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Abstract 

This review deals with enantioselective one oxygen atom transfer reactions (epoxidation, 
oxidation of enolates, and oxidation of sulphide to sulphoxides) catlaysed by optically active 
(salen)manganese(III)complexes. Asymmetric aziridination is also discussed briefly. 

Keywords: Oxidation; Catalysis; (Salen)manganese( III); Optical activity 

1. Introduction 

One oxygen atom transfer reactions (hereafter referred to as 0x0 transfer reactions) 
defined by: 

MZ0,L,+TO+MZ+20,+1L, (1) 
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M”+20,+1L,+S+MZ0,L,+S0 

M’, metal ion; L, ligand; TO, terminal oxidant; S, substrate 

(2) 

are mediated by various metal complexes including some metal enzymes that play 
an important role in oxidative biochemical pathways Cl]. Among the 0x0 transfer 
enzymes cytochrome P-450 in particular attracted the organic chemist’s attention, 
since it catalyses the mono-oxygenation of various compounds, both biotic and 
exobiotic, with high stereo- and regioselectivity under mild conditions. Accordingly, 
a great deal of effort has been devoted to the study of the function of P-450 bearing 
an iron-porphyrin complex as its active site. The P-450-catalysed 0x0 transfer 
reaction was proposed by Groves and Nemo to proceed through an oxohaem 
catalytic intermediate (Fig. 1) [a]. 

Furthermore, Groves et al. reported that simple iron(II1) porphyrins are good 
models for the reaction site of cytochrome P-450 and that they are readily oxidized 
to the active 0x0 species by their treatment with iodosylbenzene (shunt path, Fig. 1) 
[3]. Since then, many metalloporphyrin complexes have been synthesized and used 
for various 0x0 transfer reactions. Among them, iron(III), manganese(III), and 
ruthenium(IV) porphyrins have been found to be efficient catalysts for the epoxida- 
tion of simple olefins and the oxidation of sulphides [lb]. From these basic results, 
many optically active iron and manganese porphyrins (l-7) were synthesized to 
effect asymmetric 0x0 transfer reactions [4-lo], and moderate to good levels of 
enantioselectivity (up to 89% entantiomeric excess (ee)) have been achieved in the 
epoxidation of styrene derivatives as shown in Fig. 2. Although these porphyrin 
chemistries accelerate the progress of asymmetric epoxidation of simple olefins which 
could not be effected even with the prominent titanium tartrate catalyst [ 111, there 
is still a considerable limitation for their use in organic synthesis. 

03 

II 

d, 02 

Hz0 2H+ 

Fig. 1. Catalytic cycle of cytochrome P-450. 
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Fig 2. Examples of porphyrin-catalysed asymmetric epoxidation. 

Parallel to these porphyrin chemistries, the use of metal complexes (8) of N,N- 
ethylenebis(salicyldeneaminato) ligand (salen ligand) as a catalyst for the 0x0 

transfer reaction has also been examined, since they have features in common with 
metalloporphyrins with respect to their electronic structure and catalytic activity; 
various salen complexes have indeed been found to be efficient catalysts. However, 
these two complexes differ from one another in structure. In contrast to the 
porphyrin ligand where the peripheral carbon atoms are all sp2, the salen ligand 
bears two sp3 carbon atoms at Cl” and C2” which might be replaced with 
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58) 69) 

7’0) 

Fig. 2. (continued) 

*= stereogenic carbon 

stereogenic carbon atoms. Furthermore, it can have chiral substituents at C3 and 
C3’ (for the sake of convenience, the numbering shown on compound 8 is used for 
all the salen complexes described in this paper). These stereogenic centres reside 
proximate to the metal centre and this renders the salen ligand a promising chiral 
template for the construction of an asymmetric reaction site. Actually, a break- 
through has recently been made with this type of salen complex in the epoxidation 
of simple olefins. In this review, we briefly describe recent developments in salen- 
catalysed asymmetric 0x0 transfer reaction (epoxidation of olefins and oxidation of 
sulphides), together with aziridination which is mechanistically related to epoxida- 
tion (preliminary aspects of salen-catalysed asymmetric epoxidation have been 
reviewed in Ref. [ 121). 
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2. Salen-eatalysed asymmetric epoxidation 

