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This paper describes a highly chemo- and enantioselective epoxidation of conjugatedcis-enynes using
readily available glucose-derived ketone2 as catalyst and Oxone as oxidant to formcis-propargyl epoxides
in high ee’s. The interaction between the alkyne group of the substrate and the oxazolidinone moiety of
the ketone catalyst as well as the interactions between the substituents on enynes and the oxazolidinone
moiety of the ketone catalyst are important for the stereodifferentiation.

Introduction

Chiral propargyl epoxides are very useful synthetic intermedi-
ates which can undergo a variety of synthetic transformations,1

and enantioselective epoxidation of enynes provides a direct
approach to these epoxides.2,3 Enantioselective epoxidation of
conjugatedcis-enynes using chiral (salen)Mn catalysts has been
shown to formtrans-propargyl epoxides as major products in

high ee’s.3a-e Recently, it also has been reported thatcis-1-
phenylpent-3-en-1-yne can be epoxidized stereospecifically
using chiral (salan)Ti catalysts, giving thecis-epoxide in high
ee.3f,g Previously, we reported that fructose-derived ketone1
provides high ee’s for a wide variety oftrans- and trisubstituted
olefins (Scheme 1).4,5 Conjugatedtrans- and trisubstituted
enynes have also been found to be effective substrates for this
ketone, givingtrans-propargyl epoxides in high ee’s (eq 1).6

However, generally speaking, an efficient synthesis of optically
active cis-propargyl epoxides is still challenging and highly
desirable.
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Recently, we found that oxazolidinone-containing ketones2
can provide high ee’s for substrates which are not effective with
ketone 1 (Scheme 1).7 N-Aryl substituted oxazolidinone-
containing ketones such as2b and2c, readily prepared in large
quantities fromD-glucose and anilines in four steps (Scheme
2),8 are particularly promising for practical use. Studies have
shown that ketone2 can give high ee’s for olefins such as
conjugated aromaticcis-olefins (eqs 2 and 3),9a,b styrenes (eq
4),8b certain trisubstituted and tetrasubstituted olefins (eqs 5 and
6)9c,d,eand conjugatedcis-dienes (eq 7).9f

The origin of enantioselectivity of ketone2 appears to arise
from an attraction between the Rπ group and the oxazolidinone
moiety of the ketone catalyst, causing spiro transition stateA
to be favored over spiroB (Scheme 3),7,8,10 To further
understand the factors influencing the enantioselectivity of the
epoxidation and expand the scope of the reaction, we decided
to explore the epoxidation of conjugatedcis-enynes with readily
available ketones2b and 2c.8 Herein we wish to report our
efforts on this subject.11

Results and Discussion

The enyne substrates were generally readily prepared from
vinyl halides and alkynes via Sonogashira coupling (see
Supporting Information for details). The epoxidation of enynes
was carried out using ketones2b or 2c as catalyst and Oxone
as oxidant. As shown in Table 1, a variety of enyne substrates

can be effectively epoxidized with high enantioselectivities (80-
97% ee). The reactions were generally clean, as judged by the
1H NMR spectra of the crude reaction mixtures.12 The reactions
were stereospecific in thatcis-olefins yielded onlycis-epoxides
with no isomerization observed. Among the solvents screened,
DME gave the best combination of ee and conversion. Very
nonpolar substrates show markedly decreased reactivity presum-
ably due to poor solubility in the reaction mixture (e.g., Table
1, entry 5). For these substrates, dioxane was used as solvent,
which has the effect of raising conversion while slightly
lowering ee’s with respect to DME. For these and other less
reactive substrates, conversion can also usually be improved
with a slower addition of Oxone and/or higher reaction
temperature (0°C). The slow addition of Oxone lowers its
concentration in solution, thus reducing the undesired reaction
processes such as Oxone self-decomposition (pathwaye),
consumption of the dioxirane by Oxone (pathwayh), and
racemic epoxidation of olefin by Oxone itself (pathwayi)
(Scheme 4).13

As shown in Table 1, the ee’s are highly dependent upon the
substituents on the olefin and alkyne (R1 and R2). This could
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be rationalized by spiro transition statesC andD (Scheme 5).
Spiro C should be favored due to the apparent attractive

interaction between the alkyne group and the oxazolidinone
moiety of the catalyst. Moreover, it appears that there exist

