanol. One unit of

enzyme activity was defined as the amount of lipase

which liberates 1 lmol fatty acids per minute under

the assay condition. So, its concentration was expressed

as IU/ml.

2.2. Preparation and characterization of ionic liquids

The ionic liquid 1-butyl-3-methyl imidazolium hexa-

fluorophosphate ([BMIM][PF6]) was prepared accord-

ing to the procedure described by Huddleston

(Huddleston, Willauer, & Swatloki, 1998). 1-Butyl-3-

methyl imidazolium tetraflouroborate [BMIM][BF4]

was prepared by a straightforward adaptation of the
procedure described by Cull (Cull, Holbrey, & Seddon,

2000). Both of the ionic liquids were purified according

to the procedure described by Park and Kazlauskas

(Park & Kazlauskas, 2001) and the purity was deter-

mined by elemental analysis.

2.3. Esterification of menthol

In a typical experiment, 1.0 mmol of (±)-menthol and

200 IU of CRL were added to 3 ml of the ionic liquid or
solvents (THF, methyl dichloride, phenyl chloride, hex-

ane, heptane and octane) in a 10-ml screw-capped vial.

The reaction was started by adding 1.0 mmol of propi-

onic anhydride and run by shaking at 200 rpm at the

designated temperature for 48 h. At different time inter-

vals, 300 ll aliquots were taken and suspended in 1 ml of
hexane/10%NaHCO3 (1:1, v/v). The multiphasic mixture

was rigorously shaken to extract all substrates and prod-

uct to the hexane phase and remove acid to the aqueous

phase. Then, 100 ll hexane extract were diluted with

500 ll hexane, and 2 ll of the diluted solution was ana-

lyzed by gas chromatography (GC).

Control experiments were performed in the absence

of CRL. As a result, no chemical acyl transfer reaction
was detected.
2.4. GC analysis

The GC analysis was performed with an Agilent

6890N GC (Agilent Technologies, DE, USA) equipped

with a splitless/split injector, a flame-ionization detector,

and a CYCLOSIL-B capillary column (0.25 lm film
thickness, 30 m length, 0.25 mm I.D.). The injector

and detector were set at 200 and 250 �C, respectively,
and nitrogen was used as the carrier gas. The oven tem-

perature was kept at 90 �C for 10 min, programmed to

increase from 90 to 150 �C at 2 �C/min, then increased

to 165 �C at 5 �C/min, and finally kept at 165 �C for

5 min. Chromatographic data were acquired and ana-

lyzed using the Agilent Chemical Station. The retention
time were found to be 30.6 and 31.5 min for (�)- and

(+)-menthyl propionate, respectively, and 26.5 min for

(±)-menthol.
2.5. Calculation of enantioselectivity

The enantiomers of the (±)-menthol and of the prod-

uct (±)-menthyl propionate were baseline separated in
the GC analysis. The conversion in percentage was cal-

culated from the following equation:

c ¼ 1� SR þ SS

SR0 þ SS0

� �
� 100%; ð1Þ

where S0 and S stand for the concentrations of (±)-men-

thol before and after reaction. The enantioselectivity for

each reaction was expressed by enantiomeric excess,

e.e.(P�)% and enantiomeric ratio, E-value (Straathof

& Jongejan, 1997).

e.e.ðP�Þ% ¼ P� � Pþ

P� þ Pþ
� 100%; ð2Þ

E ¼ lnð1� cð1þ e.e.P�ÞÞ= lnð1� cð1� e.e.P�ÞÞ; ð3Þ

where P� and P+ represent the ratios of (�)- and (+)-

menthyl propionate to the total menthyl propionate in
the reaction mixture, respectively.
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2.6. Enzyme stability during incubation in the absence of

substrates

Mixtures of 20 mg CRL and 300 ll hexane (or

[BMIM][PF6]) were added into different screw-capped

vials (1.5 ml capacity) at 30 �C in the absence of sub-
strates. The mixtures in different vials were incubated

for 0–5 days, and at different time intervals 100 lmol

(±)-menthol and 100 lmol propionic anhydride were

introduced to different vials to initiate the reaction.

