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Catalytic asymmetric epoxidation ofR,â-unsaturated amides
provides chiralR,â-epoxy amides that can be converted into useful
chiral building blocks such asR-hydroxy amides andâ-hydroxy
amides. To date, catalytic asymmetric epoxidation of enones1 and
R,â-unsaturated esters2 have been intensively studied. There are
no reports, however, of catalytic asymmetric epoxidation ofR,â-
unsaturated amides,3 perhaps due to the lower reactivity. We report
a general and highly enantioselective epoxidation ofR,â-unsaturated
amides promoted by chiral lanthanide catalysts. In addition, a one-
pot tandem catalytic asymmetric epoxidation-Pd-catalyzed epoxide
opening process was demonstrated. This process leads to the
efficient synthesis ofâ-aryl R-hydroxy amides.

We previously reported that alkali-metal free lanthanide-BINOL
complexes, in particular La-BINOL-Ph3AsdO complex1, were
very useful catalysts for the asymmetric epoxidation of enones4a,b

andR,â-unsaturated imidazolides.4c Although catalytic asymmetric
epoxidation ofR,â-unsaturated esters proceeded very sluggishly
with the use of 10 mol % of1, R,â-unsaturated amides were
epoxidized more smoothly under the same conditions.5 This result
prompted us to optimize the reaction conditions.6 The effect of the
central metal and the amount of TBHP were investigated in detail
using2a. Sm-(S)-BINOL-Ph3AsdO complex4, generated from
Sm(O-i-Pr)3, (S)-BINOL, and Ph3AsdO in a ratio of 1:1:1, was
found to be the best catalyst for this reaction and 1.2 equiv of TBHP
to 2a gave the best reactivity (condition A). The scope and
limitations using numerous substrates was further examined. As
shown in Table 1, this catalytic system had a broad generality for
epoxidations of various amides2a-o. When 5-10 mol % of 4
was used,â-alkyl-substituted amides2a-j , prepared from primary
amines (entries 1, 2, 4-6, 11-13), R-branched primary amines
(entries 7, 8), and secondary amines (entries 9, 10), were smoothly
epoxidized to afford the correspondingR,â-epoxy amides in
excellent yield and in excellent enantiomeric excess. This was also
effective for the epoxidation ofâ-aryl-substituted amides2k-o.
In these cases, activation of MS 4A was necessary to improve the
lower reactivity, but there was a slight decrease in enantiomeric
excess (condition B). In addition, Sm-(S)-BINOL-Ph3PdO
complex5 was found to be also effective, yielding the products
with slightly lower selectivity (entries 3, 16).7,8 To the best of our
knowledge, this is the first example of a general catalytic asym-
metric epoxidation ofR,â-unsaturated amides.

Optically active â-aryl R-hydroxy amides are biologically
important structural units and can be easily synthesized fromâ-aryl
R,â-epoxy amides. To achieve efficient transformation, we planned
to develop a new method: a one-pot tandem catalytic asymmetric

epoxidation-Pd-catalyzed epoxide opening process.9 Key to the
success of this sequential process is whether the second catalysis
is compatible with the conditions of the first epoxidation. Therefore,
we first performed experiments to examine the influence of the
constituents of the first reaction on the second catalysis (Table 2).6

With the use of 5 mol % of Pd-C, an epoxide opening reaction of
3k was investigated as a model reaction. In the absence of additives,
the reaction proceeded smoothly, giving rise to a mixture of three
compounds,6k, 7k, and8k in a ratio of 100:6:3. On the other hand,
when the reaction was performed in the presence of5,10 the
formation of 7k was completely prevented, whereas there was a
significant increase in the formation of8k. The formation of both
7k and 8k was successfully depressed in the reaction conditions
including all of the reagents for the first epoxidation, affording6k
with excellent selectivity (100:0:1). This finding suggests that
beneficial modifications of the Pd catalyst are achieved by the
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Table 1. Catalytic Asymmetric Epoxidation of R,â-Unsaturated
Amides

a Conditions A: TBHP in decane was used. MS 4A was not dried.
Conditions B: TBHP in toluene was used. MS 4A was dried for 3 h at 180
°C under reduced pressure.b Isolated yield.c Determined by HPLC analysis.
d 5 mol % of 4 was used.e Ph3PdO (30 mol %) was used as an additive.
f Dy was used as a central metal.g cHex ) cyclohexyl.
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constituents of the first epoxidation, producing a more suitable
catalyst for the second epoxide opening reaction.

