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Abstract 

This review describes efficient means of preparing optically pure insect pheromones and related compounds via 
lipase-catalyzed enantioselective reaction on a large scale. (1) A new synthesis of the Japanese beetle pheromone, 
(R,Z)-( - )-%(I-decenyl)oxacyclopentan-2-one, established by a combination of two lipase-catalyzed transformation was 
demonstrated. (2) A chemico-enzymatic procedure for the syntheses of both enantiomers of cupreous chafer beetle 
pheromone, (R,Z)- and (S,Z)-5-t 1 -octenyl)oxacyclopentan-2-one, was described. (3) An optical resolution of ( + j-2,3- 
epoxy-8-methyl-1-nonanol, the key intermediate of the synthesis of gypsy moth pheromone, was demonstrated. (4) A 
practical chemico-enzymatic synthesis of (+)-disparlure in large scale was demonstrated. (5) A facile synthesis of 
carboxyalkyl acrylate, which is special monomers in the synthesis of the new polymers, by two lipase-catalyzed 
regioselective reactions was described. 
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1. Introduction 

Enzymes have been widely used as catalysts 
in organic synthesis. Among the enzymes, li- 
pases have been widely used for the optical 
resolution of various racemic alcohols, because 
they have a remarkable ability to assume a 
variety of conformations to accommodate sub- 
strates of varying sizes and shapes [l-4]. 

Lipases usually do not require any cofactor 
regeneration system. These are very strong 
points for their application. In addition, these 
enzymes are readily available commercially in 

* Corresponding author. 

large quantities and at relatively low cost. 
Moreover, lipases are uniquely stable in nonpo- 
lar organic solvents. This trait of lipases is very 
important for their application because water is 
not the ideal reaction medium for most process 
in organic syntheses. For preparative organic 
syntheses, it would be better to carry out enzy- 
matic conversions in organic solvents rather 
than water for several reasons: 1) many organic 
substrates dissolve better in organic solvents 
than they do in water; 2) enzymes can be easily 
recovered and reused because enzymes are in- 
soluble in organic solvents; 3) compounds that 
are unstable in water, such as acid anhydrides 
could be used as substrates; 4) thermodynamic 
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equilibria of many processes are unfavorable in 
water - examples include syntheses of esters 
from carboxylic acids and alcohols; 5) product 
recovery from aqueous solutions is often difti- 
cult and expensive. For these reasons, lipase- 
catalyzed transformation is becoming increas- 
ingly important in organic synthesis. Studies 
have compared the utility of the lipase-catalyzed 
optical resolution of racemic alcohol, as a way 
of obtaining chiral alcohol, with asymmetric 
reduction of the corresponding ketone by a 
chemical catalyst [5- 121. Although the chemical 
method is efficient at the laboratory scale, it has 
some disadvantages and is thereby not practical 
on a large scale. The disadvantages of the chem- 
ical method include: 1) the method requires 
expensive asymmetric reducing agents; 2) in 
many cases, the reaction temperature should be 
kept very low - below -50°C; and 3) it re- 
quires dangerous reagents such as lithium alu- 
minum hydride. For the above reasons, in indus- 
trial application, lipase-catalyzed transformation 
is expected to become a new powerful proce- 
dure that is safe and inexpensive. 

This review describes the utility of lipase- 
catalyzed transformations for preparing valuable 
compounds on a comparatively large scale. The 
target compounds are sex pheromones of pests 
(including the Japanese beetle (Popilliu jupon- 
ica Newman) [13], the cupreous chafer beetle 
( Anomalu cupureu Hope) [14], and the gypsy 
moth (Lymuntriu &spar L.) [El), that devastate 
a variety of trees and crops. Also investigated is 
carboxyalkyl acrylate, which is a new material 
for the polymer industry. 

2. Insect sex pheromones 

Insect sex pheromones are expected to be- 
come a new type of pesticides that work by 
disrupting mating or mass trapping [ 16- 191. All 
these target pheromones are optically active 
molecules whose chiral centers are critical to 
their activities. In some cases, unnatural enan- 
tiomers that correspond to natural ones strongly 

inhibit a pheromone’s male response [20]. 
Therefore extremely high optical purity is essen- 
tial for practical use of pheromone. Because the 
utility of pheromone is obvious, efforts of many 
groups have been devoted to developing effi- 
cient routes for large scale preparation of these 
compounds. This review describes an applica- 
tion of the lipase-catalyzed enantioselective 
transformations for their preparation. 

