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Abstract

Asymmetric epoxidation of simple olefins using (salen)manganese(III) complexes as catalysts has made a great advances
in the last half decade and now finds wide application in organic synthesis. In this article, we describe the scope of the
reaction, and the principal achievements to date are presented in Tables. The mechanistic aspect of the reaction is also

discussed briefly.
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1. Introduction

Oxidation is one of the most important reac-
tions for the metabolism of biotic substrates and
many enzymes are known to catalyze various
types of oxidation. Amongst such oxidizing en-
zymes, cytochrome P-450 has been most exten-
sively studied, probably due to (i) its diverse
presence in body, (ii) its multifold functions:

P-450 participates in biosynthesis of steroid hor-
mones, activation of vitamin D;, metabolism of
medicines, and so on, and (iii) easy availability,
For example, the cytochrome P-450 camphor
5-exohydroxylase (P-450,,, from the soil bac-
terium pseudomonus putida is available in bulk
and its structure has been established by X-ray
analysis [1]. Cytochrome P-450 has an iron—
porphyrin complex as the active site, wherein
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Fig. 1. Catalytic cycle of cytochrome P-450.

molecular oxygen is activated as a form of
iron—oxo species and then transferred to the
substrate. With this oxygen atom transfer reac-
tion (hereafter referred to as oxo transfer reac-
tion), the protein part of P-450 plays a very
important role in electron and proton transfer as
well as in the recognition of substrates. The
general reaction mechanism of the P-450-cata-
lyzed oxo transfer reaction has been disclosed
by Groves et al., as shown in Fig. 1 [2]. Further-
more, Groves et al. reported that iron(III)-
porphyrin complexes could be converted into
the corresponding oxo species by treatment with
an oxidant such as iodosylbenzene (shunt path,
Fig. 1) [3]. This finding suggested that even
simple iron(IlI) porphyrins bearing no protein
carrier could be used as model compounds for
the active site of cytochrome P-450. Since then,
many metalloporphyrin complexes have been
synthesized to reproduce the function of cy-
tochrome P-450 in a flask and some well-desig-
ned optically active iron(II) and manganese(IIT)
porphyrins have been found to be efficient cata-
lysts for asymmetric epoxidation of simple
olefins and oxidation of sulfides [4]. However,
their scope is still rather limited [5~11].

On the other hand, metal complexes of
[ N,N-ethylenebis(salicyldeneaminato)] ligand
(salen ligand) also aroused the interest of syn-
thetic chemists as a model compound for the
active site of cytochrome P-450, since they have
features in common with metalloporphyrins with

respect to their electronic structure and catalytic
activity. To date, various metallosalen com-
plexes such as (salen)manganese [12],
(salen)chromium [13], and (salen)nickel com-
plexes [14] have been synthesized and used for
epoxidation of simple olefins but, among others,
cationic (salen)manganese complexes are the
most efficient as catalysts [12].

O catalyst (3.7 mol%), PhlO, CH,CN OO
N -
=N_ N=
Mn* 7%
O:N o° o NO,

These salen-catalyzed epoxidations have also
been postulated to proceed through the corre-
sponding oxo metallosalen complexes 1 (Fig.
2). Actually Kochi et al. isolated the cationic
oxo (salen)chromium(V) complex (1, M = Cr,
X =O0OTf) and oxochromium(V) adduct with
pyridine N-oxide as the axial ligand, and deter-
mined their structures unambiguously by X-ray
diffraction [13]. The cationic oxochromium(V)
complex has a roughly square pyramidal coordi-
nation in which the chromium atom is displaced
0.53 A above the mean salen plane. The pyri-
dine N-oxide adduct takes octahedral coordina-
tion and the chromium atom is displaced 0.26 A
above the mean salen plane. Both the ox-
ochromium(V) species epoxidize olefins (Fig.
2) [13]. However, these two porphyrin and salen
complexes differ from one another in structure
(Fig. 3). Whereas the peripheral carbons of the
porphyrin ligand are all sp?, the salen ligand
bears two sp> carbons at C1” and C2” which
might be replaced with stereogenic carbons and,
furthermore, sterically bulky and /or chiral sub-
stituents can be introduced at C3 and C3' at

o e b /‘?\/ W cive

otf N
A= 0.53A A=026A Q

Fig. 2. The partial structure of oxo (salen)chromium(V) complex.
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Fig. 3. The structural difference between metalloporphyrin and
salen complexes.

need (for the sake of convenience, the number-
ing shown on the compound 2 is used for all the
salen complexes described in this paper). These
stereogenic centers reside proximately to the
metal center and this renders the salen ligand a
promising chiral template for the construction of
asymmetric reaction sites. In fact, these types of
optically active (salen)manganese(Ill) com-
plexes (hereafter referred to as Mn-salen com-
plexes) have been synthesized and found to
serve as effective catalysts for asymmetric oxi-
dation. Although preliminary aspects of Mn-
salen catalyzed oxidation have been reviewed
[15], the scope of the reaction is still extending
rapidly and the deeper understanding on the
reaction mechanism is now available. Accord-
ingly, we summarize herein the recent advance-
Ph Ph

5, a: R= +Bu, b: R= Me

ment of Mn-salen catalyzed asymmetric epoxi-
dation and the new aspects of the mechanistic
study on the reaction.

2. Mn-salen catalyzed asymmetric epoxida-
tion

2.1. Mn-salen catalysts and general experimen-
tal conditions for asymmetric epoxidation

In 1990, Jacobsen’s and the author’s groups
reported asymmetric epoxidation with optically
active Mn-salen epoxidation catalysts (3 [16]a
and 4 [16]b) which have stereogenic centers at
C1” and C2" and sterically bulky and /or chiral
substituents at C3 and C3'. With these catalysts
and iodosylbenzene derivatives as terminal oxi-
dants, moderate to good levels of enantioselec-
tivity were achieved in the epoxidation of con-
jugated olefins. Since then, various modifica-
tions of Mn-salen catalysts have been made and
much higher enantioselectivity has now been
achieved. (For the rational design of optically
active Mn-salen catalysts, see the previous re-
views [15].) Among various modified Mn-salen
catalysts, catalysts (5 [17], 6 [18], 7 [19], 8 [20],
and especially 9 [20]) seem to be most effective
in terms of enantioselectivity.

Ph  Ph
=N N
o’m‘.o
PFg
L

HQN
iPr;SI0 o (I: ,© OSiPr-4
s
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8, a: X=AcO", b: X= PFy’

