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Abstract: Biocatalytic racemization of open-chain
and cyclic dialkyl-, alkyl-aryl- and diaryl-substituted
acyloins was accomplished using whole resting cells
of Lactobacillus paracasei DSM 20207. The mild
(physiological) reaction conditions ensured the sup-
pression of undesired side reactions, such as elimina-
tion or condensation. This novel biocatalytic isomer-
ization protocol represents an essential tool for the
deracemization of pharmacologically important
building blocks.
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Until recently, the entropy-driven isomerization of
enantiomers – racemization – was generally considered
as an unwanted side reaction rather than a synthetically
useful transformation. As a consequence, the controlled
racemization of organic compounds has been studied
rather scarcely and the number of protocols available
to date using mild reaction conditions is very small.[1]

The importance of clean racemization processes for or-
ganic synthesis predominantly emerged from their key
role in so-called deracemization processes,[2] which al-
low the transformation of a racemate into a single ster-
eoisomeric product without the occurrence of an un-
wanted stereoisomer in 100% theoretical yield. Since
themajority of chemical racemization protocols require
harsh reaction conditions, they are incompatible with an
(in-situ) enantioselective biocatalytic transformation. In
contrast, enzymes are highly compatible with each other
and biocatalytic racemization thus holds great poten-
tial.[3]

We have recently shown that mandelate racemase
[EC 5.1.2.2] from Pseudomonas putida ATCC 12633 is

an excellent catalyst for the isomerization of a wide
spectrum of b,g-unsaturated a-hydroxycarboxylic
acids.[4] However, saturated (aliphatic) analogues were
not accepted at all. This limitationwas successfully over-
come by the use of whole resting cells of Lactobacillus
spp., which allowed the clean racemization of a wide
range of aliphatic and aryl-aliphatica-hydroxycarboxyl-
ic acids.[5]

In order to broaden the portfolio of biocatalytic race-
mization, we envisaged to extend the substrate range to-
wards other hydroxy-compounds – acyloins. Non-race-
mic a-hydroxy ketones[6] constitute popular building
blocks for the synthesis vic-diols and amino alcohols
through diastereoselective reduction/alkylation and re-
ductive amination, respectively, with highly efficient
chirality transfer.[7] Chemical racemization of acyloins
usually proceeds through the corresponding enediol
and thus predominantly features methods based on
acid- or base-catalysis.[8] The latter are often plagued
by elimination as a major side reaction due to the ease
of formation of a resonance-stabilized conjugated
enone.Our search for a biocatalytic racemization of acy-
loins was triggered by the speculative (but unproven)
existence of an acetoin racemase[9] and benzoin race-
mase, respectively.[10]

In order to cover a reasonably broad range of sub-
strates, enantiopure acyloins 1–6 bearing small and
large groups at both ends were selected for our initial
tests using rehydrated lyophilized (resting) cells of Lac-
tobacillus paracasei DSM 20207 (Scheme 1, Table 1) in
aqueous buffer at pH 6.
In order to obtain quantitative values of activities for

reasons of comparison, relative rates of racemization
were calculated from the slope of initial progress curves
of the decline of ee versus time at a conversion of <5%
(Table 1). The smallest substrate [acetoin (R)-1] was
rapidly racemized and its activity was arbitrarily set as
standard (100%). Isomerization of the bulky substrate
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benzoin (2) proceeded surprisingly well. Detailed anal-
ysis using both stereoisomers revealed that the (S)-
enantiomer (83%) was racemized more rapidly than
the (R)-counterpart (56%). Such “non-symmetrical” ki-
netics are not uncommon in enzyme-catalyzed racemi-
zation and are caused by differences in kcat and KM val-
ues of enantiomers.[5a,11] It should be stressed that race-
mization of both of the latter substrates proved to be es-
sentially “clean” and no trace of side-products likely to
arise from elimination, oxidation, condensation or rear-
rangement could be found within the detection limits.
Although the racemization of the aryl-alkyl deriva-

tives (R)-3 (“phenyl-acetylcarbinol”, PAC) and (R)-4
proceeded sufficiently rapidly (ca. 66% relative to ace-
toin), traces of side products arising from redox reac-
tions were detected: In both cases, dione 7 was formed
in ca. 2–3%and the respective “crossover-compounds,”
i.e., (S)-4 in the case of substrate (R)-3 and vice versa,
were detected in low amounts (2–3%). The formation
of these side-products strongly suggests that the racemi-
zation predominantly takes place through an equilibri-
um-controlled biocatalytic reduction-oxidation se-
quence[12,13] rather than through involvement of a single
“racemase” enzyme (Scheme 2).[9,10]

