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Abstract: An important class of compounds which
can be produced by means of enzymatic routes are
enantiomerically pure aromatic o-hydroxy car-
boxylic acids, in particular mandelic acid and deri-
vatives thereof. Numerous different types of enan-
tioselective biocatalytic approaches to these target
molecules have been developed. Among them are
chiral enzymatic resolution processes using racemic
precursors as well as asymmetric catalytic methods
starting from prochiral compounds. Regarding the
resolution processes, nitrilase-catalyzed hydrolysis
and dehydrocyanation of racemic cyanohydrins as
well as stereocontrolled ester cleavage of O-acetyl-
cyanohydrins and a-hydroxy carboxylic acid esters,
respectively, have been developed. Main contribu-
tions in the field of asymmetric catalytic concepts
are the asymmetric reduction of a-keto acids as well
as the asymmetric hydrocyanation of aldehydes. In
the latter case, a subsequent chemical hydrolysis
gives the desired products. In the following, these
different concepts for the biocatalytic preparation
of aromatic o-hydroxy carboxylic acid are discussed
showing that biocatalysis can provide the organic
chemist with many versatile synthetic pathways to
obtain chiral aromatic o-hydroxy carboxylic acids.
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1 Introduction

Biocatalysts are not only known for their broad vari-
ety of reactions they are able to catalyze, but also for
their ability to work well even on a large scale.!'l An
important class of compounds which can be produced
by means of enzymatic routes are aromatic o-hydroxy
carboxylic acids (some selected compounds are
shown in Figure 1).””) Among them, enantiomerically
pure mandelic acid and substituted derivatives there-
of are regarded as the most important representatives

Adv. Synth. Catal. 2001, 343, No. 6-7

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2001

from a commercial point of view. Numerous applica-
tions have been reported from the life science indus-
try. For example, (R)-mandelic acid (R)-1 is both a
versatile intermediate for pharmaceuticals (e.g.,
semisynthetic B-lactam antibiotics) and a resolving
agent in chiral resolution processes. The production
scale of (R)-mandelic acid (R)-1 is in the range of at
least several hundred metric tons per year. Enantio-
merically pure chloro- and O-substituted mandelic
acid derivatives also play an important role in the
synthesis of pharmaceuticals. Furthermore, aromatic
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a-hydroxy carboxylic acids are versatile intermedi-
ates in the preparation of other type of chiral com-
pounds, e.g., chiral diols.

Due to the importance of enantiomerically pure
aromatic o-hydroxy carboxylic acids, it is not surpris-
ing that tremendous efforts have been made to estab-
lish enantioselective routes for their production, in
particular with respect to (R)-mandelic acid. Highly
efficient asymmetric methods to these compounds or
chiral precursors thereof have been realized using
metal-based complexes or organic catalysts, respec-
tively. For examples, important contributions in this
field have been made by Shibasaki et al.,[?®3P-3¢:3d.5¢]
Inoue et al.,’%3¢ Carpentier et al.,**! Agbossou et
al,[**! and many other groups.”’! In addition, the
asymmetric formation of aromatic a-hydroxy car-
boxylic acids can be also realized by choosing a bioca-
talytic process as a synthetic key step. As mentioned
above, also enzymes are highly valuable catalysts,
and allow the manufacture of chiral chemicals on an
industrial scale with high enantioselectivity, yield, vo-
lumetric productivity and little waste. Many enzy-
matic approaches to enantiomerically pure aromatic
oa-hydroxy carboxylic acid have been developed by
several groups applying a broad range of concepts.
These concepts are based on completely different
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Figure 1. Selected examples of chiral aromatic o-hydroxy
carboxylic acids.
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types of biotransformations covering chiral resolu-
tion processes as well as asymmetric syntheses start-
ing from prochiral compounds. In the following these
concepts for the biocatalytic preparation of aromatic
a-hydroxy carboxylic acid are discussed showing that
biocatalysis can provide the organic chemist with
many synthetic tools to synthesize the target mole-
cules. A main focus will be on the asymmetric manu-
facture of (R)-mandelic acid [(R)-1] and substituted
derivatives thereof.