By using these catalysts, high enantioselectiv-
ity has been achieved in the epoxidation of
conjugated mono-, cis-di-, tri-, and tetrasubsti-
tuted olefins. Besides iodosylbenzene, aqueous
sodium hypochlorite [21], hydrogen peroxide
[22], bistrimethylsilyl peroxide [22]b, molecular
oxygen [23], and peracid [24,25] can also be
used as a terminal oxidant. However, some
oxidants require an appropriate additive. In the
case of hydrogen peroxide or bistrimethylsilyl
peroxide, the co-existence of N-alkylimidazole
is indispensable. The reaction of the peroxide
with Mn(III)-salen complex gives a peroxy
species [RO-O-M™] (R =H or Me,Si) that
does not effect oxygen transfer. The heterolytic
0O-0 bond cleavage of the peroxy species giv-
ing an active oxo manganese species is essential
for oxo transfer reaction and this bond cleavage
is promoted by the coordination of a strong
donor ligand such as N-methylimidazole to
manganese ion [22]. Mukaiyama and co-workers
have reported that molecular oxygen can also be
used as a terminal oxidant in combination with
pivalaldehyde [23]. With this system, it has been
proposed that the reaction of molecular oxygen
with Mn-salen complex in the presence of an
aldehyde provides highly reactive acylperoxy
Mn-salen species [RCO,-O~Mn""] which epox-
idize olefins directly. However, the same reac-
tion in the presence of the donor ligand such as
N-alkylimidazole is considered to proceed by

ade! 2 -0
VIASE

Ph*= 4-t-BuPh

O~ D

AcO’
9

way of oxo species [26]. This has been sup-
ported by the fact that the sense of enantioface
selection observed in the absence of the donor
ligand is opposite to that observed in the pres-
ence of the donor ligand. Furthermore, B-diketo-
iminato—manganese(IIl) complex (10) which is
structurally related to Mn-salen complex has
also been found to be a useful catalyst for
simple conjugated olefins, when the combina-
tion of molecular oxygen and an aldehyde is
used as an oxidant [27]. Epoxidation with m-
chloroperbenzoic acid (m-CPBA) can be carried
out in the presence of N-methylmorpholine N-
oxide [24,25]. N-Methylmorpholine N-oxide
depresses the undesired epoxidation with free
m-CPBA. Although there is no description about
active species in this reaction, it seems reason-
able to postulate that acylperoxy species is an
active species also in this reaction in analogy
with Mukaiyama’s reaction. This may also be
supported from the fact that epoxidation with
oxo species at —78°C is very slow [28], while
the epoxidation with m-CPBA is fast even at
—78°C [24].

Ph, Ph
3
NN
&
o Yo oxX o
10



T. Katsuki / Journal of Molecular Catalysis A: Chemical 113 (1996) 87107 91

The author and co-workers found that asym-
metric induction by Mn-salen catalyst is af-
fected by the donor ligand added to the reaction
medium [29,30]. Donor ligands such as 2-
methylimidazole and pyridine N-oxide deriva-
tives, especially 4-N, N-dimethylaminopyridine
N-oxide [19] and 4-phenylpyridine N-oxide [31],
bring about the enhancement of enantioselectiv-
ity. However, the addition of a donor ligand
shows negative effect in the epoxidation of
trans-stilbene [29]. The effect of a donor ligand
on enantioselectivity is considered to be at-
tributable to the change of the structure of the
salen ligand by coordination of the ligand [30].
In connection with this, the reaction using hy-
drogen peroxide usually shows slightly dimin-
ished enantioselectivity as compared with the
reaction using iodosyl benzene or aqueous
sodium hypochlorite in the presence of pyridine
N-oxide derivatives, probably because N-

Table 1

methylimidazole is a less effective axial ligand
in terms of enantioselectivity enhancement. Be-
sides increasing enantioselectivity, the addition
of a donor ligand improves the yield of the
epoxide in most cases, because coordination of
a donor ligand to manganese ion depresses the
Lewis acidity [28] of oxo Mn-salen complexes
and prevents the decomposition of acid sensitive
epoxide. Ligand-free cationic oxo Mn-salen
species often decompose acid-sensitive epoxides
under the reaction conditions even at low tem-
perature.

Mn-salen catalyzed epoxidation can be car-
ried out in various solvents such as acetonitrile,
dichloromethane, ethyl acetate, and ether at var-
ied temperature (25°C ~ —40°C). However, the
reaction is very slow at the temperature as low
as —78°C [28], except when using m-CPBA as
an oxidant [24]. In general, enantioselectivity is
enhanced, as the reaction temperature becomes

Asymmetric epoxidation of monosubstituted olefins using (salen)manganese(II) complexes as catalysts

o]

: : salen catalyst, terminal oxidant /\

Entry  Substrate Catalyst Solvent

Oxidant Temp. Yield (%) % ee Confign Ref.

+-Bu

1 \— 9 CHClL, NaOC® -18°C 5 70 - By
2 N 1la CH)Cl, m-CPBAD -78°C 88 86 -4
3 d 9  CH)CN  PhIO -24°C 26 - B
4 MR 11a  CH)Cl, m-CPBAY -78°C 83 85 - 28]
50 TGN q1c CHCl, mCPBAY 718°C 83 80 - s
6 T 11a CHI, m-CPBAY 78°C 85 - [s)
7 YHOO%MN_ 11a cHCL, mCPBAD 18°C 85 82 - RS
8 10 CgHg o 49 48 -2

a) Aqueous NaOC] saturated with sodium chloride was used.

b) Reaction was carried out in the presence of excess N-methylmorpholine N-oxide.

c) Reaction was carried out in the presence of pivalaldehyde.
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lower. However, some reactions show the maxi-
mum enantioselectivity at some temperature
(vide infra) [32].

2.2. The scope and limitation of Mn-salen cat-
alyzed asymmetric epoxidation

Epoxidation of simple olefins with highly
efficient Mn-salen catalysts is summarized in
Tables 1-5. Substrates are classified according
to substitution pattern and entries are in the
order of increasing number of carbon atoms in
the substrate in each class. In general, olefins
bearing functional groups such as ether, ester,
amide, nitro, acetal, silyl ether, nitrile, and
acetylenic groups can be successfully epoxi-
dized without interference from these functional

Table 2
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groups. However, sulfides and allylic alcohols
are oxidized to the corresponding sulfoxides and
aldehydes under the usual reaction conditions.

11, a: R= OSi(Pr-J),, b: R= Me, c: R= OMe

2.2.1. Monosubstituted olefins
Epoxidation of olefins conjugated with unsat-
urated groups usually shows higher enantiose-

Asymmetric epoxidation of trans-disubstituted olefins using (salen)manganese(ITl) or (salen)-chromium(III) complexes as catalysts

Entry  Substrate Catalyst Solvent Oxidant Temp. Yield (%) %ee Confign Ref.
s
LN sa CHCL,  NaOCI BRI 46D - [34]
2 Ph A 7 CH,;CN PhIO 61 9 1IR2R [19]
3 " ent-5aCH,Cl,-MeOH H702 34 47 1R2R [15¢]
4 " 4  CHyCLO PhIO it 32 56 IR2R [19]
5 " 12 CH,CLY PhIO rt - 83 1R2R [35)
6 PR e 5a CH,Clp NaOCl - - 25 15,28 [36]
7 " 8b CH;CN PhIO 1t 37 67 1R2R [37]
8 " 8b " " 0°C 30 73 1R2R [37]
9 " 8b " ! -20°C 37 77 1IR2R [37]
10 " 8b " " -40°C 17. 81 1R2R (37]
11 " 7 " " rt 65 62 1R2R [19]
0Bn
MeO
12 O Z 30 1R2R 38

OBn

ent-5b CH,Cl, 5°C -
e 2,4,6-MesCgH,IO

a) Product is a mixture of trans- and cis-epoxides. Numbers in parentheses are a ratio of trans- and cis-epoxides.

b) The number stands for the e.e. of trans-epoxide.

c) Reaction was carried out in the presence of 2-methylimidazole.

d) Reaction was carried out in the presence of triphenylphosphine oxide.

e) Data taken from Refs. [34] (entry 1) and [38] (entry 12).



lectivity than non-conjugated olefins in Mn-
salen catalyzed epoxidation. The epoxidation of
conjugated olefins with oxo Mn-salen species
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R

involves reversible metallaoxetane formation
and irreversible radical formation steps and,
through these enantio- and diastereoselective
steps, high enantioselectivity is realized (see the
next section about the reaction mechanism).

