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ABSTRACT: An overview of the recent synthetic breakthroughs brought about by the discovery of new, functional
group tolerant late transition metal (Rh and Ru)-based catalysts is proposed. Whereas dirhodium(II)-based complexes
promote only carbene transfer reactions to olefins (i.e. olefin cyclopropanation), a few ruthenium-based catalysts can
be engineered and fine tuned so as to mediate either carbene-transfer reactions or olefin metathesis. The different
outcome of the reactions can be rationalized by the capability of the metal center to coordinate or not both the carbene
and the olefin. This quite simple-minded approach indicates that several available coordination sites at the metal
center favors metathesis reactions to the prejudice of olefin cyclopropanation. Examples of recent applications in ring
opening metathesis polymerizations and copolymerizations include the formation of postpolymers of polydienes, of
carbohydrate-substituted polymers and of telechelic oligomers. Application of the same ruthenium-based catalysts in
ring-closing metathesis is illustrated by the formation of crown ether analogs, of unsaturated peptides and amino
acids, ofb-lactams, and of different bicyclic systems.

KEYWORDS: olefin metathesis; olefin cyclopropanation; catalyst engineering; fine organic synthesis; polymer
chemistry

INTRODUCTION

Attempts to understand how metal complexes mediate
the formation of carbon–carbon bonds is a major theme in
organometallic chemistry. A much studied example
among the carbon–carbon bond-forming reactions is the
reaction of metal–carbene bonds with olefins, a reaction
leading to different products, depending on the metal, its
oxidation state and its ancillary ligands.1–3

The aim of this non-comprehensive review is to give a
general overview of the breakthroughs brought about in
organic synthesis and olefin metathesis by the recent
discovery of new metal–carbene complexes based on late
transition metals. The search for catalysts based on late
transition metals was justified by the extreme sensitivity
of the catalysts based on early transition metals (Mo, W,
etc.) to oxygen and water, by their poor tolerance towards
polar functional groups and, additionally, by their
difficult synthesis.

A general overview of carbene chemistry mediated by
Group 8, 9 and 10 transition metals (TM) reveals that,
among second-row metals, palladium- and rhodium-
based complexes provide outstanding cyclopropanation

catalysts. These two metals, however, have no applica-
tions in olefin metathesis.2–6 Ruthenium-based com-
plexes, on the other hand, are known to mediate both
olefin metathesis and/or cyclopropanation reactions,7–13

as sketched in Scheme 1 for a cycloolefin.

Scheme 1

Third-row metals usually form relatively stable
organometallic complexes that hamper their utilization
as catalysts, although there are some notable exceptions.

First-row metals usually form much less active
catalysts. Cobalt-catalyzed cyclopropanation remains
restricted to activated olefins and has been reported to
occur with substantial radical contribution from the
cobalt carbenoid. A significant breakthrough in the field
comes, however, from a recent report indicating that
simple cobalt derivatives efficiently catalyze the ROMP
of norbornene when activated by aluminium alkyls.14

To date, our level of understanding of these reactions
remains primitive and a unified view of the reactions of
transition metal–carbene complexes seems out of reach at
present. Many fundamental questions remain totally or
partially unanswered. Among them are whether there are
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(always)commonintermediatesin olefin metathesisand
in olefin cyclopropanationand,if so,whatthefactorsare
thatdirect thereactiontowardscarbenetransferor olefin
metathesis.

The intermediacy of metallacyclobutanesof early
transitionmetalsin olefin metathesisis now well ascer-
tained, but the role of such putative intermediatesin
reactionscatalyzedby late transitionmetals(cyclopro-
panationreactionincluded)is muchmorespeculativeand
lacksexperimentalsupportin a numberof cases.

Thegeneraltrendsarethatelectrophilicmetal–carbene
complexesusually reactwith olefins to form cyclopro-
panes (the cycloaddition reaction is classified as a
‘carbene transfer reaction’) whereasnucleophilic me-
tal–carbenecomplexes(the so-called‘alkylidene com-
plexes’) react with electrophilessuch as aldehydeor
ketonecarbonylgroupsto give olefins in a Wittig-like
fashion.Complexesof this secondtype (but not all of
them)alsocatalyzeolefinmetathesisreactions.Thisview
is, however,a grossoversimplification.Therearemany
exceptionsto the generalrule and thereseemsto be a
continuum of reactivity between the two types of
complexes.Variationsof the metal oxidation stateand/
or ancillaryligandsin acomplexalterthereactivityof the
carbenecenter.Thenatureof thesubstrateinvolvedand
of the solvent used (coordinatingor not) can further
influencetheoutcomeof the reaction.