2 Overview: Biocatalytic Routes to
Aromatic a-Hydroxy Carboxylic
Acids

An enzymatic access to enantiomerically enriched
aromatic o-hydroxy carboxylic acids can be realized
by several reactions using different type of biotrans-
formations as a key step. In Scheme 1 the basic prin-
ciples of those synthetic routes are shown, exempli-
fied by the preparation of (R)-mandelic acid (R)-1.

As a “typical enzymatic” way resolution processes
are well-known. Starting from a racemic mandelic
acid ester as a substrate a selective ester cleavage
gives the desired free carboxylic acid (route A). In-
stead of a rac-mandelic acid ester also other types of
racemic precursors, in particular rac-mandelonitrile
or a derivative thereof, can function as a substrate
(routes B, C, and D). Due to the bifunctionality of
mandelonitrile, the hydroxy or cyano group can be
modified enantioselectively during such a process.
Thus, using racemic O-acylated substrates allows an
enantioselective deacetylation under formation of
the desired product (R)-1 (route B). In addition, an
access to the desired chiral mandelic acid can be rea-
lized by resolving the cyano group enantiospecifically
(route C). The biocatalytic enantioselective degrada-
tion of rac-mandelonitrile represents a further path-
way to the enantiomerically enriched cyanohydrin
which can be easily converted to the corresponding
mandelic acid (route D).

An interesting alternative to resolution processes
are asymmetric conversions (routes E and F). Start-
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ing from a prochiral substrate theoretically quantita-
tive conversions can be achieved. Such types of con-
versions are very economical and have also been ap-
plied to the synthesis of (R)-mandelic acid. As suitable
prochiral starting materials aromatic aldehydes have
been chosen in enzymatic hydrocyanation reactions
(route E). The resulting (R)-mandelonitrile (deriva-
tives) can be converted into the desired (R)-mandelic
acid via hydrolysis in a subsequent step. A second
possibility to design an enzymatic asymmetric access
to (R)-mandelic acid is based on a biocatalytic reduc-
tion of arylglyoxylic acids (route F).

5 Route A: Enzymatic Hydrolysis of
an Ester Group

The enzymatic hydrolysis of racemic aromatic o-hy-
droxy esters according to route A has been proven to
represent a simple and practical approach to the de-
sired target molecules 1 (see Scheme 1, route A, and
Equation 1). Starting from racemic mandelic acid es-
ters as a substrate an enantioselective hydrolysis fur-
nishes the enantiomerically enriched carboxylic
acids.
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enzymatic
OH resolution via OH

rac ester hydrolysis
CO,R

ROUTE A
| 1
The penicillin amidase was found to act as a versa-

tile biocatalyst for such a resolution of O-protected
mandelic acid esters.® For example, a complete re-
solution of formylated mandelic acid methyl ester
(with 560% conversion) led to the corresponding (S)-
carboxylic acid (S)-2 with an enantioselectivity of
>98% ee (Scheme 2).

@) 0

PN N

@) H 0 H

"¢ ocH,  penicillin amidase - OH
i Y

(S)-2
racemate ~98% ee

conversion: 50%

Scheme 2.

Wong et al. reported a resolution of rac-mandelic
acid methyl ester in the presence of a “free”, non-pro-
tected hydroxy group.’! The desired (R)-mandelic
acid can be produced directly from the methyl ester,
however with moderate enantioselectivity (40% ee).
Nevertheless, in principle such a process offers the
advantage of less reaction steps since acylation of ra-
cemic mandelic acid as well as deacylation of the en-
antiomerically enriched (R)-mandelic acid do not
have to be carried out.

Interestingly, even carboxylic acid esters with a
quaternary stereogenic carbon center are suitable
substrates for an enzymatic hydrolytic resolution. It
is noteworthy that a protection of the hydroxy group
is not essential for this reaction, too. When a pig liver
esterase is applied as a biocatalyst the (S)-carboxylic
acid was isolated in 39% yield and with 80% ee, and
the non-converted (R)-ester could be recovered in
44% yield (86% ee; Scheme 3).[¥l Enantiomerically
pure (S)-carboxylic acid (S)-3 could be obtained after
one crystallization.!*!