Table 3

0
n e

= =

R'= alkenyl, alkynyl and aryl

o]

R
-

| l

R R R

\%/ AYN

()
Ol et trans

R= H, enantiomeric

Fig. 4. Participation of radical intermediates.

Asymmetric epoxidation of cis-disubstituted olefins using (salen)manganese(III) complexes as catalysts

0 —_ 9
Mn! R' M!‘I .

93

Entry  Substrate Catalyst _Solvent Oxidant Temp. Yield (%) %ee Confign Ref.
1 @ 9 CHCl, NaOC*® .18°c 82 93 (1S2R) [33]
2 “ 6 Et;0 NaOCI» 4 °C 45 64 - [18]

@
3 ‘(L'Ac 6 EtOAc  NaOCIY 4°C  350) 71 - (18]
4 @ 6 Et,0 NaOCI)  4°C 30 65 - [18]
5 " 9 CHpCl NaOClab) -18°C 68 88 - [33]
6 A0 @ 6 Er,0 NaOCIY  4°C 32 90 - [18]

AcO

7 \O 6 EtOAc  NaOCI® 4°C 479 68 - [18)
8 :@ 7 CH5CN PhIO it 10 87 - [39]
9 @ 9 CHCl,  NaOCI® -18°C 54 94 - [33]

Q
10 l:o 5a  CHoCl;  NaOCl 4°C 63 94 - {17]
TR N 6 chlorobenzene NaOCI®) 4°C - (69:31)0 848 - [40]
12 © 9 CHoCl,  NaOCI® -18°C 40 82 - [33]

Me,Si

\\ 908)
13 Sa. CHYCl,  NaOCI  rt 8425:DD 7w 3R4R  (31]
14 Ph __ Me 7 CH,Cl,  NaOCl 36 8  1S2R [19]
15 52 CHyCl; NaOCl 4°C 81 92 182R [17]
16 " 9 CHCl;  NaOCl 16 90D  1S2R  [20c]
17 " 6 chlorobenzene NaOCI®) 4°C 80(95:50 818 1525  [40]
18 " 10 CeHs 0y it 28(37:63)0 80D  1R2S [27)
19 " 11a CHy)Clh m-CPBAK -78°C 71 98 - [25)
20 Qz/ 9 CH)Cl, NaOCI2b) .18°C 23 82  1S2R [33]
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Table 3 (continued)

21 9 CHCl, NaOCl 0°C 55 98 - [20c]
2 " 52 CHxCl,  NaOCl 80 88 - (15
23 " 11la CHxCl, m-CPBAD -78°C 89 9% - [28]
nCHy
24 N\ 9  CHCl, NaOCIY 0°C 800 (83 2R  [41]
o~
25 m 8a CH)Cl, NaoCl® 0°C 77 96  TR8S [42]
[+ ] N
26 4 CH)CN  PhO 93 49 1R2S [16b]
27 " 5b fluorobenzene  Opm It 78 63 1S2R  [23]
28 " 7  CHCl NaOCI) nt 38 91  152R [19]
29 " 3  CHyCN MePhlO 25°C 72 78 1R2S [16b]
30 " 52 CHxCl; NaOCI 0°C 67 8  1S2R [15¢]
31 " 8a " " 0°C 96 93 1S2R [20a]
32 " 9  CHCl, NaOCl) 0°C 78 98  1S2R (20c]
33 " 13 CH)Cl NaOCI® 0°C 78 91  1R2S [43)
34 " 14 CHxCl NaOCI®» 0°C 78 97  1R2S [43]
35, N 5b " fluorobenzene O rt 43 43 - [23]
2
n-CgHyy
36 N\ ent9 CH,Cl; NaOCI® 0°C 1000 (86 25  [41]
37 <=\//Mou ent-Sa CH,Cl, NaOCI) 0°C 16(2.3:1)t0) 839 - 44
38 @z\cozﬂ ent-5a CH,Cl;  NaOCID) 0°C 58 719 - 44
nCeHyg T
)
39 N\ S5a CH)Cl, NaOCI 1t 65(L6:1)0 (2(2’;1,) 3R4R  [31]
40 =" CHu" ent.5a  CH)Cl, NaOCI® 0°C 50 (L.1:1)D 929 - [44]
41 w ent-5a CH,Cl;  NaOCl 4°C 72 98 3R4R (17]
However, in the case of monosubstituted olefins, lectivity under usual conditions (Table 1, entry
the radical formation leads to racemization (Fig. 3). Jacobsen and co-workers ingeniously solved

4, R =H). Thus, the reaction of this class of this problem by using m-CPBA as a terminal
substrates provides unexpectedly low enantiose- oxidant (vide supra) and attained high enantios-
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Table 3 (continued)

95

42 "
43 "
- ‘.

o
45 N Z

[o]
46 "

Ph
a N\
48 "
49 "
50 "
5 1 \___/ CO,Et
52
o CO2E

55

Sa

Sa

13

14

ent-5a

Sa

ent-5a

5b fluorobenzene

10
11a

§b fluorobenzene

ent-5a

6
10

CeHs
CH;CN
CH,Clp

CH5CN

CH3CN
CH,Cl
CH,Cl,
CH,Cl,
CH,Cl,

CH,Cl,

CHCl»

CH,Cly

CegHg
CH»Clp

CH,Cl,

CH,Cl2

CeHe

0P ot 37 92 - [26]
PRIO® -20°C 60  >99 3545  [20c]
NaOCI® 0°C 75 99 3545 [20c]

PhIO 63 94 3545 [19]

PhIO 72 97 3545 [20b]
8)
NaOCl 852D (g?)h) 3R4R  [31]

NaOCI®) 0°C 80 2:1)P (ggj,’,) 3R4R  [20c]

NaOCP}  0°C 75(1L: 12)9 3R4S [43]

(94)‘”

NaQCI®)  0°C 70(1: 35)0 3RA4S [43]

(95)“
NaOCIb)  4°C 56(13:87)095-97i) 1R2R [45]

m-CPBAK) -78 °C 0 - - {23]
NaOCI® 0°C 81(9:1)P 879 - [44]
o™ 1 52 77 1S2R [23]
053) 8 57 79 - [27]
m-CPBAK) -78°C 83 97 - (25]
Opm it 80 2 - [23]

NaOCl 4°C 96 97 3R4R [17]

m-CPBAK -78 °C 91 97 - [25]

0y t 40(12:88)D 80D -

Mo,Sl
\_Q 5a CH(Clp NaOCl t 65(52:)P (93)h 3RA4R  [31]

electivity in the epoxidation of styrene deriva- 2.2.2. trans-Disubstituted olefins

tives (entries 2, 4-7).