The separationbetweena ‘metal–alkylidene’ and a
‘metal–carbene’complexis thusnot clear-cutandsome
workersnowreferto ‘metal–carbene’complexesfor both
situations. This view is supportedby the theoretical
model proposedby Cundary and Gordon.15,16 In this
model, a clear difference in the bonding of a ‘metal–
alkylidene’anda‘metal–carbene’is nolongerneeded,as
the propertiesof the metal–carbenespeciesresult from
therelativestatisticalweightof neutral,nucleophilicand
electrophilicresonanceforms.

Sucha modelsubstantiatesthe prospectof observing
competitive metal–carbeneand metal–alkylidenereac-
tions. It also indicatesthat this behaviorshould occur
mostly with second-and third-row Group 8–10 metals
when the loss of exchangeenergyin forming covalent
bonds is not as large as for their first row congeners
[about 5 kcalmolÿ1 (1 kcal= 4.184J)smaller on aver-
age].17–19 Theseexpectationsare also globally in line
with the results of ab initio calculations (GAMESS
quantum chemistry program) for Group 4–6 metal
complexes.According to these studies, the intrinsic
natureof the M=C bondcanbe changedwithin certain
limits by modification of the ancillary ligands and
substituentson the carbene (alkylidene) carbon.15,16

Furthermore,greaterpolarizationof the metal–carbene
bond in an M�=Cÿ fashion should correlate with a
greatermetathesisactivity, theheaviestmetalsbeingthe
mostnucleophilicat thea-carbon.

Most informative is the observationof amphiphilic
metal–carbenecomplexes.Suchcomplexesarenot very

commonandexamplesof carbenecomplexeswhichreact
with bothacidsandbasesappearsofar to berestrictedto
rutheniumandrheniumcomplexes.20–22

INTERMEDIACY OF METALLACYCLOBU-
TANES IN CYCLOPROPANATION REACTIONS

The chemistry of metallacyclobutanecompoundshas
attractedconsiderableattentionin the pasttwo decades.
In addition to havingbeenusedsuccessfullyin organic
synthesis,metallacyclobutanesplay an importantrole in
a number of catalytic transformationsand, inter alia,
have beenproposedas intermediatesin olefin metath-
esis23 andthecycloadditionof alkenes.24

Many metallacyclobutanederivativesof late TM are
known. Some of them (e.g. platinacyclobutanes)are
thermallystable.Metallacyclobutanedecompositioncan
afford alkanes,olefins, carbene–olefincomplexes,allyl
complexesandalsocyclopropanes(seeScheme2). The
subjecthasbeenreviewedrecently.25 The reactionsare
oftenpoorly selective.

Scheme 2

Metallacyclobutanecompoundsrelevantto catalyzed
cyclopropanationsare much less well documented,25

however,possiblybecausereductiveeliminationis thena
fast process.Actually, the relevanceof metallacyclobu-
tanesas intermediatesin cyclopropaneformation from
olefins and diazo compoundsmay be questionedand
remains a matter of debate. The intermediacy of
metallacyclobutanesin carbenetransfer reactionsis in
manycasesnot borneout eitherby directobservationor
by clear mechanisticstudies. Formation of an inter-
mediatemetallacycledoesnot appearto be the general
rule in olefin cyclopropanation.Formationof a metalla-
cyclobutanerequirescoordinationto the metalcenterof
boththeolefinandthecarbene.Theevidenceoftenpoints
to direct reaction of the metal carbeneswith alkenes
without prior olefin coordination.For example,olefin
coordinationdoesnot appearto takeplacein dirhodium
tetracarboxylate-catalyzed cyclopropanationreactions.
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Furthermore,partial releaseof free carbenesfrom metal
carbenecomplexesmay occur,at leastin the contextof
rhodium carbenoidinsertions into C—H bonds.26 An
equilibrium betweenfree and complexedcarbenewas
alsosuspectedin somecycloadditionreactions,depend-
ing on the carboxylateresiduesof the dirhodium(II)
catalyst.27 This does not exclude, of course, the
possibility that metallacyclobutanesplay a pivotal role
in some catalyst systems,especially in Cu- and Pd-
catalyzedreactions.

