1634

LETTER

A Chiral BINOL-Zinc Complex asa Novel Catalyst for the Enantioselective

Epoxidation of a,p-Enones
AnaMinatti, Karl H. Détz*

Kekulé-Institut fiir Organische Chemie und Biochemie, Rheinische Friedrich-Wilhelms Universitét Bonn, Gerhard-Domagk-Strasse 1,

53121 Bonn, Germany
Fax +49(228)735813; E-mail: doetz@uni-bonn.de

Received 19 April 2004

Abstract: First systematic studies on asymmetric epoxidation of
electron-deficient o, -enoneswith asimple zinc-BINOL catalyst in
the presence of tert-butyl hydroperoxide and cumene hydroperox-
ide are described. The epoxidation proceeds in moderate to excel-
lent yields with complete diastereoselectivity and high
enantiomeric excesses by using enantiomerically pure BINOL.
Different substituent effects are discussed.
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The enantiosel ective synthesis of a,3-epoxy ketonesis of
major interest as the resulting chiral compounds are ver-
satile precursors to many natural products and pharma-
ceuticals.! Julia et a. were the first to report on the
asymmetric epoxidation of chalcone using poly-L-alanine
as acatalyst.? Although good enantio- and diastereosel ec-
tivities were observed, this method remained restricted to
aryl-substituted o,B-unsaturated ketones. A crucia ad-
vancement was the involvement of a chiral ligand coordi-
nated to the metal atom of a metal peroxide. Enders
succeeded in generating a chira zinc peroxide complex
from the reaction of a chiral amino acohol with diethyl-
zinc under aerobic conditions.® A stoichiometric amount
of this metal complex was able to epoxidise a variety of
(E)-a,B-unsaturated ketones with excellent yields, good
enantioselectivities and complete diastereoselectivity.
Later, Puemployed abinaphthyl polymer aschiral ligand,
and through additional replacement of molecular oxygen
by tert-butyl hydroperoxide (TBHP) turned the epoxida-
tion into a catalytic process.?** We were interested in
studying the potential and efficiency of enantiopure
BINOL in this reaction as to our knowledge no results
have become available employing a simple zinc-BINOL
complex in this type of epoxidation. Merely, lanthanide-
BINOL complexes and the effect of severa additives to
the course of the epoxidation reaction have been exten-
sively investigated.® Still, unsubstituted BINOL is an
attractive ligand since both enantiomers are commercially
available. All reactions were carried out following the
same experimental procedure® In a first set of experi-
ments the solvent dependence of the epoxidation reaction
was analysed using unsubstituted chalcone as a model
substrate (Table 1).
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Tablel Solvent Dependence of the Asymmetric Catalytic
Epoxidation

1) (R)-BINOL (20 mol%), solvent
(0] 2) ZnEt; (36 mol%), 0 °C, 15 min

O
3) oxidant (1.2 equiv), 0 °C —>r.t., 12 h |
Ph/\/”\Ph - Ph/c]>>“‘ J\Ph

Entry Solvent Oxidant Yield (%)2  ee(%)°
1 CH,Cl, TBHP <5 -
2 Toluene TBHP <5 -
3 Et,O TBHP 80 47
4 CH.Cl, CMHP 95 5
5 Toluene CMHP 95 71
6 Et,O CMHP 99 68
7° Et,O CMHP 99 67
g Et,0 CMHP 99 76

a0nly the trans-isomer is formed (de>99%), as determined from the
'H NMR coupling constant of the vicina protons on the oxirane ring.
b Determined by HPL C analysis on achiral stationary phase.?

€10 mol% (R)-BINOL, 18 mol% ZnEt,.

436 mol% ZnMe, instead of ZnEt,.

Using TBHP as the terminal oxidant, diethyl ether is the
solvent of choice in which the epoxide product could be
isolated in reasonable amounts. Exclusively the trans-ep-
oxide is formed in 80% yield with an ee of 47% (entry 3
in Table 1). Only traces of the product are detected in
dichloromethane or toluene (entries 1, 2 in Table 1). The
influence of the solvent on the observed chemical yields
and enantiomeric excesses becomes more significant
when switching to cumene hydroperoxide (CMHP). The
solvent dependence of the chemical yield is completely
canceled as nearly quantitative epoxidation is observed in
the three chosen solvents. The extent of the asymmetric
induction, however, varies strongly as the enantiomeric
excess ranges from 71% and 68% in the case of toluene
and diethyl ether to 5% in the case of dichloromethane
(entries 4, 5, 6 in Table 1). Performing the reaction in di-
ethyl ether with areduced catalyst loading [10 mol% (R)-
BINOL and 18 mol% ZnEt,) did not have any negative in-
fluence on the results (entry 7 in Table 1). A remarkable
increase of the enantiomeric excess up to 76% is detected
in diethyl ether when dimethylzinc is employed instead of
diethylzinc (entry 8 in Table 1). No epoxidation at all was
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observed when the reaction was conducted in tetrahydro-
furan irrespective of the oxidating reagent in use. In order
to compare the reactivity of TBHP and CMHP in the
following studies the subsequent reactions were run in
diethyl ether as solvent. The sensitivity of the reaction
towards electronic modification of the substrate was
investigated by changing the para-substituent X on the
B-phenyl group (Table 2).