3. Synthesis of Japanese beetle pheromone 

3. I. Japanese beetle 

The Japanese beetle, Popilliu juponica New- 
man, is a devastating pest of a variety of trees 
and crops in the United States. Tumlinson et al. 
have isolated its pheromone from virgin females 
and identified it as (R,Z)-( - )-5-( l- 
decenyl)oxacyclopentan-2-one (( Z(Z)-1, Fig. 1) 
D3l. 

This pheromone has a unique feature whereby 
a small amount of unnatural (S,Z)-isomer 
strongly inhibits the male response to it. Indeed, 
2% contamination of (S,Z)-isomer causes the 
mixture to be three times less active than opti- 
cally pure pheromone [ 131. Therefore, extremely 
high optical purity is essential for the practical 
use of this pheromone. 

In the original synthesis of Doolittle et al. 
CR)-( - )-glutamic acid was used as its starting 
material [21]. Since then, a number of other 
syntheses have been reported [5,6,9] [22-291. In 
several of these studies, the acetylenic lactone 
CR)-2 has been established as the key intermedi- 
ate [5,30]. 

Among them, a synthesis involving the li- 
pase-catalyze enantioselective lactonization of 
(KS)-3 to yield (RI-2 as the key reaction (Fig. 
2) has been reported by Sugai et al. [31]. 

“c”,&. 

(R,Z)-1 

Fig. 1. Japanese beetle sex pheromone. 
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Fig. 2. Lipase-catalyzed enantioselective lactonization of (RS)-2. 

In Sugai’s synthesis, optically active lactone 
(R)-2 of 97% ee was prepared by repetitions of 
the above reaction. The repetition of lipase- 
catalyzed reaction could not raise the optical 
purity sufficiently high for practical use because 
the enantioselectivity of the above reaction was 
not so high (E = 20) [32]. 

We show a practical chemicoenzymatic syn- 
thesis of Japanese beetle pheromone (R,Z)-1 of 
over 99% ee which involves two lipase-cata- 
lyzed crucial steps: enantioselective acylation of 
y-hydroxy ester 3 and the subsequent enantiose- 
lective hydrolysis of y-acyloxy ester 4. 

3.2. Synthesis of Japanese beetle sex pheromone 
by lipase-catalyzed enantioselective transforma- 
tion [331 

First, several commercially available lipases 
were surveyed for the acylation of (RS)-3 in 
organic solvent. Lipase PS from Pseudomonas 
sp. (Amano Pharm., Japan) was found to cat- 
alyze the enantioselective acylation of (KS)-3 
with several anhydrides [34] as acylating 
reagents in diisopropyl ether (Fig. 3). 

The best result was obtained when succinic 
anhydride was used as the acylating reagent 
(E = 115). On the other hand, glutaric anhy- 

R 
B CH, 
b CzHs 
e n-C,H, 
d r&H,, 
e CH,CH,CO,H 
(f CH2CH2C02CH3) 

Fig. 3. Lipase-catalyzed enantioselective acylation of (RS)-2 with 
anhydrides as acyl donors. 

Table 1 
Acylation of (RS)-2 by Lipase PS 

Entry Anhydride Conv. Time Product, ee (Y’c’c) 
(%I (h) 

E” 

1 acetic 51 18 (RI-4a, 85 (Sk2,90 3 
2 popionic 51 18 (RI-4b, 86 (02, 91 40 
3 n-butyric 50 18 (RI-4c, 93 (S&2,93 94 
4 n-caproic 50 18 CR)-4d, 92 W2.92 79 
5 succinic 50 24 (R)-4e, 94 (S)-2.94 115 

d E = (ln[ 1 - c[l + ee(P)I}/Iln[ 1 - ccl - ee(P)]}. 

dride and phthalic anhydride provided very poor 
yields (data not shown). Among acyclic anhy- 
drides, n-butyric anhydride proved to be the 
best acylating reagent (E = 94). Results are 
summarized in Table 1. As for solvents, toluene 
and isooctane, which are recognized as suitable 
for enzymatic reactions in non-aqueous media 
[35-371, were also examined as reaction sol- 
vents. Diisopropyl ether was selected as the best 
solvent because the reaction was faster than 
toluene, and lactone 3 was formed as a by-prod- 
uct in isooctane. 

