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1. Introduction

Epoxidation of olefins is one of the most important pro-
cesses for functional group manipulation in organic syn-
thesis and the preparation of biologically active com-
pounds [1]. The development of methods for asymmet-
ric epoxidation (AE) has made this field even more at-
tractive. In the 1980’s Sharpless et al. have discovered
an enantioselective titanium–tartrate-catalyzed epoxi-
dation of a wide variety of allylic alcohols [2]. After
first applications of porphyrine systems [3] and other
more or less effective catalysts [4] or stoichiometrical-
ly used systems [5] as epoxidation agents for the for-
mation of epoxides from unfunctionalized, prochiral
olefins in the 1980’s, this problem has been reinvesti-
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Abstract. The commercially available Jacobsen catalyst,
N,N'-Bis(3,5-di-t-butylsalicylidene)-1,2-cyclohexanedi-
aminomanganese(III) chloride 2, is the most enantioselec-
tive catalyst developed to date for the asymmetric epoxida-
tion of a broad range of unfunctionalized olefins. After de-

gated by Jacobsen [6] and Katsuki [7] in the 1990’s.
For this purpose both have used catalytic amounts of
chiral, C2-symmetric Mn(III)-salen complexes of gen-
eral structure 1 in the presence of a stoichiometric oxi-
dation agent continuing Kochi’s work with achiral salen
complexes [8]. Meanwhile over 100 complexes of this
kind have been reported [9]. The most efficient and
mostly used among them is N,N'-bis(3,5-di-t-butylsali-
cylidene)-1,2-cyclohexanediamino-manganese(III)
chloride, the so-called Jacobsen catalyst 2. This com-
plex is stable to air and can be stored for long periods of
time without decomposition [10].
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scribing the synthesis of the title compound a brief discus-
sion of the epoxidation mechanism is given. Afterwards sev-
eral applications for the enantioselective epoxidation of un-
functionalized olefins are described. For each application the
scope and limitations are discussed.
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The catalytically active species is represented by the
oxygenated form, the Mn(V)-oxo-complex 4 which is
easily formed from the Mn(III)-complex 3 in the pres-
ence of an oxidant (Scheme 1). Recently, this Mn(V)-
oxo-intermediate could be detected for the first time via
electrospray-tandem-mass spectroscopy by Plattner et
al. [11].

convergent preparation has been published recently [12]
(Scheme 2). The stereogenic centres are introduced via
a resolution step using tartaric acid 6. Formylation of
2,4-di-t-butyl-phenol 8 yields the appropriate salicylal-
dehyde derivative 10 as a crystalline solid. The chiral
diimin 11, prepared from 7 and 10, can easily form the
Jacobsen catalyst 2 by complexation with manganese
acetate and oxidation on air.

3. Mechanism

A lot of attention has been put on the evaluation of the
mechanism of the Jacobsen epoxidation [13]. Some of
the examined salen-complexes could be crystallized, and
the X-ray-structures are described [14]. Based upon
these structures attempts to explain the dependence of
the degree of enantioselectivity on the steric and elec-
tronic situation of the complexes have been made. Con-
cerning the attack of the alkene to the chiral complex
both Jacobsen and Katsuki propose a side-on mecha-
nism.

MnIII
N

O

N

O MnV
N

O

N

O

O

oxidant

3 4

Scheme 1Formation of Mn(V)-oxo-complex 4 from Mn(III)
salen complex 3 in the presence of an oxidant.

As described in initial reports the epoxidation of ole-
fins is performed using 1–8 mol% (Jacobsen) [6] or
9 mol% (Katsuki) [7] of different Mn(III)-salencom-
plexes together with stoichiometric amounts of iodoso-
benzene or -mesitylene as oxidants. Optimized proce-
dures use a catalyst loading between 0.25 mol% and
5 mol% and sodium hypochlorite (bleach) as an inex-
pensive stoichiometric oxidant [9]. However, it should
be noted that certain parameters of the reaction are de-
pendent on the oxidant used (see below).

