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Abstract

This is a review of papers published in the year 2006 that focus on the synthesis, reactivity, or properties of compounds containing a
carbon–transition metal double or triple bond.
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carbene complex chemistry appeared in 2006. Many articles
J.W. Herndon / Coordination Ch

. Introduction

This survey is intended to be a comprehensive summary of
rticles that report on the synthesis, reactivity, or properties of
ompounds featuring a multiple bond between carbon and a tran-
ition metal. Reactions that employ metal–carbene complexes
s transient intermediates generated through well-established
outes are not covered, unless there is some effort to character-
ze the carbene complex intermediate. Several reviews in this
rea appeared in 2006 [1–4]. Although a determined effort has
een made to include patents, in general only patents that focus
n the metal–carbene or metal–carbyne complex are included.
atents that appear in 2006 editions of Chemical Abstracts have
een included. Only compounds which feature a multiple bond
etween a single carbon atom and a single transition metal are
iscussed in this survey, thus bridging carbene and carbyne
omplexes are not covered unless there is a multiple bond to
t least one transition metal. The complexes of N-heterocyclic
or Arduengo) carbenes with transition metals have not been
ncluded; since the �-donation component of these complexes
s usually minimal, there is no formal carbon–metal multi-
le bond [5–8]. This area was reviewed several times in 2006
9–16] and the back donation issue was evaluated experimen-
ally [17,18] and computationally [19], and found to be present
o some extent. This survey has been divided into two sections,

etal–carbene (or alkylidene) complexes and metal–carbyne (or
lkylidyne) complexes; the carbene complex section represents

he vast majority of this article. The metal–carbene section has
een organized according to metal, starting from the left side
f the Periodic Table. The Ionic Model [20] has been employed
or the discussion of oxidation states and ligand electron count

f
m
s

Scheme 1
ry Reviews 253 (2009) 86–179 87

hroughout this survey. A special section focusing on alkene
etathesis has been included prior to the discussion of carbene

omplexes of individual metals. The metal–carbyne section has
een organized according to reaction type. Articles from the
ournals Angewandte Chemie International Edition, Chemistry:

European Journal, Tetrahedron, and Tetrahedron Letters are
estricted to volumes 45, 12, 62, and 47, respectively, which cov-
rs the period of December 2005–December 2006 according to
ome search engines.

Abbreviations (see also the front of issue #1 of the Journal
f Organic Chemistry [21]).

FT Density functional theory
HC N-heterocyclic carbene
rubbs catalyst I Structure 1 (Fig. 1)
rubbs catalyst II Structure 2 (Fig. 1)
rubbs catalyst III Structure 3 (Fig. 1)
oveyda–Grubbs catalyst Structure 4 (Fig. 1)
chrock catalyst Structure 5 (Fig. 1)

See also Scheme 1for abbreviations of distinct modes of
etathesis.

. Metal–carbene or metal–alkylidene complexes

.1. Review articles and comments

Several reviews/comments covering aspects of metal–
ocusing on some aspect of carbene complex-initiated olefin
etathesis were published, including the following specific

ubjects: (1) the early days of olefin metathesis [22]; (2) the

.
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Fig. 1. Structures of alk

istory of olefin metathesis [23]; (3) general olefin metathesis
24,25]; (4) ruthenium catalysts for alkene metathesis [26]; (5)
unable ruthenium catalysts for olefin metathesis [27]; (6) olefin

etathesis catalysts [28–30]; (7) carbon–metal multiple bonds
or catalytic metathesis reactions [31]; (8) olefin metathesis for
he preparation of molecules and materials [32]; (9) olefin and
lkane metathesis [33]; (10) preparation of silicon-containing
aterials using ADMET polymerization [34]; (11) synthesis of

eterocycles via RCM [35]; (12) formation of N-heterocycles
sing RCM [36]; (13) synthesis of aromatic rings via RCM [37];
14) formation of macrocycles via RCM [38]; (15) formation of
acrocyclic crown compounds using RCM [39]; (16) formation

f macrocyclic cyclophanes via ring-closing metathesis [40];
17) RCM using substrates that contain more than two alkene
roups [41]; (18) factors influencing ring closure in the RCM
eaction [42]; (19) formation of strained ring systems using
etathesis reactions [43]; (20) use of heteroatom-substituted

lkenes and alkynes in metathesis reactions [44]; (21) use of
ross metathesis in organic synthesis [45]; (22) use of cross
etathesis for the formation of trisubstituted alkenes [46]; (23)

se of cross metathesis for the synthesis of bioactive phos-
honates [47]; (24) use of cross metathesis involving alkenes
ttached to fluorophores [48]; (25) occurrence of metathesis
eactions in tandem with other reaction processes [49]; (26)
se of metathesis for the formation of nanostructures [50]; (27)
urface-bound olefin metathesis catalysts [51]; (28) metathesis
olymerization to and from surfaces [52]; (29) olefin metathesis
nd isomerization [53,54]; (30) enyne metathesis [55]; (31)
eactivity and selectivity problems in enyne metathesis [56];
32) use of ruthenium allenylidene complexes as metathesis
atalysts [57]; (33) “green” techniques in olefin metathesis [58];
nd (34) metathesis in ionic liquids [59]. Several review articles
eport on synthesis of various compound classes where carbene
omplex initiated olefin metathesis is a commonly employed
ynthetic route. Specific compound classes represented include:
1) azaspirodecane derivatives [60]; (2) guanacastapene A [61];
3) heliannuol sesquiterpenoids [62]; (4) ingenol derivatives
63]; (5) amino acids [64]; (6) imidazoles [65]; (7) indole
lkaloids [66]; (8) tamiflu [67]; (9) oxepine syntheses [68]; (10)
olycyclic ethers [69]; (11) macrocidin pesticides [70]; (12)
pothilones [71]; (13) azaepothilones [72]; (14) vinyl sulfones
73]; (15) ceramides [74]; (16) ansa metallocenes [75,76]; (17)
ultivalent ligand receptors [77]; (18) cyclo-olefin copolymers

78]; and (19) supported metal catalysts [79]. Additional review

rticles include some segments on carbene complex-initiated
etathesis. Articles in this category focus on the following

ubjects: (1) fluorous solid phase extraction [80]; (2) domino
eactions [81]; (3) metallodendrimers as catalysts for olefin

a
r
t
s

etathesis catalysts 1–4.

olymerization [82]; (4) olefin polymerization catalysts [83];
5) polymer synthesis in 2005 [84]; (6) cascade reactions
nitiated by ruthenium catalysts [85]; (7) ruthenium NHC com-
lexes in catalysis [86], and (8) PEG-supported catalysts [87].
everal reviews on carbene complex chemistry featuring some
spect other that metathesis appeared in 2006. These reviews
nclude the following subjects: (1) titanium and vanadium
arbene and carbyne complexes [88,89]; (2) heterocyclization
eactions using Fischer carbene complexes [90]; (3) carbene
omplexes of heme proteins and iron porphyrin models [91];
4) metallabenzene chemistry [92,93]; (5) metal vinylidenes
nd allenylidenes in catalysis [94]; (6) pericyclic reactions
nvolving metal vinylidene complexes [95]; (7) catalysis of C C
ond forming reactions of propargylic alcohols by ruthenium
omplexes [96]; (8) metallacumulenes as potential electronic
evices [97]; and (9) platinum and gold-catalyzed enyne
ycloisomerization [98];. Although not specifically focusing
n metal–carbene complexes, some review articles place some
mphasis on this subject. Subjects reviewed in this category
nclude: (1) syntheses of 1-oxadecalins (frequently employing
ischer carbene complexes) [99]; (2) coupling of laser-ablated
etal atoms with simple organics and matrix isolation studies

100]; (3) ruthenium catalysts for the Kharasch reaction [101];
4) radical polymerization catalyzed by ruthenium–NHC com-
lexes [102]; (5) free radical reactions [103]; (6) gold-catalyzed
enzannulation [104]; (7) gold catalysis [105]; (8) chemistry of
he noble metals [106]; (9) formation of alkene complexes from
etal carbonyls [107]; and (10) multiply bonded actinides [108].

.2. Alkene metathesis

Alkene metathesis was the most common reaction process
eported for metal–carbene complexes in 2006, and this special
ection is devoted to papers that focus on this process. Many
xamples of both polymerization [mostly ring opening metathe-
is polymerization (ROMP)] reactions and small-molecule
yntheses appeared. Only metathesis reactions initiated by a dis-
reet transition metal–carbene complex or metathesis reactions
hat offer significant discussion of the carbene complex interme-
iates in this reaction have been included here. Distinct modes
f alkene metathesis are depicted in Scheme 1.

.2.1. General studies of alkene metathesis catalysts
Numerous attempts to develop new carbene complex cat-
lysts for alkene metathesis were reported in 2006; some
epresentative examples are depicted in Fig. 2. Several deriva-
ives of the Grubbs and Schrock catalysts (see Fig. 1) were
ynthesized and tested in their ability to undergo either ROMP
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Fig. 2. Representative examples o

r RCM processes, including: (1) highly active analogs of
rubbs catalyst II and the Hoveyda–Grubbs catalyst where
uorinated aromatic rings replace the mesityl groups [109];
2) an octahedral analog of the Hoveyda–Grubbs catalyst (6)
110]; (3) analogs of the Hoveyda–Grubbs catalyst featur-
ng sulfonated aromatic rings and a dimeric sulfone-linked
nalog [111]; (4) analogs of the Hoveyda–Grubbs catalyst
eaturing nitrated arylcarbene groups [112]; (5) an analog of
he Hoveyda–Grubbs catalyst featuring a tetraalkylammonium
roup on the arylcarbene group [113]; (7) an analog of the
oveyda–Grubbs catalyst featuring a perfluorinated silyl group
n the arylcarbene group and a silica-immobilized analog of this
atalyst [114]; (8) analogs of the Hoveyda–Grubbs catalyst fea-

uring unsymmetrical NHC ligands [115]; (9) chiral and chelated
nalogs of the Hoveyda–Grubbs catalyst featuring mixed anionic
igands (e.g. 7) [116,117], (10) analogs of the Hoveyda–Grubbs
atalyst that feature imidazolinium cation groups for metathe-

[
G
1
n

catalysts for alkene metathesis.

is reactions in ionic liquids [118]; (11) a reusable analog of
he Hoveyda–Grubbs catalyst [119]; (12) water-soluble analogs
f Grubbs catalyst I [120]; (13) analogs of Grubbs catalyst II
eaturing sterically bulky N-aryl groups [121]; (14) analogs
f Grubbs catalyst II where one of the mesityl groups has
een replaced by various alkyl groups [122]; (15) analogs of
rubbs catalyst II featuring 2,6-dimethylphenyl groups in place
f mesityl groups and arylphosphines in place of tricyclo-
exylphosphine [123–125]; (16) fluorescently labeled analogs
f Grubbs catalyst II [126]; (17) chiral analogs of Grubbs cat-
lyst II (e.g. 8) for asymmetric metathesis reactions [127,128];
18) highly active phenoxy analogs of Grubbs catalyst II [129]
nd analogs featuring phenoxy and pyridine ligands (e.g. 9)

130]; (19) water-soluble polyethylene glycol-bound analogs of
rubbs catalyst II for aqueous-phase metathesis reactions (e.g.
0) [131]; (20) analogs of Grubbs catalyst II featuring fluori-
ated phosphine ligands [132]; (21) chelated analogs of Grubbs
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Scheme 2.

atalyst II that initiate metathesis reactions only at elevated tem-
eratures (e.g. 11) [133]; (22) analogs of Grubbs catalyst II
eaturing quinoline–carbene chelates [134]; (23) ruthenium car-
ene complexes containing pincer–NHC ligands (e.g. 12) [135];
24) a chelated imine–ruthenium carbene complex (13), which
ecomes an active catalyst upon treatment with trichlorosilane
136,137]; (25) catechol-ligated ruthenium carbene complexes
e.g.14) [138]; (26) a phosphonium alkylidene–ruthenium com-
lex (15) [139]; (27) ruthenium acyclic amine complexes [140];
28) indenylidene analogs of Grubbs catalyst III [141]; (29)
hiral analogs of the Schrock catalyst for asymmetric RCM reac-
ions (e.g. 16) [142,143]; (30) a trifluoroacetate-bridged dimeric
nalog of the Schrock catalyst, which becomes an active cata-
yst upon breaking up the dimer with quinuclidine [144]; (31)
nalogs of the Schrock catalyst featuring alkyl ligands (e.g.
7) [145]; (32) immobilized analogs of the Hoveyda–Grubbs
atalyst using a variety of support materials [146,147]; (33)
n ionically immobilized analog of the Hoveyda–Grubbs
atalyst (e.g. 18) [148]; (34) silica-bound analogs of the
oveyda–Grubbs catalyst [149]; (35) polydimethyl siloxane-
ccluded Grubbs catalyst II [150]; (36) polymer-bound analogs
f Grubbs catalyst I [151]; (37) analogs of the Schrock cat-
lyst bound to a resin through the imido group [152]; (38) a
ermanium-substituted tungsten alkylidene complex [153]; (39)
ilica-bound analogs of the Schrock catalyst (e.g. 19) useful for
lkene and alkane metathesis and efforts to better understand
he reactivity of these systems [154–157]; (40) placement of
rubbs catalyst II into a polydimethylsiloxane slab resulting in
catalytic system selective for nonpolar substrates [158]; and

41) cationic rhenium dinitrosyl complexes (e.g. 20) [159]. Sev-
ral patents were issued for the synthesis and development of
etal–carbene containing olefin metathesis catalysts [160–164].
The formation of stable ruthenacyclobutanes (e.g. 22,

cheme 2) from the reaction of carbene complex 21, which fea-
ures an unsymmetrical NHC ligand with ethylene or propene at

ow temperature, was reported [165]. The structure of the com-
lexes is more consistent with bottom face attack of the alkene.

dynamic exchange process interconverting the � and � car-
ons was revealed through 2D NMR experiments which was

w
n
w
c

Scheme 3
try Reviews 253 (2009) 86–179

ndicative of metallacycle retrocycloaddition and reformation.
his interconversion is an internal process since there was no
xchange observed with external olefin.

Formation of alkene-coordinated ruthenium carbene com-
lexes (24, 25, Scheme 3) was achieved through the reaction of
rubbs catalyst II with o-divinylbenzene (23) [166]. The reac-

ion affords a mixture of the side-bound alkene complexes 24
nd 25, which coalesce at 110 ◦C. The minor isomer could be
rystallized and the structure was verified through X-ray crys-
allography. There was no evidence for a bottom-bound alkene
alkene ligand trans to the NHC ligand) complex. A computa-
ional study of the mechanism of alkene metathesis suggested
hat the alkene coordinates trans to the NHC ligand [167], how-
ver solvent effects were determined to play a very important in
etermining the relative stability of intermediates.

The 14-electron intermediates of ruthenium catalyzed meta-
hesis reaction [LCl2Ru CH2] and ruthenacyclobutanes were
tudied computationally (DFT) and a QSAR model was devel-
ped for metathesis catalysts [168]. The most effective L groups
n metathesis reactions stabilize the high oxidation state metal
f the metallacyclobutane intermediate via �-donation. Steric
epulsion from the L group is also beneficial since it drives the
etallacyclobutane into a less sterically congested orientation.
A general synthetic route for the preparation of derivatives of

he Schrock catalyst was reported (Scheme 4) [169]. Reaction of
olybdenum carbene complex 26 with lithiopyrrole led to the

is(pyrrolyl) complex 28, which is in equilibrium with dimeric
omplex 29. Reaction of 28/29 with bis(phenol) derivatives
e.g. 31) leads to compounds that are useful as alkene metathe-
is catalysts (e.g. 32), including asymmetric catalysts. Cationic
erivatives of the Shrock catalyst containing acac ligands (e.g.
4, 38, Scheme 5) were prepared and their reaction with alkenes
xamined [170]. These complexes were not effective metathesis
atalysts. Reaction of complex 34 with ethylene led to the met-
llacyclobutene 35, metathesis product 36, and cyclopropane.
he analog featuring a 2,6-dichlorophenyl group on nitrogen

39) was a catalyst for the ROMP of norbornene, however was
ot effective at RCM of diallyl ether due to coordination of the
ther oxygen.

A study of rhenium-catalyzed metathesis was reported
Scheme 6) [171]. The cationic rhenium complex 40 is an effec-
ive catalyst for ROMP of norbornene. Treatment of complex
0 with phenyldiazomethane affords a carbene complex 41,

hich is inactive for ROMP of norbornene. A novel mecha-
ism for generation of the metathesis-initiating carbene species
as proposed. Addition to norbornene affords alkylrhenium

omplex–phosphonium salt 42, which then rearranges to the

.
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arbene–phosphorane complex 43, which then cyclizes to afford
arbene complex 44. Gas phase reaction of complex 40 with
thyl vinyl ether led to the alkoxycarbene complex 45 and the

hosphorane 46.

The formation of a metathesis catalyst through reaction
f atomic carbon with tungsten(VI) chloride was reported
Scheme 7) [172]. The hypothetical catalyst, 47, catalyzes the

a

c
i

Scheme 5
.

etathesis of 1-octene and afforded the carbonyl olefination
roduct 48 upon treatment of with benzaldehyde. Formation of
he catalyst was evaluated computationally, and was found to be

highly exothermic process.

Other general studies of alkene metathesis where carbene
omplexes were discussed include: (1) metathesis reactions
n ionic liquids [173]; (2) exchange of the anionic ligands in

.
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he Hoveyda–Grubbs catalysts and potential implications for
etathesis reactions [174]; (3) addition of tin and iron halides as

dditives in ruthenium catalyzed metathesis reactions [175]; (4)
ynamic NMR studies for analogs of Grubbs catalyst I [176]; (5)
uccessful performance of metathesis reactions in a continuous
ow reactor [177]; (6) monitoring of the progress of a ROMP
eaction by Raman Spectroscopy and determining the cis–trans
atios within the polymer [178]; (7) XAS studies of ruthenium
hloride olefin metathesis catalysts [179]; (8) establishment of
tandard screening reactions for comparison of alkene metathe-
is catalysts [180]; (9) use of mesoporous silicates for removal
f ruthenium-containing byproducts from metathesis reactions
181]; (10) a computational study of alkene metathesis focus-
ng on the mechanism and the enhanced stability and longevity
f catalysts featuring bicyclic phosphine ligands [182]; (11) a
omputational study of metathesis of 1-octene [183]; (12) a com-
utational study of metathesis reactions catalyzed by phosphorus
nalogs of ruthenium–NHC complex catalyzed metathesis reac-
ions [184]; (13) a computational study of the cross metathesis
f dimethyl maleate and ethylene [185]; (14) the importance of
–C agnostic interactions in metallacyclobutane intermediates
f metathesis reactions [186]; (15) a study of the surface-bound
olybdenum–carbene complexes generated through reaction of
olybdenum carbide surfaces with cyclopentanone [187]; and

16) a DFT study focused on understanding the different behav-
or of Grubbs catalyst II and analogs where the NHC ligand is
romatic [188]. Patents were issued for: (1) a method to conduct
CM reactions in supercritical CO2 [189]; and (2) development
f a membrane to purify metathesis mixtures [190].
.2.2. Polymerization reactions
Initiation of the ring opening metathesis polymerization

ROMP) (see Scheme 1) reaction using carbene complexes

s
R
n
2

Scheme 7
.

emains a very active area of investigation. The strained
lkene norbornene, norbornene derivatives, and copolymer-
zation involving a norbornene derivative and another alkene
ccounted for a large fraction of all reports of the ROMP reaction
n 2006; representative monomers are depicted in Fig. 3. Numer-
us substituted norbornenes have been subjected to ROMP
sing metal–carbene complexes, including those possessing the
ollowing structural features: (1) simple norbornenes [191];
2) norbornene diesters [192]; (3) norbornenecarboxylic acids
193]; (4) norbornenes linked to polythiophene derivatives (e.g.
0) [194]; (5) norbornenesuccimides (a surface-bound ruthe-
ium catalyst was employed) [195]; (6) dichlorophosphonates
e.g. 51) [196]; (7) norbornenes linked to radical polymer-
zation initiating groups (e.g. �-bromo ester 52) [197,198];
8) norbornenes linked to fullerenes [199]; (9) norbornenes
inked to dendrons [200]; (10) norbornadiene–carbohydrate
itrile oxide adducts (e.g. 53) [201]; (11) benzonorbornenes
e.g. 54) [202]; (12) norbornenes linked to cyclophosphazene
ings [203]; (13) norbornenes fused to additional norbornene
ings (e.g. 55) [204]; (14) simple norbornenes (initiation via
he Schrock catalyst followed by termination with aldehydes
onnected to bipyridyl ligands) [205]; (15) indole-substituted
orbornenes [206]; (16) thiocyanate-substituted norbornenes
207]; (17) bis(norbornenes) connected through a polynuclear
romatic hydrocarbon [208]; (18) bis(norbornenes) connected
hrough a nickel–thiol linkage (e.g. 56) [209]; (19) norbornenes
onnected to porphyrins [210]; (20) norbornenes connected to
ullerenes [211]; (21) norbornenes connected to metal–NHC
omplexes (e.g. 57) [212]; and (22) norbornenes connected to

alen complexes (e.g. 59) [213]. Copolymers prepared through
OMP reported in 2006 include: (1) block copolymers from
orbornene-fused succinimides and cyclic acetals derived from
-butene-1,4-diol [214]; (2) block copolymers from crown ether-

.
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Fig. 3. Representative substrates for the ROMP reaction.

