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Abstract: Chloroperoxidase catalyzes the asymmetric epoxidation of functionalized cis-2-alkenes with
excellent enantioselectivity and good yields , using tert-butyl hydroperoxide as the terminal oxidant.
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Chiral epoxides are very important intermediates for the synthesis of optically pure complex
molecules, in particular, biologically active compounds.' Catalytic asymmetric epoxidation of alkenes is
one of the most powerful strategies for the preparation of enantionmerically pure epoxides.” Several
efficient catalysts have been developed for asymmetric epoxidation of allylic alcohols, * trans-olefins,
“trisubstituted olefins, > and unfunctionalized cis-olefins.** However, there is no general and effective
catalyst available for the enantioselective epoxidation of functionalized cis-olefins bearing no allylic
alcohol groups.’

Chloroperoxidase (CPO)® is an efficient and versatile catalyst that catalyzes a large number of
oxidative reactions.” Since the discovery of CPO mediated epoxidation reactions,'® we have had a long
standing interest in exploring the enantioselectivity and substrate specificity of this enzyme. Our
previous work has established unfunctionalized cis-alkenes and 2-methyl-alkenes as good substrates for
CPO-catalyzed asymmetric epoxidation.5°’11 Zaks and Dodds have further expanded the scope of
acceptable olefin substrates.'> The effect of chain length on enantioselectivity and conversion of 2-
methyl alkenes has been investigated using ®-bromo-2-methyl-1-alkenes as probe substrates.''® We now
report on an investigation of the CPO enantioselective epoxidation of functionalized cis-2-alkenes, using
tert-butyl hydroperoxide (TBHP) as the terminal oxidant.

We first attempted to use cis-2-buten-1-o0l (1), cis-3-penten-1-ol (2) and cis-4-hexen-1-ol (3) as
model] substrates for CPO epoxidation. However, allylic alcohol 1 was found to be rapidly and
completely oxidized to its o,B-unsaturated aldehyde and no epoxide was produced. This result is iden-
tical to the early findings showing that CPO catalyses the oxidation of allylic alcohols to aldehydes.®
Homoallylic alcohols 2 and 3 are not epoxidized by CPO, which suggests that these substrates probably
are suicide inhibitors of CPO. It has been found that functionalized olefins 4-6 are effectively converted
to epoxides with excellent enantioselectivity (e.e.90-95%) and good yields (51-78%) as shown in Table 1.
As the carbon chain lengthens the enantiomeric excesses remain high, while the yields progressively
decrease, presumably due to size restrictions in the active site of CPO. The lower yield of epoxide with
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Table 1. Enantioselective Epoxidation of Functionalized cis-2-Alkenes Catalyzed by

Chloroperoxidase 2

Entry Alkene Epoxide bc e.e. (%) 4 Yield (%) Conversion (%)e

OAc OAc
6 /R k 91 51 71
OAc 0 —0Ac
7 m k 91 53 78
Br 0 \Br
8 /:H_ /k 90 50 74
Br Q \—Br
— O M)
9 N \ 9% 95
OEt 0 OEt 100
10 k 68 28 30
OFEt ?—»OEt
0 0

“Chloroperoxidase was provided by Chirazyme Laboratories, 2004 S. Wright St., Urbana, IL 61801. General
Procedures: Alkene (0.8 mmol) and 20 mg of CPO was stirred vigorously with t-BuOOH (1.6 mmol) in 8.0
ml of 10 mM Na citrate buffer adjusted to pH 5.5. The reaction vial was capped, and the reaction was stirred
for 1.5 h at room temperature, after which Na,S,0;, was added and the mixture was extracted with
dichloromethane. Combined organic extracts were dried over MgSO,, and were Puriﬁed by flash
chromatography using pentane/ether as eluent. ®Structures were confirmed by 'H and “"C-NMR and MS
spectra and always compared with MCPBA epoxidations. ‘Absolute configurations were determined by
correlation to the corresponding (R)-mono or diol available by chemical conversions. Entry 4 correlates to
(R)-2-butanol, entries 5 and 7 correlate to (R)-2-pentanol, entries 6 and 8 correlate to (R)-2-hexanol. Entry 9
correlated to (R)-pentan-1,4-diol and entry 10 was assigned by analogy to entry 9. “The e.e. values were
determined by gas chromatography using a chiral G-TA column. °Total substrate consumption determined
by GC analysis.



cis-olefin 4 must be due to the fact that under the reaction conditions 4 readily isomerizes and the trans

isomer is not a substrate. TBHP is an efficient terminal oxidant for these epoxidation reactions. When a
terminal bromine atom is present (entries 7 and 8 ), the enantioselectivity of CPO epoxidation is good
(e.e. 90% and 91%, respectively), although the yields are moderate. The unsaturated carboxylic ester 9
was found to be an excellent substrate and the epoxide is produced with very high stereoselectivity and
good yield (e.e. 96%, 95% yield). However, the e.e. value and yield dramatically decrease with olefin 10.
It is apparent that the presence of one additional carbon in olefin 10 hinders the interaction of this olefin
with the active site residues of CPO. Alkene 11 is a poor CPO epoxidation substrate, the e.e. value is
only moderate (68%) and the yield is very low (ca.3%). CPO tolerates branching on the alkyl
substituents remote from the C=C bond for unfunctionalized olefins,* but alkene 12 contains an o.-methyl
branching group and was found to be unreactive for CPO epoxidation. This observation further indicates
that the active site of CPO is very sterically restricted.

_/:“\_\ /}OAC
OAc
11 12

For functionalized straight chain cis-olefins, the stereocontrol of substrate orientation in the active
site of CPO appears to largely depend upon the substituents adjacent to the double bond. In all of the
products the chiral carbon atom adjacent to the terminal methyl group is of the R-configuration. This also
is true for unfunctionalized cis-olefins and 2-methyl olefins, the products are of the R-configuration. The
functionalized olefins require that a methyl group be attached to the C=C double bond. The presence of
the methyl group is essential for the selectivity and efficiency of the epoxidation reaction. This
observation is similar to for unfunctionalized olefins.*>'* In all cases the length of carbon chain plays an
important role in the selectivity and yields, however, this study shows that CPO can tolerate a variety of
functional groups (Table 1).

Here, we report a CPO catalyzed enantioselective epoxidation of functionalized cis-alkenes, using
TBHP as a convenient terminal oxidant. The overall scope of substrate specificity for CPO epoxidations
remains limited. Usually, CPO utilizes functionalized cis-2-olefins containing short carbon chains with
excellent enantioselectivity and good yields. Current research in this laboratory is aimed at the
modification of the active site of CPO by random and site directed mutagenesis. This research offers an
approach for broadening the substrate specificity and improving the selectivity of the epoxidation reaction.
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