2. Preparation of Jacobsen Catalyst

The Jacobsen catalyst is commercially available but can
also be easily prepared from readily available and inex-
pensive starting materials. A detailed procedure for the
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Scheme 2Synthesis of the Jacobsen catalyst 2.
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While Jacobsen postulates an attack via the diimine-
bridge with the small alkene-substituent at the side of
the axial H-atom at the chiral centre [9], Katsuki in his
model suggests an attack via the imine moiety due to
π,π-interactions between the incoming alkene and the
imine group [15]. The regioselectivity in this case can
be explained by the steric hindrance of the t-butyl-sub-
stituent. In spite of this discussion the preference for
cis-olefins to be epoxidized by the catalytic species with
high stereoselectivity can be undoubtedly explained with
the side-on mechanism.
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The question of oxygen transfer from the complex to
the alkene is still not known in detail. At least three
possible ways have been discussed mainly by Jacobsen
[16], Katsuki [17] and Åkermark [18] (Scheme 3). A
fourth approach via single electron transfer (SET) and
the formation of radical cation intermediates was under
investigation in order to explain the mechanism of oth-
er oxygen transfer reagents (e.g. Fe containing P-450
models) [19].

The concerted pathway is as useful as the metalla-
oxetane mechanism with a subsequent rearrangement
in order to explain the cis-selectivity that can be obser-
ved in epoxidations of bis-alkylsubstituted cis-alkenes.
But the resulting mixtures of cis- and trans-isomers in
many mono-epoxidations of conjugated olefins need
another explanation. A process via radicals that are able
to perform the rotation around the former double bond
seems likely. Experiments with vinylcyclopropanes as
hypersensitive radical probes were conducted to “visu-
alize” the potentially involved radicals by intramolecu-
lar trapping [18, 19]. In some cases open-chain prod-
ucts point out that radical species should be involved.
But still the question remains if the radical is formed in
the initial step or via metallaoxetanes.

ence on the enantioselectivities obtained in the epoxi-
dation of cyclic dienes to vinylepoxides (see 4.6.) [21].
The observed differences of enantiomeric excess were
in between 2% and 15%. In this special case the triiso-
propylsilylether 12 was shown to contain the appropri-
ate combination between electron-donating capacity and
simple bulkiness. Corresponding observations have been
made in asymmetric epoxidation of chromene-deriva-
tives (see 4.2.) [22].

Another effective group of Mn(V)-oxo-complex sta-
bilization agents is represented by amine-N-oxides. Se-
veral parameters of the reaction (e.g. yield, stereoselec-
tivity, reaction rate) are dramatically influenced by the
use of additives like 4-phenylpyridine-N-oxide (4-
PPNO) or N-methylmorpholin-N-oxide (NMO) in usu-
al amounts of 10 mol%. These promoters lead to slight-
ly increased reaction rates and total catalyst turnover
numbers [9, 23]. The role of these additives as co-
ligands to manganese was manifested by the construc-
tion of a salen complex 14 with an intramolecular N-
oxide linked via 5- and 5'-positions [16b]. No influence
of further additives could be detected using this cata-
lyst with intramolecular complexation.

NMO is also involved in an alternative anhydrous
epoxidation protocol using m-chlorperbenzoic acid as
stoichiometric oxidant. These conditions allow reduced
temperatures (–78 °C) and quite often lead to higher
enantioselectivities [24]. Using this procedure the first
successful asymmetric epoxidation of a free carboxylic
acid-bearing substrate (4-vinylbenzoic acid) could be
achieved [24b].

MnV
N

O

N

O

O
R1

R2

concerted

via radical

via metalla-
oxetanes

+

O

Mn  

O

R1 R1R2 R2

O

R1 R2

O

R1 R2

O

Mn

R1

R2

O

Mn

R1 R2

.
rotation
possible

cis-13

trans-13

cis-13

R1 = alkyl, R2 = alkenyl, aryl
or
R1 = R2 = alkyl

Scheme 3Possible mechanism for the oxygen transfer from
the catalyst to the alkene.