Fig. 4. Representative saubstrates for ADMET polymerization.
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inked norbornenes and norbornenes linked to amino groups
215]; (3) copolymers from norbornenes linked to nitrile groups
nd norbornenes linked to chelating ligands [216]; and (4)
opolymers of norbornenes linked to a biphenylcarboxylic acid
roup [217]. Preparation of a polymeric carbene complex (58)
hrough anionic polymerization and stoichiometric metathesis,
ollowed by ROMP with norbornene derivatives was reported
218]. Other ring systems that have been subjected to ROMP
eactions include: (1) 3,3-dialkylcyclopropenes (e.g. 60) [219];
2) cyclobutenecarboxamides (e.g. 61) [220]; (3) cyclobutenes
inked to polystyrene chains [221]; (4) p-cyclophanes (e.g. 62)
222]; (5) a macrocycle-bridged steroid derivative (63) [223];
nd (6) carborane-substituted cyclooctenes [224]. The ROMP
f norbornene using a bridging germylene–ditungsten complex
nd formation of the initial carbene complex from norbornene
as discussed [225,226]. The ROMP reaction of norbornene was

tudied computationally, with emphasis on the chain transfer to
thylene, trans-1,2-difluoroethylene, and trans-1,4-dichloro-2-
utene [227]. The rate of chain transfer was strongly correlated
ith the steric bulk of the alkene substituents. The use of ionic

iquids for ROMP reactions was reported [228]. ROMP and
DMET polymerization reactions were reported in limonene,
hich results in limonene-end capped polymers [229]. Several
atents were awarded for various aspects of carbene complex-

nitiated ROMP reactions [230–235].

Several examples using carbene complexes to initiate acyclic
iene metathesis polymerization (ADMET, see Scheme 1) were
eported. Monomers subjected to ADMET polymerization are

i
s
u
[

.

epicted in Fig. 4 and include: (1) �,�-dienes where the alkenes
re linked through an ester group (e.g. 64) [236]; (2) �,�-dienes
here the alkenes are linked though methylated tethers (e.g. 65)

237]; (3) �,�-dienes where the alkenes are linked through halo-
enated alkyl chains (e.g. 66) [238]; (4) �,�-dienes where the
lkenes are linked through germanium or tin (e.g. 67) [239];
nd (5) various �,�-dienes linked through anhydride, amide, or
mide linkages, and/or ROMP of their RCM products formed
t high dilution [240]. An NMR study of Schrock carbene-
atalyzed ADMET of p-divinylbenzene derivative 68 was
eported [241]. Analysis of ADMET polymerization processes
sing mass spectrometry was also reported [242]. The detrimen-
al effect of allylic methyl groups on ADMET polymerization
nd cross metathesis was examined in detail by NMR [243]. The
lkenes 3-methyl-1-pentene and 3,6,9-trimethylundeca-1,10-
iene were employed as model substrates. When the Schrock
arbene complex was employed, accumulation of metallacy-
lobutanes was noted. When either Grubbs catalyst I or II was
mployed, nonproductive metathesis was the predominant path-
ay, and the buildup of methylene–ruthenium complexes led to

apid decomposition of metathesis active species.
Polymerization of bis(alkynes) in an ADMET-like process

as reported (Scheme 8). The process employing 4,4-
is(alkoxycarbonyl)-1,6-heptadiene derivatives (e.g. 69) results

n a polymer containing mostly five-membered rings but some
ix-membered rings [244]. Synthesis of a related star polymer
sing tris(carbene) complex 75 as the initiator was also reported
245].
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.2.3. Nonpolymer-forming ring opening metathesis
eactions

Several examples of RO–CM (see Scheme 1) were reported
n 2006. Representative examples are depicted in Scheme 9.
o-metathesis of various [4 + 3]-cycloadducts (e.g. 76) and var-

ous gaseous alkenes was reported [246]. A RO–CM–alkene
somerization sequence was observed in the RO–CM of oxanor-
ornenes (e.g. 78) and alkene–diols (e.g. 79) followed by
hermolysis [247]. Thermolysis converts the ruthenium byprod-
cts into an alkene isomerization catalyst. Several examples of
imple CM–alkene isomerization were also demonstrated. The
O–CM sequence was reported for 2-azanorbornenes (e.g. 82)
nd ethylene [248]. The RO–CM of cyclooctenediol 84 and

utene–diacetate 86 was a key step in a novel synthetic approach
o acetogenins [249]. A ring expansion was observed in the
O–CM of oxanorbornene 87 and butadiene [250]. This process

ikely occurs through a RO–CM to afford 88 followed by ring-

e
[
c
o

.

losing metathesis to afford 89. This reaction was used in the
otal synthesis of (+)-1893B. The thermodynamics of RO–CM
ere studied computationally [251].

.2.4. Cross metathesis and metathesis-dimerization
eactions

Many examples employing carbene complexes to initiate
he cross metathesis (see Scheme 1) of various dissimilar
lkenes (usually monosubstituted) were reported in 2006. Rep-
esentative examples are depicted in Fig. 5. Regretfully it is
ery difficult to rationally organize these reactions. Specific
airs of compounds subjected to cross metathesis include: (1)
ugenol and cis-2-buten-1,4-diol (an undergraduate laboratory

xperiment) [252]; (2) hexadienoate esters with allyl bromide
253]; (3) dissimilar styrenes for synthesis of unsymmetri-
al stilbene derivatives [254]; (4) cross metatheses involving
leate esters [255]; (5) 2-butene with natural triacylglycerides
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Fig. 5. Represent pairs of alk

256]; (6) allylic alcohol derivatives with methyl acrylate
257,258]; (7) allylicly functionalized derivatives [259]; (8)
omoallylic alcohols with methyl acrylate [260]; (9) homoal-
ylamine derivatives with monosubstituted alkenes [261,262];
10) an exo-methylene-�-lactone and an allylic acetate (e.g. 90

nd 91) [263]; (11) solid phase CM of �-lactam-alkenes and
arious monosubstituted alkenes [264]; (12) an alkene remotely
onnected to a �-lactone with 1-nonene [265]; (13) methylenete-
rahydrofurans with either acrolein or vinylboranes [266]; (14)

s
a
h
9

ubjected to cross metathesis.

lkenes connected to fluorinated imines with methyl acrylate
267]; (15) a vinyltetrahydrofuran derivative with a styrene
erivative [268]; (16) N-allyl macrocyclic lactams and allyl ester
erivative [269]; (17) an alkene nucleoside with an alkene amino
cid [270]; (18) a bis(allylic ether) and ethyl acrylate [271]; (19)

elective �,�-alkene metathesis using conjugated diene–esters
nd amides [272]; (20) a C-vinyl glycoside with allylic alco-
ol derivatives [273]; (21) a vinylphosphonate nucleoside (e.g.
3) and a highly oxygenated pyrrolidine derivative (e.g. 92)
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274]; (22) a hydrogen bonding associated alkene–pyrimidone
nd an alkene–naphthyridine [275,276]; (23) divinyl sul-
ones with various monosubstituted alkenes [277]; (24) cross
etathesis reactions involving porphyrins that contain remote

lkene groups [278]; (25) cyclodextrin-linked allylamine deriva-
ives and monosubstituted alkenes containing a perfluoroalkyl
roup [279]; (26) vinylsilanes and p-chlorostyrene [280];
27) divinylsilanes or divinylsiloxanes with monosubstituted
lkenes [281]; (28) allylboron derivatives (e.g. 94) and vinyl-
ilanes (e.g. 95) [282]; (29) allylcarboranes with various
ono- and disubstituted alkenes [283]; (30) BH3-complexed

llylphosphines or vinylphosphines with various monosubsti-
uted alkenes (includes several examples of RCM reactions
or BH3-complexed phosphines) [284]; (31) an allylated ansa
irconocene (96) with a palladium complexed iminopyridine
erivative (97) [285]; (32) �-stacked aromatics featuring remote
lkene side chains [286]; (33) cross metathesis of alkenes bound
o a silicon surface with 1-octadecene [287]; (34) cross metathe-
is of alkenes bound to a gold surface with alkenes connected to
errocene groups [288]; (35) selective double cross metathesis
f an unsymmetrical diene and two different complex alkenes
289]; and (36) failure to cross metathesize styrene and vinylger-
anes using Grubbs catalysts I and II [290]. Several publications

ppeared in 2006 where cross metathesis was employed in nat-
ral products synthesis. Examples of alkenes employed in CM
or natural products synthesis include: (1) an allylic alcohol with
henyl vinyl ketone for total synthesis of dispongin A [291]; (2)
n allylic alcohol derivative and a complex allylbicyclic com-
ound for zaragozic acid total synthesis [292]; (3) an allylic ether
nd a terpenoid alkene for vitamin E synthesis [293,294]; (4) a
omoallylic ether (98) with methyl 4-pentenoate (99) for lyngbic
cid total synthesis [295]; (5) a homoallylic alcohol derivative
nd acrolein as an early event in the total synthesis of amphidi-
olide A [296]; (6) two different complex alkenes for the total
ynthesis and structural revision of amphidinolide W [297]; (7)
homoallylic alcohol derivative with a 2-vinylbenzoate deriva-

ive for apicularen A total synthesis [298]; (8) a homoallylic
lcohol derivative and an alkene–tetrahydropyrone derivative
or methyl monate C total synthesis [299]; (9) a homoallylic
iol and methyl vinyl ketone for endo and exo brevicomin total
ynthesis [300]; (10) an allylic amine and an �,�-unsaturated
etone for hyacinthacine A2 total synthesis [301]; (11) a homoal-
ylamine with an �,�-unsaturated ketone for total synthesis of
inidinol [302]; (12) a triene and a complex allylic ether for
osonolide A total synthesis [303]; (13) a complex alkene (100)
ith acrolein for preparation of lasonolide A segments [304];

14) a bicyclic lactone (101) and an allylic alcohol derivative
102) for synthesis of prostaglandins [305] and a similar pro-
ess involving the formation of carbacyclins [306]; (15) two
omplex alkenes (103 and 104) for synthesis of isoprostane
erivatives [307]; (16) two structurally complex partners for the
otal synthesis of pyragonacin [308]; (17) a vinyl oxanorbornene
erivative (105) and an alkenol derivative (106) for total synthe-

is of brefeldin A [309]; (18) acrylic acid with complex alkenes
n two separate events for total synthesis of colletol [310]; (19)
n allylic ester and ethyl 4-pentenoate for stemoamide total syn-
hesis (a later step employs a lactone-forming RCM reaction)

a
R
a
1

ry Reviews 253 (2009) 86–179 97

311]; (20) undeca-1,10-dien-6-one with excess acrylonitrile
double CM) for histrionicotoxin total synthesis [312]; (21) a
omplex alkene (e.g. 107) with a simple alkene–alcohol deriva-
ive (e.g. 108) for azaspiracid A total synthesis and synthesis
f stereoisomers of azaspiracid A [313–317]; (22) a complex
lkene with various simple monosubstituted alkenes for the
ynthesis of seco loganin analogs [318]; (23) a complex sym-
etrical 1,2-disubstituted alkene and a monosubstituted alkene

or sovaphen A total synthesis [319]; (24) a complex alkene
ith methyl acrylate for total synthesis of bistramide A [320];

25) a complex alkene–diester (110) and a 10-undecenylketone
erivative (109) for total synthesis of viridofungin [321]; (26)
complex alkene–pyrone system and electron-deficient alkenes

or total synthesis of mitorubrinal and mitorubrinic acid [322];
27) a complex triene (111) (reaction occurs at the monosub-
tituted alkene) and acrolein for total synthesis of galbulimima
lkaloid 13 (product spontaneously undergoes intramolecular
iels–Alder reaction) [323]; (28) two complex alkenes for total

ynthesis of macrolide antibiotic A26771B [324]; (29) a com-
lex C2-symmetric bis(tetrahydrofuran) derivative (112) and
nother complex alkene (113) (1:1 metathesis) for total synthesis
f asimicin [325]; (30) two different complex monosubstituted
lkenes for synthesis of dictyostatin segments [326]; (31) two
ifferent complex alkenes (114 and 115) for total synthesis of
D-891 [327]; (32) 1-pentadecene with an allylic alcohol for
phingosine synthesis [328]; and (33) a complex allylic alcohol
ith various monosubstituted alkenes for synthesis of lauli-
amide analogs [329]. A one-pot tandem cross metathesis –
hodium-catalyzed carbene formation – carbonyl ylide cycload-
ition process was reported [330]. A serial two-step double RCM
eaction was reported using C-2 symmetric diene 116 and two
ifferent alkenes (117 and 118) for cladospolide C total syn-
hesis [331]. A catalytic system that isomerizes alkanes via a
andem alkane metathesis – dehydrogenation – cross metathesis
equence was reported [332]. Several patents were awarded for
he preparation of alkenes via cross metathesis [333–341].

Several examples of dimerization via metathesis (see
cheme 1) were reported in 2006. Compounds subjected to car-
ene complex-catalyzed metathesis dimerization are depicted
n Fig. 6, and include: (1) allylic alcohol derivatives (e.g. 120)
342]; (2) diene 121 (forms 122 with excision of cyclopen-
ene) [343]; (3) allylglycines [344]; (4) N-acryloylamino acids
e.g. 123) (also includes cross metatheses) [345]; (5) vinyl-
lycine and allylglycine derivatives [346]; (6) styrene [347]
r 1-octene [348] in an ionic liquid; (7) C-alkenyl glycosides
e.g. 124) [349]; (8) a nucleoside derivative (125) followed by
macrocyclic RCM in a later synthetic event [350]; (9) alkenes
onnected to aromatic rings by seven CH2 groups (includes
everal examples of RCM) [351]; (10) vinylphosphane oxides
e.g. 126) (includes cross metathesis also) [352]; (11) alkene-
inked cyclodextrins [353]; (12) p-vinylphenylferrocene (127)
354]; (13) ferrocene–alkenes [355]; and (14) a bis(ruthenium)
omplex featuring a bridging carboxylate ligand having remote

lkene functionality (128) [356]. Metathesis dimerization and
CM were noted for several aromatic compounds where the
lkene groups feature a non-ortho aromatic arrangement (e.g.
29) [357]. More favorable tethers (e.g. as in 130) undergo the
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Fig. 6. Representative alkenes s

CM reaction. Metathesis dimerization was used for the cross-
inking of 10-undecenoyl-cellulose derivatives [358]. A failed
ttempt to cross metathesize a self-assembled pentenylguano-
ine derivative was noted [359].

Additional examples feature cross metathesis in tandem
ith some other metathesis mode. Examples are depicted

n Scheme 10. Tandem dimerization-RCM was observed for
is(alkyne)-linked porphyrin derivatives featuring pendant vinyl
roups (e.g. 131) [360,361]. Tandem double CM and RCM
ere assisted by preorganization through self-assembly of the
onomers around a template molecule, and resulted in a cyclic

rimer [362].

.2.5. Ring-closing metathesis
The ring-closing metathesis reaction (RCM) (see Scheme 1)

as emerged as a very important method for organic synthesis.

umerous carbene complexes (see Figs. 1 and 2) initiate RCM

eactions. Many examples forming diverse ring sizes have been
eported in 2006, including macrocycles and medium-size rings,
s well as the traditional five- and six-membered ring-forming

o
t
b
s

Scheme 1
ted to metathesis dimerization.

eactions. Reactions have been classified according to the type
f ring system formed as a result of RCM.

The RCM reaction has been employed for the synthesis of
variety of carbocyclic ring systems (Fig. 7, the indicated

ond was formed via the RCM reaction). Examples include:
1) simple five-membered rings [363]; (2) five-membered ring
piroketals [364]; (3) �-aminocyclopentenecarboxylates [365];
4) cyclopentenes for total synthesis of herbertenediol [366,367],
M-3 total synthesis and structure revision [368], preclavu-

one A methyl ester [369], lagopodon [370], cuparenone [371],
uanacastepene E [372], carbapentofuranoses [373], and ent-
acillariolide 11 [374]; (5) highly oxygenated cyclopentenes
or total synthesis of homo-apioneplanocin A (135) [375], 6-
pipentenomycin B (136) [376], carbocyclic nucleosides [377],
nd cundaramines [378]; (6) �,�-unsaturated cyclopentenones
379]; (7) �,�-unsaturated cyclopentenones for total synthesis

f D-noviose [380] and partial synthesis of nitiol [381]; (8)
he five-membered ring of the steroid ring system [382]; (9)
icyclo[3.3.0]octadienones (e.g. 137) for merillactone A total
ynthesis [383]; (10) bicyclo[3.1.0]hexane derivatives for total

0.



J.W. Herndon / Coordination Chemistry Reviews 253 (2009) 86–179 99

RCM

s
c
[
r
t
(
p
s
d
t
t
[
r
r
s

(
s
a
d
[
c
s
(
i
(
t

Fig. 7. Representative carbocycles produced through an

ynthesis of L–N–MCd4T [384]; (11) highly electron deficient
yclopentenone systems (e.g. 138) and heterocyclic analogs
385]; (12) indenes and indenones [386]; (13) a cyclopentene
ing in the process of cleaving a chiral auxiliary [387]; (14) five-
o eight-membered rings fused to cyclohexadiene rings [388];
15) five- to eight-membered rings spiro fused to dihydro-3-
yrone rings [389]; (16) a cyclohexene ring for bisabolol total
ynthesis [390]; (17) cyclohexene rings spiro fused to pyrroli-
ine rings [391], oxygenated cyclohexenone rings [392], and
etrahydrofurans [393]; (18) a cyclohexene ring spiro fused
o a tetrahydropyridone ring for quinic acid total synthesis

394]; (19) a cyclohexene ring spiro fused to a pyrrolidine
ing for lepadiformine total synthesis [395]; (20) cyclohexene
ings fused to cyclobutanes for merillactone A total synthe-
is [396]; (21) cyclohexadienes fused to five-membered rings

n
c
e
1

Scheme 1
reaction (bond constructed through RCM indicated).

e.g. 139) [397]; (22) a hexahydronaphthalene ring for total
ynthesis and structural revision of trihydroxycadinane [398]
nd for total synthesis of branimycin [399]; (23) cyclohexenol
erivatives spiro fused to the bicyclo[2.2.2.]octane ring system
400] and to cyclohexane rings [401]; (24) highly oxygenated
yclohexene rings for total synthesis of 1-epi-MK7607 [402],
implified conditurols (140) [403], and pancratistatin [404];
25) diaminocyclohexenes [405]; (26) a densely functional-
zed cyclohexane ring for total synthesis of GS4104 [406];
27) an �,�-unsaturated six-membered ring ketone (141) for
otal synthesis of phyllantidine [407]; (28) carbocycle-bridged

ucleoside derivatives [408]; (29) six-membered ring fluorinated
yclic amino acid derivatives [409]; (30) fusion of a cyclohex-
ne ring onto a porphyrin ring [410]; (31) benzene rings (e.g.
43) directly through RCM of trienols (e.g. 142) [411]; (32)

1.
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henanthrene ring 144 for hasubanonine total synthesis [412];
33) benzene rings for the construction of helicenes [413]; (34)
iastereoselective formation of bicyclo[4.1.0]heptene deriva-
ives (e.g. 145) [414]; (35) various fused bicyclic carbocycles
nd total synthesis of periplanone C [415]; (36) six-membered
ings fused to propellanes [416]; (37) six- to seven-membered
ing fluorinated cyclohexenes fused to a uracil ring [417]; (38)
ix- to eight-membered rings fused to five-membered ring lac-
ones [418]; (39) a cycloheptene ring for total synthesis of
ananodine [419]; (40) a seven-membered ring fused tricyclic
ystem (146) for preparation of the rameswaralide core [420];
41) a cycloheptene ring fused to a cyclopentene ring [421];
42) a cycloheptene ring of a pentacyclic system [422]; (43)
obalt-cycloheptyne complexes (e.g. 147) [423]; (44) seven- to
ight-membered ring �-thioketone derivatives [424]; (45) seven-
o eleven-membered ring carbocycles and heterocycles that fea-
ure chiral sulfonimine groups [425]; (46) eight-membered ring
arbocyclic ring systems [426]; (47) eight-membered rings fused
o a benzene ring (e.g. 148) for parvifolene total synthesis
427]; (48) eight-membered rings fused to cyclohexane rings
428]; (49) a lactone-bridged ten-membered ring (149) for ent-
lavilactone total synthesis [429]; and (50) a ten-membered ring

150) for total synthesis of eleutherobin [430]. One-pot tan-
em RCM–Kharasch reactions were observed in the reaction
f trichloroacetate ester–diene 151 (Scheme 11) with ruthe-
ium carbene complexes and CuCl [431]. Similar reactions

f
[
a
d

Fig. 8. Representative N-heterocycles produced through an RC
try Reviews 253 (2009) 86–179

sing only ruthenium metathesis catalysts and/or catalyst com-
inations were also reported [432]. Patents were awarded for
arbocycles prepared through RCM [433,434].

