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Abstract—Several attempts have been made to transform the organometallic Re(VII) compound MTO and the (MoO2)
2+ moiety to

chiral epoxidation catalysts by addition of chiral organic ligands. Being very efficient epoxidation catalysts in achiral reactions, it
was hoped that these compounds could be transformed into chiral epoxidation catalysts by adding chiral Lewis base ligands.
The major flaw of most of these attempts, however, was the weak coordination of the chiral Lewis base ligands to the metal center,
which led either to high ees only at the very beginning of the catalytic reaction (low conversion) or to generally low enantiomeric
excesses. The heterogenisation of the Mo(VI) complexes was, at least in some cases, successfully achieved but with the same draw-
backs with respect to the ees as in the homogeneous phase. Currently, attempts are being made to synthesize organometallic Re(VII)
and Mo(VI) complexes with stronger interactions between the metal containing moiety and the chiral ligand(s).
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Chiral epoxidations are currently of high interest for
the synthesis of non-racemic chiral intermediates in
the pharmaceutical and chemical industry to generate
enantiomerically pure products.1 In 1979, Schurig et al.
achieved the enantioselective epoxidation of prochiral
alkyl-substituted olefins with a Mo(VI) complex bearing
a chiral ligand, but the enantioselectivity was quite low.2

In 1980, Katsuki and Sharpless reported on the asym-
metric epoxidation of allylic alcohols mediated by a tita-
nium(IV) complex using (+)-(R,R)- or (�)-(S,S)-tartrate
- see front matter � 2005 Elsevier Ltd. All rights reserved.
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as chiral ligands.3 While the enantioselectivity was very
high, the titanium complex had to be applied in stoichio-
metric amounts. Later, a reduction of the catalyst:
substrate ratio of ca. 1:20 to 1:10 was achieved and an
X-ray structure of the titanium tartrate catalysts was
published.4 More recently, non-functionalized olefins
have been examined as substrates for epoxidation and
high enantiomeric excesses have been achieved only with
chiral salene manganese(III) catalysts.5,6

The success of organorhenium(VII) and organo-
molybdenum(VI) complexes in racemic epoxides reac-
tions,7–11 however, led to the belief that some derivatives
of these complexes could be applied as chiral catalysts.
In parallel, attempts have been made to improve the
catalytic performance of �inorganic� molybdenum(VI)
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3470 F. E. Kühn et al. / Tetrahedron: Asymmetry 16 (2005) 3469–3479
moieties with chiral donor ligands in order to obtain
better chiral catalysts.

This review summarizes the attempts to achieve chiral
olefin epoxidation catalysts based on Re(VII) and
Mo(VI) system, with a special emphasis on classical
organometallic compounds, that is, complexes contain-
ing at least one M–C bond.
2. Chiral organorhenium(VII) oxides and their
epoxidation capabilities

The success of the organorhenium(VII) oxides as olefin
epoxidation catalysts started with the preparation of
methyltrioxorhenium(VII) (MTO, see Fig. 1) by Herr-
mann et al.12 Although the compound was already
known previously from the work of Beattie and Jones,13

only the straightforward and high yielding preparation
published in 1988,12 and its further improvements
during the following years,14–17 enabled a detailed exam-
ination of the reaction chemistry and the potential
catalytic applications of MTO. It was quickly discovered
that MTO is an extremely efficient olefin epoxidation
catalyst in the homogeneous phase.18 Particularly,
important steps were the isolation of one of the cata-
lytical active species19 formed by the reaction of MTO
with hydrogen peroxide and the kinetic examination
of the MTO catalyzed olefin epoxidation.20,21 While it
was also found that derivatives of cyclopentadienyl-
trioxorhenium(VII)22 are either not soluble or not
reactive enough25 to be successfully applied as catalysts,
Figure 1. Methyltrioxorhenium(VII) (MTO).
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alkyl-,23,24 alkenyl-,25 alkynyl-,26 and aryl-deriva-
tives27–30 of MTO seemed to have higher potential in
this field. However, most of these complexes are either
thermally unstable or difficult to obtain in good yields.
Therefore, different approaches were chosen to get to
chiral organorhenium(VII) oxides.