Additional efforts have been made in the field of sta-
bilization effects of the reactive Mn(V)-oxo-complex.
Stabilization can be achieved by electron-donating sub-
stituents in 5- and 5'-position [9, 14, 20] or the addition
of donor ligands [9]. For example, the electronic prop-
erties of substituents in 5- and 5'-position of the sali-
cylaldehyde moiety are reported to have a slight influ-
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4. Applications

The steroechemical outcome of many epoxidations of
conjugated and nonconjugated olefins can be effective-
ly controlled by using the Jacobsen catalyst (R,R)-2 and
(S,S)-2, respectively. Most often an aqueous solution of
bleach (pH > 9.5) is combined with an organic phase
bearing the catalyst 2 and the substrate. As organic sol-
vents for this two-phase system methylene chloride,
t-butyl methyl ether and ethyl acetate find widest appli-
cation. The reaction mixtures are usually stirred at 0 °C
or room temperature for 1 to 12 hours [10].
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With given pH-values between 9.5 and 11.5 no phase
transfer catalyst is needed, because of sufficient equi-
librium concentrations of HOCl (pKa = 7.54). Below
values of pH = 9.5 olefin chlorination might become a
significant side reaction [25].

4.1. Epoxidation of cis-Cinnamate Esters

The first group of α,β-unsaturated esters that could be
successfully epoxidized via oxo-transfer using the
Jacobsen catalyst 2 is represented by cis-cinnamates
[23]. In the epoxidation process of these relatively un-
reactive compounds (Scheme 4) a strong influence of
additives like 4-PPNO was observed (Table 1). The yield
and the catalytic turnover number could be dramatical-
ly increased, while the enantiomeric excess in this case
was left unattended.

(R,R)-2 (5mol%)

1,2-dichloroethane, 4°C

+   aq. NaOCl (13%)
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15
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Scheme 4Epoxidation of cis-cinnamate esters.

Very impressive experiments have been made on the
effect of electronic variation of the cinnamate esters by
aryl substitution (Table 2). A strong dependence of the
cis/trans-ratio on the electronic properties of selected
4-substituents and a quite accurate correlation with their
σ values could be observed. Electron-withdrawing sub-

Table 1 Influence of additives on the epoxidation of cis-cinnamate
esters.

X=H, R = Et turnover yield (%) ee (%) cis-epoxide/
additive rate (min–1) trans-epoxide

none 2.3 67 93 4-5 : 1
4-PPNO 4.0 96 93 4-5 : 1
(0.25 eq)
4-PPNO 7.6 >98 93 4-5 : 1
(1 eq)

Table 2 Epoxidation of cis-cinnamate esters.

R = Me cis-epoxide/ eecis (%) eetrans (%)
X trans-epoxide

OCH3 11.7 72 66
CH3 7.0 79 41
H 5.7 85 62
CF3 0.80 79 55
NO2 0.27 91 53

CO2i-Pr

MeO

CO2i-Pr

MeO

O
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(5.5 mol%)

NaOCl
4-picolin-N-oxid

62%, 96% ee, cis/trans 10/1
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Scheme 5Synthesis of diltiazem 20 based on the enantiose-
lective epoxidation of cis-cinnamate ester 18.
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Scheme 6Synthesis of the taxol side chain based on the enan-
tioselective epoxidation of cis-cinnamate ethyl ester 21.

stituents increase the formation of trans-epoxides, which
is explained by their ability to stabilize a potentially
involved radical species as shown in Scheme 3. In ad-
dition the enantiomeric excess obtained for the cis-epox-
ides are significantly higher than those for the trans-
epoxides.

The group R also shows a significant influence on
the stereochemical outcome of the epoxidation pro-
cess, and especially the isopropyl ester 18 was used with
great success. Therefore, a synthesis of the anti-hyper-
tensive agent diltiazem 20 was established based on the
enantioselective epoxidation of 18 (Scheme 5).