Hence it appearsthat there is apparentlyno single
generalmechanismmodelfor olefin cyclopropanation.28

Thebasicmodeof ring closurein metal-catalyzedcarbene
transferreactionsmuststill beregardedashypotheticalin
mostcases.The intermediacyof metallacyclobutanesis,
however,clearlyestablishedin somecatalyzedreactions.
A furtherquestionthenis why somemetallacyclobutanes
yield cyclopropaneswhereas others catalyze olefin
metathesis.Are the two reactionsin competition?

DIRHODIUM(II) AND DIRUTHENIUM(II)
CARBOXYLATES

If we look at typical cyclopropanationcatalysts,it is
noteworthy that to date, all efficient rhodium-based
systemspossessthe rigid dirhodium(II) lantern frame-
work [e.g. as in dirhodium(II) tetracarboxylatesandthe
related dirhodium(II) carboxamidates],1,3,29 with the
exceptionof some rhodium(III) porphyrins which are
stablecomplexes.

The lantern framework of the complexes confers
structural stability on the dirhodium(II) complexes
(structureshown in Scheme3). The anciliary ligands
are kinetically stableand there is apparentlyonly one
coordinationsite per metal.Calculationsand chemistry
indicate moderateback-bondingto the carbeneligand,
resulting in very labile electrophilic carbenoid spe-
cies.20,21,27 The cyclopropanation reaction proceeds
apparently via frontier orbital control, the LUMO
correspondingto the carbene p-orbital. The general
pictureof thereactionmechanisminvolvesinteractionof
the resultingrhodium–carbenecomplexwith an uncoor-
dinatedolefin in a bimolecularreaction.This modelhas
the merit of rationalizing the observation that no
metathesis reactions are initiated by dirhodium(II)
complexes,inter alia becausethereis no roomfor olefin
coordination,thus hinderingmetallacyclobutaneforma-
tion. Thereactionmechanismof dirhodium(II)-catalyzed
cyclopropanationsis similar in many respectsto that
proposedfor rhodium porphyrin-catalyzedcyclopropa-
nation of alkenesby ethyl diazoacetate.30 In the latter
case,theporphyrinligandactsasa ‘wall’ thateventually
prevents coordination of an olefin in a cis position
relative to the carbene ligand. It must be stressed,
however,that only few direct experimentaldatabearon
the mechanismof the reactionsof diazo compounds

mediatedby rhodium complexesor on metal–carbene
intermediates.The putative intermediatecarbenecom-
plex hasneverbeenobservedin a catalyticsystem.

However, addition of one or severalequivalentsof
trimethylsilyl chloride to dirhodium(II) tetraacetate
brings about the formation of a new catalyst system,
capableof carryingout (up to a certainextent)the ring-
openingmetathesispolymerization(ROMP) of norbor-
nene. Trimethylsilyl chloride is known to remove
bridging acetateligands31 andeventuallyto makeroom
for olefin coordination.This reactionis exemplifiedin
Scheme3 with dppm(diphenylphosphinomethane)asan
addedligand.

Scheme 3

If the reaction is carried out in neat olefins in the
absenceof suchstronglycoordinatingligands,olefinsare
expectedto be ligatedto themetalcentresinsteadof the
chelating ligand. A typical and very selective olefin
cyclopropanationcatalystcanthusbeengineeredsoasto
alsomediateolefin metathesis.

On the other hand, the correspondingdiruthenium
tetracarboxylates(s2p4d2d*2p*2, paramagneticat room
temperature)aremuchmorelabile thantheir dirhodium
analogs.32Suchcomplexespromotebothcarbenetransfer
reactionsandolefincross-metathesiswhenreactedwith a
mixture of styrene and norbornene.33 Whether these
different reactionswere initiated by a commonspecies
remainsunknown,however,but themetatheticalactivity
was attributedto the kinetic lability of the carboxylate
bridgeswhichallowedthecoordinationof boththeolefin
and the carbeneligand. No metathesiswasobservedin
theabsenceof addeddiazocompound.

