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Abstract

This is a review of papers published in the year 2001 that focus on the synthesis, reactivity, or properties of compounds containing

a carbon-transition metal double or triple bond.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

This survey is intended to be a comprehensive
summary of articles that report on the synthesis,
reactivity, or properties of compounds featuring a
multiple bond between carbon and a transition metal.
Reactions that employ metal carbene complexes as
transient intermediates generated through well-estab-
lished routes are not covered, unless there is some effort
to characterize the carbene complex intermediate; sev-
eral reviews on this area appeared in 2001 [2-8].
Although a determined effort has been made to include
patents, in general only patents that are listed in or at
the end of the Organometallics section of Chemical
Abstracts (Section 29) are included; patents which
appeared in Chemical Abstracts in the year 2001 have
been included. In general, only patents that focus on the
carbene/carbyne complex have been included. Only
compounds that feature a multiple bond between one
carbon atom and one transition metal are discussed in
this survey, thus bridging carbene and carbyne com-

plexes are not covered unless there is a multiple bond to
at least one transition metal. The complexes of stable N-
heterocyclic carbenes with transition metals have not
been included; since the n-donation component of these
complexes is minimal, they contain no formal carbon—
metal multiple bond [9,10]. Several reviews in this area
appeared in 2001 [11-14]. This survey has been divided
into two sections, metal carbene (or alkylidene) com-
plexes and metal carbyne (or alkylidyne) complexes; the
carbene complex section represents the vast majority of
this article, and articles that report on both carbene and
carbyne complexes are most likely in the metal—carbyne
section. The metal carbene section has been organized
according to metal, starting from the left side of the
Periodic Table. The Ionic Model [15] has been employed
for the discussion of oxidation states and ligand electron
count throughout this survey. A special section focusing
on alkene metathesis has been included prior to the
discussion of carbene complexes of individual metals.
The metal carbyne section has been organized according
to reaction type. One publication addresses calculation

_Ar
Mes~ N N-Mes  Mes~N<N-Mes HsG CH3 N
(Cv)sP ci Ph cl el yis
Ru=" Ru=_ RU=_ ph” " \'OC(CH5)(CF3),
cr cr Ph c Ph OC(CH3)(CF3),
(CY)sP 1 (Cy)sP (Cy)sP Ar = 2,6-diisopropylphenyl
2 3 4

Fig. 1. Structures of alkene metathesis catalysts 1-4.
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of structures for a wide variety of carbene and carbyne
complexes for different metals, and does not fit in any
one section [16].

Abbreviations (see also the front of issue #1 of the
Journal of Organic Chemistry [17])

ROMP ring opening metathesis polymeriza-
tion

RCM ring closing metathesis

ADMET acyclic diene metathesis

Grubbs catalyst I Structure 1 (Fig. 1)
Grubbs catalyst  Structure 2 (Fig. 1)
I

Nolan catalyst  Structure 3 (Fig. 1)
Schrock catalyst Structure 4 (Fig. 1)

2. Metal—carbene or metal—alkylidene complexes
2.1. Review articles

Several reviews covering aspects of metal—carbene
complex chemistry appeared in 2001. Many reviews
focusing on some aspect of olefin metathesis were
published, including the following specific subjects: (1)
metathesis catalysts featuring a heterocyclic carbene
ligand [18]; (2) asymmetric alkene metathesis [19]; (3)
formation of chelating ligands through RCM [20]; (4)
ring closing metathesis [21]; (5) a general review of
metathesis [22]; (6) olefin metathesis catalysts [23]; and
(7) development of ruthenium carbene alkene metathesis
catalysts [24]. Although not focusing directly on metath-
esis, some review articles featured a heavy metathesis
component. Specific reviews in this category were
reported for the following subjects: (1) polymer sup-
ported catalysts in synthetic organic chemistry [25]; (2)
use of tartrates in the synthesis of natural products [26];
(3) use of combinatorial methods for catalyst discovery
and optimization [27]; (4) traceless linkers [28]; (5)
supported catalysts [29]; (6) synthesis of saturated
oxygen heterocycles [30]; (7) B-turn mimetic based
library syntheses [31]; (8) use of heterocyclic carbene
complexes in organic synthesis [32]; and (9) organome-
tallic catalysis in organic synthesis [33]. Reviews about
other aspects of carbene complex chemistry include the
following subjects: (1) metal vinylidene complexes and
complexes of higher cumulenes [34]; (2) titanium car-
bene complexes [35]; (3) carbene complexes containing
carbohydrate substituents [36]; (4) carbene complexes of
Group IV elements featuring pincer ligands [37]; (5)
carbene complexes prepared from lithiated heterocycles
[38]; (6) chelated oxazolidinone- and imidazolidinone-
containing Group VI carbene complexes [39]; (7) addi-
tion of carbon nucleophiles to Fischer carbene com-
plexes [40]; (8) cyclopropanation reactions of ruthenium

and molybdenum vinylidene complexes [41]; (9) lumi-
nescent platinum and rhenium carbene complexes [42];
(10) aminocarbene complexes derived from nucleophilic
addition to isocyanide ligands [43]; and (11) reaction of
d(0) alkylidene and amide complexes with silanes [44].
Although not focusing exclusively on carbene com-
plexes, other reviews devote a large portion to this
subject. Specific subjects covered include: (1) stoichio-
metric use of transition metals in organic synthesis [45];
(2) total synthesis of deoxy sugars, which frequently uses
metathesis and metal—vinylidene based approaches [46];
(3) synthesis of B-lactams [47]; (4) complexes containing
metal—carbon o-bonds to metals in the iron, cobalt, and
nickel groups [48]; (5) metal-carbon bond functional-
ities attached to an oxo surface modeled by calixarenes
[49]; and (6) the chemistry of hydrido-chlorobis(triiso-
propylphosphine)osmium(II) and related compounds
[50].

2.2. Alkene metathesis

Alkene metathesis was the most common reaction
process reported for metal—carbene complexes in 2001,
and this special section is devoted to papers that focus
on this process. Many examples of both polymerization
[mostly ring opening metathesis polymerization
(ROMP)] reactions and small-molecule syntheses ap-
peared. Only metathesis reactions initiated by a discrete
transition metal—carbene complex, or metathesis reac-
tions that discuss the carbene complex intermediates of
this reaction have been included here. Distinct modes of
alkene metathesis are depicted in Scheme 1.