The initial esterification rate and enantiomeric excess

were determined as described above to follow the

changes of the enzyme activity and enantioselectivity

during the incubation.
Fig. 1. Comparison of esterification conversion, enantiomeric excess

and enantiomeric ratio (E) of menthol in different solvents in 24 h. The

logP values of THF, methyl dichloride, phenyl chloride, hexane,

heptane and octane are 0.49, 1.5, 2.8, 3.5, 4.0 and 4.5, respectively. The

reaction was performed by the methods described in Section 2.3 with

67 IU/ml CRL.
2.7. Enzyme recycling

In this part of experiment, 1.0 mmol (±)-menthol

and 200IU CRL were introduced to 3 ml [BMIM][PF6]

or hexane in different 10 ml screw-capped vials. The

reaction was started by adding 1.0 mmol propionic

anhydride and the mixture was maintained at 30 �C
for 24 h by shaking at 200 rpm. Then, 3 ml of anhy-

drous hexane was added to the vial with ionic liquid

and the biphasic mixture was strongly shaken to ex-

tract all substrates and products into the hexane phase.

The upper organic solvent was removed and the en-

zyme with ionic liquid was washed two times with fresh

hexane. Then, next batch reaction was initiated by the

addition of new substrates (1.0 mmol menthol and
1.0 mmol propionic anhydride) to the ionic liquid.

For the reaction system with hexane, the reaction mix-

ture was centrifuged at 3000 rpm for 10 min to recover

the enzyme from the solvent containing substrates and

products. The recovered lipase was washed with 3 ml

fresh hexane three times, and used for the next batch

reaction by adding 3 ml of fresh hexane to dissolve

the substrates. After each cycle, analyses were per-
formed as described in Sections 2.3 and 2.4, and (±)-

menthol conversion and enantiomeric excess were

determined.
3. Results and discussion

3.1. Effect of solvent

Lipase catalyzed reactions are greatly influenced by

the reaction media. Here, the two ionic liquids described

above and six organic solvents (tetrahydrofuran, methyl

dichloride, phenyl chloride, hexane, heptane and octane)

with different logP values (the logarithm of the partition

coefficient of a given solvent between water and 1-octanol,

indicating the nature and polarity of organic solvents)
were used for the esterification of (±)-menthol following
the typical experimental method at 30 �C (see Section

2.3). Fig. 1 shows the results of esterification for 24 h.

It is well known that the activity of enzymes is af-

fected by the polarity of organic media. The logP values
of organic solvents used in our experiment are 0.49, 1.5,

2.8, 3.5, 4.0 and 4.5 for tetrahydrofuran (THF), methyl

dichloride, phenyl chloride, hexane, heptane and octane,

respectively. It is clear that the conversions increased

with the logP value. In the organic solvents, the better

conversion and enantioselectivity were obtained in hex-

ane, heptane and octane. The result that THF gave low

conversion and selectivity fits the rule that organic sol-
vents with logP < 2.0 are generally not promising for

biocatalysis (Zaks & Klibanov, 1985). From the above

results, it can be concluded that the logP value was

the decisive parameter for the conversion and enantiose-

lectivity in the reaction.

Ionic liquids have been put in the polarity range of

lower alcohols (Carmichael & Seddon, 2000; Muldoon

et al., 2001) or formamide (Reichardt, 1994). In the
two ionic liquids, the enantiomeric excess of menthol

esterification was comparable, whereas the conversion

(c%) in [BMIM][BF4] (9.21%) was much less than that

in [BMIM][PF6] (47.5%). This is in agreement with that

reported by Mohile (Mohile, Potdar, J.R, Nara, & Sal-

unkhe, 2004). Some explanation was that the hydro-

philic ionic liquid [BMIM][BF4] is prone to desorb

water from the enzyme surface and decrease the activity
of the enzyme (Persson & Bornscheuer, 2003). However,

the results by Kaar suggest that enzyme activity in ionic

liquids is anion dependent (Kaar, Jesionowski, Berbe-

rich, Roger, & Russell, 2003). Anions such as [NO3],

[CH3CO2], and [CF3–CO2] are more nucleophilic than

[PF6] and may coordinate more strongly to positively
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charged sites in the lipase�s structure causing conforma-

tion changes in the enzyme�s structure.
In the study, the enantioselectivity of menthol esteri-

fication in [BMIM][PF6] was higher than or similar to

those in organic solvents reported previously (Kim,

Song, Choi, & Kim, 2001; Krzysztof, Eryka, & Michel,
2003; Lau, Rantwijk, Seddon, & Sheldon, 2000; Park &

Kazlauskas, 2001). Highest enantioselectivity was

achieved in [BMIM][PF6] (E = 31.5) and in hexane

(E = 31.9) for CRL during the esterification of menthol

(Fig. 1). So, in the following work, we further examined

[BMIM][PF6] and hexane as the reaction media to find

the difference between the ionic liquid and organic

solvent.

