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Methyltrioxorhenium(VII) has found numerous
applications in various catalytic processes. In
olefin epoxidation its activity can be enhanced by
the addition of aromatic Lewis base nitrogen
donor ligands, e.g. pyridines and pyrazoles. Due
to the comparatively weak coordination of these
ligands, a significant excess has to be used.
Therefore the MTO/chiral Lewis base/H2O2
system is not very useful for chiral epoxidations.
In contrast to this, dimethyldioxomolybdenum
(VI) MoO 2(CH3)2 undergoes a significantly
stronger interaction with Lewis bases and seems,
despite its generally somewhat lower activity, a
reasonable candidate for application in chiral
epoxidation reactions together with an appro-
priate chiral Lewis base ligand. Complexes of
the type MoO2(CH3)2L are accessible via
MoO2X2L (X = Cl, Br). These latter compounds
are even more active in olefin epoxidation than
MoO2(CH3)2L. Unfortunately, however, all the
Mo(VI) complexes mentioned above needt-butyl
hydroperoxide as oxidizing agent and do not
show activity in the presence of H2O2. Copyright
# 2001 John Wiley & Sons, Ltd.
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Organorhenium oxides

Since it was first synthesized in 1979 by Beattie and
Jones1 methyltrioxorhenium (MTO) has found
numerous applications in oxidation catalysis.2

Owing to its difficult and low-scale synthesis,
however, MTO was first regarded as a laboratory
curiosity. Only after an easy and straightforward
synthetic pathway was discovered in 1988, by
Herrmannet al.3 could its usefulness as a catalyst
be thoroughly examined. Among the numerous
applications found in the following years were
aldehyde olefination, the metathesis of functiona-
lized olefins and oxidation catalysis.4 Scheme 1
gives an overview of the numerous different
oxidation processes in which MTO can be applied
as a catalyst.

Scheme 1 Oxidation processes catalyzed by MTO.
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MTO is now directly available from rhenium
metalin goodyield andlargescaleby the reaction
sequencesshownin Scheme2.5

A similar syntheticpathwayhas beenusedto
obtainotheralkanederivatives,e.g.ethyl,n-pentyl,
n-heptyl and (S)-2-methyl butyltrioxorhenium
(VII). It wasestablishedthatunbranched,noncyclic
organorheniumoxides are less thermolabilethan
branchedchain derivatives.The thermal stability
alsodecreaseswith increasingchainlength.6 These
factsprovedto beverydisadvantageousfor RReO3
complexeswith chiral groups.Among the alkyl
derivatives MTO still remains by far the most
advantageousone, being soluble in all common
organicsolventsandin water,without decomposi-
tion. Furthermore,MTO is stableup to 300°C and
can be easily sublimed by using an oil pump
vacuumat 60°C.

In thecaseof olefinepoxidation,detailedstudies
were madeconcerningthe natureof the catalyti-
cally active speciesby using H2O2 as oxidative
agent.MTO reactswith H2O2 to form mono and
bisperoxocomplexes,dependingon the amountof
H2O2 usedaccordingto Scheme3.

The bisperoxocomplex was isolatedboth as a
water and as a hexamethylphosphoramideadduct
(Fig. 1), the latter ligand often being used to
stabilize peroxo complexesof molybdenumand
tungsten.7,8

In situ experimentsindicatedthat thereactionof
MTO with one equivalent of H2O2 leads to a
monoperoxocomplexin accordancewith Scheme
2, this compoundalsobeingcatalyticallyactive in
certain oxidation processes.4 Kinetic experiments
conducted by Espenson9 indicate that the rate
constantsfor the transformationof mostsubstrates
into their oxidation productswith bis- or mono-
peroxo complexesare of a comparableorder of

magnitude.This result is supportedby density
functionalcalculations:10 thetransitionstatesin the
olefin epoxidationprocessstartingfrom themono-
or thebis-peroxocomplexarenot differentenough
in energyto excludeoneof thesecatalyststotally
from the catalytic processes.The transitionstates
with the lowestenergyaredepictedin Fig. 2.