2.1. Design of optically active (salen)manganese(III ) complex 

Although various metal ions form complexes with salen ligands, only some (chro- 
mium [ 131, manganese [ 141, nickel [ 151 and ruthenium [ 161) have been used as a 
catalyst for epoxidation. Among them, the cationic (salen)manganese(III) complexes 
have been reported by Kochi and co-workers to be the most efficient catalysts [ 141: 

0 PhIO 

n 

69% 
(3) 

In contrast to the 0x0 porphyrin complex, where the active species in porphyrin- 
catalysed epoxidation (Fig. 1) has only been identified spectroscopically, the 
oxo(salen)chromium(V) complex 9 was isolated by Kochi and co-workers and its 
structure determined unambiguously by X-ray diffraction [ 131. The 
oxochromium(V) complex has roughly square pyramidal coordination, and the 
chromium atom is displaced 0.53 A above the mean salen plane. This 
oxochromium(V) species smoothly epoxidizes norbornene. In this study, the 
oxochromium( V) adduct with pyridine N-oxide as the axial ligand was also isolated 
and its X-ray diffraction showed that the adduct was octahedral with the chromium 
atom displaced 0.26 A above the salen plane (Fig. 3). Thus the chromium atom is 
pulled back by 0.27 A by coordination with the axial ligand, compared with the 
chromium atom in the above Scoordinate complex. This oxochromium(V) adduct 
also epoxidizes olefins. These results strongly suggest that other salen-catalysed 
epoxidations also proceed through the corresponding 0x0 species, although 0x0 
species other than the oxochromium complex have not been isolated. Acutally an 
0x0 species is also postulated as an active species in epoxidation using 
(salen)manganese(III) [ 14,173 or (salen)nickel(II) [ 151 complexes as a catalyst. 

Following these results, Jacobsen and the present author independently designed 
optically active (salen)manganese( III) complexes as catalysts. To achieve high enan- 

A= 0.27A 

Fig. 3. Effect of axial ligand on the structure of 0x0 (salen) chromium complex 
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tioselectivity in the salen-catalysed epoxidation, two factors, the pathway of the 
oncoming olefins and its conformational orientation, must be strictly controlled. 
Accordingly, knowledge about how the olefins approach the active 0x0 species is 
indispensable for the construction of an efficient chiral salen catalyst but there was 
no report on this subject. Fortunately, abundant studies have been reported on 
porphyrin-catalysed epoxidation wherein olefins have been proposed to approach 
the metal-oxo bond from the side and parallel to the porphyrin ring (side-on- 
approach) [2]. This side-on approach is considered also to be applicable to the 
salen-catalysed epoxidation, because of structural similarity between porphyrin and 
salen complexes. (For example, Jorgensen explained the stereochemistry observed in 
the epoxidation using (salen)manganese and manganese porphyrin catalysts, with the 
same transition state model [2].) Although the problem of how to control 
the direction of the olefin’s approach remains, this is considered to be solved by 
appropriately introducing substituents onto the salen ligand. That is, the substituent 
standing on the salen ligand must interact strongly with the incoming olefin parallel 
to the salen ligand and, therefore, enforce the olefin to approach the metal-oxo 
bond away from the substituent. On the basis of this consideration, the following 
(salen)manganese(III) complexes have been synthesized to date and used for the 
epoxidation of simple olefins. 

In 1990, Jacobsen and co-workers reported the (salen)manganese(III) complex 
(10) bearing stereogenic carbon atoms at Cl” and C2” and t-butyl groups at C3 and 
C3’ [Ha]. Although the C3 and C3’ substituents are achiral, their presence is 
essential to achieve high enantioselectivity. The salen complex (11) bearing no 
substituents at C3 and C3’ exhibits only poor asymmetric induction, probably 
because the olefins approach the metal-oxo bond more easily from the sterically 
less hindered side which is remote from the stereogenic centres. The size of the C3 
and C3’ substituents affects enantioselectivity. Although a small substituent such as 
a methyl group decreases the enantioselectivity, too large a substituent such as the 
9-methyl-9-fluorenyl group also diminishes the enantioselectivity to a small extent 
[ 18b]. 

