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Abstract

The enantioselective synthesis of cyanohydrins catalyzed by R-hydroxynitrile lyase in an aqueous-organic liquid two-phase
system using, mass transfer limitation to enhance enantiomeric excess at 5°C and pH 5.5 is described. Benzaldehyde, a
good substrate, and cinnamaldehyde, a notoriously difficult substrate, were used as model substrates and compared in order
to establish the mass transfer limitation concept in a two-liquid phase system, where the non-enzymatic-racemic reaction
competes. Enzyme concentration and phase volume ratio between organic and buffer phase were geared to one another to
enhance the enantiomeric excess for each substrate. In both cases, after optimization, excellent chemical conversion (>99%
on a 60 mmol scale), high throughput and high enantiomeric excess (benzaldehyde >99% and cinnamaldehyde >96%) were

achieved. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The enantiospecific formation of a carbon—carbon
bond by enzyme-catalyzed addition of hydrogen cya-
nide to aldehydes constitutes an efficient route to chiral
cyanohydrins. These cyanohydrins are versatile chiral
building blocks for fine-chemistry. Recent examples
of their use include conversions into a-hydroxy acids
[1], B-amino alcohols [2] and B-hydroxy nitrones [3].

The synthesis of cyanohydrins catalyzed by al-
mond (Prunus amygdalus) R-hydroxynitrile (R-Hnl)
lyase (EC 4.1.2.10) was first described in 1908 [4].

* Corresponding author. Present address: Elandstraat 1E, 2513
GL Den Haag, The Netherlands. Tel.: +31-70-3607570;
fax: +31-20-8717567.
E-mail address: pjgerrits@yahoo.com (P.J. Gerrits).

Its application has been rediscovered and expanded
to various substrates in the second part of the last
century [5]. Ground, defatted almonds are a source
of R-Hnl lyase, an excellent catalyst for the synthesis
of large quantities of chiral (R)-cyanohydrins starting
from prochiral aldehydes [6]. Earlier studies from
our laboratories on these defatted almonds containing
the enzyme were devoted to optimizing the reaction
conditions to improve the enantiomeric excess (EE),
notably for croton-aldehyde (from 69 to 99% EE)
[7]. The use of S-Hnl from different sources allowed
the formation of the corresponding (S)-cyanohydrins
[8]. In contrast to R-Hnl, S-Hnl contains no FAD
group [9].

Effenberger et al. [10] described the enantiospe-
cific addition of hydrogen cyanide to aldehydes in the
presence of immobilized R-Hnl in an organic solvent
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system to give optically active (R)-cyanohydrins. Such
systems have several advantages over biocatalysis in
aqueous media [11]. The use of organic solvents may
greatly enhance the solubility of the substrate for a
given system and suppress the non-enzymatic reac-
tion. Recovery of product may be easier and substrate
and/or product inhibition may be reduced. However,
there are limitations to these systems, in particular,
enzyme activity and stability may be limited in the
organic phase. A detailed study on the preparation
of enantiomerically pure cyanohydrins, avoiding the
problem of the spontaneous non-enzymatic-racemic
reaction, was published by Kyler et al. [12]. Their
synthesis was carried out by enzymatic transcyana-
tion of several aliphatic and aromatic aldehydes with
acetone cyanohydrin in an ether-aqueous biphasic sol-
vent system. Such a two-phase system is of interest,
where the enzyme is present in the aqueous buffer
phase and where the bulk of the substrate and the prod-
uct is maintained in the organic phase, and was also
described by Loos et al. [13], using HCN. It was
expected that by using the purified enzyme, activity
and stability could be combined with suppression of
the non-enzymatic-racemic reaction, thus optimizing
the reaction parameters by using a statistic method, the
so-called D-optimal design. Loos et al. concluded that
methyl r-butyl ether (MTBE) in combination with an
aqueous citric acid buffer forms a suitable biphasic
solvent system for the synthesis of (R)-cyanohydrins.
At pH 5.0 and 20°C, a combination of high conver-
sion and high EE was achieved and changes, both
in pH and in temperature, showed a large effect on
the EE. An intrinsic drawback of this approach is the
large number of experiments necessary to optimize the
conversions and EE for each substrate aldehyde. The
pH optimum is 5.5 for R-Hnl [19]. Recently, Griengl
et al. [14] reported the use of an aqueous biphasic sol-
vent system for an S-Hnl. It was found that the trans-
formation proceeded most efficiently at temperatures
between 5 and 15°C with hydrogen cyanide present
in molar excess.

