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The aim to obtain a highly valuable enantiomerically pure
product in 100% yield and with 100% ee from a cheap
racemic substrate in a one-pot process is currently a hot topic
in one-pot multiple catalysis.[1,2] In one-pot sequential catal-
ysis, the reaction conditions can be adjusted for each step;
however, concurrent catalysis is more demanding: The steps
must be balanced carefully to ensure that the catalytic
processes run at comparable rates and, probably most
importantly, that the different catalytic reactions do not
interfere with one another. Such processes in which multiple
catalysts operate concurrently circumvent the often time-
intensive and yield-reducing isolation and purification of
intermediates in multiple-step syntheses.

For the deracemization[3] of racemic alcohols through a
chemical oxidation–reduction sequence, only sequential pro-
cesses with one[4] or two catalysts[5] have been reported
recently. In particular the combination of reaction sequences
that involve chemical oxidation and reduction steps with
tandem catalysis represents an almost impossible challenge
owing to the diverging reaction conditions required. In
contrast to the dynamic kinetic resolution[6] of secondary
alcohols through the racemization of the alcohol moiety
followed by enzymatic kinetic resolution, no general protocol
for the deracemization of alcohols through chemical oxida-
tion and simultaneous reduction of the corresponding ketone
has been reported. As oxidation and reduction processes
occur simultaneously in living cells, the application of
enzymes in concurrent oxidation–reduction sequences might
be feasible. Deracemization through the stereoinversion of
one alcohol enantiomer was observed in the presence of
fermenting or resting microorganisms;[7,8] however, the ap-
plication of this method was limited to specific substrates, and
only moderate substrate concentrations were possible.

In a first approach to the one-pot deracemization of
secondary alcohols, we tested the commercially available
microorganisms[9] for which deracemization through stereo-
inversion has been described, as well as the strains from our
own culture collection. The results confirmed the observa-
tions described previously, such as high substrate specificity,
the requirement for low substrate concentrations, and

impractically long reaction times. Surprisingly, we observed
that the strains of interest showed a high oxidation activity;
thus, a significant amount of the ketone was detected along
with the alcohol. The best oxidizing strain was found in our
own culture collection: Both lyophilized and resting cells of
Alcaligenes faecalis DSM 13975 catalyzed the enantioselec-
tive oxidation of the R enantiomer of rac-2-octanol (rac-1a)
to yield optically pure (S)-2-octanol ((S)-1a ; > 99% ee)
within 22 h at a substrate concentration of 60 mm. The
relative amount of the ketone formed was 29–41%; therefore,
the high ee value can not be attributed exclusively to a kinetic
resolution, in which case the ketone would need to be formed
in a relative amount of 50% for the alcohol to have an
ee value of 99%. We found subsequently in a separate
experiment that only negligible oxidation occurred when
oxygen was excluded and the reaction was carried out in an
argon atmosphere. On the other hand, when the reaction was
carried out in an oxygen-saturated environment at an oxygen
pressure of 2 bar, the reaction rate of the oxidation increased.
Therefore, we concluded that molecular oxygen, one of the
most environmentally benign oxidants, is required for this
oxidation.[10]

Such mild and selective oxidation methods are gaining
importance.[11] Oxidative enzymes (more precisely, amine
oxidases) are employed for the deracemization of chiral
amines, as optimized by Turner and co-workers,[12] who
coupled the enantioselective oxidation of chiral amines with
nonstereoselective reduction to give overall deracemization.
To date, no general comparable process has been reported for
the deracemization of secondary alcohols as a result of the
lack of an applicable sec-alcohol oxidase.[13,14] We envisaged
that we might couple our oxidation reaction with a highly
stereoselective enzymatic reduction step (Scheme 1), as
opposed to the nonstereospecific reduction described for
amines. We expected that the use of a stereoselective
reduction step would result in a more efficient process, as

Scheme 1. Tandem biocatalysis for the deracemization of racemic
secondary alcohols through an oxidation–reduction sequence.
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only 0.5 equivalents, rather than
1 equivalent, of the reagents for
the reduction and the oxidation
would be required.