Jacobsen et al. also synthesized the (salen)manganese(III) complex (12a) bearing 
t-butyl groups at C5 and C5’ as well as at C3 and C3’, the presence of which made 
12a an excellent catalyst for the epoxidation of cis-olefins for steric reasons (vide 
infra) [ 191. 

In the same year, the present author and co-workers also reported 

9 Ph 

R,q$~+ +=$jgR 
10 a: Rt r-Bu. R’= H 
lob : R= r-Bu, R’= Me 12s : R= I-Bu 
ll:RP’=H 12b : R= Me 
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(salen)manganese(III) complexes (13-16) bearing stereogenic centres at Cl”, C2”, C8, 
and C8’ [20]. Differing from those of Jacobsen et al., these complexes bear bulky 
and chiral C3 and C3’ substituents. The conformation of the C3 and C3’ chiral 
substituents has considerable influence on the asymmetric induction. The salen 
complex (15) with C4 and C4’ methyl groups which confine the conformation of the 
C3 and C3’ substituents to hydrogen atoms in the aromatic plane is generally a 
better catalyst than the complex 13 without C4 and C4’ methyl groups. Replacement 
of C8 and C8’ phenyl groups of 15 with more bulky 4-t-butylphenyl group produces 
more effective catalysts (17 [21,22-J, 18 [21]). 

To explore the effect of C8 and C8’ stereogenic centres on asymmetric induction 
in detail, the present author and co-workers further synthesized 
(salen)managanese(III) complexes (19 and 20) [23]. Results with these complexes 
showed that the C8 (C8’) medium substituent as well as the C8 (CS’) large substituent 
affected asymmetric induction. 

We have also synthesized (salen)manganese(III) complexes (21-24) possessing 
axial chirality instead of C8 and C8’ central chirality as in salen complexes 13-20 

13% X= Ad-, b= PF6 14 

16 

17, a: R= Pb; b: R= Me 

H 
-N ,,N- 

4 F 

/ \ o;M?; - 

- PFs’ \ / 

Me .S’IPh’ Et+ Me 
H Et Ph* H 

18 

Ph*= cl-t-Bu-Ph 



196 T. Katsuki/Coordination Chemistry Reviews 140 (1995) 189-214 

19 

21: R= H 
22: Rs Me 
24tR=Ph 

BPh - iM;T- / \ - /Md,h;, - \ ?&I? \ / ? - - 
- / I__’ \ 

\I A*. - 

23 

[24]. Among them, 24 was shown to be an excellent catalyst for the epoxidation of 
cis-olefins (vide infra). 

Schwenkreis and Berkessel synthesized a chiral pentadentate 
(dihydrosalen)manganese( III) complex (25) as a biomimetic catalyst [ 251. 

2.2. Reaction conditions and results 

Epoxidation is usually carried out in the presence of a catalytic amount of the 
(salen)manganese(III) complex (l-10 mol.%) by using l-2 equivalents of a terminal 
oxidant at room temperature, at 0 “C, or at - 20 “C in various solvents. Usually 
acetonitrile, dichloromethane, and dichloroethane are used as solvents but the use 
of fluorobenzene has been recommended, when molecular oxygen is used as an 
oxidant [26]. Iodosylbenzene and its derivatives, sodium hypochlorite [ lSb], 
hydrogen peroxide [ 271, and molecular oxygen in combination with aldehyde [ 261 
can be used as terminal oxidants. Iodosylbenzene and sodium hypochlorite are 
considered to oxidize (salen)manganese( III) complexes directly to the corresponding 
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0x0 manganese species [13,14]. When hydrogen peroxide is used as an oxidant, 
addition of a donor ligand is indispensable probably because the coordination of an 
axial ligand is crucial to the O-O bond cleavage of the intermediary hydroperoxide 
species [HO-0-Mn”‘] [ 271. The epoxidation using a combination of molecular 
oxygen and aldehyde is also accelerated by the addition of donor ligand [ 261. 

To compare the asymmetry-inducing ability of (salen)manganese(III) complexes 
so far prepared, their catalytic activity towards the epoxidation of dihydronaphtha- 
lene and trans-stilbene is summarized in Table 1. 