Another very interesting application in stereoselec-
tive synthesis using cinnamate esters exists in the field
of taxol side chain construction [26]. N-Benzoyl-
(2R,3S)-3-phenylisoserine 24, the acid ready for cou-
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pling to baccatin III derivatives, can be prepared in 25%
overall yield starting from the cis-cinnamate ethyl ester
21 (Scheme 6).

4.2. Epoxidation of Chromenes

Since dimethylchromene derivatives are biosynthetically
formed by condensation of  phenols with isoprene units,
a lot of natural products and potential therapeutical
agents like the potassium channel activator (–)-cromaka-
lim 25 are based on this core structure [27]. The enanti-
oselective epoxidation of prochiral chromenes plays an
important role in the development of enantio- and dia-
stereomerically pure target molecules. The nucleophilic
ring opening of the formed epoxychromanes is highly
regioselective due to steric and electronic factors (at-
tack at 4-position).
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Some representative examples of chromene epoxi-
dation (Scheme 7) by using (R,R)-2 as catalyst (2–
4 mol%) and commercial bleach as oxygen-source are
listed in Table 3 [28]. All products were obtained with
absolute configuration (+)-(R,R).

O
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27   R1 = CN, R2 = H, R3 = H        
28   R1 = CN, R2 = H, R3 = Me 
29   R1 = NO2, R2 = H, R3 = H   
30   R1 = H, R2 = H, R3 = H      
31   R1 = H, R2 = Me, R3 = H

O

O
R1

R2

R3

32   R1 = CN, R2 = H, R3 = H 
33   R1 = CN, R2 = H, R3 = Me  
34   R1 = NO2, R2 = H, R3 = H  
35   R1 = H, R2 = H, R3 = H     
36   R1 = H, R2 = Me, R3 = H    

Scheme 7 Epoxidation of chromenes.

Table 3 Epoxidation of chromenes.

substrate 27 28 29 30 31

yield (%) 96 82 76 87 51
ee (%) 97 >98 94 98 97

(3R,4S)-25                                                                                 

N
H

O

NaH, DMSO

56% O
NC

(S,S)-37

                                      (3R,4S)-26

NN
O OH

Me

pyridine

85%

Scheme 8Regioselective nucleophilic opening of chromene
epoxide (S,S)-37.

A kinetic resolution of racemic chromenes has been
successfully used in the synthesis of (+)-teretifolione B
39, the monomer component of the potent anti-HIV
agent conccurvone (Scheme 9) [22]. For this purpose
preliminary studies strongly recommended the use of
salen-catalyst 12 instead of 2. The differences of ob-
served reaction rates in the epoxidation of the racemic
mixtures in model studies went up to values around krel
= 9 [29]. In the total synthesis of 39 no more than krel =
3.4 could be achieved. Nevertheless, this has been the
first example for this methodology and the process was
further improved with other substrates such as 1,2-di-
hydronaphthalenes [22b]. For these substrates good se-
lectivities (krel = 6.3–9.1) were observed.

rac-38

O OAc O

O

O

OH

teretifolione B 39

(+)-R-38
a

a) (R,R)-12, m-CPBA, NMO, dichloromethane, -78°C, 15%, 91% ee

Scheme 9Kinetic resolution of racemic chromenes via enan-
tioselective epoxidation.

4.3. Epoxidation of Trisubstituted Olefins

In spite of the fact that trans-alkenes were known to be
poor substrates for asymmetric epoxidation (also see
4.7.) Jacobsen and Brandes in 1994 published their re-
sults concerning the epoxidation of trisubstituted ole-
fins [30]. Surprisingly, alkenes like 40–43 could be
shown to be excellent substrates for the epoxidation
process using 2 and other Mn(III)-salencomplexes as
catalysts. In Table 4 a representative choice of reactions
with Jacobsen catalyst (R,R)-2 (3 mol%) is summarized.

