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Abstract—New, sterically hindered chiral salen–Mn(III) complexes, 5 and 6, were prepared from an aldehyde derived from
BINOL. These substances catalyze efficient, enantioselective NaOCl-promoted epoxidations of olefins and enantioselectivities as
high as 96–99% ee are observed in epoxidations of cis-b-methylstyrene and 2,2-dimethylchromene. © 2001 Elsevier Science Ltd.
All rights reserved.

Optically active epoxides are important starting materi-
als in the synthesis of a wide variety of biologically and
pharmaceutically important compounds.1 Epoxidations
of unfunctionalized olefins, catalyzed by chiral salen–
Mn(III) complexes (e.g. 1–3), initially developed by
Jacobsen2 and Katsuki,3 have emerged as practical
methods for the synthesis of optically active epoxides.
In addition, various epoxidation strategies utilizing
homogeneous4,5 and supported6,7 salen–Mn(III) com-
plexes and a host of oxidants,8,9 including the economi-
cal NaOCl,10 have been developed to improve the
enantioselectivities of these reactions. Epoxidations
promoted by the Katsuki catalyst 3, which contains two
additional (compared to the Jacobsen catalysts) stereo-
genic axes at the C3 and C3% positions of the salen
ligand,11 are noteworthy owing to the exceptionally
high levels of enantioselectivity observed with a variety
of alkenes.

Our interest in preparing novel ligands for transition
metal catalyzed asymmetric reactions grew out of

recent investigations in which we developed a new
method for efficient resolution of BINOL.12 We
believed that salen–Mn(III) complexes related to 5
would be worthy targets of our continuing efforts since
these complexes might be more easily prepared than the
Katsuki catalyst 3. Furthermore, we felt that the pres-
ence of polar ester groups at R2 in 5 would enhance the
rate of transfer of the oxidant between the phases in the
aqueous/alkene biphasic reaction system and, as a
result, increase turn over frequencies in the epoxidation
reactions would be expected. Below, we describe the
preparation of the new salen–Mn(III) complexes 5 and
6 and their use as efficient catalysts for enantioselective
epoxidations of unfunctionalized olefins.

The chiral aldehyde 11 serves as the key intermediate in
synthetic routes to 5 and 6. This substance is prepared
from bis-MOM-protected BINOL 9 by a sequence
(Scheme 1) involving mono-formylation and deprotec-
tion (�10, 65%) and sterically controlled mono-esterifi-
cation with pivaloyl chloride (89%).13a Reaction of 11
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with ethylenediamines gives salen ligands, which are
metallated with Mn(OAc)2 and LiCl to yield the salen–
Mn(III) complexes 4–6.13

The catalytic activities of 4–6, along with those of the
Jacobsen catalysts 1–2, for epoxidation of alkenes were
determined by using Jacobsen’s conditions and NaOCl
as the oxidant.14 The results, summarized in Table 1,
show that 4–6 efficiently catalyze the epoxidation of
styrene (entries 3–6, Table 1). However, the levels of
enantioselectivity (25–62% ee) are similar to those
obtained by using the Jacobsen catalysts (entries 1–2).
The high epoxidation yields observed with 4–6 may be
due to the predicted high transfer rates of oxidant
between the aqueous and organic phases.15 The two
layers are well-mixed in reactions with 4–6 as compared
to those employing 1–2. The comparatively low 25% ee
(entry 3) associated with reactions employing catalyst 4,
which contains stereogenic centers at only C3 and C3%
of the salen ligand, suggests that chirality in the
diamine moiety is a requirement for high levels of
enantioselectivity. Also, as seen by comparing the
results of epoxidations catalyzed by (R,R)-5 and (R,S)-
5 (entries 4 and 5), the absolute configuration of the
styrene oxide product is determined by chirality in the
diamine bridge and not by the absolute configuration at
C3 and C3% in the BINOL unit. To evaluate the steric
effects of the salen R2-substituent on these reactions,
salen–Mn(III) complexes 7 and 8 were prepared and
tested as styrene epoxidation catalysts. Although active,

both catalysts give low levels of enantioselectivity
(entries 7 and 8).