Initial explorative experiments
in which we attempted to combine
lyophilized cells of Alcaligenes fae-
calis DSM 13975 for the oxidation
with the commercial S-selective
alcohol dehydrogenase ADH-“A”
from Rhodococcus ruber
DSM 44541[15] for the reduction
and the cofactor-recycling system
glucose dehydrogenase (GDH)/
glucose were unsuccessful. In fact,
when enantiomerically pure sub-
strates were used, racemization
was observed. As lyophilization
increases the permeability of the
cells, we suspected that a sharp
separation of the oxidation and
reduction steps was required and
might be achieved by using freshly
harvested cells with an intact cell
membrane. Indeed, the use of
freshly harvested cells of Alcali-
genes faecalis and ADH-“A” with
cofactor recycling led finally to a
successful system for concurrent
deracemization (Scheme 2).

Racemic secondary alcohols,
such as rac-2-octanol (rac-1a) and
rac-sulcatol (rac-1b), could be
deracemized by this system within
4 h to yield the enantiomerically
pure S alcohol (> 99% ee) with no
trace of the ketone (Table 1,
entries 1 and 2). These results indi-
cated that the reduction step is the
faster step of the reaction. If the
reducing enzyme and the cofactor-
recycling system were excluded, a
significant amount of the ketone
was formed (Table 1, entries 3 and
4).

When a different alcohol dehy-
drogenase, RE-ADH (from Rho-
dococcus erythropolis), was used,
similar excellent results were
obtained (Table 1, entries 5 and
6). With a different cofactor-recy-
cling system, namely, 2-propanol
with ADH-“A” instead of glucose/
GDH, almost complete deracem-
ization was observed within 1 h
(93–96% ee ; Table 1, entries 7 and 8). We investigated the
deracemization of a range of further substrates, rac-1c–1j,
with the cofactor-recycling system GDH/glucose. In all cases,
the reduction step was sufficiently fast that no trace of the

ketone was detected, and the enantiomerically enriched
alcohols were obtained within 8–16 h. The deracemization
system can be applied to alcohol substrates that contain
additional functionalities, such as a C=C double bond (in 1b

Scheme 2. Concurrent oxidation and reduction for the deracemization of racemic secondary alcohols
to yield the Prelog enantiomer. NADH is the reduced form of nicotinamide adenine dinucleotide
(NAD+).

Table 1: Biocatalytic deracemization through a tandem stereoselective oxidation–reduction sequence
with Alcaligenes faecalis DSM 13975 as the catalyst for the R-enantioselective oxidation step.

Entry Substrate[a] Reduction
catalyst[b]

Cofactor-
recycling
system[c]

t [h] 1 [%][d] 2 [%][e] ee [%]

1 rac-1a ADH-“A” GDH 4 >99 <0.1 >99 (S)
2 rac-1b ADH-“A” GDH 4 >99 <0.1 >99 (S)
3 rac-1a – – 22 62 38 >99 (S)
4 rac-1b – – 22 59 41 >99 (S)
5 rac-1a RE-ADH GDH 4 >99 <0.1 >99 (S)
6 rac-1b RE-ADH GDH 4 >99 <0.1 >99 (S)
7 rac-1a ADH-“A” 2-propanol 1 96 4 93 (S)
8 rac-1b ADH-“A” 2-propanol 1 97 3 96 (S)
9 rac-1c RE-ADH GDH 8 >99 <0.1 >99 (S)
10 rac-1c ADH-“A” GDH 8 >99 <0.1 >99 (S)
11 rac-1d RE-ADH GDH 8 >99 <0.1 >99 (S)
12 rac-1d ADH-“A” GDH 8 >99 <0.1 >99 (S)
13 rac-1e RE-ADH GDH 16 >99 <0.1 89 (S)
14 rac-1 f RE-ADH GDH 16 >99 <0.1 20 (R)[f ]

15 rac-1g RE-ADH GDH 16 >99 <0.1 30 (S)
16 rac-1h RE-ADH GDH 16 >99 <0.1 10 (S)
17 rac-1 i RE-ADH GDH 16 >99 <0.1 >99 (S)
18 rac-1 i ADH-“A” GDH 16 >99 <0.1 >99 (S)
19 rac-1 j RE-ADH GDH 16 >99 <0.1 96 (S)

