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Abstract: Two NMR-based approaches for high-
throughput screening of enantioselective catalysts
and biocatalysts are described. One version makes
use of pseudo-enantiomers or pseudo-meso-com-
pounds based on *C-labeling. A throughput of at
least 1400 ee determinations per day is possible by
using an appropriate flow-through cell and an
autosampler. The other approach is based on tradi-

tional diastereomer formation using a chiral reagent
or complexing agent. The ee values are accurate to
within +2% and +5% of the true values.

Keywords: asymmetric catalysis; combinatorial catal-
ysis; directed evolution; enzyme screening; NMR
spectroscopy

Introduction

The enantioselective catalytic synthesis of chiral organic
compounds is of substantial academic and industrial
interest, as evidenced inter alia by the award of the
Nobel Prize for Chemistry 2001 to K. B. Sharpless, R.
Noyori and W. S. Knowles. Currently most industrial
syntheses of optically pure intermediates involve
classical antipode separation,ll but asymmetric cataly-
sis is likely to gain in importance. Two options are
available, namely synthetic catalysts such as transition
metal complexes!? or biocatalysts such as enzymes.P! In
the former case ligand tuning is necessary, which
requires intuition, design (molecular modeling), kinet-
ics and/or some degree of trial and error. Recently, a new
approach has emerged which has been loosely called
“combinatorial asymmetric catalysis”.[*’] This involves
the parallel preparation and testing of libraries of chiral
catalysts. Although the actual size of the libraries has
thus far been limited to a few dozen catalysts, this
method offers genuine opportunities, especially if larger
libraries of chiral catalysts were to be generated. One of
the prerequisites for practical implementation is the
availability of high-throughput screening systems for
determining enantioselectivity, which is one of the
reasons for current research in developing rapid ee
assays.’) In the case of biocatalysis, recent research in
the area of directed evolution of enantioselective
enzymes also requires high-throughput ee assays.[® In
this approach it is the combination of appropriate
molecular biological methods for random mutagenesis
and expression coupled with screening systems for the
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determination of thousands of ee values that forms the
basis of a fundamentally new method in asymmetric
catalysis. A major part of this research effort has been
devoted to devising new and efficient ee screening
systems.>® A further reason for developing such assays
lies in the opportunities that metagenome DNA
panning!’! offers to organic chemists interested in
asymmetric catalysis. It has been estimated that
>99% of nature’s enzymes have not yet been discov-
ered.l’l In this area of research, methods have been
developed which allow access to the biodiversity hidden
in uncultured microorganisms. This is in fact possible by
collecting genes in the environment and expressing the
encoded enzymes in recombinant organisms.”) Figure 1
summarizes the three main sources of large libraries of
potentially enantioselective catalysts.

We have previously developed several high-through-
put ee assays based on UV/Vis spectroscopy,’®! mass
spectrometry (MS) using isotopically labeled sub-
strates,”) IR-thermography,'”! capillary array electro-
phoresis!'!l and even special forms of GC.'”) In most
cases the methods, which allow between 700 and 20,000
ee determinations per day, are complementary. Other
recent high-throughput ee screening systems are based
on pH indicators or fluorescence,!3! circular dichro-
ism,!"l enzymatic methods,>) DNA arrays,['Y) immuno-
assays!”l or MS of mass-tagged diastereomeric sub-
strates.l'8! Again, no system is universally applicable. In
addition to the degree of throughput, precision also
varies from system to system, & 10% of the true ee value
being common. Whereas in many applications such
precision may suffice in order to identify hits, in other
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Figure 1. Sources of large libraries of potentially enantioselective catalysts.

cases it is insufficient, as in the late stages of directed
evolution of enantioselective enzymes when attempting
to improve the ee from typically 90% to > 98% .5l

In this paper we present a new high-throughput
screening system which is based on NMR spectrosco-
py. allowing for at least 1400 ee determinations per day
with an exceptionally high degree of accuracy (+2% to
+5%).11 Since NMR instrumentation is available in
essentially all laboratories, we expect this assay to
become a standard technique. The only additional
investment necessary is an appropriate flow-through
cell coupled with an autosampler.

Results and Discussion

Although NMR measurements are usually considered
to be slow processes, recent advances in the design of
flow-through cells have allowed the method to be
applied in the combinatorial search for therapeutic
drugs.”% In our ee assay we make use of such systems.
Two versions are possible, the first being based on
isotopic labeling of pseudo-enantiomers or pseudo-
prochiral compounds. This means that in this case the
method is restricted to two fundamentally different
processes, namely kinetic resolution of racemates and
the desymmetrization of prochiral substrates bearing
enantiotopic groups, which is similar to the scope and
limitation of our MS-based ee assay!® (Figure 2).

The most practical form of our new assay utilizes
"HNMR spectroscopy, '*C-labeling being used to
distinguish between the (R)- and (S)-forms of a chiral
compound under study. Practically any carbon atom in
the compound of interest can be labeled, but methyl
groups of which the 'H signals are not split by 'H,'H
coupling are preferred because the relevant peaks to be
integrated are the singlet arising from the CH; group of
one enantiomer and the doublet due to the splitting of
the 3CH; group of the other. A case in point concerns
the hydrolytic kinetic resolution of rac-1-phenylethyl
acetate, derived from rac-1-phenylethanol, catalyzed by
appropriate enzymes or synthetic catalysts. However,
the acetate of any chiral alcohol or the acetamide of any
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Figure 2. Asymmetric transformation of a mixture of pseudo-
enantiomers involving cleavage of the functional groups FG
and isotopically labeled FG*. b) Asymmetric transformation
of a mixture of pseudo-enantiomers involving either cleavage
or bond formation at the functional group FG; isotopic
labeling at R? is indicated by the asterisk. ¢) Asymmetric
transformation of a pseudo-meso substrate involving cleavage
of the functional groups FG and labeled FG*. d) Asymmetric
transformation of a pseudo-prochiral substrate involving
cleavage of the functional groups FG and labeled FG*.

