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Abstract

The (S)-selective hydroxynitrile lyase from Hevea brasiliensis (HbHNL) catalyzes the trans-cyanohydrin reaction
(transcyanation). The equilibrium of this two-step reaction sequence is not favorable unless a large excess of acetone
cyanohydrin (1) is used. Therefore, the coupling of this reaction with a follow-up reaction was investigated. It was
established that the trans-cyanohydrin reaction could be performed in organic media, making it possible to couple it with a
lipase-catalyzed acylation. Candida antarctica lipase B (CAL-B) shows a high selectivity (E = 100) for (S)-mandelonitrile
(4) and is, therefore, the ideal candidate for this type of multi-step one-pot reaction. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The hydroxynitrile lyase from Hevea brasiliensis
(HbHNL) is a versatile catalyst for the highly enan-
tio-selective synthesis of (S)-cyanohydrins [1,2]. In
the reversal of its natural task, it can be used to add
HCN to prochira aldehydes or methylketones, form-
ing important (S)-cyanohydrin building blocks [3].
HbHNL has been overexpressed in Pichia pastoris,
making it readily available for large-scale synthesis
[4]. Indeed, several synthetic applications [5] and
even the industrial application of HbHNL have re-
cently been described [6]. A number of investigations
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into the stability of HbHNL showed that it is stable
in the pH range 5.0-7.0, but its stability is highly
dependent on the type and concentration of buffer,
on the presence of solvents, and on the reactants
[7-10]. A new study devoted to the immobilization
of HbHNL demonstrated its successful use in a
variety of organic media [11]. Moreover, the struc-
ture of this dimeric, unglycosylated enzyme has been
elucidated by X-ray studies [12]. These, together
with electrospray ionization mass spectrometry in-
vestigations [10], indicate a mechanism similar to the
chemical reaction and to the mechanism of the hy-
droxynitrile lyase from Manihot esculenta [13].

In order to avoid the use of toxic and potentially
explosive HCN acetone cyanchydrin (1), the natural
substrate of HbHNL, can be used as the cyanide
source [3,14-16]. This trans-cyanohydrin reaction
(transcyanation) proceeds in two steps [10]. First, 1
is split into acetone (2) and HCN, then the carbonyl
compound reacts enantio-selectively with the HCN,
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again catalyzed by the enzyme. There is ho enzyme
HCN complex and it is the carbonyl compound that
enters into the active site first, followed by the HCN
[17]. In these studies[10], benza dehyde (3) was used
as the carbonyl compound (Scheme 1). In order to
suppress the racemic chemical reaction that is base-
catalyzed, a low pH value (3.75) was used. In this
manner, it was possible to observe only the enzyme-
catalyzed reaction and to avoid the formation of
(R)-mandelonitrile.

For a successful application of the trans-cyano-
hydrin reaction, it is essentia that the equilibrium
lies on the product side. The earlier measurement
[10] of the separate K,,'s of the separate reactions,
which is the conversion of 1 into HCN and acetone
and its reversal, as well as the reaction of 3 with
HCN to give (S)-mandelonitrile (4), gave the follow-
ing results: K =[2[HCN]/[1] =450 mM and
Keq2=[3][HCN]/[4]=5.6 mM. These results al-
ready indicate that the overall reaction sequence will
not give a complete conversion of one equivalent of
1 into one equivalent of 4. In order to confirm this,
the influence of the ratio of 1 to 3 needs to be
investigated.

As a second line of investigation, it was thought
of coupling the trans-cyanohydrin reaction with an-
other, if possible irreversible, reaction. In this man-
ner, the overall reaction equilibrium should be shifted
towards the product side. One possibility would be to
form a derivative of the alcohol group of the product.
4 is a secondary acohol, which could easily be
converted into an ester, while 1 is an unreactive
tertiary acohol. A lipase should be the suitable
catalyst for this reaction. Indeed, there is precedence
for the acylation of cyanohydrins catalyzed by li-
pases [18-24]. When an enol ester such as the
iso-propenyl acetate is used, the acylation is almost
irreversible. Furthermore, the released 2 is already a

0]
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Scheme 1. The trans-cyanohydrin reaction proceeds in two steps.

congtituent of the reaction mixture, so that neither
the number of compounds to which the enzymes is
exposed is increased unnecessarily nor is the product
recovery complicated by additional compounds. As
mentioned above, immobilized HbHNL can be used
in organic solvents for the reaction of HCN with
carbonyl compounds. Therefore, studies towards this
three-step conversion (Scheme 3) were undertaken.