In recentyearsthe catalytic behaviorof Lewis
baseadductsof MTO has been studied. It was
reportedthatpyridineandpyrazoleadductsleadto
very good catalytic activity, especiallywhen the
ligand is usedin significantexcess11 (Fig. 3). For
example,when using MTO on the epoxidationof
cyclooctene, a TOF (turnover frequency) of
290mol molÿ1 hÿ1 wasachieved,but whenusing
MTO with pyridine in the ratio 1:10, the TOF
increasedto 420.

The useof pyridine andpyrazoleasLewis base
ligands is particularly useful in the synthesisof
sensitive epoxides (e.g. terminal alkenes like
styrene)in which the useof Lewis acidic systems
like MTO leadsto thedecompositionof theepoxide
via diol formation.However,theLewis baseshave

Scheme2 Preparationof MTO.

Scheme3 Reactionof MTO with hydrogenperoxide.

Figure 1 Isolatedadductsof methyltrioxorhenium(VII)bis-
peroxocomplexes.

Figure 2 Low-energystatesin the olefin epoxidationwith
MTO.

Figure 3 Synthesisof MTO Lewis baseadducts.
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44 F. E. Kühn et al.



to be usedin significant excess,especiallysince
there is always a rapid equilibrium betweenthe
coordinated and the noncoordinatedspecies in
solution12 (Scheme4).A seriesof thesecompounds
hasbeenisolatedandfully characterized,together
with themonoperoxoandthebisperoxoderivatives
of theLewis baseadductsof MTO.13

The trials to perform chiral epoxidation with
appropriateMTO adductsor derivativeshavenot
beensuccessfulsofar. Theintroductionof chirality
in thesystemby placingabranchedchaininsteadof
a methyl group was found to be a very difficult
route to chiral compounds,since they are very
unstableto radicaldecomposition(seeabove). If a
chiral monodentateLewis base is used, only
racemicproductsareobtained.14 Ontheotherhand,
if chiral 1,2-diols are used to synthesizechiral
glyoxal complexes,enantiomericexcessesup to
40%canbeachieved,but theconversionsareonly
ca 5%. Use of a glyoxal complex this leads to
conversionsof ca30%,but theenantiomericexcess
thendecreasesto ca3%.15Anotherapproachwasto
use chiral bidentatenitrogen donor baseligands,
but in this case the behavior is similar to that
describedfor thecaseof theglyoxalcomplexes(see
Fig. 4).

Thereis thenthenecessityof findinga systemin
which the R–M and M–N interactionsare strong
enoughto makeit possiblein principleto introduce
chirality. Several examplesexist already in the
literature of stabledioxo organomolybdenum(VI)

complexes.16,17In fact, in themolybdenumsystem
the higher alkyl derivativesare as stable as the
methyl derivative, which is not the casefor the
alkyl rheniumcompounds.

Organomolybdenum oxides

In 1964 Cousins and Green synthesized
CpMoO2Cl, the first molybdenumdioxide organo-
metallic complex to be prepared,togetherwith a
varietyof differentCp complexes,by theoxidation
of (CpMo(CO)3)2 with oxygen and UV light.18

New developmentsin thecyclopentadienylmolyb-
denumoxide chemistryoccurredmuch later with
the synthesisof complexeswith generalformula
Cp'MoO2R (Cp' = Cp, Cp*; R = Me, CH2SiMe3)
andCp*MoO2Cl.19

Dioxomolybdenum(VI) complexeswith Mo—C
s bondshavebeenknown since1975,whenHeyn
and Hoffmann reported the preparation of
MoO2(mes)2 (Mesÿ = 2,4,6-trimethylbenzyl) com-
plexfrom MoO2Cl2�2THFandtheGrignardreagent
mesitylmagnesiumbromide.20

In the early 1980s Schrauzerand co-workers
madean important contribution to this family of
complexes,with the preparationof MoO2R2�bipy.
Examplessuchas methyl,21 ethyl,16 neo-pentyl,22

benzyl,23 or phenyl and other phenyl-substituted
complexes,17,24areamongthecomplexesprepared.