chiral amine can be used. Labeling can be carried out in
any position of a compound (Figure 2). When applying
our screening system in order to assay thousands of
samples, it is necessary to label one of the enantiomeric
forms, as in (S)-'*C-1. The synthesis is trivial, since it
simply involves acylation of the (S)-alcohol by *C-
labeled acetyl chloride, which is commercially available.
Then a 1:1 mixture of labeled and non-labeled com-
pounds (S5)-*C-1 and (R)-1is prepared which simulates
a racemate. It is used in the actual catalytic hydrolytic
kinetic resolution, leading to a mixture of true enan-
tiomers (S5)- and (R)-2 as well as labeled and non-labeled
acetic acid, *C-3 and 3, together with unreacted starting
esters. At 50% conversion (or at any other point of the
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Figure 3. Expanded region of the 'H NMR spectra of a)
racemic mixture of (S)-*C-1/(R)-1 and b) (R)-1.

Table 1. Analysis of 11 mixtures of (S)-*C-1/(R)-1.

Entry ee [%] per GC ee [%] per 'H NMR
1 100.0 (S) 100.0 (S)
2 88.5 () 89.2 (9)
3 71.2 (S) 71.0 (S)
4 39.2 (S) 385 (S)
5 13.4 (S) 13.8 (S)
6 0.4 (S) 1.6 (S)
7 13.6 (R) 14.5 (R)
8 428 (R) 45.0 (R)
9 69.6 (R) 72.1 (R)
10 87.8 (R) 89.1 (R)
11 100.0 (R) 100.0 (R)

1010

HO HO
H 13
N CH3COOH + CH3COOH
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reaction) the ratio of (S)-*C-1 to (R)-1 reveals the
enantiomeric purity of the starting ester, while the ratio
of BC-3to 3 correlates with the relative amounts of (§)-2
and (R)-2, respectively.

In order to establish the screening system, a number of
experiments were performed using various mixtures of
(§)-3C-1 and (R)-1 which were checked by gas
chromatography (GC). Figure 3a shows a part of the
"H NMR spectrum of a racemic mixture of (S)-*C-1 and
(R)-1 featuring the expected doublet of the *C-labeled
methyl group and the singlet of the non-labeled methyl
group. Figure 3b displays the singlet of the non-labeled
methyl group of (R)-1, including the 3*C-satellites due to
the presence of natural 3C in the sample.

Thus, the two pseudo-enantiomers are nicely distin-
guishable by 'H NMR spectroscopy, the exact ratio of
the two being accessible by simple integration of the
respective peaks. This ultimately provides the ee value.
The quantitative analysis can be accomplished auto-
matically by suitable software such as AMIX™.2! The
presence of naturally occurring *C in the non-labeled
(R)-substrate needs to be accounted for when assaying
a mixture. Table 1 and Figure 4 summarize the results
of 11 control experiments using various mixtures of (S)-
BC-1 and (R)-1. The agreement with the corresponding
ee values obtained by independent GC analysis is
excellent, the correlation coefficient amounting to
R2=0.9998.

Since the ee value in an actual kinetic resolution
depends on the conversion, it has become customary to
report the selectivity factor E (sometimes designated as
s), which reflects the relative rate of reaction of the two
enantiomers, the value being independent of conver-
sion.”?! If the ee value is known (as in the present

High-throughput-NMR vs GC
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Figure 4. Comparison of ee values of 11 mixtures of (S)-1*C-1/
(R)-1 obtained by NMR and GC analyses.
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Figure 5. '"H NMR spectrum of a 1:1:1 mixture of labeled and
unlabeled 1-phenylethyl acetate, acetic acid, and 1-phenyl-
ethanol.
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experiments), the E value can be ascertained, provided
the conversion or the ratio of the two product
enantiomers can be measured. In the present system
this is possible by integration of the corresponding
methine signals of the unreacted substrate ester at
5.9 ppm and the product alcohol at 4.9 ppm (Figure 5)
which is a measure of conversion. Then the E value can
be estimated according to the method of Sih et al. 22

In order to test how general our approach is, the
potential kinetic resolution of rac-2-phenylpropionic
acid methyl ester was considered. In this case various
mixtures of pseudo-enantiomers (S)-*C-4 and (R)-4
were prepared and analyzed by "H NMR spectroscopy.
Here again agreement with the corresponding ee values
determined by GC turned out to be excellent (Table 2),
the correlation coefficient amounting to R?=0.9998.
Again, the respective ee values differ by only +2%.

Finally, the desymmetrization of meso-1,4-diacetox-
ycyclopent-2-ene (7) was considered. In this case the
products (15,4R)-8 and (1R,45)-8 are true enantiomers,
indistinguishable by '"H NMR spectroscopy. Therefore,
the '3C-labeled substrate (15,4R)-'*C-7, which is a
pseudo-meso compound, was prepared.

The two products of a potentially enantioselective
transformation, (15,4R)-*C-8 and (1R,4S)-8, are now
pseudo-enantiomers which are easily distinguished in
the '"H NMR spectrum. The former shows a doublet
centered at 0 =2.07, while the latter displays a singlet at
this position. Table 3 reveals the ee values determined
by 'HNMR spectroscopy and by classical GC, the
agreement once again being excellent (£ 3%).

O 0413 o
40H3 O ~CHa Ogy-OH  Ox OH
+ H — + i+ 18CHzoH
Ph Ph” Ph PR

(S)-Bc-4 (R)-4
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Table 2. Analysis of 11 mixtures of (S)-*C-4/(R)-4.