In the case of trans-disubstituted olefins,
Mn-salen catalyzed epoxidation has - achieved
only limited success.(Table 2). Enantioselectiv-
ity observed is only moderate to good and de-
pendent on the Mn-salen catalyst and the reac-
tion conditions used. For example, the highest
enantioselectivity in the Mn-salen catalyzed
epoxidation of trans-pB-methylstyrene was ob-
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Table 3 (continued)

)
&2\ sa CHCh,  NOCL o M@ Jo - Bl

63 \_/ ent:9 CH)Cl, NaOCI» 0°C 84D (90 25  [41]

O,N 0
64 P 7 CH3CN PhIO it 78 96 - [19]
AcNH

65 " 9  CHyCl, NaOCI) 0°C 80 99 3545  [20c]
66 " 13 CH)Cl; NaOCI» 0°C 77 98  3RAR [43]
67 " 14  CHCl NaOCI» 0°C 63  >99 3RAR [43)
68PMeOC s __ COPT 6 (hlorobenzene NaOCIE) 4°C - (89:11)0 868 253§  [40]
6 = 6 chlorobenzene NaOCl®) 4°C - (>96:4)0 908 1525  [40]
70 &co.a ent-5a CH,Cl, NaOCI® 0°C 58(7.3:1)D 839 - [44]
CO,Me ent-5a
TN N N~ococn o CH2C  NaOCIP) 0°C 62(&:1)0 820 5565 [44)

a) Aqueous NaOCI saturated with sodium chloride was used.

b) Reaction was carried out in the presence of 4-phenylpyridine N-oxide.

¢) The product is 4-acetoxy-2-cyclopentenone.

d) The product is 4-hydroxy-2-cyclohexenone.

e) Reaction was carried out in the presence of N-benzylated quinine salt.

f) Product is a mixture of trans- and cis-epoxides. Numbers in parentheses are a ratio of trans- and cis-epoxides.

g) The number stands for the e.e. of trans-epoxide.

h) The number in parentheses stands for the face selectivity. Face selectivity = eetrans X %trans + eecis X %cis [46].
i) The number stands for the e.e. of cis-epoxide.

j) Reaction was carried out in the presence of pivalaldehyde.

k) Reaction was carried out in the presence of excess N-methylmorpholine N-oxide.

1) Product is a mixture of trans- and cis-epoxides but the ratio of two isomers has not been determined.

m) Reaction was carried out in the presence of pivalaldehyde and N-methylimidazole.

n) Reaction was carried out in the presence of 4-(N,N-dimethylamino)pyridine N-oxide.

o) The allylic alcohol was oxidized to the corresponding aldehyde.

p) Reaction was carried out in the presence of pivalaldehyde and N-octylimidazole.

q) Reaction was carried out in the presence of pyridine N-oxide.

r) Data taken from Refs. [41] (entries 24, 36, 63), [42] (entry 25), [44] (entries 37, 40, 53, 70, 71) and [45] (entry 51).

served when the catalyst 4 was used in the m---- Mo
T, .}

presence of 2-methylimidazole (entry 4), but the S
M
PF¢ Q
14

H H
highest one in the epoxidation of trans-stilbene "N:uij’u - -:,'
was observed when the catalyst 8b was used at QQ on Ph QQ aye:
low temperature in the absence of donor ligand @ O Q
(entries 7-10) [37]. Quite recently, epoxidation @ P, Q { )

13

of trans-B-methylstyrene with chiral Cr-salen
complex 12 was found to show good enantiose-
lectivity, though the scope of the reaction was
not reported (entry 5) [35].
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2.2.3. cis-Disubstituted olefins

Conjugated cis-disubstituted olefins are gen-
erally good substrates for Mn-salen catalyzed
epoxidation and high enantioselectivity up to
> 99% e.e. has been achieved, except for sim-
ple 1,3-cycloalkadienes (Table 3). Epoxidation
of simple 1,3-cycloalkadienes with most Mn-
salen catalysts shows only moderate enantiose-
lectivity probably due to the poor electrostatic
repulsion between the unsaturated olefinic sub-
stituent and the salen ligand (vide infra) [39].
However, the epoxidation with Mn-salen cata-
lyst 9 that has an electron-rich phenyl sub-

Table 4

stituent in the space over the salen-benzene ring
shows good to excellent level of enantioselectiv-
ity, especially when the reaction is carried out at
depressed temperature (— 18°C), using aqueous
sodium hypochlorite saturated with sodium
chloride as a terminal oxidant (entries 1, 5, 9,
and 12) [33]. Although epoxidation of dialkyl-
substituted olefins usually shows insufficient
enantioselectivity [39] except for that of 3,3-eth-
ylenedioxycyclohexene (entry 10) [17], epoxida-
tion of (Z)-1-cyclohexyl-1-propene with 9 under
the above reaction conditions shows good enan-
tioselectivity of 82% e.e. (entry 20) [33].

Asymmetric epoxidation of trisubstituted olefins using (salen)manganese(IIl) complexes as catalysts

Entry  Substrate Catalyst  Solvent Oxidant Temp. Yield (%) %ee Confign Ref.
1 N\ 11b  CH)Cl, NaOCl® 0°C 61 86 - (36]
2 9  CHCl, NaOC®-20°C 91 88 - (47]
3 Q\Ph ent-6 CH)Cl, NaOC® 0°C 75 86 1525 (36]
4 9  CHsCN  PhIO® -20°C 48 92 1S2R (47}
5 ‘ ’! 9  CH4CN  PhIO® -20°C 41 96 1S2R  [47]
6 @C;t 9  CHChL  NaOCl 88 >99 SN
7 ©/\;7 ent-5a CH,Cl, NaOCl 0°C 51 97 3RAR [34]
8 " 9  CHxCl; NaOCI® 63 89 - [47]
9 @Ph ent-5a CH,Cl, NaOCI® 0°C 69 93 1828 [36]
10 " 9  CHoCl NaOCI® 26 83 1R2R  [47]

0.
o /@[j: ent-5a CH,Cl, NaOCl 0°C 82 >98  3R4R [34]
12 ,,,,J%/P" ent-Sa CH,Cl, NaOCI® 0°C 87 88 1525 [36]
Ph
13 N ent-5a CH,Cl, NaOCl® 0°C 91 95 s 136

a) Reaction was carried out in the presence of 4-phenylpyridine N-oxide.
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Reaction of acyclic conjugated cis-disubsti-
tuted olefins gives a mixture of cis and trans
epoxides probably through a radical intermedi-
ate (Fig. 4, R # H). In this connection, Jacobsen
and co-workers have recently found that the
reaction in the presence of a quaternary ammo-
nium salt provides trans-epoxide preferentially
(entries 11, 17, 68, and 69) [40]. Although the
role of the ammonium salt in these reactions has
not been clarified, this provides an alternate
procedure for obtaining optically active trans-
epoxides. In contrast to this, they have reported
that epoxidation with m-CPBA in the presence
of N-methylmorpholine N-oxide at —78°C pro-
vides cis-epoxides exclusively with excellent
enantioselectivity (entry 19) [25]. However, un-

Table 5

der these conditions, epoxidation of o,B-un-
saturated ester does not proceed, differing from
the reaction using aqueous NaQCl as an oxidant
(entries 51 and 52).

2.2.4. Trisubstituted olefins
Conjugated trisubstituted olefins are also good

substrates for Mn-salen catalyzed epoxidation
(Table 4) [34,36,47].