Numerous examples of the formation of nitrogen heterocy-
les using the RCM reaction (Fig. 8) were reported in 2006,
ncluding: (1) dihydropyrroles [435]; (2) dihydropyrroles fol-
owed by further conversion to pyrroles when the RCM reaction
as conducted at 150 ◦C [436]; (3) pyrrole derivatives (e.g. 156)

rom diene precursors (e.g. 155) by performing the reaction in
he presence of benzoquinone oxidants [437]; (4) dihydropy-
roles for total synthesis of hydroxypipecolic acid [438], hygrine
439], broussonetine (157) [440], and the attempted total syn-
hesis of uniflorine B [441]; (5) the five-membered ring of the
ndolizidine skeleton [442]; (6) pyrrolidinium salts (e.g. 158)
443]; (7) fluorinated �,�-unsaturated five-membered ring lac-
ams [444]; (8) five- and six-membered ring cyclic amines [445];
9) cyclic five- and six-membered ring �-amino acid derivatives
446]; (10) five- through nine-membered ring nitrogen hetero-
ycles [447]; (11) five- to six-membered ring N-amino cyclic
mines (e.g. 159) [448]; (12) a tetrahydropyridone (160) for total
ynthesis of deoxygulonojirimycin [449], (13) a combinatorial
ixture of five- to six-membered ring nitrogen heterocycles
ormed through either RCM or intramolecular enyne metathesis
450]; (14) tetrahydropyridines for total synthesis of pipecolic
cid [451] and sedamine [452]; (15) tetrahydropyridines fused to
ihydropyridone rings [453]; (16) tetrahydropyridines fused to

M reaction (bond constructed through RCM indicated).
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pyrrolidine ring for total synthesis of deoxynupharidine [454];
17) tetrahydropyridines followed by osmium-catalyzed dihy-
roxylation in the same reaction pot as the RCM step [455];
18) a tetrahydropyridine fused to a piperidine ring (161) for
otal synthesis of lasubine I [456]; (19) fluorinated tetrahydropy-
idine derivatives [457]; (20) tetrahydropyridine–chloroalkenes
used to a bicyclic ring (e.g. 162) for preparation of cylin-
ricine B segments [458]; (21) a failed attempt to form a
ix-membered ring amine derivative when one of the alkenes is
hlorinated [459]; (22) tetrahydropyridines fused to oxazolone
ings [460]; (23) �,�-unsaturated six-membered ring lactams
461,462]; (24) a six-membered ring amine fused to a car-
oline ring (163) for mitralactonine 1 total synthesis [463];
25) a six-membered ring heterocycle for synthetic approaches
o swainsonine derivatives [464–467]; (26) two six-membered
ing amines for total synthesis of isosparteine [468]; (27) a tri-
yclic amine (164) for total synthesis of indolizidine 223AB
469]; (28) an azabicyclo[2.2.2]octene derivative for catha-

anthine total synthesis [470]; (29) six- to seven-membered
ing cyclic amines [471]; (30) six- to seven-membered ring
yclic amines spiro fused to various N-heterocycles [472];
31) six- to seven-membered ring cyclic amino acid deriva-

n
n
a
a

Fig. 9. Representative oxygen-heterocycles produced through an
ry Reviews 253 (2009) 86–179 101

ives [473]; (32) six- to seven-membered rings spiro-fused to
n oxindole ring [474]; (33) six- to eight-membered ring cyclic
namines fused to benzene rings (the cyclization precursor
as prepared through Petassis olefination) [475]; (34) six- to

ight-membered ring lactams–enamides (through tandem RCM
nd alkene isomerization) [476]; (35) six- to nine-membered
ing lactams [477]; (36) seven-membered ring cyclic amines
e.g. 165) [478–481]; (37) seven-membered ring amine–ketones
482]; (38) a seven-membered ring fused to a lactam ring
or stemoamide total synthesis [483]; (39) seven-membered
ing lactams [484]; (40) seven-membered ring �,�-unsaturated
actams [485]; (41) 10-azabicyclo[4.3.1]decanes (e.g. 166)
nd 9-azabicyclo[4.2.1]nonanes [486,487]; (42) one-pot seven-
embered ring formation and double bond oxidation [488];

43) seven- to eight-membered rings fused to oxazolone rings
489]; (44) eight-membered ring cyclic amine derivatives (e.g.
67) [490]; (45) eight-membered ring lactams [491]; (46) eight-
embered ring lactams fused to proline (e.g. 168) [492]; and (47)
ine- and ten-membered ring lactams (e.g. 169) [493]. Simulta-
eous RCM and cleavage of alkene-bound chiral auxiliaries was
lso reported for the synthesis of various N, O, and S heterocycles
nd carbocycles [494].

RCM reaction (bond constructed through RCM indicated).
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Many diverse oxygen heterocycles were synthesized via the
CM reaction in 2006 (Fig. 9), including: (1) five- and six-
embered ring ethers for total synthesis of mucocin [495]; (2)
ve- and six-membered rings from a triene and control of the
ing size selectivity through alkene substitution pattern [496];
3) five- to seven-membered ring oxygen heterocycles [497];
4) five- to seven-membered ring O-heterocycles and carbocy-
les fused to a benzene ring [498]; (5) six-membered ring allylic
thers [499–501]; (6) a six-membered ring ether for total syn-
hesis of triacetoxygoniotriol [502] and 11-desoxylaulinamide
503]; (7) six-membered ring �,�-unsaturated lactones for
otal synthesis of boronolide (172) [504–506], passifloricin and
nalogs [507,508], fostriecin [509], fragments of rhizoxin D
510], FR 901464TS (the synthesis also employs a CM reac-
ion in a separate event) [511], obolactone [512], diospongin

and B [513], cryptocarya diacetate [514], apratoxin A [515],
igrastatin (the synthesis features two other metathesis events)

516], and goniothalamin epoxides [517]; (8) six-membered ring
,�-unsaturated lactones via solid phase RCM [518]; (9) a six-
embered ring �,�-unsaturated lactone fused to a vitamin D-like

tructure [519]; (10) a six-membered ring alkenyl ether for DAH
nd KDO total synthesis [520]; (11) a six-membered ring ether
used to a tetrahydrofuran (173) for malayamycin total synthe-
is [521]; (12) six-membered rings fused to carbohydrate rings
522]; (13) six-membered ring enol ethers formed enantiose-
ectively using a chiral molybdenum carbene complex catalyst
523]; (14) furo[3,4-c]pyrans (e.g. 174) [524]; (15) dioxane rings
,4-fused to furan rings (e.g. 175) [525]; (16) six-membered
ing spiroketals (e.g. 176) [526]; (17) coumarins [527]; (18)
andem six-membered ring ether formation and transfer hydro-
enation [528]; (19) the six- to nine-membered ring ethers
resent in brevitoxin and related compounds (e.g. 177, 178)
529–536]; (20) seven-membered ring oxygen heterocycles fea-
uring fluorinated side chains [537]; (21) seven-membered ring
,�-unsaturated lactones (e.g. 179) for synthesis of kumausynes

538]; (22) a seven-membered ring ether for methyllycaconitine
otal synthesis [539]; (23) seven- to eight-membered ring ethers
used to benzene rings [540,541], pyridine rings [542], and car-
azole rings [543]; (24) seven- to nine-membered ring cyclic
thers fused to oxalactam rings (e.g. 180) [544]; (25) an eight-

embered ring cyclic ether containing a cobalt–alkyne complex

nit (181) for lauthisan total synthesis [545]; (26) eight- to nine-
embered ring bridged vitamin C analogs (e.g. 182) [546];

27) nine-membered ring ethers for total synthesis of ophirin

i
r
�
t

2.

and astrogorgin (e.g. 183) [547]; (28) a nine-membered ring
-cyclophane–diether via RCM on a self-assembled nucleo-

ide derivative [548]; and (29) ten-membered ring lactones for
otal synthesis of dictyostatin (184) [549] and herbarumin III
550]. The RCM of triene derivatives (e.g. 185) led to predomi-
antly the smaller ring compounds (e.g. 186) and not the larger
ing dienes (e.g. 187) [551]. A simultaneous double RCM/CM
equence was employed in the total synthesis of SCH 351448
552]. This process involves the coupling of penta-ene 188
Scheme 12) and allylbenzene derivative 189 [552]. Patents were
warded for oxygen heterocycles prepared via RCM reactions
553,554].

Heterocyclic compounds involving elements other than N
nd O were also constructed via the RCM reaction (Fig. 10).
xamples include: (1) six- and seven-membered ring silacycles
nd carbocycles (e.g. 191) [555]; (2) cyclic siloxanes (e.g. 192)
or total synthesis of streptazolin [556]; (3) a seven-membered
ing cyclic siloxane for total synthesis of monocerin [557];
4) nine-membered ring cyclic siloxanes for preparation of
pothilone analogs (e.g. 193) (also features metathesis dimer-
zation processes) [558]; (5) cyclic phosphate esters fused to
ibose rings (e.g. 194) [559]; (6) cyclic enol phosphonamidates
e.g. 195) [560]; (7) six-membered ring cyclic phosphates [561];
8) bicyclic phosphate esters (e.g. 196) (also includes exam-
les of cross metathesis) [562]; (9) seven-membered ring cyclic
hosphates [563]; (10) five- to eight-membered ring cyclic sul-
onates (e.g. 197) for synthesis of the proposed structure of
ycothiazole [564]; (11) cyclic sultams (e.g. 198) [565,566];

12) ansa nickelocenes (e.g. 199) [567]; and (12) bridged enan-
iomerically pure ferrocenes (e.g. 200) through kinetic resolution
sing a chiral molybdenum carbene complex catalyst [568]. A
andem RCM–CM sequence was employed as the key step in
he total synthesis of gigantecin (Scheme 13) [569]. Success
n this reaction requires the addition of a fourfold excess of
he cross metathesis partner 202 since undesired macrocycle-
orming RCM reaction involving the asterisked alkene of 201
re predominant when lesser amounts of metathesis partner are
mployed.

Numerous macrocyclic compounds (rings with ≥11 atoms)
ere synthesized using the RCM reaction in 2006 (Fig. 11),
ncluding: (1) a macrocyclic conjugated diene (205) for prepa-
ation of a borrelidin fragment [570]; (2) a macrocyclic
,�-unsaturated ketone (206) for abyssomicin C total syn-

hesis [571]; (3) a macrocyclic bis(ketone) (207) for total



J.W. Herndon / Coordination Chemistry Reviews 253 (2009) 86–179 103

d via

s
t
s
f
s
o
f
t
E
r
e
k
c
(
r
b
(
t
t

f
c
(
t
B
s
c
o
r
[
[
(
o
d
o

Fig. 10. Representative examples of other heterocycles prepare

ynthesis of 15-acetyl-3-propionyl-17-norcharaciol total syn-
hesis [572]; (4) macrocyclic amines (e.g. 208) for total
ynthesis of saranin A [573,574]; (5) a macrocyclic ether
or kendomycin total synthesis (synthesis also uses a Petas-
is reaction) [575]; (6) a macrocyclic lactone for preparation
f the core of migrastatin [576]; (7) a macrocyclic lactone
or mycolactone core synthesis [577], (8) macrocyclic lac-
ones for total synthesis for aigialomycin [578], amphidinolide

(209) [579], sporiolide [580], tonantzitlone [581], and spo-
iolode B [582]; (9) macrocyclic lactones for preparation of
pothilone analogs (e.g. 210) [583,584]; (10) a macrocyclic
eto-lactone for pochonins total synthesis [585]; (11) a macro-
yclic polyene–lactone for total synthesis of lejimalide B [586];
12) macrocyclic lactone–tetraenes [587]; (13) macrocyclic
ings related to bryostatin (e.g. 211) [588]; (13) macrocyclic

is(lactones) bridging a bicyclo[3.3.1]nonane ring system [589];
14) a macrocyclic lactone diether for phorboxazole A total syn-
hesis [590]; (15) a macrocyclic lactone–lactam for spongidepsin
otal synthesis [591]; (16) macrocyclic bis(lactone)–lactams

o
a
m
a

Scheme 1
the RCM reaction (bond constructed through RCM indicated).

or total synthesis of cryptophycin analogs [592]; (17) macro-
yclic lactone–lactams [593]; (18) macrocyclic lactams [594];
19) a macrocyclic bis(lactam) fused to an indole deriva-
ive (212) [595]; (20) a macrocyclic bis(lactam) (213) for
ILN 2061 total synthesis [596,597] and mechanistic/model

tudies of the RCM event [598]; (21) a macrocyclic lactam/p-
yclophane (e.g. 214) for preparation of the central core
f macrocidins [599]; (22) the macrocyclic lactam/ether of
adicicol [600]; (23) macrocycle-bridged bis(urea) derivatives
601]; (24) macrocycle-bridged bis(sulfonamide) derivatives
602]; (25) macrocyclic polyethers or polyamides [603–605];
26) a macrocycle-bridged pyran derivative (215) for dacty-
lide total synthesis [606]; (27) macrocycle-bridged peptide
erivatives [607–610]; (28) macrocyclic siloxanes via RCM
r intramolecular enyne metathesis (also includes examples

f cross metathesis) [611]; (29) a m-cyclophane-lactam [612]
nd failure to form a m-cyclophane lactone [613]; (30) a
-cyclophane for floresolide B total synthesis (including an

lternative approach involving metathesis dimerization followed

3.
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Fig. 11. Representative macrocycles (ring size >10) prepared u

y RCM) [614]; (31) a bis(p-cyclophane)-bridged m-cyclophane
615]; (32) p-cyclophanes in a system where ring closure is
ided by �-stacking interactions [616]; (33) p-cyclophanes
here the rings are further linked through several conjugated

lkene and alkyne units [617]; (34) macrocycle-bridged dis-
ccharides [618]; (35) ligand-bridged rhodium bis(phosphine)

omplexes (e.g. 216) [619,620], palladium bis(phosphine) com-
lexes [621], platinum bis(phosphine) complexes [622], and
utadiyne-bridged diplatinum complexes that are also linked
hrough the phosphorus ligands [623]; (36) pyridine analogs of

o

R
t

he RCM reaction (bond constructed through RCM indicated).

-cyclophanes in systems where the pyridine is complexed to
ither palladium or platinum [624]; (37) macrocycle-bridged
orphyrins [625]; (38) macrocycle-bridged tetraporphyrins
626]; (39) rotaxanes and calixarenes [627]; (40) catenanes
628]; (41) bridged cyclodextrins [629]; and (42) carbon chain-
ridged dinucleotides [630]. A patent was awarded for synthesis

f macrocyclic compounds via RCM [631].

Several examples using tetraenes to effect selective double
CM reactions were reported in 2006 (see Scheme 14). Reac-

ion of tetraene 217 with the Hoveyda–Grubbs catalyst (4) led
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o predominantly the dumbbell shaped molecule 218 and not
he fused ring compound 219 [632]. The reaction mixture was
ccompanied by monocyclic compounds. Compound 218 was
n intermediate in the total synthesis of pandamarilactone A.
iastereoselective double RCM was reported in the synthe-

is of spirocycles (e.g. 221) from acyclic tetraenes featuring
iastereotopic vinyl groups (e.g. 220) [633].

Several examples of ring rearrangement metathesis (RRM)
ere reported in 2006 (see Scheme 15). These examples include:

1) formation of a bicyclo[3.3.0]octenone derivative (228) for
reparation of the core of geodin A through a tandem RRM–CM
equence [634] and use of a similar reaction sequence for
he total synthesis of cylindramine A [635]; (2) formation of
yclopropane-fused seven- and eight-membered rings (e.g. 230)
hrough RRM of cyclopropylnorbornenes (also includes sim-
le RCM processes) [636]; (3) conversion of azanorbornenes to
exahydroindole derivatives [637]; (4) the conversion of oxanor-
ornene derivative 231 to the fused bicyclic compound 232
subsequent RCM and intramolecular enyne metatheses were
lso reported) [638]; (5) conversion of an oxanorbornene to a
ihydrofuranopyrone derivative [639]; (6) a related conversion
f N-allylaminonorbornene derivatives to analogous compounds
used to a cyclopentene ring [640]; (7) conversion of an allylic
ihydrofuran to a dihydropyran for total synthesis of cen-
rolobine (a later step of the synthesis employs cross metathesis)
641]; (8) conversion of ester-cyclobutene 234 to the correspond-
ng lactone 235 and unanticipated formation of a naphthalene
ing in a failed attempt to form a macrocyclic ring [642]; (9)
onversion of triene 236 to diene 237 and ethylene in a tandem
RM–RCM process [643] and a related process for the prepara-

ion of 239, an intermediate in the total synthesis of dumetorine
644]; and (10) a tandem butadiene excision/ring contraction and
iastereoselective RRM for the conversion symmetrical cyclo-
eptadiene derivatives (e.g. 241) to allyldihydropyrans (e.g. 243)
nd butadiene [645].

.2.6. Alkene metathesis involving alkyne components
Several examples of the synthesis of conjugated dienes
hrough the intermolecular (enyne CM) or intramolecular (enyne
CM) metathesis of enynes (see Scheme 1) using carbene com-
lexes were reported in 2006. Examples of intermolecular enyne
etathesis are depicted in Scheme 16 and include: (1) forma-

t
e
s
R

4.

ion of the taxane ring system (247) in a process involving
ntramolecular enyne metathesis of alkyne 245 with ethylene fol-
owed by intramolecular Diels–Alder reaction [646]; (2) enyne
etathesis of propargylic esters (e.g. 248) and monosubstituted

lkenes (the products then undergo the Claisen rearrangement)
647]; and (3) enyne metathesis of vitamin D alkynones with
thylene [648]. Failure of an allene-yne to undergo enyne RCM
sing Grubbs catalyst I was reported [649], however the process
as successfully catalyzed by GaCl3. Examples of intramolec-
lar enyne metathesis are depicted in Fig. 12 and include: (1)
ormation of dihydropyrroles for diversity-oriented synthesis
650]; (2) formation of 2-vinyl dihydropyrrole derivatives (e.g.
52) using ynamines (e.g. 251) as starting materials [651]; (3)
ormation of spirocyclic cyclopentenes through either enyne
etathesis or RCM [652,653]; (4) formation of vinylcyclohep-

ene 254 from enyne 253 for micrandilactone synthesis [654]; (5)
ormation of seven-membered ring ethers fused to pyridine rings
655]; (6) formation of seven-membered ring oxygen heterocy-
les fused to pyrone rings [656]; (7) formation of bicyclic amine
erivative 256 from enyne 255 for anatoxin A total synthesis
657]; (8) a ring opening intramolecular enyne metathesis for the
reparation of cyclopentene-fused tetrahydropyrroles (e.g. 258)
sing norbornene 257 and ethylene [658]; (9) ring opening enyne
etathesis for the preparation of ring-fused pyrrolidinones (e.g.

60, 261) from alkyne–azanorbornenes (e.g. 259) and the effect
f alkyne substituents on the efficiency and regiochemistry of the
etathesis event [659]; (10) a related ring rearrangement enyne
etathesis using simple N-propargyl-aminocyclopentenes

660]; and (11) enyne metathesis involving pyridinium salts (e.g.
62, 263) [661]. Synthetic and mechanistic studies were reported
or enyne metathesis reactions [662], and criteria correlating
teric effects and catalyst requirements were developed.

Tandem intramolecular enyne metathesis and cross metathe-
is [e.g. conversion of 265 (Scheme 17) and methyl vinyl
etone to 266 in the presence of Grubbs catalyst II] was
mployed for the total synthesis of 8-epi-xanthatin [663]. A
imilar tandem intramolecular enyne metathesis–CM process
as employed in the synthesis of a six-membered ring ether for
otal synthesis of TMC-69–6H [664]. Tandem intramolecular
nyne metathesis–CM was employed for the preparation of
even-membered ring heterocycles fused to benzene rings [665].
epresentative examples of tandem enyne metathesis–RCM
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re depicted in Scheme 18. A moderately efficient tandem
nyne metathesis–RCM was observed in the formation of the
used tricyclic compound 269 from dienyne 267 [666]. Tandem
nyne metathesis–RCM reactions were also employed for the
ynthesis of: (1) steroid-like molecules (e.g. 271) [667]; (2)
key intermediate (273) in the total synthesis of erythroidine

668]; (3) bicyclo[5.3.0]decadiene systems (e.g. 275) [669]; (4)

ormation of bicyclo[5.4.0]undecane ring systems [670]; (5) a
etrahydroindole ring system for total synthesis of erythrocarine
671]; and (6) silicon-tethered tandem intramolecular enyne
etathesis–RCM sequences as key steps in the total synthesis

(
i
r
[

5.

f acylfulvene and isofulvene [672], and in a synthetic approach
o tartrolon B [673]. A tandem intermolecular enyne metathesis
nd RCM (a net cycloaddition) was observed in the reaction of
lkyne amino acids (e.g. 276, Scheme 19) with 1,5-hexadiene
277) [674]. The cycloaddition product (281) arises from the Z
nyne metathesis product 279. Treatment of the crude reaction
ixtures with acrylic acid leads to a cross metathesis product
282) from the E enyne metathesis product 280, resulting
n an easy separation. A similar cycloaddition process was
eported that used 1,5-cyclooctadiene in place of 1,5-hexadiene
675,676].
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Fig. 12. Representative reactants and pro

Tandem enyne metathesis–cyclopropanation was observed
n the reaction of enynes (e.g. 283, Scheme 20) with Grubbs

atalyst I in the presence of ethyl diazoacetate (284) [677].
he reaction process destroys the metathesis activity of the
atalyst. Addition of a 1,5-diene after the tandem enyne
etathesis–cyclopropanation resulted in no RCM product.

t
c
r

Scheme 1
from intramolecular enyne metathesis.

.2.7. Non-metathesis reaction processes involving the
rubbs and related catalysts

Several publications in 2006 report on processes unrelated

o metathesis that are initiated by ruthenium carbene complex
atalysts 1–4 and structurally related carbene complexes. Use of
uthenium carbene complexes to simultaneously initiate RCM

7.
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Scheme 18.

Scheme 19.

Scheme 20.
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nd free radical reactions was discussed in the RCM section
Scheme 11) [431,432].

A frequent side reaction during metathesis is alkene isomer-
zation. This side reaction has been attributed to the formation
f metal hydride complexes under the conditions necessary for
etathesis. A determined effort to better understand alkene

somerization during metathesis using deuterium labeling was
eported using deuterium labeled alkenes (e.g. 290, Scheme 21)
678]. A deuterated metathesis catalyst (291) also led to a
euterium labeled alkene product. Alkene isomerization was
ttributed to formation of metal hydride intermediates through
ecomposition of the methylidene complex intermediate. Ther-
ally modified Grubbs catalyst II was shown to be an effective

lkene isomerization catalyst [679]. Deprotection of N-allyl
roups through conversion of N-allyl amides to the correspond-
ng enamides using Grubbs catalyst I followed by hydrolysis
as reported [680]. Other previously presented references also
iscuss alkene isomerization by metathesis catalysts [247,476].