[a] Substrate concentration: 60–80 mm. [b] Highly S-selective enzymes: ADH-“A”=alcohol dehydrogen-
ase from Rhodococcus ruber 44541; RE-ADH=alcohol dehydrogenase from Rhodococcus erythropolis.
[c] GDH: glucose dehydrogenase, glucose (100 mm), and NAD+ (0.5 mm); 2-propanol: 2-propanol (5%
v/v; 0.6m) and NAD+ (0.5 mm ; the cofactor is recycled by ADH-“A”). [d] Relative amount of the alcohol
1. [e] Relative amount of the ketone 2. [f ] Switch in CIP (Cahn–Ingold–Prelog) priority.
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and 1 f), a primary alcohol (in 1e), a cyclic ether (in 1g), or an
ester moiety (in 1j). Furthermore, no other side products
were detected. Thus, the reaction was essentially clean: The
alcohol was detected exclusively when GDH/glucose was
used for recycling. This efficient deracemization system could
be used to access the S enantiomer even at a substrate
concentration of 100 gl�1.

As the deracemization was so efficient, we applied our
method to the stereoinversion of a chiral secondary alcohol.
We monitored the course of the reaction with respect to time
for the enantiomerically pure substrate (R)-2-octanol ((R)-
1a) with the system Alcaligenes faecalis/RE-ADH/GDH/
glucose. The alcohol (R)-1a underwent complete inversion
within 6 h to yield (S)-1a (Figure 1).

To demonstrate that the opposite enantiomer (the
R enantiomer) is also accessible with a related system, we
tested further microorganisms for their ability to oxidize the
S alcohol. The bacterial strain 0091B,[16] which was charac-
terized by the German culture collection DSMZ to be
identical to Rhodococcus erythropolis DSM 43066, showed
the desired preference but with significantly lower activity
than that of Alcaligenes faecalis DSM 13975 (Table 2,
entries 1 and 2). To access the R enantiomer, oxidation with
Rhodococcus erythropolis DSM 43066 was coupled in a
concurrent tandem reaction with a stereoselective reduction
catalyzed by the anti-Prelog-selective alcohol dehydrogenase
LK-ADH from Lactobacillus kefir.

Deracemization to access the anti-Prelog enantiomer
occurred, and the amount of ketone was maintained below
the detection limit (Table 2, entries 3–8, 10–12). Surprisingly,
in contrast to the result with the first deracemization system
(Table 1), rac-1-octen-3-ol (rac-1 f) proved to be an excellent
substrate, with the highly enantiomerically enriched S enan-
tiomer (94% ee ; Table 2, entry 8) formed within 16 h with no
detectable trace of the ketone.

Finally, we demonstrated the applicability of this dera-
cemization method on a preparative scale. We subjected rac-
4-phenyl-2-butanol (rac-1 i ; 0.5 mL, 485 mg) to deracemiza-
tion with Alcaligenes faecalis DSM 13975 combined with RE-
ADH and the NADH-recycling system GDH/glucose. After
16 h of shaking at 30 8C, enantiomerically pure (S)-4-phenyl-
2-butanol ((S)-1 i ; > 99% ee) was isolated in 91% yield
(441 mg) without any trace of the ketone or any other side
product (for a GC chromatogram, see the Supporting
Information).

Herein, we have described the identification of Alcali-
genes faecalis DSM 13975 as a highly active and enantiose-
lective catalyst for the oxidation of secondary alcohols and
have demonstrated its application in concurrent tandem
oxidation–reduction sequences for the deracemization of
secondary alcohols. The most innocuous oxidant, molecular
oxygen, is required for the oxidation step, and a commercially
available stereoselective alcohol dehydrogenase is used for
the reduction step. Furthermore, we showed that the opposite
enantiomers are accessible with a similar system, although
improved catalysts will be required to generate the products
with higher ee values. Owing to the increasing importance of
biocatalytic transformations in asymmetric organic synthe-
sis,[17] we expect that this type of deracemization system will
gain increasing significance, especially in cases in which the
alcohol is more readily accessible or cheaper than the
corresponding ketone, or when the ketone has low stability.
We have demonstrated the efficient deracemization of
racemic secondary alcohols by the stereoinversion of one
enantiomer in a tandem reaction sequence in which only
glucose and molecular oxygen are required as complementary
reagents.

Experimental Section
Typical procedure: The racemic alcohol (5 mg) was added to a
mixture of ADH-“A” (10 mL, 0.7 U), glucose (9 mg, 100 mm), GDH

Figure 1. Relative amounts, x, of the enantiomers of 1a in the stereo-
inversion of (R)-2-octanol ((R)-1a, &) to (S)-1a (^) in the presence of
Alcaligenes faecalis DSM 13975, RE-ADH, and a cofactor-recycling
system (GDH, glucose, and NAD+).

