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Abstract

Organorhenium(VII) oxides, most notably methyltrioxorhenium (MTO) and several of its derivatives gained significant impor-

tance as extremely versatile catalysts for olefin oxidation reactions, aldehyde olefination, olefin metathesis, etc. MTO is nowadays

available by several straightforward synthetic procedures and found even applications in material sciences, forming the first known

polymeric organometallic oxide. In this review, the applications of MTO in oxidation catalysis, olefin metathesis and aldehyde olef-

ination are summarized and conclusions concerning possible future applications of organorhenium oxides and related complexes are

drawn.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Organometallic oxides are known since about 40

years due to the pioneering work of the research groups
of Fischer and Green [1,2]. Their importance as catalyst

models and, more importantly, as real catalysts became

clear soon after [3]. Despite attempts to synthesize

(C5H5)ReO3 in the Fischer group in the early 1960s [4]

it was only in 1979 that the first organometallic rhenium

oxide, methyltrioxorhenium (MTO, Fig. 1) was synthe-

sized [5].

A couple of years later two groups synthesized
(C5(CH3))5ReO3 independently [6,7]. The rational syn-

thesis of the latter compound by the Herrmann group

[8] triggered a broader examination on its reaction chem-

istry and its derivatives [9,10]. By the early 1990s several
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derivatives had been synthesized (Fig. 2) [11–16] and their

use as efficient catalysts in olefin metathesis, olefin epoxi-

dation and aldehyde olefination was established [17–19].

During the last 15 years an amazingly broad catalytic
applicability, especially of the particularly stable MTO

unfolded [20–24].Additionally,MTOeven found its entry

into material sciences (see Section 3). This article gives a

summary of the synthesis and behavior of MTO and fol-

lows the development in the three original fields of cata-

lytic application, namely olefin oxidation, metathesis

and aldehyde olefination, with particular attention paid

to the more recent findings.
2. Synthesis of methyltrioxorhenium(VII)

MTO was first synthesized in a quite time consuming

(weeks) and low scale (milligrams) synthesis [5]. The

breakthrough towards possible applications came only

about 10 years after its first synthesis, when a more effi-

cient synthetic route was reported [25]. An additional

improvement was the preventing of any significant Re
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loss as unwanted byproducts [26]. The laboratory pilot-

plant stage for MTO synthesis was reached in 1999 [27].

A further modification of the synthesis allows avoiding

the moisture sensitive and expensive dirhenium heptaox-

ide as starting material using instead Re powder or

perrhenates [28,29]. This method is of particular addi-
tional interest since it allows recyclization the catalyst

decomposition products from reaction solutions.

Scheme 1 describes this latter method. A comparative

overview on the synthetic pathways to MTO has been

given recently [30].
3. Behavior of methyltrioxorhenium in water

MTO hydrolyzes rapidly in basic aqueous solutions

and much slower in acidic media. At low concentrations

(rMTO < 0.008 M) the formation of methane gas and
perrhenate was detected. At higher concentrations a sec-

ond reaction, a faster reversible polymerization–precipi-

tation, takes place to yield a golden colored solid of the

empirical composition {H0.5[(CH3)0.92ReO3]} (poly-

MTO) in about 70% yield (Eq. (1)) [31–36]. The reaction
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follows first-order reversible kinetics. The rate of polym-

erization–precipitation is independent of the concentra-

tion of H+, and the reaction does not occur in the

presence of oxidants [31]. The structure of the crystalline

domains of poly-MTO can be described as double layers

of corner sharing CH3ReO5 octahedra (AA 0) with inter-

calated water molecules (B) in a . . .AA 0BAA 0. . . layer
sequence. It adopts the three-dimensional extended
ReO3 motif in two dimensions as a {ReO2}n network.

The oxo groups of two adjacent layers are vis-à-vis with

the intercalated water layer. Hydrogen bridges are

formed between the oxo groups and the water mole-

cules, enhancing the structure of the polymer. The dou-

ble layers are interconnected by van-der-Waals

attractions generated by the non-polar methyl groups,

which are orientated inside the double layer (Scheme
2). These structural features explain the observed lubric-

ity of poly-MTO. Understoichiometry with respect to

the CH3/Re ratio of 4.6:5 and partial reduction by extra

hydrogen equivalents are responsible for a high electric

conductivity of poly-MTO [34,35]. Poly-MTO also con-

tains amorphous areas with a defect stacking of double

layers and with smaller content of water. The conductiv-

ity of poly-MTO is attributed to occasional demethyla-
tion and to the inclusion of extra hydrogen in the

lattice. A theoretical study of MTO dimers, trimers

and tetramers has been performed. The tetramer already

provides a good model for the interpretation of the IR

and Raman spectra of poly-MTO and assigns the bridg-

ing oxygen atoms as the best candidates to bind the ex-

cess protons present in poly-MTO [37]. Terminal

oxygens of monomeric MTO seem to be easily available
for the formation of bridging oxygens [38].
CH3

Re
O

O O

MTO

+ H2O "{H0.5[(CH3)0.92ReO3]}• + O2 + (HReO4 + CH4)"

(ca. 70 %)

poly-MTO
(ca. 30 %)

ð1Þ
4. MTO as oxidation catalyst

4.1. The active species

The catalytic activity of MTO in the epoxidation of

olefins was noticed soon after it was accessible in higher
amounts [18]. An important step in the understanding of

the role of MTO in oxidation catalysis was the isolation

and characterization of the reaction product of MTO

with excess H2O2, i.e. a bisperoxo complex of stoichiom-

etry (CH3)Re(O2)2O Æ H2O [39]. Its formation takes

place in any organic solvent or water. The structures

of (CH3)Re(O2)2O Æ H2O and (CH3)Re(O2)2O Æ (O@P-

(N(CH3)2)3) (X-ray diffraction) were determined, the
structure of ligand free complex (CH3)Re(O2)2O is

known from the gas phase [39,40].