The first fully characterized derivative of MTO was
described in the literature in 1997.31 An adduct of
Töger�s base [(5R,11R)-(+)-2,8-dimethyl-6H,12H-5,11-
methanodibenzo[b,f]-[1,5]diazocine] was synthesized by
simple reaction of Tröger�s base with MTO in diethyl
ether at �45 �C (Fig. 2 and Eq. 1). However, as could
already be assumed from the quite long Re–N bond dis-
tance [258.9(5) pm], the interaction between the chiral
N-base ligand and MTO is weak. The 1H, 13C, and
17O NMR spectra, recorded in CDCl3 solutions of the
MTO-Tröger�s base adduct clearly showed an equilib-
rium between free MTO and the adduct, with free
MTO being the far more dominant species even at low
measurement temperatures. Accordingly, when applying
these compounds in the catalysis of prochiral olefins, no
enantiomeric excesses could be found. Nevertheless, the
Figure 2. The adduct of MTO with Tröger�s base [(5R,11R)-(+)-
2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f]-[1,5]diazocine], the first
chiral derivative of MTO characterized by X-ray crystallo-
graphy.31
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approach of adding a Lewis base to MTO was found to
be an important improvement for MTO catalyzed olefin
epoxidations. Applying a 10–12-fold excess of (non-
chiral) Lewis base led to an activity increase and a con-
siderable reduction of diol byproduct formation, even in
the case of the most sensitive olefins.32–38 The labile
Re–N interactions, even in the case of bidentate Lewis
bases, were considered as the main reason for these sys-
tems being unsuccessful in chiral applications. Either
complexes with more stable Re–N interactions had to
be prepared or significant excesses of often compara-
tively expensive chiral Lewis bases were required for
successful application. Since the regio- and diastereo-
selective catalytic epoxidation of acyclic allylic alcohols
with MTO as the catalyst had been achieved by applying
urea hydrogen peroxide (UHP) and zeolite lattices,39,40

the heterogenization of MTO attached to a ferro-
cenylpyridine linker on b-cyclodextrine (b-CD) was
attempted in order to obtain a chiral environment
around MTO (Scheme 1).41 The monodentate ferrocene
derivative adheres to an inclusion model in which the
ferrocene penetrates deeply into the b-CD cavity in an
axial mode, while the MTO substituent protrudes out.
Also while both 1,1-bis(4-pyridinylethinyl) ferrocene
and ferrocene-4-pyridylacetylene form stable adducts
with MTO,42 the inclusion complex with b-CD
was not active as a catalyst for the heterogeneous
epoxidation.41
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Another attempt to utilize chiral N-base adducts of
MTO as catalysts in chiral epoxidation was made by
Corma et al.43 (S)-2-Aminomethylpyrrolidine, (R)-(+)-
phenyl ethylamine, and LL-prolinamide were used as chi-
ral ligands (Scheme 2). The enantiomeric excesses
obtained with cis-b-methylstyrene (Eq. 2), 1-methyl-
cyclohexene and a-pinene, respectively, as substrates and
hydrogen peroxide as the oxidant at �5� ! �55 �C were
between 4% and 36% with conversions between 9% and
59%. Unfortunately, the highest enantiomeric excesses
were not associated with the highest conversions (the
highest values of ca. 36% ee were reached with cis-
b-methylstyrene as the substrate and (R)-(+)-1-phenyl-
ethylamine as the catalyst:oxidant ratio of 1:100 in
CH3
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Scheme 2.
CH2Cl2 at �5 �C with conversions of ca. 10% and a
reaction temperature of �5 �C after 7 h). Based on 1H
NMR experiments performed at low temperature (down
to �40 �C), it was argued that a weak base ligand-MTO
coordination, resulting in incomplete MTO coordina-
tion did not seem to be the reason for the unsatisfactory
ees obtained. Instead �intrinsical stereochemical features
of the newly formed chiral complex�43 were deemed
responsible.