2.2.1. General studies of alkene metathesis catalysts
Several mechanistic studies related to alkene metath-
esis appeared in 2001. A detailed mechanistic study was
undertaken in order to better understand the enhanced
level of activity of Grubbs catalyst II (2, Scheme 2)
relative to Grubbs catalyst I (1) [51]. The mechanistic
picture for one cycle of the metathesis reaction is
depicted in Scheme 2. Catalyst 1 actually undergoes
phosphine dissociation nearly twice as fast as catalyst 2.
The enhanced rate of metathesis for catalyst 2 was
attributed to the rate of reaction of intermediate 5 with
alkenes vs. reaction with phosphine to regenerate the
starting complex (i.e. the ko/k_; ratio). Several other
factors were observed to increase the rate of phosphine
dissociation but did not necessarily lead to better
metathesis catalysts: (1) replacement of PCy; by PPhjy
in catalyst 2, (2) replacement of chlorines by iodines,
and (3) presence of a large and electron-donating group
at the carbene carbon [52]. Preparation of a fluorinated
analog of Grubbs catalyst II (7) was reported [53].
Coupling of catalyst 2 with 1,1-difluorocthylene led to a
mixture of carbene complex 7 and 8. A mixture of the
two complexes was obtained at room temperature
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ROMP M=CH, ,}{ 3%
(Ring Opening Metathesis ———
Polymerization)
ADMET M=CH _
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Scheme 1.

however the reaction at 60 °C led to nearly exclusive
formation of the fluorinated complex. The fluorinated
complex was a poor ROMP catalyst, however its
activity could be enhanced by adding HCI.

A series of cationic ruthenium—carbene catalysts were
synthesized in situ and their activity in ROMP was
evaluated by electrospray ionization tandem mass
spectrometry [54]. Four structural features of the
catalyst [{R,P(CH,),PR,}XRu=CHR’]" were evalu-
ated: (1) the halogen ligand, (2) the diphosphine bite-
angle, (3) the steric bulk of the phosphine, and (4) the
carbene ligand. The most reactive complex in acyclic
olefin metathesis features chloride ligands and the
phosphine Cy,PCH,PCy,; variation of the carbene
moiety CHR’ had only a modest influence. The rate-
determining step in the gas phase was metallacyclobu-
tane formation. In ROMP reactions, intramolecular
carbene—alkene coupling in living polymeric species
had a profound influence on the overall rate. The

reactivity trends were determined in the gas phase
parallel solution-phase reactivity. The rate in solution
was affected by dimer/monomer preequilibrium; the
active catalyst is produced after facile dissociation of
the dimeric species.

Numerous attempts to develop new catalysts for
alkene metathesis were reported in 2001; some repre-
sentative examples are depicted in Fig. 2. Several
derivatives of the catalysts depicted in Fig. 2 were
synthesized and tested in their ability to undergo various
metathesis processes, including: (1) ruthenium com-
plexes that feature a chelating di(¢-butyl)phosphine
ligand, which require the addition of TMSOTf to
function as a ROMP catalyst [55]; (2) ruthenium
complexes featuring a chelating triarylphosphine ligand,
which are less active than Grubbs Catalyst 1 [56]; (3)
allenylidene—ruthenium complexes [57] and analogs
featuring a heterocyclic carbene ligand (e.g. 9) [58]; (4)
heteroatom-stabilized ruthenium carbene complexes

Z>R
Cli ke ot k2_> Cl- I'__
CI:RIU:CHPh <_k_’ o RuCHPh  —= o RusCHPh

Scheme 2.
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Fig. 2. Representative examples of new catalysts for alkene metathesis.

that feature a hydride ligand and related carbyne
complexes [59]; (5) ester-substituted ruthenium carbene
complexes (enoic carbene complexes) (e.g. 10), which are
excellent catalysts for cross-metathesis involving o,f-
unsaturated ester components [60]; (6) in situ generated
ruthenium vinylidene complexes that feature a hetero-
cyclic carbene ligand [61]; (7) recoverable and reusable
phosphine-free ruthenium catalysts (e.g. 11) [62,63]; (8)
a recoverable ruthenium phosphine catalyst [64]; (9)
ruthenium carbene complexes that feature a heterocyclic
carbene ligand connected to alkene, ester, or nitrile
functionality [65]; (10) an easily-prepared indenylidene
analog of Grubbs catalyst 1 (12) [66]; (11) carboxylate-
bridged dimeric analogs of Grubbs catalyst I (e.g. 13)
[67]; (12) a ruthenium—arene complex featuring a stable
carbene ligand [68]; (13) an in situ generated vanadium
carbene complex [69]; (14) an in situ generated tungsten
carbene complex [70]; (15) analogs of Grubbs catalyst |
featuring polymer-bound phosphine ligands [71]; (16)
monolithic-supported alkene metathesis catalysts [72];
(17) a polymer bound analog of Grubbs catalyst I [73];
and (18) ferrocenyl-substituted analogs of the Schrock
catalyst, which might function as redox-tunable metath-
esis catalysts [74]. Several patents were issued for the
synthesis and development of metal—carbene containing
olefin metathesis catalysts [75—79]. Several examples of
catalysts designed to effect asymmetric alkene metath-
esis were reported in 2001, including: (1) molybdenum
carbene complexes that feature a silicon-bridged chiral
biphenyl ligand (e.g. 14) [80]; (2) molybdenum carbene

complexes featuring chiral aryl-substituted binaphthol
ligands, which would react with ethylene to produce an
isolable metallacyclobutane [81]; (3) molybdenum car-
bene complexes that feature aryl-substituted binaphthol
ligands, which catalyze six-membered ring-forming
RORCM (see Scheme 1) with a high degree of enantios-
electivity [82]; (4) molybdenum carbene complexes
featuring binaphthol ligands where the unsubstituted
ring is hydrogenated; these complexes efficiently cata-
lyze enantioselective ring opening cross metathesis
(ROCM), enantioselective ring closing metathesis for
compounds that contain enantiotopic alkenes, and
enantioselective ring closing metathesis through kinetic
resolution [83]; and (5) a chiral analog of Grubbs
Catalyst II (e.g. 15), which is effective for enantioselec-
tive RCM reactions [84].

Other general studies of alkene metathesis where
carbene complexes were discussed include: (1) a survey
of metathesis reactions conducted in supercritical CO,
[85]; (2) a survey of metathesis reactions in ionic liquids
[86]; (3) evaluation of a series of ruthenium catalysts that
feature one N-heterocyclic carbene ligand; emphasis is
on structural variations within the N-heterocyclic car-
bene ligand [87]; (4) a method to remove ruthenium
containing byproducts from metathesis reactions using
triphenylphosphine or DMSO [88]; and (5) a kinetic
study of the ROMP of oxanorbornene derivatives
substituted with dendritic diester groups [89].

A theoretical paper concerning the tungsten mediated
alkene metathesis appeared in 2001 [90]. Formation of
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secondary and primary carbene complexes from tertiary
metal carbene complexes is a slow process with high
activation energy. The rate-determining step in the
metathesis sequence was dissociation of the alkene
from the metal carbene—alkene complex. Low E/Z
stereoselectivity was attributed to similar activation
and binding energies for the intermediate leading to
each alkene isomer, and the fact that cis—trans isomer-
ization occurs under the reaction conditions. A theore-
tical paper concerning metathesis using alumina-bound
molybdenum carbene complexes was also reported [91].