In the present study, we describe the synthesis of
chiral cyanohydrins of high enantiomeric purity cat-
alyzed by R-Hnl lyase in a similar liquid-two phase
system, where the non-enzymatic-racemic reaction
competes with the enzymatic reaction. Mass transfer
rates as well as reaction rates and thereby enzyme
concentration are important parameters in two-liquid

phase biocatalysis, both contributing to the overall
process kinetics [15]. The concept of mass transfer
limitation in enhancing the EE, should be taken into
account to optimize the reaction. This will be shown
for two substrates: benzaldehyde, the product of the
enzyme’s natural reaction, and cinnamaldehyde, a
notoriously difficult substrate [16].

2. Theory

2.1. Competition of the enzymatic and the
parallel non-enzymatic-racemic reaction

The rates of the enzymatic and parallel non-enzyma-
tic-racemic reactions are a function of the concentra-
tion of both substrates. It is assumed that the enzyme
enantiomeric ratio (E) [17] is at least 100, implying
that the enzyme is almost completely selective for the
R-enantiomer and that formation of the S-enantiomer
by R-Hnl can be neglected and occurs only because
of the spontaneous non-enzymatic-racemic reaction.
Simplified rate equations, neglecting reversibility
(because at pH 5.5 and in the presence of an excess
of HCN the reaction may in first approximation be
regarded as irreversible) and inhibition, are shown in
Egs. (1) and (2), where rc and rg represent the rates
of the parallel non-enzymatic-racemic reaction and
the enzymatic reaction, respectively.

rc = kK'cald (D
, CAld

=k, —————Cp 2)
U Km. Ald + CAld

e
Assuming that we are able to keep calg low by

mass transfer limitation, calg < Km ag and Eq. (2)

simplifies Eq. (3), where k" = k[,,,/ Km,Ald-

rg = k" caldce (3)

The non-enzymatic-racemic reaction results in a
racemic product and should therefore be suppressed.
In our model for the cyanohydrin synthesis (see
below), it is assumed that the reactions only take
place in the aqueous buffer phase and that, under the
conditions used, no reaction occurs in the organic
layer. As Kpy alg often is very low (e.g. 16 uM for
benzaldehyde [18]), working at aldehyde concentra-
tions that are much larger than K, ajq only favors the
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non-enzymatic-racemic reaction. Thus, a potentially
effective way to suppress the non-enzymatic-racemic
reaction is to keep the aldehyde concentration in the
buffer phase low. Combining Egs. (1) and (3), the
ratio rg/rc is only dependent on the concentration of
enzyme (cg), as shown in Eq. (4).

E_ol )

The EE increases if rg/rc increases, therefore high
enzyme concentrations are beneficial to enhance the
EE. If Eq. (2) cannot be simplified to Eq. (3), because
the aldehyde concentration is too high, the ratio rg/rc
will be smaller than the maximum value given by
Eq. (4).

2.2. Mass transfer limitation in a two-liquid phase
system and the mass transfer rate limiting enzyme
concentration

Mass transfer limitation in a two-liquid phase
system can be used as a tool to keep the substrate
(aldehyde) concentration low. Fig. 1 shows a model
for the enzymatic and non-enzymatic-racemic modus
of cyanohydrin formation in an aqueous buffer
(b)/organic (o) two-phase system.