To enrich further the ee of the desired (R)- 
enantiomer, asymmetric hydrolysis of the bu- 
tyrate of the secondary alcohol moiety of 4 was 
attempted. First, hydrolysis of butanoate 4c was 
examined. After surveying several commer- 
cially available lipases, Palatase A, a lipase 
from Aspergillus niger (Novo Ind., Denmark), 
was found to catalyze the hydrolysis of 4c (Fig. 
4). It hydrolyzed ( RS)-4c in 0.1 M phosphate 
buffer (pH 7) to give (RI-2 (60% eel and (S)-4c 
(59% eel. The reaction was moderately stereos- 
elective (E = 7). 

These results. however, were unsatisfactory 
for preparing the extremely pure target lactone 
(RI-3. 

A higher stereoselectivity was expected by 

+ 

(S)-4c. 594bee 

Fig. 4. Lipase-catalyzed enatioselective hydrolysis of (RS)-4c. 
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+ 

Fig. 5. Lipase-catalyzed enantioselective lactonization of (RS)-4e. 

using succinoate 4e as the substrate. Although 
the enzymatic hydrolysis of 4e was unsuccess- 
ful, we found that lipase OF from Can&da 
cylindrucea (Meito Sangyo, Japan) catalyzed a 
hydrolysis and the subsequent spontaneous lac- 
tonization of 4e to yield CR)-3 (88% ee) (Fig. 
5). The E value in this case was 39. 

Lipase catalyzed lactonization of hydroxy es- 
ters in organic solvents have been previously 
reported [38-431. Inspired by those reports, the 
direct lactonization of (RS)-4c or (RS)-4e was 
tried in organic solvents such as toluene, isooc- 
tane, diethyl ether and diisopropyl ether. Those 
attempts from racemic compounds, however, 
were not successful (data not shown). Anyway, 
as it turned out that CR)-enantiomer lactonized 
further than the (S)-enantiomer, in order to 
refine the methodology to obtain highly opti- 
cally pure lactone (RI-3, this lipase OF-cata- 
lyzed reaction was applied to an already enan- 
tiomericaly enriched form of (R)-4e, which was 
prepared in 94% ee with Lipase PS (Fig. 6). The 
reaction was stopped after 23 h and (R&3 was 
isolated with over 99% ee (83% yield). 

Semihydrogenation of obtained (RI-2 by a 
previously reported procedure [9] gave the 
Japanese beetle pheromone (R,Z)-1 (Fig. 7). 

In conclusion, a new effective synthesis of 

0 c 0 

n-C8H,7+C02CH, I;_ “=@,,-+-&CH3 
OH Lip&?. PS OCOCH,CH,CO~H 

WV-2 diisopmpyl ether (R)-&. 94%~ 

L&use OF 
- W~--+O Phosphate(pH7) 

(R)-3>99%ee 

Fig. 6. Synthesis of (RS)-3 by a combination of lipase-catalyzed 
enatioselective acylation and lactonization. 

Fig. 7. Synthesis of Japanese beetle sex pheromone by semihydro- 
genation of (RI-3. 

the Japanese beetle pheromone (R,Z)-1 was es- 
tablished by combining enzymatic and chemical 
methods without using any chiral auxiliaries. 

4. Synthesis of cupreous chafer beetle sex 
pheromone 

4.1. Cupreous chafer beetle 

The cupreous chafer beetle, Anomala cuprea 
Hope, is a devastating pest to a variety of crops 
in Japan. Lea1 has isolated its pheromone from 
field-captured female beetles and identified it as 
( R,Z)-( - j-5-t 1 -octenyl)oxacyclopentan-2-one 
(( R,Z)-5, Fig. 8) [14]. 

Its structure closely resembles sex pheromone 
(R,Z)-1 of the Japanese beetle, Popillia jupon- 
icu Newman [13]. The sex pheromone of the 
Japanese beetle has the unique feature whereby 
a small amount of the unnatural (S,Z)-isomer 
strongly inhibits the male response to it. We 
synthesized both optically pure enantiomers of 5 
in order to evaluate the male response to them 
[44]. Later some other syntheses were reported 
[45-471. 

4.2. Synthesis of enantiomers of a sex pheromone 
of cupreous chafer beetle, anomala cuprea hope 
L471 

This synthesis was according to the same 
strategy for the preparation of Japanese beetle 
sex pheromone. The key reaction of this synthe- 
sis was a lipase-catalyzed enantioselective acy- 
lation of (RS) methyl-4-hydroxy-5-dodecynoate 

n-W&o 
VU)_5 

Fig. 8. Cupreous chafer beetle sex pheromone. 
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CO&H, 

Lipase PS 
i 

(n-PrcO)zO 
diisopropyl ether 

‘4% 
C&I, 

CO,CH, 
+ CO,CHI 

ocopr 
8H 

1) KOH 
2) distill. 