Entry ee [%] per GC ee [%] per 'HNMR
1 100.0 (S) 100.0 (S)
2 82.6 (S) 84.5 (S)
3 76.4 (S) 78.6 (S)
4 58.0 (S) 60.0 (S)
5 29.8 (S) 31.0 (S)
6 0 0.7 (R)
7 31.0 (R) 29.7 (R)
8 584 (R) 585 (R)
9 74.6 (R) 75.6 (R)
10 81.2 (R) 832 (R)
11 100.0 (R) 100.0 (R)

Table 3. Analysis of 11 mixtures of (15,4R)-*C-8/(1R 4S5)-8.

Entry ee [%] per GC ee [%] per 'HNMR
1 100.0 (S) 99.5 (S)
2 82.4 (S) 82.6 (S)
3 63.0 (S) 63.8 (S)
4 43.0 (S) 443 (S)
5 6.4 (S) 92 (S)
6 2.6 (S) 3.6 (S)
7 19.6 (R) 173 (R)
8 416 (R) 383 (R)
9 64.4 (R) 63.9 (R)
10 822 (R) 81.8 (R)
11 99.9 (R) 97.5 (R)

The above results illustrate a new way of measuring
enantiopurity, but the actual goal of this research is to
develop an assay suitable for high-throughput. Minia-
turization and automation are necessary while main-
taining sensitivity. In order to accomplish this, the above
substrates were used in an adapted form of a flow-
through NMR cell. Accordingly, a sample manager is
needed (e.g., a Gilson 215 liquid handler)?! in order to
transfer samples from 96-well plates to a 300 MHz
'"HNMR instrument which is equipped with a flow-

AcO OAc AcO OH HO OAC
—_— +

7 (1S,4R)-8 (1R,4S)-8

13c-AcO OAc 13c-AcO OH HO OAC
—_— +

(1S,4R)-13C-7 (1S,4R)-13C-8 (1R,4S)-8

+ CHOH
13c.6 6

(R)-5
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Figure 6. High-throughput NMR combines an autosampler
with a pipetting function (for example, Gilson 215) connected
with a flow-through NMR probe head. The sample is
transported into the NMR cell and stopped during the
measuring time. When the dataset is complete, the system is
flushed in both directions with the solvent 1 into the waste 2
and the cycle is complete.

o HO HO
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Ph Ph ph”

9

(S)-2 (R)-2

Table 4. Analysis of 11 mixtures of (S,R)-11/(R,R)-11.

Entry ee [%] per GC ee [%] per 'H NMR
1 100.0 (S) 100.0 (S)
2 82.7 (S) 86.0 (S)
3 65.0 (S) 66.7 (S)
4 47.7 (S) 55.0 (S)
5 354 (S) 38.7 (S)
6 11.4 (S) 16.3 (S)
7 6.6 (R) 35(R)
8 252 (R) 219 (R)
9 49.6 (R) 459 (R)
10 748 (R) 75.4 (R)
11 100.0 (R) 100.0 (R)

through cell system. We chose the commercially
available BEST™ cell system*?! (Figure 6). It was
possible in all cases to reduce the measuring time per
cycle down to one minute without loss in precision. This
means that at least 1400 ee determinations are possible
per day.

The underlying principle of the above screening
system cannot be used to evaluate the enantiopurity of
products obtained by the transformation of prochiral
compounds not involving enantiotopic groups, as in the

CH30 o]
)2+ R2 + o N
CF; Cl
P
(R)-10
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catalytic hydrogenation of prochiral ketones with
formation of chiral alcohols. An example is the catalytic
enantioselective transformation of acetophenone (9)
leading to the chiral alcohols (S)- and (R)-2.

In cases of this kind we implemented classical ee
determination by NMR using an appropriate flow-
through cell (e.g., the BEST™ cell system/?*?*). This
involves covalent derivatization using known chiral
reagents or formation of complexes employing chiral H-
bond forming agents or NMR shift reagents.?! Integra-
tion of appropriate peaks in the 'H (or ’F) NMR spectra
of the relevant diastereomers is known to provide
reliable ee values.”s! We tested this traditional principle
under the conditions of miniaturization and automation,
again keeping the crucial time factor as well as accuracy
in mind. In this case the model compound was chosen to
be (S)- and (R)-2, present as enantiomeric mixtures.
Using Mosher’s reagent [(R)-10],2%*1 various enantio-
meric mixtures were transformed into the correspond-
ing diastereomers (S,R)-11 and (R,R)-11. This was easily
accomplished in the wells of a 96 microtiter plate using
standard robotic equipment. As far as the NMR
spectroscopy utilizing short measurement times is
concerned, automation using the flow-through cells as
described above led to excellent results (Table 4). In this
case a precision of +5% (except entry 4) in the ee
values was observed under these stringent conditions.
As before, about one sample per minute can be
analyzed. The slightly larger deviation of the ee value
is due the concentration of substance in solution (1 mg
per mL) being very low. A higher precision can be
achieved by raising the concentration. Similar results
were obtained using mixtures of (S)- and (R)-2-
butanol.l”)

In all of the experiments described here test mixtures
of enantiomers were prepared and assayed by the high-
throughput ee systems. In real applications robotic
extractions following enzymatic transformation or
work-up in the case of transition metal-catalyzed
reactions are necessary. Since these are standard
robotic procedures known to work well with microtiter
plates, they pose no problems in the NMR-based ee
screening systems.