As can be seen good to excellent yields combined
with high enantioselectivities could be obtained. Based
on previous results with cis- and trans-alkenes the pro-
cess with trisubstituted olefins has not been predicted
to be that useful. Below the observations in three se-
lected examples are compared. Jacobsen proposes a
skewed side-on mechanism of the involved radical in-
termediate as an explanation for this unexpected phe-
nomenon [30].

Especially the (S,S)-nitril-epoxychroman 37, that was
obtained with (S,S)-2 as catalyst, was shown to be an
essential intermediate in the straightforward synthesis
of (–)-(3R,4S)-25 and (–)-(3R,4S)-26 (Scheme 8).
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Though conjugated trisubstituted alkenes contain high
synthetic utility, unconjugated trisubstituted alkenes are
still very poor substrates for this process and other asym-
metric epoxidations, respectively.

Table 4 Epoxidation of trisubstituted olefins.

substrate yield (%) ee (%), configuration

40 69 93, (–)-(S,S)
41 87 88, (–)-(S,S)
42 91 95, (–)-(S)
43 97 92, (+)-(S)

reaction conditions: solvent – dichloromethane;
oxidant – buffered bleach (pH = 11.3); additive – 4-PPNO

MePh Ph

Ph

Ph

Ph

Me

(S,S)-2 : 90% ee (S,S)-2 : 25% ee (R,R)-2 : 88% ee

44 45 41

4.4. Epoxidation of Tetrasubstituted Olefins

Further extension of the scope of asymmetric epoxida-
tion was described in 1995 by the use of certain tet-
rasubstituted olefins as substrates [31]. Especially
chromene and indene derivatives 46–50 were shown
to undergo epoxidation with good to excellent enantio-
selectivities dependent on the catalyst used. In Table 5
some examples with Jacobsen catalyst 2 are listed. Enan-
tiomeric excesses up to 97% could be obtained using
different Mn(III)-salen catalysts with other steric and
electronic properties. As can be seen from Table 5 the
ee’s vary from very low to excellent, although the vari-
able substituent is the only site that has been changed.
But the switch from simple alkyl-substitution to phe-
nyl-substitution obviously causes a dramatic effect, that
can not be explained only by steric or electronic inter-
actions in the course of a side-on approach. In this con-
text Jacobsen and Brandes postulate that the side-on
approach at least in the case of tetrasubstituted olefins
is unlikely. There is a need for further investigations
and experiments on the mechanism of the oxygen atom
transfer, which underlines the controversial discussion
mentioned above.

O
Me

Me

Me

R

Br

46   R = Me  
47   R = Et    
48   R = Ph   

R

Me

49   R = Me 
50   R = Ph  

Table 5 Epoxidation of tetrasubstituted olefins.

substrate 46 47 48 49 50

ee (%) 85 87 4 15 86

reaction conditions: 2 (3-5 mol%), 4-PPNO, dichloromethane, 0 °C

4.5. Epoxidation of Conjugated Polyenes

A very interesting field is opened by the application of
the selective epoxidation to conjugated olefins with
varying double bond configuration [32]. On the one hand
regioselective mono-epoxidation has to be achieved, on
the other hand the cis/trans-ratio of the outcoming epox-
ides has to be controlled. High regioselectivity can usu-
ally be observed in the epoxidation of cis,trans-dienes
due to the much higher reactivity of the cis-double bond
towards the salen-complex. Only very small amounts
(<5%) of bis-epoxides have been detected in addition
to the desired vinyl epoxides even upon extended expo-
sure to excess of oxidant.

51

n-C4H9 n-C4H9

17    :    83

n-C4H9 CO2Et

85    :    15

52

n-C4H9 CO2Et

70    :    30

53

n-C5H11 CO2Et

>95   :    5

54

R CO2Et CO2Et
R

O

54   R = n-C5H11      
55   R = CH2OTBDMS 

56   R = n-C5H11  
57   R = CH2OTBDMS   

NaOCl (1.5eq)

2 (3 mol%)
r.t.

major product: trans

Scheme 10Epoxidation of α,β–γ,δ -unsaturated esters.

