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Abstract—Optically active a-hydroxy ketones 4 have been prepared in high enantioselectivity by the catalytic, enantioselective
oxidation of easily available and stable (E)-enol phosphates 2 by (salen) Mn(III) complex.
� 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Jacobsen�s complex.
Chiral a-hydroxy ketones are important structural units
in many biologically active natural products.1 Recently
they have been used as convenient building blocks in
organic synthesis.1a,2 Consequently, numerous studies
have aimed at their stereoselective synthesis.3 This class
of compounds has been prepared by both nonoxidative4

and oxidative3b,5 methods. Metal complexes play a piv-
otal role in selective oxidation to give useful natural and
non-natural products. Stereoselectively controlled epox-
idation is particularly valuable because the epoxy func-
tionality can be transformed by stereoselective ring
opening into highly functionalized products.

Sharpless et al.3b have described enantioselective oxida-
tion of enol ethers by osmium-catalyzed asymmetric
dihydroxylation providing optically active a-hydroxy
ketones. A recent major advance in catalytic enantiose-
lective epoxidation has been oxidation of prochiral
unsaturated compounds with readily accessible (salen)
Mn(III) complexes. These complexes have been demon-
strated to be highly enantioselective catalysts for epoxi-
dation of conjugated cis- di, tri- and tetra-substituted
olefins6 as well as cis enol ethers5a,7 and enol esters.5a,7a

These epoxy derivatives are easily converted into opti-
cally active a-hydroxy ketones and a-hydroxy acetals,
respectively.

As a part of our interest in the application of very read-
ily available enol phosphates in the synthesis of new
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functionalized policyclic compounds,8 we have elabo-
rated a methodology based on epoxy phosphates inter-
mediates8,9 as an alternative, general synthesis of
a-hydroxy ketones.10

In this paper we report that enol phosphates of (E) con-
figuration are good prochiral substrates for metal-cata-
lyzed oxidation by Jacobsen�s chiral (salen) Mn(III)
complex 111 (Fig. 1) to afford optically active a-hydroxy
ketones.
(E)-enol phosphates are very easy to prepare from com-
mercial materials. They are stable for long periods at rt.
If an aromatic or cyclic group is placed in the a-position
to the phosphate group as a third substituent, the prod-
ucts are the more persistent a-hydroxy ketones 4.

A variety of (E)-enol phosphates 212 have been con-
verted to epoxides, using NaOCl in a phosphate buffer
(pH �11) as an oxygen source, 4-phenylpyridine
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Scheme 1.

Table 1. Enantioselective synthesis of a-hydroxy ketones 4a–h by

catalyst (R,R)-(�) (salen) Mn(III) 1 with NaOCl

Entry Substrate Product Yielda

(%)

Eeb

(%)

Configurationc 4

1 2a 4a 52 96 (S)-(�)d

2 2b 4a 47 68 (R)-(+)e

3 2c 4c 48 81 (R)-(+)f

4 2d 4d 58 83 (S)-(�)g

5 2e 4e 56 89 (S)-(+)h

6 2f 4f 60 87 (S)-(�)i

7 2gk 4g 37 83 (S)-(�)j

8 2h 4h 22l 81 (+)m

a Yield of isolated compounds 4 (see Refs. 14 and 15), based on enol

phosphates 2.
b Determined by HPLC analysis (Chiracel OD, for details see Ref. 16)

using racemic compounds as references (see Ref. 17).
c Configurations were assessed by comparison of the sign of the optical

rotation with literature data (footnotes d–j), for 4d by analogy to the

sign of the rotation for similar ketols of known configuration.3b,5a,18a,d

d (S)-4a: ½a�20D ¼ �80:9 (c 2.0, CHCl3), ee = 95%;18a ½a�20D ¼ �58:3 (c

2.0, CHCl3), ee = 62%;18c this work: ½a�20D ¼ �82:7 (c 3.6, CHCl3).
e (R)-4a: ½a�20D ¼ þ81:0 (c 1.5, CHCl3);

19 ½a�20D ¼ þ82:2 (c 2.0,

CHCl3), ee = 96%;18b this work: ½a�20D ¼ þ65:4 (c 0.75, CHCl3).
f (S)-4c: ½a�20D ¼ �30:8 (c 2.24, CHCl3), ee = 95% was determined by