Conclusions

We have developed two rapid NMR-based ee assays.
Suitable instrumentation in both cases is commercially
available and consists of a standard NMR spectrometer

o)
)k(OCHg
+

o)
OCH;

o 1 . .
CF : CFs
PhcFs Ph
BE BN

(S,R)-11 (R,R)-11
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equipped with a sample manager and an appropriate
flow-through cell, which allows for at least 1400 samples
to be evaluated per day. In the case of *C-labeling the
principle involved is basically the same as in the
previously published ESI-MS-based ee screening sys-
tem.’) However, in most cases the present NMR-based
assay is even more precise. The decision as to which of
these two assays is to be used depends on several factors,
including the availability of the instruments in a given
laboratory. The second NMR-based ee assay which we
describe here is simply an appropriate adaptation of
known ee determination methods based on diastereom-
er formation, i.e., we demonstrate that traditional NMR
methods can be adapted for high-throughput in a
practical and precise manner.

Catalytic reaction types and substrate families other
than the ones described here should pose no problems,
which means that the NMR approach to high-through-
put ee analysis may well constitute the most general and
practical method currently available. Thus, it is likely to
be of considerable interest to those researchers involved
in the combinatorial search for asymmetric transition
metal catalysts, in the directed evolution of enantiose-
lective enzymes and in exploring nature’s diversity with
respect to the stereoselectivity of the huge number of
untapped wild-type enzymes.??®!

Experimental Section

General Methods

The reagents and solvents were obtained from commercial
sources and the reagents were generally used without further
purification. The solvents were distilled and stored under
argon. The conditions for gas chromatographic analyses are
givenin the analytical data of the desired compounds. 'H NMR
spectra were recorded on a Bruker Avance 300 (300 MHz)
spectrometer. All high-throughput measurements were per-
formed using a Bruker Efficient Sample Transfer BEST™
(300 MHz) system> and a Gilson 215 autosampler.?¥! For
data post-processing AMIX™ software (Bruker) was used.?!]
Chemical shifts are reported in ppm using tetramethylsilane
(TMS, 0.00 ppm) as an internal standard. >*C NMR spectra
were recorded at 75 MHz with CDCl; as an internal reference
(8¢ = 77.0). Mass spectra were recorded on a Finnigan MAT
8200 and IR data were obtained using a Perkin-Elmer FT 1600.
Elemental analysis was carried out in an external laboratory
(microanalytical laboratory Kolbe in Miilheim/Ruhr). In all
cases the amount of '*C-labeling was >99%.

Synthesis of 1-Phenylethyl Acetates 1

Enantiomerically pure (S)- or (R)-1-phenylethanol (2) (1.0 g,
8.2 mmol) and pyridine (4 mL) were dissolved in dichloro-
methane (30 mL) in a 50 mL N,-flask under argon. After
cooling the solution with an ice bath the corresponding 2-'3C-
labeled or unlabeled acetyl chloride (0.97 g, 12.3 mmol) was

Ady. Synth. Catal. 2002, 344, 1008-1016

slowly added via syringe with appearance of a white solid
(pyridine hydrochloride). The reaction mixture was stirred
over night at ambient temperature and the resulting red
solution was quenched with water while being cooled with an
ice bath. The organic phase was separated and subsequently
washed with 1 M HCI and saturated brine. After drying of the
organic phase with MgSO, the solvent was evaporated and the
crude products were purified via column chromatography
(Si0O,) using dichloromethane as eluent. After removal of the
solvent in vacuum the desired products were obtained as
colorless oils. Yield: 1.24 g (92%).

(R)-1-Phenylethyl Acetate [(R)-1]: 'H NMR (CDCl,): 6 =
1.53 (d, J=6.6 Hz, 3H, CH};), 2.06 [s, 3H, C(O)CHj;], 5.88 (q,
J=6.6 Hz, 1H, CH), 7.24-7.37 (m, 5H, ArH); *C NMR
(CDCly): 6=21.3,22.2,72.3, 126.1, 127.9, 128.5, 141.7, 170.3;
MS: m/z (rel. int.) =164 (MT, 25), 122 (77), 104 (100), 77 (43);
IR (neat): v=3064, 3034 (C-H, ArH), 2982, 2934 (C-H, CH +
CH;), 1744 (C=0), 1242 (C-O) cm}; Anal: C 72.9% (calcd.
73.3%), H7.4% (calcd. 7.3%).

(S)-1-Phenylethyl 2-BC-Acetate [(S)-®C-1]: 'HNMR
(CDCly): 6=1.53 (d, J=6.6 Hz, 3H, CHj;), 2.06 [d, Joy=
129.4 Hz, 3H, C(O)"*CH;], 5.88 (q, J=6.6 Hz, 1H, CH),
7.24-7.37 (m, 5H, ArH); *C NMR (CDCly): 6 =21.3, 22.2,
72.3,126.1, 127.9, 128.5, 141.7, 170.7; MS: m/z (rel. int.) =165
(M, 31), 122 (93), 104 (100), 77 (25), 44 (45); IR (neat): v=
3064, 3034 (C-H, ArH), 2982, 2934 (C-H, CH + CHj;), 1743
(C=0), 1239 (C-O) cm!; Anal.: C+3C 72.6% (calcd. 73.3%),
H 7.5% (calcd. 7.3%). GC-analysis: Hewlett Packard 5890,
column: 25 m TBCD/OV-1701, detector: FID, temperature
program: 230 °C, 60 °C at 2 °C/min to 180 °C, 5 min isotherm,
350 °C, gas: 1 bar hydrogen, retention time: 21.7 min [(S)-1-
phenylethyl 2-C-acetate], 23.3 min [(R)-1-phenylethyl ace-
tate], >99% ee in both cases.