TABLE 1. Asymmetric Epoxidation of Enynes by Ketones 2b and 2ca

a Unless stated otherwise, all reactions were carried out with enyne (1.0 eq.), catalyst (0.25 eq.), Oxone (1.6 eq.), and K2CO3 (6.7 eq.) in DME and buffer
(0.1 M K2CO3-AcOH in 4× 10-4 aq EDTA, pH 9.3) (1.5:1, v/v). Oxone and K2CO3 were added separately and simultaneously over the time and temperature
specified.b Unless stated otherwise, the conversion was determined by GC of the crude reaction mixture.c The conversion was determined by1H NMR of
the crude reaction mixture.d 0.20 equiv catalyst used.e Dioxane used as solvent.f Solvent-buffer (2:1, v/v).g 2.4 equiv Oxone/10.1 equiv. K2CO3 were
used.h Enantioselectivity was determined by chiral HPLC (Chiralcel OD column).i Enantioselectivity was determined by Chiral GC (Chiraldex B-DM
column). j Enantioselectivity was determined using the corresponding benzoate by chiral HPLC (Chiralpak AD column).k Enantioselectivity was determined
using the corresponding acetate by Chiral GC (Chiraldex B-DM column).l Enantioselectivity was determined by chiral HPLC (Chiralcel OJ column).m Oxone
was added over 8 h, and then the mixture was allowed to stir for an additional 4 h at 0 °C. n Enantioselectivity was determined using the corresponding
benzoate by chiral HPLC (Chiralcel OD column).o 0.30 equiv. catalyst used.p With DME/dioxane (1:1) as solvent.
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additional interactions such as hydrophobic interactions between
the R1 and R2 groups of the substrate and the oxazolidinone
moiety of the catalyst (possibly theN-aryl group). Thus, the
competition between spiroC andD is significantly influenced
by the nature of the R1 and R2 groups. Generally, increasing
the hydrophobicity of R1 group will enhance the competition
of spiro D, thus lowering ee’s (entry 5 vs entry 1, entry 7 vs
entry 6). Favorable substrates have more polar R1 groups and
less polar R2 groups (entries 11 and 12). Likewise, unfavorable
substrates contain less polar R1 groups and more polar R2 groups
(entry 9 vs entry 10). For entry 13, the lactone resulting from
the opening of the epoxide was obtained (eq 8). Further studies
have shown that acis-endiyne is also an effective substrate
(Table 1, entry 15). This transformation is potentially useful
since several of this type of epoxides have been shown to be
biologically active compounds.14

The absolute configurations of the epoxides in entries 1 and
2 were determined by comparing the optical rotations with those
previously determined. For entry 11, the configuration was

determined by reducing the alkyne with excess diimide15 to the
known saturated compound and comparing the optical rotation
with the reported one (eq 9).16 In all these cases, the obtained
configurations are consistent with spiro transition stateC being
favored. The stereochemistry of the remaining epoxides in Table
1 is tentatively assigned based on this model.

Besidescis-enynes, ketone2 also gave higher ee’s than ketone
1 for certain trisubstituted enynes. For example, 94% ee was
obtained for 4-methyl-1-phenyl-3-penten-1-yne (Table 1, entry
16) as compared to 55% ee with ketone1. The low ee’s obtained
for this class of enyne with ketone1 is likely due to a significant
competition from planar transition stateF because the acetylene
group is a sterically small group (Scheme 6).5b On the other
hand, the desired spiro transition stateG for ketone2 is further
favored over the competing planar transition state such asH
due to the attractive interaction between the alkyne group of
the olefin and the oxazolidinone moiety of the ketone catalyst
(Scheme 7),7,8,9,10thus giving higher enantioselectivities.

In summary, we report an effective method for the asymmetric
epoxidation of conjugatedcis-enynes with readily available

(14) Grandjean, D.; Pale, P.; Chuche, J.Tetrahedron1993, 49, 5225
and references therein.
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Sharpless, K. B.J. Am. Chem. Soc. 1987, 109, 5765.
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chiral ketones2b and2c as catalyst and Oxone as oxidant. The
reactions are highly chemo- and enantioselective and are
stereospecific, allowing exclusive formation ofcis-propargyl
epoxides fromcis-enynes in high ee’s. This method should
provide a valuable route to this useful class of compounds.
Studies have shown that while the interaction between the alkyne
group of the substrate and the oxazolidinone moiety of the
ketone catalyst plays an important role in stereodifferentiation,
the interactions (likely hydrophobic) between the substituents
on the enyne and the oxazolidinone moiety of the ketone catalyst
(possiblyN-aryl group) also significantly influence the enan-
tioselectivity. The information obtained will be useful for the
prediction of the stereochemical outcome for a given substrate
and the design of more effective catalysts in the future.

Experimental Section

Representative procedure for asymmetric epoxidation (Table
1, entry 1). To a solution ofcis-1-phenyl-3-penten-1-yne (0.071

g, 0.5 mmol) and ketone2c (0.035 g, 0.10 mmol) in DME (7.5
mL) were added buffer (0.1 M K2CO3-AcOH in 4 × 10-4 M
aqueous EDTA, pH) 9.3) (5.0 mL) and Bu4NHSO4 (0.0075
g, 0.02 mmol) with stirring (in order to maximize the conversion,
efficient stirring is required, but excessive splashing of the
reaction mixture should be avoided). After the mixture was
cooled to-10°C (bath temperature) via NaCl-ice bath, solutions
of Oxone (0.20 M in 4× 10-4 M aqueous EDTA, 4 mL) (0.49
g, 0.80 mmol) and K2CO3 (0.84 M in 4 × 10-4 M aqueous
EDTA, 4 mL) (0.46 g, 3.36 mmol) were added dropwise
separately and simultaneously over a period of 8 h via syringe
pump. The reaction was then quenched with the addition of
petroleum ether and extracted with petroleum ether. The
combined organic layers were washed with water, brine, dried
(Na2SO4), filtered, concentrated, and purified by flash chroma-
tography [the silica gel was buffered with 1% Et3N in petroleum
ether; petroleum ether was used as eluent] to give thecis-epoxide
as a colorless oil (0.062 g, 78% yield, 93% ee).
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