Use of Grubbs-catalysts II for the generation of carbenoids

rom diazo compounds was reported (Scheme 22) [681]. Reac-
ion of Grubbs catalyst II (2) with ethyl diazoacetate (284) led to
iethyl maleate (292). The proposed mechanism involves phos-
hine dissociation and formation of tris(carbene) complex 293,

r
c

c

Scheme 2
1.

ollowed by addition of ethyl diazoacetate to the acylated car-
ene carbon to afford intermediate diazonium salt 294, followed
y elimination of unsaturated carbene complex 295 and forma-
ion of diethyl maleate. Several examples of the formation of
nsymmetrical maleates from dissimilar �-diazo esters were
resented. Another example of cyclopropanation (in tandem
ith enyne metathesis) was presented earlier (Scheme 20) [677].
The use of Grubbs catalyst II and trimethylsilyl vinyl ether

297, Scheme 23) to initiate the cycloisomerization of dienes
e.g. 296) was reported [682,683]. It was noted that at higher tem-
erature the silyl ether additive converts Grubbs catalyst II into
species that prefers alkene isomerization and/or cycloisomer-

zation in preference to alkene metathesis. Similar metathesis
eactions performed in refluxing dichloromethane lead to alkene
somerization and RCM processes. It was also noted that aged
hiral molybdenum carbene complex metathesis catalysts func-
ion as diene cycloisomerization catalysts (e.g. conversion of 299
o cyclic ethers 300 and 301) [684]. Trifluoromethanesulfonic
cid itself also catalyzed the conversion of 299–300/301. The

eaction of allene 302 with Grubbs catalyst II also resulted in the
ycloisomerization product 303 and not the RCM product [685].

A DFT study of the conversion of acetoxycarbene–ruthenium
omplex 305 (Scheme 24) to ruthenium carbide complex 306

2.
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as reported [686]. Two reasonable mechanistic pathways were
ncovered. One mechanism involves coordination of the car-
onyl oxygen to ruthenium (e.g. formation of 307) prior to
ransfer of hydrogen to O. The other involves a concerted trans-
er of hydrogen to oxygen and triple bond formation through
ransition state 309.

Attempted formation of the Tp complex 314 (Scheme 25)
rom the reaction of metathesis catalyst 311 (R H) with KTp
esulted in the unexpected complex 313 [687]. The desired
p complex was formed as part of a complex mixture from

he ester complex (311, R OEt). In both cases the reaction
ixtures were complex.

.3. Individual carbene or alkylidene complexes classified
ccording to metal
.3.1. Group 4 metal–carbene complexes
Both isolable titanium–carbene complexes and reactions that

nvolve titanium alkylidene complexes are covered in this sec-
ion.

l
a
a
p

Scheme 2
3.

Titanium carbene complexes (e.g. 321, Scheme 26) were
btained through oxidation of titanium(III) bis(alkyl) complexes
e.g. 320) [688]. The low temperature oxidation of 320 led to
arbene complex 321, which rearranged to internal metathesis
roduct 322 upon warming to room temperature. The synthe-
is and reactions of the carbene complex phosphides (e.g. 323)
as also reported [689]. In this case the intermediate alkyli-
ene complex undergoes internal hydrogen transfer to afford
he phosphinidene complex 324. Similar studies were reported
or PNP-ligated carbene complex 325, which provided a more
table carbene complex 326. Reaction with methyl Grignard
eagent led to the ligand substitution product 327. The reac-
ion of titanium carbene complex 328 with pyridine derivatives
as reported [690]. The reaction leads to a complex where the
yridine ring has opened (330) plus neopentane. The proposed
echanism involves formation of a carbyne complex (331), fol-
owed by ligation to pyridine to afford complex 332. Subsequent
ddition to the C N �-bond and electrocyclic ring opening
ffords the metallacycle 334, which rearranges to the observed
roduct. The proposed mechanism was supported through DFT

4.
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alculations. Another mechanism involving C–H activation was
onsidered but was discarded since DFT calculations showed
his intermediate (335) to be of very low energy and unlikely to
urther progress to the observed product.

Zirconium carbene complexes (338, Scheme 27) were pre-
ared through treatment of zirconocene dichloride with dianion
36 [691]. A related dimeric carbene complex (341) was
btained using ZrCl4(THF)2. Reaction of either of the carbene
omplexes with a ketone led to the carbonyl olefination product
39. DFT studies revealed that the double bond arises through
oth �- and �-donation.

The preparation of silica-bound hafnium–carbene complexes
e.g. 343, 344, Scheme 28) was reported [692]. Thermolysis
f silica-bound tris(neopentyl)hafnium (342) led to the car-
ene complexes 343 and 344, accompanied by neopentane and
sobutylene. A mechanism involving �C–H activation to afford

etallacyclobutane 345 followed by retro [2 + 2]-cycloaddition
as proposed to account for the formation of 344. Compound
43 was a catalyst for the splitting of neopentane into isobuty-
ene and methane. Titanium carbene complexes were suggested
s intermediates in thermolysis of titanium analogs of 342 [693].

Several examples employing in situ-generated titanium–
arbene complexes in synthetic organic chemistry were demon-
trated in 2006; representative examples are depicted in
cheme 29. Reaction of gem dichloroalkenes (e.g. 347) with

itanium(II) complex 348 led to in situ formation of the vinyli-
ene complex 349, which subsequently coupled with alkynes to
fford dienes (e.g. 351) [694]. A mechanism involving formation
f the alkylidenemetallacyclobutene (350) followed by proto-
ation was proposed. Deuterium labeling studies support the
ntermediacy of the alkylidenemetallacyclobutene. Reaction of
is(acyloxymethyl) alkynes led to conjugated vinylallenes (e.g.
53) via an elimination reaction from the allenylidenemetallacy-
lobutene intermediate (352). Titanium carbene complexes (e.g.
55) were instrumental in a solid-phase stereoselective synthesis
f piperidine derivatives (e.g. 358) [695]. Chiral bis(thioether)
54 reacts with the titanium(II) species 348 in the presence of
polymer-bound ester (356) to afford the polymer-bound car-
onyl olefination product 357, which leads to the piperidine
uring cleavage from the resin. A similar intramolecular car-
onyl olefination was employed for the total synthesis of one of
he rings in a polycyclic marine toxin [696].

a
D
g
b

5.

Formation of titanium carbene complexes (e.g. 360,
cheme 30) through reaction of carbon tetrachloride with

itanium tetrachloride and magnesium was reported [697]. Reac-
ions with alkenes to afford cyclopropanation products (e.g. 361)
nd reactions with carbonyl compounds to provide olefination
roducts (e.g. 362) were both demonstrated for this reagent.
itanium carbene complexes were suggested as intermediates

n the cyclopropanation of enamines using dichloromethane,
itanium tetrachloride, and magnesium [698]. Various carbonyl
lefination reactions were accomplished using in situ-generated
itanium carbene complexes. Olefination of carbonyl compound
63 as part of an amphidinolide total synthesis was effected
sing the Petassis reagent (364) [699]. The olefination of a car-
ohydrate lactone (366) with Petassis reagent for preparation
f clavosilide A was also reported [700]. A similar reaction of
he Petassis reagent with a lactone derivative was also reported
701]. Several of the olefin metathesis papers noted previously
tilize titanium-based carbonyl olefination as part of a synthetic
ffort [475,575]. A method to recover titanocene dichloride from
he residue of Petassis reactions was reported [702]. The carbo-
ydrate formate ester 368 was converted to the corresponding
nol ether (370) using the Tebbe reagent (369) [703].

Zirconium vinylidene complexes (e.g. 377, Scheme 31) were
roposed as intermediates in the formation of cyclopentenones
e.g. 378) from the reaction of zirconacyclopentenes (e.g. 371)
ith carbenoids followed by alkynyllithium reagents [704].
he key step in this transformation is the metalla-Cope rear-

angement of bis(alkynyl)zirconium intermediate 376 to the
irconium vinylidene complex 377, which affords the observed
roduct upon protonation. Coordination of the second alkynyl
roup was proposed based on the requirement for two moles of
lkynyllithium reagent.

Titanium carbene complexes were suggested as intermediates
n the photochemically induced C–H activation of methane by
itanium oxide species [705]. The photochemical process affords

2C Ti(H)(OH), which was identified spectroscopically, and
eacts further with methane to afford (CH3)2Ti(H)(OH). The
omplex features an agostic interaction between the C H bond

nd titanium. This structural feature was also predicted by
FT calculations. Laser-ablated zirconium or hafnium atoms
enerated in the presence in methyl halides afforded a car-
ene complex, H2C MHX, that could be isolated in an argon
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atrix and observed by IR spectroscopy [706]. The hypotheti-
al carbene complexes, which feature agnostic C–H interactions,
ere studied by DFT and the calculated IR spectrum compared
ith the observed IR spectrum. A related study of laser-

blated titanium atoms and difluoromethane was also reported
707].

The strength of agostic C–H–metal interactions were evalu-
ted computationally for several titanium and tungsten carbene

omplexes (Scheme 32) [708]. DFT methods were determined
o give the best fit to experimental observations. The strength
f an agostic C–H interaction was determined to be less than
0 kcal/mol, and similar in magnitude to a hydrogen bond.

R
a
o
a

6.

gostic interactions were evaluated for a variety of titanium
omplexes, including carbene complexes [709]. Bond length and
ngle distortions were attributed to steric interactions with the
itanium center and not to bonding interactions.

.3.2. Group 5 metal–carbene complexes
Niobium carbene complexes (e.g. 385, Scheme 33) were

repared through thermolysis of niobium complex 380 [710].

eaction of the initially formed complex 380 with H2 establishes
n equilibrium between the metal hydrides 381 and 382 and the
riginal starting material. Thermal degradation of the mixture
ffords either carbene complex 385 or metal–phosphorus double
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onded species 386 and 387. Thermolysis of the starting mate-
ial without hydrogen affords only the carbene complex, which
an also be prepared by the reaction of the starting complex
ith CH2 PPh3. A mechanism involving initial C–H activation

r C–P activation was proposed.

Tantalum carbene complexes (e.g. 389, Scheme 34) were
repared through the reaction of tantalum trichloride com-
lex 388 with trimethylsilylmethyllithium [711]. Reaction

a
w
(
c

Scheme 3
0.

f the same dichloride complex with neopentyllithium led
o the monoalkylation product (390), however further reac-
ion with methyllithium led to the neopentylidene complex
91. Tantalum carbene complexes (e.g. 393) were gener-

ted from the reaction of tantalum trichloride complex 392
ith ethyllithium [712]. Reaction with higher alkyllithiums

e.g. n-BuLi) resulted in simple dialkyltantalum chloride
omplexes.

1.



J.W. Herndon / Coordination Chemist

f
(
i
c
t
D

(
w
p
t
p

i
o
s
w
w

w
c
b
(
s
a

l
(
a
l

Scheme 32.

Tantalum carbene complex 396 (Scheme 35) was generated
rom the reaction of carbene 394 with pentabenzyltantalum
395) [713]. Carbene complex 396 features an agnostic C–H
nteraction. Reaction of the dianionic carbene ligand 397 with
arbene complex 398 led to the 	2-imine complex 399. Poten-
ial reaction pathways and structural effects were evaluated using
FT calculations.
The synthesis and reactivity of tantalum carbene complex 400

Scheme 36) was reported [714]. The carbene complex reacts

ith both nucleophilic and electrophilic reagents. Reaction with
yridine-N-oxide led to the tantalum oxo complex 401. Reac-
ion with iodomethane led to the ethyl complex 402. Insertion
roducts (e.g. 403) were formed from reaction with nitriles or

4
l
w
t

Scheme 3

Scheme 3
ry Reviews 253 (2009) 86–179 115

sonitriles. Reaction with carbonyl compounds led to carbonyl
lefination products and a titanium–oxo complex (401). The
ulfide complex 404 was obtained from reaction with tritylthiol,
hile the sulfur transfer product 405 was obtained from reaction
ith propylene sulfide.
The reaction of tantalum carbene complex 407 (Scheme 37)

ith mesoporous silica to afford an immobilized carbene
omplex (408) was reported [715]. Hydrogenation of the silica-
ound carbene complex led to a silica-bound tantalum hydride
409). Reaction of the hydride with labeled methane led to a
pecies that contains tantalum methylene and methylidyne lig-
nds according to solid state NMR.

Tantalum carbene complexes were generated through alky-
ation of tantalum halide complexes followed by thermolysis
Scheme 38) [716]. Reaction of titanium dichloride 412 with
lkyllithium reagent 413 led to ditantalum complex 414, metal-
acyclopentane derivative 415, and tantalum methylene complex

16. Thermolysis of the tris(trimethylsilylmethyl) complex 417
ed to the tantalum carbene complex 418. A related process
as reported for the analogous benzyl complex, which leads

o carbene complex 420.

3.

4.
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The reaction of tantalum carbene complexes (e.g. 421,
cheme 39) with triarylaluminum reagents was reported [717].
eaction with one mole of triarylaluminum led to the simple
dduct 423, while reaction with a second mole led to the bridg-
ng aluminum species 424. The initial adduct 423 does not
eature an agnostic interaction, however agnostic C–H inter-
ctions are present in the boron analog. The bridging species
as a catalyst for addition polymerization of acrylate esters and

mides.
Carbene and carbyne complexes were observed in the

oupling of laser-ablated niobium atoms with fluoromethane
718]. This reaction produced CH3NbF, H2C Nb(H)F, and

C Nb(H)2F, which were identified by IR spectroscopy and

he observed spectra compared with spectra calculated by DFT.
similar study was reported for the interaction of methane

r methyl halides with laser-ablated vanadium, niobium, and

t
c
b
f

Scheme 3
5.

antalum, atoms [719,720]. A DFT study of H2C NbH2 was
eported [721].

.3.3. Group 6 metal–carbene complexes (further classified
ccording to structure and reaction type)
.3.3.1. Schrock-type carbene complexes. A significant portion
f this subject material has already been presented in the alkene
etathesis section; the Schrock Catalyst (5) belongs to this class

f compounds.
The reaction of tungsten carbene complexes (e.g. 430,

cheme 40) with phenol derivatives was reported [722]. Reac-
ion of carbene complex 430 with pentafluorophenol led to the

ris(neopentyl)tungsten complex 431, which led to an unstable
arbene complex (432) and eventually a tungsten–tungsten dou-
ly bonded species (433) upon thermolysis. A similar dimer was
ormed upon treatment of tungsten carbene complex 434 with

6.
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-pentene. Reaction of bis(imido)–bis(carbene) complex 436
ith triflic acid led to imido(carbene)tungsten complex 437.
Stoichiometric reaction of the Schrock catalyst (5) and

erivatives with various cyclic triene derivatives (e.g. 438, 442,
cheme 41) was reported [723,724]. These complexes bear
tructural similarity to the propagating five- and six-membered
ing intermediates of ADMET bis(alkyne) polymerization dis-
ussed in Scheme 8. Reaction of 438 with 2 equiv. of a
olybdenum carbene complex led to the bis(carbene) complex

439), which couples with aldehyde 440 to afford the respec-
ive hepta-ene. Similar studies were reported for the analogous
ix-membered ring triene derivative 439.

The reaction of tris(sulfide)-bridged dimolybdenum iso-
yanide complexes (e.g. 444, Scheme 42) with base to afford
p-bridged aminocarbene complex 445 was reported [725].

eaction of related complexes (e.g. 446) with propargylic alco-
ol derivatives to afford bridging allenylidene complexes (e.g.
48) was also reported [726]. Reaction of complex 446 with
iphenylpropargyl alcohol (447) initially leads to dimetalla-

2
a
6

Scheme 3
8.

yclobutene 449, which afforded the chelated alkyne complex
50 upon protonation. Reaction with acid affords the bridging
llenylidene complex 448.

.3.3.2. Publications focusing on synthesis, formation, or phys-
cal properties of Fischer carbene complexes of Group 6 metals.
he most common procedure used for the synthesis of Group
metal–carbene complexes is the Fischer synthesis, which

nvolves coupling of an organolithium reagent with a Group 6
etal carbonyl derivative, followed by alkylation of the result-

ng acylate, however other methods were also reported in 2006.
he reaction of molybdenum bromopropyl complexes (e.g. 454,
cheme 43) with nucleophiles led to unstable but isolatable
olybdenum cyclic carbene complexes (e.g. 455) [727]. Similar

eactions with tungsten analogs afforded only the SN2 products.
.3.3.3. Reaction of Group 6 metal–carbene complexes with
lkenes and dienes. This section focuses on reactions of Group
metal–carbene complexes involving coupling with alkenes at

9.
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he carbene carbon. Other examples of the coupling of carbene
omplexes with alkenes where the reactive site is elsewhere
an be found ahead under the heading: cycloaddition reactions
ccurring at the C C �-bond of �,�-unsaturated metal–carbene
omplexes (Section 2.3.3.6).

Cyclopropanation using alkynylcarbene–chromium com-
lexes (e.g. 456, Scheme 44) was reported [728]. The reaction
sing electron-deficient alkenes was facile, however unacti-
ated alkenes required use of a large excess. The formation

f pyrroles (e.g. 461) through the reaction of aminocar-
ene complexes (e.g. 457) and �,�-unsaturated aldehydes was
eported [729]. A mechanism involving cyclopropanation to
fford a donor–acceptor activated cyclopropane (459), fol-

s

a
t

Scheme 4
0.

owed by ring opening and aldehyde–enamine condensation was
roposed.

Synthesis of chelated ferrocenylcarbene complexes (e.g. 454,
cheme 45) was reported [730]. Reaction of metal carbonyls
ith ferrocenyllithium followed by an alkylating agent let to

he alkoxycarbene complexes (e.g. 452) which reacted with
llylic amines to afford the aminocarbene complexes (e.g. 453)
s predominantly the Z rotamers. Photolysis led to the inter-
ally coordinated complexes (454). The chelate complexes were

tudied by cyclic voltammetry.

The coupling of iminocarbene complexes with alkenes and
lkynes was reported (Scheme 46) [731]. In all cases, cyclopen-
annulation products that feature no incorporation of CO ligands

1.
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Scheme 43.

ere obtained. The role of the imino group is to suppress CO
nsertion, thus the primary photoreaction is simply CO loss and
ot ketene formation.

.3.3.4. Reaction of Group 6 metal–carbene complexes
ith alkynes–benzannulation. Many examples of benzannu-

ation using �,�-unsaturated chromium–carbene complexes
Scheme 47) and alkynes (commonly known as the Dötz
eaction) were reported in 2006. Examples include: (1) syn-
hesis of carbene complex 468 and subsequent Dötz reaction
o afford benzene ring 469 for total synthesis of aflatox-
ns [732]; (2) related reaction of carbene complex 468 with
em diester-substituted alkynes (e.g. 470), resulting in net
enzannulation–lactonization (forming 471), accompanied by

ve-membered ring annulation products [733]; (3) synthesis of
aphthopyrans (e.g. 473) via coupling pyran complex 472 with
lkynes; reaction with a triyne resulted in a secondary cycliza-
ion process to afford a tricyclic compound (475) [734]; and (4)

f
h
m
i

Scheme 4
ry Reviews 253 (2009) 86–179 119

irect synthesis of a quinone-fused carbohydrate (478) using a
-fluoro-�,�-unsaturated carbene complex (476) [735].

.3.3.5. Nonbenzannulation reactions of Group 6
etal–carbene complexes with alkynes. Other processes

nvolving the capture of vinylcarbene complexes generated
rom the coupling of carbene complexes and functionalized
lkynes were reported in 2006.

The coupling of 4-oxygenated-2,6-dimethylphenylcarbene–
hromium complexes (e.g. 480, Scheme 48) and various alkynes
as examined [736]. This coupling reaction in benzene affords
redominantly the five-membered ring annulation product (e.g.
81) accompanied by varying amounts of the six-membered ring
roducts (e.g. 482) derived from CO insertion. Electronic effects
n the carbene complex and alkyne, as well as ring size effects
or intramolecular reactions all played an important effect on the
ourse of the reaction.

The coupling of a �,�-unsaturated Fischer carbene complex
484, Scheme 49) with electron rich 2-alkynylbenzaldehyde 483
as used as the key step in the total synthesis of the anticancer

gent antofine (487) [737]. Coupling of the carbene and alkyne
nitially generates an isobenzofuran intermediate (485), which
ndergoes intramolecular Diels–Alder reaction and dehydra-
ion to afford the observed dihydrophenanthrene derivative 486.

mechanistically related process employing �-cyanocarbene
omplexes (e.g. 489) was also reported [738]. In this case
he intermediate isobenzofuran (492) undergoes a Diels–Alder
eaction with the nitrile to afford the isoquinoline (494) after
eoxygenation of the Diels–Alder adduct (493). A major by-
roduct from the amide reaction is diene–nitrile 491, which
an result from decomposition of the initially formed carbene
omplex 490.

The coupling of �,�-unsaturated Fischer carbene complexes
e.g. 484, Scheme 50) with alkynylheterocycle carboxaldehy-
es (495) was reported [739]. The course of the reaction was
ery dependent on the electron-donating ability of the hetero-
yclic ring – strong donors led to products derived from the

uran intermediate (495), while more weakly electron donating
eterocyclic rings led to products derived from the pyrone inter-
ediate (496). A related process using enyne epoxides (e.g. 503)

n place of enyne-aldehydes led to a mixture of oxepins (e.g.

4.
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10), derived from ketene 508, and oxygen transfer products
e.g. 507), derived directly from the vinylcarbene complex inter-
ediate (505) [740]. The direction of the reaction was highly

ependent on the identity of the R group.
The coupling of 2-alkynylphenylcarbene–chromium com-

lexes (e.g. 512, Scheme 51) with alkyne–aldehydes linked
hrough heterocyclic ring systems (e.g., 511) was reported [741].

mechanism that involves formation of a heterocycle-fused
yrone derivative (513), followed by intramolecular Diels–Alder
eaction and elimination of CO2 was proposed.
The coupling of silylated alkynes featuring sterically bulky
ilyl groups (e.g. 517, Scheme 52) with Fischer arylcarbene
omplexes (e.g. 516) was reported [742]. The reaction initially
fforded the stable silylketene complexes (518), which sub-

u
C
n
m

Scheme 4
5.

equently react with sulfur ylides to afford cyclopentenones
519).

.3.3.6. Reactions occurring at the conjugated C C π-bond
f α,β-unsaturated Group 6 metal–carbene complexes. Numer-
us reaction processes were reported in 2006 where a carbene
omplex activates a �-bond for nucleophilic addition or cycload-
ition reactions (i.e. the carbene complex is a surrogate for an
activated ester”).