2.2.2. Polymerization reactions

Initiation of the ROMP (see Scheme 1) reaction using
carbene complexes remains a very active area of
investigation. The strained alkene norbornene, norbor-
nene derivatives, and copolymerization involving a
norbornene derivative and another alkene accounted
for a large fraction of all reports of the ROMP reaction
in 2001 (Fig. 3). Examples of ROMP using metal
carbene complexes include: (1) ROMP of norbornene
derivatives containing chelating pyridine ligands (e.g.
16) [92]; (2) ROMP of norbornene derivatives connected
to oligopeptides for the design of fibronectin cell
adhesion inhibitors [93]; (3) attachment of polynorbor-
nene “‘brushes” to electrode surfaces via ROMP of
electrode-bound norbornene derivatives [94]; (4) ROMP
of norbornene derivatives connected to the 1,4,7-triaza-
cyclonane ligand [95]; (5) formation of polymer-bound
allylboronates through ROMP of norbornene diol

2
}

MeO

20

derivatives in the presence of dicyclopentadiene (for
cross linking) followed by conversion of the diols to the
boronate ester [96]; (6) formation of a polymer bond
Mosher ester derivative through ROMP of an oxanor-
bornene derivative fused to an N-acyloxysuccinimide
ring (17) [97]; (7) preparation of a polymer bound
version of tosylmethyl isocyanide through ROMP of
sulfonylmethyl formamide-containing norbornene deri-
vatives, followed by dehydration [98]; (8) preparation of
polymer-bound a-bromoesters through ROMP of nor-
bornenes containing a-bromoester functionality [99]; (9)
ROMP of norbornene 18 for the purpose of immobiliz-
ing a bromo-alkene radical cyclization substrate [100];
(10) ROMP of norbornene-type B-amino acids [101];
(11) ROMP of norbornene in an emulsion using a water-
soluble analog of Grubbs catalyst I [102]; (12) ROMP of
phosphazene-containing norbornenes (e.g. 19) [103,104];
(13) ROMP of norbornenyl polyphosphazenes [105];
(14) ROMP of ionic cyclooctatetraene derivatives using
a tungsten carbene complex catalyst [106]; (15) ROMP
of norbornene derivatives connected to various com-
pounds with anticancer activity (e.g. 20) [107]; (16)
synthesis of photochromic polymers via ROMP of
norbornene derivatives connected to benzoquinones
[108]; (17) synthesis of ‘““polymacromonomers” by
ROMP of norbornene-containing ethers, followed by
treatment of the living polymers with norbornene-
containing esters or acid chlorides [109]; (18) frontal
ROMP of dicyclopentadiene [110]; (19) ROMP of
tricyclic derivatives of general structure 21 [111]; (20)

RO_ OR

s

R = CHchzoMe

Fig. 3. Representative substrates for the ROMP reaction.
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ROMP of deuterated norbornene derivatives and study
of the resulting polymers by neutron scattering techni-
ques [112]; (21) synthesis of end-functionalized poly-
norbornenes through ROMP of norbornene in the
presence of allyl acetate [113]; (22) increased initiation
efficiency in ROMP reactions through use of Grubbs
catalyst I in the presence of excess phosphine [114]; (23)
ROMP using chelating analogs of Grubbs catalyst I; the
catalyst appears to be more reactive than Grubbs
catalyst I but is more prone to decomposition [115];
(24) synthesis of C-linked polysaccharides through
ROMP of oxanorbornene diols followed by dihydrox-
ylation of the resulting ring opening metathesis polymer
[116]; (25) ROMP of nucleobase-containing norbornene
derivatives [117]; and (26) ROMP of norbornene
derivatives substituted with carbazole and other elec-
tron-rich moieties (e.g. 22) [118].

The use of carbene complexes for the synthesis of
poly(ferrocenium)-based silica supports was reported
(Scheme 3) [119]. In one phase of these studies, living
polymers (e.g. 24) were synthesized through the reaction
of the Schrock carbene complex (4) with various
ferrocene derivatives (e.g. 23). The resulting living
polymer was then treated with surface-bound norbor-

nene derivatives, followed by quench with ferrocenecar-
boxaldehyde to effect a ring-opening metathesis of the
surface-bound norbornenes and net attachment of the
alkyne polymeric unit of 24.

Several examples using carbene complexes to initiate
acyclic diene metathesis (ADMET) (see Scheme 1)
polymerization reactions were reported in 2001 (see
Fig. 4), including: (1) polymerization of end-of-chain
dienes (e.g. general structure 25) in the presence of
monosubstituted alkene-containing phthalimide deriva-
tives (e.g. 26) [120]; (2) synthesis of stacked phthalocya-
nine polymers through ADMET polymerization of
octaene derivatives of general structure 27 [121]; (3)
ADMET polymerization of end-of-chain dienes that are
substituted at sp’ carbons by polyether derivatives of a
hydroxymethyl group (e.g. 28) [122]; and (4) ADMET
polymerization of end-of-chain dienes substituted by
amino acids (e.g. 29) [123].

Other studies involving the use of carbene complexes
in polymer chemistry were also reported. Metathesis
reactions were employed to effect depolymerization of
styrene—butadiene and styrene—isoprene copolymers
[124]. Efforts to obtain spectral information on carbene

N\ _ Schrock N\ Ph
Fe - — - Fﬁze _ /
Catalyst (4 . B N
\é/ yst (4) i-Pr, N'M\O‘OR
OR
<z E}—i—Pr
23 24
(R =-C(CH3)(CF3),
Scheme 3.
/\/()N/\
25
(0]
/\/()N/\N
(0] o]
26 0
N
e J@Q |
1 N~M—N
08 05 \
28
MeOOCﬁ\\\\CH2CH(CH3)z o 0
(0] NH
M = Cuor Zn
00 2 | 27

Fig. 4. Representative substrates for the ADMET polymerization reaction.



10 J.W. Herndon | Coordination Chemistry Reviews 243 (2003) 3-81
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Scheme 4.

intermediates in the ROMP employing H,Os3(CO);»
failed [125].

2.2.3. Nonpolymer-forming ring opening metathesis
reactions

Several examples of ROCM (see Scheme 1) were
reported in 2001. Cometathesis of norbornenone ketal
30 (Scheme 4) and allyl acetate led to mixtures of ring-
opening cross metathesis products 31A and 32A and the
products 33A and 34A arising from metathesis dimer-
ization or cross metathesis of the products 31A and 32A
[126]. More dilute solutions led to an increase in the
proportion of the simple cometathesis products 31A and
32A. The evaluation of the ratios of 31-34 was
conducted after hydrogenation of the alkene substitu-
ents. Cometathesis of cyclobutene derivative 35 (Scheme

CH2=CH2

o)1

35

Grubbs Catalyst |

B -
38

i-Pr i-Pr

N
I

t-Bu

’
(@)

40

+ A pp

tlo X
0T P

5) with ethylene also led to the expected ring opening
product 36, accompanied by the double bond isomer-
ization product 37 [127]. Successful cometathesis of
oxabicyclo[3.2.1]octenone derivatives (e.g. 38) and var-
ious monosubstituted alkenes was reported [128]. A
related process was demonstrated for cometathesis of
six- and seven-membered alkenes with electron-deficient
alkenes using the phosphine-free catalyst ruthenium-—
carbene complex [129]. Asymmetric ROCM was demon-
strated for a variety of meso norbornene derivatives (e.g.
40) and styrene using an optically active molybdenum
carbene complex catalyst 41 [130].