Although the activation of the diruthenium(II) com-
plexes with diazo compounds gave relatively poor
ROMP catalysts, it was concluded that metathesis
activity could probablybe increasedby utilizing metal
complexesboundto morelabile ligands.This led first to
the study of some diruthenium(I) dicarboxylatesof
generalformula [Ru2(RCO2)2(CO)4(MeCN)2] (Scheme
4), wherethemetalis axially ligatedto labile acetonitrile
ligandsin thehopeof favoringthesimultaneousligation
of the carbeneligand andof the olefin after disengage-
mentof oneor severalCO ligands.

Scheme 4
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It turned out that these complexes were again
kinetically too stable.The releaseof CO ligandsis not
straightforwardat moderatetemperatures.Accordingly,
thesecomplexesdid notpromoteolefinmetathesisbelow
100°C but they weregoodcyclopropanationcatalysts.34

SomeROMPwas,however,initiatedat100°C (about5%
conversion with cyclooctene and more than 70%
conversionwith the more strainednorbornene).Hence,
althoughcyclopropanationis easily the most preferred
reaction pathway, such ruthenium complexes never-
thelessalsohavethe ability to initiate olefin metathesis.
This contrastswith what is commonly observedwith
dirhodiumcarboxylateswheretheligandsarekinetically
inert underthe reactionconditions.

RUTHENIUM(II)±ARENE COMPLEXES

The searchfor metal complexescontainingmore labile
ligandsled to the discoveryof anotherclassof versatile
and very efficient catalystprecursorsbasedon the air-
stableandreadily available[(arene)RuCl2]2 complexes.
According to the ligand with which they react, these
dimericspeciesgivenew,monomericcomplexesthatcan
promoteeitherolefin metathesisor olefin cyclopropana-
tion. For instance,on reactionwith anequimolaramount
of phosphinethey form the monoadductcomplexes1
(Scheme5). When the phosphineis tricyclohexylpho-
sphine(PCy3), abulky andbasicphosphine,theresulting
complex is an outstandingolefin metathesiscatalyst
precursor.

Scheme 5

Complexes such as (p-cymene)RuCl2PCy3 sponta-
neously not only promote the ROMP of norbornene
derivatives(i.e. of strainedcycloolefins)to high mole-
cularweightpolynorbornenes,but alsotheyareeffective
atpolymerizingcyclooctene,functionalizedcyclooctenes
and other low-strain cycloolefins to polyalkenamers
when activated in situ by the addition of a diazo
compound.35 Cyclooctene,for instance,undergoesim-
mediateROMP when a catalytic amountof trimethyl-
silyldiazomethane(TMSD) is added to the reaction
mixture. The diazo compound reacts with the Ru
complexto form highly active[Ru]=CHSiMe3 alkylidene
specieswhich showgoodtoleranceto organicfunctions
and initiate the ROMP. The catalytic activity for olefin
metathesisis attributedto an easyreleaseof the arene
ligand uponadditionof the diazocompound,permitting
olefin coordinationand subsequentformation of ruthe-

nacyclobutanes.35 The formationof the ruthenacyclobu-
tanehasnot beendemonstratedhowever.

Uponreactionwith chelatingbi- or tridentateligands,
[(p-cymene)RuCl2]2 forms18-electroncomplexes2 that
do not promoteolefin metathesis(Scheme6; the only
labile ligandis ethene).Thiscanagainberationalizedby
the fact that only one site is then available for
coordination. Therefore, these complexes no longer
mediate olefin metathesisbut only carbene transfer
reactions(olefincyclopropanation),sometimeswith high
enantioselectivities.36–38

Scheme 6

This naiveapproach,althoughit ignoresa numberof
important factors such as a colinear or perpendicular
binding of the incomingolefin to the M=C bond,or the
puckeringof the metallacycles39,40 which might influ-
encethe outcomeof the reaction,fits well the observa-
tions madeso far and seemsto havea good predictive
value, at least for the family of ruthenium(II)-based
catalystsdiscussedhere.

Grubbsandco-workers41,42haverecentlyreportedon
analog catalytic systems and isolated the first well
definedandair-stableruthenium(II)–carbene complexes
of general structure [trans-(PCy3)RuCl2=CHR]. Such
complexesare very efficient metathesiscatalysts.They
alsopromotethe ROMP of low-strainolefinsaswell as
the catalytic ring-closingmetathesis(RCM) of functio-
nalizeddienes.41,42 Thesecatalystsarecurrentlyfinding
aneverincreasingrole in organicsynthesis.

