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Crystal structure analysis data for 1: C4Hs,N,O,ClIFe, M, = 682.12, triclinic,
P1,a=10.738(1), b =13.195(1), c =14.061(1) A, a =75.19(1), =79.71(1),
y=7180(1)°, V=1866.1(3) A3, Z=2, peea=1214 Mgm=3; u(Moy,)=
0.511 mm~!, F(000)=726; 18080 reflections collected at 100(2) K; 9891
independent reflections; GOF =0.990; R=0.0508; wR2 =0.1059. Crystal
structure analysis data for 2: C,HsN,O,BrFe, M,=726.58, triclinic, P1,
a=10.4544(9), b=14.737(1), c=24.387(2) A, a=86.88(2), f =84.89(2),
y=8158(2)°, V=3734.0(5) A3, Z=4, peea=1292Mgm=3; u(Moy,)=
1.509 mm~!, F(000) =1524; 29363 reflections collected at 100(2) K; 12766
independent reflections; GOF =0.949; R=0.0552; wR2 =0.1030. Crystal
structure data analysis for 3: C, Hs,N,O,IFe, M, =773.57, monoclinic, P2,/c,
a=13497(1), bh=26326(2), c=11672(1)A, B=112992)°, V=
38179(6) A3,  Z=4, paa=1346Mgm=3;  u(Moy,)=1.238 mm™!,
F(000) =1596; 38047 reflections collected at 100(2) K; 12090 independent
reflections; GOF =1.007; R=0.039; wR2=0.072. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-159894 (1), CCDC-159895 (2), and
CCDC-159896 (3). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Separation of Enantiomers by Extraction Based
on Lipase-Catalyzed Enantiomer-Selective
Fluorous-Phase Labeling**

Benno Hungerhoff, Helmut Sonnenschein, and
Fritz Theil*

Lipase-mediated kinetic resolution of racemic alcohols and
their esters by esterification or hydrolysis, respectively, is a
well-established method for the preparation of enantiomeri-
cally pure or enriched building blocks.[!! Lipases are cheap
biocatalysts; the reactions can be run with standard equip-
ment and are highly selective in many cases. However, there is
one major drawback of this type of biotransformation, which
affords one of the enantiomers as an alcohol and the other one
as the corresponding carboxylate: The products must be
separated by chromatography. This separation step may not
be a serious problem on the laboratory scale. However, on a
large scale in the pharmaceutical industry, a chromatographic
step might be the reason this method is not considered to be a
useful access to enantiomerically pure intermediates. Until
now, there has been no general solution to overcome this
disadvantage.

On the other hand, remarkable progress has been made for
the extractive separation of homogeneous catalysts,” re-
agents, and products®®! equipped with perfluorinated auxiliary
groups. This methodology is based on partitioning between
the organic and fluorous phases in order to improve the
recovery of the homogeneous catalyst and the isolation of
products from the reaction mixture.

From the progress made in performing reactions in fluorous
media and/or improving workup procedures by the introduc-
tion of a fluorous phase,* the following question arises: Is it
possible to apply a highly fluorinated acyl donor to a lipase-
catalyzed kinetic resolution of a racemic alcohol? Such an
acyl donor should promote lipase-mediated enantiomer-
selective acyl transfer onto the faster-reacting enantiomer
and, thereby, simultaneously label it. This labeled enantiomer
with a “teflon ponytail”? could then be recognized selec-
tively by a fluorous phase, to allow the extractive separation
of the fluorinated and nonfluorinated enantiomers between a
fluorous and an organic solvent.

For a successful realization of this principle a suitable
acyl donor is required. This reagent should be accepted
by the lipase forming the reactive acyl enzyme, that sub-
sequently reacts in an enantiomer-selective manner with a
racemic alcohol. Furthermore, the transferred acyl residue
should have a sufficient fluorine content to allow selec-
tive separation of the fluorinated ester from the nonfluori-
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nated alcohol in an appropriate biphasic organic/fluorous
system.

Esters of the structure CF;(CF,),(CH,),,COOR (where
R =vinyl or 2,2,2-trifluoroethyl, for example) were designed
as suitable irreversible or quasi-irreversible acyl donors.'l A
spacer of one or two methylene groups (m =1 or 2) should be
necessary to exclude a nonselective chemical acylation of the
alcohol. The commercially available alcohol 1P was selected
as a useful starting material for the synthesis of the ester 2,
envisaged as a potential acyl donor and synthesized in high
yield by the method shown in Scheme 1.

a-f
CF4(CF,),CH,CH,O0H — CF4(CF,);(CH,),CO,CH,CF,

1 2
Scheme 1. Synthesis of the highly fluorinated acyl donor 2. a)4-
CH,;C¢H,SO,CI, b) LiBr, ¢) Mg, d) CO,, ¢) PCl;, f) CF,CH,OH, pyridine.