Experiments with the isolated bis(peroxo)complex

(CH3)Re(O2)2O Æ H2O have shown that it is an active

species in olefin epoxidation catalysis and several other

catalytic reactions [39,40]. In situ experiments show that

the reaction of MTO with one equivalent of H2O2 leads

to a monoperoxo complex of the composition
(CH3)Re(O2)O2 [41,42]. (CH3)Re(O2)O2 exists solely in

equilibrium with MTO and (CH3)Re(O2)2O Æ H2O. The

monoperoxo complex is also catalytically active in oxi-

dation processes. Kinetic experiments indicate that the

rate constants for the transformation of most substrates

into their oxidation products by catalysis with the mono

and bisperoxo complex are of a comparable order of

magnitude [41–43]. These results are supported by den-
sity functional calculations [44–46]. The transition states

in the olefin epoxidation process starting from

(CH3)Re(O2)O2 and (CH3)Re(O2)2O Æ H2O are not dif-

ferent enough in energy to exclude one of these two cat-

alysts totally from the catalytic process. The activation

parameters for the coordination of H2O2 to MTO have

also been determined. They indicate a mechanism

involving nucleophilic attack. The protons lost in con-
verting H2O2 to a coordinated O2�

2 ligand are trans-

ferred to one of the terminal oxygen atoms, which

remains on the Re as aqua ligand. The rate of this reac-

tion is not pH-dependent [47]. Two catalytic pathways

for the olefin epoxidation may be described depending

on the concentration of the hydrogen peroxide used. If

85% hydrogen peroxide is used only (CH3)Re(O2)2O Æ
H2O appears to be responsible for the epoxidation activ-
ity (Scheme 3, cycle A). When a solution of 30 wt% or

less H2O2 is used, the monoperoxo complex,

(CH3)Re(O2)O2, is also taking part in the epoxidation

process and a second catalytic cycle is involved as shown

in Scheme 3, cycle B. For both cycles, a concerted mech-

anism is suggested in which the electron rich double

bond of the alkene attacks a peroxidic oxygen of

(CH3)Re(O2)2O Æ H2O. It has been inferred from exper-
imental data that the system may involve a spiro

arrangement [44–49]. The formation and catalytic
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application of organorhenium(VII) peroxo species as
well as possible intermediates and transition states have

been reviewed previously [50–54].

4.2. Donor adducts of MTO in catalytic epoxidations

The most important drawback of the MTO catalyzed

process is the concomitant formation of diols instead of

the desired epoxides, especially in the case of more sen-
sitive substrates [55]. It was quickly detected that the use

of Lewis base adducts of MTO (Fig. 3) significantly de-

creases the formation of diols due to the reduced Lewis

acidity of the catalyst system.

However while the selectivity increases, the conver-

sion decreases [55–57]. It was found that biphasic sys-

tems (water phase/organic phase) and addition of a

significant excess of pyridine as Lewis base not only
hamper the formation of diols but also increase the

reaction velocity in comparison to MTO as catalyst pre-

cursor [58,59]. Additionally it was shown that 3-cyano-

pyridine and especially pyrazole as Lewis bases are

even more effective and less problematic than pyridine

itself while pyridine N-oxides are less efficient [60–63].

The Brønsted basicity of pyridines lowers the activity

of hydronium ions, thus reducing the rate of opening
the epoxide ring [64]. MTO forms trigonal-bipyramidal

adducts with monodentate N-bases and (distorted) octa-

hedral adducts with bidentate Lewis bases [65–68]. The

monodentate Lewis base adducts of MTO react with

H2O2 to form mono- and bisperoxo complexes analo-

gous to that of MTO, but coordinated by one Lewis

base molecule instead of H2O. From the Lewis base–

MTO complexes to the bisperoxo complexes a clear
increase in electron deficiency at the Re center can be
observed by spectroscopic methods. The activity of the
bisperoxo complexes in olefin epoxidation depends on

the Lewis bases, the redox stability of the ligands, and

the excess of Lewis base used. The peroxo complexes

of the MTO–Lewis bases are, in general, more sensitive

to water than MTO itself [65–67]. Furthermore, in the

presence of olefins, which are not readily transformed

to their epoxides 2,2 0-bipyridine can be oxidized to its

N-oxide by the MTO/H2O2-system [69]. Low to moder-
ate stereo induction values (up to about 40% ee with

conversions of around 10% at �5 �C reaction tempera-

ture) can be achieved when prochiral olefins, e.g. cis-b-
methylstyrene or a-pinene are epoxidized with chiral

amine adducts of MTO [70]. MTO is also successfully

applied as chiral epoxidation catalysts in the presence

of excess chiral Lewis base ligands derived from pyraz-

ole. Moderate enantiomeric excesses up to ca. 30% can
be reached at low reaction temperatures (�30 �C), the
conversions however, being quite low (<25%). The rea-

son for this may be the fluctionality of the N-base lig-

and. Glycolate complexes of MTO, applied under the

same conditions reach somewhat higher enantiomeric

excesses (up to ca. 40%), however, again associated with

low conversions (<30%). In this case the sensitivity of

the catalyst to water induced ligand removal as well as
ligand exchange with other diols is the most likely rea-

son [71].

4.3. Epoxidations with MTO in ionic liquids

MTO has also been successfully applied as an olefin

epoxidation catalyst in ionic liquids [57,72,73]. The val-

ues of the rate constants of the formation of the peroxo
complexes of MTO have been found to be highly
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dependent on the concentration of water in the solvent.

Ionic liquids can behave like organic solvents and aque-

ous solutions of high salt concentrations.

