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MANFRED T. REETZ,* KLAUS M. KÜHLING, HEIKE HINRICHS, AND ALFRED DEEGE
Max-Planck-Institut für Kohlenforschung, Mülheim/Ruhr, Germany

ABSTRACT The combination of liquid chromatography (HPLC), UV/Vis-
spectroscopy and circular dichroism (CD) can be used to construct a high-throughput
screening system to determine the enantioselectivity of enzyme- or metal-catalyzed re-
duction of acetophenone with formation of (S)- and (R)-1-phenylethanol. Prerequisite for
the viability of this system is the experimental finding that the anisotropy factor g is
linearly related to the enantiomeric excess (ee) and that it is independent of concentra-
tion, thereby excluding possible aggregation effects. Chirality 12:479–482, 2000.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

The world market for enantiopure compounds in the
area of pharmaceuticals, plant-protecting agents, and fra-
grances is rapidly expanding.1–3 From an economic and
ecological viewpoint the most efficient way to prepare such
compounds (or building blocks thereof) is enantioselective
catalysis. Accordingly, the practicing organic chemist has
two options, namely, the use of enantioselective transition
metal catalysts4,5 or biocatalysts.6,7 Progress in metal ca-
talysis is based on intensive efforts incorporating experi-
ence, intuition, molecular modeling, and a great deal of
trial and error. Combinatorial methods in the development
of enantioselective transition metal catalysts may turn out
to speed up these efforts.8 In the case of biocatalysis, new
enzymes continue to be isolated and tested in organic syn-
thesis, but substrate specificity imposes restrictions.6,7 We
recently described an alternative approach to the develop-
ment of enantioselective catalysts which is based on the
use of directed evolution of enzymes.9,10 Accordingly, the
proper combination of random mutagenesis, gene expres-
sion, and screening is applied in repeating cycles, knowl-
edge of the structure of the enzyme not being necessary.
The major challenge here and in combinatorial enantiose-
lective homogeneous catalysis8 is the lack of general high-
throughput screening methods. Methods based on UV/
Vis-spectroscopy9–11 or fluorescence12 are limited to rel-
evant substrates. IR-thermography has also been applied
successfully, although quantification still needs to be ac-
complished.13 Recently, mass spectrometric high-
throughput methods to determine the ee values of about
1,000 samples per day have been described,14,15 although
again certain limitations with respect to the type of sub-
strates pertain.

In principle, it should be possible to use HPLC in the
high-throughput determination of enantiomeric purity, pro-
vided that efficient separation of enantiomers by chirally

modified columns is possible within a reasonable amount
of time. Since rapid separation of this kind is a formidable
challenge, an alternative approach is to use normal col-
umns which simply separate the starting materials from
the enantiomeric products, enantiomeric excess (ee) then
being determined by circular dichroism (CD). Indeed, this
principle was first established by Mason and co-workers16

in 1980 and developed by Salvadori et al.17 and
Mannschreck18 on a broad basis. Recently, in an interest-
ing development Mikami and co-workers19 have shown
that the method can be applied in the combinatorial search
for enantioselective catalysts by using a JASCO-CD-995-
instrument. Details concerning the number of ee determi-
nations per day were not provided. The general method is
based on the use of sensitive detectors for high perfor-
mance liquid chromatography (HPLC) which determine in
a parallel manner both the circular dichroism (D«) and the
absorption («) of a sample at a fixed wavelength in a flow-
through system. The CD-signal depends only on the enan-
tiomeric composition of the chiral products, whereas the
absorption relates to their concentration. Thus, only short
HPLC-columns are necessary. Upon normalizing the CD-
value with respect to absorption, the so-called anisotropy
factor g is obtained:

g =
D«

«

For a mixture of enantiomers it is thus possible to de-
termine the ee value without recourse to complicated cali-
bration.16–19 The fact that the method is theoretically valid
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only if the g factor is independent of concentration and if it
is linear with respect to ee has been emphasized several
times.16–19 However, we wish to point out that this need not
be the case if the chiral compounds form dimers or aggre-
gates, because such enantiomeric or diastereomeric spe-
cies would give rise to their own particular CD effects.
Although such cases have not yet been reported, it is man-
datory that this possibility is checked in each new system
studied.