In order to demonstrate the feasibility of the principle, we
chose 1-phenylethanol (rac-3) as the alcohol to be resolved.
After screening of lipases and solvents, lipase B from Candida
antarctica (CAL-B) in acetonitrile turned out to be a useful
biocatalytic system with ester 2 as the acylating agent; the
resolution of the enantiomers of rac-3 into (R)-4 and (S)-3
proceeded with high efficacy within 19 hours (Scheme 2). The
corresponding ester with one less CH, group (m =1) was not
suitable as an acyl donor.

o}

OH  15equiv 2, CAL-B QJ\/\(CFZLCF3 OH
A +
Ph MeCN, RT Ph™ > Ph
rac-3 (R)>-4 (S)-3
workup:
1. filter off the enzyme
2. distill off the solvent
3. dissolve the residue
in MeCH
4. extract six times with
n-CeFiq
(0]

QJ\A(CFZ)fCFa OH

PR Ph
(R)-4 (533
98 % ee >99 % ee

fluorous phase (n-C.F,,) organic phase (MeOH)

Scheme 2. Lipase-catalyzed kinetic resolution of rac-3 and subsequent
extractive separation of the products with a biphasic fluorous/organic
solvent system.

In order to determine the yields and enantiomeric excesses
(ee)! of the products, the reaction mixture was worked up
conventionally with purification by flash column chromatog-
raphy to yield (R)-4 (46 % yield, ee >99%) and (S)-3 (41 %
yield, ee > 99 %). In comparison, the resolution of rac-3 with
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vinyl acetate in fert-butyl methyl ether in the presence of
Pseudomonas sp. lipase reached 50% conversion after
44 hours to yield the corresponding (R)-acetate and (S)-3
with ee values of >99 and 93 %, respectively.¥l This demon-
strates that the reactivity of perfluoroester 2 is, at least, in the
same range as that of vinyl acetate.

In the next step, we looked for a suitable biphasic fluorous/
organic solvent system to separate ester (R)-4 from alcohol
(5)-3 whilst avoiding chromatography. Screening of organic
solvents immiscible with n-perfluorohexane such as cyclo-
hexane, toluene, THF, and methanol showed that the biphasic
mixture methanol/n-perfluorohexane was the system of
choice and allowed a very efficient separation of the
compounds rac-3 and rac-4, which were used as model
substances. When an equimolar mixture of rac-3 and rac-4
was extracted at least five times with n-perfluorohexane, rac-3
remained in the organic phase and rac-4 moved into the
fluorous phase. The organic phase was contaminated with less
than 1% of rac-4 and the fluorous phase contained less than
1% of rac-3.

After identification of the appropriate fluorous/organic
biphasic system for the separation of (R)-4 and (S)-3, the
reaction mixture was worked up as follows (Scheme 2): The
enzyme was filtered off, the solvent was removed under
reduced pressure, and the products were separated by
partition between methanol and n-perfluorohexane. This
method yielded (§)-3 with an ee value of 99 % in the organic
phase and (R)-4 with an ee value of 98 % in the fluorous phase,
which also contained the excess of the acylating agent 2.

Comparison of the results obtained by conventional
chromatographic separation and extractive separation shows
that there is almost no difference between both procedures
regarding the purity and the yield of the products. After the
extractive workup (§)-3 was contaminated with a trace (not
more than 1%) of (R)-4.”) The ee value of 98 % determined
after saponification of (R)-4 to (R)-3, represents an impurity
of not more than 1% of (§)-3 in the fluorous phase. In
addition, saponification of the mixture of (R)-4 and 2 to yield
(R)-3 allows the almost quantitative recovery of the fluori-
nated carboxylic acid in solid form as the lithium salt.

This newly developed methodology for the separation of
enantiomers, which combines a lipase-catalyzed kinetic res-
olution with fluorous-phase labeling and separation of the
products in a biphasic fluorous/organic solvent system, should
also be applicable for the enantiomer-selective hydrolysis or
alcoholysis of fluorous-phase labeled esters of racemic
alcohols and for the enantiomer-selective alcoholysis of esters
of racemic carboxylic acids with highly fluorinated alcohols.['"]
We are currently investigating further applications of this
newly developed strategy.

Experimental Section

A solution of rac-3 (1.22 g, 10 mmol) in MeCN (65 mL) was treated with
ester 2 (8.61 g, 15 mmol) and CAL-B (Chirazyme L-2, c.-f., lyo., Roche
Diagnostics, Mannheim; 2.00 g). The reaction mixture was stirred at
ambient temperature until the conversion reached approximately 50 %
(19 h). The enzyme was filtered off and the solid residue was washed with
acetone (2x40mL). The combined filtrates were evaporated under
reduced pressure and the residue was dissolved in MeOH (25 mL). The
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resulting solution was extracted with n-C¢Fy, (6 x 25 mL). The organic
phase was concentrated to dryness to yield (S)-3 (0.59 g, 48 % yield, 99 %
ee) with approximately 1% of (R)-4. From the fluorous phase a mixture of
(R)-4 (ee 98 %) and the excess of 2 (8.50 g) was isolated.

Saponification of (R)-4: The mixture of (R)-4 and 2 was dissolved in THF
and water (1/1, 40 mL) together with LiOH (0.64 g, 26.7 mmol), and the
mixture was heated to reflux for 3 h. Subsequently, the reaction mixture
was diluted with cyclohexane (100 mL), cooled to 0°C, and filtered. The
filter cake was washed with a mixture of cyclohexane (100 mL) and tert-
butyl methyl ether (30 mL). The filtrate was concentrated to dryness to
yield (R)-3 (0.57 g, 47%, 98 % ee). The remaining solid filter cake (7.35 g,
98 %) consists of the lithium salt of the perfluorinated carboxylic acid.
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