In this figure substrates dissolved in the organic
phase diffuse into the aqueous phase until a dynamic
equilibrium, steady state, is reached. The substrate
concentrations at equilibrium in each phase, buffer
phase (c};), and organic phase (c}) are related by an

Ald, HCN %
organi_c ______________________________ -
buffer maigkaiA

Ald,  + HON, =———= Pp*

_—>¥>

E — > EAd = E + P§

Fig. 1. Enzyme (E), enzyme aldehyde complex (EAld), concen-
tration R-product in buffer layer (PbR ), concentration aldehyde in
buffer layer (Aldy), concentration HCN in buffer layer (HCNy),
partition coefficients (majq), mass transfer coefficients (kaid),
interfacial area (A), concentration aldehyde in organic layer (Ald,),
concentration HCN in organic layer (HCN,), concentration prod-
uct in organic layer (POR’S).

equilibrium partition coefficient (ms), as defined in
Eq. (5).

*
m == 5)
b

Because an excess of HCN is used, the concen-
tration in the buffer phase is in excess due to its
partition coefficient (2.6), we assume that it is suffi-
cient to study only the aldehyde transfer process. The
substrate transfer rate (STR) can be expressed as a
function of the difference in concentration between
the organic phase (caid,o) and the buffer phase (caid,b)
multiplied by the partition coefficient (ma1q), which
gives the aldehyde equilibrium concentration in the
buffer (mAldCAld,b) [15], in Eq. (6)

STR = kaigA(cald,o — MAIdCALd,b) (6)

In this equation, A (m2 m3) is related to the buffer
volume (V4), the organic volume (V,), thereby the
phase volume ratio (PVR) and the interfacial area in
the reactor. The abbreviation kajq is the mass trans-
fer coefficient through this liquid-liquid interface. The
mass transfer coefficient (kaq) is characteristic for
the temperature, the organic solvent, the geometry of
the reaction vessel, the type of stirrer and the stirring
speed.

Increasing the enzyme concentration in the V}, will
result in a mass transfer rate limiting enzyme concen-
tration (cg mTL), Which is the enzyme concentration,
where mass transfer of aldehyde becomes a limiting
factor and the aldehyde concentration in the buffer
phase decreases (see Fig. 2a). The rate of conver-
sion than becomes equal to the maximum STR =
kalaAcald,o and independent of cg (see Fig. 2b).

Below this mass transport rate limiting enzyme
concentration (cg,mtL) the EE will not reach its max-
imum value. When the ratio rg/rc is fixed, the EE
progression in time will turn into a horizontal line.
Increasing the mass transfer area by increasing the
buffer phase volume Vj, while keeping the enzyme
concentration constant at cg MtL, Will result in higher
process rates. Therefore, it is important to determine
cg MTL. Increasing the productivity, while maintain-
ing the maximum EE in time can be achieved by
increasing V}, with the same cg mL. Finally, to reach
the highest EE, the benzaldehyde concentration must
be kept low, it is important to start the reaction by
adding benzaldehyde, after first adding the enzyme.
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Fig. 2. Simplified schematic representation of the effect of (a)
increasing the enzyme concentration cg at the mass transfer rate
limiting enzyme concentration (cg mtL), Where the aldehyde con-
centration in the buffer phase becomes very low and (b) mass
transfer becomes a limiting factor and the productivity becomes
equal to the maximum STR.

j\ HCN
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Scheme 1. Synthesis of chiral cyanohydrins.