4.4. Epoxidations with heterogenized MTO as the catalyst

Alternative strategies to improve MTO-catalyzed oxi-

dations have made use of host–guest inclusion chemistry
[74–81]. It was found that an urea/hydrogen peroxide

(UHP) complex is a very effective oxidant in heterogene-

ous olefin epoxidations and silane oxidations catalyzed

by MTO [74]. Even stereoidal dienes, uracil and purine

have been successfully oxidized by the MTO/H2O2–urea

system [75–77]. The oxidation of the plasmid pBG1 has

also been reported as the first example of double-strand

DNA cleavage mediated by the catalytic system MTO/
H2O2 [76]. The epoxidation by urea–hydrogen peroxide

catalyzed by MTO on niobia (Nb2O5) has also been

studied [81]. The reaction rates were found to be more

selective than those in homogeneous MTO/hydrogen

peroxide solutions.
Using NaY zeolite as host for epoxidations leads to

high yields and excellent product selectivities [82]. MTO

has also been supported on silica functionalized with

polyether tethers [83]. In the absence of an organic sol-

vent, this catalytic assembly catalyzed the epoxidation

of alkenes with 30% H2O2 in high selectivity compared

to the ring-opened products observed in homogeneous

media. MTO has additionally been immobilized in the
mesoporous silica MCM-41 functionalized with pendant

bipyridyl groups of the type [4-(„Si(CH2)4)-4
0-methyl-

2,2 0-bipyridine] [84]. Powder XRD and N2 adsorption–

desorption studies confirm that the regular hexagonal

symmetry of the host is retained during the grafting reac-

tion and that the channels remain accessible. The forma-

tion of a tethered Lewis base adduct of the type

CH3ReO3 Æ (N–N) was confirmed. The XAFS results
however indicated that not all rhenium is present in this

form and this is consistent with elemental analysis which

gave the Re:N ratio to be 1:1.1. It is likely that the excess

rhenium is present as un-coordinated MTO molecules

assembled in the MCM channels. Furthermore, polymer
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supported derivatives ofMTOwere preparedwith poly(4-

vinylpyridine) and polystyrene [85]. In the case of poly(4-

vinylpyridine)/MTO derivatives, a slightly distorted

octahedral conformation of the metal�s primary coordina-

tion spherewas observed. TheRe–Nbondwas abnormally

short in comparison to previously reported homogeneous
MTO/pyridine complexes [65], showing a strong coordi-

nation of theMTOmoiety to the surface. The reticulation

grade of the polymerwas a crucial factor for themorphol-

ogy of the particles surface. The polymer supportedMTO

proved to be an efficient and selective catalyst for the ole-

fin epoxidation. The catalytic activity was reported to be

maintained for at least five recycling experiments [85].

4.5. Deactivation of the MTO-derived epoxidation

catalysts

A particular important role of water and pH values

becomes evident when looking at the catalyst deactiva-

tion processes. While MTO and its peroxo complexes

are quite stable in acidic media, basic conditions lead

to significantly reduced catalyst stabilities. In spite of
the extraordinarily strong Re–C bond [86], characteristic

of MTO, the cleavage of this bond plays a prominent

role in the decomposition processes of these complexes

[87–89]. Concerning MTO, the full kinetic pH profile

for the base-promoted decomposition to CH4 and

ReO�
4 was examined. Spectroscopic and kinetic data

give evidence for mono- and dihydroxo complexes of

formulae CH3ReO3(OH�) and CH3ReO3(OH�)2 prior
to and responsible for the decomposition process. In

the presence of hydrogen peroxide, (CH3)Re(O2)O2

and (CH3)Re(O2)2O Æ H2O decompose to methanol and

perrhenate with a rate that is dependent on [H2O2]

and [H3O]+. The complex peroxide and pH dependen-

cies are explained by two possible pathways: attack of

either hydroxide on (CH3)Re(O2)O2 or HO�
2 on MTO.

The bisperoxo complex decomposes much more slowly
to yield O2 and MTO [89]. Thus, critical concentrations

of strong nucleophiles have to be avoided, high excess of

hydrogen peroxide stabilizes the catalyst. It turned out

to be advantageous to keep the steady state concentra-

tion of water during the oxidation reaction as low as

possible to depress catalyst deactivation.

It has to be noted that quite recently the possibility of

MTO catalyzed reactions, utilizing dioxygen from the
air instead of H2O2 as oxidizing agent has been reported

for some special cases [90,91]. Sodium percarbonate has

also been successfully applied as an oxygen source for

MTO catalyzed epoxidations [92].

4.6. MTO catalyzed epoxidations: an assessment of the

current state

Epoxidations with the MTO/H2O2 display several

advantages. MTO is easily available, active in low con-
centrations of both MTO (0.05 mol%) and H2O2 (<5

wt%), it works with a broad temperature range (�40

to +90 �C) and is stable in water at acidic conditions

as well as in basic media in special cases. Furthermore,

the MTO/H2O2 system works in a broad variety of sol-

vents, ranging from highly polar solvents (e.g., nitro-
methane, water) to solvents with low polarity (e.g.,

toluene). However, the reactions between MTO/H2O2

and alkenes are ca. one order of magnitude faster in

semi-aqueous solvents (e.g., 85% H2O2) than in metha-

nol. The rate constants for the reaction of MTO/H2O2

with aliphatic alkenes correlate closely with the number

of alkyl groups on the alkene carbons. The reactions be-

come significantly slower when electron-withdrawing
groups, such as –OH, –CO, –Cl, and –CN are present

in the substrates.

A major advantage of MTO is that it does not

decompose hydrogen peroxide. This is in striking con-

trast to many other oxidation catalysts. Turnover num-

bers (TON) of up to 2500 mol product per mol catalyst

(reaction conditions: 0.1 mol% MTO, 5 mol% pyrazole)

and turnover frequencies (TOF) of up to 14,000 mol
product per mol catalyst per hour have been reported,

with typical MTO concentrations of 0.1–1.0 mol%.

