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bstract

Ionic liquids are now recognized as solvents for use in lipase-catalyzed reactions; however, there still remains a serious drawback in that the
ate of reaction in an ionic liquid is slower than that in a conventional organic solvent. To overcome this problem, attempts have been made
o evolve phosphonium ionic liquids appropriate for lipase-catalyzed reaction; several types of phosphonium salts have been prepared and their

apability evaluated for use as solvent for the lipase-catalyzed reaction. Very rapid lipase PS-catalyzed transesterification of secondary alcohols was
btained when 2-methoxyethyl(tri-n-butyl)phosphonium bis(trifluoromethanesulfonyl)imide ([MEBu3P][NTf2]) was used as solvent, affording the
rst example of a reaction rate superior to that in diisopropyl ether.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Ionic liquids are now recognized as suitable for use in
rganic reactions and as providing potential for improvement
n control of product distribution, enhanced reactivity, ease of
roduct recovery, catalyst immobilization, and recycling [1–25].
e have been interested in the use of ionic liquids (ILs) in

iochemical reactions [5–13]. One of the most important ben-
fits of using an ionic liquid as the solvent is that it allows
ecyclable use of the catalyst. We developed two methodolo-
ies for the lipase recyclable use system in IL reaction media
6–14]: one is a lipase-catalyzed reaction under reduced pres-
ure conditions [7,8], and the other is design of an ionic
iquid appropriate for transesterification [9,10,12]. We further
stablished a powerful means of activating lipase using an imi-
azolium PEG alkylsulfate ionic liquid coating [13,14], and

howed that ionic liquid coated lipase can be used repeat-
dly in the ionic liquid solvent system (Fig. 1) [14]. However,
here still remains a serious drawback of lipase-catalyzed trans-
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sterification in such a system. The rate of lipase-catalyzed
eaction in an ionic liquid is significantly inferior to those in
conventional organic solvent like diisopropyl ether (i-Pr2O)

5–25].
To obtain a hint toward overcoming this problem, we looked

t ionic liquids that have been used as solvent for lipase-
atalyzed reactions, because there have been many advances
n this area over the past several years [5].

Various types of ionic liquids have been used as solvents for
hese reactions (Fig. 2), the most frequent being imidazolium
alts (I) [1–25]. Although examples were limited, acceptable
esults were also obtained in non-imidazolium salts, such as
mmonium salts (II) [15–18], pyrrolidinium salts (III) [15],
lkylguanidinium salts (IV) [19], and pyridinium salts (V) [20].
n the other hand, only a poor enantioselective reaction was

eported when lipase-catalyzed reaction was carried out in phos-
honium salts (VI) ILs [26].

It has been established that lipase activity is significantly
ependent on the anionic part of the IL [6,15]. Accord-

ng to the reported results of lipase-catalyzed reactions in
Ls, four types of anions can be recommended as promising
nionic parts of ILs: tetrafluoroborate (BF4), hexafluorophos-
hate (PF6), bis(trifluoromethanesulfonyl)imide (NTf2) and

mailto:titoh@chem.tottori-u.ac.jp
dx.doi.org/10.1016/j.molcatb.2007.11.010
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Fig. 1. Lipase recyclable use system using an ionic liquid solvent.

ctafluoropentylsulfate (C5F8) [12,14]. Although PF6 salts are
he most frequently used ionic liquids, their use is no longer
ecommended because they have sometimes been hydrolyzed
y moisture and produced hazardous hydrogen fluoride [27].
eactions in BF4 salts generally afford good results, but since

he salts have a hydrophilic nature, serious trouble is occasion-
lly encountered during performance of the workup process.
ydrophobic salts are far more preferable from the standpoint
f realizing an easy workup process in organic reactions. Since
Tf2 salts or C5F8 [12] salts have hydrophobic property with
o toxicity, they are now considered as a preferred anionic part
f ionic liquids.