These results show that complexes 12a, 18, 24, and 28 are catalysts of choice. 
Furthermore, Table 1 reveals some interesting features of salen-catalysed asymmetric 
epoxidation. (i) Bulky and/or chiral C3 and C3’ substituents in the salen ligand are 
proven to be essential for the realization of high enantioselectivity as described in 
the preceding section. However, complex 26 which has bulky trialkylsilyl groups at 
C3 and C3’ exhibits considerably lower enantioselectivity compared with the corre- 
sponding C3(C3’)-t-butylated salen complex lOa, although the epoxidation of dihy- 
dronaphthalene with 26 as a catalyst has not been reported [30]. This is attributed 
to a longer carbon-silicon bond length compared with carbon-carbon bond length 
(vide infra). (ii) Cis-olefins are generally better substrates than trans-olefins. 
(iii) Enantiofacial selection of cis-olefins is preferentially controlled by the chirality 
at Cl” and C2” and that of trans-olefins by the chirality at C8 and C8’ [20a,b]. This 
hypothesis is supported by the following observation. Thus, the epoxides obtained 
from dihydronaphthalene with 13 and 15 are enantiomeric to the epoxides obtained 
with 14 and 16, respectively, although the optical purity of the former epoxides is a 
little better than that of the latter (entries 5, 6, 7, and 9). Since 13 and 15 are 
diastereomeric to 14 and 16 respectively, with respect to the chirality at Cl” and 
C2”, this suggests that the enantiofacial selection of dihydronaphthalene is mainly 
controlled by the chirality at Cl” and C2”. On the contrary, epoxidation of trans- 
stilbene with 13-16 gives lR,2R-epoxide (entries 22-25) suggesting that the enantio- 
facial selection of trans-stilbene is strongly influenced by the chirality at C8 and C8’. 
This hypothesis is also compatible with the fact that Jacobsen’s catalyst 12a bearing 
achiral C8 and C8’ substituents is not very effective in the epoxidation of trans- 
olefins [ 121. Furthermore, complexes 27a [28] and 27b [21] bearing no chirality 
at Cl” and C2” exhibit the same level of asymmetric induction in the epoxidation 
of trans-stilbene as complexes 15 and 18 respectively (entries 22, 27, 31, and 32), 
while 27a displays considerably lower asymmetric induction in the epoxidation of 
cis-olefins compared with 15 (entries 7 and 19). 

Asymmetric induction by an optically active salen catalyst is sometimes dependent 
on the substrates used, as exemplified by the epoxidation of dihydronaphthalene and 
6-acetoamido-2,2-dimethyl-7-nitrochromene: 

1% 83 % ee 
19= 19 % ee (4) 

1s 49% ee 

19= 92% ee 
(5) 
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R R 

26a: R= Me$i 
26b: R= t-BuMezSi 

28 

Complex 15 exhibits better asymmetric induction in the epoxidation of dihydronaph- 
thalene than 19, while complex 19 causes better asymmetric induction in the epoxida- 
tion of 6-acetoamido-2,2-dimethyl-7-nitrochromene than 15. Despite this description, 
complexes 12a, 18, 24, and 28 [29] mentioned above have wider applicability and 
higher asymmetry-inducing ability for asymmetric epoxidation of simple olefins 
compared with other salen catalysts, especially for cis-olefins. 

Table 2 shows the epoxidation of other olefins with salen catalysts. These results 
suggested that cis-olefins conjugated with aryl, acetylenic and olefinic groups are the 
best substrates for salen-catalysed epoxidation. Conjugated trisubstituted olefins 
bearing a methyl group cis to the hydrogen atom are also good substrates (entries 
38 and 39). Epoxidation of these classes of olefins exhibits high enantioselectivity 
(more than 90% ee) when an appropriate catalyst such as 12a, 18, 24, and 28, is 
used. However, cis-olefins bearing only alkyl substituents exhibit considerably dimin- 
ished enantioselectivity (entry 3). Cis-olefin conjugated with n: bonds at both terminal 
carbon atoms is also a poor substrate (entry 36). Trans-olefins also display only 
moderate enantioselectivity (entries 40-44). These stereochemical features of salen- 
catalysed epoxidation are well understood by consideration of the mechanism of 
salen-catalysed epoxidation (vide infra). 
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2.3. Mechanistic considerations 