Someof thesecomplexesexhibit a remarkable
stability to temperature;for the MoO2(CH3)2�bipy
(above200°C) or MoO2(CH3C(CH3)2CH2)2�bipy
(182°C) derivatives,the decompositiontempera-
turesarerelatedto thestabilityof theMo—C bond.
Those most sensitive to temperature are the
complexeswith hydrogensin the b position,e.g.,
thediethyl derivative.16 TheMo—C bondshowsa
relative stability to hydrolysis or alkaline hydro-
lysis at moderatepH, decomposingslowly at room
temperature,butit is verysensitiveto photolysisvia
liberationof hydrocarbonspecies.

These alkyl derivatives can be obtained in a
sequenceof stepsstartingfrom thesolventadducts
MoO2X2(S)2 and endingwith a Grignardreaction
(Scheme5). The synthesiscan be carried out
without isolating the intermediate compounds.
However, the halogenatedintermediatesare also
potential catalysts and were therefore isolated,
characterizedandtestedin epoxidationreactions.

Normally, thealkyl complexesaremoresoluble
than the halogenatedprecursors.This gain in
solubility enabledthe application of thesecom-

Scheme4 Equilibrium betweencoordinatedand noncoordi-
natedMTO in solution.

Figure 4 Possibilitiesof introducingchirality into the MTO
system.
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plexesas useful homogeneouscatalystsand also
readilyallowedcharacterizationin solutionthrough
theuseof 95Mo NMR spectroscopy.

Solvent-stabilized complexes

The synthesis of compounds of the formula
MoO2X2(NCR)2 or MoO2X2(THF)2 is achieved
by dissolvingthemolybdenumdioxo dichlorideor
dibromide in NCR (R = CH3 or C6H5) or THF.25

The product complexesare nearly insoluble in
nonpolar nondonor solvents (alkanes or diethyl
ether),but arevery solublein mostdonorsolvents.

The 17O NMR dataarevery similar for all these
complexes, showing signals around d(17O) �
1020ppm. The Mo(VI) centre is thereforecom-
parativelyelectrondeficient.This explains,at least
partially,thestrongercoordinationto organicdonor
ligands in comparisonwith the Re(VII) systems,
e.g. MTO. In the latter casesthe chemicalshifts
rangearoundd(17O) � 850ppm, despitea strong
solvent dependence.The 95Mo data show their
signalsalsowithin a narrowrangearoundd(95Mo)
� 275ppm. This shift indicatesa comparatively
electron-poormolybdenumcenter.

Thesecomplexescatalyzetheepoxidationof cis-
cyclooctenewith t-butylhydroperoxide.25 A typical
catalyticrun is presentedin Fig. 5.

The reaction quickly reachesa conversionof
more than65% but doesnot proceedsignificantly
further. The reason for that observationis the
pronouncedwatersensitivityof thesecomplexes.In
contrast to other more strongly coordinating

organic ligands, the nitriles do not prevent the
moisture-induceddecompositionof thecomplexes.
TheMoO2X2(Solv)2 complexesarethereforemore
useful as syntheticprecursorsfor complexeswith
other,morestronglycoordinatingor chiral ligands
thanascatalyststhemselves.

N-ligand-stabilized complexes

By using systemsof formula MoO2X2L2 with
chelatingnitrogenligandsL2, it is possibleto vary
thetwo differentsetsof ligandsL andX, in orderto
fine tune the ligand surroundingof the Mo(VI)
center.

As describedbefore, the complexeswere pre-
paredfrom the solventadductsof the halogenated
Mo(VI) oxides, and a variety of substituted1,3-
diazabutadienes(R-DAB) (R-i-propyl, t-butyl,
cyclohexyl, o-tolyl, p-tolyl) (Fig. 6) as ligands
wereused.26

These ligands were chosen considering their
good coordinating capacities. The resulting
complexesare stableand can be handledin air.
Theresonancesin the95Mo NMR spectraappearin

Scheme5 Preparationof the alkyl derivativesof molybde-
num(VI) oxidecomplexes.