C&-(&o 

1) KOH 
2) distill. 

C,t+,,-_II”.. 

VO-8 LV8 

Lindlar-Pd 

1 

Lindlar-Pd 

“*C&&k 

H2 I 

0 C6Hl&.Q==O 

(RZ-5 (S,Z)-5 

Fig. Y. synthesis of both enantiomers of cupreous chafer beetle sex 
pheromone ((R,Z)-5 and (S.Z)-5) by lipase-catalyzed enantiose- 
lective acylation. 

(( RS)-6). Hydroxy ester (RS)-6 was subjected 
to a lipase-catalyzed enatioselective acylation 
with n-butyric anhydride as an acylating agent 
in diisopropyl ether to yield methyl (R&4- 
butanoyloxy-5dodecynoate) (( RI-7(93% ee)) 
and methyl (S)-4-hydroxy-5-dodecynoate t(S)- 
6(73% ee)). The product obtained by primary 
enzymatic reaction was subjected to the second 
enzymatic reactions independently to yield opti- 
cally pure products, (RI-7 and (S)-6, which 
were converted to CR)- and (S)-( - )-5-( l-oc- 
tynyl)oxacyclopentan-2-one (( RI-8 and (S&S), 
respectively. Both enantiomers of the cupreous 
chafer beetle pheromone, ( R,Z)- and (S,Z)-( - )- 
5-t 1-octenyl)oxacyclopentan-2-one (( R,Z)-5 and 
(S,Z)-5), were synthesized in one step from 
these optically active lactones (Fig. 9). 

5. Synthesis of gypsy moth sex pheromone 

5.1. Gypsy moth 

Fig. 10. Gypsy moth sex pheromone. 

the sex pheromone for gypsy moth, Lymantria 
&par L., which is a harmful forest pest [15,48]. 

Since then, a number of syntheses have been 
reported [49-721. 

Among them, Mori et al. reported an interest- 
ing synthesis of ( +)-disparlure that was derived 
from the optically active epoxy alcohol, 
(2 S,3 R)-2,3-epoxy-8-methyl-1-nonanol 
((2 $3 R&10) prepared by Sharpless asymmetric 
epoxidation [73]. (Fig. 11) 

A synthesis involving the lipase-catalyzed 
enantioselective lactonization of ( RS)-3 to yield 
(RI-2 as the key reaction (Fig. 2) has been 
reported by Sugai et al. 

1 Sharpless asymmetric epoxidation 

(2S,3R)-10, 84%~ 

Optical enrichment 
I 

1) 3,5_dinitrobenzoylation 
2) recrystallization 

DNB: 35dinitrobenzoyl 

. 
(2S,3R)-llc, 99Wee 

( + )-Disparlure, cis-(7R,8S)-7,8-epoxy-2- 
methyloctadecane (9, Fig. 10) was identified as 

Gypsy moth sex pheromone 

Fig. I I. Synthesis of gypsy moth sex pheromone by Mori and 
Eabata. 
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Recently, an enzymatic approach to the opti- 
cally active form of 10 by an enantioselective 
transesterification of its racemate with ethyl ac- 
etate as acyl donor and as reaction medium was 
reported [63] (Fig. 12). 

By this method, it was very difficult to con- 
trol the conversion of the reaction around 50% 
that theoretically would give a high optical yield 
of the target enantiomer, because of the follow- 
ing reason. Under the condition of large excess 
amount of acyl donor, the conversion readily 
exceeded 50% resulting in relatively lower opti- 
cal purity of desired enantiomer. To overcome 
this problem, the use of acid anhydride [34] was 
decided to be an acyl donor in lipase-catalyzed 
enantioselective acylation of (10); the conver- 
sion of the reaction would be controlled by a 
molar equivalence of anhydride. A lipase-cata- 
lyzed enantioselective alcoholysis of an epoxy 
ester in organic solvent was also attempted. 