The resolution of bulky esters by proteases has
been also reported by Griengl, Faber and coworkers.
In the presence of Aspergillus oryzae protease as a
biocatalyst, the racemic o-trifluoromethyl mandelic
ester was converted into the corresponding (R)-car-
boxylic acid with an enantioselectivity of 88% ee
(conversion: 40%; Scheme 4).I'% A single recrystalli-
zation led to enantiomerically pure material. This
carboxylic acid (R)-5 is a precursor of Mosher’s acid
which represents a powerful chiral auxiliary for the
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determination of the optical purity of alcohols and
amines, respectively. The protease derived from As-
pergillus oryzae has been shown to be useful for the
resolution of several other types of sterically hindered
trisubstituted carboxylates as a substrate, too.!'!l In
contrast, “traditional” proteases such as subtilisin
gave non-satisfactory results.

4 Route B: Biocatalytic
Transesterification — Enzymatic
Hydrolysis of the O-Acetyl Group

An interesting intermediate for aromatic carboxylic
acids is given by a chiral cyanohydrin since it can be
easily converted into the corresponding carboxylic
acid without loss of optical purity. Since the cyanohy-
drins can be regarded as an alcohol bearing a cyano
group in the o-position, it is not surprising that also
O-acetylated derivatives were used in enzymatic hy-
drolytic resolution processes. This process represents
the key step in route B (see Scheme 1 and Equa-
tion 2). In general, the enzymatic hydrolysis of acety-
lated alcohols is a well-known practical protocol for
the preparation of enantiomerically enriched and
“frﬁgl” alcohols and O-acetylated derivatives there-
of.

enzymatic
OC{O)R resolution via
rac O-deacetylation
CN —_— CN

ROUTEB

OC(O)R OH

In the presence of an ester hydrolase (Pseudomo-
nas sp.) one enantiomer of a racemic cyanohydrin
acetate can be hydrolyzed selectively.!'>! As shown in
Scheme 5, the optically active acetates 7 have been
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obtained in good chemical yields (usually >40%) and
with high enantioselectivities (>98% ee) for the ma-
jority of substrates. The resulting free, non-acylated
cyanohydrins, however, show a low ee due to racemi-
zation. It has been shown that this reaction can be
carried out with a broad range of substituted mande-
lonitriles as starting material. A comparable reaction
using butanoates (instead of acetates) has also been
reported with enantioselectivities of up to 97% ee.''*!

A protocol developed by Mitsuda et al. describes the
hydrolysis of cyanohydrin esters using Arthrobacter
sp. lipase.['>'% Excellent enantioselectivities in the
range of >99% ee have been obtained in the synthesis
of (S)-o-cyano-3-phenoxybenzyl alcohol. The suit-
ability of this reaction as a highly economical method
for the manufacture of (S)-o-cyano-3-phenoxybenzyl
alcohol from a technical point of view has been de-
monstrated by Fishman et al. recently.'”! It is note-
worthy that the reaction can be carried out when op-
erating at a high substrate concentration of up to 20%
(w/w). In addition, an interesting continuous process
with an immobilized lipase has been already devel-
oped on the gram scale. Furthermore, nearly full con-
version, a high enantioselectivity of >96% ee, and the

o} o}

O)kCH3 ester hydrolase OkCH3
)\,ac (Pseudomonas sp.) /k
R™ "CN R™ "CN
racemate (R)-7

yield (%)  ee(%)

42%  >98%

Qa

46%  >98%
H4CO

4%
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a key step in a chemoenzymatic process for the syn- o rac o
thesis of (S)-a-cyano-3-phenoxybenzyl alcohol [(S)- COCH, o TS CO,CHs
8] (Scheme 6) which is an important intermediate for racemate ' (R)-11
the production of pyrethroids. 35 - 40% yield
An extension of the enzymatic transesterification Scheme 8 82% ee

concept towards the synthesis of perfluorophenyl-
containing cyanohydrin products has been reported
by Sakai and coworkers.!'® These types of fluorinated
compounds are of interest since the perfluorophenyl
group shows some unique features. The lipase-cata-
lyzed transesterification of the racemic O-acylated cy-
anohydrin led to the formation of both products, (S)-9
and (R)-10, in good yields and high enantioselectiv-
ities (Scheme 7).

The application of the enzymatic O-acetyl cleavage
to the synthesis of chiral 2-furylcarbinols has been re-
ported by Waldmann.!"”! Use of Pen G acylase (immo-
bilized on Eupergit C) as an enzyme led to the unhy-
drolyzed esters 11 in good yields of 35 — 40%. As
shown in Scheme 8 the reaction proceeds with an en-
antioselectivity of 82% ee.