H2O2 or ROOH

O

Cat. O

and/or ð2Þ

More recently, chiral Lewis base ligands based on pyr-
azole (Scheme 3, 1–5) have been applied as ligands for
MTO (Scheme 3, Table 1). Again, the ees obtained with
cis-b-methylstyrene were quite low (6–27%) and associ-
ated with low conversions (6–22%). As in the case
described above, the highest ees were usually associated
with the lowest conversions.44 The weak coordination of
the Lewis base ligand was assumed to be the reason for
the unsatisfactory performance of the catalyst mole-
cules. Glycolate complexes of MTO (Scheme 4, 6–15)
were found to reach somewhat higher enantiomeric
excesses (up to 41%), but the conversions remained
low (5–30%). In this case, the sensitivity of the catalyst
to water induces ligand removal as well as ligand
exchange with other diols.44 The epoxidation reactions
were conducted in all cases below 0 �C (Table 2).
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Table 1. Application of chiral pyrazole based ligands in the catalytic
epoxidation of cis-b-methylstyrene with MTO/H2O2 in CH2Cl2

44

Ligand Conversion (%) Enantiomeric excess (ee)

1 6 27
2 9 12
3 14 10
4 22 15
5 22 6

The reaction was carried out at �30 �C with a catalyst:substrate:
oxidant ratio of 1:100:200. The ligand:MTO ratio was 12:1. The con-
versions are listed for a reaction time of 1 h. The numbering of the
ligands refers to Scheme 3.

Table 2. Application of chiral diols in the catalytic epoxidation of cis-
b-methylstyrene with MTO/H2O2 in CH2Cl2

44

Diol applied Conversion (%) Enantiomeric excess (ee)

6 30 5
7 0 0
8 10 11
9 5 18
10 7 15
11 10 15
12 8 16
13 5 41
14 5 15
15 5 14

The reaction was carried out at �25 �C, with a catalyst:substrate:
oxidant ratio of 1:100:150. The ligand to MTO ratio was 12:1. The
conversions are given after 1 h reaction time. The numbering of the
ligands refers to Scheme 4.
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There have been claims presented in a patent45 that
MTO and (S)-1-phenyl-1-dimethylaminoethane could
be applied to yield 22% of the epoxide in 86% enantio-
meric excess after a 4 h reaction time in a catalytic epox-
idation reaction. These results, however, have to be
taken with some care as they could not be reproduced
with any prochiral substrate in our laboratories. Fur-
thermore, similar results have, to the best of our knowl-
edge, not been published in a refereed scientific journal.
3. Chiral organomolybdenum(VI) oxides and their
epoxidation capabilities

The application of chiral molybdenum(VI) complexes in
olefin epoxidations dates back some years before the
application of MTO and its derivatives. The interest in
molybdenum-based olefin epoxidation catalysts is quite
old and closely associated with the application of
homogeneous Mo(VI) catalysts in the Halcon and Arco
processes.46,47 However, most of the chiral Mo(VI) com-
plexes are not organometallic in a strict sense, that is,
they do not contain a Mo–C bond. For the Mo(VI)O2
moiety, however, a broad variety of ligand sets have
been applied usually using bidentate, tridentate, or
tetradentate chiral ligands. Some of these ligands were
chiral, but the number of papers where such chiral
compounds have been applied for chiral olefin epoxida-
tion is nevertheless quite limited. To the best of our
knowledge, not a single Mo compound containing a
Mo–C bond has yet been applied in chiral olefin epoxi-
dation reaction as the catalyst. Therefore, we give herein
a brief overview on the work dedicated to Mo(VI) oxo
complexes, which contain one or more chiral ligands,
but which are not connected to the metal by a Mo–C
bond.