Figure 5 Catalytic performance on the epoxidation of
cis-cyclooctene of the solvent-stabilized complex
MoO2Br2(NCCH3)2.

Figure 6 General formula of the N-ligand-stabilizedcom-
plexessynthesized.
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46 F. E. Kühn et al.



the region between ca 190 and 280ppm. The
shielding of the Mo(VI) core is higher than that
of the solvent-coordinated starting materials
MoO2X2(S)2. The95Mo NMR signalsof thechloro
complexesareobservedathigherfield thanthoseof
the bromo derivatives. The half widths of all
complexesexamined are less than 100Hz and
therefore comparatively narrow, indicating an
absenceof special ligand exchangephenomena,
contrary to what was observedin the caseof the
RReO3L complexes.10

When tested on epoxidation catalysis, these
complexes gave very different performances,
dependingon the ligand L. A typical catalytic run
for one of the most active catalystsMoO2Cl2(o-
phenyl—DAB) is shownon Fig. 7. The turnover
frequencies(TOFs) obtainedwere betweenca 30
and600mol molÿ1 hÿ1.

In general, it can be said that the chloro
complexesare moreactive in comparisonto their
bromo analogues.Complexescontaining ligands
with aromatic substituentsare more active than
thosewith aliphatic ligandsin identical positions.
The difference in yield betweenchlorinatedand
brominatedcomplexesis in generalconsiderably
smallerthanthedifferencescausedby thechanges
of theLewisbaseligand.This fact suggeststhatthe
Lewisbaseligandsremainattachedto themetaland
influencetheactivity of thecatalyticactivecenter.
Several catalytic runs were made at different
temperatures,from 20 to 90°C andit wasobserved
that the yield increaseswith the temperature,
without noticeablecatalyst deactivationor mod-
ification.

Although some of the MoO2X2L2 complexes
show a good catalytic activity they havein many
casesa low solubility whichsometimespreventeda
thoroughspectroscopiccharacterizationaswell as
investigationson the nature of the catalytically
activespecies.

Alkylated molybdenum(VI) oxide
complexes

A number of dialkyl complexes of formula
MoO2(R)2L2 (R = CH3,C2H5) whereL2 represents
a variety of bidentate ligands of the type 1,3-
diazabutadiene(R-DAB),with different R groups,
e.g. cyclohexyl, p-tolyl, bis o-tolyl, bipyrimidine
andphenanthroline,weresynthesized(Fig. 8).27

Thesecomplexesare much more soluble than
their halogenatedprecursorsand, therefore, are
much more suitable for a detailed spectroscopic
characterization. In the case of the Mo(VI)
compoundsdescribedhere,thestabilityof theethyl
derivative is comparableto that of the methyl
derivative,in contrastto whatwasobservedfor the
pair CH3ReO3/C2H5ReO3. In the latter case,the
ethyl derivativeis significantlylessstablethanthe
methyl derivative.28 The MoO2(R)2L2 complexes
canbehandledin air for brief periodsof time.

The 1H-NMR spectraof the dialkyl complexes
show only small variationsbetweenthe chemical
shifts of the free and bondedligands.The proton
NMR shift of the Mo-bonded CH3 substituents
variesbetween0.4 and0.9ppm.

The MoO2(R)2L2 complexesdisplaytheir 95Mo
NMR resonancesin the region between420 and
520ppm, which is at lower field relative to both
their bromo and chloro analogues.This kind of
inversedependenceof the d(95Mo) chemicalshift
with the electronegativityof the ancillary ligands
has beenreportedbefore for other Mo(VI) com-
plexes,29andwasalsoobservedfor thebromineand
chlorine derivatives(seeabove). The 95Mo NMR
signals of the methyl complexes with the N-
heterocyclic aromatic ligands bipyrimidine and
phenanthrolineare shifted to higher field relative
to thecomplexeswith substituteddiazabutadienes.
Somewhatsurprisingly,thepresenceof aliphaticor
aromaticsubstituentsin the R—DAB ligandsdoes

Figure 7 Catalytic performanceon the epoxidationof cis-
cycloocteneof the N-ligand-stabilizedcomplex MoO2Cl2(o-
phen—DAB). Figure 8 General formula of the synthesized alkylated

molybdenum(VI)oxidecomplexes.
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not causea large variation of the 95Mo chemical
shift.

