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ABSTRACT

An enzyme-compatible biphasic reaction media for the asymmetric biocatalytic reduction of ketones with in situ cofactor regeneration has
been developed. In this biphasic reaction media, which is advantageous for reactions at higher substrate concentrations, both enzymes
(alcohol dehydrogenase and FDH from Candida boidinii) remain stable. The reductions with poorly water-soluble ketones were carried out at
substrate concentrations of 10−200 mM, and the optically active (S)-alcohols were formed with moderate to good conversions and with up to
>99% ee.

The enzymatic reductive amination by means of an enzyme-
coupled in situ cofactor regeneration according to Scheme
1 is a powerful tool for the preparation of enantiomerically
pureR-amino acids.1 This has been demonstrated by Bom-
marius et al. in the industrial synthesis ofL-tert-leucine and
relatedR-amino acids, which runs on a ton scale.2 A key

feature of this process is the use of the formate dehydroge-
nase (FDH) fromCandida boidiniifor the in situ regeneration
of the cofactor NADH. The extension of this attractive
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Scheme 1. Production ofL-tert-Leucine via Reductive
Amination
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enzymatic concept3,4 toward the synthesis of optically active
alcohols5-7 is highly desirable, but still some drawbacks exist
that limit practicability and large-scale applicability. This
method falls short of others although numerous efficient
alcohol dehydrogenases with excellent (R)- and (S)-enantio-
specificities have been developed3,4 and are, at least in part,
already commercially available.

A main limitation is the low solubility of hydrophobic
ketone substrates in aqueous media. Therefore, reactions are
usually carried out at a very low substrate concentration of
e5-10 mM, which leads to nonsatisfactory volumetric
productivities. Consequently, even on a lab scale, the
practicability of the reduction of hydrophobic ketones via
enzymatic in situ cofactor regeneration is obviously limited
despite its high potential. The presence of an organic solvent
could improve the solubility of poorly water-soluble ketones
but generally causes severe enzyme deactivation. In particu-
lar, this is known for the formate dehydrogenase fromC.
boidinii8 which is sensitive to organic solvents.9 Several kinds
of alcohol dehydrogenases were found to be unstable in the
presence of organic solvents, too. The best solution so far is
represented by a continuous process with an enzyme-
membrane reactor.10 This efficient “three-loop” concept is
based on an enzymatic reaction in pure aqueous media, a
separation of the aqueous phase from the enzyme via
ultrafiltration, and subsequent continuous extraction of the

aqueous phase with an organic solvent. Organic and aqueous
phases are separated by a hydrophobic membrane. However,
although good space-time yields in the range of 60-104 g
L-1 day-1 are obtained,10a,b the reaction is limited by the
solubility of the ketone in water, which is often below 5-10
mM. Thus, the development of alternative reaction concepts
for the asymmetric reduction with isolated enzymes still
represents a challenge.

In this communication, we report the first example of an
asymmetric enzymatic reduction of poorly water-soluble
ketones, including an in situ recycling of the cofactor NADH
with FDH, which runs in the “direct” presence of an organic
solvent at higher substrate concentrations. Such suitable
biphasic reaction media allowing reductions at higher
substrate concentrations represent a significant process
improvement. The principles of this process are summarized
in Scheme 2. This novel type of a biocatalytic synthesis of

optically active (S)-alcohols possesses the following crite-
ria: (i) an aqueous-organic solvent system in which both
enzymes (carbonyl reductase and FDH fromC. boidinii for
the cofactor regeneration) remain stable; (ii) good solubility
of poorly water-soluble ketones, which led to high substrate
concentrations of up to 200 mM; (iii) a simple reaction
protocol for lab-scale applications, comprising an economi-
cally attractive processing procedure, which allows a simple,
flexible, and fast preparation of optically active alcohols; and
(iv) a robust process with potential for technical-scale
applications in the future.

The first key step was the development of a suitable
reaction medium that guarantees a high solubility of ketones,
as well as a high stability of the enzymes. As mentioned
above, the stability of the FDH fromC. boidinii as the most
sensitive enzyme component turned out to be a critical issue.
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Scheme 2. Concept of Enzymatic Reduction in Biphasic Media
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We focused on this specific enzyme as the preferred FDH
for cofactor regeneration due to its low price, large-scale
availability, and proven technical applicability.8 A screening
of polar solvents showed a strong deactivation of the FDH
(mutant C23S, C262A)8 even in the presence of only 10%
(v/v) of the organic solvent component (Figure 1). In

addition, typical solvents for a biphasic media failed, e.g,
MTBE, which led to a remarkable decrease of the activity
after 2 days. A very rapid loss of activity was found when
ethyl acetate was used. In this case, a (nearly) complete
deactivation was observed within only 6 h. Nonpolar
aromatic hydrocarbons, e.g., toluene, deactivate FDH re-
markably, too.

