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Methyltrioxorhenium(VIl) 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/H,0,
system is not very useful for chiral epoxidations.
In contrast to this, dimethyldioxomolybdenum
(VI) MoO 5(CH3), 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 MoO,(CHj3),L are accessible via
MoO,X,L (X = Cl, Br). These latter compounds
are even more active in olefin epoxidation than
MoO,(CH3),L. Unfortunately, however, all the
Mo(VI) complexes mentioned above neettbutyl
hydroperoxide as oxidizing agent and do not
show activity in the presence of HO,. Copyright
© 2001 John Wiley & Sons, Ltd.
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Organorhenium oxides

Since it was first synthesized in 1979 by Beattie and
Jone$ methyltrioxorhenium (MTO) has found
numerous applications in oxidation catalySis.
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 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 catalysisScheme 1
gives an overview of the numerous different
oxidation processes in which MTO can be applied
as a catalyst.
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Scheme 1 Oxidation processes catalyzed by MTO.
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MTO is now directly available from rhenium
metalin goodyield andlarge scaleby the reaction
sequenceshownin Scheme2.”
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Scheme2 Preparatiorof MTO.

A similar synthetic pathway has beenusedto
obtainotheralkanederivatives g.g.ethyl, n-pentyl,
n-heptyl and (9-2-methyl butyltrioxorhenium
(VII). It wasestablishedhatunbranchedponcyclic
organorheniumoxides are less thermolabilethan
branchedchain derivatives. The thermal stability
alsodecreasewith increasingchainlength® These
factsprovedto bevery disadvantageousr RReG
complexeswith chiral groups. Among the alkyl
derivatives MTO still remains by far the most
advantageou®ne, being soluble in all common
organicsolventsandin water,without decomposi-
tion. FurthermoreMTO is stableup to 300°C and
can be easily sublimed by using an oil pump
vacuumat 60°C.

In the caseof olefin epoxidationdetailedstudies
were made concerningthe natureof the catalyti-
cally active specieshby using H>O, as oxidative
agent.MTO reactswith H,O, to form mono and
bisperoxocomplexesdependingon the amountof
H,0, usedaccordingto Schemes.

CH
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Scheme3 Reactionof MTO with hydrogenperoxide.

The bisperoxocomplex was isolated both as a
water and as a hexamethylphodmramideadduct
(Fig. 1), the latter ligand often being used to
stabilize;)eroxo complexesof molybdenumand
tungsten’.®

In situ experimentsndicatedthatthe reactionof
MTO with one equivalentof H,O, leadsto a
monoperoxocomplexin accordancevith Scheme
2, this compoundalsobeing catalytically activein
certain oxidation processe$.Kinetic experiments
conductedby Espensoh indicate that the rate
constantdor the transformatiorof mostsubstrates
into their oxidation productswith bis- or mono-
peroxo complexesare of a comparableorder of

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 1 Isolatedadductsof methyltrioxorhenium(VIl)bis-
peroxocomplexes.
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Figure 2 Low-energy statesin the olefin epoxidationwith
MTO.

magnitude. This result is supportedby density
functionalcalculations'® thetransitionstatesn the
olefin epoxidationprocessstartingfrom the mono-
or the bis-peroxacomplexarenot differentenough
in energyto excludeone of thesecatalyststotally
from the catalytic processesThe transition states
with the lowestenergyare depictedin Fig. 2.

In recentyearsthe catalytic behaviorof Lewis
baseadductsof MTO has been studied. It was
reportedthat pyridine andpyrazoleadductdeadto
very good catalytic activity, especiallywhen the
ligand is usedin significantexcess$® (Fig. 3). For
example,whenusing MTO on the epoxidationof
cyclooctene, a TOF (turnover frequency) of
290mol mol~*h~* was achieved but whenusing
MTO with pyridine in the ratio 1:10, the TOF
increasedo 420.

The useof pyridine and pyrazoleasLewis 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 thedecompositiorof theepoxide
via diol formation.However,the Lewis basedhave
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Figure 3 Synthesioof MTO Lewis baseadducts.
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to be usedin significant excess,especiallysince
there is always a rapid equilibrium betweenthe

coordinated and the noncoordinatedspeciesin

solution? (Schemet). A seriesof thesecompounds
hasbeenisolatedandfully characterizedtogether
with the monoperoxandthe bisperoxaderivatives
of the Lewis baseadductsof MTO.*3

R
(I:Ha o= //eQO ?Hs
O~ OQ
“Re=0Q =— Re=0
o“ T + o” T
N N-NH  HN—N

</ “NH u —_— P
Scheme4 Equilibrium betweencoordinatedand noncoordi-
natedMTO in solution.