In this context, it is important that HbHNL is an
o /B hydrolase fold enzyme[12]. It is closely related
to hydrolases, carboxypeptidases, lipases and
thioesterases. Indeed, it does contain a potentia cat-
aytic triad consisting of Ser80, Asp207 and His235.
These amino acids are correctly positioned in space
[12] and might, therefore, cause hydrolytic activity.
Before any acylation of the product cyanohydrin by
a lipase could be investigated, it had therefore to be
established whether HbHNL would interfere or itself
catalyze this reaction.

2. Materials and methods

2.1. Chemicals and enzymes

Purified rac-mandelonitrile was a gift from
DSM-Chemie Linz and contained less than 0.5%
benzaldehyde. Benzaldehyde, acetone cyanohydrin
and iso-propenyl acetate were distilled prior to use
and stored under nitrogen. All solvents were of p.a
quality. They were dried over molecular sieves, de-
gassed and stored under nitrogen. Buffers were
aso degassed and stored under nitrogen. Rac-
mandelonitrile acetate was synthesized from the
commercially available rac-mandelonitrile according
to Ref. [21]. All other chemicals were of p.a. quality.
Celite R 633 (World Mineras, Santa Barbara, USA)
was used for the enzyme immobilization. The immo-
bilization of HbHNL was performed according to
Ref. [11].

The HbHNL (5100 U/ml; 53 mg/ml) and the
Candida antarctica lipase B (CAL-B; chirazyme
L-2, c.-f.,C2,lyo, equivalent to Novozym 435) were
made available by Roche Diagnostics (Penzberg,
Germany). Pseudomonas fluorescens lipase (PFL)
was purchased from Biocatalysts. Porcine pancreas
lipase (PPL; Sigma type Il) and C. rugosa lipase
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(CRL; Sigma type VII) were purchased from Sigma
(USA). Amano lipase PS (Amano PS= P. cepacia
lipase) and Amano lipase 20 (Amano 20) were pur-
chased from Amano Pharmaceutical (Japan).

2.2. Reaction assay and HPLC analysis

Analysis of the reaction mixtures, determination
of the degree of conversion and determination of the
enantiomeric excess (ee) were performed by HPLC
(Waters Alliance with a diode array detector), all
within one run. A CHIRACEL OB-H 0.46 cm J X
25 cm column was used. Samples were filtered, and
if necessary, diluted with the eluent. 90% and 10%
iso-propanol were used as eluents and with a flow
rate of 1 ml /min, the retention times were: iso-pro-
penyl acetate 4.7 min, acetone 5.6 min, benzal-
dehyde 5.9 min, (R)-mandelonitrile 8.5 min, (S)-
mandelonitrile 9.0 min, (S)-mandelonitrile acetate
(7) 9.9 min, and (R)-mandelonitrile acetate 14.4
min.

2.3. Methods

2.3.1. Test for hydrolase activity of HboHNL

100 mg (0.57 mmol) rac-mandelonitrile acetate
(5) were added to 25 ml degassed sodium citrate
buffer (50 mM, pH = 5.5) containing 2650 U Hb-
HNL. The mixture and a blank reaction were stirred
at 25°C. No conversion was observed in either case.

2.3.2. Test of the trans-cyanohydrin reaction in or-
ganic solvents

531 mg (5 mmol) 3 and 435 mg (5 mmol) 1 were
dissolved in A: 25 ml hexane/tert-butyl methyl
ether (3:1), B: 25 ml tert-butyl methyl ether or in C:
25 ml toluene. Then, 100 wl (510 U) HbHNL in
phosphate/citrate buffer (25 mmol /I, pH =5.5)
were added. The mixtures were stirred at RT. A:
After 18.75 h, 64% 4 (ee = 99%) were formed; B:
after 18.5 h, 29% 4 (ee = 97.3%) were formed; C:
after 25.5 h, 42% 4 (ee = 96%) were formed.

2.3.3. Test for the dependence of immobilized Hb-
HNL [11] on the water activity

531 mg (5 mmol) 3 and 435 mg (5 mmol) 1
were dissolved in A: 25 ml toluene dried over

molecular sieves containing 100 mg (40 U) HbHNL
on Cedlite R 633; B: 25 ml toluene stored over
Na,SO,/Na,SO, X 10H,0O containing 80 mg (32
U) HbHNL on Cdlite R 633. C: To 250 mg (100 U)
HbHNL on Celite R 633, 150 mg Na,SO, and 100
mg Na, SO, X 10 H,0 10 ml toluene and then 266
mg (2.5 mmol) 3 and 212 mg (2.5 mmol) 1 were
added. The mixtures were stirred at RT. A and B: no
reaction occurred. C: after 18 h, 41% 4 (ee = 94%)
were formed.