On the one hand, enhancing the el ectron-deficiency of the
double bond with asubstituent like R = Br resultsinanin-
crease of the ee up to 71% and 72%, irrespective of wheth-
er TBHP or CMHP is used as an oxidant (entries 5, 6 in
Table 2). Unexpectedly, this tendency is not sustained for
the much more el ectron-withdrawing substituent X = NO,
as the enantiomeric excesses decrease to 60% and 62%,
respectively (entries 7, 8 in Table 2). On the other hand,
rendering the unsaturated bond in the enone more elec-
tron-rich by replacing X =H for the electron-donating
substituent X = OMe or even for a substituent with a
dlight positive inductive effect like X = Me causes acom-
pleteinhibition of the epoxidation (entries1, 2inTable 2).
The possihility of increasing the enantiomeric excesses by
performing the oxidation at lower temperatures was tested
with p-Br-chalcone 1d (Table 3).

Table2 Asymmetric Catalytic Epoxidation of Substituted
Chalcones

1) (R)-BINOL
(20 mol%), Et,0
2) ZnEt; (36 mol%),

e 0 °C, 15 min o)
3) oxidant (1.2 equiv), |J\
X ph 0°C—rt,12h /©A> “““ o
R o
X X
1 2

Entry EnoneX°® Oxidant  Product!  Yield (%) ee(%)°

1 OMe TBHP/ 2a - -
la CMHP

2 Me TBHP/ 2b - -
1b CMHP

3 H TBHP 2c 80 47
1c

4 H CMHP 2c 99 68
1c

5 Br TBHP 2d 50 71
1d

6 Br CMHP 2d 95 72
1d

7 NO, TBHP 2e <10 60
le

8 NO, CMHP 2e 86 62
le

atrans-lsomer (de >99%).

b Determined by HPL C analysis on achiral stationary phase.?
¢ Ref.’

d Ref.S

When the temperature is slightly decreased from 0 °C to
-5 °C the enantiomeric excess rises up to 80% while the
yield still remains nearly quantitative (95%) (entry 2 in
Table 3). Running the reaction at —10 °C affords the same
enantiomeric excessasfor 0 °C but with alower yield (en-
try 3in Table 3). A further lowering of the temperature to
—20 °C is deleterious as both the enantiomeric excess and
the chemical yield decrease significantly (entry 4 in
Table 3). However, control experiments concerning the
reaction time revealed a pronounced acceleration for
CMHP as oxidant in comparison with TBHP. For exam-
ple, standard epoxidations of 1d and chalcone were found
to be completed after 2.5 and 4 hours, respectively. Addi-
tionally, alkyl-substituted olefins were investigated which
have received only scant attention in this type of oxida-
tion. The steric bulk at the enone was varied as different
alkyl chains were introduced in the B-position (Table 4).
For TBHP as an oxidant the asymmetric induction in-
creases with the length of the akyl chain. This tendency
isreversed for CMHP as the enantiomeric excess decreas-
esfrom 54% eefor R! = Meto 40% eefor R! = Pr (entries
2,6inTable 4). In general, the reactions with CMHP pro-
ceed in all cases with significantly higher chemical yields
compared to TBHP. However, considering these tenden-
cies the enantiomeric excesses measured for R! = i-Pr do
not match (entries 7, 8in Table 4). A possible explanation
for this phenomenon may be the conformational flexibili-
ty of R =i-Pr. A bulky substituent R* leads to high asym-
metric induction only if R! is conformationally fixed as
for R =t-Bu; both oxidants yield the epoxide in 80% ee
(entries 9, 10 in Table 4). When using the sterically more
hindered oxidant CMHP theyield isincreased from <10%
up to 73% (entry 10 in Table 4).

In order to exclude any background reaction, i.e. the non-
stereosel ective epoxidation without a BINOL-zinc com-
plex, two control experiments were performed: no epoxi-
dation was observed in the absence of either diethylzinc or
(R)-BINOL.

Table3 Temperature Dependence of the Catalytic Epoxidation

1) (R)-BINOL
(20 mol%), Et,O
2) ZnEt; (36 mol%),

0 Lo 0
N pn (L2equiv), 12h AP J\Ph
Entry Temp (°C)? Yield (%) ee (%)
1 0 95 72
2 -5 95 80
3 -10 79 72
4 -20 51 64

aThetemperatureisreferred to asthe temperature at which the enone
and the CMHP are added. The temperature was held constant during
the 12 h reaction time.
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Table4 Asymmetric Epoxidation of Alkyl-Substituted Enones

1) (R)-BINOL (20 mol%), Et,O
0 2) ZnEt; (36 mol%), 0 °C, 15 min

o)
/\)k 3) oxidant (1.2 equiv), 0 °C > r.t., 12 h | J\
RN Ph > R >

1 2

Entry EnoneR° Oxidant  Product’  Yield (%) ee(%)°

1 Me TBHP 2f 24 40
1f
2 Me CMHP 2f 60 54
1f
3 Et TBHP 29 28 48
19
4 Et CMHP 29 79 50
19
5 Pr TBHP 2h 72 60
1h
6 Pr CMHP 2h 78 40
1h
7 i-Pr TBHP 2i 36 54
1i
8 i-Pr CMHP 2i 75 40
1i
9 t-Bu TBHP 2k <10 80
1k
10 t-Bu CMHP 2k 73 80
1k

atrans-Isomer (de >99%).

b Determined by HPL C analysis on a chiral stationary phase.?
¢ Ref.”

9 Ref 8

In summary, we have shown that the combination of enan-
tiomerically pure BINOL and dialkylzinc provides an ef-
fective catalyst for the asymmetric epoxidation of a,f3-
enones. This catalytic epoxidation proceeds with good
enantiomeric excesses and complete diastereosel ectivity,
yielding exclusively the trans-isomer. A remarkable ef-
fect regarding the oxidant was observed and CMHP
proves to be the oxidant of choice. Overall, the ease of
conductance and the easy recovery of both commercially
available BINOL -enantiomers render the described pro-

cedure an attractive protocol.
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