Coupling of copper enolates (e.g. 522, Scheme 53) with �,�-

nsaturated carbene complexes (e.g. 523) was reported [743].
oupling followed by reaction with acid chlorides resulted in the
et “umpolung” product 524 via reaction of the anionic inter-
ediate (523) with the acid chloride. The reaction proceeded

6.



J.W. Herndon / Coordination Chemistry Reviews 253 (2009) 86–179 121

eme 4

w
A
a
c
i
t
a
l
o

a
[
w
p

c
b
c
z
k
a
M
p
u
M

Sch

ith a high degree of diastereoselectivity and E/Z selectivity.
mechanistically related process involving the nucleophilic

ddition of ketene acetals (e.g., 526) to �,�-unsaturated carbene
omplexes (e.g. 525) was also reported [744]. In this case, the
nitially formed Michael addition product 527 undergoes silyl
ransfer and alkyne formation to afford alkyne ketone 528. This
lkyne then undergoes the Dötz reaction with a second equiva-
ent of carbene complex followed by lactonization to afford the
bserved complex.

The reaction of pyrazolones (e.g. 532, Scheme 54) with

lkynyl Fischer carbene complexes (e.g. 531) was reported
745]. A variety of net cycloaddition products (e.g. 533–536)
ere produced in this coupling. A mechanism involving com-
etitive N and O Michael addition followed by addition to the

t
c
f
w

Scheme 4
7.

arbene complex was proposed. The corresponding organic car-
onyl compounds were formed upon oxidation of the carbene
omplexes. The mechanism for the Michael addition of pyra-
oles (e.g. 537) to alkynylcarbene complexes was studied by
inetics and DFT calculations [746]. The most reasonable mech-
nism is depicted in Scheme 54, where the initially formed
ichael adduct 538 rotates to afford 539, which then undergoes

roton transfer to afford the observed product. The individ-
al rotamers could be observed by low temperature NMR. The
ichael addition step was rate determining. An NMR study of
he Michael addition of 3,5-di-t-butylpyrazole to alkynylcarbene
omplexes was reported [747]. Similar reactions were reported
or cyclic imino-esters (e.g. 542) and alkynylcarbene complexes,
hich lead to net dimerization/cycloaddition products (e.g.

8.
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44–546) [748]. The initially formed Michael addition prod-
ct 543 undergoes [2 + 2]-cycloaddition to afford bis(carbene)
omplex 544, which undergoes ring opening to 545 upon expo-
ure to silica gel. Thermolysis of the dienylcarbene complex 545
ed to the cyclopentenone 546 after silica gel purification.

Diels–Alder reactions were reported for alkynylcarbene com-
lexes (e.g. 531/541, Scheme 55) and fulvene derivatives (e.g.
47) [749]. The Diels–Alder adducts (548) are produced at
oom temperature, however heating transforms the Diels–Alder
dducts into either of the compounds 549 or 550. The dis-
ribution of the products was highly dependent on the metal.
he cyclopentadienes (550) were part of the reaction products
nly when chromium was employed, while tungsten carbene
omplexes led exclusively to bicycle[3.2.1]octadienone systems
549). Nonconcerted cycloaddition reactions were observed
sing alkylideneimidazole derivatives (e.g. 551) [750]. A mech-
nism involving addition of the imidazole nitrogen to the alkyne
ollowed by cyclization of the zwitterions (552) was proposed. If
n enynylcarbene complex was employed, a secondary cycliza-
ion event occurred, resulting in cyclopentadiene derivatives

e.g. 554).

A theoretical study of 1,3-dipolar cycloaddition reactions of
lkynyl Fischer carbene complexes was reported [751]. The
eaction with alkynyl Fischer carbene complexes proceeds at

O

2
c

9.

much greater rate and with much higher regioselectivity than
he analogous reaction with alkyne–esters. The origin of these
ffects is that the transition state for the reaction involving car-
ene complexes was more asynchronous than that for esters.

.3.3.7. Physical organic chemistry of Group 6 Fischer car-
ene complexes. The rate constants for the reaction of hydroxide
on with Group 6 carbene complexes of general structure 555
Scheme 56) was determined [752]. The kinetic reactivity fol-
ows the order Cr < Mo < W for the thio complexes (X = S) and
he order Cr > Mo > W for the alkoxycarbene complexes (X = O).
he reactivity order for the thiocarbene complexes was attributed

o the relative electronegativities of the metal atoms. The reactiv-
ty order for the alkoxycarbene complexes was attributed to the
elative resonance stabilization of the carbene complex function-
lity. The rate constants for nucleophilic attack were generally
igher for alkoxycarbene complexes. The kinetic parameters for
he addition of hydroxide ion to alkoxycarbene complexes were
eported [753]. The rate could be correlated with steric bulk of
he alkoxide group. The following relative rates were observed:

-n-Pr > O-neopentyl > O-i-Pr > O-menthyl.

.3.3.8. Synthesis and reactivity of Group 6 metal–vinylidene
omplexes, and reactions that involve vinylidene–metal com-
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Scheme 50.

Scheme 51.
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lexes as intermediates; also includes other process that involve
he formation of a carbene complex from an alkyne and a
oncarbene metal complex. The synthesis and reactivity of
eterocycle-substituted allenylidene–chromium and tungsten
omplexes (e.g. 563–567, Scheme 57) was reported [754]. These
omplexes were prepared from terminal pyridylalkynes (e.g.
60) in a reaction sequence involving deprotonation and treat-
ent with a M(CO)5 source to generate anionic complex 562,

ollowed N-alkylation to afford the allenylidene complex (563).
he complexes were compatible with the Sonogashira coupling
nd alkyne coupling. Highly polarized heterobimetallic sys-
ems were prepared (e.g. 566, 567) and their electrochemical
nd nonlinear optical properties were evaluated. The reaction
f chromium allenylidene complex 568 with tungsten pentacar-
onyl sources was reported [755]. The reaction of chromium
omplex 568 with (CO)5W(THF) led to the transmetallated N-
omplex 570. The mechanism was evaluated computationally.
he key mechanistic event in the carbene transmetallation pro-
ess is formation of the dimetallacyclopropane intermediate 569.
ormation of cyclic carbene complexes (e.g. 573) through addi-

ion of bis(nucleophilic) compounds (e.g. 572) to chromium

-aminoallenylidene (e.g. 571) or �-alkoxyallenylidene com-
lexes was also reported [756]. The reaction process involves
ddition to the �-position followed by amine/alcohol elimination
nd cyclization. Formation of �-alkoxyallenylidene–chromium

�

t
c

Scheme 5
2.

omplexes from alkynyl ester anions and subsequent nucle-
philic substitution reactions at the �-position were also reported
757].

Several examples of the synthesis and reactivity of tungsten
inylidene complexes featuring nitrosyl ligands (e.g. 578, 580,
cheme 58) were reported in 2006. The complexes were pre-
ared through addition of alkynyllithium reagents to dicarbonyl
omplex 577 followed by treatment with electrophiles [758].
eaction with diazo compounds led to the 	2-allene complexes

579). Deprotonation of the complexes led to anionic alkynyl
omplexes, whose one-electron oxidations were probed [759].
eaction of vinylidene complexes (580) with various arsenic
ompounds was reported [760]. Reaction of the t-Bu complex
80 with arsenic compound 581 led to the three-membered ring
rsenacyclic species (582) and tetrakis(dimethylamino)ethylene
583). Reaction of the phenyl complex 580 with the iron-arsenic
pecies 584 led to the aminocarbene complex 585. A mecha-
ism involving electrophilic attack on the vinylidene complex
o afford the intermediate 586, followed by cyclization to the
yclopropane derivative 587, followed by ring opening to the
arbene–carbocation 588, followed by addition of the amine and

-C–H insertion of the carbene was proposed.

The reaction of enyne–dienes (e.g. 590, Scheme 59) with
ungsten pentacarbonyl sources was reported [761]. This
yclization reaction leads to the hydroazulene system (e.g. 591).

3.
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he proposed mechanism involves complexation to the alkyne
ollowed by nucleophilic addition of the enol ether to afford the
witterionic structure (593), which cyclizes through intramolec-
lar coupling of the alkenyltungsten complex and oxonium ion
oieties to afford the divinylcyclopropylcarbene complex (594),
hich undergoes Cope rearrangement and conversion of the
nstabilized carbene unit to an alkene. Tungsten carbene com-
lexes (e.g. 597–599) were suggested as intermediates in the net
5 + 2]-cycloaddition of o-enynyl aniline imines (e.g. 595) and
nol ethers (e.g. 596) in the presence of tungsten pentacarbonyl
ources [762]. In this process, the initial reaction of the alkyne
ith the catalyst affords the 1,3-dipolar species 597, which then
ndergoes stepwise cycloaddition followed by demetallation to
fford the observed product 600.

Tungsten(0) vinylidene complexes (e.g. 601, 605,
cheme 60) were suggested as intermediates in several
rocesses involving the treatment of terminal alkynes with

ungsten pentacarbonyl sources. Cyclization of C-propargylated
-lactams (e.g. 600) was proposed to occur through tungsten
inylidene complexes (601) [763]. Conversion of the Fischer
arbene complex 602 to the alkene complex 603 was studied

2
t
o

4.

omputationally. The cyclization of C-propargyl-�-lactams
sing tungsten pentacarbonyl sources according to the proposed
echanism was supported by DFT calculations [764]. The

lkylative cyclization of o-alkynylbenzoyl ketone derivatives
e.g. 604) was proposed to occur through tungsten vinylidene
605) and Fischer carbene tungsten complexes (606) [765].
n this reaction, vinylidene formation and cyclization leads to
enzopyrilidinium complex 606, which reacts with various
ucleophiles (e.g. Grignard reagents) to afford the anionic
omplex (607), which reacts with iodine and triethylamine to
fford the ester derivative 608.

The formation of tribranched polyacetylene derivatives (e.g.
13, Scheme 61) was reported [766]. In this reaction, the
ris(vinylidene) complex (610) is formed initially from the
ris(alkyne) (609), which then undergoes reaction with pheny-
acetylene, followed by capping of the living polymer with an
rganometallic aldehyde (e.g. 612).
.3.3.9. Reactions involving carbanions derived from depro-
onation of Group 6 metal–carbene complexes. The coupling
f carbene complex-derived anions with pyrone-aldehydes (and
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ulfur analogs) (e.g. 615, Scheme 62) was reported [767]. The
eaction leads to the extensively polarized conjugated carbene
omplexes (617), which were evaluated for their nonlinear opti-
al properties. The synthesis of alkenylgold complexes (e.g.
21) through reaction of carbene complex stabilized anions
ith (Ph3P)AuCl (620) was reported [768]. Aminocarbene com-
lexes and thiocarbene complexes were both reported.

.3.3.10. Reactions involving the addition of nucleophiles to
he carbene carbon. The coupling of silylcarbene complexes
e.g. 625, Scheme 63) with alkynyl anions was reported [769].
he reaction initially afforded the anionic complex 626. The

eaction with simple aldehydes afforded either dienes (627) or
urans (628), depending upon the presence or absence of tri-
thylaluminum. The proposed mechanism involves attack at the
-carbon to afford intermediate zwitterions 630, which under-
oes a hydride shift to afford the ketone (631), which affords
he product (627) after 1,5-silicon shift. Nucleophilic addition
f oxygen to afford the dihydrofuran (633) followed by methanol
limination leads to the furan (628) in the presence of tri-
thylaluminum. Reaction with �,�-unsaturated ketones led to
yclopentenols (e.g. 629) in a mechanism involving Michael
ddition at the �-position followed by cyclization.
A net alkenylation reaction was observed when �,�-
nsaturated carbene complexes (e.g. 635, Scheme 64) were
reated with ketone enolates (e.g. 636) followed by iodine [770].
he reaction led to dienoate esters (e.g. 639) and was pre-

c
e

t

Scheme 5
5.

ominantly E selective. A mechanism involving addition of the
nolate to the carbene carbon, followed by reaction with iodine to
orm the �-iodoketone (638), followed by elimination was pro-
osed. A complex ring-forming process involving the sequential
ddition of ester enolates (e.g. 640) and allylmagnesium bromide
o carbene complexes was also reported [771]. The mechanism
or formation of the five-membered ring (641) involves initial
ormation of a tetrahedral intermediate (643), followed by addi-
ion of the allyl group to the resulting ester followed by alkene
nsertion. Addition of a second mole of Grignard to the ketone
ccurs prior to the proton quench. In the case of an acetate
nolate, CO insertion accompanies the alkene insertion step to
fford cyclohexanedione derivative 646, which eventually leads
o methylenecyclohexane derivative 642.

Reaction of carbene complexes with ketene acetals (e.g. 648,
cheme 65) under CO pressure was reported [772]. The reaction
ffords both a lactone (e.g. 649) and an alkyne (e.g. 650). The
actone arises through nucleophilic addition to the carbene car-
on followed by formation of the unstabilized carbene complex
653), which then undergoes intramolecular C–H activation,
eductive elimination, and ortho ester hydrolysis. Formation of
he alkyne occurs through Michael addition followed by con-
ersion of the resulting anionic complex (655) to the vinylidene

omplex (656) followed by conversion to the alkyne and ortho
ster hydrolysis.

A novel allylation reaction was reported involving the reac-
ion of allylic alkoxides and styrylcarbene complexes where the

6.
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Scheme 57.

Scheme 58.
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rene ring is complexed to the chromium tricarbonyl unit (e.g.
57, Scheme 66) [773]. A mechanism involving addition of

he alkoxide to the carbene carbon, followed by 1,3-chromium
hift resulting in allyl vinyl ether (660), followed by Claisen
earrangement and demetallation was proposed. Chromium car-
enes led to the reduced derivatives (662, X = H), while tungsten

o

2
b

Scheme 6
9.

arbenes led to the alcohol derivatives (662, R = OH). High
e’s controlled by the chiral chromium arene functionality were

bserved.

.3.3.11. Reactions that involve transfer of a Fischer car-
ene ligand to another metal. The coupling of alkenylcarbene

0.
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omplexes (e.g. 525, Scheme 67) with allenes (e.g. 665) in
he presence of a rhodium catalyst (666) was reported [774].
he reaction process results in the formation of alkylidenecy-
lopentene derivatives (e.g. 667). A mechanism involving
ransmetallation to form a rhodium carbene complex (668),
ollowed by metalla Diels–Alder reaction, followed by reduc-
ive elimination was proposed. Isolation of a rhodium carbene
omplex (671) from the coupling of chromium complex 525
nd rhodium–NHC complex 670 was reported [775]. Thermal
ecomposition of carbene complex 671 leads to dimeric rhodium
omplex 673 and the carbene dimerization product 674 The
ame rhodium complex also catalyzes cycloaddition reactions
etween �,�-unsaturated carbene complexes and allenes.

The coupling of two alkynes (or a dialkyne) (e.g. 677,
cheme 68) with a Fischer carbene complex (e.g. 504) in the

resence of a nickel catalyst was reported [776]. The reaction
ffords cyclopentadiene derivatives (e.g. 679). A mechanism
nvolving transfer of the carbene ligand to form the nickel
arbene complex (680), followed by formation of a nickelacy-

c
t
c
n

Scheme 6
1.

lopentadiene (681), followed by alkyl migration and reductive
limination was proposed. Nickel carbene complexes were
lso proposed in the formation of cyclopentanone (e.g. 683)
hrough nickel catalyzed cycloaddition reaction of carbene com-
lexes (e.g. 525) with methylenecyclopropanes (e.g. 682) [777].
n alternative mechanism involving nickel-catalyzed cyclo-
ropane ring opening was also considered. The preparation
f palladium carbene complexes (e.g. 686) through transmet-
llation from Fischer carbene tungsten complexes (e.g. 684)
as reported [778]. The aminocarbene complexes (686) trans-

orm to the corresponding iminium salts (687/688) upon heating
o 50 ◦C.

.3.3.12. Other reactions of Group 6 metal–carbene complexes.
hotoinduced reactions of phosphine-chelated aminocarbene

omplexes (e.g. 690, Scheme 69) were reported [779]. The reac-
ion affords either the imine-coordinated compound 691 or the
arbene excision product 692, depending on the substitution at
itrogen. Various mechanistic pathways were evaluated com-

2.
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utationally. A free radical mechanism was determined to be
he most energetically reasonable reaction pathway. The imine

omplexes arise through rearrangement of the initially gener-
ted diradical 693 to the free carbene 694 followed by �-N–H
nsertion. The carbene excision product arises through cleavage
f the C N bond to form diradical 695 followed by reduction of

t
e

S

Scheme 6
3.

he diradical to form intermediate 696 which then loses the car-
ene ligand to afford 692. Numerous other carbene complexes

hat do not engage in photochemical ketene generation were also
xamined.

The coupling of molybdenum dialkyl complexes (e.g. 697,
cheme 70) with cycloalkenes was reported [780]. The reaction

4.
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ourse was highly dependent on ring size, however all processes
ccur through �-hydride elimination followed by reductive elim-
nation to afford carbene complex intermediate 698. Reaction
ith cyclopentene led to the metallacyclobutane 706 in a path-
ay involving [2 + 2]-cycloaddition to carbene complex 698.
eaction with cyclohexene led to a mixture of cis- and trans-
etallacyclobutanes (703/704) plus the internally coordinated
-allyl complex 702. Formation of the trans-metallacyclobutane
as proposed to occur through a reversible �-hydride elimina-

ion process (via intermediate 705). Reaction with cyclooctene
ed primarily to the trans-metallacyclobutane (699), which trans-
ormed to the internally coordinated �-allyl complex (700) upon
eating. Further heating a higher temperature in the presence of

yridine afforded 	2-diene complex 701.

Reaction of analogous tungsten complexes (e.g. 707,
cheme 71) with unsaturated organic compounds was also
eported [781]. Reaction with monosubstituted benzene deriva-

[
w
p
(

Scheme 6
5.

ives led to the aryl C–H activation products 709. A mechanism
nvolving �-hydride elimination and reductive elimination to
fford carbene complex 708, followed by C–H activation and
ydride migration was proposed to account for the formation
f 709. Predominantly the ortho isomer was formed as a result
f the C–H activation. Thermolysis in the presence of 3-hexyne
ed to the double insertion product 710. Formation of 710 was
roposed to occur through insertion of two alkyne units into
arbene complex intermediate 708.

Other experimental studies of Group 6 metal–carbene com-
lexes are depicted in Scheme 72 and include: (1) the reaction of
arbene complexes (e.g. 516) with 1,2-dithiole-3-thione deriva-
ives (e.g., 711) to afford S–S insertion products (e.g. 712)

782]; (2) the reaction of tungsten–calixarene complex 713
ith excess diphenylacetylene to afford alkenylcarbene com-
lex 714 [783]; (3) conversion of alkoxycarbene complexes
RC[ Cr(CO)5]OMe) to the analogous sulfide (RC( S)OMe)

6.
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r selenide (RC( Se)OMe) using S(e) C O [784]; (4) oxida-
ion of carbene complexes to the corresponding organic carbonyl
ompounds using pyridine N-oxide (in many cases this reagent
as selective for oxidizing one carbene complex group of a
is(carbene) complex) [785]; (5) preparation of tungsten car-
ene complexes attached to a polyethylene glycol system and
ubsequent thermolysis in the presence of gold(III) salts to afford
old nanoparticles [786]; (6) acquisition of the crystal struc-
ure of MeC(S–n-Pr) Cr(CO)5 [787]; (7) a study of barriers to
otation in internally coordinated carbene complexes of general
tructures 715 and 716 [788]; (8) discussion of carbene reso-
ance contribution to tungsten–thioacetylene complexes [789];
9) the guided beam mass spectrometer reaction of molybde-
um cations with methane and DFT studies of the possible
olybdenum–carbon bonded species [790]; and (10) formation

f carbene and carbyne complexes through the coupling of laser-
blated molybdenum and tungsten atoms with methyl halides
nd comparison of their IR spectra with spectra calculated by
FT [791].

.3.4. Group 7 metal–carbene complexes

Alkynylcarbene–rhenium complexes (e.g. 721–723,

cheme 73) were prepared using the Fischer synthesis applied
o decacarbonyldirhenium (720) [792]. Both aminocarbene
nd alkoxycarbene complexes were reported. Reaction of

a
t
s
a

7.

he alkoxycarbene complex 721 with ammonia led to the
ichael addition product (722). Fluoride-induced desily-

ation reactions were successfully applied to the carbene
omplexes.

The reaction of rhenium carbene complex 724 (Scheme 73)
ith acetonitrile to afford nitrile insertion products was reported

793]. The reaction with acetonitrile afforded the benzonitrile
omplex 728 at low temperature, which cyclized to the chelating
omplex 729 at room temperature. Formation of complex 728
as proposed to occur through nitrosyl insertion to afford com-
lex 726, followed by rearrangement to the NO-ligated complex
27, followed by a hetero-ene reaction with exogenous acetoni-
rile. Oxidation of related carbene complexes (e.g. 730) at the
itrosyl ligands was also reported [794] (Scheme 74).

A DFT study comparing rhenium carbene–carbyne com-
lexes (e.g. 734, Scheme 75) and isoelectronic tungsten
arbene-imido complexes (733) was reported [795]. Both com-
lexes feature agostic interactions with the carbene C H bond.
owever the imido is a weaker donor ligand and the agnostic

nteraction is stronger in the tungsten carbene complexes. The
uperior performance of tungsten and molybdenum complexes

s metathesis catalysts relative to rhenium analogs was attributed
o more favorable ligand properties of the imido ligand. A related
tudy of silica-bound rhenium carbene–carbyne complexes was
lso reported [796].
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Cationic manganese carbene complexes (e.g. 736,
cheme 76) were generated in situ through the alkylation
f methoxymethylmanganese complex 735 with methyl triflate

n the presence of styrene [797]. The product of this reaction
s phenylcyclopropane (738) and manganese triflate 737; these
roducts presumably arise from generation of the carbene
omplex 736 followed by cyclopropanation.

f
T
t
c

Scheme 6
8.