The trials to perform chiral epoxidationwith
appropriateMTO adductsor derivativeshave not
beensuccessfusofar. Theintroductionof chirality
in thesystenby placingabranchedhaininsteadof
a methyl group was found to be a very difficult
route to chiral compounds,since they are very
unstableto radicaldecomposition(seeabovg. If a
chiral monodentateLewis base is used, only
racemicproductsareobtained:* Ontheotherhand,
if chiral 1,2-diols are usedto synthesizechiral
glyoxal complexes,enantiomericexcesseaip to
40% canbe achieved put the conversionsareonly
ca 5%. Use of a glyoxal complex this leadsto
conversion®f ca30%,buttheenantiomeriexcess
thendecrease® ca3%.° Anotherapproactwasto
use chiral bidentatenitrogen donor baseligands,
but in this casethe behavioris similar to that
describedor the caseof theglyoxal complexegsee
Fig. 4).

Thereis thenthe necessityf finding a systemin
which the R—M and M-N interactionsare strong
enoughto makeit possiblen principleto introduce
chirality. Several examplesexist already in the
literature of stabledioxo organomolybdenum(VI)
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Figure 4 Possibilitiesof introducingchirality into the MTO
system.
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complexes®*In fact, in the molybdenumsystem
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
CpMoO.Cl, the first molybdenumdioxide organo-
metallic complexto be preparedtogetherwith a
variety of differentCp complexesby the oxidation
of (CpMo(CO)), with oxygen and UV light.*®
New developmentén the cyclopentadienymolyb-
denumoxide chemistryoccurredmuch later with
the synthesisof complexeswith generalformula
CpMoO.R (Cp =Cp, Cp*; R=Me, CH,SiMey)
andCp*MoO,Cl.*°

Dioxomolybdenumyl) complexeswith Mo—C
¢ bondshavebeenknown since1975,whenHeyn
and Hoffmann reported the preparation of
MoO,(mes) (Mes = 2,4,6-trimethylbenzly com-
plexfrom MoO,Cl,-2THF andthe Grignardreagent
mesitylmagnesiumbromid&

In the early 1980s Schrauzerand co-workers
made an important contributionto this family of
complexeswith the preparationof MoO,R,-bipy.
Examplessuchas methyl?* ethyl*® neo-pentyf?
benzyl?® or_phenyl and other phenyl-substituted
complexes,”?*areamongthecomplexegprepared.

Someof thesecomplexesexhibit a remarkable
stability to temperaturefor the MoO,(CHa)»-bipy
(above 200°C) or MoO,(CH3C(CHs),CH,),-bipy
(182°C) derivatives,the decompositiontempera-
turesarerelatedto the stability of the Mo—C bond.
Those most sensitive to temperature are the
complexeswith hydrogensin the f position, e.g,
the diethyl derivativel® The Mo—C bondshowsa
relative stability to hydrolysis or alkaline hydro-
lysis at moderatepH, decomposinglowly atroom
temperaturehutit is very sensitiveto photolysisvia
liberationof hydrocarborspecies.

Thesealkyl derivatives can be obtainedin a
sequencef stepsstartingfrom the solventadducts
MoO,X5(S), andendingwith a Grignardreaction
(Schemeb5). The synthesiscan be carried out
without isolating the intermediate compounds.
However, the halogenatedntermediatesare also
potential catalysts and were therefore isolated,
characterizedndtestedin epoxidationreactions.

Normally, the alkyl complexesare moresoluble
than the halogenatedprecursors.This gain in
solubility enabledthe application of thesecom-
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Scheme5 Preparationof the alkyl derivativesof molybde-
num(VI) oxide comgdexes.

plexesas useful homogeneougatalystsand also
readlIyaIIowedcharacterlzatlom solutionthrough
the useof ®*Mo NMR spectroscopy.