SYNTHETIC APPLICATIONS OF RUTHENIUM-
BASED CATALYSTS

Organic and natural products synthesis

As newcatalystshavebecomemoreavailableandmore
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tolerant of functionality, the olefin metathesisreaction
hasstartedto playanincreasinglymoresignificantrole in
organic synthesis,a trend that is expectedto develop
furtherin thecomingyears.In particular,thediscoveryof
efficient catalysts for the cyclic metathesisof non-
conjugateddienesstandsas one of the major develop-
mentsin the field of organicannulationsduring the past
decade.In this context, ruthenium-basedcarbenecom-
plexes have recently emerged as a new class of
particularly versatile catalysts.42,43 The samecatalysts
thatpromotetheROMPof cycloolefinsalsopromotethe
ring-closing metathesis(RCM) of terminal diolefins.
Whereasin ROMPring strainis a requisitedriving force
becausethe reactionis entropicallydisfavored,RCM is
entropicallydriven (Scheme7).

Scheme 7

As with all ring-forming reactions, the RCM of
medium-sizedrings is controlledby severalfactorsthat
include ring strain, the kinetics of ring closing and
competingmetathesis-basedpolymerization(ROMPand
acyclic dienemetathesis,ADMET).

The real synthetic breaktrough brought about in
cyclizationreactionsis illustratedbelow by somerecent
applications,permittingeasyaccessto a varietyof (new)
carbocyclesandheterocycles,including inter alia crown
ethers, unsaturatedpseudopeptides,non-natural and
conformationally restricted amino acids and peptides
andb-lactams.

Scheme8 depictsthegeneralmechanisticpathwayof a
ring-closingmetathesisreaction.

Scheme 8

Fromanindustrialperspective,ring-closingmetathesis
has many potentially attractive featuresfor the large-
scalemanufactureof cycloalkenes.The new generation

of catalystsbeingfairly active,themetalspeciesis often
presentin lessthan1% equiv.relativeto theunsaturated
substrate.This technology utilizes no additional co-
catalyst.Cyclizationtakesplaceundermild conditionsin
little or no solvent, and producesonly a volatile side
product,usuallyethene.

Synthesis of crown ethers. Ruthenium alkylidene
catalystsprovidestraightforwardaccessto a newfamily
of unsaturatedcrown ether analogs,as illustrated in
Scheme9.44

Scheme 9

Yields of crownethersderivedfrom linear polyethers
canbesignificantlyincreasedwhenanappropriatemetal
ion templateis utilized to preorganizethe cyclization.
Marsella et al.45 have shown that preorganizationof
linear polyetherspossessingterminal olefins around a
suitablecomplementarymetal ion indeedprovidesthe
conformational restrictions required to favor RCM.
Identically, the template-directed depolymerizationof
dilute solutions of terminally unsaturatedpolyethers
resultsin the formationof cyclic ethersin the presence
of theappropriatemetal ion (Scheme10)

Scheme 10

Synthesis of peptides and amino acids. Backbone
modificationof biologically activepeptidesconstitutesa
strategywhich may be aimedat variousgoals.Metathe-
tical ring closure of dienic amides 3 (Scheme 11)
constitutesthekeystepin thesynthesisof theunsaturated
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lactams4, which are direct precursorsof the dipeptide
(Z)-ethylenicisosteres5.46

Scheme 11

In thesamevein, thecyclizationof enantiopureamino
acid-derivedprecursor6 gives the correspondingun-
saturatedcyclic amino acid 7 as shownin Scheme12.
The resulting six- and seven-memberedrings are
versatile functionalizedheterocyclic ring systemsthat
eithercanbe usedasbuilding blocks in drug or natural
product synthesisor serve,for example,as conforma-
tionally restrictedaminoacidsanalogs.47

Scheme 12

Synthesis of bb-lactams. A number of previously
unexploredsystemsarenow amenableto alkenemetath-
esis. For instance,b-lactamsare well toleratedunder
metathesis conditions, furnishing both mono- and
bicyclic systems in good to excellent yields. The
carbacephem9 wasreadilypreparedfrom 8 in excellent
yield (81%) with 5 mol% of RuCl2(PCy3)2=CHPh as
catalystwhenX = CH2 but in a muchlower yield (22%)
whenX = S48 (Scheme13).