As described in Section 2.1, olefins are considered to approach the metal-oxo 
bond from the side and parallel to the salen ring (side-on approach), avoiding steric 
repulsion with substituents on the salen ligand. Thus olefins had been assumed to 
approach the metal-oxo bond along pathway a in the epoxidation reaction using 
the first-reported (salen)manganese(III) complexes (10a) [18a] and 13a [20a,27]. 
Later, Jacobsen et al. proposed pathway b as the more favoured in the epoxidation 
using 12a owing to the presence of the C5- and C5’-t-butyl groups [ 191. These 
proposed pathways (a and b) can approximately explain the stereochemistry observed 
in the epoxidation using complexes (10, 12, and 13) by repulsive steric interaction 
between the substituents on the salen ligands and the olefinic substituents. In the 
epoxidation catalysed by 10a and 13a, for example, olefins approach the metal-oxo 
bond orienting their larger substituents away from the bulky C3 or C3’ substituent. 
In the epoxidation with 12a, olefins are considered to approach directing their larger 
substituents away from the C2” axial hydrogen atom [ 191. However, some results 
are difficult to explain by steric interaction only. Although cis-&methylstyrene exhib- 
its good enantioselectivity (Table 2, entries 1 and 2), (Z)-1-cyclohexyl-1-propene 
exhibits only moderate selectivity (entry 3) even though the cyclohexyl group is 
sterically more bulky than the phenyl group. 4-Cyclohexyl-1-trimethylsilyl-3-buten- 
1-yne is also a better substrate than 4-phenyl-1-trimethylsilyl-3-buten-1-yne (entries 
35 and 36). These stereochemistries seem strange on the surface, but they can be 
rationalized by pathway c which we proposed [ 22,311. Olefins approaching along 
the nitrogen-manganese bond axis (pathway c) feel a different electronic atmosphere 
at either side of the bond axis, because the salicylaldehyde side is rich in rt electrons 

Pb Pb 

RL= larger substituent Rs= smaller substituent 
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and the ethylenediamine side has no x electrons. We consider that a repulsive 7c--7~ 
electron interaction between the benzene ring of the salen ligand and the substituent 
on the olefin plays an important role in inducing asymmetry together with steric 
interaction. If one substituent on the olefin is sterically bulky and rich in n: electrons, 
high enantioselectivity can be expected. Both the stereochemistry and the sense of 
asymmetric induction observed in the epoxidation of enynes can first be rationalized 
by considering the electronic repulsion. All results so far obtained are compatible 
with pathway c. CS(CS’)-t-butyl groups in 12a which reside near pathway c cause 
strong steric repulsion with the substituent of the incoming olefin. This makes 
complex 12a an excellent catalyst. The phenyl group on the binaphthyl moiety that 
projects toward the space above the C2’ carbon atom makes 24 and 28 among the 
best catalysts for the epoxidation of cis-olefins for the same reason. In contrast to 
this, complex 26 is a less efficient catalyst because the bulky silyl group is located 
away from pathway c owing to the long carbon-silicon bond. 

Although there is still controversy on the mechanism of the reaction between the 
olefinic 7c bond and the metal-oxo bond, stepwise radical and concerted mechanisms 
at least seem compatible with the results of the present salen-catalysed epoxidation, 
depending on the substrates used. Kochi and co-workers have suggested that the 
epoxidation catalysed by (salen)manganese(III) complex proceeds by way of a radical 
intermediate [ 141. This hypothesis was supported by the present author’s result: the 
epoxidation of cis-p-methylstyrene with 13a gives a mixture of the corresponding 
cis- and trans-epoxides of almost the same optical purity (44% ee and 47% ee, 
respectively), which should be derived from a common radical species (29) [20a]. In 
the case of enynes, however, the optical purity of trans-epoxides is generally higher 
than that of cis-epoxides [33]. This interesting phenomenon has been explained by 
assuming that isomerization of the radical intermediate leading to the major enanti- 
omer of the epoxide is faster than that of the radical intermediate leading to the 
minor enantiomer [33b]. On the contrary, alkyl-substituted olefins were suggested 
by Jacobsen and co-workers to be epoxidized in a concerted process [ 383. 
Epoxidation of trans-2-phenyl-1-vinylcyclopropane (30) gives the corresponding 
epoxide and no product of cyclopropane cleavage is detected. If a radical intermediate 
intervenes, a product of cyclopropane cleavage should be detected, since the rate of 
rearrangement of a secondary phenylcyclopropyl radical is very fast (above 10” s ’ 1. 