Solvent-stabilized complexes

The synthesis of compounds of the formula
MO0OO,X5(NCR), or MoO.-X,(THF), is achieved
by dissolvingthe molybdenumdioxo dlchlorldeor
dibromidein NCR (R = CHg or CgHs) or THF®
The product complexesare nearly insoluble in
nonpolar nondonor solvents (alkanes or diethyl
ether), but arevery solublein mostdonorsolvents.

The*’0 NMR dataarevery similar for aII these
complexes, showing signals around §(*’0) ~
1020ppm. The Mo(VI) centreis thereforecom-
parativelyelectrondeficient.This explains,at least
partially, thestrongercoordinatiornto organicdonor
ligandsin comparisonwith the Re(VIl) systems,
e.g. MTO. In the latter casesthe chemical shifts
rangearoundd(*’0) ~ 850£pm despitea strong
solvent dependenceThe ®*Mo data show their
signalsalsowithin a narrowrangearounds(**Mo)
~ 275ppm. This shift indicatesa comparatively
electron-poomolybdenumcenter.

ThesecompIexes:ataIyzetheepOX|dat|onof cis-
cyclooctenewith t- butylhydroperoxide€? A typical
catalyticrunis presentedn Fig. 5.

The reaction quickly reachesa conversionof
more than 65% but doesnot proceedsignificantly
further. The reasonfor that observationis the
pronouncedvatersensitivityof thesecomplexesin
contrast to other more strongly coordinating

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 5 Catalytic performance on the epoxidation of

cis-cyclooctene of the solvent-stabilized complex
MOOzBrz(NCCHg)Z.

organic ligands, the nitriles do not prevent the
moisture-inducediecompositiorof the complexes.
The MoO,X,(Solv), complexesarethereforemore
useful as syntheticprecursordor complexeswith
other,more strongly coordinatingor chiral ligands
thanascatalyststhemselves.

N-ligand-stabilized complexes

By using systemsof formula MoO,X,L, with
chelatingnitrogenligandsL,, 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 substitutedl,3-
diazabutadienes(R-DAB) (R-i-propyl, t-butyl,
cyclohexyl o-tolyl, p-tolyl) (Fig. 6) as ligands
wereused®

These ligands were chosen considering their
good coordinating capacities. The resulting
complexesare stable and can be handledin air.
Theresonancem the *>Mo NMR spectraappeain

[
o~ ®

Figure 6 Generalformula of the N-ligand-stabilizedcom-
plexessynthesized.
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Figure 7 Catalytic performanceon the epoxidationof cis-
cycloocteneof the N-ligand-stabilizedcomplex MoO,Cl(o-
phen—DAB).

the region betweenca 190 and 280ppm. The

shielding of the Mo(VI) core is higher than that

of the solvent-coordinate starting materials
MoO,X »(S). The ®*Mo NMR signalsof the chloro

complexesareobservedithigherfield thanthoseof

the bromo derivatives. The half widths of all

complexesexamined are less than 100Hz and

therefore comparatively narrow, indicating an

absenceof special ligand exchangephenomena,
contraryto what was observedin the caseof the

RReQL complexes?

When tested on epoxidation catalysis, these
complexes gave very different performances,
dependingon theligand L. A typical catalyticrun
for one of the most active catalystsMoO,Cl,(o-
phenyl—DAB) is shownon Fig. 7. The turnover
frequencieq TOFs) obtainedwere betweenca 30
and600mol mol~th™t.

In general, it can be said that the chloro
complexesare more active in comparisonto their
bromo analogues.Complexescontaining ligands
with aromatic substituentsare more active than
thosewith aliphatic ligandsin identical positions.
The differencein yield betweenchlorinatedand
brominatedcomplexesis in generalconsiderably
smallerthanthe differencescausedyy the changes
of theLewis basdigand. This fact suggestshatthe
Lewisbasdigandsremainattachedo themetaland
influencethe activity of the catalyticactive center.
Several catalytic runs were made at different
temperaturedrom 20to 90 °C andit wasobserved
that the yield increaseswith the temperature,
without noticeablecatalyst deactivationor mod-
ification.

Although some of the MoO,X,L, complexes
show a good catalytic activity they havein many
caseslow solubility whichsometimepreventeda
thoroughspectroscopicharacterizatioraswell as
investigationson the nature of the catalytically
active species.

Copyright© 2001JohnWiley & Sons,Ltd.