3. Results and discussion

The formation and the EE of the cyanohydrins of
benzaldehyde (mandelonitrile) and cinnamaldehyde,
using R-Hnl lyase were monitored in time (reaction
shown in Scheme 1). The reaction conditions were
chosen on the basis of preliminary results. For the
R-Hnl from almonds the pH value of 5.5 is the opti-
mal value [19]. Using citrate as the buffer, the enzyme
was found to be stable. The reaction temperature, pH,
stirrer type (so-called clock stirrer), reaction vessel
and solvent system (MTBE/aqueous buffer) were not
varied. To determine cg mtL for the two substrates
(benzaldehyde and cinnamaldehyde), cg was varied,
while the buffer phase volume V;, was kept constant.
Slight deviations in some other variables are consid-
ered to be insignificant. The results are presented in
Tables 1 and 2 and in Figs. 3 and 4.

The reaction rate expressed as 71,2, increases until
a limiting enzyme of concentration is reached. In
the case of benzaldehyde using more than 1gl~!
enzyme/buffer showed no significant additional in-
crease in the reaction rate and EE. In the case of
cinnamaldehyde, this situation is reached when more

Table 1

Formation of mandelonitrile using R-Hnl at different values of cg

Entry ce® (g7 V4 (ml) Vo (ml) Aldb HCN CHCN,b® cHen Y T1)2° Conversion EEf

(mmol) (mmol) ™M) M) (min) (%)

la 0.12 15 120 65.8 207 0.63 0.43 1260 69 0.67
1b 0.48 11 120 61.4 176 0.54 0.36 261 >98 0.98
lc 1 11 120 56.8 173 0.53 0.36 110 99 0.99
1d 3 11 120 59.4 173 0.53 0.35 95 >99 0.99

2 The amount of enzyme is expressed by concentration in the buffer volume.

b Initial amount of aldehyde or HCN.

¢ Calculated concentration of HCN in the buffer phase at the start of the reaction. Partition coefficient 2.6.
d Calculated concentration of HCN in the buffer phase at the end of the reaction.

¢ Time to 50% conversion (7 /2)-

f Reaction is approaching completion after 3 days and the EE did not change during the reaction.
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Table 2

Formation of cyanohydrin of cinnamaldehyde using R-Hnl at different values of cg

Entry ce® (g7 Vp (ml) Vo (ml) Ald® HCN CHCN.b® CHCN bY 71)2° Conversion EEf
(mmol) (mmol) M) M) (h) (%)

2e 3 2.5 120 40 180 0.56 0.44 90 82 0.85

2f 5 2.5 120 40 180 0.56 0.44 75 93 0.96

2g 7 2.5 120 43 180 0.56 0.43 80 95 0.96

2 The amount of enzyme is expressed by concentration in the buffer volume.

Y Initial amount of aldehyde or HCN.

¢ Calculated concentration of HCN in the buffer phase at the start of the reaction. Partition coefficient 2.6.
d Calculated concentration of HCN in the buffer phase at the end of the reaction.

¢ Time to 50% conversion (7y/2).

f Reaction is approaching completion after 8 days and the EE did not change during the reaction.

than 5g1~! enzyme/buffer is used. Thus, depending
on the aldehyde, the so-called cg mTL can be found in a
straightforward manner. Clearly, there exists a cg MTL,
and under constant stirring conditions, the cg mTL 1S
1g1~! for benzaldehyde and 5g1~! for cinnamalde-
hyde. Above these values, there is no significant in-
crease in rate or in the maximum EE-value that is
reached. To determine the influence of the STR on the
total reaction rate (productivity) and EE, for both sub-
strates (benzaldehyde and cinnamaldehyde), cg was

100

kept constant at cg MTL, using different buffer volumes
and a constant MTBE volume (120 ml). Assuming that
the buffer droplets keep the same size, increasing the
buffer volume means that the interfacial area and the
STR increase. The results are presented in Tables 3
and 4 and in Figs. 5 and 6.