Yo}
d /'|’"l b
Cl
15

Asymmetric epoxidation of tetrasubstituted olefins using (salen)manganese(Ill) complexes as catalysts

Entry  Substrate Catalyst Solvent Oxidant Temp. Yield (%) %ee  Confign Ref.
1 " ent-11c CH,Cl,  NaOCld 0°C 37 35 1R,2S [48]
2 II !I ~ 11c CH)Cl, NaOCR® 0°C 45 65 152R  [48]
3 " 11b  CHxCl;  NaOCI® 0°C - 38 - [48]
o

4 Br 7 11b  CH)Cl, NaOC® 0°C 84 96 354R  [48])
o

5 Br 7> 1b  CHCL NaOCE 0°C 81 97 3S4R (48]
Et

6 II ! 15 CH,Cl;  NaOCI® 0°C - 19 - [48]
Ph

7 " ent-6 CHyCl,  NaOCI® (°C 90 90 - [48]
0

g Br 7 ent-5a CH,Cl, NaOCI® 0°C - 4 - [48]

‘ Ph

9 " 15 CHyCl;  NaOCl® 0°C 72 81 - [48]

Ph - :
10 "")ﬁ/Ph 15 CH)Cl,  NaOC® 0°C 12 46 R [48]

a) Reaction was carried out in the presence of 4-phenylpyridine N-oxide.
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2.2.5. Tetrasubstituted olefins

Some conjugated tetrasubstituted olefins also
show high enantioselectivity in Mn-salen cat-
alyzed epoxidation (Table 5, entries 4, 5, 7 and
9) but the enantioselectivity seems strongly de-
pendent upon the catalyst used (cf. entries 6 and
7, and entries 8 and 9) [48].

3. The mechanism of one oxygen atom trans-
fer and of asymmetric induction by Mn-salen
catalyst

Although excellent levels of enantioselectiv-
ity have been achieved in Mn-salen catalyzed
epoxidation of simple olefins, there is still a
controversy on its reaction mechanism, espe-
cially about the mechanism of oxo transfer from
the putative oxo (salen)manganese(V) species to
olefins. Here we briefly review the mechanisms
proposed to date.

Mg N i
« (oMM proor x (MtMmN).
—_— (o) 0
Mn-salen complex ~ Phl=NTs 4oy 5.
17: X=NTs
planar structure
N/_\
( N).
*‘o o (N~ ,N)
il
optically active
salen ligand
20
Asymmetric Diels-Alder reaction
Me
@ * )\cuo
-IIH

o

3.1. The structure of oxo Mn-salen complex

No oxo metallosalen complex has been iso-
lated except for oxo Cr-salen complexes in
which salen ligands take square planar coordina-
tion as described in the Section Section 1 [13].
Although the structures of oxo Mn-salen com-
plexes have not been determined yet, it seems
reasonable that the salen ligand in the oxo Mn-
salen complex also takes square planar geome-
try. This assumption was supported by the ex-
periment of oxo Mn-salen catalyzed Diels—-Al-
der reaction. Oxo Mn-salen and N-tosylimino
Mn-salen complexes (16 and 17) serve not only
as oxidizing agents but also as Lewis acid cata-
lysts. In general, the oxidation (epoxidation and
aziridination) proceeds at usual reaction condi-
tions but, below —70°C, these complexes serve
mainly as a Lewis acid catalyst and do not
oxidize olefins. Thus, the author and co-worker
examined the Mn-salen catalyzed Diels—Alder

o —

N~ 4N N~ fN
( M * ( Mn
|/ o~ X/,
19
18 X=0or X=NTs
bent structure
~— D=
(N~ m—N (N~" +’N
lJ \y
21 22
D= dienophile
Lb( eHo /b(
(s + z
Me CHO
endo
Phi=O 98 : 2
(44% oe)
PhI-NTs 98 : 2
(43% ee)

Scheme 1. .
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Scheme 2.

reaction with these complexes (16 and 17) as
catalysts and found that 16 and 17 showed the
same level of enantioselectivity and exo / endo
ratio (Scheme 1). If the salen ligand takes a bent
structure (18 or 19), dienophile must coordinate
cis to the ligand X (21 or 22) and, therefore,
exchange of the ligand X from oxygen atom to
N-tosylimino group should affect enantioselec-
tivity and exo / endo ratio of the reaction. How-
ever, this is not the case as described above. On
the other hand, if the salen ligand takes square
planar geometry like 16 and 17, the ligand X
and dienophile occupy two distant axial posi-
tions as shown in 20, respectively, and the
exchange of the ligand (X) little affects on
enantioselectivity [28,32]. This is the case ob-
served.

v i
SMnf)
(o M ¢

side-on approach top-on approach

Fig. 5. Olefin’s approach to oxo metal species.

3.2. Approach of olefins to the oxo Mn-salen
complex

In porphyrin-catalyzed epoxidation reactions,
olefins are considered to approach the metal-
oxo bond from its side and parallel to the
porphyrin ring (so called side-on approach, Fig.
5) [49]. This side-on or skewed side-on [36]
approach has also been considered to be appli-
cable to the salen-catalyzed epoxidation, be-
cause of the structural similarity between por-
phyrin and salen complexes !, However, a top-
on approach has recently been proposed for the
epoxidation of tetrasubstituted olefins for steric
reason [48].

With the side-on or skewed side-on approach,
three pathways (a, b, and ¢) for the incoming
olefin have been proposed (Scheme 2). In the
early stages of the author’s and Jacobsen’s stud-
ies, Mn-salen complexes (3 and 4) were intro-
duced based on the hypothesis that olefins ap-

! For example, Jorgensen explained the stereochemistry ob-
served in the epoxidation using (salen)manganese and manganese
prophyrin catalysts, with the same transition state model [50].
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proach along the pathway a between nitrogen
and oxygen atoms, orienting their bulkier
olefinic substituent away from C3(3')-sub-
stituent to avoid the steric repulsion with C3(3')
substituent [16].

However, Jacobsen and co-workers have pro-
posed a different pathway in the epoxidation
with modified Mn-salen complex Sa in which
5,5'-t-butyl groups stand in the pathway a. Al-
though strong steric repulsion between the
5(5')-substituent and the incoming olefin along
the pathway a is expected, S5a catalyzes the
epoxidation smoothly and exhibits high enan-
tioselectivity. Based on this result, Jacobsen and
co-workers proposed pathway b passing be-
tween two nitrogen atoms, wherein the larger
substituent on the incoming olefin has been
considered to be directed away from C2” axial
hydrogen atom [17]. Our recent results, how-
ever, cast some doubt on this proposal. Com-
plex 14 bearing axial methyl groups at C3” and
C6" carbons is expected to show an opposite
sense of asymmetric induction to that observed
with complex 13, as long as olefins approach
along the pathway b. This is not the case. Both
13 and 14 show the same sense of asymmetric
induction (Table 3, entries 33, 34, 49, and 50)
[43].

Although only steric repulsion is considered
as the factor controlling the orientation of the
incoming olefin in the above discussions, enan-
tioface selectivity of some substrates cannot be
rationalized by considering only steric factors.
In general, cis-B-methylstyrene exhibits better
enantioselectivity than (Z)-1-cyclohexyl-1-pro-
pene, though the bulkiness of the cyclohexyl
group is roughly equal to that of the phenyl

a
__N:ﬁ-‘N___<= \
R 0" ‘o R

planar structure

=

group. 4-Cyclohexyl-1-trimethylsilyl-3-buten-
l-yne is a better substrate than 4-phenyl-1-tri-
methylsilyl-3-buten-1-yne (Table 3, entries 61
and 62) [31]. These stereochemistries seem
strange at first, but they can be rationalized by
considering both the steric and r-electronic re-
pulsions between the salen ligand and the
olefinic substituent [39,51]. The incoming olefin
along the pathway a or c¢ feels different elec-
tronic atmospheres at each side of the pathway,
because a m-electron-rich salen benzene ring
exists at one side of the pathway and a cyclo-
hexane ring bearing no m-electron exists at the
other side. The repulsive m—r electron interac-
tion between the benzene ring of salen ligand
and the unsaturated olefinic substituent cooper-
ates with steric repulsion to direct the olefinic
substituent away from C3' substituent as well as
the salen-benzene ring [39]. Thus, olefins bear-
ing sterically bulky and m-electron-rich sub-
stituents at one terminal carbon show high enan-
tioselectivity. As described above, the pathway
a in the epoxidation with catalyst 5a was denied
due to the presence of 5,5'-r-butyl groups. Ac-
cordingly only the pathway ¢ seemed to give a
rational explanation on the mechanism of asym-
metric induction [51]. The above discussion are
all based on the assumption that the salen ligand
of the oxo species takes a planar structure (Fig.
6), however, some experimental results suggest
that salen ligands do not take a planar structure,
but a folded structure. X-ray analysis of the
pyridine N-oxide adduct of oxo the Cr-salen
complex has shown that the salen ligand takes a
folded structure (23, M = Cr, L = pyridine N-
oxide) [13]. Quite recently, the salen ligand of a
structurally related cationic Al(H,0),-salen