It is noteworthy that also the reverse reaction can
be carried out in an enantioselective manner. When
using lipases in an organic solvent the enantioselec-
tive ester formation led to the formation of enantio-
merically enriched O-acylated cyanohydrins (up to
98% ee)'[14,20,21] Interestingly, also a dynamic Kkinetic
resolution has been developed which quantitatively
converts a racemic cyanohydrin in one enantio-
mer.[?2232" The O-acylated compounds can be de-
acylated again subsequently without loss of enantio-
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selectivity. The selective esterification has been also
applied to the synthesis of perfluorophenyl-contain-
ing products. This reaction, which represents a syn-
thetic alternative to the corresponding reverse enzy-
matic deacylation,”” was carried out with vinyl
acetate and led to a quantitative conversion (50%).
In the presence of the lipase LIP as a biocatalyst a
high enantioselectivity of 98% ee and 96% ee was ob-
tained for both types of products (acylated and non-
acylated).

5 Route C: Enzymatic Hydrolysis of
the Cyano Group

An enantioselective hydrolysis of the cyano group of a
racemic cyanohydrin represents another attractive
method for the preparation of chiral aromatic o-hy-
droxy carboxylic acids. This reaction can be also car-
ried out efficiently using enzymes (see Scheme 1,
route C, and Equation 3). This concept has the advan-
tage that the desired aromatic carboxylic acid is di-
rectly formed in one step starting from a racemic
compound, namely the racemic cyanohydrin. Thus,
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the asymmetric key step represents the final reaction
step, and a further derivatization of the chiral product
is not required.

enzymatic

OH nitrile

rac
CN

Choosing an O-acylated mandelonitrile as a sub-
strate, a stereocontrolled biotransformation with
Rhodococcus sp. AJ270 at pH 7.0 gave enantiomeri-
cally enriched (S)-mandelic acid [(S)-1] directly in
57% yield (Scheme 9).1*°!

hydrolysis

©/'\COZH
ROUTE €
. 1

]

OJJ\CHg OH

rac Rhod B
CN 0dococcus sp. COLH
pH7.0
(S)-1
racemate 57% yield

Scheme 9.

Recently it has been shown that the hydroxy group
does not have to be protected as an O-acetyl group.
Thus, a non-modified “free” mandelonitrile can be
used directly as a substrate which makes this reaction
more economical. A broad range of aromatic a-hy-
droxy carboxylic acid esters can be synthesized in
the presence of microorganisms.!?”-?®l

The enzymatic, stereoselective conversion of race-
mic nitriles into carboxylic acids has been recently
extended by BASF to an industrial resolution process
for the manufacture of (R)-mandelic acid
(Scheme 10).1%! A nitrilase [E. coli JM109 (pDHE
19.2)] efficiently catalyzes the hydrolysis of the (R)-
enantiomer with high conversion and excellent enan-

Ogc nitrilase T
oN [E. coli JM109 (pDHE19.2)] CO,H
pH 7.2, 40 °C
racemate >9(§’)/;1ee
Scheme 10.
1. (R)-oxynitrilase,
citrate buffer,
OH pH 3.5, 0.5h, rt
: ,LfaéN 2. NaHSOj3 solution
Scheme 11.
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tioselectivities of up to >99% ee. The undesired (S)-
cyanohydrin can be converted into the racemate dur-
ing the reaction process. With this nitrilase-based
technology in hand, the production of (R)-mandelic
acid is carried out on a multi-ton scale at BASF.

The hydrolysis of nitriles for the stereoselective
manufacture of fine chemicals has also been reported
by Matcham and coworkers.[?"!