The observed cis/trans-ratio cannot be generally con-
trolled. However, with α,β–γ,δ -unsaturated esters use-
ful selectivities in favour of the trans-products are ob-
tained (Scheme 10, Table 6).
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Table 6 Epoxidation of α,β–γ,δ-unsaturated esters.

substrate major isolated ee (%) of major cis/trans-
product yield (%) product ratio

54 56 81 87 1/9
55 57 58 83 1/7.3

This application has been used successfully in the
formal total synthesis of the arachidonic acid metabo-
lite LTA4. The protected alcohol 58 underwent epoxida-
tion dependent on the protecting group with moderate-
ly varying enantioselectivities (71–82%) and yields
(62–74%). In Scheme 11 the example providing the
highest ee (R = COCH2OPh), and the subsequent path-
way is presented.

RO CO2Me
(  )3

RO
CO2Me

O
(  )3

CO2Me

O
(  )3

NaOCl, pH 11.3 
4-PPNO (20 mol%), (R,R)-2 (4 mol%)

LTA4-methyl ester 60

58

59
62%, 82% ee

Scheme 11Synthesis of the arachidonic acid metabolite LTA4.

4.6. Miscellaneous Substrates for Epoxidation Reac-
tions

A very efficient pathway to the potent HIV protease
inhibitor indinavir 65 has been developed based upon
the enantioselective epoxidation of indene 61 [33]. With
this substrate the dependence of the observed ee’s on
the oxidant used was demonstrated impressively. Us-
ing bleach the maximum ee was 88% while a value of
96% was obtained with a combination of NMO and
meta-chlorperbenzoic acid at low temperature. The cis-
amino alcohol 64, a key intermediate for the synthesis
of indinavir 65 is prepared by an interesting modifica-
tion of the known Ritter-reaction [34] (Scheme 12).

Cyclic dienes have also been studied concerning their
application as substrates for asymmetric epoxidation
[21]. Interesting experiments with both (R,R)-2 and
(R,R)-12 have been conducted with various cyclic dienes
66–69, 74 and 76 (Scheme 13). In all examples (R,R)-
12 was shown to give higher ee’s (up to 15% compared
to (R,R)-2). The yields were reported to range mainly

O

OH

NH2

OH
N
H

N

N
N

OH

t-BuNH O
O

O

N

 

H+

a b

a) 2 (1 mol%), 80%, 88% ee; b) ref. [33] 

61 62 63

64indinavir 65

Scheme 12Synthesis of HIV protease inhibitor indinavir 65
based on the enantioselective epoxidation of indene 61.

from 30% to 55% (Table 7). In the cases of cyclohexa-
diene derivatives up to equimolar amounts of products
from aromatization could be observed.

( )n ( )n

O

OAc

OAc

O
OAc

O

OH

n = 1   70
n = 2   71
n = 3   72
n = 4   73n = 1   66     n = 2   67

n = 3   68     n = 4   69

74 75

76 77

Scheme 13Epoxidation of cyclic dienes.

Table 7 Epoxidation of cyclic dienes.

substrate catalyst yield (%) ee (%)

66 (R,R)-2 40 63
(R,R)-12 45 64

67 (R,R)-2 33 61
(R,R)-12 30 65

68 (R,R)-2 73 64
(R,R)-12 49 70

69 (R,R)-2 58 52
(R,R)-12 55 57

74 (R,R)-2 30 85
(R,R)-12 32 90

76 (R,R)-2 30 63
(R,R)-12 47 68

4.7. Epoxidations with Quaternary Ammonium Salts

Because of low enantioselectivities in the epoxidation
of trans-alkenes, Jacobsen et al. in 1994 reported a ver-
satile method to produce the desired trans-epoxide di-
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rectly from cis-alkenes using the proposed radical path-
way depicted in Scheme 3 [35]. The consequent inves-
tigation of unexpected observations led to a useful pro-
cess for the synthesis of trans-epoxides from cis-alkenes
using quaternary ammonium salts as very efficient ad-
ditives. In first experiments the quaternary ammonium
salt 78 was shown to be the most effective.
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