3.2. Effect of temperature

The enantioselectivity of enzymes is highly tempera-

ture sensitive and enzymes are known to show maxi-

mum activity in ambient conditions. However, there

are some reports about excellent enzymatic activity

retention at high temperature such as a reported in-
crease in free lipase (Candida antarctica) activity

(120%) observed after 100 h of incubation in

[BMIM][PF6] at 80 �C (Sheldon et al., 2002). There-

fore, we investigated menthol esterification at 20, 25,

30, 35 and 40 �C in hexane and [BMIM][PF6]. The

process kinetics showed these esterification reactions

at different temperature finished at about 40 h. So

the conversion of menthol and the enantiomeric excess
Table 1

Conversion and enantioselectivity of (±)-menthol esterification at various te

Temperature (�C) Solvent Menthol conversion (%)

20 Hexane 42.6

[BMIM][PF6] 39.6

25 Hexane 42.8

[BMIM][PF6] 41.9

30 Hexane 43.6

[BMIM][PF6] 47.5

35 Hexane 40.2

[BMIM][PF6] 42.3

40 Hexane 42.1

[BMIM][PF6] 35.0

Reactions were performed for 24 h at a mole ratio of 1 (1.0 mmol menthol

CRL.

Table 2

Effect of mole ratio of propionic anhydride to (±)-menthol on the enzymati

Mole ratio 0. 5 1

Conversion (%) e.e.(P�) % Conversi

Hexane 43.4 88.5 43.6

[BMIM] [PF6] 39.3 86.3 47.5
of (�)-menthyl propionate in 24 h are summarized in

Table 1. The results indicate that the optimum

reaction temperature in both of the media as 30 �C.
However, the enzyme activity was more affected in

[BMIM][PF6] than in hexane. Thus, temperature con-

trol is more crucial for the enzymatic reaction in the
ionic liquid.

3.3. Effect of mole ratio of substrates

Menthol conversions and e.e.% at mole ratios of pro-

pionic anhydride to (±)-menthol of 0.5, 1 and 2 are listed

in Table 2. An increase in the acid anhydride concentra-

tion to twice that of menthol obviously increased the
overall yields in hexane. However, the enantioselectivity

of these reactions was lower than the systems with acid

anhydride/menthol of 0.5 and 1. The result is similar to

that with lipase-AY in organic solvents (Athawale et al.,

2001). In contrast to this, however, in [BMIM][PF6] the

yield of menthyl propionate was the highest at the mole

ratio of 1 and a better enantiomeric excess was also ob-

tained at this mole ratio. This is an advantage of the io-
nic liquid, for less acid anhydride is required for the

esterification of menthol.

3.4. Enzyme stability during incubation

The stability and the enantioselectivity of CRL was

investigated in hexane and [BMIM][PF6] following the

method described in Section 2.6. The stability of CRL
mperatures in hexane and [BMIM][PF6] by 24-h reaction

Enantiomeric excess e.e.(P�) % Enantiomeric ratio E-value

82.5 19.4

83.7 19.5

79.9 16.3

84.9 22.8

88.0 31.9

86.1 31.5

74.5 11.2

79.2 15.4

81.7 18.1

78.6 12.6

and 1.0 mmol propionic anhydride in 3 ml solvent) using 67 IU/ml of

c reaction in hexane and [BMIM][PF6] for 24 h

2

on (%) e.e.(P�) % Conversion (%) e.e.(P�) %

88.0 50.2 49.4

86.1 40.5 75.1
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Fig. 3. Effect of incubation time on the enantioselectivity of CRL in

hexane and [BMIM][PF6] at 30 �C. The enantiomeric excess was

determined in 15 min of the reaction.

Table 3

Changes of the (±)-menthol conversion and enantioselectivity of (�)-

menthol propionate in recycled use of CRL

Cycle Medium Conversion (%) e.e.(P�) % E-value

1 Hexane 41.0 76.5 12.7

[BMIM][PF6] 40.2 84.5 21

2 Hexane 19.9 28.9 1.9

[BMIM][PF6] 21.9 73.7 8.1

3 Hexane 17.3 26.3 1.8

[BMIM][PF6] 19.1 67.0 5.9

The reaction time for each cycle was 24 h.

328 Y. Yuan et al. / Food Chemistry 97 (2006) 324–330
was expressed using the relative activity for (±)-menthol

conversion as an index. Here, menthol conversion rate

determined in 15 min of the reaction was defined as

the esterification activity, and the esterification activity

achieved immediately after the incubation was set to
be 100%. The results are represented in Fig. 2. Although

the absolute value of the activity in hexane

(97 lmol g�1 min�1) in hexane was much higher than

that in [BMIM][PF6] (8.67 lmol g�1 min�1), the relative

activity in hexane decreased day by day and dropped to

about 60% in the fifth day. In contrast, the enzyme

activity showed much different behavior in ionic liquid.