However, these impressive results have only been

reached in perfluorinated alcohols as solvents with

cyclohexene as substrate [93,94].

High selectivity (epoxide vs. diol) can be adjusted by

temperature control, trapping of water or the use of cer-

tain additives, such as aromatic Lewis-base ligands,
which additionally accelerate the epoxidation reactions.

Selectivities of >95% can be reached.

4.7. Oxidation of conjugated dienes, allylic alcohols and

alkynes

Special cases closely related to the topic discussed

above are the oxidation of conjugated dienes and the
epoxidation of allylic alcohols. Conjugated dienes are

oxidized to epoxides or diols, respectively, in the pres-

ence of water with the MTO/H2O2 system. The biphasic

system MTO/H2O2/CH2Cl2 oxidizes 1,4-polybutadiene

efficiently [95,96]. The extension of epoxidation (10–

50%) can be modulated by the amount of oxidant

added, without significant change in the molecular

weight of the polymer [96]. A conjugated linoleic acid
isomer, methyl (9Z,11E)-octadecadienolate can also be

successfully epoxidized with MTO/hydrogen peroxide

[97]. Soybean oil can be oxidized by the MTO/CH2Cl2/

H2O2 catalytic biphasic system. Total double bond con-

version and 95% selectivity were obtained in two hours

at room temperature. The epoxidized soybean oil is re-

ported to remain stable in the absence of stabilizers

for up to one month when stored at mild conditions
[98]. Fish oils can be epoxidized with MTO in the pres-

ence of excess pyridine and 30% H2O2 in methylene
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chloride. The Norway fish oil ethyl ester can be quanti-

tatively epoxidized in an 86% yield. The Capelin fish oil

gives 100% epoxidized fish oil in 72% yield. Decreasing

the amounts of MTO and pyridine results in partially

epoxidized fish oils [99]. Allylic alcohols are epoxidized

to the epoxy alcohols by hydrogen peroxide in the pres-
ence of MTO [100,101]. Provided that no acid is added,

the product is mostly epoxide, accompanied by minor

amounts of triol resulting from acid-catalyzed ring

opening. With added acid the triol is obtained. The

1,3-transpositioning of allylic alcohols, also catalyzed

by MTO, however, is strongly inhibited by the presence

of traces of water [102]. This reaction does not require

the presence of peroxides or peroxo complexes. Theoret-
ical investigations on the allylic rearrangement have also

been performed [103]. It was also reported that allylic

alcohols as well as alkenes can be oxidized in an ambient

temperature ionic liquid using MTO and urea hydrogen

peroxide [57]. Excellent conversions and selectivities for

the epoxides of a wide number of substrates were

observed.

The MTO/H2O2 system also catalyzes the oxidation
of both internal and terminal alkynes. It provides a sig-

nificantly cleaner and safer method of alkyne epoxida-

tion than the oxidation by organic peracids [104].

Internal alkynes yield carboxylic acids and a-diketones.
Rearrangement products were only observed for ali-

phatic alkynes. Terminal alkynes give carboxylic acids,

derivatives thereof and acids as the major products.

4.8. MTO catalyzed formation of aldehydes or ketones

from olefins

The advantage of the rhenium catalysts is their ability

to activate hydrogen peroxide as cheap and environmen-

tally friendly oxidant without any H2O2 decomposition,

independent of the concentration of the used hydrogen

peroxide (5–85 wt%, see also Section 4.6). Compared
to RuCl3 in the presence of MTO the half-life of H2O2

is 20000 times higher, analogously compared to MnO2

by a factor of 50, Na2WO4 by a factor of 20, and even

Re2O7 by a factor of 2 [105]. In this light, MTO appears

as a first class catalyst for an efficient activation of

hydrogen peroxide. Dependent on the reaction condi-

tions MTO can be tuned into an epoxidation catalyst

(low temperature, presence of co-ligands, correct stoi-
chiometry of oxidant and olefin, see above), dihydroxy-

lation catalysts (ambient temperature and higher,

presence of water), or catalysts for the cleavage of

C@C double bonds. A mild asymmetric H2O2-based

dihydroxylation of olefins can be achieved by the

MTO/OsO4 couple. The MTO is catalyzing the H2O2

oxidation of the chiral ligand to its N-oxide, which in

turn re-oxidizes Os-VI to Os-VIII. (DHQD)(2)PHAL
plays a dual role serving as the chiral inductor as well

as the tertiary amine generating the N-oxide required
for the recycling of osmium. This catalytic system gives

vicinal diols in good isolated yields and enantiomeric ex-

cesses up to 99% ee [106]. Cleavage of double bonds can

be achieved under nearly water free conditions, the right

choice of solvent, and a defined excess of hydrogen per-

oxide (olefin/oxidant/catalyst = 1/>4/0.01). To turn
MTO into a C@C double bond cleaving catalyst it is

necessary to trap the formed water with MgSO4,

ortho-esters, or by azeotropic distillation during the

course of the oxidation reaction to increase activity

and to avoid catalyst hydrolysis. This increases the cat-

alyst lifetime at the required higher reaction temperature

of 60 �C. Under these conditions olefins are converted

into aldehydes in fair to high yields. Special aprotic sol-
vents like t-butyl methyl ether (mtbe) allow higher water

concentrations, without being essential to trap H2O2

from the reaction mixture. Addition of non-coordinat-

ing Brønsted acids like HBF4 or HClO4 as co-catalysts

increases the yield of aldehyde from olefin oxidation

from 68% to 85% under two phase conditions, e.g. with

chloroform as the organic phase [107]. Drop wise addi-

tion of 30% aqueous hydrogen peroxide to a variety of
diols using MTO as the catalyst leads selectively to the

corresponding 1,2-diketones. The C–C single bond is

maintained in this case [108].