2.4. Axial ligand e,ffects on enantioselectivity 

As described in the beginning of Section 2.1, the 0x0 functionality on the metal 
centre is displaced closer to the salen plane when an axial ligand coordinates. Since 
olefins approach the metal-oxo bond from the side, interaction between the incoming 
olefin and substituents on the salen ligand is considered to become stronger as the 
0x0 bond becomes closer to the salen plane. Coordination of an axial ligand is also 
expected to decrease the reactivity of the 0x0 species and to enhance the enantioselec- 
tivity (see also the next section). Based on these assumptions, the present author and 
co-workers examined the effect of an axial ligand on enantioselectivity and found 
that the addition of a donor ligand usually gives a favourable influence on the 
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Ph 

29 444bee 

phQ..,,,= 
30 

asymmetric induction by salen complexes (Table 1, entries 8, 10, and 15) [ 2Oc,39]. 
However, this is not always the case. Enantioselectivity in the epoxidation of trans- 
stilbene is diminished when pyridine N-oxide is added to the reaction medium 
(entry 23). The reason for this unexpected negative effect is unclear at present. 

2.5. Electronic efects on enantioselectivity 

Jacobsen et al. observed that the electronic nature of the aromatic substituent in 
the salen ligand strongly influences enantioselectivity: complexes with an electron- 
donating group exhibit a higher asymmetric induction than that with an electron- 
withdrawing group [40]. The electronic effect of substituents corresponds well 
to the 0 values. For example, enantioselectivity in the epoxidation of 
2,2_dimethylchromene ranges from 96% ee with 31a to 22% ee with 31e. The linear 
correlation between ee and the substituent’s rr value indicates that this substituent 
effect is not steric but electronic [ 121. An electronic effect has been attributed to the 
change in the reactivity of 0x0 species. As first reported by Kochi and co-workers, 
electron-donating substituents decrease the reactivity of the 0x0 species [14] and 
the reaction with a less reactive 0x0 species proceeds via a more product-like 
transition state, resulting in more specific non-bonded interactions [40]. 
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‘Bud t-Bd 

31 a: X= OMe 
b: X= Me 
c: X= H 
d: X= Cl 
e: X= NO2 

-0.4 -0.2 0 0.2 0.4 0.6 0.8 
qlsra 

By the same token, complex 32 bearing a triisopropopylsiloxy group at C5 and 
C5’ carbon atoms exhibits higher asymmetric induction than 12a (Table 2, entries 
8-13). 

3. Asymmetric oxidation of silyl enol ethers and enol acetates 

Reddeppa Reddy and Thornton have reported asymmetric oxidation of silyl enol 
ethers using complex 33 as a catalyst, giving a mixture of a-hydroxy ketones and 
their trimethyl silyl ethers [41]. The enantioselectivity of the reaction varies with 
substrate from 15% to 62% ee (Table 3). 

Oxidation of enol acetates using 32 as a catalyst proceeds with moderate to good 
enantioselectivity: 

32, NaClO 

4-pknylpyridineN-oxide 
OAc 

OAc 32, NaClO 0 

4-phenylpyridineN-oxide 

41%. 68% ee 

/\ - 
OSiPr-is 

32 

(6) 

(7) 
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Table 3 
Asymmetric oxidation of silyl enol ethers: 

iMeJ 

4 R’ 
33, WI0 

R’ CH3CN. 25 “C 

Entry 

1 

2 

Substrate 

8 SlMes 
\ 

6 SlMeJ 
\ 

Yield (%) Ratio (34 : 35) ee (%)b 

70 2.6 : 1 30 

78 1.4: 1 51 

3 68 0.8 : 1 15 

4 72 0.8 : 1 62 

a Total yield of 34 and 35. 
b The ee of 34. 

