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Abstract—Lipases such as Candida rugosa lipase and Pseudomonas cepacia (Amano Ps) lipase immobilized in gelatin gels (gelo-
zymes) exhibit very high enantioselectivities (E >200) during alcoholysis of racemic 2-acetoxy-4-phenyl-(E)-but-3-enenitrile with
n-butanol in hexane and diisopropyl ether. C. rugosa lipase in n-hexane shows selectivity towards the (R)-ester while P. cepacia
(Amano Ps) lipase shows selectivity towards the (S)-ester producing the corresponding cyanohydrins. After decomposition of the
cyanohydrin by treatment with 1 M imidazole solution to cinnamaldehyde and its removal by bisulfite treatment, (R)- or (S)-
enantiomer of 2-acetoxy-4-phenyl-(E)-but-3-enenitrile can be obtained in high yields (90%) and high enantiomeric excess (>99%).
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The enzymatic synthesis of enantiomerically pure cyano-
hydrins is a reaction of great interest since cyanohydrins
are intermediates for several building blocks such as
a-hydroxy carboxylic acids, a-amino acids, 1,2-amino
alcohols, O-protected a-hydroxyaldehydes, a-mercapto-
nitriles, 2-amino thiols, etc.1 Two major enzymatic
approaches have been developed for the synthesis of
enantiomerically pure cyanohydrins. The first approach
is based on the enantioselective addition of HCN to
aldehyde or ketone catalyzed by enzyme oxynitrilase.2–6

The second approach is based on lipase catalyzed
enantioselective hydrolysis,7 or alcoholysis8–11 of race-
mic cyanohydrin esters. In continuation of our work on
the chemo-enzymatic preparation of enantiomerically
pure cyanohydrins12;13 using lipases immobilized in gel-
atine matrix by sol–gel technique (gelozymes),14 herein
we report the preparation of both (R)- and (S)-enan-
tiomers of 2-acetoxy-4-phenyl-(E)-but-3-enenitrile 1.
The enantiomerically pure multifunctional intermediates
2 and 3 can be useful in the synthesis of corresponding
(E)-2-hydroxy-4-phenyl-3-butenoic acids 7, which in
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turn can be used as versatile intermediates for several
reactions such as asymmetric epoxidation, dihydroxyl-
ation, halogen addition, etc.15;16

The (R)-enantiomer 2 can also be converted to ethyl (R)-
2-hydroxy-4-phenylbutyrate (HPB ester) 8, which has
gained significant importance as a raw material for
production of a variety of ACE inhibitors.17 (Scheme 1).
2. Results and discussion

A preliminary screening of some commercially available
lipases for the hydrolysis of 1 indicated that lipases from
Pseudomonas cepacia (Amano Ps), porcine pancreas
(PPL) and Mucor miehei showed selectivity towards the
(S)-ester while lipase from Candida rugosa (CRL)
showed selectivity towards the (R)-ester. Among all the
lipases, Amano Ps lipase showed highest reactivity
towards 1 and was chosen for further studies.
2.1. Enantioselective alcoholysis of 2-acetoxy-4-phenyl-
(E)-but-3-enenitrile 1 catalyzed by P. cepacia lipase
(Amano Ps)

Schneider et al. have reported enantioselective hydro-
lysis of 1 in phosphate buffer catalyzed by lipase from
Pseudomonas sp.18 The enantioselectivity E for the
reaction was reported to be 17, and the configuration of
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Figure 1. Effect of alcohol chain length on enantiomeric purity of the

recovered 2 during alcoholysis of 2-acetoxy-4-phenyl-(E)-but-3-ene-

nitrile 1 catalyzed by P. cepacia lipase (Amano Ps) gelozyme (34 mg

lipase) at 30 �C in hexane. [1]¼ 0.1 M, [alcohol]/[1]¼ 2, reaction vol-

ume 10 mL, reaction period 10 h.
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the recovered acetate was tentatively assigned as (R),
which is the desired stereochemistry for the preparation
of 5. The preparation of 8 starting with hydrocinnam-
aldehyde has been described by Wong et al.19 Pseudo-
monas lipase catalyzed transesterification of the
cyanohydrin derived from hydrocinnamaldehyde with
vinyl acetate gave the (R)-())-cyanohydrin with 98% ee
and 39% yield. The enantioselectivity E for the reaction
was reported to be 24. However, isolation of the cyano-
hydrin by column chromatography is tedious and the
yields are poor due to decomposition to aldehyde.