4.9. Acid formation from olefins with MTO/co-catalyst

systems

A strong solvent effect was discovered by the applica-
tion of the oxidation system mtbe/H2O2/HBF4/MTO,

which oxidizes the primary formed aldehydes further

to their corresponding carboxylic acids in 60% selectiv-

ity at complete conversion. In contrast, in mtbe as sol-

vent without addition of HBF4 only aldehyde

formation is observed.

The right combination of aprotic solvent (mtbe) and

co-catalyst (HBF4) leads to a one-pot transformation of
olefinic double bonds to aliphatic as well as aromatic

carboxylic acids. Thus according to the reaction condi-

tions used, MTO can be freely tuned, dependent on

the desired reaction pathway. Besides, simple olefins

also long chain olefins, waxes, and fatty acid derivatives

can be cleavaged by the aforesaid manner to the alde-

hydes and carboxylic acids applying co-catalyst systems.

A C30 wax fraction (Mw 564 g/mol; chain lengths be-
tween C26 and C54; Chevron) is cleaved by MTO (0.5

mol%)/H2O2 to 57% aldehydes and 43% vic-diols at full

concersion of the substrate mixture. 2-Alkyl-1-alkene

compounds are oxidized to the ketones. Under HBF4

conditions further oxidation to the carboxylic acid is ob-

served. At the reaction temperature the wax is com-

pletely soluble in mtbe, after cooling to ambient

temperature the catalyst solution (mtbe/MTO/H2O2) is
easily separated from the solid reaction products by fil-

tration [107].
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Furthermore, the MTO/H2O2 system catalyzes the

oxidation of cyclic b-diketones to carboxylic acids

[109]. Conversions are usually above 85%, the product

selectivity is nearly quantitative. The reaction is per-

formed in a 1:1 water acetonitrile solution at room tem-

perature. It has been assumed that enolic forms, which
exist in solution are initially epoxidized. After a rear-

rangement step the C–C bond is cleaved and an oxygen

atom is inserted. Then a a-diketone intermediate forms,

which is finally oxidized to the carboxylic acid [109].

4.10. Oxidation of alcohols and ethers

Very closely related to the topics discussed previously
and therefore mentioned for sake of completeness in this

review is the oxidation of alcohols and ethers. Since

alcohols, in particular diols can be generated by MTO

catalysis from olefins (see above), the further fate of

alcohols in the presence of MTO – under the special

conditions described below – will be discussed here as

well. Primary and secondary alcohols are oxidized using

the MTO/H2O2 catalyst system to aldehydes and ke-
tones, respectively [110–114]. The addition of a catalytic

quantity of bromide ions, such as HBr or NaBr, signif-

icantly enhances the reaction rate [111]. The bromide is

oxidized to the hypobromide ion, BrO�, which com-

bines with additional bromide to give bromine. Bromine

oxidises the alcohols to aldehydes and ketones. The sys-

tem MTO/H2O2/HBr/TEMPO (TEMPO = 2,2,6,6-tetra-

methyl-1-piperidinyloxy) catalyses the selective
oxidation of terminal alcohols to the corresponding

aldehydes with excellent selectivities and yields [112].

The system allows the oxidation of alcohols either selec-

tively to aldehydes or to the corresponding acids

depending on the reaction parameters. This technique

is especially applicable to the oxidation of carbohydrates

[112]. The MTO hydrogen peroxide system oxidatively

cleaves furans in yields usually >70% to enediones. Sub-
stituted pyranones are obtained from furans with

hydroxymethyl groups at the 2-position. The yields, in

this case, are >75%. Acetonitrile as solvent leads to

the fastest reactions although the work-up is reported

to be easier with CH2Cl2 [113]. Silyl enol ethers are oxi-

dized to a-hydroxy ketones by MTO/H2O2 with subse-

quent desilylation with KF [114]. Yields are usually

>90%. In the case of conjugated systems, the yields are
significantly lower.

4.11. Oxidation of aromatic compounds

In general, the oxidation of arenes is more difficult

than that of alkynes and alkenes. The oxidation of ben-

zenes is harder to achieve than that of polycyclic arenes.

Arenes are oxidized to para-benzoquinones by hydrogen
peroxide with MTO as catalyst in glacial acetic acid and

usually at elevated temperatures [115]. The role of the
acetic acid seems to be one of increasing the electrophi-

licity of the peroxo complex by protonation of a peroxy

oxygen atom [51].

Since water is an inhibitor, concentrated (85 wt%)

H2O2 is also preferred. Alternatively, commercially

available 35% H2O2 in acetic anhydride can be em-
ployed; a considerable regioselectivity is obtained with

this system. The conversion is higher for electron-rich

arenes (nearly 100%) and selectivities of greater than

85% have been reached [115–126]. Biphenylene can

be oxidized with the MTO system in chloroform

affording an o-quinone product (83% conversion)

[116]. Hydroxy substituted arenes can be oxidized by

aqueous hydrogen peroxide (85 wt%) in acetic acid
to afford the corresponding p-quinones in isolated

yields of up to 80% [119]. It has been shown that

using a mixture of acetic acid and acetic anhydride

further improves the product yield [122,123]. Instead

of acetic acid, HBF4 in EtOH may also be used

[119,120]. Anisol was also found to undergo selective

oxidation with the MTO/H2O2 system to yield o-

and p-methoxyphenols. There is no need to use a sol-
vent in this case. The hydrogen peroxide/MTO system

has also been reported for the catalytic preparation of

ortho- and para-benzoquinones of cardanol derivatives

[124]. Bidentate Lewis base adducts of halogeno rhe-

nium(VII) oxides also catalyze the arene oxidation in

the presence of H2O2 [121]. Heterogeneous poly(4-

vinylpyridine)MTO systems have also been described

for the oxidation of substituted phenol and anisole
derivatives to benzoquinones. In the oxidation of

some natural phenols such as cardanol derivatives

higher conversions and yields of benzoquinones were

observed with respect to MTO in homogeneous phase

suggesting a support-mediated molecular recognition

process based on hydrogen-bonding interactions [125].