Synthesis of Methyl 2-Phenylpropanoates 4

Enantiomerically pure (S)- or (R)-2-phenylpropanoic acid
(600 mg, 4.0 mmol) and CsF (912 mg, 6.0 mmol) were sus-
pended in DMF (12 mL) in a 25-mL N,-flask under argon. The
reaction mixture was cooled with a cryostat to 13 + 1 °C and
the corresponding '*C-labeled or unlabeled methyl iodide
(1.93 g, 13.6 mmol) was slowly added via syringe. After stirring
at this temperature for 46 h ethyl acetate (20 mL) was added to
the solution and the excess methyliodide and the solvents were
removed in vacuum. The residue was dissolved in ethyl acetate
and extracted with saturated NaHCO; solution. The organic
phase was dried with MgSO, and the solvent was evaporated.
The crude products were purified via column chromatography
(SiO,) using hexane/ethyl acetate (8:2) as eluent. After
removal of the solvents in vacuum the desired products were
obtained as colorless oils. Yield: 454 mg (69%).

Methyl (R)-2-phenylpropanoate [(R)-4]: 'HNMR
(CDCLy): 6=1.50 (d, /J=72Hz, 3H, CH;), 3.65 (s, 3H,
OCH,), 3.72 (q, /J=72Hz, 1H, CH), 723-735 (m, 5H,
ArH); BCNMR (CDCly): 6=18.6, 45.4, 52.0, 127.1, 127.5,
128.6,140.6,175.0; MS: m/z (rel. int.) = 164 (M, 24), 105 (100),
77 (12), 51 (5); IR (neat): v=3087, 3063, 3030 (C-H, ArH),
2981,2952,2877 (C-H, CH + CH3), 1738 (C=0), 1208, 1166 (C-
O) cm™!; Anal.: C73.2% (calcd. 73.3%), H 7.5% (calcd. 7.3%).

13C-Methyl (S)-2-phenylpropanoate [(S)-'*C-4): 'H NMR
(CDCLy); 6=1.50 (d, /=72Hz, 3H CH;), 3.65 (d, Jou=
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146.9 Hz, 3H, OCH;), 3.71 (q,J =7.1 Hz, 1H, CH), 7.22-7.35
(m, 5H, ArH); BC NMR (CDCl,): $=18.6, 45.4, 52.0, 127.1,
127.5,128.6,140.6,175.0; MS: m/z (rel. int.) = 165 (M+,28), 105
(100), 77 (10), 51 (3); IR (neat): v=3063, 3030 (C-H, ArH),
2982, 2946, 2878 (C-H, CH+CH;), 1737 (C=0), 1206
(C-O)cm™; Anal: C+BC 72.8% (caled. 73.3%), H 7.4%
(caled. 7.3%). GC analysis: Hewlett Packard 5890, column:
30 m GTA, detector: FID, temperature program: 200 °C, 60 °C
at 0.2 °C/min to 100 °C at 5 °C/min to 180 °C, 300 °C, gas:
0.9 bar hydrogen, retention time: 37.7 min [methyl (R)-2-
phenylpropanopate), 38.7 [BC-methyl (S)-2-phenylpropa-
noate), > 98% ee in both cases.

Synthesis of (15,4R)-cis-1-(2-13C-Acetoxy)-4-
acetoxycyclopent-2-ene [(1S,4R)-13C-7]

In a 250-mL N,-flask (15,4R)-cis-4-acetoxycyclopent-2-en-1-ol
(5.00 g, 35.2 mmol), pyridine (4.27 mL, 6.95 mmol) and di-
chloromethane (100 mL) were cooled to 0 °C. Under stirring 2-
13C-acetyl chloride (3.00 mL, 42.2 mmol) was added dropwise.
The reaction mixture was stirred overnight at ambient temper-
ature and was then extracted with 2 x 50 mL 1 M HCI, 2 x
50 mL saturated NaHCOj; and 2 x 50 mL brine. The organic
phase was dried over MgSO,, filtered and the solvent was
evaporated. Purification of the crude product by flash
chromatography (hexane/ethyl acetate, 5:1) gave a colorless
oil; yield: 6.38 g (97%). '"HNMR (CDCl;): $=1.71-1.78 (m,
1H, CH,), 2.07 [s, 3H, C(O)CHj;], 2.07 [d, Jc; =130 Hz, 3H,
C(O)"*CH;], 2.87 (dd, 3J =3.8 Hz, 2J =7.5 Hz, 1H, CH,), 5.55
[m,2H, CHOC(0)], 6.10 (s,2H,=CH); *CNMR (CDCl;): d =
21.5,37.5,76.9,135.0,171.1; MS: m/z (rel. int.) =184 (M, < 1),
126 (5),125(5),124(2),83 (20),82 (100),81 (21),65(5),54 (12),
53(9), 44 (32), 43 (31); IR (neat): v=3073 (C-H,=CH), 2991,
2951 (CH, CH, + CHs), 1737 (C=0), 1231 (C-O) cm™!; Anal.:
C+1C59.3% (calcd. 59.2%), H 6.1% (caled. 6.0%).

Synthesis of (15,4R)-cis-4-(2-3C-A cetoxy)-cyclopent-
2-en-1-ol [(1S,4R)-13C-8]