0
"
]

i
) &\m

folded structure (23)

Fig. 6. The structures of salen ligand and olefin’s approach.
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complex has also been reported to have a simi-
lar folded structure [52]. Examination of the
stereochemistry of Co-salen catalyzed asymmet-
ric cyclopropanation has also suggested that the
salen ligand of Co(V)-salen carbenoid complex
takes a folded structure and that the non-sym-
metrically folded salen ligand strongly influ-
ences the enantioselectivity of the reaction [53].
Although no oxo Mn-salen complex has been
isolated, these findings suggest that the salen
ligand also has a folded structure. If so, 5'-sub-
stituent does not interfere with the approach of
olefins along the pathway a. Actually, the stere-
ochemistry observed in most Mn-salen cat-

tBu

w

=

%
ZO=§°
3

eange
2 3¢ ¥ 3¢ ¢
F

~N

log (ratio of enantiomers)

alyzed époxidation can also be explained by the
pathway a [32].

3.3. Mechanism of one oxygen atom transfer
from oxo Mn-salen complex to olefins

However, there is still controversy on the
mechanism of oxygen atom transfer from oxo
species to the incoming olefin. One suggestion
is that the incoming olefin attacks the elec-
trophilic oxygen atom in a side-on manner and
then one electron transfers from the olefin to the
oxo bond to give a radical intermediate, when
the substrate bears a radical stabilizing group

0
20
15| @ b d
e (9]
1.0
05 °
0
04 02 0 02 04 06 08

Cpara

Fig. 7. Electronic effect of substituent on enantioselectivity.
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3] —» oxidation product(s)

7 N\ 7\
metallaoxetane

Scheme 4. Sharpless’ proposal on the mechanism of oxidation
with oxo metal species.

(Scheme 3). This proposal has long been ac-
cepted for Mn-salen catalyzed epoxidation
{12,15]. On the other hand, alkylsubstituted
olefins have been considered to be epoxidized
in a concerted process from the following obser-
vation by Jacobsen et al. [54]. Epoxidation of
trans-2-phenyl-1-vinylcyclopropane gives the
corresponding epoxide and no product of cyclo-
propane cleavage is detected. If a radical inter-
mediate intervenes, the product of cyclopropane
cleavage should be detected, since the rate of
rearrangement of a secondary phenylcyclo-
propyl radical is very fast (> 10'° s~1!). These
two scenarios seem to be compatible with Ja-
cobsen’s observation that Mn-salen complexes
with an electron-donating group at C5 and C5'
show higher asymmetric induction than that with
an electron-withdrawing group (Fig. 7) [55].
The electronic effect of substituents corresponds

3,5-Me,CeH3 ,:cer3,5'M‘z

C
26

NaOCI
-18°C

ON o PhIO

AcNH Z i

=N, éq_
o 5% F2 8 o
O =0

Fig. 8. The two metallaoxetane intermediates found in calculation.

well with the o-value of substituents. This elec-
tronic effect has been attributed to the change in
the reactivity of the oxo species. The electron-
donating substituent decreases the reactivity of
the oxo species and the reaction with less reac-
tive oxo species proceeds via a more product-
like transition state, resulting in more specific
non-bonded interactions and better enantioselec-
tivity.

In 1977, Sharpless and co-workers proposed
that the reaction of oxo metal species and olefins
reversibly gives a metallaoxetane intermediate
which is converted to oxidation product(s)
(Scheme 4) [56], and recently they demonstrated
that the asymmetric dihydroxylation using chi-
rally modified osmium tetroxide as a catalyst
proceeds through a metallaoxetane intermediate

OMe
H
Ph*= 4-1-BuPh
27
9: 82% ee
26: 77% ee
O2N (o}
2 o 7. 96% ee
27: 64% ee
AcNH

Scheme 5.



104 T. Katsuki / Journal of Molecular Catalysis A: Chemical 113 (1996) 87-107

by analyzing the relationship between reaction
temperature and enantioselectivity (vide infra)
[571.

Norrby and Akermark have recently pro-
posed that Mn-salen catalyzed epoxidation pro-
ceeds by way of a metallaoxetane intermediate
(Fig. 4) based on the calculation using Macro-
model/MM3 [58]. According to their model,
the enantioselectivity of the reaction can be
explained by the energy difference between two
diastereomeric metallaoxetane intermediates (24
and 25). Intermediate 24 giving the major enan-
tiomer of the epoxide is more stable than 25 by
11 kcal/mol (Fig. 8, The figure was kindly
provided by Dr. P.-O. Norrby.). They have
pointed out a possibility that the cis—trans iso-
merization observed during the epoxidation of
cis-alkenes is attributable to a rotation around
the carbon—carbon single bond of the intermedi-
ate brought by the heterolysis of metal oxygen
bond.

O 0~
VA R
/| /|

The author and co-workers independently
found experimental proofs that Mn-salen cat-
alyzed epoxidation proceeds through a re-
versibly formed intermediate (Scheme 5): epox-
idation of some substrates using our catalysts
(26 and 27) modified with an electron-donating
methoxy group gave a lower enantioselectivity
than that using the unmodified parent catalysts
(9 and 7). Epoxidations of 1,3-cyclooctadiene
with 26 and of 6-acetamido-2,2-dimethyl-7-
nitrochromene with 27 showed lower enantiose-
lectivity than those with 9 and 7, respectively.
In addition to this, we also found that epoxida-
tion of 1,3-cyclooctadiene with 9 showed maxi-
mum enantioselectivity at 0°C (Fig. 9) [32]. In
most asymmetric reactions, enantioselectivity
increases, as the reaction temperature is de-
creased. This is true if the reaction proceeds
through only one transition state, and the ob-

4
a5 [ =

3 =1 | | 3
g 25F
T L ®)
3 ——
05 faef T T—¢
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33 35 37 38 41 43 45
18T (K)

Fig. 9. Non-linear relationship between enantioselectivity and
temperature.

served linear relationship between enantioselec-
tivity and reaction temperature is expressed by
Eyring’s equation:

__AAH* AAS*
In(P)= 5T + 5

| (major enantiomer of epoxide)
I' (minor enantiomer of epoxide)

‘enantioselectivity’ in this equation is ex-
pressed by In(R /S). In contrast to this, Scharf
and co-workers have demonstrated that a reac-
tion which involves reversible formation of di-
astereomeric intermediates and irreversible
transformation of the intermediates to a product
or another intermediate has a possibility to show
non-linear relationship between enantioselectiv-
ity and reaction temperature [59]. Scharf’s pro-
posal explains our findings reasonably well and
suggests the presence of the reversibly formed
diastereomeric intermediates in Mn-salen cat-
alyzed epoxidation. Assuming the metallaoxe-
tane intermediate as the reversibly formed inter-
mediate gives a reasonable explanation to our
observations.