Concerning the mechanism of the arene oxidation it

is assumed that the first reaction step results in the for-
mation of a phenol. Phenols and methoxy arenes, being

more electron rich than arenes, react faster with the per-

oxorhenium compounds. Therefore, the subsequent

steps in the oxidation occur more rapidly than the first

[123,126].

Benzaldehydes with hydroxy or methoxy substituents

in ortho or para positions are reported to be oxidized to

the corresponding phenols (carboxylic acids are formed
as by-products) in good yields [118]. The yield is temper-

ature and solvent dependent.
CH3 CH3

O

O

[MTO]/H2O2

CH3COOH / 25˚ C

ð2Þ
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Some of the quinones obtained are of industrial inter-

est, e.g. the synthesis of vitamin K3 (2-methyl-1,4-naph-

toquinone, see Eq. (2)) [115]. Vitamine K3 is produced

on an industrial scale as a supplement for animal feed.

2,3-dimethoxy-5-methyl-p-benzoquinone is a key inter-

mediate in the synthesis of coenzyme Q [122].
Fig. 4. Adduct of MDO and MTO, found to act as catalytically active

species in aldehyde olefination.
5. Aldehyde olefination catalyzed by MTO and derivatives

In 1991, Herrmann et al. [19] reported on an alde-

hyde olefination catalyzed by MTO (see above). The

aldehyde olefination reaction with MTO was carried

out at room temperature by adding diazo alkane dis-
solved in benzene or tetrahydrofuran (THF) drop wise

to a solution of stoichiometric amounts of aldehyde

and triphenyl phosphine and a catalytic amount of

MTO (1–10 mol%) in the same solvent (Eq. (3)).

The reaction temperature (�20 to +80 �C) has little

effect on the product distribution. Ethyldiazo acetate

and diazo malonate have been applied together with

both saturated and a,b-unsaturated aldehydes and tri-
phenyl phosphine or tri-n-butylphosphine. Dependent

on the aldehyde used, yields up to 98% and E:Z ratios

of up to 97:3 could be reached within 20 min reaction

time at 20 �C. The more catalyst is present, the worse

is the selectivity towards trans product and the less

azines, RCH@NAN@CHR are produced. Electron

withdrawing substituents on the aldehyde favor the

olefination in contrast to the Mo-based catalytic sys-
tem established previously by Schwartz and co-work-

ers [127] and Lu et al. [128]. Another important

difference is that olefins derived from diazomalonate

are received with MTO as a catalyst but not with

[MoO2{S2CN(C2H5)2}2]. Instead a stable phosphorus

ylide, (C6H5)3P@C(CO2CH3)2, is formed in the latter

case, which does not react with aldehydes in a Wittig

reaction. Therefore, a significant advantage of the
MTO catalyzed system is that the synthesis of olefins

from otherwise un-reactive precursor compounds is

possible. The mechanistic implications of this observa-

tion are discussed below in some detail. Some cyclic

ketones also undergo the olefination reaction with

MTO as the catalyst. However, the yields and activi-

ties are in this case considerably lower. The predomi-

nant side reaction here is a metal catalysed formation
of the symmetric olefin from the diazoalkane.
R1

C
R2

N2

R3
C

H

O

R3
C

H
C

R1

R2

+ + P(C6H5)3

+ N2 + O=P(C6H5)3

[MTO]

ð3Þ
Since it was already known that MTO reacts readily

with phoshines, it was assumed that in a first step of

the catalytic reaction one of the terminal oxo atoms
originally bound the rhenium centre is abstracted by

the phosphine, forming a compound of the composition

CH3ReO2 Æ OPPh3, which then would react in a further

step with the diazo acetate under liberation of both

phosphine oxide and dinitrogen [19,129]. A follow up

work showed, that the catalytically active species really

was a rhenium(V) complex based on methyldioxorhe-

nium(V), abbreviated as ‘‘MDO’’ (methyldioxorhenium)
(Fig. 4) [130].

This compound is formed, as it has been previously

anticipated, via reduction of MTO with the phosphine

under formation of phosphine oxide. It was assumed

that in the catalytic cycle, after the formation of the

Re(V) species, in a second step a rhenium carbene com-

plex is formed by the reaction of MDO with the diazo

complex under extrusion of dinitrogen gas. The carbene
would then react with the aldehyde and form a metalla-

cycle, which finally reforms MTO (with oxygen from the

aldehyde) and olefin [129–131]. The whole reaction cycle

is shown in Scheme 4. However, neither the rhenium

carbene nor the metallacycle could be directly observed.

However, rhenium(VII) carbenes could be generated

independently already before, but have never been ap-

plied as catalysts or carbene transfer reagents for the
aldehyde olefination [132–135]. Therefore, based on

the work of Espenson et al. [136–138] another mechanis-

tic suggestion was made for the MTO/MDO based olef-

ination of aldehydes by Abu-Omar et al. (Scheme 5)

[24]. However, a closer examination of the different steps

of this alternative mechanism shows, that the decisive
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steps of this mechanism – despite being all plausible in

itself and some of them being observed under different

reaction conditions – would be too slow under the con-

ditions applied for the aldehyde olefination with the
MTO/MDO system to play a major role.