TheMoO2(R)2L2 compoundswerealsotestedas
catalysts in olefin epoxidation.For comparative
purposes,the catalytic oxidation of cyclooctene
with t-butylhydroperoxide was investigated. In
general, the overall yield after 4 h is relatively
low (between5 and 60%); however,over a 24h
reactionperiodtheyield goesupandin somecases
risesabove90%, showingthat the stability of the
catalyst under the reaction conditions is much
higher than that observedfor the related labile
MoO2X2(NCMe)2. The TOFs obtainedfor these
compoundsrangebetween200mol molÿ1hÿ1 for
p-tolyl and 40mol molÿ1hÿ1 for cyclohexyl 1,3-
diazabutadiene.

Catalytic runs were also performedat different
temperatures,for severalcomplexesbearingdiffer-
ent ligandsL. At a reactiontemperatureof 20°C
the yields are low in all cases(5–6%). Catalytic
runsathighertemperatures(55and70°C) leadto a
significantincreaseof theyields.A furtherincrease
from 70to 90°C doesnot leadto furtherincreaseof
theyield, andin onecasetheyield is evenlower at
thishightemperature.It is thereforeprobablethatat
this temperaturepartial thermaldecompositionof
thecatalyststakesplace,thusreducingtheamount
of active catalyst speciespresentin the reaction
mixture. In fact, reacting the catalyst precursors
with t-BuOOH at 90°C producesa considerable
amountof CH4 after 4 h, whereasat 55°C only
tracesof CH4 areformed.

Furtherevidencefor the stability of the catalyst
arisesfrom the fact that they can be usedfor a
second catalytic run, with a new charge of
substrate,leadingto approximatelythesameyields
in mostcases.

In principle, it can be said that the bromo
complexes are more active than their methyl
analogues.This trendmeansthat themoreelectro-
negativeX substituentsacceleratethe epoxidation
reaction. The complexescontaining the phenan-
throline liganddisplaythe lowestcatalyticactivity
independentlyof thenatureof X. This observation
suggeststhat the flexibility of the coordination
sphereplaysaveryimportantrolein thereaction.In
fact, the only pronounced difference between
phenanthrolineand the other ligands used is the
rigidity of the former ligand.

All the catalytic runs show the same time
dependentcurve form that is presentedin Fig. 9
for the standard temperatureof 55°C for the
compoundMoO2(CH3)2(p-phenyl—DAB).

After aquick increaseof theyield within thefirst

hour,thereactionrateslowsdown.Theappearance
of thesecurvesgives no clear indication for the
transformationof the original catalyst in another
speciesduring the reactionperiod,e.g. by loss of
the ligandsR or L2. The formation of the active
catalyst must, therefore,occur very quickly and
take place at the very beginningof the reaction,
immediatelyafter the addition of the peroxide.If
H2O2 or Ph3COOH are used as oxidants, no
significant product formation was observed.A
similar behavior has been found for the related
Cp*MoO2Cl in the presenceof different epox-
ides.30

Conclusions

The results above show that addition of chiral
ligandsto MTO doesnot leadto activeenantiose-
lective epoxidationcatalystsbecauseligand dis-
sociation is occurring. In contrast,the Mo-oxide
complexesMoO2X2L2 (X = Cl, Br, CH3; L = R—
DAB, heterocyclica-diimines)do not dissociatein
solutionandtheir catalyticactivitiesin cyclooctene
epoxidation with t-BuOOH strongly reflects the
nature of the ancilliary ligands. In general, the
activity decreasesin the orderCl> Br>CH3 and
Aryl—DAB > t-Bubipy> alkyl—DAB. These
findings suggest that enantioselectivitymay be
impartedto thesecatalystsby the introductionof
chirality at theR groupsor at theR—DAB ligands.
Thesepossibilitiesarepresentlybeingtestedin our
laboratories.