4. Salen-catalysed asymmetric aziridination 

Metalloporphyrin complexes have been known to catalyse aziridination [42]. 
Although salen-catalysed aziridination has been examined by analogy with porphy- 
rin-catalysed reactions, results are not yet promising. Burrows et al. reported that 
aziridination with 26a or 26b did not display any asymmetric induction [30]. We 
have also examined aziridination with 13 and 15 but the reactions exhibit much 
poorer enantioselectivity (4%-26% ee) and chemical yield compared with those in 
the corresponding epoxidation [ 431. This difference in chemical yield and enantiosel- 
ectivity between asymmetric epoxidation and aziridination has been attributed to 
the structural difference in the active intermediates between epoxidation and aziridi- 
nation. Differing from the 0x0 species, the imino species has a substituent on the 
nitrogen atom which directs toward the incoming olefin to retard aziridination. 
Therefore, it is expected that enantioselectivity and reaction rate would be enhanced 
if the imino substituent could rotate away from the approach path of the olefin. 
Based on this assumption, complex 17b bearing a small methyl group as Cl” and 
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C2” substituents has been used and a moderate enantioselectivity of 61% ee has 
been achieved although the chemical yield is still poor [44]: 

“0x0 species” “imino species” 

0 ,Mp Ts= S@C&CH~p 

(8) 

TS 

Ph\= 
17b (R= Me), phI=NTs Ph N u 

Pyridine N-oxide, CH+ZN, rt 
61% ee, 9% 

Although (salen)manganese( III) complexes do not exhibit sufficient catalytic activ- 
ity for aziridination, Jacobsen and co-workers have reported that a copper complex 
bearing a modified Schiff base ligand 36 displayed high enantioselectivity [ 441: 

>98% ee, 75% 
(9) 

5. Asymmetric oxidation of sulphides 

Most of reagents or catalysts used for asymmetric epoxidation have been success- 
fully applied to asymmetric oxidation of sulphides. This is also the case for salen- 
catalysed oxidation (Table 4). Fujita and co-workers first reported asymmetric oxida- 
tion of sulphides by using (salen)vanadium(IV) complexes (37-39) [45]. Although 
the enantioselectivity of the reactions is moderate, catalyst 37 bearing electron- 
donating methoxyl groups has higher asymmetric induction than catalyst 39 bearing 
sterically bulky t-butyl groups at the same position (cf. entries 1 and 4). Fujita and 
co-workers also reported asymmetric oxidation of sulphide using t-butyl hydroperox- 
ide (TBHP) as an oxidant [ 473 with the p-0x0 titanium complex 40 which dissociates 
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Table 4 
Asymmetric oxidation of sulphides: 

R. ,R’ R. ,R’ 
s 9 

0 

Entry Substrate Catalyst Solvent Oxidant Yield (%) ee (%) Configuration Ref. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 