More recently, two studies with other Re catalyst sys-

tems performed independently by Romão et al.,

[129,139] and by Zhang and co-workers [139] and by

Zhang and Chen [140] proved the presence of Re carbe-
ReO
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CH

C C
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P (C6H5)3

C C

R1

R2R3

H

Re
O

O O

CH3

O

H
R3

R1

R2

+

Scheme 5. Catalytic aldehyde olefination mechanism with M
nes under the applied reaction conditions by NMR and

MS techniques. The first group used several stable deriv-

atives of MDO, such as CH3ReO2(PhC„CPh) [141,142]

as catalysts for the aldehyde olefination. It was found
that the formation of a phosphazine prior to the reac-

tion with the Re(V) catalyst seems to be a decisive step

of the reaction. Abstraction of an oxygen from the

MDO moiety by the positively polarized phosphine

(observed by 17O NMR spectroscopy) leads to the
Re

O

CH3

O O
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TO as the catalyst according to Abu-Omar et al. [24].
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formation of a labile Re(V) carbene complex (observed

by 13C NMR) and phosphine oxide (Scheme 6). Addi-

tion of excess alkyne lead to a significant slowing down

of the reaction, probably due to a competition between

phosphazine and alkyne for the coordination to the

MDO moiety [139]. In the work of Chen et al. ionic cat-
alyst systems based on Lewis-base adducts of dirhe-

niumheptoxide (Re2O7) were used 140]. In the gas

phase evidence for Re carbene species has been found

by ESI-MS spectroscopy. However, both groups origi-

nally did not find evidence for the formation of a ‘‘rhe-

na-oxethane’’ intermediate. Chen et al. observed Re

bound ylides in the gas phase and by NMR spectros-

copy in solution and assumed the Re catalyzed forma-
tion of ylides. Since the observed E/Z-relationships are

dependent on the phosphine used, it is assumed that

PR3 cannot only be a de-oxygenation agent [140]. How-

ever, in a follow-up work Chen et al. [143] also reported

experiments pointing to an intermediary formation of

rhenacycles (rhena-oxethanes) in the related reactions.

It has been assumed by several groups that the cata-

lytic formation of ylides is the most important role
played by the catalysts in aldehyde olefination. How-

ever, an interesting detail in the context of the Re cata-

lyzed aldehyde olefination is the following observation:
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Scheme 6. Mechanism of the catalytic aldehyde olefination wit
While the stable phosphorus ylide (C6H5)3P@
C(CO2CH3)2 does not even react with aldehydes in boil-

ing benzene, the reaction takes place at room tempera-

ture in the presence of MTO. Under these conditions

olefins of the formula RCH@C(CO2CH3)2 are formed.

MTO in benzene does not catalyze olefin formation
from ylides and phosphazines (without aldehyde being

present) at room temperature [19]. MTO therefore

implements the Wittig olefination of aldehydes with oth-

erwise un-reactive phosphorus ylides. With respect to

the mechanism, this latter observation may indicate that

MTO either catalyzes the aldehyde olefination according

to Scheme 4 or catalyses the formation of ylides in a sim-

ilar way as suggested by Chen et al. for ReOþ
3 derivatives

(Scheme 7) [140,143–145] and afterwards, in a second

step, catalyses the classical Wittig reaction with the pre-

viously formed ylide and the aldehyde. However, these

mechanistic questions still remain unsettled. It is also

possible that both mechanisms play a role, dependent

on the starting materials involved. More work is neces-

sary to elucidate the reaction mechanism.

Another Re(V) complex, Cl3(O)Re(PPh3)2, was also
found to catalyse the aldehyde olefination showing high-

er cis/trans selectivity than the MTO/MDO-based sys-

tem [129,130]. However, several derivatives of MTO,
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namely (C5H5)ReO3, (C5(CH3)5)ReO3, and (t-bu2bipy)

(CH3)ReO3 show low activity [129,130]. (C5(CH3)5)Re

(CO)3, BrRe(CO)5, Re2(CO)10, and both ionic and cova-

lent perrhenates, such as [NH4]ReO3 and Me3SnOReO3

are completely inactive as catalysts in the aldehyde olef-

ination [130]. The reason for the low activity of CpReO3

and its derivatives is the different Re@O bond strength

in comparison to MTO. In MTO the Re@O bond is
so strong that an oxygen can not be totally abstracted

by PR3 as it is the case as in (C5(CH3)5)ReO3. As out-

lined above, in MTO the Re–O bond is activated

through a posphine base, resulting in CH3ReO2 Æ OPR3

or the isolated CH3ReO2 (PR3)2 Æ (O@Re(CH3)O2)

[130]. In (C5(CH3)5)ReO3 OPR3 is extruded, the result-

ing (C5(CH3)5)ReO2 is stabilized by dimerization to

((C5(CH3)5)ReO2)2(l-O2)2 [8–10]. DFT-calculations
indicate that dimer-formation is exothermic for

(C5(CH3)5)ReO3 and (C5H5)ReO2, but endothermic

for CH3ReO2 Æ OPR3 [146]. The OPR3, however, can

be easily abstracted when surface fixed phosphine is

used in the presence of alkyne to generate

CH3ReO2(PhC„CPh) [141,142,147], which is also an

aldehyde olefination catalyst, as described above

[129,139]. The chemistry of (t-bu2bipy)(CH3)ReO3

[148] and other closely related bidendate Lewis-base ad-

ducts of MTO resembles more that of (C5(CH3)5)ReO3
than the chemistry of free MTO, explaining their low

activity in the aldehyde olefination reaction.