6 Route D: Enzymatic Cleavage of
rac-Cyanohydrins

The cleavage of a racemic cyanohydrin under forma-
tion of the corresponding aldehyde and HCN can also
proceed under stereocontrol when using oxynitri-
lases, since these enzymes are not only able to cata-
lyze the formation of cyanohydrins (see route E) but
also the reverse cleavage reaction. Combining this
type of kinetic resolution with a subsequent hydroly-
sis of the chiral cyanohydrin results in a further type
of (two-step) formation of a-hydroxy carboxylic acids
(see Scheme 1, route D, and Equation 4).

enzymatic
OH resolution via OH chemical OH

rac dehydrocyanation hydrolysis
CN —————— CN  — CO,H

ROUTE D |
(4)

Avariety of oxynitrilases has been used for the reso-
lution of aromatic cyanohydrins.**"3%! Since the cya-
nohydrin cleavage reaction is reversible, the removal
of the reaction by-products (HCN and aldehyde) is de-
sirable to obtain good yields. Thus, several methodol-
ogies for the removal of these by-products have been
developed.[’%%!

A remarkable contribution was reported by the Ef-
fenberger group.®*! Capturing the formed aldehyde
with hydrogen sulfite led to an efficient (R)-oxynitri-
lase-based resolution process which gave (S)-mande-
lonitrile [(S)-13] in 44% yield and with 96% ee
(Scheme 11).

(S)-13
44% yield
96% ee
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7 Route E: Enantioselective
Biocatalytic Hydrocyanation of
Aromatic Aldehydes

The probably most popular enantioselective biocata-
Iytic synthetic route to aromatic a-hydroxy carboxylic
acids is based on a two-step process starting from an
aldehyde as a substrate. At first, an enzymatic asym-
metric hydrocyanation of the aldehyde gives the re-
quired chiral cyanohydrin. This biocatalytic step re-
presents the key step. The enantiomerically enriched
cyanohydrins are subsequently converted into the o-

hydroxy carboxylic acids wvia hydrolysis (see
Scheme 1, route E, and Equation 5).
enzymatic
[e] asymmetric OH chemical OH
hydrocyanation hydrolysis
o O =
+ HCN
1
ROUTE E |
(5)

Numerous contributions on the field of enantiose-
lective biocatalytic hydrocyanation of aromatic alde-
hydes have been published, and are already reviewed
by several authors. These reviews about the asym-
metric synthesis of cyanohydrins as well as synthetic
applications thereof give a detailed overview about
the state of the art and the contributions in this
field.!?®3%371 Thus, in the following section, the main
focus is on a brief summary of the pioneering work
as well as recently reported improvements with re-
spect to large scale applications.

Interestingly, the biocatalytic hydrocyanation of an
aromatic aldehyde, namely benzaldehyde, under for-
mation of enantiomerically pure mandelonitrile be-
longs to one of the first revealed enantioselective
syntheses. This reaction was discovered by Rosentha-
ler in 1908.%%! For a long time the synthetic applic-
ability was limited due to low enantioselectivities
caused by the undesired formation of the racemic cy-
anohydrins.®” Intensive investigation of the syn-
thetic potential of the enzymatic hydrocyanation
started at the end of the 1980’s. Two main findings
about how to suppress the formation of the racemic
product were connected with a remarkable increase
of the enantioselectivity (see below).

7.1 Enzymatic Enantioselective Hydrocyanation
in Organic Media

In 1987 Effenberger et al. reported that carrying out
the asymmetric oxynitrilase-catalyzed hydrocyanation
in an organic system at pH 5.4 led to the desired cyano-
hydrins in high yields and with excellent enantioselec-
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(R)-oxynitrilase
(Avicel cellulose

o support) OH

©)‘\H + HCN ©/kCN
organic solvent
(ethyl acetate)

H5.4,2h, rt (R)-13
P 95% yield

99% ee

Scheme 12.

tivities of up to >99% ee (Scheme 12).1*°! This was the
first example of a highly enantioselective hydrocyana-
tion reaction using oxynitrilases as a biocatalyst.

Under these reaction conditions the undesired che-
mical and non-stereoselective addition of HCN to the
aldehyde giving racemic product is suppressed. The
cyanohydrin formation in organic media offers sev-
eral advantages: The reaction can be carried out at
pH 5.4 which represents the pH optimum of the enzy-
me’s activity. In addition, high enantioselectivities are
obtained and many substrates are tolerated due to
their solubility in the organic phase.

The first experiments reported by Effenberger et al.
were carried out in ethyl acetate,*°! but other types of
organic solvents have also been used.*!! Further in-
vestigation showed that the efficiency of the reaction
can be improved when diisopropyl ether functions as
a solvent."*>*I Not only have high enantioselectivities
been obtained but the activity of the enzyme re-
mained unchanged for several weeks. It appeared
that the low water content of diisopropyl ether has a
beneficial effect.