One-pot tandem reactions were further examined using2k-o
as substrates (Table 3). After completion of the epoxidation, both
5 mol % of Pd-C and MeOH were directly added to the reaction
mixture and the resulting mixture was stirred under a hydrogen
atmosphere. As expected, the sequential process functioned ef-
ficiently, affording the corresponding6k-o in excellent overall
yield and in enentiomeric excess. The fact that6k was obtained in
97% ee indicates that no racemization occurred in this tandem
process.

â-Aryllactyl-Leu sequences are found in various biologically
active peptides.11 The developed process can be utilized for the
construction of these dipeptide fragments. Unfortunately, catalytic
asymmetric epoxidation ofN-cinnamoylL-leucine methyl ester9
did not proceed at all. However, tandem catalytic asymmetric
epoxidation of theR,â-unsaturated imidazolides-peptide coupling-
Pd-catalyzed epoxide opening process made these fragments easily
accessible in a single pot reaction. After completion of the first
epoxidation of10using (S)- or (R)-La-BINOL-Ph3PdO complex
11, 1.5 equiv ofL-leucine methyl ester was added and the reaction
was stirred for 48 h in the presence of hexafluoroacetone.12 Finally,
a Pd-catalyzed epoxide opening reaction was performed sequentially
to provide the desired fragments12a and 12b in optically pure
forms, which can be utilized for the synthesis of a neuropeptide,
Antho-RNamide13 (Scheme 1).11a

In summary, the catalytic asymmetric epoxidation ofR,â-
unsaturated amides with broad generality was developed. Moreover,
this reaction was successfully applied to the synthesis ofâ-aryl
R-hydroxy amides using a novel one-pot tandem process. Further
studies are currently under investigation in our group.
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Table 2. Preliminary Experiments for the Pd-Catalyzed Epoxide
Opening Reaction of 3k

entry additives
time
(min)

yielda

(%)
ratiob

(6k:7k:8k)
selectivity

(6k/7k + 8k)

1 60 100 100:6:3 11
2 MeOHc 10 100 100:8:2 10
3 (S)-5 (10 mol %) 90 100 100:0:23 4
4 (S)-5 (10 mol %),

MS 4A, TBHP (0.2 equiv),
MeOHc

60 100 100:0:1 100

a Conversion yield.b The ratio was determined by1H NMR analysis of
the crude sample.c Solvent ratio: THF/MeOH) 2/1.

Table 3. One-Pot Tandem Catalytic Asymmetric
Epoxidation-Pd-Catalyzed Epoxide Opening Process

substrate time (h)

entry R1 NR2R3 step A step B yieldc (%) eed (%)

1 Ph CH3NH 2k 21 2 97 97
2 Ph BnNH 2l 16 2 91 98
3 Ph (CH3)2N 2m 11 2 89e 99e

4 4-F-C6H4 CH3NH 2n 18 2 90 99
5 4-Me-C6H4 CH3NH 2o 18 2 82 97

a Conditions: (S)-5 (10 mol %), TBHP in toluene (1.2 equiv), MS 4A
(dried), THF, room temperature.b Conditions: Pd-C (5 mol %), H2 (1
atm), MeOH (solvent ratio: THF/MeOH) 2/1). c Isolated yield.d Deter-
mined by HPLC analysis.e Yield and ee were determined after converting
into the corresponding triethylsilyl ether.

Scheme 1. One-Pot Synthesis of 12a and 12b

a Determined by HPLC analysis.bDetermined by1H NMR analysis.
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