In a 500-mL N,-flask (15,4R)-cis-1-(2-1*C-acetoxy)-4-acetox-
ycyclopent-2-ene (15.0 g, 81.5 mmol) and Novo SP 435 Lipase
(2.0g) were mixed in NaH,PO,/K,HPO, buffer (400 mL,
50 mM, pH 7.5) and shaken for 18 hours until the educt was
completely converted to the monoacylated product (GC
control). The reaction was stopped by filtration and the
immobilized enzyme was washed with distilled H,O
(100 mL) and MTBE (200 mL). The reaction mixture was
extracted with 2 x 200 mL MTBE, the united organic phases
were dried over MgSO,, filtered and the solvent was
evaporated. The resulting colorless liquid was purified by
crystallization in MTBE/pentane. After several steps of
crystallization the product was obtained as white crystals
with an enantiomeric purity of >99% ee (chiral GC); yield:
11.1 g (96%). '"H NMR (CDCl;): 6 =1.67 (dt,*J=3.8 Hz, %] =
14.6 Hz, 1H, CH,), 1.84 (s, 1H, OH), 2.06 [d, J. 5 =130 Hz, 3H,
C(O)3CH;), 2.76 (dt,*J =7.4 Hz, 2] =14.6 Hz, 1H, CH,), 4.71
(m,1H,CHOH), 5.49-5.51 [m, 1H, CHOC(0)],5.97 - 6.00 (m,
1H, =CHCHOH), 6.10-6.13 [m, 1H, =CHCHOC(O)]; BC
NMR (CDCl;): 8 =21.2,40.5,74.9,77.1,132.6,138.5,170.8; MS
m/z (rel. int.): 126 (2), 101 (4), 100 (6), 83 (18), 82 (100), 81 (36),
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55(22),54 (18),53 (20), 44 (40),43 (13); IR (KBr): v=3391 (O-
H), 3076, 3061 (C-H, =CH), 2996, 2978, 2950, 2921 (C-H,
CH, + CHs;), 1726 (C=0), 1257 (C-O) cm}; Anal.: C+2C
59.3% (caled. 59.4%), H 7.1% (caled. 7.0%). GC analysis:
Hewlett Packard 6890-2, column: 25 m IVADEX 5, detector:
FID, temperature program: 230 °C, 60 °Cat 5 °C/min to 140 °C
at 15 °C/min to 200 °C, 5 min isotherm, 340 °C, gas: 0.98 bar
hydrogen, retention time: 12.6 min, >99% ee.

Derivatization of Mixtures of (S)/(R)-2 using Mosher’s
Acid Chloride [(R)-10]

Mixtures of (R)/(S)-1-phenyl ethanol were derivatized in situ
with enantiomerically pure Mosher’s acid chloride [(R)-10]
(1.2 equiv., >99% ee) in the presence of pyridine (1 equiv.),
resulting in the corresponding diastereomeric esters (S,R)-11
and (R,R)-11, respectively, using the known procedure?*?l at a
scale of 0.1 mmol. The diastereomeric protons in the 'H NMR
spectrum appear at 1.42 and 1.55 ppm corresponding to (S,R)-
11 and (R,R)-11, respectively.

High-Throughput NMR Measurements using BEST™

In order to achieve a high sample throughput without
additional sample preparation, it is necessary to work with an
autosampler which can “load and prep”, which means that it is
equipped with a pipetting function. In the present study a
Gilson 215 autosampler®! was employed, which is a standard
feature in the commercially available BEST™ set-up provided
by Bruker Biospin GmbH.? For experiments using '*C-
labeling, the relative amounts of the pseudo-enantiomers can
be calculated if the naturally occurring 1*Cis taken into account
and an accurate value of the extent of enrichment in the labeled
substrate is known. In the case of non-isotopically labeled
compounds the samples can be readily prepared in 96-well
microtiter plates (MTP), standard GC-flasks or 384 MTP.
Every sample can be derivatized in situ with a base (for
example, pyridine) and enantiomerically pure (R)- or (S)-
Mosher’s acid chloride.?”l The derivatization step is complete
without additional reaction time by mixing the solution several
times with the syringe. A crucial point is the use of an excess of
Mosher’s reagent in order not to undergo the risk of a kinetic
resolution. While one sample is measured, the next can be
prepared automatically without losing time, keeping the cycle
time in the range of one minute. The autosampler is equipped
with a small LC pump for washing the system. It can also
deliver a continuous flow of solvent, making an additional
HPLC pump unnecessary. As solvents CDCl;, DMSO-d, or
D,0 are used. Although the flow-through system does not
need much solvent (~1 L in 24 hours), the solvents can be
mixed with undeuterated solvent in 1:9 ratio to reduce costs.
In order to achieve reproducible and precise results, a total
concentration of about 6 pmol/mL substance in the deuterated
solvent is necessary. The samples are transferred into2 mL GC
bottles or 96 deep well plates, which are placed in the Gilson
215 autosampler of the BEST™ NMR system. For performing
the high-throughput measurements, a total volume of 300 pL is
injected into the flow through system of the BEST™ NMR by a
XYZ needle. Then the probe is moved into the flow cell inside
the NMR magnet. After measuring the sample the probe is
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moved back to the Gilson 215 autosampler and eliminated into
the waste.

Acknowledgements

We thank Dr. Manfred Spraul from Bruker Biospin GmbH
(Rheinstetten, Germany) and in particular Silke Keller and
Monika Mortter for carrying out the NM R measurements using
the BEST™ system and for helpful discussions. Parts of this
research was supported by grants from the EC (QLK3-CT-
2001-00519; QLK3-CT-2000-00426; BIO4-98-0249).

References and Notes

[1] S. C. Stinson, Chem. Eng. News 1999, 77(41), 101 -120.

[2] a) A. N. Collins, G. N. Sheldrake, J. Crosby, Chirality in
Industry: The Commercial Manufacture and Applications
of Optically Active Compounds, Wiley, Chichester, 1992,
pp- 409; b) A.N. Collins, G.N. Sheldrake, J. Crosby,
Chirality in Industry II: Developments in the Commercial
Manufacture and Applications of Optically Active Com-
pounds, Wiley, Chichester, 1997, pp. 411; c)R. A.
Sheldon Chirotechnology: Industrial Synthesis of Opti-
cally Active Compounds; Dekker, New York, 1993;
d) S. C. Stinson, Chem. Eng. News 2000, 78(43), 5578,
e) E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Comprehen-
sive Asymmetric Catalysis, Springer, Berlin, Vols. I-III,
1999, pp. 1500; f) H. Brunner, W. Zettlmeier, Handbook
of Enantioselective Catalysis with Transition Metal
Compounds, VCH, Weinheim, Vols. I-1I, 1993; g) R.
Noyori, Asymmetric Catalysis in Organic Synthesis,
Wiley, New York, 1994; h) 1. Ojima, Catalytic Asymmet-
ric Synthesis, VCH, Weinheim, 1993; i) D. J. Berrisford,
C. Bolm, K.B. Sharpless, Angew. Chem. 1995, 107,
1159-1171; Angew. Chem. Int. Ed. Engl. 1995, 34, 1059 —
1070.