Manganese carbene complexes (e.g. 740, 744, Scheme 77)
ere suggested as intermediates in the reaction of
anganese–chromium complex 739 with organolithiums
ollowed by methyl triflate, or with diazo compounds [798].
he organolithium reagents add to both the pyridine ring and

o the manganese carbonyl ligand. Reaction with the stable
arbene led to the simple carbene complex 743.

9.
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Rhenium carbene complex 752 (Scheme 78) was proposed
s an intermediate in the rhenium-catalyzed ring expansive cou-
ling of �-keto-esters (e.g. 746) and alkynes [799]. The key step
n the expansion process is the conversion of metallacyclopen-
ene 750 to the hydroxycarbene complex 752.

The kinetic and thermodynamic acidity of neutral and
ationic rhenium carbene complexes (e.g. 753, Scheme 79) was
eported [800]. The pKa of complex 753 was determined to be
.64, and considerably less acidic that carbene complexes where
he metal is at the two-position of a dihydrothiophene ring.

Several examples of Group 7 metallacumulene complexes
ere reported in 2006 (see Scheme 80). See Scheme 96 for

he general reactivity profile of metal vinylidene complexes and
etal–allenylidene complexes. The reaction of rhenium allenyli-

ene complexes (e.g. 755) with various nitrogen heterocycles

e.g. 756, 759) was reported [801]. The reaction leads to new
eterocyclic rings (e.g. 757, 760), which then lead to simple
ropargyl substitution products (e.g. 758, 761) upon treatment
ith base. A mechanism involving the reaction of the hetero-

c
w
7

Scheme 7
0.

ycle at the �-position to generate the alkynyl complex (758,
61), followed by proton transfer and formation of the vinyli-
ene and a second nucleophilic addition was proposed. Reaction
f the alkynylrhenium complexes with triflic acid regenerated
he starting allenylidene complexes.

.3.5. Group 8 metal–carbene complexes

.3.5.1. Cationic metal–carbene complexes that are notmetalla
umulenes. Osmium carbene complexes (e.g. 766, Scheme 81)
ere suggested as intermediates in the conversion of cyclo-
ropenylosmium complex 765 to the hydroxycarbene–osmium
omplex 768 [802]. Formation of the hydroxycarbene complex
as reversible. The optimal formation of cyclopropylosmium

omplex 767 involves treating the hydroxycarbene complex 768
ith aqueous sodium hydroxide.

The generation and reactions of cationic bridging

arbyne–diiron complexes (e.g. 770, 774, Scheme 82)
ere reported [803]. Treatment of bridging carbene complex
69 with acid at low temperature led to the bridging carbyne

1.
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omplex 770. Treatment of the carbyne complex with nucle-
philes led to neutral bridging carbene complexes (e.g. 771,
72). Similar reaction processes were reported for analogous
ulvene-bridged complexes (e.g. 774) [804].

Additional studies of cationic Group 8 carbene complexes
nclude: (1) cyclopropanation of alkenes using propargyl esters
nd CpRu(PPh3)2Cl, which may or may not proceed through
arbene complex intermediates [805]; (2) a mechanistic pro-
osal that ruthenium carbene complexes are involved in the
oupling with skeletal rearrangement of benzoxanorbornenes
nd alkyne–esters [806]; and (3) a mechanistic proposal that
iphenylvinylcarbene–osmium complexes are involved in ring
pening reactions of 	2-diphenylcyclopropene–osmium com-
lexes [807].
.3.5.2. Bis(carbene)ruthenium complexes from coupling of
wo alkynes and a ruthenium complex. Cationic tris(carbene)
uthenium complexes (e.g. 777, Scheme 83) were generated

c
c
u
s

Scheme 7
2.

rom coupling of ruthenium NHC complex 775 with alkynes
r bis(alkynes) (e.g. 776) [808]. The reaction leads to �-
llyl(carbene) complexes (e.g. 778) in a process involving
ormation of the cyclic bis(carbene) complex (777) followed by
ddition of the NHC ligand to the one of the carbene complex
roups. The bis(carbene) complex intermediates were observ-
ble by low temperature NMR. Formation of an isolatable
ationic ruthenium carbene complex (780) through reaction of
uthenium complex 775 with a bis(internal alkyne) (779) was
eported [809]. Reaction with wet chloroform leads to alkene-
oordinated carbene complex 781. Related reaction processes
ere reported for bis(complex) intermediates that feature an

minophosphine ligand (e.g. 783) [810]. The reaction of com-
lex 782 with bis(alkynes) at room temperature led to the chelate

omplex 786. Heating the product at 90 ◦C leads to the isomeric
omplex 787, which leads to the Fischer carbene complex 788
pon refluxing in acetonitrile. The proposed mechanism was
upported by DFT calculations.

3.
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Scheme 75.

The coupling of bis(alkyne) 789 (Scheme 84) and alkynylb-
rane derivative 790 in the presence of ruthenium complex
91 led to the alkyne trimerization product 792 [811]. The
egioselectivity in unsymmetrical systems was attributed to
teric interactions in the metallacyclobutene (794) obtained
rom the bis(carbene) complex (793). A related coupling
f bis(iodoalkyne) derivatives with alkynes to afford 1,4-
iiodobenzene derivatives was reported [812]. Several related
lkyne trimerization reactions were also reported [813,814].
elated coupling of bis(alkynes) with an alkene to form cyclo-
exadiene derivatives was also reported [815]. Formation of
yridines (e.g. 796) through coupling of bis(alkyne)s (e.g. 789)
nd nitriles (e.g. 795) in the presence of ruthenium complex 791
as also reported [816]. The greatest success was realized with
itriles that contain a secondary ligation site due to the proposed

nvolvement of a dimeric complex as the catalytically active
pecies. Coupling of bis(alkynes) or two alkynes with a nitrile
o form pyridine derivatives was evaluated computationally
817].

c
c
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n

Scheme 7
4.

Several reaction processes invoke cyclic ruthenium
is(carbene) complexes as reactive intermediates (Scheme 85).
everal examples of the hydrative cyclization of bis(alkynes)
e.g. 800) using cationic ruthenium complex 801 were
eported [818]. Reaction of bis(alkyne) derivative 800 with
ationic complex 801 leads to cationic bis(carbene) com-
lex 802, which reacts with water to afford the cyclized
roduct 803. A ruthenium bis(carbene) complex (805) was
roposed as an intermediate in the formation of complex
uthenacycle 806, obtained from the coupling of carboranyl-
uthenium complex 804 and three terminal alkyne units
819].

.3.5.3. Neutral nonheteroatom-substituted metal–carbene
omplexes that are not cumulenes. Numerous additional exam-
les of the synthesis and reactivity of this class of compounds
ave been presented in the alkene metathesis section. The
rubbs catalysts fall into this classification.
Stoichiometric reaction of Grubbs catalysts I and II with con-

ugated polyenes (e.g. 808, Scheme 86) was reported [820]. In
he stoichiometric reaction with conjugated polyenes, it was
oted that Grubbs catalyst I was more reactive than Grubbs

atalyst II, which reflects the faster initiation rate of Grubbs
atalyst I. The E/Z isomerization process was accelerated by
ricyclohexylphosphine, which was attributed to a reversible
ucleophilic addition to the polyene ligand. Formation of

6.
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is(carbene) complexes from hexatriene and polyacetylene was
uccessful, however the bis(carbene) complex could not be pre-
ared from butadiene. The electrochemical properties of the
olyene–monocarbene and bis(carbene) complexes was also
xamined.

Pincer-ligated ruthenium–carbene complexes (e.g. 813,
cheme 87) were reported [821]. Reaction of the bis(phosphine)

omplex 811 with ruthenium complex 812 and triethylamine
ed directly to the hydridoruthenium carbene complex 813. A
ariety of reaction processes were reported for the carbene com-
lex. Reaction with a variety of ligand additives led to hydrogen

Scheme 79.
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igration products (e.g. 814). Reaction with benzophenone led
o the reduction product, alcohol 815. Reaction with pheny-
acetylene led to the alkyne insertion product (816), which upon
urther heating led to alkyne dimerization products 817 and
18.

Ruthenium carbene complexes (e.g. 822, Scheme 88) were
uggested as intermediates in the reaction of propargylic
sters (e.g. 819) with methoxyfurans to stereoselectively afford
riene–esters (e.g. 824) [822]. Formation of carbene complex
22, followed by cyclopropanation, followed by ring opening
as proposed. Related ruthenium carbene complexes (e.g. 828,
29) were proposed as intermediates in the isomerization of
is(propargyl esters) (e.g. 825) to conjugated dienynes (e.g. 826)
823]. Formation of an alkynylcarbene complex (828) through
earrangement of the complexed propargyl ester followed by 1,3-
hift of the alkynylcarbene led to carbene complex 829, which

eads to the observed product 826 after 1,2-shift of the acetate
nd demetallation.

Ruthenium carbene complexes were proposed as intermedi-
tes in the hydrative cycloisomerization of enynes (Scheme 89)
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Scheme 80.
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824]. The mechanism for formation of the three product types
32–834 involves addition of either of the carbenylcarbene com-
lex intermediates (835, 838) to the alkene group to form either
f the isomeric cyclopropylcarbene complexes (836, 839), which
hen undergo cyclopropane ring opening processes to afford the
bserved products. The mechanistic hypotheses were supported
y deuterium and C-13 labeling studies.

The formation and reactivity of ruthenabenzene derivatives
e.g. 844, Scheme 90) was reported [825]. Ruthenabenzenes

ere formed in the coupling of diethynylmethanol (841)
ith ruthenium chlorides (842 or 843) in the presence of

riphenylphosphine. Various ligand substitution reactions were
eported for ruthenabenzene complex 844.

m
e
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l

Scheme 8
1.

Osmabenzofurans (e.g. 849, Scheme 91) were obtained from
he reaction of osmium–alkyne complexes (e.g. 847) with excess
ethyl propiolate (848) [826]. A mechanism involving forma-

ion of a metallacyclopentadiene, followed by reaction with
nother mole of alkyne to afford the vinylidene complex (850),
ollowed by alkyl migration to afford osmacyclohexadiene com-
lex 851, followed by coordination of the carbonyl oxygen
as proposed to account for formation of the metallabenzo-

uran system. Various reaction processes were reported for the

etallabenzofurans. Reaction with HCl in ethanol led to trans-

sterification products. Bromination occurred selectively in the
smafuran ring to afford 852. Reaction with trifluoroacetic acid
ed to the cationic protonation product 853.

2.
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Other studies of carbene complexes in this category are
epicted in Scheme 92, and include: (1) formation of spec-
roscopically observable bridging iron carbyne complex (855)
rom the low temperature reaction of diiron complex 854 with
henyllithium followed by triethyloxonium cation [827]; (2)
proposal that ruthenium carbene complexes (862) are inter-
ediates in the reaction of enyne–ketone 857 and ethylene
ith ruthenium complex 858 to generate cyclopropane deriva-

ive 859 [828]; (3) a crystal structure of a bis(carbene)-bridged
uthenium porphyrin–dimer [829]; (4) reaction of osmium com-
lex 863 with 2-vinylpyridine to afford the C–H activation
roduct 864, for which the carbene complex form 865 is an
mportant resonance contributor [830]; (5) use of various NHC
uthenium complexes as catalysts for metathesis and cyclo-
ropanation [831]; (6) use of iron porphyrin complexes to
atalyze cyclopropanation, including observation of the car-
ene complex by electrospray MS [832]; (7) use of ruthenium
orphyrin complexes as catalysts for cyclopropanation and dis-
ussion of structural effects of the intermediate carbene complex

nd how they relate to stereoselectivity [833]; (8) formation of
uthenium diaminocarbene complexes as minor products from
he reaction of ruthenium carbonyl clusters with thiourea com-
lexes [834]; and (9) a theoretical study of the reaction of

A
c
a
[

3.

3Os CH2 (866) with ethylene and identification of the O,C-
nd O,O-[3 + 2]-cycloaddition routes as energetically reasonable
athways [835].

.3.5.4. Heteroatom-substituted Group 8—metal–carbene
omplexes. The reaction of cation bridging aminocarbyne
iiron complexes (e.g. 870, Scheme 93) with alkynes led
o bridging aminocarbene diiron complexes (e.g. 871)
hrough alkyne insertion [836]. Bridging aminocarbene–iron
omplexes (e.g. 872) were prepared through oxidation
f binuclear iron complex 871 [837]. Reaction with
rimethylamine–N-oxide led exclusively to the ketone–carbene
omplex 872. A similar reaction was observed using sulfur
r selenium, which led to the alkene-coordinated com-
lexes 873 after treatment with sodium borohydride. The
ononuclear cyclic carbene complex 874 was a minor

roduct from the reaction of complex 871 with sulfur.
ucleophilic addition of cyanide and hydride to related
inyliminium complexes (e.g. 875) was also reported [838].

ddition of nucleophiles to the �-position of related Fis-

her alkynylcarbene complexes containing the bridging
minocarbyne–diiron framework (e.g. 877) was also reported
839].
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Several papers report on the synthesis of carbene complexes
hrough C–H activation processes (Scheme 94). The synthesis
f ruthenium– or osmium–carbene complexes (e.g. 882/883)
hrough net C–H activation of quinoline derivatives was reported
840]. This process has been denoted as capturing the minor car-
ene tautomeric form of quinoline. The five-coordinate complex
83 was obtained in the ruthenium system, which converted
o the six-coordinate complex 882-Ru upon treatment with

ydrogen. A mixture of carbene complexes (e.g. 886/887) and
lkene complexes (e.g. 885) were obtained in the reaction of
is(aminophosphine) derivatives (e.g. 884) with ruthenium com-
lex 812 [841]. The system was at equilibrium upon mild

a
v
R
a

Scheme 8
7.

eating. The complexes were also studied by DFT calculations.
he alkene complexes were the major equilibrium species in the
pen-chain system depicted in Scheme 94. However carbene
omplexes were the major species for cyclic analogs. Ruthe-
ium thiocarbene complexes (891) were produced as a result of
–H activation [842]. When complex 889 was produced from

he reaction of complex 888 and two moles of mesitylthiol,
he complex 889 and the carbene complex 890 were formed

s an equilibrium mixture. Extended reaction time led to irre-
ersible formation of the thiocarbene complex 891 in low yield.
uthenium aminocarbene complex 893 was formed in a C–H
ctivation process via thermolysis of complex 892 [843].

8.
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Attempted synthesis of iron alkenylcarbene complexes (e.g.
95, Scheme 95) using the Fischer synthesis led directly to the
4-vinylketene complexes (e.g. 896) [844]. The ketene com-
lexes undergo cycloaddition reactions with alkynes to produce
henols.

.3.5.5. Group 8 metallacumulene complexes. Many exam-
les of the formation of metal vinylidene complexes (897,
cheme 96) via coupling of coordinatively unsaturated Group
metal complexes with terminal or silylated alkynes were

eported in 2006. Representative examples are depicted in
ig. 13. Common reaction pathways for these complexes include

eaction with nucleophiles to form vinylmetal species (900),
eaction with alcohols (or amines) to form Fischer carbene
omplexes (901) or water to form metal acyls (899), and depro-
onation at the �-position to form alkynylmetal complexes

Scheme 9
Scheme 90.
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898). Other common synthetic routes to metal vinylidenes
ncluded addition of electrophiles to metal acetylide complexes
e.g. the reverse of the reaction synthesizing 898), and treat-
ent of acylmetal complexes with dehydrating agents (i.e. the

everse of the reaction synthesizing 899). Metal-higher cumu-
ene complexes (903, 908) are produced from the coupling
f coordinatively unsaturated Group 8 metal complexes with
ropargyl alcohols (usually those that contain no hydrogens
- to the OH group), or by addition of electrophiles to the
-carbon of alkenylethynyl–metal complexes (907). Common
eaction pathways for these complexes include reaction with
ucleophiles at the �-position, resulting in alkynylmetal com-
lexes (905), or attack at the �-position, resulting in allenylmetal
omplexes (906). Reaction with alcohols or amines can lead
o �,�-unsaturated Fischer carbene complexes (904). Repre-
entative examples of this class of compounds are depicted in
ig. 13.
Specific reports which highlight the reaction pathways of
cheme 96 are depicted in Fig. 13 and include the fol-

owing examples of vinylidene complexes: (1) synthesis and
lectrochemical studies of iron bis(vinylidenes) (e.g. 910)

a
(
c
r

Scheme 9
ry Reviews 253 (2009) 86–179 143

nd the alkynes obtained upon deprotonation [845], mixed
ron/ruthenium analogs [846], and bis(ruthenium) analogs [847];
2) formation of ruthenium vinylidene complexes (e.g. 911)
ollowed by deprotonation to afford the analogous alkynyl-
uthenium species [848]; (3) formation of ruthenium vinylidene
omplexes from RuCl2(Ph2PC CPh)4 and terminal alkynes
849]; (4) formation of an arylvinylidene-linked bimetallic sys-
em (e.g. 912) [850]; and (5) cationic ruthenium vinylidene
omplexes that feature fullerene ligands [851]. Several pro-
esses likely involve metal vinylidene intermediates synthesized
y these pathways, including: (1) ruthenium-catalyzed conver-
ion of alkynyl N-phenyl imines (e.g. 913) to quinolines (e.g.
15) [852]; and (2) ruthenium-catalyzed synthesis of aldehydes
ia anti-Markovnikov hydration of terminal alkynes [853,854].
xamples that highlight higher cumulenes are depicted in Fig. 13
nd include: (1) formation and spectral studies of ruthenium
llenylidene complexes featuring pyridine groups (e.g. 916)

nd subsequent complexation of the pyridine nitrogens [855];
2) formation of either vinylidene– or allenylidene–ruthenium
omplexes (e.g. 917) through reaction of a ruthenium chlo-
ide complex with a terminal alkyne or propargyl alcohol

2.
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856]; (3) formation of ruthenium vinylidene, cyclic carbene,
nd allenylidene (e.g. 918) complexes from the reaction of
imple alkynes, 4-pentyn-1-ol, or propargylic alcohols with a
uthenium heteroscorpionate complex [857]; (4) formation of
ationic alkenylcarbene complex (e.g. 920) from complex 919,
iphenylpropargyl alcohol, and methanol [858], and formation
f related vinylidene complexes (e.g. 921) and aminocarbene
omplexes (e.g. 922) [859]; and (5) a cumulene-like structure
btained through electrochemical oxidation of all-carbon linked
imetallics [860]. Several processes reported in 2006 invoke
etal-higher cumulene complexes as intermediates, including:

1) ruthenium-catalyzed rearrangement of propargyl alcohols
o �,�-unsaturated aldehydes [861] and tandem rearrangement-
ldol condensation [862].

The formation of carbomethoxymethylruthenium–vinylidene
e.g. 924, Scheme 97) and their subsequent conversion to cyclo-
ropenylruthenium complexes (e.g. 925) by deprotonation
ollowed by cyclization was reported [863]. The kinetic
roduct of the cyclization is the cyclopropenyl system,
owever extended treatment with base led to the furanyl-
uthenium complex (926). A similar process was observed
or the extended system 928, however only the cyclopropene
933) was observed in this case. Reaction of the cyclo-

ropenylruthenium complex with TMS–N3 led to the triazole
erivative 932. A mechanism involving double bond iso-
erization followed by addition of azide to the vinylidene

ntermediate, followed by isomerization to the alkenylcarbene

w
A
m
o

3.

omplex (931), followed by cyclization and demetallation was
roposed.

The generation and capture of ruthenium vinylidene com-
lexes that feature a carboranyl-bridged Cp ligand (e.g. 935,
cheme 98) was reported. The reaction of carboranyl-bridged
uthenium–Cp complex 934 with bis(trimethylsilyl)acetylene
ed to bis(vinylidene)ruthenium complex 935 [864]. Reaction
ith trimethylsilylacetylene led to alkynylvinylidene complex
36. A similar process was reported in the coupling of related
omplex 937 with phenylacetylene [865]. In this case either
he chelated aminocarbene complex 941 or the 	4-diene com-
lex 942 was obtained. The product ratio was dependent on
he electron-donating ability of the aryl group. More electron-
onating aryl groups favored formation of the aminocarbene
omplex. The key step in formation of the carbene complexes is
[2 + 2]-cycloaddition of the exogenous alkyne to vinylidene

ntermediate 938. The diene complex arises through conver-
ion of the initially formed vinylidene complex 938 to the
minoalkenyl complex (943) followed by alkyne insertion.

The reaction of osmium vinylidene complexes (e.g. 944,
cheme 99) with Grignard reagents was reported [866]. Reac-

ion of osmium complex 944 with methylmagnesium bromide
ed to the osmaindene derivative 949 at room temperature,

hich afforded the allyl complex 950 at higher temperature.
mechanism involving ligand exchange followed by methyl

igration and C–H activation was proposed to account for the
smaindene.
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The formation of ruthenium carbyne complexes (e.g. 954,
cheme 100) from ruthenium vinylidene complexes (e.g.
53) was reported [867]. The vinylidene complex 951 was
ransformed to the octahedral complex 953 by treatment
ith tridentate ligand 952. Protonation afforded the spec-

roscopically observable cationic carbyne complex 954. The
inylidene ligand could be displaced by treatment with CO or
cetonitrile.
The synthesis and reactivity of osmium vinylidene complexes
eaturing pincer ligands (e.g. 957, Scheme 101) was reported
868]. The simple vinylidene complex was formed from cou-
ling of osmium halide derivative 956 with terminal alkynes.

i
S
b
5

Scheme 9
4.

dditional reaction time led to the bimetallic complex 958.
ormation of the Cp ligands was proposed to occur through
mechanism involving [2 + 2]-cycloaddition, alkyne insertion,

nd reductive elimination to afford the fulvene complex (961),
hich dimerizes through electrophilic attack of the carbocation-

ike resonance form (962) on the nucleophilic alkene of the
ulvene complex.