Figs. 5 and 6 show the conversion of benzaldehyde
and cinnamaldehyde versus time when the buffer
volume was varied, with cg fixed at cg mrtL. Using
more buffer, implying increase of the interfacial

] /—/D

NV
)/

3 /| .
- 60
S
[
o
>
c
8 40 "
s /
[\
20 yd

0 500 1000

1500 2000 2500 3000

time (min)

Fig. 3. Conversion of benzaldehyde and HCN into its corresponding chiral cyanohydrin using different enzyme concentrations. Curves are
trend lines, open markers the extent of conversion, closed markers the EE of the cyanohydrin; (O, @): 0.12mg enzyme per ml buffer
(1a); (O, M): 0.48 mg enzyme per ml buffer (1b); (A, A): 1 mg enzyme per ml buffer (1c); (): 3 mg enzyme per ml buffer (EE > 0.99,

for clarity not shown) (1d).



116 PJ. Gerrits et al./Journal of Molecular Catalysis B: Enzymatic 15 (2001) 111-121

100
- .L H A ] Y
A o o o
% ° //‘//‘*——i
60 ng 74

REy74

20 /

ee conversion (%)

o

50 100 150 200 250 300
time (h)

Fig. 4. Conversion of cinnamaldehyde and HCN into chiral cyanohydrin using different enzyme concentrations. Curves are trend lines,
open markers the extent of conversion, closed markers the EE of the cyanohydrin; (O, @): 3mg enzyme per ml buffer (2¢); (CJ, H):
5mg enzyme per ml buffer (2f); (A, A): 7mg enzyme per ml buffer (2g).

Table 3
Formation of mandelonitrile using R-Hnl with variation of the buffer volume using mass transfer limitation and at a fixed enzyme
concentration cg mTL

Entry cg? Vb (ml) Vo, (ml) Aldb HCNP CHCN® CHCNd ‘[1/2e Conversion EEf
(g™ 1 (mmol) (mmol) ™M) ™M) (min) (%)

lc 1 11 120 56.8 173 0.53 0.36 110 >99 0.99

1h 1 20 120 54.7 173 0.52 0.35 90 >98 0.99

1i 1 105 120 62.7 180 0.43 0.28 15 >98 0.98

2 The amount of enzyme is expressed by concentration in the buffer volume.

b Initial amount of aldehyde or HCN.

¢ Calculated concentration of HCN in the buffer phase at the start of the reaction. Partition coefficient 2.6.
d Calculated concentration of HCN in the buffer phase at the end of the reaction.

¢ Time to 50% conversion (7 /2)-

f Reaction is approaching completion after 8 days and the EE did not change during the reaction.

Table 4
Formation of cyanohydrin from cinnamaldehyde using R-Hnl with variation of the buffer volume, using mass transfer limitation and at a
fixed enzyme concentration cg MTL

Entry  cg? Vo (m) Vo (ml)  Ald® HCN® cHON® cnen? T1° Conversion  EE'
g™ (mmol)  (mmol) (M) ™M) (h) (%)

2f 5 2.5 120 40 180 0.57 0.44 75 93 0.96

2j 5 12 120 40 180 0.56 043 25 93 0.96

2k 5 120 120 52 207 0.43 0.31 19 97 0.97

2 The amount of enzyme is expressed by concentration in the buffer volume.

Y Initial amount of aldehyde or HCN.

¢ Calculated concentration of HCN in the buffer phase at the start of the reaction. Partition coefficient 2.6.
d Calculated concentration of HCN in the buffer phase at the end of the reaction.

¢ Time to 50% conversion (71,2).

f Reaction is approaching completion after 3 days and the EE did not change during the reaction.
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Fig. 5. Conversion of benzaldehyde and into chiral mandelonitrile using 1 mgml~! enzyme and different volumes of buffer. Curves are
trend lines, markers are the extent of conversion; (ll): Vy = 11 ml (Ic); (@): V, = 20ml (1h); (A): Vp = 105ml (1i).
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Fig. 6. Conversion of cinnamaldehyde into the corresponding chiral cyanohydrin using 5mgml~' enzyme and different volumes of buffer.
Curves are trend lines, markers are the extent of conversion; (l): Vi, =2.5ml (2f); (@): V, = 12ml (2j); (A): Vp = 120 (2k).
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Fig. 7. Conversion of benzaldehyde into mandelonitrile vs. time using cg = 0.12mg ml~! buffer, which is below the cg mri and two
different start-up policies; ((], l): (1a) start the reaction through adding pure benzaldehyde in one portion; (O, @): start the reaction
through adding benzaldehyde in MTBE slowly (5 min); (@, H): conversion; (O, [J): EE.