Some examples of ring opening ring closing metath-
esis (RORCM) (see Scheme 1), were reported in 2001.
Treatment of acyclic amine derivatives (e.g. 43, Scheme
6) with Grubbs catalyst I led to RORCM products,

36 37

Ph

OTBS

— 42

Scheme 5.
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COOMe \/\/\CFCOOMe
N-so,Me

44

Grubbs Catalyst |
Scheme 6.
cyclic amino acids (e.g. 44) [131]. A double RORCM
Me,Si—SiMe; Ruthenium Carbene Complex Me,Si—SiMe, sequence was observed when cyclobutene derivative 45
u D %\ / was treated with Grubbs catalyst IT [132].
Me,Si—Si (Not a metathesis process) Me,Si—SiMe, . The Futl}eniumfcarb.ene Complex. catalyzgd cis —trans
Mes 48 isomerization of tetrasilacyclooctadiene derivatives (e.g.
47 47, 48, Scheme 7) was found to occur by a reversible
Scheme 7. metal hydride addition process and not via an alkene

metathesis mechanism [133,134].
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\
oht
S NCqoH
55 0™o f\/ 10121
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Fig. 5. Representative examples of compounds prepared through cross metathesis and metathesis dimerization.
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Scheme 8.

2.2.4. Cross metathesis, metathesis-dimerization, and
metathesis cyclodimerization reactions

The cross metathesis reaction of various dissimilar
monosubstituted alkenes was investigated (Fig. 5) in-
cluding: (1) formation of o,B-unsaturated aldehydes (e.g.
49) and esters through cross metathesis of various
monosubstituted alkenes with acrolein or acrylate
derivatives [135—137]; (2) formation of «,B-unsaturated
amides through cross metathesis of monosubstituted
alkenes with N-methoxyacrylamide derivatives [138]; (3)
synthesis of fluorinated alkenes (e.g. 50) through cross
metathesis of simple fluorinated alkenes with various
monosubstituted alkenes [139]; (4) synthesis of C-allylic
glycosides through cross metathesis of a C-allyl glyco-
side with an allylic amine [140]; (5) synthesis of a-alkoxy
ester derivatives (e.g. 51) through cross metathesis of a-
allyloxy esters with monosubstituted alkenes [141]; (6)
synthesis of alkenylsiloxanes (e.g. 52) through cross
metathesis of vinyl siloxanes with monosubstituted
alkenes [142]; (7) synthesis of alkenyl sulfones through
cross metathesis of monosubstituted alkenes with phenyl
vinyl sulfone [143]; (8) synthesis of complex 2-allylated
phenol derivatives through cross metathesis of 2-allyl-
phenol derivatives with styrene derivatives [144]; (9)
synthesis of allylsilane derivatives (e.g. 53) through cross
metathesis of homoallylic alcohols with allyltrimethylsi-
lane [145]; (10) synthesis of a phosphonate linked

0O

—_—mm

62

63:64 = 54:46 @ 1mM 62
63:64 = 0:100 @ 6mM 62

dinucleotide (e.g. 54) through cross metathesis of
nucleoside vinylphosphonate with a 5-vinylnucleoside
derivative [146]; (11) synthesis of alkenyl phosphonates
through cross metathesis of monosubstituted alkenes
with vinyl phosphonates [147]; (12) synthesis of o,f-
unsaturated nitriles through cross metathesis of mono-
substituted alkenes with acrylonitrile [148]; (13) pre-
paration of an intermediate for prosophylline total
synthesis through cross metathesis of a homoallylic
amine with undec-10-en-3-one [149]; (14) cross metath-
esis of polymer-bound allylic ethers or N-allyl amides
with various mono- and disubstituted alkenes [150]; (15)
synthesis of 5-(4-alkenylphenyl)-1,3,4-oxadiazole deri-
vatives (e.g. 55) through cross metathesis of 5-(4-
vinylphenyl)-1,3,4-oxadiazole with p-silylstyrene deriva-
tives [151]; (16) cross metathesis of vinylferrocenes with
various vinylarene derivatives [152]; (17) preparation of
an intermediate for roccallaric acid synthesis (56)
through cross metathesis of an allyl-lactone derivative
with 1-dodecene [153]; and (18) formation of carbon-
linked disaccharides [154]. Several examples of dimer-
ization via metathesis were reported in 2001, including:
(1) dimerization of vancomycin derivatives [155]; (2)
synthesis of dinucleotide analogs (e.g. 57) via dimeriza-
tion of 3-allylnucleoside derivatives [156]; and (3)
preferential formation of metathesis dimer 58 over an
RCM product [157].

O Q i
\)]\O Grubbs Catalyst I "/(\/\/Y WO =
fo) 0 + (0] 0
g

(0}
63 64
=\ /=
N( 2C)'O: fé :O'(CHZ)N
(0] O 65

Scheme 9.
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A tandem metathesis dimerization—RCM procedure
was employed as a key step in the total synthesis of
cylindrocyclophane derivatives (e.g. 60, Scheme 8) [158].
The reaction was completely selective with formation of
the head-to-tail isomer 60. The selectivity was attributed
to thermodynamic control; the head-to-head dimer 61 is
considerably less stable [159]. In an effort to synthesize
pyrenophorin derivatives (Scheme 9), the formation of
cyclic dimers (e.g. 63) and trimers (e.g. 64) from
treatment of acrylate ester—alkene derivatives of general
structure 62 with various ruthenium metathesis catalysts
was examined [160,161]. The product distribution was
very time and concentration dependent. A similar
process was observed for esters of general structure 65,
where mixtures of cyclic dimer and trimer were pro-
duced when n=4 or 5 [162]. An RCM product was
formed using longer chain analogs of 65.

¢
78 79

S P
Me™ /
O g

Fig. 6. Representative carbocycles produced through an RCM reaction (bond constructed through RCM indicated).

Cross metathesis of polymer-bond carbohydrates,
linked to the resin through an alkene linkage, and
ethylene was used as a method to free the carbohydrate
derivative from the resin [163,164]. This step was an
important component in an automated solid-phase
oligosaccharide synthesis.

2.2.5. Ring closing metathesis

The ring-closing metathesis reaction (RCM) (see
Scheme 1) has emerged as a very important method
for organic synthesis. Many examples forming diverse
ring sizes have been reported, including macrocycles and
medium-size rings, as well as the traditional five- and
six-membered ring-forming reactions.