The use of MTO as aldehyde olefination catalyst as

first described by Herrmann et al. has, according to

some other authors [149] – non-withstanding the mech-

anistic debate – some practical drawbacks, among them
being the use of dry solvents, the formation of OPPh3 as

co-product, which can often complicate product isola-

tion and purification, and the catalyst itself, which had

to be prepared from expensive Re2O7 [150]. Carreira

et al. therefore set out to develop a variation based on

Cl3(O)Re(PPh3)2 as catalyst (1 mol%), which could be

performed in reagent grade solvents without purification

of any reagent prior to use. Good yields (ca. 85%) and
diastereoselectivities of 20:1 have been reached by

replacing PPh3 by P(OEt)3. The by product OP(OEt)3
can be easily removed by aqueous work up [149]. Since

then the synthesis of MTO has also been significantly

modified, so that it can be directly synthesized from

Re powder (see Section 2). This is a particularly straight-

forward and inexpensive way to get to this stable and

easy to handle compound. From the cost, stability and
preparative point of view, no other Re(VII) compound

is nowadays a match for MTO (see above). However,

in the meantime some other, not Re-based aldehyde

olefination catalysts have been described, which rival

the Re based systems both in selectivity and activity

[151].
6. MTO as catalyst in olefin metathesis

The system Re2O7/Al2O3 is an effective heterogeneous

catalyst for carrying out olefin metathesis under mild

conditions and its activity can be further increased by

the addition of tetra alkyl tin compounds [152–155].

This observation led to the methyl tin based synthesis

of MTO [25].
Since tin containing co-catalysts are essential for the

metathesis of functionalized olefins [156,157], it was

soon discovered that MTO supported on acidic metal

oxides forms metathesis catalysts that are active without

additives, even for functionalized olefins [17]. Standard

supports are Al2O3-SiO2, or Nb2O5 and the activity is

related to the surface acidity (for surface fixed MTO

see also Section 4.4) [158–160]. A high metathesis activ-
ity is observed when MTO is chemisorbed on the sur-

face. No evidence for a surface carbene species was

obtained, but there appears to be a correlation between

the catalytic activity and the presence of an alkyl frag-

ment on the surface [17,158,159,161]. The surface fixed

catalyst is significantly more sensitive to water than

the free MTO, being rapidly decomposed to methane,

ethylene and perrhenate in the presence of moisture.
Free MTO can neither be removed from the surface with

solvents nor sublimed out of the carrier at temperatures
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up to 150 �C. At higher temperatures, decomposition

accompanied by predominantly methane and ethylene

evolution is observed [17]. The carbene species, which

is implied in the metathesis catalytic cycle does not ap-

pear to originate from the methyl group of MTO

[155]. It has been shown, however, that matrix-isolated
MTO tautomerizes to H2C@Re(OH)O2 under the influ-

ence of UV light; the carbene has been characterised in

its normal, D- and 13C-enriched isotopic forms by IR

spectroscopy with results in good agreement with quan-

tum chemical calculations [162]. DFT calculations indi-

cate that H2C@Re(OH)O2 lies nearly 90 kJ/mol higher

in energy than MTO, and hence is inaccessible under

normal thermal conditions. Using the complex
CH3ReO2{(g

2-OSiH2)2O} as a model, i.e. the condensa-

tion product of MTO with disilanol, {H2Si(OH)}2O,

shows that the tautomeric H-atom transfer occurs pref-

erentially to an Re–O–Si bridging oxygen rather than to

an Re@O unit. The resulting carbene species,

H2C@ReO2{(OSiH2)(O)(SiH2OH)}, is effectively

stabilized by nearly 50 kJ/mol relative to

CH3ReO2{(g
2-OSiH2)2O}. This alternative H-atom

transfer to the Re–O–Si bridge is considered to be a

more plausible mechanism for carbene formation on

supported MTO [162,163].

It was possible to encapsulate MTO in a zeolite and

still maintain its metathesis activity. IR and EXAFS

data indicate that the structure of MTO remains un-

changed and that it is anchored by hydrogen bridges

to the zeolite oxygens [164,165]. There is evidence in
the case of zeolite Y that the loading level of MTO

corresponds to four molecules per supercage. The still

intact molecules of MTO can either hydrogen bond to

Brønsted acid sites or interact with extra framework

cationic sites in the supercages of M56Y, where

M = H, Na, Rb. The favored anchoring interaction is

found to be CH3ReO3� � �MOZ, in which the oxygen

end of the bond in MTO binds preferentially to super-
cage cation or proton sites. The guest molecules asso-

ciate through Re@O� � �Re interactions. The formation

of these aggregates of MTO is induced by the high Le-

wis acidity and intense electric fields associated with

the anchoring cation or proton sites, respectively.

Adsorption of water causes the de-aggregation of the

guest molecules. Thermal treatment (�120 �C) is found
to yield methane and water together with the forma-
tion of an intrazeolite cluster species containing Re–

Re bonds [166].
7. Conclusions

More than 40 years ago, in the early days of high oxi-

dation state organometallic chemistry, first attempts to
synthesize organorhenium(VII) oxides have been under-

taken. Though not succeeding at that time, later success-
ful attempts opened the way towards an extremely rich

chemistry, particularly with respect to catalytic applica-

tions. Methyltrioxorhenium(VII) became one of the

most versatile catalysts ever examined and is close to

its industrial application. Its chemistry and applicability

is not an isolated case, however. Related high oxidation
state organometallic compounds, particularly of molyb-

denum and tungsten, which are known since several

years [2,167–171] are now also being examined for their

catalytic applications in more detail [52,172–174]. Theo-

retical work to compare the high oxidation state organ-

ometallics and to understand their behavior is also being

performed [54,175–179]. Several questions, however,

particularly with respect to the reaction mechanisms
are still unanswered and await to be addressed. Of par-

ticular interest are stable, chiral high oxidation state

organometallics, which would allow easy chirality trans-

fer in oxidation catalysis. Although some excellent cata-

lytic systems already exist [180–183], they remain

isolated cases and a much broader variety of chiral high

oxidation state catalysts seems still to be ahead. Chiral

derivatives or adducts of MTO and other high oxidation
state organometallics may play an important part in this

still largely undiscovered area.
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