Scheme 13

Synthesis of polyunsaturated molecules. The synth-
esisof thebrownalgaepheromonesmultifidene(10) and
viridiene (11) is possibleby using slow addition tech-
niques. Although different isomers are produced,the
newly formedolefinsarepredominantlycis49 (Scheme14).

Scheme 14

Synthesis of bicyclic systems. The combination of
enthalpicallydrivenROMPandentropicallydrivenRCM
constitutesa new strategyfor the synthesisof organic

ring systems.Themethodutilizes theunsaturationof an
acetyleneor of a cycloolefinasa relay betweenthe two
olefinsof the diene,allowing the metathesiscatalystto
proceedfrom one ring to the other to form bicyclic
systems.Two examplesof thismethodologyaresketched
in Scheme15.50,51

Scheme 15

Cross-metathesis. An attractive route to highly sub-
stituted five-membered rings results from the ring
openingof astrainedolefin in anexcessof a lessreactive
olefin. For example,the mixed metathesisof substituted
norbornenesor oxanorbornenesin trans-2-hexenegives
highyieldsof substitutedcyclopentanesor tetrahydrofur-
ans,respectively.52 Therole of thelinearolefin is to trap
thereactiveintermediatefrom thering-openingreaction.
Applicationsof this syntheticstrategyare illustrated in
Scheme16.

Scheme 16

Polymerization reactions

Strainedandlessstrainedmonomerssuchascyclobutene,
norbornene,cyclopenteneand cycloocteneare success-
fully polymerized with ruthenium-based catalysts
whereascyclohexenederivatives do not react in this
fashion.Thereareonly a limited numberof cycloheptene
derivativesthat have beenpolymerized.The RCM of
dienesto eight-memberedrings is usuallyaccompanied
by competitivering-openingpolymerizations.The main
reasonfor this can be traced to the strain inherent in
eight-memberedrings. However, the introduction of a
conformationalconstraintgreatlyenhancestheability of
thedienesto undergoRCM to affordtheeight-membered
cycle.53,54
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Owing to the good toleranceof the ruthenium-based
catalyststo a variety of polar functionalgroups,a large
number of polymers and copolymers of substituted
strainedandlow-straincycleshavebeenprepared.35,41,55

Under appropriateconditions, the polymerizationsare
living and, moreover, they can be carried out in
water.56,57 Some recent and potentially far-reaching
achievementsin thefield aredescribedbelow.

Post-polymerization of polydienes. Post-polymeriza-
tion modifications of polydienes containing suitably
spacedolefins is now possible and is catalyzed by
ruthenium alkylidenes. The selective cyclization of
neighboring vinyl substituents in 1,2-polydienes is
almostquantitative(Scheme17).Theprocessis sensitive
to the microstructureof the polymers. Cyclization of
tactic polymersprovidesa novel route to stereoregular
copolymers.Themechanismof thereactionis reportedto
havetwo manifolds,an initial randompairingof olefins,
followed by migration along the polymer chain to
scavengeisolatedolefins.58

Scheme 17

Carbohydrate-substituted polymers. Carbohydrates
onthesurfaceof cellsplay importantrolesin mediatinga
range of recognition events and polymeric materials
bearingpendantcarbohydratescouldserveascell surface
mimics. Carbohydrate-substituted polymers have been
synthesizedby ROMPof 7-oxanorbornenederivatives59

and of sugar-substitutednorbornenes60 to produce
polymerssuitablefor protein-bindingapplications(see
Scheme18 for an example).Thesematerialsdisplay a
significantincreasein functionalaffinity andselectivity
when comparedwith the correspondingmonosacchar-
ides.Theresultingpolymersalsofunctionashigh-avidity
ligandsin cell agglutinationassays.