Eu(hfc)3 NMR shift reagent of acetate derivative;18a this work:

½a�20D ¼ þ40:5 (c 0.3, CHCl3).
g 4d this work: ½a�20D ¼ �14 (c 0.3, CHCl3).
h (S)-4e: ½a�20D ¼ þ114:9 (c 1.5, acetone), ee = 95%;18a,c this work:

½a�20D ¼ þ138:4 (c 0.25, CHCl3); (R)-4e: ½a�20D ¼ �230:5 (c 1.0,

benzene);19 ½a�20D ¼ �170:1 (c 1.0, benzene), ee = 70%.18b

i (S)-4f: ½a�20D ¼ �33:4 (c 1.05, MeOH);19 this work: ½a�20D ¼ �30:7 (c

0.875, CHCl3); (R)-4f: ½a�20D ¼ þ33:6 (c 1.0, MeOH), ee = 94%;18b

½a�20D ¼ þ32:8 (c 1.36, MeOH), ee = 99%.3b

j (R)-4g: ½a�20D ¼ þ21:4 (c 0.59, CHCl3), ee = 49%;20 this work:

½a�20D ¼ �27:0 (c 0.1, CHCl3).
k Epoxidation of the enol phosphate derivative of b-tetralone pro-

ceeded with formation of the corresponding naphthalene

derivative.6c

l Low yield is due in part to the participation of an aromatization

pathway leading to the corresponding phenanthrene derivative (see

footnote k).
m Configuration has not been determined.
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N-oxide (PPNO) as additive and 7mol% of (salen)
Mn(III) complex 1 as catalyst at 0 �C.13 Opening of
the intermediate epoxy ring has been carried out with
25% CF3COOH at 5 �C (Scheme 1).14

The results of conversion of enol phosphates into a-hydr-
oxy ketones with catalyst 1 are summarized in Table 1.

The set of chosen (E)-configured enol phosphates 2a, d,
e, f with Me, Pr, Ar substituents in the b-position to the
phosphate group and enol phosphates 2g, h with cyclic
substituents afforded the corresponding a-hydroxy
ketones 4a, 4d–h with high enantiomeric excess in the
range 81–96% of the (S)-enantiomer (entries 1, 4–7).
Catalytic oxidation of enol phosphates 2b and 2c, which
have bulkier phenoxy substituents at phosphorus in-
stead of ethoxy substituents, was performed to compare
the influence on stereochemistry of the bulkier phos-
phate group. For substrate 2b the ee value decreased
to 68% (entry 2) compared to 96% for substrate 2a
(entry 1). The observed sense of absolute asymmetric
induction, which was opposite [(R) configuration] to
that of the other enol phosphates investigated (Fig. 2),
provided an important insight into the factors control-
ling stereoinduction in the epoxidation of enol
phosphates.

The stereochemistry of the products obtained in the
manganese-assisted oxyfunctionalization of various ole-
fins, including enol ethers, has been rationalized on the
basis of the widely accepted mechanism for oxo-transfer,
which involves direct substrate attack at the oxo ligand
with concerted or stepwise C–O bond formation.3e Gen-
erally, a skewed side-on approach of trisubstituted
olefins has been proposed to account for observed
enantioselectivites.3e,6d Adam et al. considered a metal-
laoxetane mechanism as more adequate for the oxofunc-
tionalization of silyl enol ethers and ketene acetals to the
corresponding a-hydroxy ketones and a-hydroxy ace-
tals.5a Choice between radical and metallaoxetane mod-
els for our stereochemical results is not possible at
present. Further investigation of the influence of substit-
uents at phosphorus and their mechanistic implication
continues.
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In summary, we have shown that really easily available
(E)-enol phosphates can be stereoselectively epoxidized
and than converted into a-hydroxy ketones with high
enantioselectivity up to 96% by (salen) Mn(III) Jacob-
sen�s complex. Our results demonstrate that absolute
configuration of a-hydroxy ketones was controlled by
the steric bulk and electronic factors of the phosphate
group in enol phosphates. The synthetic scope of (salen)
Mn(III)-catalyzed asymmetric epoxidation is extended
by conversion of (E)-enol phosphates into the pool of
successful substrates.
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