14 
15 

16 
17 

18 

19 
20 

21 

31 

sMe 
37 
38 
39 
40 
12a 
42 
18 
43 
44 
18 

S”e 
42 

B 42 

SMe 
44 

02 42 

SMe 
44 

Me 44 

SMe 
Br 42 

SMe 
44 

a :I 
OMe em-42 

SMe a 3 NOz 44 

SMe 

CH,Cl, CHP 

CH2C12 TBHP 
CH,CI, CHP 
CH,CI, CHP 
MeOH TBHP 
CH,CN H,02 
CH,CN H,OI 
CH,CN PhIO 
CH,CN PhIO 
CHsCN PhIO 
CH,CI, CHP 

96 40 

90 16 
81 40 
70 10 
89 63 
72 24 
90 47 
67 3 
75 29 
76 63 
71 35 

CH,CN H,Oa 95 47 
CH,CN H,O, 93 56 

CH,CN PhIO 63 75 
CH,CN H,O, 84 63 

CH,CN PhIO 67 
CH,CN PhIO 45 

CH,CN H,Oz 

CH,CN PhIO 
CH,CN H,02 

CH,CN PhIO 

80 

74 
94 

51 

86 
40 

68 

88 
34 

90 

s [431 

s c431 
s c431 
s c431 
R c441 
S c451 
S c451 
R C481 
S C481 
R C481 
S c431 

S c451 
S c451 

C481 
S c451 

C481 
- C481 

S c451 

C481 
R c451 

C481 

into monomeric species 41 in an alcoholic solvent. However, as TBHP oxidizes 
phenyl methyl sulphide without catalyst, a high catalyst : substrate ratio (0.2 : 1) is 
required to achieve the optimal enantioselectivity (63% ee, entry 5). The reaction in 
dichloromethane which is presumably catalysed by 40 itself exhibits very low enantio- 
selectivity (26% ee). Since the rate law of this reaction is first order in the concen- 
tration of sulphides, hydroperoxide, and catalyst, sulphides are considered to 
coordinate to titanium ion prior to oxidization [46]. 
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\ 
R d 
37: R= Me0 
38: R= Et0 
39: R= t-Bu 

Cl’ 

Jacobsen’s complex 12a which exhibits a high asymmetric induction in the epoxida- 
tion has also been applied to oxidation of sulphides but the enantioselectivity is 
poor (entry 6) [47]. Similarly to Fujita and co-workers’ result, however, complex 
42 having a methoxy group instead of a t-butyl group displays moderate enantioselec- 
tivity ranging from 34% to 68% ee. Sulphides bearing electron-withdrawing groups 
such as bromo or nitro groups in their aryl moiety exhibit higher enantioselectivity 
(entries 13, 15, and 18) than sulphides bearing electron-donating groups (entry 20). 
In this reaction, use of hydrogen peroxide as the terminal oxidant has been recom- 
mended to prevent overoxidation of the resulting sulphoxide. 

Complex 18 is also a poor catalyst for asymmetric oxidation of sulphides (entry S), 
in contrast to epoxidation [ 481. Its methoxylated derivative 43 has slightly improved 
asymmetric induction (entry 9). Surprisingly, however, the use of 44 which is the 
diastereomer of 43 enhances the enantioselectivity remarkably (entry 10) and oxida- 
tion of methyl o-nitrophenyl sulphide with 44 gives the corresponding sulphoxide of 
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C8 

\ 

44 

\ 
CS’ 

C8 

\ 

civ 
A (44’) B (43’) C (18’) 

Fig. 4. The views of 0x0 species (44’, 43’ and 18’ derived from 44, 43, and 18 respectively) and the 
incoming substrate, from C3’ or C3 substituent side. 

90% ee which is the highest achieved in the catalytic asymmetric oxidation of 
sulphide to date. 

The difference in asymmetric induction by the salen catalyst in epoxidation and 
sulphide oxidation seems to be attributed to the difference in the configuration of 
the olefinic carbon atom and sulphur atom. That is, the olefinic carbon atom has 
an sp2 configuration, while the sulphur atom in the sulphides has an sp3 configuration. 
As shown in Fig. 4, the incoming olefins sterically interact with the bulky C8’ (or 
C8) substituent when the complex has an 8R, 8’R, l”S, 2”s (or 8S, 8”S, l”R, 2”R) 
configuration such as 18 and 43, but sulphides do not, because substituents on the 
sulphides stay behind the sulphur atom owing to its sp3 configuration. On the 
contrary, the sulphide’s substituent is considered to interact with the projected t- 
butylphenyl group from the C8 carbon, when 44 is used as a catalyst [48]. This 
model correctly predicts the configuration of the sulphoxide obtained with 44. 

6. Conclusion 

The introduction of optically active (salen)manganese(III) complexes has allowed 
great advances to be made in the fields of the asymmetric epoxidation of simple 
olefins and the asymmetric oxidation of sulphides as described in this short review, 
although their scope is currently limited to certain classes of substrates. However, 
salen complexes have great potential as catalysts for 0x0 transfer reactions. They 
even catalyse the stereoselective oxidation of unactivated C-H bonds [49]. 
Therefore, the further development of these salen catalysts will further the study of 
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asymmetric 0x0 transfer reactions and someday we will reach the level of selectivity 
(chemo-, regio- and stereoselectivities) achieved by cytochrome P-450 in oxidative 
metabolism. 
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