area, increases the mass transfer and thereby the to-
tal reaction rate (productivity), where the EE remains
constant at its maximum value.

It is apparent from Fig. 3 that the initial EE is
low, which leads to a sub-optimal EE at the end. To
determine the origin of this phenomenon two sets of
reactions beneath the cg mTr. were followed in time.
Two alternative start-up policies were used for benzal-
dehyde, either adding the pure aldehyde in one portion
or adding it dissolved in MTBE over a short period of
time. The hypothesis is that the second approach more
easily leads to coalescence of aldehyde-containing and
pure MTBE droplets in the reactor, so that the alde-
hyde levels in the buffer phase are minimized. The
results are presented in Fig. 7.

Clearly, the starting method influences the initial
EE and is a crucial factor for EE progression of the
process. In the case where the reaction was started
by slowly adding benzaldehyde, dissolved in MTBE,
the initial EE started relatively high compared to the
experiment, where the pure aldehyde was added in one
portion. So, the reaction should be started by adding

the dissolved aldehyde to the reaction vessel in the
course of a few minutes.

4. Conclusions

Benzaldehyde, the product of the natural reaction
for the enzyme (R-Hnl lyase), and cinnamaldehyde,
a notoriously difficult substrate for this enzyme, were
used as model substrates and compared in order to in-
vestigate the effect of mass transfer limitation on the
EE. The importance of mass transfer limitation and
of the start-up procedure were proven. The EE during
the formation of cyanohydrins can be described by the
ratio of the reaction rates of the enzymatic and the
parallel non-enzymatic-racemic reactions. Mass trans-
fer limitation results in a low substrate concentration
in the aqueous buffer phase and is therefore a pow-
erful tool to increase the EE in the above described
situation. Increasing the enzyme concentration at
a constant interfacial area, accelerated the enzy-
matic reaction until a maximum was reached at the
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so-called mass transfer limiting enzyme concentration
(ce.mTL)- Increasing the interface area by increasing
the buffer volume, at a constant enzyme concentration
CEMTL, accelerated the process, while maintaining
the maximum EE. In both cases, upon mass transfer
optimization, excellent chemical conversion (99% on
a 60 mmol scale), high throughput and high EE (ben-
zaldehyde >99% and cinnamaldehyde >96%) were
achieved. Using enzyme concentrations below the
cg,MmtL resulted in loss of EE. The start-up policy is
also important, because it controls the initial substrate
concentration in the buffer layer.

5. Experimental section
5.1. General methods and materials

The 'H spectra were recorded on a JEOL FX-200
instrument. Samples were measured in CDCls, with
Me4Si as an internal standard for 'H NMR; § in ppm,
J in Hz. Enantiomeric purities and conversions were
determined by HPLC using a Chiralcel OD column
(250 mm x 4.6 mm). As eluent, mixtures of hexane
(H), isopropyl alcohol (I) and acetic acid (HAc), which
are specified in each case, were applied. Flow =
I mlmin~!. All cyanohydrins were also prepared in
racemic form to optimize the conditions for peak sepa-
ration. Optical rotations were measured using a propol
automatic polarimeter. Melting points were measured
with a Biichi melting-point apparatus and are uncor-
rected. Spectrophotometer: Varian DMS 200 UV-VIS.
Acetic acid (99—-100%) and isopropyl alcohol (99.5%)
were purchased from Baker, hexane (HPLC grade)
from Biosolve, MTBE (99%) from Acros, benzalde-
hyde (99%) from Merck, cinnamaldehyde (99%) from
Aldrich and NaCN (p.a.) from Baker. The enzyme
R-PaHnl was kindly supplied by Solvay Pharmaceu-
ticals (purity 65%, specific activity 185,000 IU g~ 1).

5.1.1. Reaction vessel and stirrer

The reaction vessel was a cylindrical double-walled
glass vessel (diameter of 60 mm, volume of 225 ml) in
which the liquid phases were mixed by a top-driven,
liquid induced impeller (a so-called clock stirrer),
shaft diameter of 8.0 mm and in the extension of the
axis a cylindrical cavity (high x diameter: 30.0 mm x
15.9 mm), four hollow cylinders (diameter of 9.0 mm)

form the blades with a total length of 37.5mm in
diameter.

5.1.2. Stability measurements

Preliminary studies were conducted to select buffers
suitable for kinetic studies in a two phase system.
With cinnamaldehyde as the substrate, no effect on
enzyme activity was observed by varying the con-
centration of citrate buffer at pH 5.5 between 1 mM
and 0.1 M. Rates of cyanohydrin decomposition were
measured spectrophotometrically by monitoring the
carbonyl absorption band of the free aldehyde using
a UV-VIS spectrophotometer. All measurements in-
volving benzaldehyde were made at its absorption
maximum (220nm), for cinnamaldehyde a wave-
length of 261.5 nm was used.

5.1.3. Determination of the concentration and
partition coefficients for benzaldehyde and HCN

The partition coefficient of HCN between MTBE
and buffer (sodium citrate pH 5.5, 0.1M) was
determined by titration with sodium hydroxide. The
partition coefficient of HCN was 2.6 at 20°C. The par-
tition coefficient of benzaldehyde between MTBE and
buffer (sodium citrate pH 5.5, 0.1 M) was determined
gravimetrically. Benzaldehyde (5.8 g) dissolved in
50ml MTBE was mixed with 50 ml buffer and equi-
librated in a round bottom flask for 30 min at 20°C.
The two layers were separated. The MTBE layer
was dried (MgSO4) and evaporated. The yield was
5.74 g benzaldehyde. The buffer phase was extracted
with MTBE (3 x 40 ml). The combined MTBE lay-
ers were dried (MgSO4) and evaporated. The yield
was 0.06 g benzaldehyde. The partition coefficient of
benzaldehyde was therefore 96 at 20°C.

5.1.3.1. (R,S)-mandelonitrile (2-hydroxybenzeneace-
tonitrile). To a round bottom flask was added 10 ml
of a 0.1 M sodium citrate buffer (pH 6.8) at 5°C.
Meanwhile, 3 g of NaCN were dissolved in 35 ml of
cold water. The pH of the solution was adjusted to 5.5
by addition of citric acid (caution: formation of toxic
hydrogen cyanide). The hydrogen cyanide solution
was extracted with MTBE (3 x 15 ml). The combined
MTBE layers were transferred into a dropping funnel
that was placed on the round bottom flask. Freshly
distilled aldehyde (1.5 g) was added to the solution.
After 24 h the reaction was complete, after separation
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of the two layers, the organic layer was dried (MgSO4)
and evaporated. Pure R,S-mandelonitrile was obtained
as a clear oil which solidified at 5°C. Yield: 98%; 'H
NMR: 3.15 (br, 1H, OH), 5.52 (s, 1H, H-C(2)), 7.49
(m, 5SH-arom); HPLC: eluent H:I:HAc = 97:3:0.1, A
220 nm.

5.1.3.2. (R,S)-3E-2-hydroxy-4-phenylbutenenitrile.