R
0] N
O>“<0\N)

R

Figure 8 General formula of the synthesizd alkylated
molybdenum(VI)oxide complexes.

Alkylated molybdenum(VI) oxide
complexes

A number of dialkyl complexes of formula
MoO,(R),L» (R = CHs,CHs) wherel, 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
andphenanthrolinewere synthesizedFig. 8).2’

Thesecomplexesare much more soluble than
their halogenatedprecursorsand, therefore, are
much more suitable for a detailed spectroscopic
characterization.In the case of the Mo(VI)
compoundslescribechere thestability of theethyl
derivative is comparableto that of the methyl
derivative,in contrasto whatwasobservedor the
pair CH3;Re(Q,/C,HsReG;. In the latter case,the
ethyl derivativeis significantlylessstablethanthe
methyl derivative?® The MoO,(R),L, complexes
canbe handledin air for brief periodsof time.

The *H-NMR spectraof the dialkyl complexes
show only small variationsbetweenthe chemical
shifts of the free and bondedligands. The proton
NMR shift of the Mo-bonded CH;5 substituents
variesbetween0.4 and0.9ppm.

The MoO,(R),L, complexeddisplay their ®*Mo
NMR resonancesn the region between420 and
520ppm, which is at lower field relative to both
their bromo and chloro analogues.This kind of
inversedependencef the 5(°®Mo) chemicalshift
with the electronegativityof the ancillary ligands
has beenreportedbefore for other Mo(VI) com-
plexes?® andwasalsoobservedor thebromineand
chlorine derivatives(seeabovd. The ® Mo NMR
signals of the methyl complexeswith the N-
heterocyclic aromatic ligands bipyrimidine and
phenanthrolineare shifted to higher field relative
to the complexeswith substituteddiazabutadienes.
Somewhasurprisingly,the presencef aliphaticor
aromaticsubstituentsn the R—DAB ligandsdoes

Appl. OrganometalChem.2001;15: 43-50



48

F. E. Kihnetal.

not causea large variation of the ®*Mo chemical
shift.

The MoO,(R),L, compoundsverealsotestedas
catalystsin olefin epoxidation. For comparative
purposes,the catalytic oxidation of cyclooctene
with t-butylhydroperoxide was investigated. In
general,the overall yield after 4h is relatively
low (between5 and 60%); however,over a 24h
reactionperiodtheyield goesup andin somecases
risesabove90%, showingthat the stability of the
catalyst under the reaction conditions is much
higher than that observedfor the related labile
MoO.X(NCMe),. The TOFs obtainedfor these
compoundsrange between200mol mol~*h~* for
p-tolyl and 40molmol~*h™* for cyclohexyl 1,3-
diazabutadiene.

Catalytic runs were also performedat different
temperaturedpor severalcomplexesearingdiffer-
entligandsL. At a reactiontemperatureof 20°C
the yields are low in all cases(5-6%). Catalytic
runsathighertemperature¢s5and70°C) leadto a
significantincreaseof theyields. A furtherincrease
from 70to 90 °C doesnotleadto furtherincreaseof
theyield, andin onecasetheyield is evenlower at
thishightemperaturelt is thereforeprobablethatat
this temperaturepartial thermal decompositionof
the catalystgakesplace,thusreducingthe amount
of active catalystspeciespresentin the reaction
mixture. In fact, reactingthe catalyst precursors
with t-BuOOH at 90°C producesa considerable
amountof CH, after 4h, whereasat 55°C only
tracesof CH, areformed.

Furtherevidencefor the stability of the catalyst
arisesfrom the fact that they can be usedfor a
second catalytic run, with a new charge of
substrateleadingto approximatelyjthe sameyields
in mostcases.

In principle, it can be said that the bromo
complexes are more active than their methyl
analoguesThis trendmeanghat the moreelectro-
negativeX substituentsacceleratehe epoxidation
reaction. The complexescontaining the phenan-
throline ligand displaythe lowestcatalytic activity
independentlyof the natureof X. This observation
suggeststhat the flexibility of the coordination
sphereplaysaveryimportantrolein thereactionIn
fact, the only pronounced difference between
phenanthrolineand the other ligands usedis the
rigidity of the formerligand.