The RCM reaction has been employed for the
synthesis of a variety of carbocyclic ring systems (Fig.
6, the indicated bond was formed via the RCM
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reaction). Examples include: (1) synthesis of six-mem-
bered rings fused to the bicyclo[2.2.2]octane ring system
[165]; (2) formation of ten-membered ring ketones [166];
(3) synthesis of five-membered rings spiro-fused to
furanose sugars (e.g. 66) [167]; (4) synthesis of five-
and six-membered rings fused to furanose sugars (e.g.
67) [168]; (5) synthesis of six- and seven-membered rings
trans fused to the cyclohexane ring system [169]; (6)
synthesis of cyclic enones (conjugated and unconju-
gated) spiro fused to five-membered rings [170]; (7)
synthesis of highly functionalized seven-membered rings
(e.g. 68)[171,172]; (8) RCM of linalool (formation of 69)
in the same reaction pot as a palladium-catalyzed
isomerization of crotyl acetate [173]; (9) synthesis of
five- to seven-membered rings fused to oxazolidinones
[174]; (10) formation of cycloheptyne—cobalt complexes
(e.g. 70) through RCM [175,176]; (11) tandem RCM and
dehydration for the synthesis of naphthalene derivatives
[177]; (12) synthesis of cyanocyclohexenecarboxylic
esters [178]; (13) use of RCM for the synthesis of cyclic
silyl enol ethers (e.g. 71) [179]; (14) preparation of highly
oxygenated six-membered rings [180—182]; (15) synth-
esis of seven-membered rings fused to tetrahydrofuran
rings [183]; (16) formation of highly oxygenated five-
membered rings for carbocyclic nucleoside synthesis
(e.g. 72) [184-186]; (17) preparation of the A ring of
previtamin D analogs [187]; (18) preparation of the trans
bicyclo[4.3.1]decane ring system (e.g. 73) present in
ingenol [188]; (19) preparation of a cyclohexenone ring
for fumagillol total synthesis [189]; (20) preparation of
cyclohexene derivatives (e.g. 74) for the synthesis of
opiate derivatives [190]; (21) synthesis of cyclohexene
rings for total synthesis of securinine [191]; (22) synth-
esis of functionalized cyclopentene derivatives [192,193];
(23) formation of cyclopentenes for the total synthesis of
zizaene [194]; (24) formation of highly oxygenated eight-
membered rings [195]; (25) synthesis of an eight-mem-
bered ring (75) for asteriscanolide total synthesis [196];
(26) formation of a five-membered ring for synthesis of
the carbocyclic analog of arabofuranose [197]; (27)
synthesis of spirocyclic five- and six-membered rings
for total synthesis of acorenone [198]; (28) synthesis of
five-membered rings spiro fused to lactones [199]; (29)
formation of cyclohexene in a failed attempt to prepare
cyclododecatetraene via alkene metathesis of 1,7-octa-
diene [200]; (30) formation of spiro-fused cyclohexa-
nones (e.g. 76) for the preparation of rigid homoserine
analogs [201]; (31) formation of oligopeptides featuring
carbocyclic amino acid residues [202]; (32) closure of one
of the outer five-membered rings in the synthesis of the
linear triquinane desoxyhypnophilin [203]; (33) forma-
tion of an eight-membered ring (77) for teubrevin H
total synthesis [204]; (34) synthesis of a cyclohexene-
fused proline analog (e.g. 78) [205]; (35) synthesis of six-
membered ring fused to the pyrrolidine ring system
[206]; (36) formation of a seven-membered ring of the

hydroazulene ring system (79) [207]; (37) formation of
six-membered rings fused to y-lactones (e.g. 80) [208];
and (38) synthesis of the cyclodecene ring of sarcodic-
tyin [209].

Numerous examples of the formation of nitrogen
heterocycles using the RCM reaction (Fig. 7) were
reported in 2001, including: (1) formation of tetrahy-
dropyridine derivatives (e.g. 81) [210,211]; (2) formation
of nitrogen heterocycles that contain an ester and a
trifluoromethyl group alpha to the nitrogen [212]; (3)
synthesis of the piperidene ring of ergot alkaloids (82)
[213]; (4) synthesis of five-membered ring nitrogen
heterocycles fused to the azabicyclo[3.3.1]Jnonane ring
system (e.g. 83) [214]; (5) synthesis of nitrogen hetero-
cycles fused to the oxazolidinone ring system [215-218];
(6) synthesis of cyclic conjugated o,B-unsaturated o-
lactams and lactones [219]; (7) formation of the dihy-
droquinoline ring system (e.g. 84) [220,221]; (8) synthesis
of lactams [222-225]; (9) synthesis of N-protected
azepine derivatives (e.g. 85) [226,227]; (10) synthesis of
cyclic N-tosyl enamides (e.g. 86) [228]; (11) simultaneous
formation of nitrogen and oxygen heterocycles (e.g. 87)
from tetraene derivatives [229,230]; (12) synthesis of the
indolizidine ring system (e.g. 88) [231,232]; (13) synthesis
of rings containing two nitrogens fused to the pB-lactam
ring system [233]; (14) synthesis of five-membered ring
N-protected heterocycles [234]; (15) synthesis of cyclic
amino acids [235,236]; (16) formation of a pyrrolizidine
(89) for total synthesis of hyacinthacine A, via RCM of
a protonated amine [237]; (17) synthesis of a bicyclic
lactam for total synthesis of coniceine [238]; (18)
synthesis of [5.3.0]-bicyclic lactams [239]; (19) synthesis
of cyclic sulfonamides [240,241]; (20) synthesis of
protected cyclic amine 90 for total synthesis of anata-
bine [242]; (21) synthesis of bicyclic lactams [243]; (22)
synthesis of an eight-membered ring protected amine
(91) for mitosane total synthesis [244]; and (23) synthesis
of ten-membered ring cyclic amides (e.g. 92) [245].

Many examples of oxygen heterocycle synthesis using
the RCM reaction were reported in 2001 (Fig. 8),
including: (1) formation of o,B-unsaturated six-mem-
bered ring lactones (e.g. 93) [246—250]; (2) formation of
ribose derivatives annulated through the 2- and 5-
carbons (e.g. 94) [251]; (3) formation of eight-membered
ring cyclic ethers [252]; (4) formation of nine-membered
ring cyclic ether 95 for total synthesis of isolaurallene
[253]; (5) formation of six- to nine-membered ring
systems (e.g. 96, 97) of ciguatoxin/brevetoxin and
related compounds [254—260]; (6) synthesis of sele-
nium-containing lactones [261]; (7) E-selective 10-mem-
bered ring lactone synthesis [262]; (8) synthesis of
oxygen heterocycles spiro fused to highly oxygenated
cyclohexane derivatives (e.g. 98) [263]; (9) synthesis of
oxygen heterocycles in the presence of arene tricarbo-
nylchromium functionality [264]; (10) synthesis of diox-
abicyclo[3.2.1]Joctane derivatives (e.g. 99) for synthesis
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Fig. 7. Representative N-heterocycles produced through an RCM reaction (bond constructed through RCM indicated).
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Fig. 8. Representative oxygen-heterocycles produced through an RCM reaction (bond constructed through RCM indicated).
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of nanulosic acid [265,266]; (11) selective formation of
oxygen heterocycles (e.g. 100) over carbocycles in the
RCM of a hexaene derivative [267]; (12) simultaneous
formation of one [268] or two dihydrofuran rings [269];
(13) formation of six-membered ring oxygen hetero-
cycles [270]; (14) formation of glycal derivatives (e.g.
101) [271]; (15) formation of a seven-membered ring
oxygen heterocycle fused to a highly oxygenated cyclo-
hexane derivative [272]; (16) formation of a six-mem-
bered ring oxygen heterocycle (e.g. 102) for synthesis of
laulimalide [273-277]; (17) formation of six-membered
ring oxygen heterocycle 103 for pseudomonic acid total
synthesis [278]; and (18) synthesis of nine-membered

Sy

M TBSO

Fe ) o N_<o

105

ring lactone 104 for total synthesis of halicholactone
[279].