Molybdenum(VI) complexes with different types of chi-
ral ligands, among them diisopropyltartrates, lactamides
and several other hydroxyacid amides have been applied
in chiral epoxidations already in the 1970s and
1980s.2,48–52 N-Alkyl ephedrines,48 methyl pyrolinols,49

and diisopropyl tartrates were among the ligand species
applied. The enantiomeric excesses obtained, however,
were low. One of the difficulties in this area was the
development of suitable chiral ligands that are stable
to oxidation and straightforward to synthesize, with
the possibility of changing electronic and steric charac-
teristics by simple variation of the ligand starting mate-
rial. One class of ligands that meets these pre-requisites
are 2 0-pyridyl alcohols, which are readily accessible by
the reaction of 2-lithiopyridine with either symmetrical
or unsymmetrical ketones.53,54 Molybdenum complexes
of the type MoO2L2 (L = 2

0-pyridinyl alcoholate) (and
their W derivatives) were found to be useful catalysts
for the epoxidation of unfunctionalized olefins using
organic hydroperoxides or molecular oxygen as
oxidants.55,56 Applying 2-[(-)-menthol-pyridine] as the
chiral ligand L (see Chart 1, formula A) attached to
MoO2L2 led to a conversion of ca. 20% and an ee of
25% in the case of 1-hexene as a substrate.57 Using
the chiral monoterpenes (+)-camphor, (�)-camphor,
(�)-fenchone, and (�)-menthone as synthetic ligand
precursors (Chart 1, formulae B–D), enantiomerically
pure 2 0-pyridinyl alcoholates could be obtained (Chart
1, formula E, Fig. 3, Table 3) and were applied as chiral
N,O-ligands in molybdenum(VI) complexes, which
exhibited good catalytic activity and substantial asym-
metric induction in the epoxidation catalysis of trans-
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F. E. Kühn et al. / Tetrahedron: Asymmetry 16 (2005) 3469–3479 3473
methylstyrene.58 Chiral 2 0-pyridinyl alcohols (Chart 1,
formulae F–H, Fig. 3b) derived from isopropylidene-
protected carbohydrates were also used as ligands for the
MoO2 moiety. The usual precursor for such reactions
is MoO2(acac)2. Using TBHP (tert-butylhydroperoxide)
or cumylhydroperoxide (Table 3), respectively, as the
oxidant and trans-b-methylstyrene as the substrate ees
of up to 23% with conversions between 20% and 58%
have been reached at reaction temperatures of 50–
70 �C. The higher ees were reached with cumylhydroper-
oxide.59 Gonçalves et al. reported further on the
comparison of Mo(VI) dioxo complexes ligated by one
or two pyridyl alcoholate ligands (see Chart 1, formulae
I, J) applied also for olefin epoxidation.60 The monosub-
stitute complex was found to be more active than the
complex bearing two chiral ligands (reaction conditions:
55 �C, catalyst:substrate 1:100, 24 h, solvent decane). In
spite of being chiral, both complexes do not discriminate
between enantiomerically pure forms of the substrates
a-pinene and limonene. Ring opening activity was
observed for a-pinene oxide, producing campholenic
aldehyde and epoxy campholenic aldehyde.

Another class of chiral chelating ligands that seems to
meet the requirements for being utilized for the purposes
outlined here are the C2-symmetric bis(oxazolines),
which are easily prepared from readily available amino
alcohols.61 A broad variety of complexes containing
the (MoO2)

2+ moiety, being ligated either by a tetraden-
tate bis(oxazoline) ligand (Chart 1, formula O, R = iPr,



Figure 3. (a) The X-ray crystal structure of MoO2[(+)-campy]2 [(+)-campy) = (1R,2R,4R)-1,7,7-trimethyl-2-(2
0-piridinyl)bicyclo[2.2.1]hetptan-2-ol]

as ball-and-stick model;58 (b) The X-ray crystal structure of MoO2[(manpy]2 [(manpy) = (1S)-1-(2
0-pyridinyl)2,3:5,6-di-O-isopropyliden-DD-

mannofuranose] as ball-and-stick model.59

Table 3. Application of the ligands B–D in Mo(VI) complexes of type
E in the catalytic epoxidation of trans-b-methylstyrene with TBHP as
the oxidant in CHCl3