We had the need to develop fast and efficient ways to
determine the enantiomeric purity of aryl-substituted alco-
hols of the type 2, which can be produced either by reduc-
tion of the prochiral ketone 1, e.g., using enzymes such as
mutant reductases, or by kinetic resolution of rac-3, e.g.,
by mutant lipases. In both systems the CD approach is
theoretically possible. In the former case an LC-column
would have to separate any educt 1 from the product 2,
whereas in the latter case 2 would have to be separated
from 3 (Scheme 1).

In this article, we concentrate on the possibility of utiliz-
ing the CD method for screening enantioselectivity in the
transformation 1 → 2.

RESULTS AND DISCUSSION

Since acetophenone 1 has a considerably higher extinc-
tion coefficient than 1-phenylethanol 2 at the same wave-
length (e.g., 260 nm), separation of starting material from
product was absolutely necessary. This was accomplished
using a relatively short HPLC-column based on a reversed-
phase system. A mixture of methanol/water (35:65) was
employed as the eluant. In preliminary experiments using
enantiomerically pure product 2 the maximum value of the
CD-signal was determined. Mixtures of 2 having different
enantiomer ratios (and therefore ee values) were prepared
and analyzed precisely by gas chromatography based on a

chiral phase. The same samples were studied by CD, re-
sulting in the compilation of g values. Upon plotting the g
against the ee values, a linear dependency was in fact ob-
served with a correlation factor of r = 0.99995, which trans-
lates into a simple equation for enantioselectivity (Fig. 1).

We then studied the possible dependency of the g factors
on concentration. A mixture of (S)- and (R)-2 correspond-
ing to ee = 20% was prepared at a concentration of 10 µl
ml−1 in acetonitrile, which was then successively diluted.
Figure 2 clearly shows no dependency of g on concentra-
tion (standard deviation = 2.6%). Thus, possible aggrega-
tion due to hydrogen bonding between two or more mol-
ecules of the substrate (S)- and (R)-2 in this medium which
could lead to artifacts is not involved, making the system
amenable to CD-analysis.

The question whether high-throughput screening of the
above reaction system can in fact be put into practice was
now reduced to the question of efficient and fast separation
of 1 from 2. Although complete optimization was not car-
ried out at this point, an efficient separation system using
reversed phase silica as the column material and metha-
nol/water (47:53) as the eluant was developed. In view of

Fig. 1. Linear dependency of the g factor on the ee of a sample of
1-phenylethanol 2 at a concentration of 10 mg ml−1.

Fig. 2. Dependency of the g factor on concentration of a sample of
1-phenylethanol 2 enriched in the (S)-enantiomer (20% ee).

Fig. 3. Liquid chromatogram of a mixture of acetophenone 1 and ra-
cemic 1-phenylethanol 2. The separation was performed at 308 K on a
Purospher STAR RP18e-column (55 mm; 4.0 mm i.d.). The mobile phase
consisted of a methanol/water mixture (47:53), the flow rate being 2 ml
min−1.

Scheme 1.
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the results concerning the dependency of the g factor on
concentration (see above), aggregation can be excluded in
this protic medium. Figure 3 shows the corresponding
HPLC-chromatogram in which the mixture is fully sepa-
rated within less than 11⁄2 min. Thus, using the JASCO-CD-
1595 instrument in conjunction with a robotic autosampler,
it is possible to perform about 700–900 exact ee determi-
nations per day.

In conclusion, we have shown that reliable high-
throughput screening of enantioselectivity is possible in
the enzyme- (or metal-)catalyzed transformation 1 → 2,
the assay being based on the combination of liquid chro-
matography, UV-spectroscopy, and circular dichroism
(HPLC-UV-CD). In doing so, it was important to demon-
strate experimentally the linear correlation of the anisotro-
py factor g with ee, as well as the independence of the g
factor on the concentration of the chiral product being ex-
amined.