All  the catalytic runs show the same time
dependenturve form that is presentedn Fig. 9
for the standardtemperatureof 55°C for the
compoundVioO5(CHz)s(p-phenyl—DAB).

After aquickincreaseof theyield within thefirst

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 9 Catalytic performance on the epoxidation of
ciscyclooctene of the N-ligand-stabilizel complex
MoO,(CHs)s(p-phen—DAB).

hour,thereactionrateslowsdown. Theappearance
of thesecurvesgives no clear indication for the
transformationof the original catalystin another
speciesduring the reactionperiod, e.g. by loss of
the ligandsR or L,. 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.lf
H,O, or PhCOOH are used as oxidants, no
significant product formation was observed. A
similar behavior has been found for the related
Cp*Mo0O,ClI in the presenceof different epox-
ides3°

Conclusions

The results above show that addition of chiral
ligandsto MTO doesnot leadto active enantiose-
lective epoxidation catalystsbecauseligand dis-
sociationis occurring. In contrast,the Mo-oxide
complexesMoO,X,L, (X =ClI, Br, CHz; L=R—
DAB, heterocyclica-diimines)do not dissociatdn
solutionandtheir catalyticactivitiesin cyclooctene
epoxidationwith t-BuOOH strongly reflects the
nature of the ancilliary ligands. In general, the
activity decrease# the orderCl > Br > CH5 and
Aryl—DAB > t-Bubipy > alkyl—DAB. These
findings suggestthat enantioselectivitymay be
impartedto thesecatalystsby the introduction of
chirality atthe R groupsor atthe R—DAB ligands.
Thesepossibilitiesare presentlybeingtestedin our
laboratories.

Experimental overview
The following notesare addedin orderto give a

Appl. OrganometalChem.2001; 15: 43-50
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closerinsightinto the syntheticaspectsnvolvedin
the preparationof the catalystsmentionedin this
work. More precisedetailsarefoundin the Refs13
and25-27.

CH;ReOslL

MTO (0.25g, 1.0mmol) is dissolvedin diethyl-
etherto this solution 1 equiv of the corresponding
Lewis basewasadded.The solutionturnedyellow
immediately. The mixture was stirred for 2h and
thenconcentratedo half of its volume.A yellow or
nearly colorless precipitate was obtained upon
cooling to —78°C, the solvent was filtered off
andthe precipitatewaswashedncewith (hexane—
pentanejanddried in oil pumpvacuum.

MoO,X>(NCR),

To the powder of MoO.X, [1.0g, 5.0mmol
(X =ClI) 3.5mmol (X =Br)] wereadded20ml of
NCR andthe solutionturnedyellow. After 10min
the solutionwasfiltered andevaporatedo dryness.

MOOzszz

A solutionof 1 equiv. of MoO-X5(NCMe), [1.049,
4mmol (X=CI), 29mmol (X=Br)[ or
MoO,X5(THF), [1.0g, 3.0mmol (X=ClI),

2.3mmol (X =Br)] is treatedwith 1 equiv. of the
correspondingdidentateLewis base.The reaction
mixture changests color immediatelyto yellow—
orangeand in most casesa precipitateis formed.
Themixturereactionwasstirredfor 30 min andthe
suspensiorwas then takento drynessto yield a
powder,thatwaswashedwith CH,Cl, anddiethyl
ether.

MoO,(CH5),L>

A solution of MoO,X5(NCMe), [1g, 4.0mmol
(X =ClI), 29mmol (X =Br)] or MoO.X,(THF),
[1.0g, 3.0mmol (X =CI), 2.3mmol (X =Br)] is
treatedwith 1 equiv.of the corresponderttidentate
Lewis base.Thereactionmixture changests color
immediatelyto yellow—orangeandit is stirredfor a
further 30min. To this solution/suspensiorat
—35°C in an isopropanol bath, 2.1equiv. of
CHsMgBr were slowly added.The reactionwas
allowedto warm up to room temperatureand was
stirredfor further2 h. Thedarkred suspensiomvas
takento drynessanddistilled waterwasadded.The
product was extractedwith dichloromethaneand
the organic phase was dried over anhydrous

Copyright © 2001JohnWiley & Sons,Ltd.

MgSQ,. The solvent was taken to drynessin a
rotating evaporatorand the residuewas recrystal-
lized from CH,Cl—Et,O-n-hexane.
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