We anticipated that phosphonium salts may have potential to

ecome good reaction media for biotransformation if an appro-
riate design were created, although poor enantioselectivity
as reported for lipase-catalyzed reactions in the two phos-

Fig. 2. List of ionic liquids compatible with enzymatic reactions.
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honium salt ILs, n-pentadecyl(tri-n-hexyl)phosphonium azide
nd methyl(tri-n-butyl)phosphonium tosylate [26]. Because
he phosphonium salts moiety is commonly found in liv-
ng creatures, it is assumed that the salts have good
ffinity with enzyme proteins and thus may provide a
ood environment for enzymes. Therefore, we attempted to
esign phosphonium NTf2 type ILs appropriate for lipase-
atalyzed reaction by evaluating the cationic part. We tested
ransesterification of some secondary alcohols in several phos-
honium NTf2 salts, and discovered that very rapid reaction
as accomplished in 2-methoxyethyl(tri-n-butyl)phosphonium
is(trifluoromethanesulfonyl)imide ([MEBu3P][NTf2]) [28]
ith excellent enantioselectivity when (E)-4-phenylbut-3-en-2-
l was subjected to the lipase-catalyzed transesterification using
inyl acetate as an acyl donor. Here we report the detailed
esults that appropriately designed phosphonium ionic liquids
re applicable to lipase-catalyzed transesterification as an effi-
ient solvent.

. Experimental

For the lipase, commercial Lipase PS (Amano) from
urkholderia cepacia, Novozym435 (Candida antarctica), and

midazolium alkyl-PEG sulfate ionic liquid coated lipase PS
IL1-PS) [13,14,31] were employed. IL1-PS was prepared by
he reported method [14,31]. Ionic liquid [bmim][C5F8] was
repared by the reported method [12], and [bmim][NTf2]
nd [bdmim][NTf2] were purchased from Kanto Reagents
o., Ltd. Water content of an ionic liquids employed was
etermined by Karl Fischer moisture titrator. The values
re listed as follows: [Bu3MeP][NTf2] (Nippon Chemical
o., Ltd.): 145 ppm; [Et3(n-Pent)P][NTf2] (Nippon Chemi-
al Co., Ltd.): 46 ppm; [bmim][NTf2](Kanto Reagents Co.,
td.): 170 ppm; [bdmim][NTf2] (Kanto Reagents Co., Ltd.):
5 ppm.

.1. Typical enzymatic reaction

The reaction was typically carried out as follows [14]: To
mixture of 50 wt.% (based on the substrate) of Lipase PS,
ovozym435 or 10 wt.% of IL1-PS in 1.0 mL of solvent was

dded (±)-1a (50 mg, 0.34 mmol) and vinyl acetate (1.5 equiv.)
nd the resulting mixture was stirred at 35 ◦C. To evaluate the
nitial reaction rate, the reaction was conducted in the pres-
nce of 0.5 mmol of hexadecane as an internal reference, an
liquot of the reaction mixture was sampled at 30 min of the
eaction and extracted with a mixed solvent of diethyl ether
nd hexane (1:4) and the rate was determined by capillary GC
nalysis. The reaction course was monitored by silica gel thin
ayer chromatography (TLC) analysis and the product (R)-2a
14] and unreacted alcohol (S)-1a [14] were extracted with

mixed solvent of diethyl ether and hexane (1:4) when the
pots became the same size and were purified by silica gel

LC. Since it is well recognized that water contents of the sol-
ent influence the lipase performance, ionic liquids were dried
nder reduced pressure at 50 ◦C at 1 Torr for 3–5 h prior to the
eaction.
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.2. Synthesis of 2-methoxyethyl(tri-n-butyl)phosphonium
is(trifluoro-methanesulfonyl)imide ([MEBu3P][NTf2])
28]

To an ethanol (20 mL) solution of 1-bromo-2-methoxyethane
4.68 g, 40 mmol) was added tributylphosphine (7.5 g, 37 mmol)
nd the resulting mixture was stirred for 22 h at 80 ◦C. After
eing cooled to room temperature (rt), hexane was added to
orm a precipitate which was removed by filtration. The result-
ng filtrate was evaporated under vacuum to give the bromine
alt (12.31 g, 36 mmol) in 97% yield. The salt was dissolved in
thanol (18 mL) and lithium bis(trifluoromethanesulfonyl)imide
11.37 g, 40 mmol) powder was added, then the mixture was
tirred at rt for 17 h to form lithium bromide as a precipitate.
he precipitate was removed by filtration, the filtrate was washed
ith hexane 3 times and the solvent removed using lyophiliza-