2.3.4. Screening of the lipases

To A: 140 mg CAL-B, B: 60 mg Amano PS, C:
77 mg Amano 20, D: 440 mg PPL, E: 50 mg PFL or
F: 118 mg CRL, 10 ml toluene, then, 100 mg (0.57
mmol) 5 and 50 w! methanol (1.20 mmol) were
added. The mixtures were stirred at RT. After 17 h,
only the reaction A (CAL-B) was complete: 4 (ee =
99%) was formed and 6 (ee = 99%) remained unhy-
drolyzed. For the other lipases, the following conver-
sions were measured after 115 h: B (Amano PS):
14% 4 (ee=99%), 36% 7 and 50% 6; C (Amano
20): 36% 4 (ee = 98%), 14% 7 and 50% 6; D (PPL):
5% 4 (ee = 70%), 46% 7 and 49% 6; E (PFL): 10%
4 (ee = 99%), 40% 7 and 50% 6; and F (CRL): 27%
(R)-mandelonitrile (ee = 99%), 50% 7 and 23% 6.

2.35. CAL-B catalyzed acylation of rac-mande-
lonitrile

To 100 mg CAL-B (dried in vacuo) in 10 ml
toluene, 133 mg (1 mmol) rac-mandelonitrile and
250 mg (2.5 mmol) iso-propenyl acetate were added.
The reaction was stirred at RT. After 14 days, the
conversion was complete: 50% 7 (ee = 93%) were
formed and 50% ( R)-mandelonitrile (ee = 95%) re-
mained.

2.3.6. Trans-cyanohydrin reaction in the presence of
acetic acid

266 mg (2.5 mmol) 3 and 212 mg (2.5 mmol) 1
were dissolved in 10 ml toluene. 30 mg (0.5 mmol)
acetic acid and 200 wl (510 U) HbHNL in phos-
phate/citrate buffer (25 mmol /I, pH =5.5) were
added. The HbHNL precipitated and no reaction
occurred.
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2.3.7. Delayed addition of iso-propenyl acetate to 1,
3, CAL-B and HbHNL

To 15 mg Na,SO,, 20 mg Na,SO, X 10H,0,
150 mg immobilized HbHNL (60 U) on Celite R
633 and 75 mg CAL-B 12.5 ml toluene were added.
Then, 266 mg (2.5 mmol) 3 and 212 mg (2.5 mmol)
1 were added and the mixture was stirred at RT.
After 3.5 h, 250 mg (2.5 mmol) iso-propenyl acetate
were added. After 22 h, the reaction mixture con-
tained 84.5% 3, 10.8% 4 and 4.7% 7. Thisis equiva-
lent to 30% conversion of 4 to 7. After 28 h, the
amount of 3 was unchanged, but 36% 4 were con-
verted to 7 to give afinal concentration of 84.5% 3,
9.9% 4 and 5.6% 7.

3. Reaults and discussion

The equilibrium position of the transcyanation
was calculated from the two reaction equilibrium
equations (see Section 1) and the molar balances for
the conserved parts of the reacting compounds:

2-propyl balance: n;,=n; +n,
cyano balance: n, o =n; + N, + Nyey
benzyl balance: n;,=n;+n,

In these equations, n, is the number of moles of
compound X and the subscript O indicates the initial
condition. When the initial amounts are known and
the agueous reaction volume is given, the five un-
known concentrations can be found by simultane-
ously solving the five equations. The equilibrium
yield was calculated by dividing the equilibrium
amount of 4 by the initial amount of 3. The results
indicate (Fig. 1) that it is impossible to reach a
conversion of more than 60% when one equivalent
of 1 is used per equivalent of 3. Even when three
equivalents of 1 are used, the maximum yield of the
target compound is below 90%, whilst al the advan-
tages of using 1 instead of HCN are lost. The
reaction mixture will contain significant amounts of
HCN, 1, 2 and 3, complicating the product recovery
and generating significant amounts of toxic waste. It
has to be noted that, since the K, of the racemic
reaction is haf the K, of the enantio-selective
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Fig. 1. Calculated equilibrium yield of the trans-cyanohydrin
reaction, using 1, 2 or 3 equivalents of 1.

reaction, the equilibrium yields would be higher if
the undesired R-enantiomer had been formed, too.

These results led to the investigation of potential
follow-up reactions that would irreversibly shift the
equilibrium of the trans-cyanohydrin reaction to-
wards a stabilized product. For the reasons men-
tioned in Section 1, a lipase-catalyzed acylation with
iso-propenyl acetate was chosen. Thus, it was inves-
tigated whether the trans-cyanohydrin reaction aso
works in organic solvents. Indeed, HbHNL does
catalyze this reaction. When comparing the activity
of aqueous HbHNL solutions (even for immobilized
HbHNL, at least 1% water was recommended by
Ref. [11]), hexane/tert-butyl methyl ether (3:1),
toluene and tert-butyl methyl ether as solvents, the
reaction proceeded the fastest in hexane/tert-butyl
methyl ether while the pure ether was less suitable
for the reaction than toluene. In line with Ref. [11],
the immobilized enzyme was found to be inactive in
dry solvents, while it was till active in the presence
of Na,S0O,/Na,SO, X 10H,0. Since HbHNL is an
o /B hydrolase fold enzyme, it was tested whether it
could catalyze the hydrolysis of 5. No reaction was
observed under ideal conditions for the enzyme. A
possible esterase activity could, therefore, also be
excluded.