5.2. An optical resolution of racemic epoxyalco- 
ho1 (10) by lipase-catalyzed enantioselective re- 
actions [741 

Initially, several commercially available li- 
pases were surveyed for the acylation of ( &>-lo 
to yield corresponding epoxy esters (11) with 
one equivalent of several anhydrides, such as 
acetic, propionic, n-butyric, n-caproic and i- 
butyric anhydride. Pancreatin F (Arnano Pharm., 
Japan), a lipase from porcine pancreas, was 
found to catalyze the enantioselective acylation 

Fig. 13. Lipase-catalyzed enantioselective acylation of ( f I-10 
with acid anhydride as acyl donors. 

of ( f j-10 with several anhydrides as acylating 
agent in a most enantioselective manner (Fig. 
13). 

In all cases, half equivalents of anhydrides 
were used and the reactions were carried out at 
30°C in diisopropyl ether. Results are summa- 
rized in Table 2. 

The highest enantioselectivities were ob- 
tained when acetic anhydride was used as acy- 
lating agent (E = 13). Other acyclic anhydrides, 
such as propionic, n-butyric and n-caproic an- 
hydride, had almost teh same properties as well 
as acetic anhydride, however, the enantioselec- 
tivities of the reactions with them were slightly 
lower than that of the reactions with acetic 
anhydride. The anhydrides that had a branch at 
the a-position, such as i-butyric anhydride and 

Table 2 
Lipase-catalyzed enatioselective acylation of ( f j-10 with acid 
anhydrides as acyl donors 

Anhydride Conv. (%) ’ Time (h) ee (%), recov. (%) E b 

Fig. 12. Lipase-catalyzed enantioselective transesterification of b E = (ln[ 1 - c[ 1 + ee(P)])/{ln[l - ccl - ee(P)]]. 
( f l-10 with ethyl acetate by Bianch et al. ’ No product was detected. 

acetic 
popionic 
n-butyric 
n-caproic 
i-butyric 
benzoic 
succinic 
phthalic 

57 
56 
56 
5.5 
33 
28 
33 
nd 

7 
I 
7 
7 

50 
200 

24 
200 

ester alcohol 

66,49 86.44 
59,48 76,44 
61,46 78.48 
65,41 80.45 
72,34 35.64 
83,25 33,70 
66, 11 33,56 
nd nd 

13 
9 

10 
11 
8 

11 
7 

nd ’ 

a Calculated on the basis of ee(S) and ee(P): COW. = ee(S)/[ee(S) 
+ ee(P)]. 
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benzoic anhydride, showed very low reactivi- 
ties. 

Cyclic anhydrides such as succinic and ph- 
thalic anhydride were also examined. However, 
in neither case was a good result obtained. For 
example, phthalic anhydride provided a very 
poor yield (data not shown). 

The results showed that acetic anhydride was 
the best acylating agent, however, in this case, 
the optical purity of the formed ester (66% ee) 
was lower than that of remaining alcohol (86% 
ee). Even in the case that only half equivalent of 
acetic anhydride was added as acylating agent, 
the reaction proceeded over 50% conversion. 
We speculated that the free acetic acid that 
formed from acetic anhydride as a by-product 
might be involved in further acetylation. To 
solve the above problem, removal of free acetic 
acid was attempted by addition of weak bases 
[75,76]. The addition of potassium bicarbonate 
and 2,6-lutidine were examined. The amount of 
base added was two equivalents to acetic anhy- 
dride and other conditions were kept to those of 
above reaction. Results were summarized in 
Table 3. 

Addition of bases was effective to supress the 
reaction exceeding 50% conversion (Table 3; 
run 1 and 2). As another way to solve the above 
problem, enzyme adsorbed on celite [34,75] was 
examined. The use of Pancreatin F that was 
adsorbed to celite was also effective (Table 3; 
entry 4), and in this case, the enantioselectivity 

o:ti&ro~ 
(f)-lla 

Fig. 14. Lipase-catalyzed enantioselective alcoholysis of ( f hlla. 

was higher (E = 16) than that of control (Table 
3; run 3 (E = 12)). To obtain higher enantiose- 
lectivity, the reaction at lower temperature [77] 
was examined. The reaction by Panceatin F 
adsorbed on celite at 5°C gave a higher enan- 
tioselectivity (Table 3; run 5, (E = 23)). 

For further enrichment of the optical purity 
of the desired (2S,3 I?)-enantiomer, enantiose- 
lective alcoholysis of epoxy acetate (lla) in 
organic solvent was attempted. Through survey- 
ing several commercially available lipases, Pan- 
creatin F (Amano Pharm., Japan), the same 
enzyme as in the above reaction, was found to 
catalyze the alcoholysis of ( f )-lla with several 
alcohols (Fig. 14). 