Table 2: Biocatalytic deracemization through a tandem stereoselective
oxidation–reduction sequence with Rhodococcus erythropolis DSM 43066
as the catalyst for the S-enantioselective oxidation step.

Entry Substrate[a] Reduction
catalyst[b]

t [h] 1 [%][c] 2 [%][d] ee [%]

1 rac-1a – 24 89 11 26 (R)
2 rac-1b – 24 75 25 49 (R)
3 rac-1a LK-ADH 16 >99 <0.1 43 (R)
4 rac-1b LK-ADH 16 >99 <0.1 80 (R)
5 rac-1c LK-ADH 16 >99 <0.1 70 (R)
6 rac-1d LK-ADH 16 >99 <0.1 55 (R)
7 rac-1e LK-ADH 16 >99 <0.1 75 (R)
8 rac-1 f LK-ADH 16 >99 <0.1 94 (S)[e]

9 rac-1 f – 16 83 17 34 (S)[e]

10 rac-1g LK-ADH 16 >99 <0.1 rac
11 rac-1h LK-ADH 16 >99 <0.1 60 (R)
12 rac-1 i LK-ADH 16 >99 <0.1 80 (R)

[a] Substrate concentration: 60–80 mm. [b] An R-selective enzyme: LK-
ADH=alcohol dehydrogenase from Lactobacillus kefir. The cofactor-
recycling system used contained glucose dehydrogenase, glucose,
(100 mm), and NAD+ (0.5 mm). [c] Relative amount of the alcohol 1.
[d] Relative amount of the ketone 2. [e] Switch in CIP priority.
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(5 mL, 2.5 U), NAD+ (0.17 mg, 0.5 mm), and resting cells of Alcali-
genes faecalis DSM 13975 (wet-cell weight: 100 mg) in Tris–HCl
buffer (500 mL, 50 mm, pH 7.5; Tris = tris(hydroxymethyl)aminome-
thane). The resulting mixture was shaken at 30 8C and 350 rpm with
an Eppendorf Thermoshaker for the specified time (4–16 h), and then
the biotransformation was stopped by the addition of ethyl acetate
(600 mL) and centrifugation (13000 rpm, 5 min). The organic phase
was dried (Na2SO4), and derivatives of the alcohol were formed for
chiral analysis by the addition of acetic anhydride (250 mL, 2.5 mm)
and a catalytic amount of 4-dimethylaminopyridine (0.02 mm). This
reaction mixture was shaken at room temperature (25 8C) for 1 h at
170 rpm. Water (300 mL) was then added, as well as a solution of 1-
decanol in ethyl acetate (50 mgmL�1; 1 mg, 20 mL) as an internal
standard, and the resulting solution was centrifuged (2 min). The
organic phase was dried (Na2SO4) and analyzed by GC.

In alternative experiments, ADH-“A” was substituted for RE-
ADH (5 mg, 0.17 U) or LK-ADH (1 mg, 0.4 U). For the enantio-
complementary system, Alcaligenes faecalis DSM 13975 was substi-
tuted for Rhodococcus erythropolis DSM 43066 (wet-cell weight:
100 mg).

Preparative scale: rac-4-Phenyl-2-butanol (1 i ; 500 mL, 485 mg,
3.2 mmol) was added to a mixture of RE-ADH (250 mg, 8.5 U),
resting cells of Alcaligenes faecalis DSM 13975 (wet-cell weight:
10 g), glucose (100 mm), GDH (480 mL, 240 U), and NAD+ (17 mg,
0.5 mm) in Tris–HCl buffer (50 mL, 50 mm, pH 7.5) in a centrifuge
beaker (volume: 440 mL). The resulting mixture was shaken at 30 8C
and 170 rpm for 16 h, and then the biotransformation was stopped by
the addition of ethyl acetate (50 mL) and centrifugation (10 min,
10000 rpm). The organic phase was dried (Na2SO4), and the solvent
was evaporated to afford enantiomerically pure (S)-1 i (441 mg, 91%,
> 99% ee). [a]20D = + 18.5 degcm3g�1dm�1 (c= 0.016 gcm�3, CHCl3;
lit. :[18] [a]20D = + 17.4 degcm3g�1dm�1 (c= 0.018 gcm�3, CHCl3)).
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