Other heterocyclic compounds were also constructed
via the RCM reaction (Fig. 9). Examples include: (1)
formation of bridged ferrocene derivatives (e.g. 105)
through RCM of diallylferrocenes [280]; (2) formation
of cyclic phosphate esters (e.g. 106) [281]; (3) formation
of cyclic phosphonate esters [282,283]; (4) formation of
cyclic phosphonamides (e.g. 107) [284,285]; (5) forma-
tion of cyclic thiophosphonates [286]; (6) formation of
cyclic siloxanes (e.g. 108) [287-290]; (7) formation of
cyclic silanes from trienes in the presence of ethylene
(both RCM and cross metathesis with ethylene occur)

L’L“/_% 106 ©OTBS
0O OTPS vz
0-Si__ g Me
/ Si,
=" "Ph
otps P Ph Ph
109

BnO

OH

_g_

110 OMe 112
HQ Ph 4 l\/li i CHs
TBOPSO O (:C;)iii :IOMe
o c (NPh OHN o \;\ g : CH;
R 35 O, -Ph omom Me
113 0 414 115

Ar = o-nitrophenyl

Fig. 10. Representative macrocycles (ring size > 10) Prepared using the RCM reaction (bond constructed through RCM indicated).
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[291]; (8) formation of silacyclooctadienes (e.g. 109)
[292]; and (9) formation of tetrahydrooxazepines bound
to a polymer support [293].

Numerous examples of successful macrocyclic ring
closure using the RCM reaction were reported in 2001
(Fig. 10), including: (1) synthesis of cyclopentenones
bridged through the 3- and 5-positions (e.g. 110) for
roseophilin total synthesis [294]; (2) formation of
pyrroles bridged through the 2- and 4-positions for
roseophilin total synthesis [295]; (3) formation of
macrocyclic esters (e.g. 111) via RCM of a conjugated
diene and a vinyl epoxides for total synthesis of radicicol
and monocillin I [296]; (4) synthesis of macrocyclic
alkenes (e.g. 112) for total synthesis of muscone; this
paper also notes that ruthenium metathesis catalysts can
serve as hydrogenation catalysts [297]; (5) synthesis of
macrocyclic lactones (e.g. 113) for total synthesis of
salicylhalamide [298—302]; (6) closure of the macrocyclic
ring of epothilone [303]; (7) synthesis of macrocyclic
peptide derivatives (e.g. 114) [304—308]; (8) synthesis of
polymer-bound macrocyclic carbamate esters and com-
parison with analogous solution phase macrocyclization
reactions [309]; (9) synthesis of macrocyclic phthalate
diesters [310]; (10) synthesis of macrocyclic esters in the
presence of azide functionality [311]; (11) synthesis of
macrocycle-bridged taxol analogues [312]; (12) synthesis

|
TBSO._A Jb/\
~H oTs

118

OTBS ft‘e//

0]

U=

121

of 18-membered ring derivative 115 for total synthesis of
aspicilin [313]; (13) synthesis of macrocyclic ester 116 for
total synthesis of A26771B [314]; (14) synthesis of
catenane derivatives [315]; (15) synthesis of cored
dendrimers [316]; (16) synthesis of macrocycle-bridged
silsesquioxanes [317]; (17) synthesis of multicyclopro-
pane-fused macrocyclic arrays [318]; (18) synthesis of
various small, medium and large rings featuring a 1,2-
diol derivative in the newly-formed rings [319]; (19)
macrocyclic lactones bound to a solid support [320]; (20)
formation of macrocyclic sulfonamides [321]; and (21)
synthesis of the macrocyclic diamines (e.g. 117) for total
synthesis of the incorrect but proposed structure of
haliclorensin [322] and for the revised correct structure
[323].

2.2.6. Alkene metathesis involving alkyne components
Several examples of the synthesis of conjugated dienes
through the intramolecular and intermolecular metath-
esis of enynes (Scheme 10) were reported in 2001.
Examples of intermolecular enyne metathesis reactions
(Fig. 11) include: (1) cometathesis of 3-butyn-1-ol
tosylate and allylic ethers, resulting in synthesis of
diene-ethers (e.g. 118) [324] and (2) cometathesis of a
porphyrin-bound alkyne and a disaccharide-bound
alkene [325]. Examples of intramolecular enyne metath-
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Ac

120

o~ e
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Fig. 11. Representative conjugated dienes prepared using an enyne metathesis reaction (bonds constructed through RCM indicated).
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Ruthenium carbene complex
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esis include: (1) formation of silacycles (e.g. 119) using
silanes containing allyl and propargyl groups, and also
formation of silacycles using RCM of diallylsilanes
[326]; (2) formation of cyclic siloxanes using a similar
process [327]; (3) formation of dihydropyrroles (e.g. 120)
via enyne metathesis employing silyloxyalkynes [328];
(4) formation of carbocycles fused to the B-lactam ring
system (e.g. 121) [329]; (5) formation of carbocycles
fused to the piperidine ring system [330]; (6) synthesis of
various heterocycles fused to a benzene ring (e.g. 122)
[331]; (7) formation of various heterocyclic rings
through enyne metathesis followed in situ capture of
the resulting dienes by dienophiles [332]; (8) preparation
of benzoxepin derivatives through tandem enyne me-
tathesis-Diels—Alder reaction [333]; and (9) formation of
eight- and nine-membered ring heterocycles (e.g. 123)
using enyne metathesis [334]. Enyne metathesis using a
cyclic alkene component (e.g. 124, Scheme 11) afforded
isomerization product 125 using the z-butyldimethylsilyl
ether. The triisopropylsiloxy analog of 124 underwent
intermolecular enyne metathesis with ethylene to afford
triene 126 and did not undergo the intramolecular
metathesis [335].

Cometathesis of alkynes and 1,5-hexadiene was
reported (Scheme 12) [336]. The reaction leads to a
mixture of cyclohexadienes (e.g. 129) and acyclic trienes
(e.g. 130); the acyclic trienes were obtained as exclusively

o/\

the E isomer. Presumably enyne metathesis initially
produces a mixture of triene 130 and the analogous Z
isomer. The Z isomer then undergoes a RCM to afford
cyclohexadiene derivative 129.

Several examples of enyne metathesis employing more
than one alkene component were reported in 2001. A
tandem enyne metathesis—RCM reaction was observed
upon treatment of alkyne 131 (Scheme 13) with Grubbs
catalyst I [337]. A similar process was reported for
synthesis of cyclic siloxanes fused to cyclopentene rings
[338]. A related process was employed for the synthesis
of highly oxygenated compounds featuring the bicy-
clo[5.3.0]decane ring system (e.g. 134) [339]. A variety of
isomerizations of this type, in addition to several related
examples involving only alkene metathesis, were also
demonstrated [340]. A tandem enyne metathesis—cross
metathesis was observed upon treatment of a mixture of
enyne 135 (Scheme 14) and allylmalonate 136 with
Grubbs catalyst I [341].