L-PAC (R)-3 and derivatives thereof are key inter-
mediates for the industrial manufacture of (�)-(pseu-
do)ephedrine, anti-depressants and smoking cessation
agents via a reductive amination.[7,14]

The clean racemization of cyclic acyloins is of special
interest, since these compounds are rather unstable
and tend towards elimination forming highly stabilized
conjugated enones.[15] To our delight, both cyclic acy-
loins (R)-5 and (R)-6 were quickly racemized (relative
rates 58 and 77%, respectively) in a clean fashion: nei-
ther the corresponding diols, diones nor (most impor-
tantly) enones could be detected. 2-Hydroxy-1-inda-
none (R)-5 is a key intermediate for the synthesis of sev-
eral HIV protease inhibitors, such as Indinavir and de-
rivatives thereof,[16] used in the therapy of AIDS.[17]

The existence of a racemase (within whole cells of the

Scheme 1. Biocatalytic racemization of acyloins 1–6.

Table 1. Relative racemization rates of acyloins 1–6.

Substrate R1 R2 Time [h] ee [%] Time [h] ee [%] Relative Rate [%][a]

(R)-1 �CH3 �CH3 6 19 48 6 100
(R)-2 �C6H5 �C6H5 6 72 72 30 56
(S)-2 �C6H5 �C6H5 6 35 72 4 83
(R)-3 �CH3 �C6H5 6 58 72 10 67
(R)-4 �C6H5 �CH3 6 55 72 11 65
(R)-5 n¼1 6 68 72 20 58
(R)-6 n¼2 6 45 72 6 77

[a] Relative rates were calculated from initial progress curves at a conversion of <5%, the racemization rate of substrate (R)-1
was arbitrarily set as standard (100%).

Scheme 2. Biocatalytic isomerization of (R)-3 and (R)-4 via
reduction-oxidation through dione 7.
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yeast Trichosporon cuntaneumMY1506) acting on sub-
strate 5 was initially postulated, but later disproven.[18]

In summary, biocatalytic racemization of a range of
structurally diverse linear and cyclic acyloins was ac-
complished for the first time using whole (resting) cells
of Lactobacillus paracasei DSM 20207. Due to the
mild (physiological) reaction conditions, isomerizations
proved to be “clean” and side products were detected
only in trace amounts, if any. The fact that onlymarginal
racemization took place using heat-deactivated cells
proved the enzymatic character of this isomerization.
The enzyme(s) involved in this biotransformation and

their substrate tolerance are currently being investigat-
ed in detail. These results will allow us to extend our re-
cently developed one-pot two-enzyme deracemization
strategy[19] towards acyloins.

Experimental Section

General Procedure for the Biocatalytic Racemization
of Acyloins

Lyophilized cells (50 mg) were rehydrated in BIS-TRIS buffer
(0.5 mL, 50 mM, 10�2 M MgCl2, pH 6) for 1 h at 42 8C with
shaking at 150 rpm. Substrate 1–6 (5 mg) was added followed
by shaking of the reactionmixture at 150 rpmand42 8C.After a
given time, the cells were removed by centrifugation. The su-
pernatant was extracted with ethyl acetate and the organic
phasewas dried over sodiumsulfate. Thedeterminationof con-
version and the enantiomeric excess was carried out by HPLC
on a chiral stationary phase (see Supporting Information, Ta-
ble S1). For HPLC analysis, the organic phase was evaporated
under reduced pressure and the residuewas dissolved inHPLC
eluent.

Supporting Information

For the synthesis of substrates, determination of absolute con-
figuration by optical rotation, preparation of biocatalyst, and
analytical procedures see the supporting information.
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