ion. The resulting oil was dissolved in acetone and treated with
ctive charcoal, and the charcoal was then removed by filtration.
he filtrate was passed through active alumina (Type III) and
ried under vacuum at 50 ◦C for 5 h to give [MEBu3P][NTf2]
19.15 g, 35 mmol) as colorless oil in 95% yield: 1H NMR
500 MHz, CDCl3) δ 0.979 (9H, t, J = 6.85 Hz), 1.45–1.55
12H, m), 2.10–2.20 (6H, m), 2.53 (2H, q, J = 5.95 Hz),
.36 (3H, s), 3.75 (2H, dt, J = 14.2 Hz, J = 5.95 Hz); 13C
MR (125 MHz, CDCl3) δ 13.00, 19.16 (d, JC–P = 46.7 Hz),
9.98 (d, JC–P = 46.7 Hz), 23.24 (d, JC–P = 4.78 Hz), 23.60 (d,
C–P = 16.2 Hz), 58.82, 65.08 (d, JC–P = 7.64 Hz), 119.80 (q,
C–F = 315.5 Hz); 31P NMR (202.46 MHz, CDCl3) δ 39.08 (d,
P–C = 26.1 Hz); 19F NMR (170.6 MHz, CDCl3, C6F6) δ 92.91;
R (neat) 2937, 2878, 1400, 1194, 1057, 738 cm−1; HRMS
EI) calcd for C15H34OP, 261.1670; found. 261.1666. Vis-
osity = 72 cP s at 25 ◦C (H2O = 880 ppm), mp = 9.5 ◦C (DSC).
ince it sometimes colored when [MEBu3P][NTf2] was dried at
igher temperature, we usually dried the liquid at 50 ◦C at 1 Torr
or 3–5 h and used it for the lipase-catalyzed reaction. However,
t was possible to reduce the water content to 93 ppm when it
as dried under reduced pressure at 5 Torr at 100 ◦C for 6 h.

. Results and discussion

We initially evaluated the solvents using lipase-catalyzed
nantioselective transesterification of (E)-4-phenylbut-3-en-2-
l ((±)-1a) [14,29,30] as a model reaction (Eq. (1)), and the
esults are shown in Table 1. For the lipase, we employed com-
ercial Lipase PS, Novozym435, and imidazolium alkyl-PEG

ulfate ionic liquid coated lipase PS (IL1-PS) [14,31]. Interest-
ngly, although none of the enzymes we tested was soluble in the
olvents employed and made only a sluggish mixture, the trans-
sterification proceeded smoothly. As shown in Entries 1 and 2,
oth lipase PS and Novozym435 showed poor reactivity in diiso-
ropyl ether (i-Pr2O): acetate (R)-2a was obtained in 13% yield
ith 98% ee after 24 h reaction for Lipase PS, though acceptably
igh enantioselectivity was recorded because the E value [32]

as calculated to be 148. Interestingly, although initially the

ate was very poor for Novozym435, the reaction gradually pro-
eeded and (R)-2a was obtained in 30% yield with 99% ee (Entry
). On the other hand, IL1-PS displayed excellent reactivity: the

b
e
i
e

ysis B: Enzymatic 51 (2008) 81–85 83

eaction reached 47% conversion after just 1 h reaction with
xcellent enantioselectivity (E > 200) (Entry 3). We therefore
ecided to investigate further reactions using IL1-PS. Among
he three organic solvents, i-Pr2O, hexane, and toluene (Entries
–5), the best result was obtained when the reaction was carried
ut in i-Pr2O (Entry 3). We also tested several typical organic
olvents: isooctane, THF, t-BuOMe, and dioxane.

(1)

Although the reaction proceeded, the rate was very poor and
o solvent system superior to i-Pr2O was found for the present
odel reaction using Lipase PS, Novozym435, or IL1-PS. Many

ypes of phosphonium salt ionic liquids are now commercially
vailable; however, we recognized that most commercial phos-
honium ILs are not appropriate for use as solvent in the present
ipase-catalyzed reaction because they have a long alkyl chain
nd thus show amphiphilic properties. We therefore tested the
eaction using three original phosphonium NTf2 ionic liquids,
Bu3MeP][NTf2] (Entry 6), [Et3(n-Pent)P][NTf2] (Entry 7), and
MEBu3P][NTf2] (Entry 8). To our delight, the enzymatic reac-
ion proceeded with excellent enantioselectivity and reactions
ere much better than those in hexane and toluene in these

olvent systems. In particular, the reaction in [MEBu3P][NTf2]
roceeded very rapidly; the rate (1000 mM/mg enzyme, h−1)
as superior to that in i-Pr2O (Entry 8). We carefully checked

eliability of the reaction several times and confirmed that the
eaction rate in [MEBu3P][NTf2] is indeed superior to that in
-Pr2O. To the best of our knowledge, this is the first example
hat lipase-catalyzed reaction in an ionic liquid proceeded faster
han in i-Pr2O.