It decreased slightly in the first day and then increased
thereafter, till 250% of the initial value after the fourth

day. CRL incubation in the media was continued for

60 days. As a result, the relative activity was still 250%

in the ionic liquid, while no activity was detected in hex-

ane. The increased stability of enzymes in ionic liquids

as compared to organic solvents has also been observed

for other enzymes, such as a-chymotrypsin (Lozano,

2001) and C. antarctica lipase B (Lozano, Diego, Carrie,
Vaultier, & Iborra, 2001). It was considered that the sol-

vent polarity influenced the hydration level of an en-

zyme preparation, and higher water activity of the

system resulted in lower stability of enzymes (Wehtje,

Costes, & Adlercreutz, 1997; Hansson, Andersson, &

Wehtje, 2001). By controlling water activity of enzyme

and solvents, other researchers have concluded that

the observed increase in enzyme stability in
[BMIM][PF6] was directly related to the solvent effect

(Persson & Bornscheuer, 2003). That is, electrostatic

interaction was considered to occur between ionic liq-

uids and protein, which could enhance the enzyme sta-

bility. In Kaar�s opinion, increased enzyme activity

must invoke a permanent activating conformational
change or an increase in active site concentration to ex-

plain this unusual data (Kaar et al., 2003). In this work,

water-free media were used, so we prefer the latter

explanation.

Fig. 3 depicts the changes of the enantiomeric excess

during the incubation. The enantioselectivity decreased
in both of the solvents, but the e.e.(P-)% in the ionic

liquid was always higher than in hexane. In the ionic

liquid, the enzyme activity increased (Fig. 2) while

the enantioselectivity decreased (Fig. 3) with incubation

time. Therefore, although the CRL was activated by

electrostatic interaction with the ionic liquid, confor-

mation changes of the active site might occur and re-

sulted in lower enantioselectivity for (±)-menthol
esterification.

3.5. Recycled use of enzyme and ionic liquid

The above experiments have demonstrated that CRL

displays better stability and enantioselectivity in

[BMIM][PF6] than in hexane, so it is worthwhile check-

ing if the enzyme and ionic liquid can be recycled. Sev-
eral recycling studies have been reported (Itoh et al.,

2003; Nara et al., 2002) in which the time of each recycle

was several hours and did not reach the natural ending.
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Through the process kinetic determination, we kept the

reaction for one day until the next recycling operation

began. The experimental procedure is described in Sec-

tion 2.7. The changes of (±)-menthol conversion and

enantiomeric excess of (�)-menthyl propionate during

recycling are provided in Table 3.
It can be seen that (±)-menthol conversion in both

the media decreased drastically during recycling,

although the conversion in the ionic liquid was some-

what higher than in hexane. This may be due to the mass

loss of the enzyme and/or the activity decrease in the

recycling operation. Besides, propionic acid generated

in [BMIM][PF6] could not be removed by extraction

with hexane in the recycling operation (see Section
2.7). It may be a main reason for the reduced activity

of CRL in the recycled use in the ionic liquid system.

If the problem is solved, it is expected that CRL can

be recycled with higher activity.

As shown in Table 3, the enantioselectivity in hexane

also decreased to a very low value in the second and

third cycles; E-value decreased to 1.8 in the third-cycle

reaction. In the ionic liquid, however, quite high values
of enantiomeric excess and enantiomeric ratio of (�)-

menthyl propionate were maintained in the second and

third cycles. Thus, it is obvious that CRL in

[BMIM][PF6] possesses better enantioselectivity for

(±)-menthol esterification than in hexane in the recycling

applications.

Commercial CRL consists of different isoenzymes,

and the use of a recombinant pure isoenzyme would ex-
hibit significantly higher enantioselectivity than the

crude CRL in the resolution of menthol (Vorlová et al.,

2002). Thus, the ionic liquid system should be tested

with more enzymes for its potential in the enzymatic res-

olution of menthol.
4. Conclusions

We have here compared the behavior of CRL for the

enantioselective esterification of (±)-menthol in ionic

liquids and organic solvents. Because the enzyme
showed comparable conversion yield and enantioselec-

tivity in [BMIM][PF6] and hexane, more work focused

on these two reaction media. The ionic liquid system

showed an advantage of using less acid anhydride to

achieve higher (±)-menthol conversion yield and better

enantioselectivity. In addition, CRL exhibited higher

stability and enantioselectivity during a long-term incu-

bation in the ionic liquid than in hexane. It is more
important that the enzyme showed potentiality of recy-

cled use in the ionic liquid. These advantages of the ionic

liquid suggest that it would be used as a green alterna-

tive of organic solvents for the enantioselective esterifi-

cation of (±)-menthol.
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