The results are summarized in Table 4. The 
reactions were carried out in diisopropyl ether 
with several alcohols, such as methanol, ethanol, 
n-propyl alcohol and i-propyl alcohol at 30°C 
for the indicated times. When linear alcohols 

Table 3 
Effects of base addition and enzyme immobilization on lipase-catalyzed enantioselictive acylation of ( f I-10 

Run A Base b Enzyme Temp (“Cl Time (h) Conv. (%no) ’ ee (%x), recov. (%o) Ed 

Ester Alcohol 

I KHco3 free 30 6 51 70,50 73,46 12 
2 2,6-lutidine free 30 6 40 74,41 62,46 12 
3 none free 30 6 57 66,49 86,44 13 
4 none on celite 30 6 53 73,49 81.47 16 
5 none on celite 5 14 50 79,47 79,46 23 

a In all reactions, acetic anhydride was used as an acyl donor. 
h Added in equal equivalent to substrate. 
’ Calculated on the basis of ee(S) and ee(P) [ conv. = ee(S)/(ee(S) + ee(P))]. 
’ E = (ln[ 1 - c[ 1 + ee(P)])/{ln[ 1 - ~(1 - ee(P)]}. 
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Table 4 
Lipase-catalyzed enantioselective alcoholysis of (k I-lla 

R Temp Time Cow. ee (o/o), recov. (o/o) E b 
(“0 (h) (%I a 

alcohol ester 

methyl 30 64 49, 69,48 13 
ehtyl- 30 85 41’ 

72,49 
X,40 51.57 12 

n-propyl 30 90 41 78,38 55.58 14 
i-propyl 30 140 19 47, 19 11.72 1 
methyl 5 110 35 85,34 45.65 20 

a Calculated on the basis of ee(S) and ee(P): conv. = ee(S)/[ee(S) 
+ ee(P)]. 
b E = {ln[ 1 - c[ 1 + ee(P)])/{ln[ 1 - ccl - ee(P)]). 

were used as the acceptors, an increase of the 
chain length of the alcohol made the reactivities 
lower, however, it didn’t affect the enantiose- 
lecty of the reaction. i-Propyl alcohol that had a 
branch at o-position gave very low enantiose- 
lectivity (E = 1). This reaction at lower temper- 
ature (5°C) gave an enhanced enantioselectivity 
(E = 20). 

In order to refine the methodology to obtain 
optically very pure epoxy alcohol (2S,3R)-10, 
two enzymatic reactions were combined. 
(2S,3R)-lla was prepared in 79% ee by the 
first reaction, lipase-catalyzed enantioselective 
acylation. Also, an obtained (2S,3R)-lla was 
applied to the second reaction, lipase-catalyzed 
enantioselective alcoholysis. The reaction was 
stopped after 90 h and (2S,3Z?)-10 was isolated 
with 95% ee (Fig. 15). 

og+igg?-;~ 
(*)-lo diisopmpyl ether (X,3!+11,79%ee 

SC 47% Pattcreatin F 
(immobilized on celite) 

80% diisopmpyl ether 

1 ST 

9 

@ 
0 

2 
OH 

(2R,3S)-10 

Fig. 15. Synthesis of (2S,3R)-10 by a combination of lipase-cata- 
lyzed enantioselective acylation and alcoholysis. 

(+zop 
12 Ti(OPr-i)l (2&3R)-10 

Fig. 16. Sharpless asymmetric epoxidation of ally1 alcohol. 

5.3. Large-scale preparation of ( + kdisparlure, 
the gypsy moth sex pheromone, by a practical 
chemico-enzymatic procedure [781 

In the previous section, we described a 
method for a preparation of the optically active 
epoxyalcohol ((2S, 3R)-10) by lipase-catalyzed 
optical resolution methods. A major problem 
encountered in this method is that it is seldom 
possible to use an undesired (2R, 3S)-enanti- 
omer formed as a by-product. In this section, a 
practical method for a preparation of (2S, 3R)- 
10 by a combination of Sharpless’ asymmetric 
epoxidation [79] and lipase-catalyzed enantiose- 
lective acylation is described. 

The key reaction of the Mori’s synthesis [60] 
(Fig. 11) described above is Sharpless’ asym- 
metric epoxidation of g-methyl-2-nonen- l-01 
(12) to yield an optically active epoxy alcohol 
((2S,3R)-10) (Fig. 16). We tried to reproduce 
this result (Fig. 16) on a large scale. It was 
possible to obtain (2S,3R)-10 at over 80% ee of 
optical purity, although a long reaction time 
(over 7 days) and low temperature (below 
- 20°C) were essentially required (Table 5). 
This reaction was very efficient on a laboratory 
scale, but it is very costly on a large scale. 