Synthesis of telechelic oligomers. Thepolymerization
of cycloolefinsin thepresenceof adifunctionalizedchain
transfer agent constitutesan attractive route for the
synthesisof end-functionalizedoligomersandpolymers
(telechelicpolymers).Thanksto the robustnatureof the

catalyst,thelimitationsencounteredwith earlytransition
metal-basedcatalystsare much lessseverewith ruthe-
nium alkylidenes.The reactionscan usually be carried
outat low catalystloadingsandin theabsenceof solvent.
Thepolymerizationof 1,5-cyclooctadienein thepresence
of a suitableamountof cis-1,4-diacetoxy-2-buteneleads
to telechelicoligomerswith number-averagefunctional-
ities close to 2.0 (Scheme19). The oligomerscan be
easily deprotectedto give the commercially important
dihydroxytelechelicpolybutadienes(HTPBD).61

Scheme 19

Ready synthesis of substituted, tactic polynorbor-
nadienes. Full controlof themicrostructureof poly(2,3-
dicarbomethoxynorbornadiene) was recently achieved
with the extremely simple catalyst obtained from
[RuCl2(p-cymene)2] and trimethylsilyldiazomethane.
This catalystsystempolymerizesthe diesterof norbor-
nadiene (12 in Scheme20) to a fully tactic ROM
polymer,apparentlytheall-trans-syndiotacticpolymer.34

Scheme 20

To thebestof our knowledge,this is a rareexampleof a
stereocontrolledpolymerization with a (pre)catalyst
devoid of any chirality. Similar tactic polymers have
beensynthesizedby Schrockandco-workers62,63with a
chiral molybdenumalkylidenecatalyst.

Scheme 18
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CONCLUSIONS

The stable and commercially available ruthenium(II)
arene dimer complexes constitute readily available
catalyst precursorswhich can be easily engineeredto
yield either excellent cyclopropanationor metathesis
catalystsfor the ROMP of strained and less-strained
olefins.Theactivespecieswhichareformedin situ seem
closelyrelatedto the well definedalkylidenecomplexes
describedby Grubbsandco-workers.Thesamecatalysts
thatpromotetheROMPof cycloolefinscanalsopromote
the ring-closing metathesisof diolefins and, thanks to
their high functionalgrouptolerance,thesecatalystsare
now finding a wide rangeof applicationsin fine organic
synthesis.
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641–642(1996).
47. F.P.J.T. RutjesandH. E.Schoemaker.TetrahedronLett.38,677–

680(1997).
48. A. G. M. Barrett,S.P.D. Baugh,V. C. Gibson,M. R. Giles,E. L.

Marshall and P. A. Procopiou.J. Chem.Soc.,Chem.Commun.
155–156(1997).

49. M. L. Randall,J. A. Tallarico andM. L. Snapper.J. Am. Chem.
Soc.117,9610–9611(1995).

50. W. J. Zuercher,M. Hashimotoand R. H. Grubbs.J. Am. Chem.
Soc.118,6634–6640(1996).

51. S.H. Kim, W. J.Zuercher,N. B. BowdenandR.H. Grubbs.J.Org.
Chem.61, 1073–1081(1996).

52. M. F. ScheiderandS. Blechert.Angew.Chem.,Int. Ed. Engl. 35,
411–412(1996).

53. S.J.Miller, S.H. Kim, Z. R. ChenandR. H. Grubbs.J. Am.Chem.
Soc.117,2108–2109(1995).

54. S. J. Miller andR. H. Grubbs.J. Am.Chem.Soc.117,5855–5856
(1995).

55. J. GrattandR. E. Cohen.Macromolecules30, 3137–3140(1997).
56. B. Mohr, D. M. Lynn and R. H. Grubbs.Organometallics15,

4317–4325(1996).
57. D. M. Lynn, S.KanaokaandR. H. Grubbs.J. Am.Chem.Soc.118,

784–790(1996).
58. J. Coatesand R. H. Grubbs.J. Am. Chem.Soc. 118, 229–230

(1996).
59. K. H. Mortell, R. V. Weathermanand L. L. Kiessling. J. Am.

Chem.Soc.118,2297–2298(1996).
60. C. Fraser and R. H. Grubbs. Macromolecules28, 7248–7255

(1995).
61. M. A. Hillmyer, S.T. NguyenandR. H. Grubbs.Macromolecules

30, 718–721(1997).
62. R.Odell,D. H. McConville,G.E.HofmeisterandR.R.Schrock.J.

Am.Chem.Soc.116,3414–3423(1994).
63. D. H. McConville,J.R.Wolf andR.R.Schrock.J.Am.Chem.Soc.

115,4413–4414(1993).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 602–609(1998)

OLEFIN METATHESIS IN ORGANIC SYNTHESISAND POLYMER CHEMISTRY 609