58

Chiral ligand
(complex type)

Conversion
(%)

Enantiomeric
excess (ee)

B (E) 76 26
C (E) 71 15
D (E) 81 4

F (E) 38 0
G (E) 29 8
H (E) 32 7

K (I) 66 2
L (I) 75 16
M (I) 59 12
N (I) 81 11
N (J) 51 23

The reaction was carried out at 50 �C, with a catalyst:substrate ratio of
1:100. The conversions are given after 16 h reaction time. For the
complexes of formula E bearing ligands F–H, under otherwise identical
conditions, the conversions and ees are given after 6 h reaction time.59

For the complexes of the type I and J, bearing ligands K–N, 55 �C
reaction temperature, 4 h reaction time and toluene as solvent have
been applied.62
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tBu, Ph), containing a C(CH3)2 bridge or by two biden-
tate pyridyl alcoholate ligands (similar to those
described in the previous section, see Chart 1, formulae
K–N) was synthesized by Romão et al. and applied to
the epoxidation of trans-b-methylstyrene. The catalytic
reactions were performed with TBHP as oxidant and
at reaction temperatures of 55 �C.62 The bis(oxazoline)
complexes showed good catalytic activities (up to 86%
conversion) but had very low enantiomeric excesses
(4–6%). Complexes of the type MoO2Cl(THF)L*

(L* = chiral 2 0-pyridyl alcoholate, Chart 1, I), which
were examined for the sake of comparison, also exhib-
ited high catalytic activity (up to 81% conversion within
16 h) and enantiomeric excesses up to 18%. Complexes
with two chiral 2 0 pyridyl alcoholate ligands, similar to
those described by Herrmann et al.58 (see above), were
found to yield comparable results with respect to the
enantiomeric excesses of those with only one chiral 2 0

pyridyl ligand (ees up to 23%) although the conversions
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obtained were somewhat lower (ca. 50% after 16 h).
Soon afterwards, Teruel et al. also applied chiral oxazo-
line ligands attached to the (MoO2)

2+ building block.63 In
contrast to the work mentioned above,62 the oxazo-
lines applied in this work were not linked by a bridge,
but were attached to the metal by an additional covalent
Mo–O bond (Chart 2, formulae P and P 0, showing the
N-cis and N-trans isomers, R = Et, iPr). Therefore,
two (bidentate) oxazolines are connected to the molyb-
denum atom. Using styrene as a substrate, toluene as
solvent and TBHP as the oxidant conversions of 25–
30% could be reached within 18 h at 35 �C. The selectiv-
ity toward the epoxide was, however, low (<50%) and
the enantiomeric excess negligible (ca. 2%). In further
work, Teruel et al. described that the good activity
and low enantioselectivity (with (R)-limonene as the
substrate) of the oxazoline ligated complexes originate
from the lability of the two oxazoline ligands, not being
strongly attached to the metal center. Based on X-ray
crystallography and NMR spectroscopy, they proposed
a reaction mechanism for olefin epoxidation catalyzed
by seven-coordinate molybdenum species containing
hemilabile ligands.64 Oxazolinylpyridine ligands, found
to be non-labile, were described as enabling a better
stereoselective control in the catalyzed organic reaction.
Sing et al. also synthesized transition metal complexes
containing bidentate oxazoline ligands among them also
a chiral Mo(VI) dioxo compound65 identical to the one
described by Teruel et al. (see above). Tested in catalysis
at room temperature, the performance of the Mo(VI)
catalyst, however, was not good [after 24 h at room
temperature, catalyst:substrate (styrene):oxidant 1:40:60,
solvent toluene65].