Several cyclization reactions involving terminal alkynes

nvoke vinylidene intermediates; examples are depicted in
cheme 102. Ruthenium–vinylidene complexes (e.g. 964) have
een proposed as intermediates in the cyclization reaction of
-hexynal derivatives (e.g. 963) [869]. A mechanism involv-

5.
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ng formation of a vinylidene, followed by hydration and an
ldol-like process, followed by decarbonylation was proposed.
aphthalenols (e.g. 975, 977) were prepared through reaction of

lkyne–epoxides (e.g. 968) with ruthenium complex 969 [870].
mechanism involving formation of a cationic vinylidene com-

lex (970) followed by a series of pericyclic rearrangements was
roposed. The mechanism was supported by C-13 and deuterium
abeling studies. Ruthenium vinylidene complexes (e.g. 980)
ere suggested as intermediates in the cyclization of dienynes

e.g. 978) [871]. In this reaction, after formation of the vinyli-
ene intermediate (980), cyclization followed by a series of alkyl
hifts occurs to afford the products. The complex mechanistic
rocess was supported by deuterium labeling studies.

Cationic ruthenium allenylidene complexes (e.g. 988,
cheme 103) were prepared through reaction of ruthenium
omplex 986 with propargylic alcohols [872]. Addition of a
econd proton to allenylidene complex 988 resulted in dica-
ionic carbyne complex 989. Coupling of the carbyne complex
ith acetone led to the substituted vinylidene complex 991. A
echanism involving proton transfer to acetone followed by

oupling of the resulting allenylidene complex (990) and enol
as proposed.
Reaction of ruthenium allenylidene complexes that contain

n allylphosphine ligand (e.g. 994, Scheme 104) with ynamine

95 was reported [873]. The reaction affords the alkenylal-
enylidene complex (997) in a process involving stepwise
2 + 2]-cycloaddition followed by ring opening. Subsequent
eaction of the aminoallenylidene complex 997 with lithium

w
i
[

6.

riethylborohydride led to the cyclobutenylidene–ruthenium
omplex 1000 in a process involving nucleophilic addition
f hydride to the �-position to afford alkynyl complex 998.
reatment with silica led to the allenylidene complex (999),
hich spontaneously cyclized. Reaction of complex 997 with

odium borohydride led to the alkynylruthenium complex
001.

The synthesis and reactivity of osmium allenylidene com-
lexes (e.g. 1003, Scheme 105) was reported [874]. Reaction
f the alkenylcarbyne–hydride complex 1002 with base led to
he allenylidene complex 1003. Reaction with various ligands
ed to the allenyl complexes (e.g. 1004). An alkyne insertion
roduct (e.g. 1005) was obtained upon treatment with terminal
lkynes. Further reaction with acetonitrile led to azametalla-
ycle 1006. The proposed mechanism for formation of 1006
nvolves nucleophilic addition to the nitrile carbon, followed by
Nazarov-type cyclization of the resulting bis(akenyl)carbene

omplex (1007). A similar interconversion of vinylcarbyne and
llenylidene complexes was reported for ruthenium analogs (e.g.
009, 1010) [875]. The dicationic carbyne complex 1010 was
enerated through low temperature protonation of the cationic
llenylidene complex 1009. Upon warming to −20 ◦C, conver-
ion to the indenylidene complex 1011 occurred. Complex 1011
as effective as a ROMP catalyst.

Ruthenium allenylidene complexes (e.g. 1013, Scheme 106)

ere proposed as intermediates in the propargylation of furan,
ndole, and azulene rings using propargylic alcohols (e.g., 987)
876]. Formation of the allenylidene followed by electrophilic
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Fig. 13. Representative Group 8 metallacumulene com
ttack on the electron-rich aromatic system was proposed.
uthenium allenylidene complexes were also proposed as inter-
ediates in the stereoselective formation of 1,5-diynes (e.g.

017) from propargylic alcohol derivatives in the presence of

b
m
l
1

Scheme 9
s, precusors, and reaction products reported in 2006.
is(ruthenium) complex 1012 and boron hydride 1016 [877]. A
echanism that involves allenylidene complex formation, fol-

owed by hydroboration of the distal alkene to afford vinylidene
018, followed by C B bond cleavage to afford a radical and

7.
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hen proton loss to afford an alkynyl radical 1020, which then
imerizes to 1017, was proposed. The yield of the process was
ower in the presence of free radical scavengers.

The formation and dimerization of in situ-generated
utatrienylidene complexes (e.g. 1022, Scheme 107) was
eported [878]. The butatrienylidene complex was generated
hrough oxidation of the butadiynyl complex 1021. Subsequent

2 + 2]-cycloaddition between the butadiynyl complex and the
utatrienylidene complex afforded the dimeric complex 1024.

bimetallic complex featuring a carbon-rich bridge (1026)
as also obtained through coupling of butadiynyl complex

p
t
t
1

Scheme 9
8.

021 with allenylidene complex 1023. A mechanism involv-
ng formation of the butatrienylidene complex 1022 and enynyl
omplex 1025 through proton transfer followed by addition was
roposed.

.3.6. Group 9 metal–carbene complexes

.3.6.1. Simple carbene complexes. Rhodium carbene com-

lexes (e.g. 1031, Scheme 108) were generated through
hermolysis of methylrhodium complex 1030 [879]. Extended
hermolysis of the carbene complex leads to the rhodium hydride
032 and ethylene. Iridium carbene complexes (e.g. 1035) were

9.
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ormed in the coupling of iridium complex 1034 with pyridine
erivatives in an overall C–H activation process [880]. Treat-
ent of the iridium pentadentate ligand complex 1036 with

ichloromethane led to chlorocarbene–iridium complex 1037
n a process involving C–H oxidative addition, reductive elimi-
ation to convert L′ into L′′, and �-elimination of chloride [881].
eaction of carbene complex 1037 with pyrazole derivative 1038

ed to pyrazolylcarbene complex 1039. Difluorocarbene–iridium
omplexes (e.g. 1042) were produced through reduction of diflu-
roalkyliridium complexes (e.g. 1040) [882]. Reduction of the
etal followed by �-elimination of fluoride was proposed.
Iridabenzenes (e.g. 1045, 1051, Scheme 109) or irida-

ycloheptadienes (1044) were obtained upon treatment of
ridacyclopentadienes (e.g. 1043, 1050) with propene [883].
ridacycloheptadiene 1044 was obtained from lower temper-
ture coupling of iridacyclopentadiene 1044 and propene and
ridabenzene–hydride (1045) at higher temperature. Reaction of
ridabenzene 1045 with acetonitrile at 20 ◦C led to the iridacy-

lohexadiene derivative 1046. Formation of the iridabenzenes
nvolves formation of the alkene complex (1047), followed by
somerization to the ethylcarbene complex (1048), followed by
n alkyl shift. A methyl-iridabenzene (1051) was formed in

w
f
i
a

Scheme 10
0.

he coupling of lesser substituted iridacyclopentadiene 1050
ith propene. This product was proposed to arise from the

egioisomeric carbene complex 1053. An alternative approach
o iridabenzenes was also reported. Reaction of diene–iridium
omplex 1055 with bis(trimethylsilyl)acetylene led to the vinyli-
ene complex 1056, which afforded the iridabenzene derivative
057 upon protonation [884]. A mechanism involving forma-
ion of the cationic carbyne complex (1058) followed by alkyl
igration and hydrogen elimination was proposed.
Iridafurans (e.g. 1063, Scheme 110) were obtained from the

eaction of iridaindene 1060 with methyl propiolate followed by
cid [885]. Initial coupling of the iridaindene with the alkyne led
o the alkenyl(alkynyl) complex 1061 which could be isolated in
rude form and characterized spectroscopically. Treatment with
cid led to the iridafuran in a mechanism involving vinylidene
ormation, followed by alkyl migration and halide and oxygen
oordination.

Iridium carbene complexes (e.g. 1067, 1068, Scheme 111)

ere proposed as intermediates in iridium-induced methyl trans-

er reactions of 2,6-dimethylanisole (1064) [886]. The reaction
nitially forms the iridium carbene complex 1067 through C–H
ctivation. This carbene complex can be detected spectroscop-
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cally. Additional C–H activation of the methyl group leads

o carbene complex–hydride complex 1068, which converts to
066 through metallacycle 1069. This mechanism accounts for
he scrambling of carbons noted during a labeling study.
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e
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Scheme 10
2.

Other studies of Group 9 metal–carbene complexes (exclud-

ng metallacumulenes) include: (1) studies of the origins of
nantio- and diastereoselectivity in rhodium-catalyzed cyclo-
ropanation [887]; (2) development of models to explain

3.
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nantioselectivity in rhodium-catalyzed intramolecular cyclo-
ropanation [888]; (3) discussion of the mechanism and
evelopment of models to explain the observed stereoselectivity
n cobalt–salen complex catalyzed asymmetric cyclopropana-

t
q
t
o

Scheme 10
6.
ion [889]; (4) formation of rhodium NHC complexes fused to
uinone rings (e.g. 1070/1071, Scheme 112), which were shown
o have significant back-bonding interactions due to the presence
f the electron-withdrawing quinone groups [890]; (5) discus-
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ion of carbene resonance contribution to Lewis acid–acylcobalt
omplex adducts [891]; and (6) discussion of iridafuran contri-
ution to �-irada-�,�-unsaturated ester complexes [892].

.3.6.2. Metallacumulene complexes. Similar synthetic proce-
ures and reactivity patterns were generally observed for Groups
and 8 metallacumulene complexes (Scheme 96). Rhodium

inylidene complex 1074 (Scheme 113) was generated from
hodium complex 1072, 1-hexyne, and phosphine 1073 [893].
o (alkynyl)(hydrido)rhodium complex was observed. The �-

lkyne complex 1076 was generated at low temperature from
he coupling rhodium complex 1075 and 1-hexyne, and it was
oted that conversion to the vinylidene complex 1074 occurred
ithout any alkyne crossover. The formation of iridium vinyli-
ene complexes through reaction of iridium dinitrogen complex
077 with terminal or silylated alkynes and dialkynes was also
eported [894].

Rhodium vinylidene complexes were proposed as interme-
iates in several reaction processes involving terminal alkynes.
epresentative examples are depicted in Scheme 114. Rhodium

inylidene complexes (e.g. 1082) were suggested as intermedi-
tes in cycloisomerization of N-propargyl enamines (e.g. 1080)
o tetrahydropyridine derivatives (e.g. 1084) [895]. They key
tep in this transformation is nucleophilic addition of the enam-

2

n

Scheme 10
ry Reviews 253 (2009) 86–179 153

ne to the vinylidene carbon. A cycloisomerization using iodo
nynes (e.g. 1085) was reported, also involving vinylidene com-
lexes (e.g. 1088) [896]. The key event in this transformation is
he nucleophilic displacement of iodide by the alkynylrhodium
omplex (1087) to afford the vinylidene complex. The eventual
roduct 1090 arises after [2 + 2]-cycloaddition and ring opening.
ycloisomerization concomitant with arylation was observed in

he reaction of enynes (e.g. 1091) with rhodium complexes in the
resence of boronic acids [897]. The key events in the process
re formation of a vinylidene–aryl complex (1093), followed by
lkyl migration and intramolecular alkene insertion. Rhodium
inylidene complexes were proposed as intermediates in a novel
ycloaddition of alkyne–esters (e.g. 1096) and allylamine [898].
he initial step in this complex process is formation of the
helating aminocarbene complex 1099 via the vinylidene com-
lex, followed by deprotonation, C–H oxidative addition, alkene
nsertion and reductive elimination to afford iminoacyl com-
lex 1101, followed by alkyne insertion. Rhodium vinylidene
omplexes were suggested as possible intermediates in rhodium
atalyzed polymerization and oligomerization reactions [899].
.3.7. Group 10: metal–carbene complexes
Reaction of an NHC ligand (e.g. 1110, Scheme 115) with

ickel derivative 1111 led to the NHC-expanded nickel car-
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ene complex 1112 [900]. The analogous mesitylnickel complex

1113) afforded the simple chelating NHC complex (1114) under
imilar conditions. Nickel carbene complexes (e.g. 1117) were
tudied experimentally and computationally [901]. A variety of
hloropyridinium salts (e.g. 1115) react with Ni(PPh3)4 to afford

e

S
c

Scheme 11
9.

arbene complexes (1117). Substantial double bond character

xists in the C Ni bond.

Palladium carbene complexes (e.g. 1119, 1120,
cheme 116) were prepared from the thermolysis of bis(	3-
ycloheptatrienyl)palladium complexes (e.g. 1118) [902].
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(e.g. 1145) were suggested as intermediates in the formation
Scheme 112.

nitially a dimeric complex (1119) was obtained, which affords
monomeric complex (1120) upon treatment with phosphine

igands. Palladium carbene complexes (e.g. 1123) were formed
n the coupling of amine–phosphine derivative 1121 with allyl
alladium chloride dimer (1122) [903]. Rhodium carbene
omplexes could also be formed through direct reaction with
mine–phosphine 1121.

Platinum aminocarbene complexes (e.g. 1128, Scheme 117)
ere obtained through S-alkylation of thioacylplatinum complex
127 with potassium ethyl dithiobicarbonate [904]. The prepara-
ion of Fischer carbene–platinum complexes (e.g. 1130–1133)
hrough reaction of alkynes and alcohols with platinum salts

as reported [905]. The reaction with platinum salt 1129

nd methanol/bis(trimethylsilyl)acetylene led to bis(carbene
omplex) 1130 which afforded the dimeric hydroxycarbene
omplex (1133) upon reaction with water. Reaction with

o
(
C

Scheme 11
1.

sopropyl alcohol and HBF4 led to the analogous isopropoxy-
arbene complex (1131). Reaction with higher alkynes was also
eported.

Formation of the hydroazulene ring system (e.g. 1135,
cheme 118) through the nickel-catalyzed coupling of
iene–ynes (e.g. 1134) with trimethylsilyldiazomethane was
eported [906]. A mechanism involving carbene complex for-
ation (1136), followed by alkyne insertion and intramolecular

yclopropanation was proposed. Cope rearrangement of the
esulting divinylcyclopropane (1138) affords the observed prod-
ct (1135). The intermediacy of carbenes was supported
y the isolation of alkynylcyclopropanes from coupling of
he diazo compound with enynes or with fumarate esters.
alladium carbene complexes were suggested as likely inter-
ediates in the dimerization of conjugated enynes to form

tyrene derivatives [907]. Platinum carbene complexes (e.g.
142) were suggested as intermediates in platinum cat-
lyzed conversion of alkylidenecyclopropanes (e.g. 1139) to
yclobutenes (e.g. 1143) [908]. Platinum vinylidene complexes
f indenes (e.g. 1146) from o-alkylphenylacetylene derivatives
e.g. 1144) [909]. The key mechanistic event is a net benzylic
–H insertion of the platinum vinylidene complex. The pro-
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osed mechanism was supported through deuterium labeling
tudies.

Several papers report on the development of new reaction
rocesses using cyclopropylcarbene intermediates generated
hrough the reaction of enyne derivatives with platinum or gold
omplexes; representative examples are depicted in Scheme 119.
old-catalyzed enyne cycloisomerization of dienyne 1150 led

o the bis(cyclopropane) derivative (1152) via cyclopropylcar-
ene complex intermediate 1151 [910]. Related cyclizations
f dienynes resulting in tetracyclic compounds were also
eported [911]. Cyclopropylcarbene–gold complexes were pro-
osed as intermediates in the cycloisomerization of enynes to
ither cyclized vinylcyclopropanes or enyne metathesis products

912]. Cyclopropylcarbene–gold complexes (e.g. 1154) were
roposed as intermediates in the formation of hydroazulenes
e.g. 1156) from enyne–ketones (e.g. 1153) [913]. The suc-
essful capture of cyclopropylcarbene complexes (e.g. 1159)

r
a
(
w

4.

hrough cyclopropanation of norbornene [914] and through
yclopropanation of hexadiene derivatives were reported [915].
apture of the gold carbene complexes through Friedel–Crafts

eactions [916] and cyclopropane ring opening [917] were
lso reported. Gold carbene complexes (e.g. 1162) were sim-
larly generated from the coupling of ynamine derivatives
e.g. 1161) with gold(I) chloride [918]. Formation of ketone
163 involves a pinacol-type rearrangement of carbene com-
lex 1161 followed by demetallation. The reaction led to a
ixture of enyne metathesis and [2 + 2]-cycloadducts using a

erminal alkyne. A similar copper catalyzed reaction involving
propargylic alcohol was also reported [919]. Cycloisomer-

zation reactions that feature silicon in the tether were also

eported [920]. The reaction employing an enamine–propargyl
lcohol afforded a cyclopropanation product. A cyclobutene
1166) was obtained from the reaction of allene–yne 1164
ith platinum(II) chloride [921]. A mechanism involving
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ormation of the cyclopropylcarbene complex (1165) fol-
owed by ring expansion was proposed. Alkoxy–enynes (e.g.
167) converted to cyclohexadienes (e.g. 1169) upon treat-
ent with gold or platinum catalysts [922]. In this case a

omplex series of alkyl shifts from cyclopropylcarbene com-
lex 1168 leads to the eventual reaction products. Hydrative
latinum-catalyzed enyne cycloisomerization was studied com-
utationally [923]. Gold carbene complexes were suggested as
ntermediates in the cycloisomerization of bis(propargyl) ethers
924].

Gold carbene complexes (e.g. 1171, Scheme 120) were
roposed as intermediates in gold-catalyzed intramolecular
yclization of furan–propargyl ethers (e.g. 1170) [925]. A related
yclization process employing an amine tether between the furan
nd alkyne groups (e.g. 1173) was also reported [926–928]. A
FT study of gold- and platinum-catalyzed conversion of 2-
lkynylbiphenyl derivatives (e.g. 1177) to phenanthrenes was
eported [929]. Cyclopropylcarbene–gold complexes (e.g. 1178)
ere intermediates in reactions employing electron-rich aro-
atic rings.

o
a
a
w

Scheme 11
5.

Gold– and platinum–carbene complexes were also gener-
ted from various heterocyclization processes; representative
xamples are depicted in Scheme 121. A novel cycliza-
ion/cycloaddition cascade reaction process occurred when
iyne–dicarbonyl compound 1181 was treated with gold(III)
hloride [930]. The major product type is steroidal derivatives
e.g. 1185), and this ring system is formed through conversion
f the initially formed gold–carbene complex/carbonyl ylide
182 to carbene complex 1183, which undergoes intramolec-
lar 1,3-dipolar cycloaddition and 1,2-vinyl shift to afford the
ridged structure 1184, which aromatizes to form the eventual
roduct 1185. A similar heterocyclization-1,3-dipolar addi-
ion sequence was reported for platinum-catalyzed reactions
f benzaldehyde–diynes [931]. Platinum– and gold–carbene
omplexes (e.g. 1188, 1189) were proposed as intermedi-
tes in a tandem cyclization/cycloaddition reaction involving

-alkynylaniline imines (e.g. 1186) and monosubstituted
lkenes [932]. In this process, the initial reaction of the
lkyne with the catalyst affords the 1,3-dipolar species 1188,
hich then undergoes 1,3-dipolar cycloaddition followed by
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,2-alkyl shift to afford the observed products 1191. Plat-
num carbene complexes are similarly likely intermediates
n platinum catalyzed conversion of 4-azoalkynes to pyrroles
933].
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Scheme 11
7.
Carbene complexes were also generated from 1,2-shift of
ropargyl ester derivatives in the presence of platinum and
old complexes (see Scheme 122). Reaction of propargyl ester
195 with platinum, silver, or copper salts led to the tri-
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yclic compound 1197, which was used for total synthesis
f cubebol [934,935]. A mechanism involving cyclopropana-
ion prior to 1,2-shift of acetate (via intermediate 1198 and
ot 1196) was proposed to account for the retention of stere-

chemistry. Similar processes were reported in the synthesis
f bicyclo[3.1.0]hexenes from 1-acetoxy-5-ene-2-yne deriva-
ives [936] and in gold-catalyzed cyclization of propargylic
sters containing two alkene groups [937]. The coupling of

s
w
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i

9.

is(alkyne) ester 1199 with styrene in the presence of a gold
atalyst led to net cycloaddition/cyclopropanation product 1203
938]. A novel process was proposed involving 1,2-ester shift to
fford carbene complex 1200, followed by a propargylcarbene

hift and cyclopropanation to afford alkynylcyclopropane 1202,
hich then undergoes cyclization to afford the product 1203. A

elated intramolecular bis(cyclopropanation) process employ-
ng a diene–diyne system was also reported [939]. Reaction of



160 J.W. Herndon / Coordination Chemistry Reviews 253 (2009) 86–179

Scheme 120.

Scheme 121.
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Scheme 122.

Scheme 123.
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henylpropargyl acetate (1204) with cationic gold complexes
ed to indene 1206 [940]. Gold carbene complexes were also
uggested as intermediates in five-membered ring forming reac-
ions involving enynyl propargyl acetates (e.g. 1207), however
he initial role of gold in this case is to induce a 1,3-shift of acetate
o afford intermediate 1208, which then undergoes a Nazarov-
ike process to afford the cyclopentenylidene–gold species 1209,
hich gives rise to the product 1210 after hydration of the car-
ene complex functionality. An alternative five-membered ring
orming cyclization was observed in the treatment of epoxy
lkyne–esters (e.g. 1211) with platinum chloride [941]. In this
ase, the initially formed carbene complex (1212) affords an
lide (1213), which affords the pyran (1214) after demetalla-
ion, which rearranges to the observed cyclopentenone (1216).
old-catalyzed reactions of propargyl acetates were studied

omputationally [942].
Several other reaction processes were reported from the reac-

ion of alkynes and platinum or gold complexes that might
nvolve carbene complex intermediates (see Scheme 123).
latinum-catalyzed enyne metathesis (see Scheme 1) likely

nvolves metal–carbene complex intermediates. Use of a
is(gold) complex for catalysis of enyne metathesis was
eported [943]. Platinum carbene complexes (e.g. 1219,
cheme 123) were suggested as intermediates in platinum-
atalyzed cycloaromatization of conjugated enediynes (e.g.
218) [944]. A mechanism involving initial formation of the
latinum carbene-free carbene complex 1219 followed by C–H
nsertion and demetallation was proposed.