Table 5 
Effects of reaction temperature on Sharpless asymmetric epoxida- 
tion of ally1 alcohol (12) 

Temp (“Cl Reaction time (h) ee of product 

-20 170 82 
5 40 65 

15 15 52 

Reaction conditions: ally1 alcohol (12) (42 g, 0.27 mol), ( + )-di- 
ethyl tartrate (38 g, 0.19 mol), Ti(OPr-i), (46 g, 0.16 mol), 
t-BuOOH (3.0 M, I34 ml, 0.40 mol), molecular sieves 3A (55 g). 
dichloromethane (5 I). 
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Especially the necessity of long reaction times 
over 7 days was a problem for industrial use. 
The reaction at higher temperature could reduce 
the required time but it would cause a remark- 
able drop in stereoselectivity. The reaction at 
5°C required 40 h to be completed and the 
optical purity of the obtained (2S,3Z?)-10 was 
65% ee. The reaction at 15°C required only 15 h 
to be completed and the optical purity of the 
obtained (2S,3R)-10 was 52% ee (Table 5). 
These optical purities were too low to perform 
the optical enrichment by recrystallization of 
corresponding 3,5_dinitrobenzoate in sufficient 
recovery yield. In a preliminary experiment, we 
found that over 80% ee of optical purity was 
necessary for good recovery over 60%. To ob- 
tain higher optical purity, over 80% ee, the 
application of lipase-catalyzed kinetic resolution 
as was described above to (2S,3R)-10 with low 
optical purity ( < 60% ee) prepared by Sharpless 
epoxidation at room temperature was examined. 

An allylic alcohol (12) was submitted to the 
modified Sharpless epoxidation which used 
molecular sieves 3A [80]. L-t +)-Diethyl tar- 

u-ate was employed as chiral auxiliary. The 
reaction took 18 h to complete and gave opti- 
cally active epoxyalcohol (2S,3R)-10, whose 
optical purity was determined to be as low as 
52% ee. Next, the epoxyalcohol thus obtained 
with an optical purity of 52% ee was submitted 
to the lipase-catalyzed enantioselective acyla- 
tion to obtain an optically purer one. The enzy- 
matic reaction was carried out in diisopropyl 
ether with n-butyric anhydride as acylating agent 
at room temperature for 5 h to give epoxyester 
llb of 85% ee. 

To further enrich the optical purity of the 
desired (2S,3 R)-enantiomer, epoxyester ob- 
tained by the above reaction was converted to 
the corresponding 3,5_dinitorobenzoate llc [60] 
and recrystallization of llc was performed to 
yield the optically pure llc. The 3,5-dinitro 
benzoate llc was converted to tosylate lld by 
hydrolysis and subsequent tosylation. Finally, 
the tosylate lld was treated with (n- 
C,Hl,),CuLi in ether and toluene according to 
the reported procedure [73] to give gypsy moth 
sex pheromone 9 (Fig. 17). This method makes 

Gypsy moth sex pheromone 

Fig. 17. Synthesis of gypsy moth sex pheromone by a combination of Sharpless asymmetric epoxidation and enzymatic reaction. 
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q owCo2H 
0 

13 

Fig. 18. Carboxyalkyl acrylate. 

it possible to produce gypsy 
pheromone in kilogram squantities. 

moth sex 

6. Synthesis of carboxyalkyl acryrate 

6. I. Carbox-yalkyl acrylate 

Polymers resulting from polymerization of 
acrylate have been widely used in a large num- 
ber of important industrial applications [81-841. 
These polymers are normally produced from the 
lower acrylates such as methyl, ethyl or butyl 
acrylate. Recently, an acrylate bearing carboxyl 
group, namely carboxyalkyl acrylate (Fig. 18) 
has been noted as a special monomer. This 
monomer would provide sites for further chemi- 
cal modification or ionic effects in resulted 
polymers. Therefore, these polymers with car- 
boxy1 pendants are expected to be new materi- 
als, such as bio-materials, novel membrane and 
functional polymer material [SS-881. 