Both of the regioisomeric metathesis products 139
(Scheme 15) and 140 were observed in the enyne
metathesis of compound 138 [342]. Compound 140
was proposed to arise through initial reaction of the
methylene—ruthenium complex intermediate with the
alkyne. The unsuccessful enyne metathesis of alkyne 141
resulted in the formation of the anomeric-exchange
product 142 and the vinylfuran derivatives 143 [343].

A~ COOEt Grubbs catalyst | o o
+ COOEt O0H
136 X COOEt
135 137

Scheme 14.
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Compound 142 was proposed to arise through hydro-
genolysis of the carbene complex—alkyne adduct 144,
while compounds 143 were suggested to arise by
elimination of an alcohol from the dihydrofuran ring
of hypothetical enyne metathesis product 145.

2.2.7. Non-metathesis reaction processes involving the
ruthenium metathesis catalysts

The stoichiometric coupling of ruthenium metathesis
catalysts with alkynes and alkenes was investigated
(Scheme 16). The reaction of Grubbs catalyst II with
alkynes leads to the formation of stable internally
coordinated vinylcarbene complexes (e.g. 146) with a

high degree of regioselectivity [344]. The stoichiometric
reaction of Grubbs catalyst I with vinylsilanes (e.g. 147)
led to allylsilane derivatives (e.g. 148) where there is a
net migration of silicon [345]. A mechanism involving
regioselective formation of a metallacyclobutene (e.g.
149), followed by B-silyl elimination to form a metalla-
cyclobutene (e.g. 150) and reductive elimination was
proposed.

Conversion of allylamines (e.g. 151, Scheme 17) to
enamines (e.g. 152) was accomplished using Grubbs
catalyst I [346]. Treatment of allylamines with Grubbs
catalyst I followed by enamine hydrolysis results in a net
deallylation. Treatment of allylic alcohol derivatives
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(e.g. 154) with Grubbs catalyst 1 led to either the
fragmentation product 155 or the isomerization product
156 [347]. The fragmentation product was major when a
stoichiometric amount of catalyst was employed. For-
mation of the isomerization product was a general
process when only catalytic amounts of Grubbs catalyst
I were employed.

Water-soluble analogs of the Grubbs catalyst (e.g.
157, Scheme 18) undergo hydrogen—deuterium ex-
change at the carbene carbon when dissolved in water
or methanol [348]. The mechanism for the exchange
process is depicted in Scheme 18. Exchange of a chloride
ligand for water, followed by loss of a proton to form
carbyne complex 160, followed by protonation of the
carbyne by a water molecule was proposed. Solvent and
dielectric effects were consistent with this mechanism.

A variety of ligand exchange reactions were reported
for ruthenium carbene metathesis catalysts (Scheme 19).
An unusual carbene transposition was observed during
attempted preparation of phenoxide analogs of Grubbs
catalyst I (e.g. 162) [349]. Rapid ligand exchange leading
to complex 162 was observed upon treatment of Grubbs
catalyst I with 2,6-dimethylphenoxide ion. A slower
process, conversion to carbene complex 163, was also
observed. A mechanism involving oxidative addition
into the benzylic C—H bond, followed by hydrogen
transfer to the benzylidene ligand, followed by a-hydride
elimination and reductive elimination of toluene was
proposed. Formation of dipyridine complex 164 from
Grubbs catalyst II and pyridine was reported [350]. A
variety of ligand exchange processes were reported for
complex 164. Photolysis reactions of Grubbs catalyst |

PhS SPh  Cp,Ti[P(OEt)3], TiCp,
—_—
R1 R2 Ry
171 172
K\k( 171 o
=
COOEt
174
173 OEt
Ph
Ph Me SP 171 Me;
2 .
_Si —_—
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)
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[
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180

Ph ~-. Ph
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were examined [351]. Upon ultraviolet irradiation, the
primary photo process observed was ejection of a
phosphine ligand. The photolysis reaction is initiated
by a Ligand Field triplet state.

The hydrogenation of Grubbs catalyst I was reported
[352]. Fluxional ruthenium dihydride/dihydrogen com-
plexes (165, 166, Scheme 20) were observed from the
reaction with hydrogen gas. Treatment of the equilibrat-
ing complexes with triethylamine led to ruthenium
complex 167, which functions as a highly active hydro-
genation catalyst. Reaction of any of the complexes
165-167 with 3-chloro-3-methyl-1-butyne (168) led to
the ruthenium-—alkenylcarbene complex 169.

2.3. Individual carbene or alkylidene complexes classified
according to metal

2.3.1. Group IV metal—carbene complexes

Both isolable titanium—carbene complexes and reac-
tions that involve titanium alkylidene complexes are
covered in this section. Routine uses of the Tebbe and
Petassis reagents for carbonyl olefination are not
covered in this article.

Several examples of the generation of titanium
alkylidene intermediates (172, Scheme 21) from dithioa-

cetals (170) and low-valent titanium (171) were reported
in 2001. Formation of a variety of cyclic enol ethers (e.g.
174) via a tandem carbene generation/carbonyl olefina-
tion process was observed upon treatment of ester—
dithioacetals (e.g. 173) with complex 171 [353]. Reaction
of dithioacetal 175 with titanium complex 171 led to
cyclic siloxane 178 [354]. In this reaction, the carbene
intermediate 176 undergoes a ring closing metathesis
reaction with the alkene functionality. The titanium
carbene complex intermediate was also successfully
generated from a 1,1-dichloro derivative (e.g. 179)
[355]. Treatment of dichloride 179 with titanium com-
plex 171 led to the cyclopropane derivative 181;
cyclopropanation by intermediate carbene complex 180
was the key step in this reaction.

A related tandem carbonyl olefination—ring closing
metathesis process was employed or the synthesis of
cyclic ethers present in brevitoxin/ciguatoxin. For ex-
ample, treatment of ester—alkene 182 (Scheme 22) with
various titanium—carbene complex precursors (e.g. 183)
led to cyclic ether derivative 184 [356,357].

The reaction of titanium alkyls with isocyanides was
studied (Scheme 23) [358]. Reaction of complex 185 with
2,6-dimethylphenylisocyanide led to the metallacyclo-
propane derivative 187. A likely mechanism is formation

,i‘\r
cpeoTi! NG CpsTi=e=CH, N
\— 186 c
_— * T
185 _ > _ Cp*,Ti
+ CH,=CH,
187
N-Ar
l XS QNC
Cy-N
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Cp*zTi
N-Cy
Cy-N
188
Scheme 23.
Me,Si—L—SiMe, 2 KCH,Ph Mezgi—@ﬁ}—sgwez
( Cl —_— , )
i-PryP——Hf—Pi-Pr, i-PryP——Hf—Pi-Pr,
c’ Ph—<}
Cl 4
189 190

Scheme 24.
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of a titanium vinylidene complex (186), followed by
complexation with the isocyanide and insertion. The
reaction with cyclohexyl isocyanide proceeded by a

different course and produced a product (188) where
none of the original alkyl groups are incorporated.