In our earlier work with cyanohydrins, we observed that
the enantioselectivity of the reaction can be greatly
improved if alcoholysis of the ester in a water-immisci-
ble organic solvent is carried out instead of hydrolysis in
aqueous buffer. Similarly, the preparation of enantio-
merically pure cyanohydrin ester can be achieved in
excellent yields via destructive resolution where one
enantiomer is selectively destroyed.13 We have tried a
similar strategy in the present case.
2.1.1. Effect of alcohol acyl acceptor on enantioselectivity.
It has been noted earlier that the carbon chain length of
an alcohol affects the enantioselectivity of lipase cata-
lyzed reactions.13 To optimize the reaction conditions,
the alcoholysis reactions were carried out in hexane
under identical conditions with alcohols of varying
chain length (C1–C8) for 10 h. It was observed that the
enantiomeric purity of the unreacted ester increased
with increasing chain length only up to 1-butanol and
then remained constant (Fig. 1). Thus 1-butanol was
selected as alcohol of choice for alcoholysis reactions.
2.1.2. Effect of solvent on enantioselectivity and reaction
rate . Various solvents such as chloroform, dichlorome-
thane, ethyl acetate, diisopropyl ether, hexane, heptane
and isooctane were used for the lipase catalyzed alco-
holysis reaction with 1-butanol (2 equiv) as the nucleo-
phile. We observed that the reactions were extremely
sluggish in chloroform, dichloromethane and ethyl
acetate. Diisopropyl ether and hydrocarbon solvents
like hexane, heptane and isooctane were found to be
quite suitable. Since the solubility of the substrate was
quite high in diisopropyl ether (>10%), this solvent was
chosen for further studies.
2.1.3. Effect of 1-butanol concentration on enantioselec-
tivity E. We have observed only a small effect of
1-butanol concentration on the reaction rate as well as
the enantioselectivity of the reaction. We have used a
substrate to alcohol molar ratio of 1:2 in all our reac-
tions. A small excess of 1-butanol, however, helps in
maintaining the solubility of the product cyanohydrin in
the reaction medium and avoiding phase separations
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during the reaction. At 50% conversion, the ee of the
unreacted ester was 99% while that of product cyanohy-
drin was 95%. The E value was thus calculated to be 210.
2.1.4. Effect of substrate concentration on reaction rate.
Increase in substrate concentration is accompanied by a
parallel increase in the amount of 1-butanol in a given
volume. It was thus important to find out the effect of
substrate concentration on the enantioselectivity of the
alcoholysis reaction. In these experiments, the molar
ratio of alcohol to substrate, and enzyme to substrate
ratios (w/w), were kept constant at 1:2 to avoid too many
variables. It was observed that the overall rate of the
reaction (amount of ester reacted/h/g enzyme) increased
with substrate concentration and the enantioselectivity E
was not adversely affected. Analysis of the data by
Michaelis–Menten kinetics gave the value of apparent
Michaelis constant Km;app: ¼ 0:27 M, and apparent
maximum velocity Vmax;app: ¼ 80:7 mM/h/g enzyme.
2.1.5. Effect of particle size of the biocatalyst on reaction
rate. Substrate diffusion plays an important role in
determining the reaction velocity in case of immobilized
enzymes. The scanning electron microscopic studies of
the gelozymes prepared in our laboratory showed an
ordered porous structure with channels of 30–40 lM
diameter.14 It was expected that substrate pore diffusion
would not be a limitation in case of gelozymes. This was
borne out by our studies on reaction rates as a function
of particle size of the gel. The gel, after enzyme immo-
bilization, was frozen in liquid nitrogen and ground with
pestle and mortar. The particles were then sieved with
mesh sizes varying from <0.85 to >2.36 mm. Reactions
were carried out under identical conditions with the
gelozyme of varying particle sizes. With substrate con-
centration of 0.5 M in the reaction medium, very little
variation (<5%) in the typical reaction rate of 53 mM/h/
g enzyme was found.
2.1.6. Determination of enantiomeric purity. The course
of reaction was followed by chiral HPLC analysis of the
reaction mixture on Chiralcel OD (Daicel, Japan). A
careful selection of analysis conditions provided a
complete resolution of the peaks corresponding to cin-
nam- aldehyde, the enantiomers of the acetate and of the
cyanohydrins in a single run. It was thus easy to follow
the progress of the reaction and changes in enantio-
selectivities quite accurately. The stereochemistry of the
products was assigned on the known stereochemical
preference of Pseudomonas lipase for the (S)-enantio-
mer. The decrease in the peak height of the (S)-acetate 3
at 14.56 min was accompanied by a concomitant
increase in the peak height of the (S)-cyanohydrin 5 at
25.41 min. In case of C. rugosa lipase, the peak at
15.63 min corresponding to (R-)-acetate 2 decreased
while the peak of (R)-cyanohydrin 4 at 23.46 min
increased as the alcoholysis reaction progressed. For a
comparison, the racemic cyanohydrin was prepared by
reaction of NaCN with cinnamaldehyde in biphasic
system of ethyl acetate–water at pH 4.
After complete disappearance of one enantiomer of the
acetate 1 and formation of corresponding cyanohydrin,
the cyanohydrin was decomposed to cinnamaldehyde by
stirring the reaction mixture with 1 M imidazole (pH 8.5)
for 15 min. The cinnamaldehyde was removed as bisul-
fite adduct by stirring with 30% sodium bisulfite solu-
tion. The unreacted enantiomer of the actetate from the
organic phase was isolated, purified by column chro-
matography and its optical rotation was measured on a
polarimeter. The unreacted enantiomer recovered after
alcoholysis with P. cepacia lipase (Amano Ps) had
½a�25

D ¼)22.0 (c 2.0, chloroform).
2.1.7. Enantioselective alcoholysis of 2-acetoxy-4-phenyl-
(E)-but-3-enenitrile 1 catalyzed by C. rugosa lipase
immobilized in gelatin matrix . It has been observed ear-
lier that C. rugosa lipase and Amano Ps lipase exhibit
opposite enantioselectivities towards cyanohydrin
esters.13 Since the (S)-enantiomer 3 is also of consider-
able significance as an intermediate to (S)-7, we have
studied the enantioselectivity of CRL during the alco-
holysis of 1. In comparison with Amano Ps lipase, the
reaction rate for CRL in diisopropyl ether was extremely
slow while the reaction rate in hexane was about 10 times
slower. The reaction was further inhibited by formation
of cinnamaldehyde 6 due to decomposition of the cyano-
hydrin. By removal of the aldehyde as a bisulfite adduct
and subjecting the recovered ester to enzymatic reaction
it was possible to obtain (S)-3 with ee >99% in 82% yield.
½a�25

D ¼+21.8 (c 2.0, chloroform).
2.1.8. Assignment of absolute configuration. From the
known stereochemical preference of P. cepacia lipase for
(S)-cyanohydrin esters, the unreacted acetate should
have (R)-configuration and the cyanohydrin produced
should have (S)-configuration. The formation of (S)-
cyanohydrin 5 by stereospecific addition of HCN to
cinnamaldehyde catalyzed by oxynitrilase from Hevea
brasiliensis with 95% ee has been reported by Griengl
et al.21 The reported ½a�25

D is )27.9 (c 1.95, CHCl3) while
the (R)-acetate obtained during our experiments with
P. cepacia lipase has ½a�25

D of )22 (c 2.0, CHCl3). Since
oxynitrilase from Hevea brasiliensis was not readily
available, we prepared the (R)-cyanohydrin using (R)-
oxynitrilase from almonds (Prunus amygdalis) as
described by Han et al.22 in 50% ee. The retention time
for the major enantiomer matched with that for the
cyanohydrin obtained during CRL catalyzed reaction
and the retention time for the minor enantiomer
matched with that obtained during P. cepacia lipase
catalyzed reaction. Thus the recovered acetate after P.
cepacia lipase catalyzed reaction appears to be (R)-2. To
assign the stereochemistry with more confidence, we
sought to convert the enantiomer 2–7 of known
stereochemistry.

A direct ethanolysis of 2 in 0.3 M ethanolic HCl for 24 h
at room temperature gave the required 7. However, the
reaction was accompanied by partial racemization and 7
was obtained with 55% ee as determined by chiral
HPLC analysis. The product had a negative rotation
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corresponding to (R)-configuration with ½a�25

D ¼)17.1
(c 2.0, CHCl3); lit16 ½a�25

D ¼)67.7 (c 1.03, CHCl3 for the
corresponding methyl ester). Although the specific
rotation of the methyl and ethyl esters cannot be com-
pared directly, the negative sign of rotation for 7
obtained from 2 suggests the (R)-configuration of 2.
3. Conclusion

In conclusion, present work describes the preparation of
enatiomerically pure cyanohydrin esters 2 and 3 using
lipases of opposing stereoselectivities immobilized in
gelatin matrix. Conditions for analysis by chiral HPLC
have been established to determine the enantiomeric
purity of the products without derivatization. Although
preparation of hydroxyester 7 and its antipode via
enantiospecific reduction of the corresponding a-keto
acid has been well demonstrated,15;20 the necessity of
growing the appropriate cultures in an organic chemist�s
laboratory is a handicap. Use of commercially available
lipases solves these problems. The recycling of the
lipases immobilized in gelatine matrix for several recy-
cles has already been demonstrated12 and thus our
procedure can be used for large scale preparations.
Although our first experiments with conversion of
enantiomerically pure 2–7 without racemization have
not been completely successful, efforts are being made to
develop an appropriate methodology.
4. Experimental

Lipase from C. rugosa, porcine pancreas and M. miehei
were obtained from Sigma, USA. Lipase Ps was
obtained from Amano Pharmaceutical Corporation
Ltd. Japan. All other reagents were A.R. grade obtained
from SD Fine Chem, India. HPLC analyses were carried
out on Hewlett Packard HP1090 unit with diode array
detector and HP Chem station. The enzymes were
immobilized as described earlier.12;14 A loading of 18%
(w/w) was obtained in the gelatin matrix for both the
enzymes. Almond meal was prepared from freshly
ground almonds, defatted with cold hexane and used as
described in literature.22
4.1. Preparation of (RS)-2-acetoxy-4-phenyl-(E)-but-3-
enenitrile 1

Sodium cyanide (49 g, 1 mol) and tetrabutyl ammonium
chloride (5.55 g, 20 mmol) were dissolved in water
(600 mL) and the solution was cooled in ice with stirring.
A solution of cinnamaldehyde (92.5 g 0.7 mol) in
dichloroethane (500 mL) was added and the reaction
mixture was stirred for 4 h at 4–5 �C. Acetic anhydride
(71 g, 0.7 mol) in dichloroethane (200 mL) was added
dropwise with stirring over 2 h. The reaction mixture
was stirred further for 4 h in cold and then allowed to
reach room temperature. The layers were then separated
and the organic layer was washed with sodium carbon-
ate, water and brine; dried over anhydrous magnesium
sulfate and the solvent was removed under vacuum. The
residual dark yellow oil was extracted with diisopropyl
ether at room temperature. The combined extracts on
removal of solvent gave a pale yellow viscous oil (129 g,
92%). CAUTION: It was important to maintain the
temperatures below 40 �C to avoid formation of poly-
meric materials during solvent evaporation. The crude
material so obtained was sufficiently pure for use in the
enzymatic resolution. However, a small portion was
purified by column chromatography using hexane–ethyl
acetate (98:2) as eluent (r.f. 0.64) for analytical purpose.
IR (neat): 3484, 3061, 3029, 2933, 2361, 1753, 1654,
1579, 1495, 1451, 1372, 1293, 1216, 1122, 1071, 1021,
968, 922, 837, 750, 694, 601, 559, 505 cm�1. 1H NMR
(CDCl3, 200 MHz): d 2.2 (s, 3H), 5.99 (d, 1H
J ¼ 6:8 Hz), 6.16 (dd, 1H, J1 ¼ 6:4 Hz, J2 ¼ 15:9 Hz),
6.95 (d, 1H, J ¼ 14:7 Hz), 7.25–7.45 (m, 5H). 13C NMR
(CDCl3, 200 MHz): d 41.2, 76.12, 94.88, 98.17, 107.12
(2C), 108.55, 109.15 (2C), 114.22, 117.52, 148.25. Anal.
calcd for C12H11NO2: C, 71.63; H, 5.51; N, 6.96; found
C, 71.21; H, 5.48; N, 6.52.
4.2. Enzymatic preparation of (R)-2-acetoxy-4-phenyl-
(E)-but-3-enenitrile 2

(RS)-1 (20.1 g, 0.1 mol) in diisopropyl ether (200 mL)
and 1-butanol (14.8 g, 0.2 mol) were stirred magnetically
with Amano Ps gelozyme (20 g, 3.6 g lipase) at room
temperature in a round-bottom flask. The progress of
the reaction was monitored by chiral HPLC. The reac-
tion was continued till all the (R)-ester had reacted (6 h,
50% conversion). The reaction mixture was then de-
canted, the filtrate was stirred with 1 M imidazole
solution (50 mL, pH 8.5) for 20 min to decompose the
cyanohydrin to cinnamaldehyde. The reaction mixture
was then stirred with 30% sodium bisulfite solution for
30 min. After separating the bisulfite adduct, the organic
layer was washed with water, phosphate buffer (0.1 M,
pH 8.2) and brine. After evaporation of the solvent
under high vacuum at room temperature, the residue
obtained (9.2 g, 92% of theoretical) consisted of >95%
(R)-2 (HPLC analysis). A small portion was purified by
column chromatography using hexane–ethyl acetate
(98:2) as eluent (r.f. 0.64). ½a�25

D ¼)22.0 (c 2.0, chloro-
form), ee >99%.
4.3. Enzymatic preparation of (S)-2-acetoxy-4-phenyl-
(E)-but-3-enenitrile 3

(RS)-1 (2.01 g, 0.01 mol) in hexane (100 mL) and
1-butanol (1.48 g, 0.02 mol) were stirred magnetically
with C. rugosa gelozyme (10 g, 1.8 g lipase) at room
temperature in a round-bottom flask. The progress of
the reaction was monitored by chiral HPLC. After every
8 h, the reaction mixture was decanted from the immo-
bilized enzyme and vigorously stirred with sodium
bisulfite solution (30%, 50 mL) for 10 min. The bisulfite
adduct was filtered off, the organic layer was washed
with sodium phosphate buffer (3 · 20 mL, 0.1 M, pH
8.2), dried over anhydrous magnesium sulphate and
again subjected to enzymatic reaction after addition of
1 mL 1-butanol to compensate for its loss during aque-
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ous washings. The reaction was continued till all the
(S)-ester had reacted (3 days). The reaction mixture was
then decanted, the filtrate was treated as in Section 4.3
to obtain the (S)-acetate 3 (0.82 g, 82% of theoretical)
after purification by column chromatography using
hexane–ethyl acetate (93:7) as eluent. ½a�25

D ¼+21.8
(c 2.0, chloroform), ee >99%.
4.4. Preparation of ethyl 2-hydroxy-4-phenyl-(2R,3E)-3-
butenoate 7

(R)-2 (2.01 g, 0.01 mol) was dissolved in 0.3 M ethanolic
HCl (100 mL) and stirred at room temperature for 24 h.
The product 7 was recovered from the reaction mixture
after removal of ethanol and column chromatography
over silica gel using hexane–ethyl acetate as eluent (1.2 g,
60%). ½a�25

D ¼)17 (c 2.0, chloroform), ee 55%. IR (neat):
675, 750, 975, 1000, 1105, 1125, 1200, 1350, 1410, 1725,
2975, 3495. 1H NMR (CDCl3, 200 MHz): d 1.34 (t, 3H,
J ¼ 6:80 Hz), 4.22–4.35 (m, 3H), 4.73 (m, 1H), 6.17 (dd,
1H J1 ¼ 4:9 Hz, J2 ¼ 15:86 Hz); 6.77 (d 1H J ¼
15:86 Hz), 7.17–7.36 (m, 5H). 13C NMR (CDCl3)
d 14.07, 61.97, 70.93, 125.43, 126.36 (2C), 127.52, 128.41
(2C), 132.0, 136.16, 172.97.
4.5. Chiral HPLC analysis

Enantiomeric purity of 2, 3 and 7 was determined by
chiral HPLC analysis on Chiralcel OD column
(5 · 250 mm), Daicel Chemical Industries, Japan. Mobile
phase 10% isopropanol in hexane; flow rate 0.7 mL/min;
detection wavelength 255 nm; retention times: cinnam-
aldehyde 6 10.99 min; (S)-acetate 3 14.56 min; (R)-ace-
tate 2 15.63 min; (R)-cyanohydrin 4 23.46 min; (S)-
cyanohydrin 5 25.41 min. The hydroxy ester 7 was also
analyzed under similar conditions: (S)-ester 12.0 min,
(R)-ester 7 13.9 min.
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