Although the epoxidation of conjugated cis-
olefins provides a mixture of cis- and trans-
epoxides, the epoxidation of cis-dialkylsubsti-
tuted olefin is slow but stereospecific to give the
corresponding cis-epoxide exclusively [39]. This
is compatible with Jacobsen’s report on the
epoxidation of trans-2-phenyl-1-vinylcyc-
lopropane [54]. These results probably suggest
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that the intermediary metallaoxetane decom-
poses quickly to a radical intermediate in the
epoxidation of conjugated olefins, while the

mantallane at e P-02 M
metallaoxetane intermediate is converted slowly

but directly to the epoxide in the reaction of
non-conjugated olefins [32].

Considering the above arguments, the author
and co-workers have proposed a new reaction
mechanism for Mn-salen catalyzed epoxidation
including metallaoxetane and radical intermedi-
ates in tandem (Scheme 6) [32]: Olefins ap-
proach the oxo-metal bond from its side proba-
bly along the pathway a (Fig. 6), directing their
bulky and w-electron-rich substituent away from
the C3'-substituent to minimize steric and elec-
tronic repulsions. Though coordination of the
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olefin to the metal ion followed by oxygen atom
insertion with rotation may provide four possi-

ble metallaoxetane intermediates (28, 29,30, and
21) 561 the pathway to the intermediates 29

JAJ) YU Uil pauiy O 0 HNCIINCARIAS

and 30 (counter-clockwise rotation) is consid-
ered to be disfavored by the steric repulsion
between the olefinic substituent and the C3'-
substituent. The salen ligand in the resulting
metallaoxetanes (28 and 31) takes a bent form
in which one of the phenolic oxygen atom
coordinates at axial site, since the oxygen and
carbon atoms of the metallaoxetane coordinate
at axial and equatorial coordination site, respec-
tively. That the salen ligand takes a bent form
seems to be justifiable, since most of the salen
ligands in Cr-, Fe-, and Co-salen complexes

Q@_ﬂ.
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3 Mn<
R \é)—(m
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Scheme 6. The oxo Mn-salen complex (23, Fig. 6, M = Mn) is viewed from its right-hand side and the left-half of the complex is omitted
for clarification. Donor ligand attached to Mn-salen and oxo Mn-salen complexes is also omitted for clarification.
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having a divalent ligand such as oxalate or
acetylacetonate take a bent form [60]. The un-
stable metallaoxetane (28) bearing a radical sta-
bilizing group on the carbon proximal to man-
ganese ion rapidly collapses to a radical inter-
mediate (32), while the metallaoxetane (31)
bearing alkyl group at the carbon proximal to
manganese ion is slowly transformed into epox-
ides as discussed above. Thus enantioface selec-
tion performed in metallaoxetane formation step
is further enhanced by the second diastereose-
lective metallaoxetane cleavage process, since
the metallaoxetane formation is reversible [56].
Accordingly, olefins bearing a radical stabiliz-
ing group such as aryl, alkenyl, or alkynyl
group show excellent levels of enantioselectiv-
ity. In the case of alkyl-substituted olefins, both
the intermediates (28 and 31) collapse slowly to
the corresponding epoxides and diastereoselec-
tive cleavage can not be expected. Thus, olefins
bearing only alkyl substituents show moderate
enantioselectivity [32].

Quite recently, the polymer-bound optically
active Mn-salen complex was synthesized and
applied to the epoxidation of conjugated olefins.
However, the enantioselectivity observed with
this complex was considerably lower than that
with monomeric Mn-salen complex [61]. The
unexpectedly low enantioselectivity was at-
tributed to steric reasons and/or certain mi-
croenvironmental effect associated with the
macromolecular system [61], but the restriction
on the structural change of the salen ligand by
anchoring to a solid polymer may also influence
on the enantioselectivity.

4, Conclusion

Studies on salen-catalyzed epoxidation started
in the search for stereoselective oxo transfer
reaction comparable to the biological process
catalyzed by cytochrome P-450 and a fairly
good level of enantioselectivity has been
achieved in the epoxidation of conjugated olefins
to date, though further improvement is required

in the epoxidation of simple olefins. Many new
findings obtained in these studies also shed light
on the mechanisms of oxo transfer reaction and
of asymmetric induction. However, our knowl-
edge on the structures of catalytically active oxo
Mn-salen species and their reactivity is still
immature and further study is required for the
future development of Mn-salen catalyzed oxo
transfer reaction.

References

[1] T.L. Poulos, B.C. Finzel and A.J. Howard, Biochemistry, 25
(1986) 5314.

[2] J.T. Groves and T.E. Nemo, J. Am. Chem. Soc., 105 (1983)
5786.

[3] J.T. Groves, T.E. Nemo and R.S. Myers, J. Am. Chem. Soc.,
101 (1979) 1032.

[4] K.A. Jorgensen, Chem. Rev., 89 (1989) 431; J.P. Collman,
X. Zhang, V.J. Lee, E.S. Uffelman and J.I. Brauman, Sci-
ence, 261 (1993) 1404; F. Montanari, Pure Appl. Chem., 66
(1994) 1519.

[5] J.T. Groves and R.S. Myers, J. Am. Chem. Soc., 105 (1983)
5791; J.T. Groves and P. Viski, J. Org. Chem., 55 (1990)
3628.

[6] D. Mansuy, P. Battioni, J.-P. Renaud and P. Guerin, J.
Chem. Soc. Chem. Commun., (1985) 155.

[71 Y. Naruta, F. Tani and K. Maruyama, Chem. Lett., (1989)
1269; Y. Naruta, F. Tani, N. Ishihara and K. Maruyama, J.
Am. Chem. Soc., 113 (1991) 6865.

[8] S. O’Malley and T. Kodadek, J. Am. Chem. Soc., 111 (1989)
9116.

[9] R.L. Halterman and S.-T. Jan, J. Org. Chem., 56 (1991)
5253.

[10] K. Konishi, K. Oda, K. Nishida, T. Aida and S. Inoue, J.
Am. Chem. Soc., 114 (1992) 1313.

[11] I.P. Collman, V.J. Lee, X. Zhang, J.A. Ibers and J.I. Brau-
man, J. Am. Chem. Soc., 115 (1993) 3834; J.P. Collman,
V.J. Lee, C.J. Kellen-Yuen, X. Zhang, J.A. Ibers and J.L
Brauman, ibid., 117 (1995) 692.

[12] K. Srinivasan, P. Michaud and J.K. Kochi, J. Am. Chem.
Soc., 108 (1986) 2309.

[13} E.G. Samsel, K. Srinivasan and J.K. Kochi, J. Am. Chem.
Soc., 107 (1985) 7606.

[14] H. Yoon and C.J. Burrows, I. Am. Chem. Soc., 110 (1988)
4087.

[15] For the preliminary review of Mn-salen catalyzed oxidation,
see: T. Katsuki, Coord. Chem. Rev., 140 (1995) 189; T.
Katsuki, J. Synth. Org. Chem., 53 (1995) 940; E.N. Jacob-
sen, in I. Ojima (Ed.), Catalytic Asymmetric Synthesis, VCH
Publishers, New York, 1993, pp. 159-202.