Severa lipases are known to catalyze the acyla-
tion of cyanohydrins. Since the reaction conditions
were not aways comparable, PPL, PFL, CRL,
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Amano PS and Amano 20 were tested under identi-
ca conditions (Scheme 2). CAL-B, which has, to the
best of the authors' knowledge, never been used for
the acylation of cyanohydrins, was also included into
this screening. In this approach, it is important that
the lipase accepts 4; the selectivity, however, can be
low since HbHNL provides the enantio-selectivity.
Except for CRL, al the other lipases showed the
selectivity predicted by Kazlauskas et al.’s rule [25].
After 17 h, the enantio-selective hydrolysis of 5 was
only complete (50% conversion of the racemate)
when CAL-B was used. Indeed, the ee of the prod-
uct 4 and of the remaining (R)-mandelonitrile ac-
etate were 99%. The selectivity of CAL-B is signifi-
cantly higher (E = 1060, according to a calculation
from the ee values[26]) than that of the other lipases
used for this type of reaction to date. Even for the
acylation of rac-mandelonitrile with iso-propenyl
acetate, the selectivity of CAL-B was ill high
(E=100), yielding 50% 7 (ee= 93%). The other
lipases did not give satisfactory results. CAL-B was,
therefore, the lipase of choice for the combined
reactions (Scheme 3).

With these results at hand, it was attempted to
combine both reactions. HbHNL and CAL-B are
both active under compatible conditions and with
toluene as solvent, it was hoped to achieve the
overall reaction. Whether a solvent is particularly
suitable for HbHNL depends to a large degree on the
amount of HCN present during the reaction [11].
With the coupled reactions, only extremely low con-
centrations of HCN were expected. However, all
initial experiments failed. Since neither the presence
of CAL-B nor of iso-propenyl acetate suppressed the
trans-cyanohydrin reaction, a different reason had to
be at the heart of this unexpected failure. Indeed, it
was recently reported that even under ‘dry’ condi-
tions, the hydrolysis of vinyl acetate is faster than the
CAL-B catalyzed formation of an ester [27]. Since
the salt pair used in the experiments described here
does congtitute a relevant amount of water, this type

OAc OAc OH

H CN
Ph CN Ph N Ph H
5 6 4

Scheme 2. Test reaction for the screening of lipases.

CN
1 3

. 0 0 OH
Hok- R )|\ HbHNL /“\ n /k .
Ph” “H Ph | CN
2 4
(6]

>_ o (0] OAc

A + /k 'CN

CALB Py
2 7

Scheme 3. Proposed one pot three-step enzyme-catalyzed synthe-
sis of (S)-mandelonitrile acetate 7.

of hydrolysis could not be ruled out. The thus liber-
ated acetic acid is known to deactivate HbHNL. To
test this hypothesis, the trans-cyanohydrin reaction
was performed in the presence of an amount of
acetic acid equivalent to the hydrolysis of 20% of the
iso-propenyl acetate. No reaction occurred and the
HbHNL precipitated. In another attempt to combine
both reactions, the iso-propenyl acetate was only
added after some 4 had already formed. No more 4
was formed but it was transformed into the target
compound 7.

4, Conclusions

The equilibrium situation for the HbHNL cat-
alyzed trans-cyanohydrin reaction is not favorable.
Unless a large excess of 1 is used, the conversions
are not very high. A large excess of 1, however,
would also mean loss of the advantages of using it as
a cyanide donor. To shift the equilibrium, the reac-
tion therefore needs to be coupled with an irre-
versible third step such as an acylation with iso-pro-
penyl acetate. Conditions were therefore established
to perform the trans-cyanohydrin reaction in organic
solvents. Since HbHNL showed no hydrolase/ este-
rase activity, several lipases were screened. This is
the first report of the use of CAL-B for this reaction
(E = 100). However, the water activity necessary for
the activity of HbHNL caused the formation of
acetic acid that deactivated the HbHNL. Investiga
tions into aternative reaction conditions, which neu-
tralize the acid, and alternative acylation agents,
which do not release deactivating acids upon hydrol-
ysis, are in progress. Furthermore, the high enantio-
selectivity of CAL-B shows the potential of combin-
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ing the enzymatic esterification with the chemical
in-situ formation of rac-mandelonitrile, a dynamic
kinetic resolution [23,24].
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