The hafnium—pincer carbene complex 190 (Scheme
24) was prepared from the hafnium trichloride deriva-
tive 189 and two equivalents of benzylpotassium [359].
A bis(pincer)carbene complex was also reported using a
similar method [360].

Titanium carbene intermediates (e.g. 193, Scheme 25)
were proposed in the formation of bimetallic complex
194 from coupling of tetrakis(trimethylsilylmethyl)tita-
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) butane + neopentane + ,,,-dimethylbutane
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(all C-12)

Scheme 28.
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nium (191) with carbazole (192) [361]. Reaction of
complex 194 with an isocyanide to form 196 was
proposed to occur from bridging carbyne complex 195.

Titanium carbenes (e.g. 204, Scheme 26) were sug-
gested as intermediates in the McMurry coupling
[362,363]. The reaction of hindered ketone 197 with
low valent titanium resulted in compounds 198-203.
The major product 199 was observed only if water was
added to the reaction mixture and it likely results from
protonation of di(z-butyl)carbene—titanium complex
204.

Hypothetical zirconium(IV)—carbene complexes (e.g.
206, Scheme 27), which cannot back bond, were studied
by density functional theory [364]. Formation of car-
bene complex 206 from fluoroethylene and Cp,ZrHCl is
endothermic (421.1 kcal mol ~ ') while formation from
the free carbene 205 is exothermic (—32.3 kcal mol ).
There is some evidence of interaction between the
chloride ligand and the carbene carbon in the energy-
minimized structure for 206.

(D) H—Nb(silox)s

2.3.2. Group V metal—carbene complexes

Several papers reported on the synthesis of Group V
metal carbene complexes through a-hydride elimination
from Group V metal-alkyl complexes. Reaction of
tantalum(V) complex 207 (Scheme 28) with excess
benzylmagnesium chloride led to the stable tantalum-—
carbene complex 208 [365]. Reaction with iodomethane
led to alkene complex 210 through addition of methyl
iodide at the carbene carbon followed by B-hydride
elimination and proton abstraction. The preparation
and reactions of silica-bound tantalum—carbene com-
plex (e.g. 211) with alkanes were examined [366,367].
Alkane metathesis, resulting in a variety of low mole-
cular weight alkenes, was observed upon exposure of
ethane to carbene complex 211. Two reaction pathways
were considered: (1) addition of the C—C bond of ethane
to the Ta—C double bond and (2) addition of the C-H
bond of ethane to the Ta—C double bond. The second
pathway was favored since there was more neopentane
than 2,2-dimethylbutane. This was also consistent with a

(silox)3Nb H (D) (silox)sNb_ H (D)
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Scheme 29.
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C-13 labeling experiment using ethane C-13;. In this
experiment, the neopentane produced was unlabeled,
while 2,2-dimethylbutane was mono-labeled. Niobium—
alkylidene complexes were generated in impure form
through the coupling of (ArO),NbCl; complexes with
2-3 equiv. of PhCH,MgBr or TMSCH,MgCl [368]. A
vanadium carbene complex intermediate was proposed
in the binding of a trineopentylvanadium complex [(z-
BuCH,);V=N-7-Bu] to dehydroxylated silica [369].

Reaction of alkyne—alkene diniobium complex 212
(Scheme 29) with hydrogen led to the alkyne—carbene
diniobium complex 214 [370]. A deuterium labeling
experiment revealed that one of the hydrogens from
Hj, is incorporated into the product. The hydrogenation
product 213 was suggested as an intermediate, which
affords the carbene complex through a-hydride elimina-
tion and extrusion of hydrogen. This transformation
was found to be general. Simpler niobium-—alkene
complexes (e.g. 215) also transformed to carbene com-
plexes upon treatment with hydrogen.

The reaction of tantalum(III) carbene complexes (e.g.
217, Scheme 30) with silane derivatives was studied
[371]. Replacement of carbene—hydrogens by silicons
was noted in reactions with dihydrosilanes. A mechan-
ism involving addition of the silicon hydride to the
tantalum carbon double bond followed by a-hydride
elimination and reductive elimination of hydrogen was
proposed. Deuterium labeling studies support the pro-
posed mechanistic pathway. Reaction of the bis(car-
bene) complex 220 with methyl(phenyl)dihydrosilane led
to the dimetallacycle 221. Hydroboration of tantalum
carbene complex 222 led to tantalum alkyls featuring a
bridging hydride ligand (e.g. 225) [372].

The thermal decomposition of tris(trimethylsilyl-
methyl)tantalum(V) complex 226 (Scheme 31) led to
tantalum—organolithium compound 227, which is for-
mally a tantalum carbene complex [373]. Tantalum
carbenoid complex 227 afforded carbonyl olefination
product 228 upon reaction with benzophenone and a
ketene complex upon treatment with carbon monoxide
[374].
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The insertion of ethylene into alkylniobium com-
plexes was studied by density functional theory [375].
Among the mechanisms considered was the a-hydride
elimination—reductive elimination to produce a
niobium—carbene complex, followed by [2+2]-cycload-
dition and ring opening through reductive elimination.

2.3.3. Group VI metal—carbene complexes (further
classified according to structure and reaction type)

2.3.3.1. Schrock-type carbene complexes (oxidation state

+3 or higher using the ionic model). A significant
portion of this subject material has already been
presented in the alkene metathesis section; the Schrock
catalyst belongs to this class.

S

S S

2 Cr(CO)g

[

244 S

to. / N/ N\ ot
S s

Cr(CO)s
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1. Cr(CO)g

_ =

2. Me;O" BF,
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E—— EtO.

Cr(CO)s

OMe Cr(CO)s
OMe

MeO—Cr(CO),

Several papers reported on the generation or inter-
mediacy of compounds in this class. Molybdenum
calixarene alkyne complexes (e.g. 229, Scheme 32)
were converted to the corresponding n’-alkenyl com-
plexes (e.g. 230) by treatment with lithium triethylbor-
ohydride [376]. The formation of bimetallic
molybdenum—vinylidene complexes (e.g. 232) was ob-
served upon protonation of the corresponding
molybdenum—alkyne complexes [377]. Treatment of
the vinylidene complexes with base resulted in regenera-
tion of the alkyne complex. Molybdenum—carbene-
imido complex 234 was proposed as intermediate in
the transformation of molybdenum-acyl complex 233
to the carbonyl complex 235 [378].

Several papers reported on theoretical investigations
of this category of carbene complex in 2001. The

I\ [ \_ okt

Cr(CO)s Cr(CO)s

246

OMe Cr(CO)s

OMe

249

Scheme 34.
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coupling of molybdenum(IV) carbene complex 236
(Scheme 33) with alkynes was studied by Density GN/C“CO)“ Grubbs catalyst | ON/ T
Functional Theory [379]. In the formation of the °N ‘@
metallacyclobutenes (237, 238) from reaction of complex ