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Abstract—Benzaldehyde, decanal, undecanal and dodecanal were reacted with hydrogen cyanide in a two phase solvent system
aqueous buffer and ionic liquids EMIMÆBF4, PMIMÆBF4 and BMIMÆBF4 in the presence of the hydroxynitrile lyases from Prunus
amygdalus and Hevea brasiliensis. When compared to the use of organic solvents as the nonaqueous phase, the reaction rate was
significantly increased whereas the enantioselectivity remained good.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Cyanohydrins are easily available by HCN addition to
aldehydes or ketones1,2 with several biocatalytic ap-
proaches to this class of compounds already described
and reviewed.3–6 The catalytic application of hydroxy-
nitrile lyases (HNLs) has been investigated for more
than forty years.7 In particular the (R)-selective HNL
of Prunus amygdalus (PaHNL, E.C. 4.1.2.10) has been
used over a long period as a defatted almond meal8 or
purified enzyme preparations adsorbed on various carri-
ers.9 This PaHNL has been extensively investigated and
has recently been successfully overexpressed in Pichia
pastoris.10 The (S)-selective enzyme isolated from Hevea
brasiliensis (HbHNL, E.C. 4.1.2.39) and also over-
expressed in Graz11,12 shows a comparably high stereo-
selection towards various substrates.

The enzyme-catalysed cyanohydrin formation can be
performed in aqueous solution with an appropriate
acidic component and alkali cyanide for in situ develop-
ment of the required HCN.13 A significant advancement
in cyanohydrin production was made by performing the
transformation with immobilised HNL in organic sol-
vents, which are immiscible with water. It has been ob-
served that there is virtually no spontaneous chemical
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addition of HCN to the carbonyl moiety.8,9,14–23 Bipha-
sic solvent mixtures (buffer/ether) were reported employ-
ing both (R)-24,25 and (S)-HNL.26–28

Ionic liquids (ILs) are generally considered to be highly
polar and have been used to a large extent as solvents
for chemical transformations and for enzyme-catalysed
reactions as well.29–33 Initially we were unsuccessful;
the first cyanide additions to benzaldehyde in IL cata-
lysed by immobilised HNL only gave racemic mandelo-
nitrile. These reactions were performed in pure ILs as
described for lipase catalysed conversions.34,35 However,
on the basis of results of Kragl et al.36 with IL/water-
mixtures, the application of this methodology to enzyme
catalysed cyanohydrin reactions using both PaHNL and
HbHNL in a two phase system IL/aqueous buffer was
successful as will be reported below. Recently, ILs have
also been applied as solvents for the enantioselective
synthesis of cyanohydrins, in this case catalysed by
VO(Salen) complexes.37
2. Results and discussion

To evaluate the methodology first, benzaldehyde was
used as the substrate (Scheme 1). Initial experiments
with PaHNL andHbHNL immobilised on Celite in neat
IL containing 1% of water, which is necessary for
enzyme activity, showed no promising results. In all of
the three ILs used, only racemic mandelonitrile was
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Scheme 1. PaHNL and HbHNL catalysed cyanohydrin reactions

using EMIMÆBF4, PMIMÆBF4, BMIMÆBF4, respectively.
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formed after 2h of reaction. Conversely, when toluene
was used instead of the ILs under the same conditions,
87% and 80% ee were obtained (Table 1).
Table 1. Conversion and ee of mandelonitrile after 2h reaction at

room temperature at pH7 (HNL immobilised on Celite, 2000U/mmol

aldehyde)

Entry HNL Solvent Conv. (%)a Ee (%)a

1 HbHNL Toluene 82 80

2 HbHNL EMIMÆBF4 95 rac

3 HbHNL PMIMÆBF4 64 rac

4 HbHNL BMIMÆBF4 88 rac

5 PaHNL Toluene 56 87

6 PaHNL EMIMÆBF4 96 rac

7 PaHNL PMIMÆBF4 95 rac

8 PaHNL BMIMÆBF4 97 rac

a Determined by chiral GC after acetylation.
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Figure 2. (R)-PaHNL catalysed mandelonitrile formation in TBME/

buffer=1/1 and PMIMÆBF4/buffer=1/1.
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Figure 1. (S)-HbHNL catalysed mandelonitrile formation in TBME/

buffer=1/1 and PMIMÆBF4/buffer=1/1.
A change of the solvent system to IL/aqueous buffer 1:1
vol/vol lead to positive results (Table 2). It can be seen,
that for both PaHNL and HbHNL excellent conversion
rates and enantiomeric excesses were achieved after 1h
reaction time. Since HbHNL is not as stable at lower
pHs as PaHNL,10 the former reaction was run at
pH4.8. When performing enzyme catalysed cyanohyd-
rin reactions in solvent systems containing an aqueous
buffer, the nonenzymatic normal cyanohydrin formation
has to be taken into consideration. Usually, this reaction
is slow at low pH-values. However, both the enzymatic
and the nonenzymatic transformation is accelerated by
ILs, which results in a drop of the ee in case of HbHNL.
Table 2. Conversion and ee of mandelonitrile after 1h reaction at

room temperature in ionic liquid/aqueous reaction media (2000U

HNL/mmol aldehyde)

Entry HNL Solvent Conv. (%)a Ee (%)a

1 HbHNLb EMIMÆBF4 98 80

2 HbHNLb PMIMÆBF4 86 74

3 HbHNLb BMIMÆBF4 98 24

4 PaHNLc EMIMÆBF4 98 93

5 PaHNLc PMIMÆBF4 95 96

6 PaHNLc BMIMÆBF4 97 97

aDetermined by chiral GC after acetylation.
b Reaction done at pH4.8.
c Reaction done at pH3.7.
Figures 1 and 2 show the increased rate of the cyano-
hydrin formation with the ionic liquid PMIMÆBF4 as
the co-solvent when compared to the well investigated
tert-butylmethyl ether (TBME)/aqueous conditions.
With this result in mind, we decided to investigate sub-
strates for the hydroxynitrile lyase catalysed cyanohyd-
rin formation where very long reaction times were
necessary to obtain satisfactory conversion and enantio-
selectivity38,39 when using the standard solvent mixture
of organic solvent/aqueous buffer. Thus, we examined
the reaction of long chain aldehydes, such as decanal,
undecanal and dodecanal, with prussic acid using
HbHNL and PaHNL as biocatalysts (Scheme 1).

As shown in Figure 3, after only 1.5h the conversion of
all three aldehydes was very much higher with PMI-
MÆBF4 when compared to TBME. The lower ee-values
can be explained by the concurring chemical reaction,
as mentioned. Excellent results were achieved using
PaHNL at pH3.7 (Fig. 4).
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Figure 3. (S)-HbHNL catalysed cyanohydrin formation of long-chain aldehydes in TBME/buffer=1/1 and PMIMÆBF4/buffer=1/1 after 1.5h.
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Figure 4. (R)-PaHNL catalysed cyanohydrin formation of long-chain aldehydes in TBME/buffer=1/1 and PMIMÆBF4/buffer=1/1 after 1.5h.
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Here the chemical side reaction is suppressed and the cy-
anohydrins formed with very high enantiomeric excess
and high conversion after only 1.5h in IL/aqueous buf-
fer. At the same time hardly any conversion was de-
tected using TBME/aqueous buffer.
3. Conclusions

As shown, the rate of the enzyme catalysed cyanohydrin
reaction in a biphasic system IL/aqueous buffer is
greatly enhanced. This opens up the possibility of
achieving acceptable transformation times where the
normal protocol using either buffer alone or together
with a water immiscible organic solvent does not lead
to satisfying results.
4. Experimental

4.1. Materials and methods

All solvents and materials were commercially available
and purified if necessary. HbHNL and PaHNL were a
kind gift of DSM Fine Chemicals Austria. 1H and 13C
NMR spectra were recorded on a Varian INOVA 500
(1H 499.82MHz, 13C 125.69MHz) with TMS as an
internal reference. Enantiomeric purities and conver-
sions were analysed using a Hewlett–Packard 6890
instrument equipped with an FID and a Chirasil-DEX
CB column (25m·0.32mm, 0.25lm film). The cyano-
hydrins were acetylated using standard methods prior
to analysis. For analytical data vide infra.
4.2. HCN formation–caution

All reaction equipment in which cyanides were used or
produced were placed in a well ventilated hood. The
required amount of HCN was freshly formed by
dropping a saturated NaCN solution into aqueous
sulfuric acid (60%) at 80 �C and trapping HCN at
�12 �C in a cooling trap. For continuous warning,
an electrochemical sensor for HCN detection was
used. Waste solutions containing cyanides were
treated with aqueous sodium hypochlorite (10%). Sub-
sequently, the pH was adjusted to 7.0 with aqueous sulf-
uric acid.
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4.3. Synthesis of ionic liquids

EMIMÆBF4, PMIMÆBF4, BMIMÆBF4 were prepared and
purified according to literature procedures and the 1H
NMR data were consistent with those reported.35

EMIMÆBF4
13C NMR (acetone-d6): d 137.31; 124.69;

123.02; 45.62; 36.48; 15.62.

PMIMÆBF4
13C NMR (acetone-d6): d 136.93; 124.10;

122.71; 51.17; 35.90; 23.51; 10.14.

BMIMÆBF4
13C NMR (acetone-d6): d 136.93; 124.09;

122.71; 49.48; 35.90; 32.11; 19.31; 13.04.

4.4. General procedure for the synthesis of racemic
cyanohydrins

To a solution of aldehyde (5%) in TBME, weakly basic
ion-exchange resin (Amberlyst A-21) and freshly gener-
ated HCN (5equiv) were added. The reaction mixture
was stirred at room temperature, and after quantitative
conversion (1–24h), the mixture was filtered over a bed
of Na2SO4. Evaporation of the solvent yielded the crude
cyanohydrins. Structures were proven by NMR analy-
sis.

4.4.1. (RS)-Mandelonitrile. GC 1bar H2; 60 �C, 2min,
10 �C/min, 140 �C, 2min; 5.2min (aldehyde), 9.8min
(R), 10.7min (S).

4.4.2. (RS)-2-Hydroxy-undecanenitrile. NMR data
were consistent with those reported.40 GC 1bar H2;
120 �C, 2min, 5 �C/min, 160 �C, 2min; 2.1min (alde-
hyde), 7.8min (R), 8.7min (S).

4.4.3. (RS)-2-Hydroxy-dodecanenitrile. 1H NMR data
slightly different to literature.41 1H NMR (CDCl3): d
4.40 (1H, t); 2.83 (1H, br s); 1.77 (2H, m); 1.42 (2H,
m); 1.24 (14H, m); 0.81 (3H, t). 13C NMR (CDCl3): d
120.31; 61.58; 35.42; 32.12; 29.79; 29.71; 29.58; 29.54;
29.16; 24.77; 22.92; 14.36. GC 1bar H2; 120 �C, 2min,
5 �C/min, 160 �C, 2min; 3.2min (aldehyde), 9.6min (R),
10.3min (S).

4.4.4. (RS)-2-Hydroxy-tridecanenitrile. 1H NMR
(CDCl3): d 4.40 (1H, t); 2.83 (1H, br s); 1.77 (2H, m);
1.42 (2H, m); 1.24 (14H, m); 0.81 (3H, t). 13C NMR
(CDCl3): d 120.31; 61.58; 35.42; 32.12; 29.79; 29.71;
29.58; 29.54; 29.16; 24.77; 22.92; 14.36. GC 1bar H2;
120 �C, 2min, 5 �C/min, 160 �C, 2min; 4.7min (alde-
hyde), 11.5min (R), 12.4min (S).

4.5. HNL catalysed cyanohydrin formation

4.5.1. Enantioselective mandelonitrile formation in or-
ganic solvent. HbHNL and PaHNL were immobilised
on Celite� according to literature procedure42 (5.1U/
mg carrier). To a suspension of 40mg of immobilised
enzyme in 990lL of organic solvent, respectively,
IL and 10lL of phosphate buffer [pH7.0, 1% (v/v)]
10lL of benzaldehyde (0.10mmol) and 19lL of HCN
(0.49mmol) were added. The reaction mixture was stir-
red on a Thermomixer (1400rpm) at 24 �C. After 2h
of reaction, the conversion and enantiomeric excess were
analysed by GC.

4.5.2. Enantioselective mandelonitrile formation in ionic
liquid/aqueous buffer solvent system. (S)-HbHNL solu-
tion (700lL, 2965U/mL) was diluted with 600lL of
sodium citrate buffer (pH4.8, 100mM) and the pH value
adjusted by the addition of a citric acid solution to
exactly 4.8, which gave enzyme solution 1. 11.5mL of
(R)-PaHNL solution (175U/mL) were freeze dried and
dissolved in 1300lL of sodium citrate buffer (pH3.7,
100mM), which gave enzyme solution 2. The corre-
sponding enzyme mixtures were then added to a solu-
tion of 100lL of benzaldehyde (0.99mmol) in 1300lL
of ionic liquid and vigorously stirred for 20min. After
addition of 200lL of freshly prepared HCN
(5.17mmol), stirring at room temperature was continued
for 1h, after which conversion and enantiomeric excess
were analysed by GC.

4.5.3. Enantioselective mandelonitrile formation in PMI-
MÆBF4/aqueous buffer and TBME/buffer solvent sys-
tem. (S)-HbHNL solution (34lL, 2965U/mL) was
diluted with 1266lL of sodium citrate buffer (pH4.8,
100mM) and the pH value adjusted by the addition of
a citric acid solution to exactly 4.8, which gave enzyme
solution 1. 573lL of (R)-PaHNL solution (175U/mL)
was diluted with 727lL of sodium citrate buffer
(pH3.7, 100mM) and the pH value adjusted again to
exactly 3.7, which gave enzyme solution 2. The corre-
sponding enzyme mixtures were then added to a solu-
tion of 100lL of benzaldehyde (0.99mmol) in 1300lL
of TBME or PMIMÆBF4 and vigorously stirred for
20min. After addition of 100lL of freshly prepared
HCN (2.59mmol), stirring at room temperature was
continued. The course of the reaction was followed by
GC after acetylation.

4.5.4. Enantioselective cyanohydrin formation of long
chain aldehydes in PMIMÆBF4/aqueous buffer and
TBME/buffer solvent system. (S)-HbHNL solution
(675lL, 2965U/mL) was diluted with 625lL of sodium
citrate buffer (pH4.8, 100mM) and the pH of 4.8
adjusted by the addition of a citric acid solution (enzyme
solution 1). (R)-PaHNL solution (11.5mL, 175U/mL)
were freeze dried and dissolved in 1300lL of sodium
citrate buffer (pH3.7, 100mM), which gave enzyme
solution 2. The corresponding enzyme mixtures were
then added to a solution of decanal, undecanal and
dodecanal (1.0mmol) in 1300lL of TBME or PMI-
MÆBF4, and this was cooled to 0 �C. After vigorous stir-
ring for 20min, freshly prepared HCN (5.17mmol) was
added. After 1h of reaction time, the conversion and
enantiomeric purity were analysed by GC.
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