For the reactions carried out in organic solvents
immobilization has proven to be also advantageous.
As a biocatalyst, an (R)-oxynitrilase immobilized on
a Avicel-cellulose support has been applied.*? It is
noteworthy that immobilizing the enzyme on a crys-
talline cellulose support like Avicel not only gives
high enantioselectivities but also makes it possible to
retain the enzyme activity for at least 80 hours. Thus,
a continuous process can be carried out efficiently in
an enzyme membrane reactor (EMR)./*?!

The solid support nitrocellulose was found by Ef-
fenberger et al. as a preferred immobilizate when
using the first recombinant (S)-oxynitrilase as an en-
zyme.!** In the presence of this immobilized biocata-
lyst, a highly efficient process was realized which
works well with a broad variety of aldehydes. A repre-
sentative example is given in Scheme 13. In contrast
to cellulose which led only to moderate enantioselec-
tivities in organic solvents, nitrocellulose-bound (S)-
oxynitrilase gave high enantioselectivities in most
cases. Furthermore, a broad variety of other types of
solid supports has been proven to work well. Among
them are several cellulose-based supports,*3 silica
gel,*% Eupergit C,1*5 and Celite,*>*" as well as li-
quid crystals.!*8l
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recombinant
(S)-oxynitrilase

o (nitrocellulose OH
support) B
©)‘\H + HCN ©ACN
iPr,O
pH3.3 7h, 1t (S)13
100% vyield
98% ee

Scheme 13.

It has been additionally shown that not only isolated
enzymes but also almond meal itself can be used as a
biocatalyst in organic media. Numerous groups con-
tributed to this method, and excellent results have
been obtained with respect to enantioselectivity and
yield.[*®-5% Recently Lin et al. developed a remarkable
extension of this method by means of a so-called “mi-
cro-aqueous” organic reaction system.[m"”] The or-
ganic phase serves as a big reservoir of substrate and
product, and the enzyme meal retains the essential
(small) amount of water under these conditions.
Using diisopropyl ether as a solvent, the water con-
tent is in the range of 0.14 - 0.32% (v/v). This “mi-
cro-aqueous” system has been shown to perform the
hydrocyanation reaction efficiently, and high enan-
tioselectivities and yields have been obtained even at
areaction temperature of 30 °C (Scheme 14).

0 almond meal, OH
©)J\H + HCN ©/kCN
micro-aqueous
system,
iPr,0 (R)-13
T[°C] Yield [%] ee [%]
4 100 99
30 98 97

Scheme 14.

7.2 Enzymatic Enantioselective Hydrocyanation
in Aqueous Media

A second way to prevent the undesired non-asym-
metric side reaction under formation of racemic
products was found by Kula et al. when applying an
(S)-oxynitrilase in an aqueous solution at a low pH of
<4.1%%1 Under these reaction conditions a highly enan-
tioselective cyanohydrin formation with ee values of
up to >99% has been observed (Scheme 15). The

(S)-oxynitrilase

O (Sorghum bicolor) QH
©)‘\H + HCN ©ACN
agqueous media,
pH 3.25
45 min, 20 °C (S)-13
80% yield
96% ee

Scheme 15.

non-stereochemical addition of HCN to the C=0 bond
does not occur under these reaction conditions. This
reaction has been applied successfully to the syn-
thesis of (S)-cyanohydrins using (S)-oxynitrilases.

This reaction works very well when using water-so-
luble aldehydes as a substrate. From a technical point
of view it is an advantage of this procedure that the use
of highly toxic, pure HCN can be avoided by using an
aqueous solution thereof [however, aqueous HCN so-
lutions are still very toxic and must be handled with
extreme caution; safety instructions are given in the
material safety data sheet (MSDS) of HCN. For further
safety information about HCN, see the international
chemical safety card of HCN (ICSC0492)]. Due to its ef-
ficiency the reaction can also be carried out as a con-
tinuous process in the enzyme membrane reactor
(EMR) as reported by Kula and Wandrey and cowor-
kers.>* A high space-time yield of 2.4 kg/(L-d) and a
conversion rate of 90% was obtained for the hydrocya-
nation using (R)-oxynitrilases.