Since the viscosity of [MEBu3P][NTf2] (72 cP s at 25 ◦C,
2O = 880 ppm) is much higher than that of i-Pr2O (0.305 cP s

t 32 ◦C) [33], the origin of this high reaction efficiency of
ipase in the IL might not be due to the enhanced rate of

ass transfer in the solvent system but to improved activ-
ty of the enzyme protein in [MEBu3P][NTf2]. Unfortunately,

oth lipase PS- and Novozym435-catalyzed reaction were poor
ven if the reactions were carried out in our phosphonium
onic liquid [MEBu3P][NTf2] (Entries 9 and 10) and enantios-
lectivity was reduced when Lipase PS was used as catalyst
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Table 1
Results of lipase-catalyzed transesterification of (E)-4-phenylbut-3-en-2-ol in various solvent systems

Entry Lipase Solvent Time (h) % ee of (R)-2aa (%yield)b % ee of (S)-1aa (%yield)b Ratec %conv.d E valued

1 PSe i-Pr2O 24 98 (13) 25 (87) 3f 20 148
2 Novozym435e i-Pr2O 24 99 (30) 47 (60) 5f 32 >200
3 IL1-PS i-Pr2O 1 98 (35) 85 (38) 900 47 >200
4 IL1-PS Hexane 26 86 (24) 34 (62) 120 28 19
5 IL1-PS Toluene 24 97 (33) 72 (44) 250 43 138
6 IL1-PS [Bu3MeP][NTf2] 11 98 (33) 72 (48) 560 44 62
7 IL1-PS [Et3(n-Pent)P][NTf2] 22 93 (32) 53 (52) 380 36 44
8 IL1-PS [MEBu3P][NTf2] 1 99 (35) 78 (44) 1000 44 >200
9 PSe [MEBu3P][NTf2] 24 86 (11) 13 (70) 30f 13 15

10 Novozym435e [MEBu3P][NTf2] 24 99 (30) 47 (63) 5f 32 >200
11 IL1-PS [bmim][NTf2] 4 93 (35) 75 (42) 520 45 60
12 IL1-PS [bdmim][NTf2] 24 99 (21) 46 (49) 290 32 >200
13 IL1-PS [bmim][C5F8] 2.5 98 (32) 51 (62) 270 34 165

a Determined by HPLC (Chiralcel OB-H, hexane: i-PrOH = 20:1).
b Isolated yield.
c mM/mg enzyme, h−1. The rate was determined by GC analysis at 30 min of reaction.
d Calculated by % ee of (R)-2a (eeP) and % ee of (S)-1a (eeS). E = ln[(1 − c)(1 + eeP)]/ln[(1 − c)(1 − eeP)], here c means conv. which was calculated by the
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ollowing formula: c = eeS/(eeP + eeS). See Ref. [32].
e 50 wt.% of enzyme was used.
f The rate was determined by GC analysis at 12 h of reaction because the reac

Entry 9). Therefore, use of our novel phosphonium ionic liq-
id is particularly beneficial for the use of an ionic liquid
oated enzyme. However, it was confirmed that lipase-catalyzed
eaction in [MEBu3P][NTf2] was superior to those in the imi-
azolium ionic liquid solvents, [bmim][NTf2], [bdmim][NTf2],
nd [bmim][C5F8] (Entries 11–13). Since these ILs consist of
he same anion, the results clearly show that the cationic part of
he ILs has a certain impact on the reactivity of the lipase.

We further demonstrated the recyclable use of enzyme in this

olvent system (Fig. 3). Surprisingly, the most rapid reaction
as recorded after the enzyme had been used 5 times; the rate

eached 1300 mM/mg enzyme, h−1 (11 fold that in hexane). We
ssume that this may be due to removal of a trace amount of

a
a
i

able 2
esults of IL1-PS-catalyzed transesterification of secondary alcohols

ntry R1 R2 Run Solvent Time (h)