Epoxidations of cis- and trans-b-methylstyrenes,
indene, 2,3-dihydronaphthalene, 2,2-dimethylchromene
and 6-cyano-2,2-dimethylchromene, catalyzed by 5 and
6, occur with exceptionally high enantioselectivities (up
to 99% ee). Especially noteworthy is the (R,S)-5 cata-
lyzed epoxidation of cis-b-methylstyrene, which pro-
ceeds with 96% ee and yields a cis/trans epoxide ratio
of 15 (entry 11) that is higher than that obtained in any
other NaOCl promoted reaction at 0°C. The absolute
configuration of the epoxides obtained in these pro-
cesses is again governed by the chirality of the diamine
group in the salen ligand (entries 10 and 11). However,
the % ee is strongly influenced by the chirality at C3
and C3%. For example, epoxidations of sterically hin-
dered acyclic and cyclic alkenes such as cis-b-methyl-
styrene, 2,2-dimethylchromene and 6-cyano-2,2-dimeth-
ylchromene catalyzed by (R,S)-5 uniformly give higher
levels of enantioselectivity as compared to those pro-
moted by (R,R)-5. In contrast, (R,R)-5 was found to
give higher selectivities in epoxidations of trans-b-
methylstyrene,16 indene and 2,3-dihydronaphthalene.

In summary, we have synthesized new chiral salen–
Mn(III) complexes, 5–6 and shown that they serve as
efficient catalysts for NaOCl-induced epoxidations of
olefins. Moreover, epoxidation reactions, catalyzed by
these substances, yield chiral epoxides with exception-
ally high levels of enantioselectivity.

Scheme 1. (a) t-BuLi, DMF, THF, −78°C; (b) HCl, EtOH; (c) NaH, pivaloyl chloride, THF; (d) diamine, EtOH, reflux; (e)
Mn(OAc)2, EtOH, reflux, O2; (f) LiCl, EtOH.
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Table 1. Salen–Mn(III) complex catalyzed NaOCl epoxidations of olefins

Catalyst Yielda % Eeb Config.cEntry Alkene

(R)-1 531 65Styrene R
2 (R)-2 76 46 R
3 4 97 25 R

(R,R)-5 87 624 R
5 (R,S)-5 95 55 S
6 (R,R)-6 \99 41 R

(R,R)-7 97 527 R
(R,R)-8 25 438 R
(S)-1 90cis-b-Methylstyrene 85(17)d9 (S,R)

10 (R,R)-5 62 87(8)d (R,S)
(R,S)-5 87(16)e11 96(90e, 15d) (S,R)
(R)-1 59trans-b-Methylstyrene 2812 (S,S)

13 (R)-2 75 23 (S,S)
14 (R,R)-5 38 57 (S,S)

(R,S)-5 95 3015 (R,R)
16 (R,R)-6 35 63 (S,S)

Indene17 (R)-1 80 84 (R,S)
(R,R)-5 57 9418 (R,S)

19 (R,S)-5 55(55)e 88(98)e (S,R)
(R,R)-6 63 9020 (R,S)

2,3-Dihydronaphthalene21 (R)-1 62 77 (R,S)
(R,R)-5 6522 95 (R,S)
(R,S)-5 60(78)e 87(98)e23 (S,R)

24 (R,R)-6 62 95 (R,S)
2,2-Dimethylchromene25 (R)-1 85 99 (3R,4R)

(R,R)-5 60 8526 (3R,4R)
27 (R,S)-5 80(75)e 99(99)e (3S,4S)
28 (R,R)-6 62 98 (3R,4R)

(R)-2 926-Cyano-2,2-dimethylchromene 9629 (3R,4R)
30 (R,R)-5 77 78 (3R,4R)

(R,S)-5 87 92 (3S,4S)31

a GC yield (entries 1–16) or isolated yield (entries 17–31).
b Determined by GC with either Supelco chiral b-dex 325 (30 m×0.25 mm×0.25 mm, entries 1–16) or b-dex 120 (30 m×0.25 mm×0.25 mm, entries

21–24) column and HPLC with either Whelk-O1 (5 mm, 4.5×250 mm with CN guard, entries 17–20) or Daicel Chiralcel OJ column (entries
25–31).

c Absolute configuration was assigned according to the literature procedure.2,3,9–11

d The cis/trans ratio.
e Results obtained with Katsuki’s catalyst.11b
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