Chiral dioxomolybdenum(VI) complexes of the types
MoO2Cl2(L*) (L* = oxime), MoO2(THF)2L* (L* = cis-
p-menthane-3,8-diol) and MoO2Cl(THF)L* (L* = 8-
phenylthioneomenthol and 8-phenylthioisoneomenthol)
have been prepared, starting from MoO2Cl2(THF)2 by
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Scheme 5.
the reaction with the appropriate ligands (See Chart 2,
formulae Q–S). After 3 h reaction time, conversions
between 63% and 82% of the substrate cis-b-methyl-
styrene were reached with TBHP being the oxidizing
agent in toluene at 55 �C. The enantiomeric excesses,
however, were very low in most cases, amounting to
24% in the best case (formula Q) at 72% conversion.66

The first sugar derived chiral ligand attached to the
(MoO2)

2+ moiety was reported by Rao et al.67 and more
compounds of formula MoO2(L*)(Solv) (with L =
N-salicylidene-DD-glucosamine; N-salicylidene-1,3,4,6-
tetraacetyl-a-DD-glucosamine; N-5-chloro-salicylalde-
hyde-1,3,4,6-tetraacetyl-a-DD-glucosamine; N-salicylalde-
hyde-1,3,4,6-tetraacetyl-b-DD-glucosamine; N-5-chloro-
salicylaldehyde-1,3,4,6-tetraacetyl-b-DD-glucosamine; N-
salicyliene-4,6-O-ethylidene-b-DD-glucopyranosylamine,
and Solv = methanol or ethanol see Scheme 5 and
Fig. 4) were prepared, starting from MoO2(acac)2 and
applied in olefin epoxidation by Kühn et al.68 Depend-
ing on the position of the potential coordination sites
of the ligand L, the reaction led to selective inversion
at C1 of the sugar ligand in order to reach an optimal
coordination geometry. When esterification was used
to protect the –OH groups of the sugar ligand, Lewis
acid catalyzed deacetylation took place to allow a tri-
dentate coordination of the ligand. The coordination
of two bidentate ligands was not observed, even if the
ligand size would allow it, as in the case of a non-
protected ligand. It was assumed that during the epoxi-
dation catalysis, where the examined complexes were
used as catalysts, the weakly coordinating alcohol ligand
was replaced by TBHP. The TOF at the beginning of the
reaction was reported to be quite high in the case of
cyclooctene as the substrate. During the course of the
reaction, however, the velocity slowed down consider-
ably. It had been assumed that an increasing amount
of tert-butyl alcohol was competing for the same coordi-
nation sites as the TBHP molecules. Furthermore, a
tOH
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Figure 4. The X-ray crystal structure of MoO2(L*)(Solv) (with L = N-
salicylidene-1,3,4,6-tetraacetyl-a-DD-glucosamine, Solv = ethanol) as
ball-and-stick model.68
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significant portion of the tiny amounts of catalyst, used
to reach the high TOFs, probably fell victim to decom-
position due to traces of water in the catalytic system.
The catalytic olefin epoxidation reaction was observed
to be much slower with styrene as the substrate, but in
the case of cis-b-methylstyrene moderate enantiomeric
excesses of up to 30% could be reached (in toluene at
0 �C after 24 h with catalyst:substrate:oxidant ratio
being 1:100:200). The moderate enantiomeric excesses
were assumed to be (at least in part) due to an ongoing
ligand exchange in solution, which could be slowed
down only at lower temperatures.