It was prepared from (E)-3-phenyl-2-propenal 2.5 g
(20 mmol) by the procedure described above. Conver-
sion: 98%. The crude cyanohydrin was crystallized
from CH;,Cly/n-hexane to give 3 g of light yellow col-
ored crystals: mp 78°C; 'H NMR: 3.96 (br, OH), 5.16
(d, 1H, J = 6.2, H-C(2)), 6.27 (dd, 1H, J; = 6.2,
J» =15.9,H-C(3)), 6.89 (d, 1H, J 15.9, H-C(4)), 7.39
(m, 5H-arom); HPLC: eluent H:I:HAc = 87:13:0.1,
A 261.5nm.

5.1.3.3. (R)-mandelonitrile. In a thermostatically
cooled double-walled reaction vessel at 5°C, 1 mg
enzyme per ml buffer was added to 10-100ml of
a 0.1 M citrate buffer (pH 5.5). Meanwhile, 10g of
NaCN was dissolved in 100ml of cold water. The
pH of this solution was adjusted to 5.5 by addition
of citric acid (caution: formation of toxic hydro-
gen cyanide). The hydrogen cyanide solution was
extracted with MTBE (3 x 40ml). The combined
MTBE layers were transferred into a dropping funnel
that was placed on the double-walled reaction vessel
and the MTBE was added. After stirring for 10 min,
freshly distilled benzaldehyde (50 mmol) was added
in one portion or dissolved in 10 ml MTBE and added
via drippings (2s~!). The enzyme mixture was stirred
and the conversion of the reaction was monitored till
the reaction had gone to completion. Sample were
taken from the organic layer after separation by stop-
ping stirring, dried (MgSO4) and analyzed by HPLC.
Finally, after separating the two layers, the organic
layer was dried (MgSO4) and concentrated in vacuo.
The pure cyanohydrin was obtained as a colorless oil,
which crystallized upon standing at 10°C. EE > 99%
(HPLC: eluent H:I:HAc = 97:3:0.1, A 220nm); mp
20°C; [@]®) = +44.9 (c = 1, CHCl3); 'H NMR: 3.15
(br, OH), 5.52 (s, H-C(2)), 7.49 (m, 5H-arom).

5.1.3.4. (R)-3E-2-hydroxy-4-phenylbutenenitrile. In
a thermostatically cooled double-walled reaction-vessel
at 5 °C, 1-5 ml enzyme stock solution (200 mg/10 ml)

was added to 5-100ml of a 0.1 M citrate buffer (pH
5.5). Meanwhile, 10-15 g of NaCN was dissolved in
100 ml of cold water. The pH of this solution was ad-
justed to 5.5 by addition of citric acid (caution: forma-
tion of toxic hydrogen cyanide). The hydrogen cyanide
solution was extracted with MTBE (3 x 40 ml). The
combined MTBE layers were transferred into a drop-
ping funnel that was placed on the double-walled re-
action vessel and the MTBE was added in one portion.
After 10 min, the (E)-3-phenyl-2-propenal (50 mmol)
was added to start the reaction. The enzyme mixture
was kept stirring for the next 8 days. The conver-
sion of the reaction was followed by taking samples
from the organic layer, after separation by stopping
the stirring, and analyzed by HPLC till the reaction
almost stopped. After separating the two layers the
organic layer was dried (MgSO4) and concentrated
in vacuo. The pure cyanohydrin was obtained as a
yellow oil. The crude cyanohydrin was crystallized
from CH;,Cl,/n-hexane (eutecticum EE = 0.58), the
yield was 4 g of light yellow crystals: mp 67.5°C;
[@]® = 430.5 (c = 1, CHCl3) and the EE > 99%
(HPLC: eluent H:I:HAc = 87:13:0.1, A 261.5nm);
'H NMR: 3.96 (br, OH), 5.16 (d, J = 6.2, H-C(2)),
6.27 (dd, J1 = 6.2, J» = 15.9, H-C(3)), 6.89 (d, J
15.9, H-C(4)), 7.39 (m, 5H-arom).
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