7.5 Enzymatic Enantioselective Hydrocyanation
in Biphasic Solvent Systems

For industrial applications, biphasic solvent systems
consisting of an aqueous phase and a water-immisci-
ble phase are often advantageous. The chemistry of
(S)-oxynitrilase-catalyzed hydrocyanation in such a
solvent system has been intensively investigated by
Griengl et al., in particular with respect to the syn-
thesis of (S)-m-phenoxybenzaldehyde cyanohydrin
which represents a commercially required inter-
mediate  for the manufacture of pyre-
throids.[3:26:57:38:59.601 pop example, as a biocatalyst
an enzyme derived from the plant Hevea brasiliensis
which has been cloned and overexpressed in a micro-
bial host organism was used. In the presence of this
biocatalyst the desired products were obtained with
high enantioselectivities (Scheme 16).1°%!

(S)-oxynitrilase

O (Hevea brasiliensis) OH

SRSAR

biphasic system

@"@ACN

(aqueous buffer/

methyl tert-butyl ether)

Scheme 16.
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In the meantime this oxynitrilase-catalyzed hydro-
cyanation has been already extended to a commercial
process. For the production of (S)-m-phenoxybenzal-
dehyde cyanohydrin DSM established an enzymatic
hydrocyanation process on an industrial scale based
on the above-mentioned efficient protocol by the
Griengl group.

The biphasic solvent system has also been shown to
represent a suitable media for the enzymatic manu-
facture of (R)-mandelonitrile on an industrial scale.
Loos et al. reported a detailed optimization study of
the asymmetric hydrocyanation of benzaldehyde in
the presence of (R)-oxynitrilases. A commercially
highly feasible method based on a two-phase system
was developed with an impressive space-time-yield
of 2.1 mol/(L-h).I" In addition, a high chemical yield
(98%) and an excellent enantioselectivity of 98% ee
was obtained. As a two-phase system, a mixture con-
sisting of methyl zert-butyl ether and an aqueous buf-
fer was used. Interestingly, the aqueous oxynitrilase-
containing layer can be re-used for (at least) 5 times
without loss of efficiency of the reaction.

The advantages of immobilization have been also
recognized for the biotransformation in a biphasic
solvent system. Very recently, an alternative cheap
method has been developed for the immobilization
of oxynitrilases by Vorlop, Capan and Groéger et al.,
namely the two-step-preparation of cross-linked and
polyvinyl alcohol-entrapped (R)-oxynitrilases.'® In a
first step, a cross-linking process was carried out, and
subsequently this cross-linked enzyme was en-
trapped in a polyvinyl alcohol-based hydrogel matrix.
In this step a lens-shaped catalyst with a well-defined
particle diameter in the mm range is produced. These
lens-shaped hydrogels are elastic and flexible to-
wards mechanical treatment, show no catalyst leach-
ing, and can be recycled efficiently. Applying the en-
trapped (R)-oxynitrilases in a biphasic solvent
system gave similarly good results as compared with
the free enzymes.

7.4 Chemical Hydrolysis of Enantiomerically
Enriched Cyanohydrins

Based on the enantiomerically pure cyanohydrins, Ef-
fenberger et al. developed efficient strategies for the
subsequent hydrolytic steps (Scheme 1ﬂ.[65’641 Hy-
drolyzing the chiral cyanohydrin in concentrated hy-

OH chemical OH
! hydrolysis
CN . ©/kCOZH
conc. HCI,
60°C,3h
(R)-13 (R
99% ee 82% yield
99% ee
Scheme 17.
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drochloric acid at 60 °C for 3 h led to the desired o-hy-
droxy carboxylic acid in high yields. It is noteworthy
that this step proceeds without racemization.

In conclusion, the asymmetric hydrocyanation of
aldehydes represents a highly efficient biocatalytic
process, not only due to the broad variety of contribu-
tions by numerous groups. At present — as mentioned
by Effenberger — the “preparation of (R)- and (S5)-2-
hydroxycarboxylic acids, respectively, via hydrolysis
of the readily accessible chiral cyanohydrins is cur-
rently the most general approach to this important

class of compounds”.[5!