[3] a) H. G. Davies, R. H. Green, D. R. Kelly, S. M. Roberts,
Biotransformations in Preparative Organic Chemistry:
The Use of Isolated Enzymes and Whole Cell Systems in
Synthesis, Academic Press, London, 1989; b) C. H. Wong,
G. M. Whitesides, Enzymes in Synthetic Organic Chem-
istry, Pergamon, Oxford, Vol. 12, 1994; ¢) K. Drauz, H.
Waldmann, Enzyme Catalysis in Organic Synthesis: A
Comprehensive Handbook, VCH, Weinheim, Vols. I-1I,
1995; d) K. Faber, Biotransformations in Organic Chem-
istry, 3rd edn., Springer, Berlin, 1997.

[4] See, for example: a) M.B. Francis, E.N. Jacobsen,
Angew. Chem. 1999, 111, 987-991; Angew. Chem. Int.
Ed. 1999, 38, 937-941; b)S.R. Gilbertson, C.-W.T.
Chang, Chem. Commun. (Cambridge) 1997, 975-976;
¢) C. Gennari, S. Ceccarelli, U. Piarulli, C. A.G.N.
Montalbetti, R. F. W. Jackson, J. Org. Chem. 1998, 63,
5312-5313; d) K. Burgess, H.-J. Lim, A. M. Porte, G. A.
Sulikowski, Angew. Chem. 1996, 108, 192-194; Angew.
Chem. Int. Ed. Engl. 1996, 35, 220-222; e)C. A.
Krueger, K. W. Kuntz, C. D. Dzierba, W. G. Wirschun,
J. D. Gleason, M. L. Snapper, A. H. Hoveyda, J. Am.

Ady. Synth. Catal. 2002, 344, 1008-1016

Chem. Soc. 1999, 121, 4284 -4285; 1) J. Long, J. Hu, X.
Shen, B. Ji, K. Ding, J. Am. Chem. Soc. 2002, 124,10-11;
2) A. Berkessel, R. Riedl, J. Comb. Chem. 2000, 2, 215 -
219; h) S. Dahmen, S. Brise, Synthesis 2001, 1431 —1449.

[5] Reviews of high-throughput ee assays: a) M. T. Reetz,
Angew. Chem. 2001, 113, 292-320; Angew. Chem. Int.
Ed. 2001, 40, 284-310; b) M. T. Reetz, Angew. Chem.
2002, 714, 1391-1394; Angew. Chem. Int. Ed. 2002, 41,
1335-1338; c¢) D. Wahler, J.-L. Reymond, Curr. Opin.
Biotechnol. 2001, 12, 535-544; d) M. Tsukamoto, H. B.
Kagan, Adv. Synth. Catal. 2002, 344, 453-463; ¢) A. M.
Rouhi, Chem. Eng. News, 2002, 80(23), 51-57.

[6] a) M. T. Reetz, Pure Appl. Chem. 2000, 72, 1615-1622;
b) M. T. Reetz, K.-E. Jaeger, Chem. Eur. J. 2000, 6, 407 —
412; ¢) M. T. Reetz, S. Wilensek, D. Zha, K.-E. Jaeger,
Angew. Chem. 2001, 113, 3701 -3703; Angew. Chem. Int.
Ed. 2001, 40, 3589-3591; d) D. Zha, S. Wilensek, M.
Hermes, K.-E. Jaeger, M. T. Reetz, Chem. Commun.
(Cambridge) 2001, 2664 -2665; see also e) U. T. Born-
scheuer, J. Altenbuchner, H. H. Meyer, Biotechnol.
Bioeng. 1998, 58, 554-559; f) O. May, P.T. Nguyen,
F. H. Arnold, Nat. Biotechnol. 2000, 18, 317-320; g) S.
Fong, T. D. Machajewski, C. C. Mak, C.-H. Wong, Chem.
Biol. 2000, 7, 873-883; h) H. Zhao, K. Chockalingam, Z.
Chen, Curr. Opin. Biotechnol. 2002, 13, 104—-110.

[7] See, for example: a) S. F. Brady, C.J. Chao, J. Handels-
man, J. Clardy, Org. Lett. 2001, 3, 1981-1984; b) P.
Hugenholtz, B. M. Goebel, N. R. Pace, J. Bacteriol. 1998,
180, 4765-4774; ¢)S.B. Bintrim, T.J. Donohue, J.
Handelsman, G.P. Roberts, R.M. Goodman, Proc.
Natl. Acad. Sci. USA 1997, 94, 277-282; d) G. DeSan-
tis, Z. Zhu, W. A. Greenberg, K. Wong, J. Chaplin, S. R.
Hanson, B. Farwell, L. W. Nicholson, C. L. Rand, D. P.
Weiner, D. E. Robertson, M. J. Burk, J. Am. Chem. Soc.
2002, 124, 9024 -9025.

[8] M. T. Reetz, A. Zonta, K. Schimossek, K. Liebeton, K.-
E. Jaeger, Angew. Chem. 1997, 109, 2961 —2963; Angew.
Chem. Int. Ed. Engl. 1997, 36, 2830-2832.