A direct chemically catalyzed transesterifica- 
tion method [89] cannot, however, serve as an 
efficient route for the preparation of car- 
boxyalkyl acrylate (13) since it would yield a 
complex mixture of unreacted alcohol and par- 
tially and fully substituted ester products. (Fig. 
19) 

hO*H + Ho+CO,H - ~co~CO,H 

Fig. 19. By-products of chemical procedure. on the synthesis of 
carboxyalkyl acrylate(l3). 

&H + HCl%-&OH + MeOH 
6 

Fig. 20. Side reaction of chemical hydrolysis of 14. 

Chemical hydrolysis of methoxycarbony- 
lalkyl acrylate (14), which includes two ester 
bonds, is a possible route for preparation of 13. 
However, this would not be efficient because of 
its low regioselectivity. In this procedure, a 
mixture of 14 and acrylic acid would be ob- 
tained (Fig. 20). 

In this section, we present a regioselective 
hydrolysis of methoxycarbonylalkyl acrylate 
(14) by lipase to yield carboxyalkyl acrylate 
(13). 

6.2. Synthesis of carboxyalkyl acrylate [901 

The starting materials, methoxycarbonylalkyl 
acrylates (14) were readily prepared from hy- 
droxycarboxylic acids methyl ester and acryloyl 
chloride in the usual manner (Fig. 21). 

Several commercially available lipases were 
surveyed for the hydrolysis of methoxycar- 
bonylslkyl acrylate (14) in phosphate buffer. 
Lipase OF, a lipase from Candida cylindracea 

&I+,, CH 2 2 3 

triethylamine 14 
ether II=1 (30%) 

n=2 (45%) 
a=3 (55%) 

Fig. 21. Syntheses of methoxycarbonylalkyl acrylates(l4). 

eCd&!02CHs Lipase &j&,2H 
14 phosphate (pH7) 

13 
13s. n=1(74%) 
13b, n=2(84%) 
13~. n=3(89%) 

Fig. 22. Synthesis of carboxyalkyl acrylate (13) by lipase-cata- 
lyzed regioselective hydrolysis. 
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diiqkopyl ehter 

WC 
86% 

Fig. 23. Synthesis of methoxycarbonylpentyl acrylate (14~) by 
lipase-catalyzed regioselective transesterification. 

(Meito Sangyo, Japan), was found to specially 
recognize site (b). Methoxycarbonylalkyl acry- 
late (14) was regioselectively hydrolyzed by 
lipase OF to yield carboxyalkyl acrylate (13) 
without any by-product (Fig. 22). 

Among these acrylates, carboxypentyl acry- 
late (13~; n = 5) is especially in demand as a 
monomer for the synthesis of pressure sensitive 
adhesive polymers [91-931. If a large scale 
production of 13c is required according to this 
new developed method (Fig. 22), the current 
method for preparation of the substrate (14~) 
(shown in Fig. 21) also needs to be improved, 
because of its low yield (55%). 

As we mentioned above, the transestrerifica- 
tion activity of lipase on the acrylate ester was 
lower, compared with that on the normal fatty 
acid ester. Only a few examples have been 
reported for the lipase-mediated synthesis of 
acrylate esters [94,95]. 

In this context, the possibility of lipase-cata- 
lyzed transesterification was tested for preparing 
of 14~. After surveying several commercially 
available lipases, Lipase PS (a lipase from 
Pseudomonas sp., Amano Pharm., Japan) was 
found to catalyze the transesterification between 
vinyl acrylate and methyl 6-hydroxyhexanoate 
in diisopropyl ether to give 14c (86% yield, Fig. 
23). 

MeOH 
- HO-CO,CH, 
tCi&ylZWli~~ 15 Lipax PS 

Cj”US. diisoptupyl ehter 
86% 

Fig. 24. Synthesis of carboxypentyl acrylate(lk) by a combina- 
tion of lipase-catalyzed regioselective transesterification and hy- 
drolysis. 

In conclusion, a convenient route for prepara- 
tion of carboxyalkyl acrylate was established by 
a combined use of enzymatic procedures (Fig. 
24). 

7. Conclusion 

In this review, we have described the utility 
of lipase-catalyzed transformations for prepara- 
tions of valuable compounds. These enzymatic 
reactions are inexpensive and available in large 
scale. In the production of valuable compounds, 
enzymatic transformations and chemical synthe- 
ses compete with each other. The best solution 
to a large-scale indutrial synthesis is obtained 
through a combination of the advantages of both 
methods, demonstrated by our present exam- 
ples. In the near future, enzymatic procedures 
will be powerful tools for large scale prepara- 
tion of valuable compounds, for example drugs 
and pesticides. 
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