1 Ph Me 1st i-Pr2O 1
2 Ph Me 1st [Bu3MeP][NTF2] 1.5
3 Ph Me 1st [MEBu3P][NTf2] 1
4 Ph Me 5th [MEBu3P][NTf2] 1
5 CH2CN Et 1st i-Pr2O 10 min
6 CH2CN Et 1st [Bu3MeP][NTF2] 30 min
7 CH2CN Et 1st [MEBu3P][NTf2] 30 min
8 CH2CN Et 5th [MEBu3P][NTf2] 30 min
9 CH2CH2Ph CH2 CH– 1st i-Pr2O 20
0 CH2CH2Ph CH2 CH– 1st [Bu3MeP][NTF2] 20
1 CH2CH2Ph CH2 CH– 1st [MEBu3P][NTf2] 12

a % ee of 1-phenylethanol (1b) and acetate 2b: HPLC (Chiralcel OB-H, hexane: i-P
c by the capillary GC (Chiraldex G-Ta, 100 ◦C); % ee of 5-phenylpent-1-en-3-ol(1d
J-H, hexane: i-PrOH = 70:1).
b Isolated yield.
c mM/mg enzyme, h−1, the rate was determined by GC analysis at 30 min of reacti
d Calculated by % ee of (R)-2 (eeP) and % ee of (S)-1 (eeS). E = ln[(1 − c)(1 + eeP)]

ormula: c = eeS/(eeP + eeS). See Ref. [32].
e Since the reaction proceeded very rapidly for this substrate, the rate was determin
roceeded very slowly.

mpurity which may cause inhibition of the enzyme in the IL
uring repetition of the workup process. The rate remained at
he similar level as that in i-Pr2O even after 10 repetitions of
he enzymatic reaction, though a slight drop of the E value was
ecorded.

(2)
We next tested reactions using three substrates (1b, 1c,
nd 1d) in two types of phosphonium ILs, [Bu3MeP][NTf2]
nd [MEBu3P][NTf2], and compared the results with those in
-Pr2O (Eq. (2) and Table 2). As can be seen in Table 2, bet-

% ee of (R)-2a

(%Yield)b
% ee of (S)-1a

(%Yield)b
Ratec %conv.d E valued

>99 (34) 98 (40) 1800 50 >200
99 (30) 85 (40) 1200 46 >200
99 (35) 72 (43) 1400 42 >200

>99 (30) 75 (41) 1200 43 >200
92 (32) 73 (42) 11000e 44 49
80 (36) 27 (63) 8200e 29 2
77 (27) 61 (51) 4300e 44 15
88 (26) 33 (61) 3400e 28 21

>99 (21) 22 (75) 60 18 >200
96 (16) 45 (71) 190 32 68
98 (34) 38 (63) 250 28 140

rOH = 20:1); % ee of 3-hydroxypentanenitrile (1c) was determined to be acetate
): HPLC (Chiralcel OD-H, hexane: i-PrOH = 9:1); acetate 2d HPLC (Chiralcel

on.
/ln[(1 − c)(1 − eeP)], here c means conv. which was calculated by the following

ed at 10 min of the reaction by capillary GC analysis.
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ig. 3. Results of recyclable use of IL1-PS in the transesterification of (E)-4-
henylbut-3-en-2-ol using [MEBu3P][NTf2] solvent system.

er results were always obtained in [MEBu3P][NTf2] than in
Bu3MeP][NTf2]. Interestingly, the solvent effect was depen-
ent on the substrate. No significant change of lipase reactivity
as observed for 1-phenylethanol (1b) (Entries 1–4). In contrast,

eactivity of lipase depended on the solvent for 1c (Entries 5–8)
nd 1d (Entries 9–11). A reduced reaction rate was recorded
hen 3-hydroxypentanenitrile (1c) was subjected to the IL1-
S-catalyzed reaction in phosphonium ILs (Entry 6 and 7),
espectively. Particularly significant reduction of enantioselec-
ivity was obtained in these phosphonium solvent systems.
n improved reaction rate with reduced enantioselectivity was
bserved, in contrast, when 5-phenylpent-1-en-3-ol (1d) was
sed as a substrate in the phosphonium ILs (Entries 10 and 11).
lthough the results were not those desired, the phenomenon

eems to provide evidence that the lipase reactivity is, in fact,
ependent on the cationic part of the ionic liquid.

. Conclusion

In conclusion, we established an excellent lipase-catalyzed
eaction system using novel phosphonium ionic liquid
MEBu3P][NTf2] as a solvent. This is the first example of the
eaction of lipase-catalyzed transesterification in an ionic liq-
id solvent system proceeding faster than in a conventional
rganic solvent such as i-Pr2O. Although both reaction rate
nd enantioselectivity depend on the substrate, it is obvious
hat [MEBu3P][NTf2] has a certain advantage over conven-
ional organic solvents, because the solvent makes it possible
o use the enzyme repeatedly and has less-volatile and less-
ammable properties. We believe that further investigation of

he scope and limitations of the reaction will make it even more
eneficial.
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