[9] ) M. T. Reetz, M. H. Becker, H.-W. Klein, D. Stockigt,
Angew. Chem. 1999, 111, 1872 -1875; Angew. Chem. Int.
Ed. 1999, 38,1758 —1761; b) W. Schrader, A. Eipper, D. J.
Pugh, M. T. Reetz, Can. J. Chem. 2002, 80, 626 —632.

[10] a) M. T. Reetz, M.H. Becker, K.M. Kiihling, A.
Holzwarth, Angew. Chem. 1998, 110, 2792-2795; An-
gew. Chem. Int. Ed. 1998, 37,2647 —2650; b) M. T. Reetz,
M. Hermes, M. H. Becker, Appl. Microbiol. Biotechnol.
2001, 55, 531-536.

[11] M. T. Reetz, K. M. Kiihling, A. Deege, H. Hinrichs, D.
Belder, Angew. Chem. 2000, 112, 4049-4052; Angew.
Chem. Int. Ed. 2000, 39, 3891 —3893.

[12] M. T. Reetz, K. M. Kiihling, S. Wilensek, H. Husmann,
U. W. Hiusig, M. Hermes, Catal. Today 2001, 67, 389 —
396.

[13] a) L. E. Janes, A. C. Lowendahl, R. J. Kazlauskas, Chem.
Eur. J. 1998, 4, 2324 -2331; b) F. Moris-Varas, A. Shah, J.
Aikens, N. P. Nadkarni, J. D. Rozzell, D. C. Demirjian,
Bioorg. Med. Chem. 1999, 7, 2183-2188; c) M. Bau-
mann, R. Stiirmer, U.T. Bornscheuer, Angew. Chem.

1015



FULL PAPERS

Manfred T. Reetz et al.

2001, 713, 4329-4333; Angew. Chem. Int. Ed. 2001, 40,
4201 -4204.

[14] a) K. Ding, A. Ishii, K. Mikami, Angew. Chem. 1999, 111,
519-523; Angew. Chem. Int. Ed. 1999, 38, 497-501;
b) M. T. Reetz, K. M. Kiihling, H. Hinrichs, A. Deege,
Chirality 2000, 12, 479 -482; ¢) K. Mikami, R. Angelaud,
K. Ding, A. Ishii, A. Tanaka, N. Sawada, K. Kudo, M.
Senda, Chem. Eur. J. 2001, 7, 730-737; d) T. Hattori, Y.
Minato, S. Yao, M. G. Finn, S. Miyano, Tetrahedron Lett.
2001, 42, 8015-8018.

[15] P. Abato, C. T. Seto, J. Am. Chem. Soc. 2001, 123, 9206 —
9207.

[16] G. A. Korbel, G. Lalic, M. D. Shair, J. Am. Chem. Soc.
2001, 723, 361 -362.

[17] F. Taran, C. Gauchet, B. Mohar, S. Meunier, A. Valleix,
P. Y. Renard, C. Créminon, J. Grassi, A. Wagner, C.
Mioskowski, Angew. Chem. 2002, 114, 132-135; Angew.
Chem. Int. Ed. 2002, 41, 124—-127.

[18] a) J. Guo, J. Wu, G. Siuzdak, M. G. Finn, Angew. Chem.
1999, 111, 1868—-1871; Angew. Chem. Int. Ed. 1999, 38,
1755-1758; b) A. Horeau, A. Noualille, Tetrahedron Lett.
1990, 31, 2707-2710.

[19] Patent application: M. T. Reetz, A. Eipper, P. Tielmann,
R. Mynott, DE A 102 09 177.3 (11. 05. 2002).

[20] a) M. J. Shapiro, J.S. Gounarides, Prog. Nucl. Magn.
Reson. Spectrosc. 1999, 35, 153-200; b) H. Schroder, P.
Neidig, G. Rossé, Angew. Chem. 2000, 112, 3974-3977;
Angew. Chem. Int. Ed. 2000, 39, 3816-3819; c) C. L.

Gavaghan, J. K. Nicholson, S. C. Connor, I. D. Wilson, B.
Wright, E. Homes, Anal. Biochem. 2001, 291, 245-252;
d) E. MacNamara, T. Hou, G. Fisher, S. Williams, D.
Raftery, Anal. Chim. Acta 1999, 387, 9—-16.

[21] AMIX™ is available from Bruker Biospin GmbH,
Rheinstetten, Germany.

[22] a) C.S. Chen, Y. Fujimoto, G. Girdaukus, C.J. Sih, J
Am. Chem. Soc. 1982, 104, 7294-7299; b) H. B. Kagan,
J. C. Fiaud, Top. Stereochem. 1988, 18, 249 —330.

[23] The Gilson 215 autosampler is commercially available
from Gilson Inc., Middlton, USA.

[24] The BEST™ cell system is available from Bruker
Biospin GmbH (76287 Rheinstetten, Germany). For a
detailed description see www.bruker.de/analytic/nmr-
dep/best.html.

[25] Other manufactures also supply flow-through systems,
e.g., the VAST™ system from Varian.

[26] a) S. K. Latypov, N. F. Galiullina, A.V. Aganov, V.E.
Kataev, R. Riguera, Tetrahedron 2001, 57, 2231 -2236;
b) E. L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry
of Organic Compounds, Wiley, New York, 1994, pp.
221-240; c) D. Parker, Chem. Rev. 1991, 91, 1441 -1457.

[27]J. A. Dale, H. S. Mosher, J. Am. Chem. Soc. 1973, 95,
512-519.

[28] Note added in proof concerning an alternative NMR-
based approach: M. A. Evans, J.P. Morken, J. Am.
Chem. Soc. 2002, 124, 9020—9021.

1016

Ady. Synth. Catal. 2002, 344, 1008-1016