Experimental overview

The following notesare addedin order to give a

Figure 9 Catalytic performance on the epoxidation of
cis-cyclooctene of the N-ligand-stabilized complex
MoO2(CH3)2(p-phen—DAB).
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closerinsight into thesyntheticaspectsinvolvedin
the preparationof the catalystsmentionedin this
work. Moreprecisedetailsarefoundin theRefs13
and25–27.

CH3ReO3L

MTO (0.25g, 1.0mmol) is dissolvedin diethyl-
etherto this solution1 equiv of the corresponding
Lewis basewasadded.Thesolutionturnedyellow
immediately.The mixture was stirred for 2 h and
thenconcentratedto half of its volume.A yellow or
nearly colorless precipitate was obtained upon
cooling to ÿ78°C, the solvent was filtered off
andtheprecipitatewaswashedoncewith (hexane–
pentane)anddried in oil pumpvacuum.

MoO2X2(NCR)2
To the powder of MoO2X2 [1.0g, 5.0mmol
(X = Cl) 3.5mmol (X = Br)] were added20ml of
NCR andthe solutionturnedyellow. After 10min
thesolutionwasfilteredandevaporatedto dryness.

MoO2X2L2

A solutionof 1 equiv.of MoO2X2(NCMe)2 [1.0g,
4 mmol (X = Cl), 2.9mmol (X = Br)[ or
MoO2X2(THF)2 [1.0g, 3.0mmol (X = Cl),
2.3mmol (X = Br)] is treatedwith 1 equiv. of the
correspondingbidentateLewis base.The reaction
mixture changesits color immediatelyto yellow–
orangeand in most casesa precipitateis formed.
Themixturereactionwasstirredfor 30min andthe
suspensionwas then taken to drynessto yield a
powder,that waswashedwith CH2Cl2 anddiethyl
ether.

MoO2(CH3)2L2

A solution of MoO2X2(NCMe)2 [1 g, 4.0mmol
(X = Cl), 2.9mmol (X = Br)] or MoO2X2(THF)2
[1.0g, 3.0mmol (X = Cl), 2.3mmol (X = Br)] is
treatedwith 1 equiv.of thecorrespondentbidentate
Lewis base.Thereactionmixturechangesits color
immediatelyto yellow–orangeandit is stirredfor a
further 30min. To this solution/suspensionat
ÿ35°C in an isopropanol bath, 2.1equiv. of
CH3MgBr were slowly added.The reaction was
allowedto warm up to room temperatureandwas
stirredfor further2 h. Thedarkredsuspensionwas
takento drynessanddistilled waterwasadded.The
product was extractedwith dichloromethaneand
the organic phase was dried over anhydrous

MgSO4. The solvent was taken to drynessin a
rotating evaporatorand the residuewas recrystal-
lized from CH2Cl2–Et2O–n-hexane.
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6. HerrmannWA, Kühn FE, Romão CC, Hui HT, WangM,

FischerRW, Kiprof P, SchererW. Chem.Ber. 1993; 45:
126.

7. Herrmann WA, Fischer RW, Scherer W, Rauch MU.
Angew.Chem.Int. Ed. Eng.1993;32: 1157.

8. HerrmannWA, CorreiaJDG,ArtusG, FischerRW, Romão
CC. J. Organomet.Chem. 1996;139: 520.

9. EspensonJH. Chem.Commun. 1999;479.
10. GisdakisP, AntonczakS, Köstlmeier S, HerrmannWA,
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13. Kühn FE, SantosAM, RoeskyPW, HerdtweckE, Scherer

W, GisdakisP,YudanovIL, Di ValentinC,RöschN. Chem.
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