Finally, we wish to point out the possibility that reliable
ee determinations using CD are theoretically possible in
certain systems even though no LC-separation is per-
formed whatsoever. Prerequisite is a prochiral substrate
(e.g., a meso-compound) as well as a UV-active product
(chromophore) which is formed as the enantioselective
reaction proceeds whose absorption maximum differs con-
siderably from that of the desired chiral product. This new
principle is illustrated by the lipase-catalyzed enantioselec-
tive acylation of the meso-diol 4 by benzoic acid p-
nitrophenyl ester 5 with formation of the chiral product 6
and the yellow-colored p-nitrophenolate 7 having a charac-
teristic UV/Vis-absorption at 410 nm. Upon measuring the
g value of the absorption maximum of 6 and the additional
UV-absorption of 7, all information necessary to determine
conversion and enantiopurity is available without the need
to perform any LC-separation. The advantage of this ap-
proach has to do with higher throughput (Scheme 2).

On the basis of these and previous studies16–19 we ex-
pect that HPLC-UV-CD or UV-CD alone will turn out to be
a viable high-throughput screening system for enantiose-
lective (bio)catalysts, provided the proper substrates are
chosen and the necessary precautions are taken as de-
scribed in this article.

EXPERIMENTAL

All experiments relating to CD were performed with a
CD-1595 detector from Jasco Co. and a LC-10A HPLC-
system from Shimadzu. In preliminary experiments con-
cerning chiral separation of 1-phenylethanol 2, the column
Chiralcel OD-H (250 mm; 4.6 mm i.d.) was used in con-
junction with n-heptane/2-propanol (90:10) as the eluant at
303 K, the flow rate being 0.5 ml min−1 at a pressure of 2.0
MPa. A sample of 5 µl of racemic 2 at a concentration of 10
µl ml−1 in 2-propanol was used. The separation of 1 from 2
was performed at room temperature on a Nucleosil 100-5-
C18-column (125 mm; 4.5 mm i.d.). The mobile phase con-
sisted of a methanol/water mixture (35:65), the flow rate
being 0.8 ml min−1. Detection was set for 260 nm. Each
sample required 11 min for detection.

For the linearity test (Fig. 1) various solutions of the
alcohol 2 in methanol were prepared having different en-
antiomeric ratios. The exact ee values were first deter-
mined using chiral gas chromatography (column: IVADEX
7, 12.5 m, 0.25 mm i.d.) summarized in Table 1. The areas
of the respective peaks in the HPLC-measurements were
evaluated using the software Colachrom. The resulting in-
tegral areas were chosen as a measure for « and D«, and

TABLE 1. Linearity test of the g-y factor

(S)-phenylethanol/
(R)-phenylethanol

ee (S)/%
GC*

UV-absorption
«

CD-signal
D«

g-y factor
(D«/«)

100:0 100 15,875,100 543,657 0.03425
99:1 98.1 15,655,181 525,604 0.03357
95:5 90.7 15,771,687 491,946 0.03119
90:10 81.1 15,623,660 432,669 0.02769
70:30 40.7 15,770,320 241,483 0.01531
60:40 19.9 15,553,147 133,366 0.00857
50:50 0.21 15,994,894 36,020 0.00225
40:60 −19.7 15,601,431 −54,208 −0.00347
20:80 −59.4 15,542,524 −249,007 −0.01602
0:100 −100 15,637,191 −452,150 −0.02892

The UV- and CD-signals are given in terms of peak areas.
*A negative sign of the ee y value means that the (R)-enantiomer is the major component.

TABLE 2. Concentration dependency of the g-y factors

Concentration/
µl (ml acetonitrile)−1 g-y factor

Signal/noise ratio
S/N

10 0.0091 17
8.3 0.0088 16
6.7 0.0091 13
5.0 0.0088 9.2
3.3 0.0086 6.1
1.7 0.0092 3.8

The signal/noise ratio was determined manually from the chromatograms.

Scheme 2.
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from these the g factors were calculated. Regression analy-
sis resulted in a correlation coefficient of r = 0.99995.

In order to study the possible concentration dependency
(Fig. 2), a solution of the alcohol 2 was prepared in aceto-
nitrile such that the (S)- to (R)-ratio is 60:40, corresponding
to an ee value of 20% at a concentration of 10 µl ml−1. This
solution was diluted successively with acetonitrile and then
subjected to the measurements. Table 2 lists the resulting
g factors and the signal/noise ratios. The standard devia-
tion for the g factor is 2.62%.
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