Another approach to achieve good enantioselectivities
in the chiral epoxidation with Mo(VI) species led to
the application of tetradentate chiral salen ligands.
Although Mo(VI) dioxo complexes have been prepared
and spectroscopically characterized already more than
20 years ago69–71 it has only been very recently that
chiral derivatives have been applied for chiral catalytic
reactions.72–74 Kühn et al. prepared MoO2(L*) com-
plexes, with L* being a tetradentate chiral Schiff base
(Scheme 6).72 In the case of cis-b-methylstyrene being
the substrate moderate enantiomeric excesses of up to
26% were reached at 0 �C in toluene after 4 h. Shi
et al. applied both a chiral tetradentate Mo(VI) com-
pound of formula MoO2(L*) and systems containing
two bidentate pyridinyl alcoholate ligands (as described
above) for the asymmetric epoxidation of cis-1-prope-
nylphosphonic acid with 30% aqueous hydrogen perox-
ide affording (1R,2S)-(�)-(1,2)-epoxypropyl phosphonic
acid 74. It was found that the reaction was strongly
dependent on the ligands, the reaction temperature
and the solvent. In methylene chloride at 0 �C for 72 h
one of the 2 0-pyridinyl alcoholate coordinated com-
plexes, namely MoO2[(+)-campy]2 (the X-ray crystal
structure of this compound is shown in Fig. 3a) cata-
lyzed the asymmetric epoxidation in a 100% conversion
with an ee of 80%. It was assumed by the authors that
the epoxidation could be described as a direct oxygen
transfer occurring at the interface of the biphasic H2O-
nonprotic system.74 The complex bearing the tetraden-
date salene ligand T was found, as with all other
examined complexes, to give a better enantiomeric
excess in the non-coordinating solvent methylene chlo-
ride than in ethanol solvent. The obtained enantiomeric
excess was 69% at 30% conversion after 24 h reaction
time.

Another attempt to obtain useful chiral epoxidation cat-
alysts based on the (MoO2)

2+ moiety was made by
Gonçalves et al.75 Chiral 1,4-diazabutenes (DAB) of
the type R*-N@CPh–CPh@N–R* were prepared in
quantitative yields by condensation of benzil with two
equivalents of (R)-(+)-a-methylbenzylamine or (S)-(�)-
a-methylbenzylamine, using ZnCl2 as a catalyst. The
chiral diimine (1R,2R)-N,N 0-dibenzylidenecyclohexane-
1,2-diamine was also prepared by condensation of
(1R,2R)-cyclohexane-1,2-diamine with two equivalents
of benzaldehyde using a Dean–Stark adapter for the
removal of water. Six-coordinate dioxomolybdenum(VI)
complexes of the type [MoO2Cl2L] containing the biden-
tate chiral ligands were prepared (Scheme 7). The com-
plexes were evaluated as catalysts for the asymmetric
epoxidation of cis- and trans-b-methylstyrene by tert-
butylhydroperoxide at either room temperature or
55 �C. The reactions proceeded with high retention of
configuration and high selectivity to the epoxide, but
only for cis-b-methylstyrene significant ees were
obtained. With this substrate and the complex contain-
ing (1R,2R)-N,N 0-dibenzylidenecyclohexane-1,2-diamine,
in hand (1S,2R)-cis-b-methylstyrene oxide was obtained
in 77% ee at room temperature (24% conversion).
Increasing the reaction temperature increased the
epoxide yields but good enantiomeric excesses (P65%)
could only be achieved at low conversions (612%).75
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Concerning the attachment on solid surfaces (heterogeni-
sation of homogeneous catalysts) of chiral complexes
containing the (MoO2)

2+ moiety, the number of recent
reports is very limited. Corma et al. presented a review
about the state of the art concerning the synthesis, reac-
tions and catalytic applications of some zeolite anchored
Mo complexes for epoxidising simple alkenes a decade
ago.76 A review on polymer-supported metal complexes
for the alkene epoxidation was published by Sherrington
some years later.77 Corma et al. synthesized enantiopure
MoO2(acac)L*, where L* is the bidentate O,O-ligands
derived from LL-trans-4-hydroxy-proline.78 Derivatives
bearing a Si(OEt)3 group were heterogenized by anchor-
ing into modified USY zeolites. According to elemental
analyses, the metal loading on modified zeolite USY was
ca. 1%. The compounds have been, however, applied
solely for the epoxidation of allylic alcohols. At room
temperature, conversions of up to 93% and enantiomeric
excesses of up to 47% have been reached for geraniol
being the substrate and conversions up to 98% and
ees of up to 64% for nerol after reaction times of
3–4 h. Catalyst leaching was not significant.78

Optically active molybdenum(VI) dioxo complexes
bearing hydrosalen derivatives as ligands were also
grafted on surfaces, in this case on MCM-41 and
MCM-48. The heterogenization was achieved by react-
ing a surface fixed linker molecule (synthesized with a
trimethoxyiodo propyl silane), bearing a R-CH2I end
group with one of salene nitrogen atoms.79 The hetero-
genized complexes were found to be applicable for
asymmetric epoxidation of trans-b-methylstyrene and
cis-b-methylstyrene with enantiomeric excesses up to
31% at conversions up to 55% at room temperature
and TBHP being the oxidizing agent. At higher reaction
temperature (55 �C), the conversions went up to ca.
90%, but the ees dropped to below 20%.