However, we were pleased to find that in the presence of
10% (v/v) n-hexane, a long-term nondestabilization was
achieved (Figure 1). Even after 66-69 h, activities of 92
and 90% remained for aqueous solutions containing 10 and
20% (v/v) n-hexane, respectively. Notably, other aliphatic
hydrocarbons, e.g.,n-heptane, also were found to be suitable
organic solvents, and the stability was maintained at an
increased amount of the organic solvent, e.g.,n-heptane, of
up to 60% (v/v).

The high degree of stability independent of the amount
of organic solvent guarantees sufficient flexibility with
respect to the fine-tuning of the reaction later in the process
development step. In addition, the large-scale available (S)-
selective alcohol dehydrogenase (ADH) fromRhodococcus
erythropolis, which we have developed very recently,3i turned
out to be stable for long periods under the same conditions.
Thus, a suitable solvent system was found in which both
enzymes remain stable.

With this enzyme-compatible reaction media in hand,
preparative conversions were carried out as a next step. We
were pleased to find that good conversions accompanied by
excellent enantioselectivities were obtained with a variety
of aromatic ketone substrates. Examples are shown in Table
1. In the presence of an (S)-ADH from R. erythropolis,

p-chloroacetophenone was converted into the optically active
(S)-enantiomer, (S)-4a, with>99% ee (69% conversion;
entry 1).

A conversion of 65% and a slightly lower enantioselec-
tivity of 97% ee were observed when usingp-bromoaceto-
phenone as a starting material (entry 2). The asymmetric
reduction of phenoxyacetone proceeded quantitatively under
formation of (S)-4cwith an enantioselectivity of>99% ee
(entry 3). Compounds of type4c or derivatives thereof are
known to be biologically active, thus representing pharma-
ceutically interesting molecules.

These studies, which proved the applicability of the new
reaction system for preparative conversions, were followed
by further investigation of the new reaction media at higher
substrate concentrations in order to reach high volumetric
productivities. As a model reaction, the reduction ofp-
chloroacetophenone in the presence of the (S)-ADH from
R. erythropolis3i was investigated. Increased substrate con-
centrations from 10 mM (69% conversion) up to 100 mM
led to comparable conversions (Figure 2). At 20 and 40 mM
concentrations, slightly improved conversions of 77 and 75%,
respectively, were obtained. Even at a 100 mM concentration,
a good conversion of 74% was still achieved. An analogous
reaction with subsequent chromatographic purification of the
crude product gave the desired product (S)-4awith a yield

Figure 1. Stability of the FDH in aqueous-organic media
(activities were measured after ca. 3 days forn-hexane, 2 days for
n-heptane, and 2 days or less for the other solvents; for details, see
Supporting Information).

Table 1. Reduction in Biphasic Media with Different
Substrates

a General procedure: at a reaction temperature of 30°C, 10 U of (S)-
alcohol dehydrogenase fromR. erythropolis(expression inE. coli; see also
ref 3i) and 10 U of formate dehydrogenase fromC. biodinii (mutant: C23S,
C262A; expression inE. coli; see also ref 8) were added to a solution of
0.5 mmol of the ketone component, 2.5 mmol of sodium formate (171.6
mg) and 0.1 mmol of NADH (70.2 mg) in a solvent mixture, consisting of
10 mL of n-heptane and 40 mL of a phosphate buffer (50 mM; pH 7.0).
After the reaction mixture was stirred for 21 h, the organic phase was
separated and the aqueous phase was extracted with 3× 5 mL of methyl
tert-butyl ether. The collected organic phases are dried over magnesium
sulfate, and after filtration and evaporation of the volatile components in
vacuo, the resulting oily crude product was analyzed with respect to the
conversion (via NMR and HPLC).b Enantiomeric excess (ee) was deter-
mined by chiral GC chromatography.
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of 67% (for experimental details, see Supporting Informa-
tion). A further increase of the substrate concentration up to
200 mM gave a still satisfactory conversion of 63%. Thus,

higher volumetric productivities can be obtained with this
new reaction medium.

In conclusion, a practical and efficient asymmetric reduc-
tion of ketones via enzymatic in situ cofactor regeneration
was found that runs at high substrate concentrations in the
direct presence of an organic solvent. The general applicabil-
ity of this reaction system as well as the simple access to
optically active alcohols on a lab scale (and possibly on a
technical scale in the future) are further advantages. Cur-
rently, several downstream process improvements comprising
recycling issues are under investigation.
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Figure 2. Conversions at increased substrate concentrations.
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