Platinum carbene complexes were identified in the ion

rap mass spectra of cationic platinum(II)–alcohol complexes
945]. Potential processes were evaluated by DFT calculations.
imetallic carbene complexes involving platinum and another
etal and their reaction with ammonia resulting in dehydrogena-

c
b
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Scheme 12
Scheme 125.

ion were evaluated computationally [946]. Carbene resonance
ontribution to a p-platina–pyridine complex was discussed
947].

.3.8. Group 11: carbene complexes
Gold vinylidenes (e.g. 1224, Scheme 124) were suggested

s intermediates in the isomerization of pyridine–alkynes (e.g.
223) to indolizines (e.g. 1225) [948]. The intermediacy of
vinylidene complex was supported by deuterium labeling

tudies. The generation of copper carbene complexes through
eaction of isothiocyanates with copper(I) phenoxide in the pres-
nce of a Lewis acid was reported [949]. These complexes were
lso studied computationally.

Several papers report on mechanistic aspects of
opper–carbene complex intermediates generated from
rganic diazo compounds. A DFT study of copper–Tp com-
lex catalyzed C–H insertions of diazo-esters was reported
950]. Stereoselectivity models were proposed for asymmetric

yclopropanation catalyzed by copper salts featuring chiral
identate pyridine ligands [951]. Use of copper salts for copper
atalyzed cyclopropanation was studied computationally
952,953].
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Additional computational studies of Group 11 carbene com-
lexes were reported in 2006. Copper carbene complexes were
tudied computationally with a focus on the degree of Cu–C dou-
le bond character [954]. The structure of various gold carbene
omplexes was studied through DFT calculations [955]. A DFT
tudy of the addition of amines to diacetylenes to form pyrroles
as reported (Scheme 125) [956]. The reaction was proposed

o occur through copper carbene complex intermediates (1226,
227).

.3.9. Lanthanide/actinide carbene complexes
The formation of pincer carbene complexes of lanthanum

e.g. 1231, Scheme 126) and thulium (e.g. 1233) was
eported [957]. In both cases, the carbene complexes exhib-
ted nucleophilic behavior, and coupled with benzophenone
o afford the carbonyl olefination product 1232. Polynuclear
ethylene–lanthanum and methylene–yttrium complexes were

eported [958]. Although no actual metal-double bonded species
as isolated, Schrock carbene-like behavior was demonstrated

or the complexes. Reaction with ketones or aldehydes led to
arbonyl olefination products.

. Metal–carbyne or metal–alkylidyne complexes

.1. Review articles

Review articles featuring metal–carbyne complexes which
ppeared in 2006 include: (1) perspectives on metal carbides,

itrides, and phosphides [959]; and (2) alkyne metathesis cat-
lysts [960]. Reviews on titanium and vanadium carbene and
arbyne complexes were noted in the carbene complex section
88,89].

T
a

S

Scheme 12
Scheme 127.

.2. Synthesis and/or generation

Some papers in the carbene section feature minor seg-
ents on carbyne chemistry. These studies include Refs.

686,690,715,718,791,867,872,874,875].
A molybdenum carbyne complex (1236, Scheme 127) was

roduced upon treatment of trifluoromethylmolybdenum com-
lex 1235 with potassium graphite [961]. The formation of
olybdenum carbyne complexes (e.g. 1238) through the reac-

ion of molybdenum nitrides (e.g. 1237) with 3-hexyne was
eported [962]. Nitriles were formed as by-products. The anal-
gous tungsten reaction proceeded in the opposite direction.
ungsten carbyne complex 1239 reacts with nitriles to afford

lkynes and tungsten nitride 1240.

Anionic molybdenum carbyne complexes (e.g. 1243, 1246,
cheme 128) were prepared through reaction of the Schrock

8.
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arbene complex and derivatives with Wittig reagents [963].
lkylation (silylation) of anionic carbyne complex 1243
ccurred at nitrogen. Reaction with carbon dioxide led to the

N [2 + 2]-cycloadduct 1245. Reaction with the less hindered
ittig reagent 1246 led initially to the adduct 1247, which trans-

ormed to a mixture the anionic carbyne complex (1248) and the
someric adduct 1249.

.3. Reactivity

.3.1. Addition reactions of metal–carbyne complexes
Tris(trimethylsilylmethyl)tungsten carbyne complexes

1250, Scheme 129) featuring various phosphine ligands were
repared [964]. The complexes exhibited fluxional behavior and
ere in equilibrium with the bis(carbene) complex structure.
251

The synthesis of bis(imido)rhenium carbyne complexes (e.g.
253, Scheme 130) and subsequent reaction with CO was

eported [965]. Reaction of bis(imido)rhenium trichloride com-
lex 1252 with excess methylenetriphenylphosphorane and
-butyl thiolate led the carbine–phosphonium salt 1253. Further
eaction with CO led to the ketene complex 1254.

p
w
l
w

Scheme 13

Scheme 13

Scheme 13
Scheme 129.

Coupling of ruthenium carbide complex 1255 (Scheme 131)
ith dimethyl acetylenedicarboxylate led to the cyclopropenyli-
ene complex 1256 [966]. Subsequent reaction with pyridine
-oxide led to the vinylidene complex 1257. Reaction with alco-
ols, water or phenol led to the addition/ring-opening products
e.g. 1258).

Osmium (dihydrido)carbyne complexes (e.g. 1261,
cheme 132) were produced in the coupling of osmium com-

lex 1259 with ligand additive 1260 [967]. A similar reaction
ith the analogous ruthenium complex afforded only a simple

igand substitution product. Reaction of the carbyne complex
ith CO led to the carbene complex 1264. Reaction with

0.

1.
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ydrogen led to the trihydride 1262 and p-cymene. Subsequent
eaction of the trihydride with acetylene led to the vinylidene
omplex 1263.

The synthesis and reactivity of osmabenzyne complex 1266
Scheme 133) was reported [968]. Various nucleophilic reagents
dd to the carbene carbon. Reaction with water led to either
he hydroxycarbene complex 1267 or the ring-opened CO
omplex 1268, depending on the concentration of water in
he medium. Both products were proposed to arise through
he acyl complex, followed by either tautomerization or elec-

rocyclic ring opening. Reaction with basic methanol led to
he Fischer carbene complex (1269), while hydride addi-
ion led to the Cp complex 1271. The Cp complex was
roposed to arise from the carbene complex 1270, which

i
1
t
[

Scheme 13
3.

hen undergoes alkyl migration to eventually afford the Cp
omplex.

.3.2. Alkyne metathesis
Alkyne metathesis, which involves metal–carbyne complexes

s intermediates, has been covered comprehensively regardless
f whether the initiator is a carbyne complex. General equations
escribing the mechanism and precedented modes are presented
n Scheme 134.

Several examples of alkyne-cross metathesis were reported

n 2006. Heterogeneous alkyne metathesis catalysts (e.g.
276, Scheme 135) were produced through reaction of a
ris(amido)molybdenum carbyne complex 1275 with silica
969] or polyhedral oligomeric silsesquioxane [970]. A simple

4.
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ystem for alkyne cross metathesis was developed employ-
ng molybdenum hexacarbonyl and 4-chlorophenol as catalyst
971]. DFT calculations of the hypothetical carbyne complex
ntermediate (1277) were also reported. Alkyne cross metathesis
sing terminal alkynes was reported using a (t-BuO)3W C-t-Bu
1278)/quinuclidine system [972]. Macrocycle-bridged peptides
e.g. 1280) were prepared through either ring-closing alkyne
etathesis or though RCM [973].
A computational study of alkyne metathesis was reported

974]. In this manuscript the focus is the auxiliary lig-
nds of the metal–carbyne complex catalysts (e.g. 1281–1283,
cheme 136). Alkoxides are better ligands for the alkyne
etathesis reaction since they have less �-donation ability and

hey result in stronger alkyne complexes. Tungsten complexes
re generally better than molybdenum however use of electron-
ithdrawing alkoxide ligands increases the binding ability for

he molybdenum complexes. Halide complexes lead to metalla-
yclobutadienes that are too stable and thus do not turn over.
.3.3. Other processes involving metal–carbyne complexes
The reaction of t-BuC W(CH2t-Bu)3 with phenols was

eported [975]. The reaction with three or fewer equivalents

Scheme 136.

c
s
r
w
b

C
s
s
i

5.

f phenol leads to the analogs where the neopentyl lig-
nds are replaced by aryloxide ligands (e.g. tungsten carbyne
omplex t-BuC W(OAr)3 using three equivalents of phenol).
he aryloxycarbene complex t-BuC(H) W(OAr)4 (Ar = 2,5-
imethylphenyl) was obtained when four equivalents of phenol
as employed. The reaction of Ph3GeC W(O-t-Bu)3 with three
oles of t-BuCH2Li or TMSCH2Li resulted in the analogous

ris(alkyl)tungsten carbene complexes [e.g. Ph3GeC W(CH2t-
u)3] [976].

Synthesis and spectral properties were reported for
ungsten–carbyne complexes conjugated to metal–isocyanide
omplexes (e.g. 1287, Scheme 137) [977]. The synthetic route
epicted in Scheme 137 transforms the iodophenylcarbyne
omplex 1285 into the formamide–carbyne complex 1286.
ehydration of the formamide followed by complexation of the

socyanide group leads to the bimetallic carbyne complex 1287.
ormation of alkynylcarbyne complexes linked to additional
etals (Ru, Co, Au) (e.g. 1289) was also reported [978].
Electrochemical dimerization of cationic tungsten carbyne

omplexes (e.g. 1290, Scheme 138) was reported [979]. It was
uggested that the dimerization process upon electrochemical
eduction is through the bipy ligands based on DFT calculations,
hich suggest that the negative charge is concentrated on the
ipy ligands.

The reaction of laser-ablated titanium atoms with CCl4 and

F4 was reported [980]. The reaction leads to triply-bonded

pecies XC TiX3 which were isolated in an argon matrix. The
tructure was assigned through IR spectroscopy and compar-
sons with DFT-predicted spectra.
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[345] J. Streuff, M. Nieger, K. Muñiz, Chem. Eur. J. 12 (2006) 4362.
[346] E.G. Nolen, C.J. Fedorka, B. Blicher, Synth. Commun. 36 (2006)

1707.
[347] X. Ding, X.H. Lv, B. Hui, Z. Chen, M. Xiao, B. Guo, W. Tang, Tetrahedron

Lett. 47 (2006) 2921.
[348] A. Stark, M. Ajam, M. Green, H.G. Raubenheimer, A. Ranwell, B. Obdr-

uschka, Adv. Synth. Catal. 348 (2006) 1934.
[349] G.X. Chang, T.L. Lowary, Tetrahedron Lett. 47 (2006) 4561.
[350] S. Zhong, M. Mondon, S. Pilard, C. Len, Tetrahedron Lett. 47 (2006)

6221.
[351] Y.C. Guo, G. Mele, F. Martina, E. Margapoti, G. Vasapollo, W.J. Xiao, J.

Organomet. Chem. 691 (2006) 5383.
[352] N. Vinaokurov, A. Michrowska, A. Szmigielska, Z. Drzazga, G. Wójciuk,
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45 (2006) 2923.
[414] G.C. Lloyd-Jones, P.D. Wall, J.L. Slaughter, A.J. Parker, D.P. Laffan,

Tetrahedron 62 (2006) 11402.
[415] R. Matovic, A. Ivkovic, M. Manojlovic, Z. Tokic-Vujosevic, R.N. Saicic,

J. Org. Chem. 71 (2006) 9411.
[416] S. Kothan, M.K. Dipak, Chem. Eur. J. 12 (2006) 4446.
[417] S. Fustero, S. Catalán, J. Piera, J.F. Sanz-Cerveza, B. Fernández, J.L.

Aceña, J. Org. Chem. 71 (2006) 4010.
[418] J.L. Ravelo, C.M. Rodrı́guez, V.S. Martı́n, J. Organomet. Chem. 691

(2006) 5326.
[419] D. Craig, G.D. Henry, Eur. J. Org. Chem. (2006) 3558.
[420] G. Mehta, S. Laksminath, Tetrahedron Lett. 47 (2006) 327.
[421] T.J. Greshock, R.L. Funk, Tetrahedron Lett. 47 (2006) 5437.
[422] L. Zhao, D.J. Burnell, Org. Lett. 8 (2006) 155.
[423] J. DiMartino, J.R. Green, Tetrahedron 62 (2006) 1402.
[424] S. Hok, N.E. Schore, J. Org. Chem. 71 (2006) 1736.

[425] M. Lejkowski, H.J. Gais, P. Bannerjee, C. Vermeeren, J. Am. Chem. Soc.

128 (2006) 15378.
[426] A. Michaut, J. Rodriguez, Angew. Chem. Int. Ed. 45 (2006) 5740.
[427] S.B. Chavan, M. Thakkar, G.F. Jogdand, U.R. Kalkote, J. Org. Chem. 71

(2006) 8986.
try Reviews 253 (2009) 86–179

[428] S. Schiltz, C. Ma, L. Ricard, J. Prunet, J. Organomet. Chem. 691 (2006)
5438.

[429] I. Larossa, M.I. Da Silva, P.M. Gómez, P. Hannen, E. Ko, S.R. Lenger,
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Fortanet, M. Carda, D. Cardona, F. Echeverri, Tetrahedron 62 (2006)
4086.
[508] D.P. Curran, G. Moura-Letts, M. Pohlman, Angew. Chem. Int. Ed. 45
(2006) 2423.

[509] J.S. Yadav, I. Prathop, B.P. Tadi, Tetrahedron Lett. 47 (2006) 3773.
[510] S. Padakanti, M. Pal, K. Mukkanti, J. Iqbal, Tetrahedron Lett. 47 (2006)

5969.
ry Reviews 253 (2009) 86–179 173

[511] B.J. Albert, A. Sivaramahrishnan, T. Naka, K. Koide, J. Am. Chem. Soc.
128 (2006) 2792.

[512] T. Zhang, Y. Li, W. Wang, X. She, X. Pan, J. Org. Chem. 71 (2006)
2918.

[513] K.B. Sawant, M.P. Jennings, J. Org. Chem. 71 (2006) 7911.
[514] P. Kumar, P. Gupta, S.V. Naidu, Chem. Eur. J. 12 (2006) 1397.
[515] D. Ma, B. Zou, G. Cai, X. Hu, J.O. Liu, Chem. Eur. J. 12 (2006) 7615.
[516] S. Reymond, J. Cossy, Eur. J. Org. Chem. (2006) 4800.
[517] Z.W. You, X. Zhang, F.L. Qing, Synthesis (2006) 2535.
[518] A.B. Garcia, T. Lessmann, J.D. Umarye, V. Mamane, S. Sommer, H.

Waldmann, Chem. Commun. (2006) 3868.
[519] A. Wojtkielewicz, J.W. Morzycki, Org. Lett. 8 (2006) 839.
[520] K.F.W. Hekking, M.A.H. Moelands, F.L. van Delft, F.P.J.T. Rutjes, J. Org.

Chem. 71 (2006) 6444.
[521] S. Hanessian, S. Marcotte, R. Machaalani, G. Huang, J. Pierron, O. Loise-

leur, Tetrahedron 62 (2006) 5201.
[522] M.D.P. Risseeuw, G.M. Grotenberg, M.D. Witte, A.W. Tuin, M.A.

Leeuwenburgh, G.A. van der Marel, H.S. Overkleeft, M. Overhand, Eur.
J. Org. Chem. (2006) 3877.

[523] A.L. Lee, S.J. Malcolmson, A. Puglisi, R.R. Schrock, A.H. Hoveyda, J.
Am. Chem. Soc. 128 (2006) 5153.

[524] S. Gowrisankar, K.Y. Lee, J.N. Kim, Tetrahedron 62 (2006) 4052.
[525] P. Leriche, P. Blanchard, P. Frére, E. Levillain, G. Mabon, J. Roncali,

Chem. Commun. (2006) 275.
[526] S.K. Ghosh, C. Ko, J. Liu, J. Wang, R.P. Hsung, Tetrahedron 62 (2006)

10485.
[527] L. Polito, M. Cravini, L. Poletti, L. Lay, Synth. Commun. 36 (2006) 2203.
[528] B. Schmidt, L. Staude, J. Organomet. Chem. 691 (2006) 5218.
[529] I. Kadota, H. Ueno, Y. Sato, Y. Yamomoto, Tetrahedron Lett. 47 (2006)

89.
[530] M. Inoue, K. Miyazaki, Y. Ishihara, A. Tatami, Y. Ohnuma, Y. Kawada,

K. Komano, S. Yamashita, N. Lee, M. Hirama, J. Am. Chem. Soc. 128
(2006) 9352.

[531] I. Kadota, H. Nishii, H. Ishioka, H. Takamura, Y. Yamomoto, J. Org.
Chem. 71 (2006) 4183.

[532] M.T. Crimmins, J.L. Zuccarello, P.A. Cleary, J.D. Parrish, Org. Lett. 8
(2006) 159.

[533] M.T. Crimmins, P.J. McDougall, J.M. Ellis, Org. Lett. 8 (2006) 4079.
[534] U. Majumdar, J.M. Cox, H.W.B. Johnson, J.D. Ranier, Chem. Eur. J. 12

(2006) 1736.
[535] H.W.B. Johnson, U. Majumdar, J.D. Ranier, Chem. Eur. J. 12 (2006)

1747.
[536] T. Oishi, M. Suzuki, K. Watanabe, M. Murata, Heterocycles 69 (2006)

91.
[537] S. Fustero, E. Esteban, J.F. Sanz-Cerveza, D. Jiménez, F. Mojarrad, Syn-
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[572] H. Helmboldt, D. Köhlar, M. Hiersmann, Org. Lett. 8 (2006) 1573.
[573] N.K. Garg, S. Hiebert, L.E. Overman, Angew. Chem. Int. Ed. 45 (2006)

2912.
[574] S. Hong, J. Yang, S.M. Weinreb, J. Org. Chem. 71 (2006) 2078.
[575] A.B. Smith III, E.F. Mesaros, E.A. Meyer, J. Am. Chem. Soc. 128 (2006)

5292.
[576] V.S. Baba, P. Das, K. Mukkanti, J. Iqbal, Tetrahedron Lett. 47 (2006)

6083.
[577] M.D. Alexander, S.D. Fontaine, J.J. LaClair, A.G. DiPasquale, A.L.

Rheingold, M.D. Burkhart, Chem. Commun (2006) 4602.
[578] S. Barluenga, P.Y. Dakas, Y. Ferandin, L. Meijer, N. Winssinger, Angew.

Chem. Int. Ed. 45 (2006) 3951.
[579] P. Va, W.R. Roush, J. Am. Chem. Soc. 128 (2006) 15960.
[580] Y. Du, Q. Chen, R.J. Linhardt, J. Org. Chem. 71 (2006) 8446.
[581] C. Jasper, A. Adibekian, T. Busch, M. Quitschalle, R. Wittenberg, A.

Kirschning, Chem. Eur. J. 12 (2006) 8719.
[582] Q. Chen, Y. Du, Tetrahedron Lett. 47 (2006) 8489.
[583] B.R. Hearn, D. Zhang, Y. Li, D.C. Myles, Org. Lett. 8 (2006) 3057.
[584] Y. Matsuya, T. Kawaguchi, K. Ishihara, K. Ahmed, Q.L. Zhao, T. Kondo,

H. Nemoto, Org. Lett. 8 (2006) 4609.
[585] E. Moulin, S. Barluenga, F. Totzke, N. Winssinger, Chem. Eur. J. 12

(2006) 8819.
[586] A. Fürstner, C. Nevado, M. Tremblay, C. Chenrier, F. Teplý, C. Aı̈ssa, M.
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4977.

[888] T.M. Weathers Jr., M.P. Doyle, M.D. Carducci, Adv. Synth. Catal. 348
(2006) 449.

[889] T. Uchida, T. Katsuki, Synthesis (2006) 1715.
[890] M.D. Sanderson, J.W. Kamplain, C.W. Bielawski, J. Am. Chem. Soc. 128

(2006) 16514.
[891] S.A. Llewellyn, M.L.H. Green, A.R. Cowley, Dalton Trans. (2006) 1776.
[892] Y.K. Sau, H.K. Lee, I.D. Williams, W.H. Leung, Chem. Eur. J. 12 (2006)

9323.
[893] D.B. Grotjahn, X. Zheng, A.L. Cooksy, J. Am. Chem. Soc. 128 (2006)

2798.
[894] M. Konkol, D. Steinborn, J. Organomet. Chem. 691 (2006) 2839.
[895] H. Kim, C. Lee, J. Am. Chem. Soc. 128 (2006) 6336.
[896] J.M. Joo, Y. Yuan, C. Lee, J. Am. Chem. Soc. 128 (2006) 14818.
[897] Y. Chen, C. Lee, J. Am. Chem. Soc. 128 (2006) 15598.
[898] Y. Fukumoto, F. Kinoshi, T. Kaeahara, N. Chatani, Org. Lett. 8 (2006)

4641.
[899] P. Xue, H.S.Y. Sung, I.D. Williams, G. Jia, J. Organomet. Chem. 691

(2006) 1945.
[900] A.W. Waltman, T. Ritter, R.H. Grubbs, Organometallics 25 (2006) 4238.
[901] S.K. Schneider, G.R. Julius, H.G. Raubenheimer, G. Frenking, W.A.

Herrmann, Dalton Trans. (2006) 1226.
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[928] A.S.K. Hashmi, R. Salathé, W. Frey, Chem. Eur. J. 12 (2006) 6996.
[929] E. Soriano, J. Marco-Contelles, Organometallics 25 (2006) 4542.
[930] D. Hildebrant, G. Dyker, J. Org. Chem. 71 (2006) 6728.
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