[16] W. Zhang, J.L. Loebach, S.R. Wilson and E.N. Jacobsen, J.
Am. Chem. Soc., 112 (1990) 2801; R. Irie, K. Noda, Y. Ito,



T. Katsuki / Journal of Molecular Catalysis A: Chemical 113 (1996) 87-107 107

N. Matsumoto and T. Katsuki, Tetrahedron Lett., 31 (1990)
7345.

[17] ENN. Jacobsen, W. Zhang, L.C. Muci, J.R. Ecker and L.
Deng, I. Am. Chem. Soc., 113 (1991) 7063.

[18] S. Chang, RM. Heid and EN. Jacobsen, Tetrahedron Lett.,
35 (1994) 669.

[19] N. Hosoya, R. Irie and T. Katsuki, Synlett, (1993) 261,

[20] N. Hosoya, A. Hatayama, R. Irie, H. Sasaki and T. Katsuki,
Tetrahedron, 50 (1994) 4311; H. Sasaki, R. Irie and T.
Katsuki, Synlett, (1994) 356; H. Sasaki, R. Irie, T. Hamada,
K. Suzuki and T. Katsuki, Tetrahedron, 50 (1994) 11827.

[21] W. Zhang and E.N. Jacobsen, J. Org. Chem., 56 (1991)
2296; B. Meunier, E. Guilmet, M.-E. De Carvatho and R.
Poilblanc, J. Am. Chem. Soc., 106 (1984) 6668.

[22] P. Pietikiinen, Tetrahedron Lett., 35 (1994) 941; R. Irie, N.
Hosoya and T. Katsuki, Synlett, (1994) 255.

[23] T. Yamada, K. Imagawa, T. Nagata and T. Mukaiyama,
Chem. Lett., (1992) 2231.

[24] M. Palucki, P.J. Pospisil, W. Zhang and E.N. Jacobsen, J.
Am. Chem. Soc., 116 (1994) 9333,

[25] M. Palucki, G.J. McCormick and E.N. Jacobsen, Tetrahedron
Lett., 35 (1995) 5457.

[26] K. Imagawa, T. Nagata, T. Yamada and T. Mukaiyama,
Chem. Lett., (1994) 527.

[27] T. Mukaiyama, T. Yamada, T. Nagata and K. Imagawa,
Chem. Lett., (1993) 327; T. Nagata, K. Imagawa, T. Yamada
and T. Mukaiyama, ibid., (1994) 1259; T. Mukaiyama and T.
Yamada, Bull. Chem. Soc. Jpn., 68 (1995) 17.

[28] Y. Yamashita and T. Katsuki, Synlett, (1995) 829.

[29] R. Irie, K. Noda, Y. Ito, N. Matsumoto and T. Katsuki,
Tetrahedron: Asymmetry, 2 (1991) 481.

[30] R. Irie, Y. Ito and T. Katsuki, Synlett, (1991) 265.

[31] N.H. Lee and E.N. Jacobsen, Tetrahedron Lett., 32 (1991)
6533.

[32] T. Hamada, T. Fukuda, H. Imanishi and T. Katsuki, Tetrahe-
dron, 52 (1996) 515.

[33] D. Mikame, T. Hamada, R. Irie and T. Katsuki, Synlett,
(1995) 827.

[34] N.H. Lee, A.R. Muci and E.N. Jacobsen, Tetrahedron Lett.,
32 (1991) 5055.

[35] C. Bousquet and D.G. Gilheany, Tetrahedron Lett., 36 (1995)
7739.

[36] B.D. Brandes and E.N. Jacobsen, J. Org. Chem., 59 (1994)
4378.

[37] R. Irie and T. Katsuki, unpublished results.

[38] R. Hirsenkorn, Tetrahedron Lett., 31 (1990) 7591.

[39] T. Hamada, R. Irie and T. Katsuki, Synlett, (1994) 479,

[40] S. Chang, J.M. Galvin and E.N. Jacobsen, J. Am. Chem.
Soc., 116 (1994) 6937.

[41] T. Hamada, K. Daikai, R. Irie and T. Katsuki, Synlett, (1995)
407; Idem, Tetrahedron: Asymmetry, 6 (1995) 2441,

[42] K. Ito, M. Yoshitake and T. Katsuki, Symposium Papers of
37th Symposium on the Chemistry of Natural Products,
1995, Tokushima, Japan, p. 571.

[43] T. Kuroki, T. Hamada and T. Katsuki, Chem. Lett., (1995)
339,

[44] S. Chang, N.H. Lee and EN. Jacobsen, J. Org. Chem., 58
(1993) 6939.

[45] L. Deng and EN. Jacobsen, J. Org. Chem., 57 (1992) 4320.

[46] W. Zhang, N.H. Lee and E.N. Jacobsen, J. Am. Chem. Soc.,
116 (1994) 425.

[47] T. Fukuda, R. Irie and T. Katsuki, Synlett, (1995) 197.

[48] B.D. Brandes and E.N. Jacobsen, Tetrahedron Lett., 36 (1995)
5123.

[49} J.T. Groves and T.E. Nemo, J. Am. Chem. Soc., 105 (1983)
5786.

[50] K.A. Jorgensen, Chem. Rev., 89 (1989) 431,

[51] N. Hosoya, A. Hatakeyama, K. Yanai, H. Fujii, R. Irie, T.
Katsuki, Synlett, (1993) 641.

[52] D.A. Atwood, J.A. Jegier, D. Rutherford, J. Am. Chem. Soc.,
117 (1995) 6779.

[53] T. Fukuda, T. Katsuki, Synlett, (1995) 825.

[54] Fu, H.; G.C. Look, W. Zhang, E.N. Jacobsen, C.-H. Wong,
J. Org. Chem., 56 (1991) 6497,

[55] EN. Jacobsen, W. Zhang, Giiller, M.L. J. Am. Chem. Soc.,
113 (1991) 6703.

[{56] K.B. Sharpless, A.Y. Teranishi, Bickvall, J.E. J. Am. Chem.
Soc., 99 (1977) 3120.

[57] T. Gobel, K.B. Sharpless, Angew. Chem. Int. Ed. Eng., 32
(1993) 1329,

[58] P.-O. Norrby, C. Linde, B. Akermark. J. Am. Chem. Soc.,
117 (1995) 11035.

[59] H. Buschmann, H.-D. Scharf, N. Hoffmann, P. Esser, Angew.
Chem. Int. Ed. Eng., 30 (1991) 477.

[60] F. Lloret, M. Julve, M. Mollar, I. Castro, J. Lattore, J. Faus,
X. Solans, I. Morgenstern-Badarau, J. Chem. Soc. Dalton
Trans., (1989) 729; M. Nakamura, T. Itoh, H. Okawa, S.
Kida, J. Inorg. Nucl. Chem., 43 (1981) 2281; R.B. Lauffer,
R.H. Heistand II, L. Que, Jr., Inorg. Chem., 22 (1983) 50; M.
Calligaris, G. Manzini, G. Nardin, L. Randaccio, J. Chem.
Soc. Dalton, (1972) 543; N.A. Bailey, B.M. Higson, E.D.
McKenzie, ibid., (1972) 503.

[61] De, B.B., B.B. Lohray, S. Sivaram, P.K. Dhal, Tetrahedron:
Asymmetry, 6 (1995) 2105.