As in the case of MTO, which has been mentioned
above,41 the inclusion compound of a ferrocenyldiimine
dioxomolybdenum complex with heptakis-2,3,6-tri-O-
methyl-b-cyclodextrin (TRIMEB) has been described80

by Gonçalves et al. Upon coordination of the ferrocenyl
diimine (FcNN) ligand to the MoO2Cl2 moiety, an
isomerization from trans, trans to cis, cis with respect
to the C@N bonds of the free ligand takes place. The
authors assumed that the guest species adhered to an
inclusion model in which each ferrocenyl sub-unit pene-
trates into the CD cavity in axial mode, giving rise to
a 2:1 host:guest stoichiometry. The inclusion compound
was found to be soluble and catalyzed with high selecti-
vity the liquid phase epoxidation of cyclo-octene using
tert-butyl hydroperoxide as the oxidant. In general,
the catalytic behavior of MoO2Cl2(FcNN) is, according
to the authors, not detrimentally affected by encapsu-
lation in TRIMEB, although the observed activities
were slightly lower. The use of a TRIMEB inclusion
complex in molybdenum-catalyzed olefin epoxidation
is expected to be particularly advantageous in cases
where the �free� catalyst is initially highly active but loses
activity during the reaction due to decomposition.
Immobilization in a CD host may, as stated by the
authors, help to stabilize the catalyst, and also facilitate
subsequent recycling. In addition, the catalytic potential
of many molybdenum complexes has not been realized
due to their poor solubility in common solvents. Inclu-
sion in TRIMEB may also be one possible answer to this
problem.
4. Summary and outlook

Several attempts have been made to transfer the organo-
metallic Re(VII) compound MTO and the (MoO2)

2+

moiety to chiral epoxidation catalysts by the addition
of chiral organic ligands, most conveniently taken from
Nature�s chiral pool. The major flaw in most of these
attempts, however, was the weak coordination of the
chiral Lewis base ligands to the metal center, which
leads either to high enantiomeric excesses only at the
very beginning of the catalytic reaction (low conversion)
or to generally low enantiomeric excesses. The hetero-
genization of the Mo(VI) complexes was, at least in
some cases, successfully achieved, but with the same
drawbacks with respect to the enantiomeric excesses as
in homogeneous phase. The lability of the chiral Lewis
base ligands in both the Re(VII) and the Mo(VI) sys-
tems, however, is not surprising when considering the
general examinations, particularly those of Herrmann
et al. with respect to Re(VII) systems81–86 and of Thiel
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et al.87–90 concerning Mo(VI) systems. Besides the possi-
bility of applying particularly strongly coordinating
ligands, which should not be too strong electron donors
to maintain the Lewis acidity of the metal center,
covalently bonded chiral ligands might be a way out
of the notoriously low enantiomeric excesses obtained
to date. Some results have been already presented, which
give enantiomeric excesses significantly above 50%.
Based on these results and still unexamined synthetic
possibilities as outlined above, it should be possible to
reach high enantiomeric excesses in olefin epoxidation
catalysis on a broader scale within the coming decade
with both homogeneous and heterogeneous Re(VII)
and Mo(VI) catalyst systems.
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M.; Chiang, A. S. T.; Kühn, F. E. Appl. Catal. A: Gen.
2005, 281, 267–273.

80. Petrovski, Z.; Braga, S. S.; Santos, A. M.; Rodrigues, S.
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