8 Route F: Enantioselective
Reduction of o-Keto Acids and
Esters Thereof

The biotransformation of an a-keto ester into the cor-
responding a-hydroxy derivatives can also represent
the key step in the synthesis of aromatic a-hydroxy
carboxylic acid derivatives (see Scheme 1, route F,
and Equation 6).

asymmetric
0 enzymatic OH
reduction
CO,H CO,H
ROUTE F
1

(6)

In the presence of baker’s yeast (R)-mandelate was
obtained from an o-keto phenylacetic ester by a fer-
mentation process. The yields have been high and
good enantioselectivities of up to 100% ee have been
reported.l%! Another approach represents the appli-
cation of cheap and easy available baker’s yeast as a
biocatalyst using an a-keto acid ethyl ester as starting
material.[®” The baker’s yeast has been immobilized
on chrysoltile. The yield was in a moderate range of
50%.

For the same reaction immobilized carrot cells as
well as Streptomyces thermocyaneoviolaceus, respec-
tively, have been proven to be suitable biocatalysts
(with yields of 35 and 65%, respectively, for the ethyl
ester (S)-14; see Scheme 18).168:691

It is noteworthy that also “free” carboxylic acids
can serve as a substrate when using an alcohol dehy-
drogenase (ADH) as a biocatalyst in a combined elec-

0 Streptomyces OH

©A00202H5

Scheme 18.

thermocyaneoviolaceus -

©/\COZC2H5

(S)-14
65% yield
99% ee

water, glutamic acid
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OH
alcohol NAD(P) @)\COZH ‘
O
alcohol alcohol J
dehydrogenase dehydrogenase
(0]
ketone NAD(P)H ©)‘\C02H
Scheme 19.

trochemical and biocatalytic process.[” This concept
is based on a combination of an electrochemical re-
duction of a ketone with an enantioselective enzy-
matic oxidation of the formed (racemic) alcohol
using ADH. The principle of this process is shown in
Scheme 19. The electrochemical reduction furnishes
racemic alcohols from ketones whereas the ADH se-
lectively catalyzes the oxidation of one enantiomer.
In addition, the ADH is needed for the coenzyme re-
generation.

This process was carried out in a -BuOH/water
mixture as a solvent and has been shown to work well
for many alcohol derivatives. The chemical reduction
of benzoylformic acid as a substrate, however, gave
only racemic mandelic acid with ADH and NADPH,
suggesting that it is difficult for ADH (from 7. brockii)
to recognize the difference in the sterical sizes be-
tween phenyl and carboxylic acid groups. Neverthe-
less, this process is interesting since it allows — in
principle — the quantitative conversion of a racemate
(via its corresponding ketone) into an enantiomeri-
cally pure form.

An alternative efficient enantioselective synthesis
of (R)-mandelic acid via enzymatic reduction of the
corresponding o-keto acid has been developed by
Hummel and Kula et al. in 1988.I"!] As a biocatalyst,
an (R)-mandelic acid dehydrogenase from Lactoba-
cillus curvatus was found. Based on this enzyme, a
breakthrough in the field of an industrially feasible

asymmetric reduction process by means of such a de-
hydrogenases-route has been disclosed by Wandrey,
Hummel, Kula and coworkers.!™!

A continuous conversion of phenylglyoxylic acid to
(R)-mandelic acid was performed in an enzyme
membrane reactor (EMR) with simultaneous co-fac-
tor regeneration. A mandelate dehydrogenase and a
formate dehydrogenase have been used as biocata-
lysts. This two-enzyme process allowed the produc-
tion of (R)-mandelic acid with high space-time yields
of 700 g (L-d) at alow enzyme consumption. The con-
cept of this continuous (R)-mandelic acid production
is shown in Scheme 20. Without doubt, this type of
biotransformation represents a highly efficient access
to enantiomerically pure mandelic acid, and is suita-
ble for applications on a large scale.

9 Summary and Outlook

A broad variety of different biocatalytic concepts to-
wards the synthesis of chiral o-hydroxy carboxylic
acids has been developed. Among them are chiral en-
zymatic resolution processes as well as asymmetric
catalytic syntheses. For several of those concepts
large-scale operations have been established indicat-
ing the diversity of biocatalysis and the broad variety
of highly efficient biocatalysts.
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