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We report here the discovery of a ligand-accelerated1 mode
for methyltrioxorhenium (MTO)-catalyzed olefin epoxidations.2,3

Aqueous H2O2 is the oxidant, and the ligands are pyridine
derivatives. In addition to its beneficial effect on rate, the
pyridine ligand shuts down the acid-catalyzed ring-opening
reactions which are the bane of most epoxidation methods in
use today.2,4 The standard procedure is exemplified in Scheme
1 for 1-phenylcyclohexene whose epoxide is sensitive to acid-
catalyzed destruction and is difficult to prepare by most existing
epoxidation methods.5

Use of aqueousH2O2 as the oxidant in transition metal
catalyzed epoxidations was first described by Venturello who
employed a tungstate catalyst under phase transfer conditions.6

A more effective version was recently published by Noyori,
but this system also presents epoxide-opening problems caused
by the slight acidity of the reaction milieu.7,8

Inorganic rhenium compounds such as Re2O7 or ReO3 were
long known to exhibit modest catalytic activity for H2O2-based
oxidations.9 However, real interest in the potential of rhenium
oxidation catalysts began with an extraordinary discovery by
the Herrmann group. They found that organometallic oxorhe-
nium(VII) species (especially MTO)10 are powerful epoxidation
catalysts with H2O2 as oxidant.2a-c Their work focused on the
use of anhydrous H2O2 (particularly int-BuOH) because water
was detrimental, increasing losses via acid-catalyzed epoxide
destruction pathways.4 This epoxide-instability problem has not
been overcome by Herrmann or others,2 although improvements
have been made.2d,e,i The addition of tertiary nitrogen bases,
including pyridine, was found to suppress epoxide ring-opening

processes but at the expense of a strongdetrimental effect on
catalyst actiVity. In any case, amine additives were apparently
not regarded as overall beneficial, since they do not appear in
any of the recommended “general procedures”.2c,d

In accord with observations of Herrmann and Adam, we
found that a range of saturated nonaromatic tertiary amines
strongly inhibit catalyst activity. This effect is independent of
the solvent, the amount of amine, and the presence or absence
of water. However, we were surprised to find that pyridine
and pyridine derivatives exhibited a remarkable acceleration
effect on the epoxidation rate, for pyridine too was found to
have a deleterious effect in the earlier work.2c,11 This accelera-
tion effect of pyridines is most pronounced in aprotic and
noncoordinating solvents (e.g., CH2Cl2 and CH3NO2).
While the reaction profile for the epoxidation of cyclooctene

(Figure 1) clearly shows the rate enhancing effect of the pyridine
ligand, it also reveals thatcatalyst lifetime is critically dependent
on the amount of pyridine present. The initial rates using either
1 mol % or 12 mol % pyridine in CH3NO2 (or CH2Cl2, not
shown) as solvent are nearly the same, but in the former case,
the catalyst decomposes completely within about 5 min,
resulting in poor conversion. In CH3NO2 or CH2Cl2 and about
3 mol % (or more) pyridine present, the catalyst is preserved
and cyclooctene is more than 95% converted to the epoxide
within 15 min.12 In summary, pyridine plays three crucial roles
in enhancing this process: (1) it speeds catalytic turnover, (2)
it prevents decomposition of epoxide products, and (3) in
sufficient concentration, it increases catalyst lifetime. The fact
that pyridine actually accelerates catalyst decomposition until
a threshold concentration is reached, probably explains why
earlier workers did not see its dramatic beneficial effects.
Furthermore, witht-BuOH as the solvent, the enhancing effects
of pyridine are only evident at much higher pyridine concentra-
tions.13 Since both CH3NO2 and CH2Cl2 result in biphasic
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with H2O2 and/or generated in the course of the reaction) has a major
influence on catalyst activity, both turnover rate and lifetime.

Figure 1. Reaction profile of the MTO-catalyzed epoxidation of
cyclooctene in different solvents with different amounts of pyridine
added (0.5 mol % MTO, 2 equiv of 30% H2O2, csubstrate) 0.8 mol/L);
analysis via GC after quenching the aliquots with MnO2.

Scheme 1.Epoxidation of 1-Phenylcyclohexene by
MTO/Pyridine (50 mM scale)
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conditions, we also determined the reaction profiles shown in
Figure 1 in a homogeneous solvent system (i.e., CH3NO2/t-
BuOH 85:15 v/v) and the results were almost identical.14 In
addition, when the more sterically hindered 2-picoline is used
in place of pyridine, the acceleration feature is lost regardless
of the solvent system employed.14 These control experiments
speak against both phase transfer and/or simple base effects as
the origin of the rate enhancement by pyridine.
The wide scope of this process is revealed in Tables 1 and

2.15 Even epoxides that are very sensitive to ring opening (Table
1, entries 3, 11, and 17) do not undergo hydrolytic ring
opening.16 Epoxidation of selected cyclic dienes resulted in high
diastereoselectivities for the cases studied (Table 2).17,18

We conclude by enumerating some advantages of this new
process over them-chloroperbenzoic acid (m-CPBA) method,
which is the one in widest use for research-scale epoxidations

at present:19-21 (1) the MTO/pyridine process is comparable in
cost as well as safer than them-CPBA process; (2) both
selectivity and scope are much greater, because even acid
sensitive epoxides do not suffer ring opening or rearrangement
reactions;21 (3) the new system is more reactive, can be run
with significantly less solvent, and workup/product isolation is
substantially easier; finally, (4) the only byproduct is water.
This ligand-accelerated, rhenium-catalyzed epoxidation pro-

cess may be the first example of rate enhancement by a basic
ligand of an oxidative transformation involving peroxometal
species.22 The mechanistic basis for this pyridine effect deserves
careful study but could take years to work out (cf., OsO4/ligand/
olefin mechanism).HoweVer, the importance of decoupling
epoxidation actiVity from acidity will be immediately apparent
to all synthetic chemists.23 The search for a simple, catalytic
epoxidation process which functions optimally under neutral-
to-basic conditions has been a constant, albeit elusive, goal of
ours for the past 25 years. Having found such a system,24 we
are of course interested in understanding and exploiting the new
reactivity features it offers. For example, experiments aimed
at adding the feature of enantioselectivity are now underway.
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Table 1. MTO/Pyridine-Catalyzed Epoxidation of Olefinsa

aReaction conditions:csubstrate) 2 mol/L (except entry 2 where 3
mol/L was used); 0.5 mol % MTO, 12 mol % pyridine, 1.5 equiv 30%
aqueous H2O2, CH2Cl2, rt, water bath.bDetermined on a 2 mmol scale
by GLC or1H NMR (400 MHz) using internal standards.cDetermined
on a 50 mmol scale.

Table 2. MTO/Pyridine-Catalyzed Epoxidation of Dienesa

aReaction conditions:csubstrate) 2 mol/L; 0.5 mol % MTO, 12 mol
% pyridine, 2.5 equiv50% aqueous H2O2, CH2Cl2, rt, water bath, 2
mmol scale, selectivities and rates determined by1H NMR (400 MHz).
bReaction performed at 10°C. cChemoselectivity with respect to the
epoxidation reaction.d See Supporting Information for details.
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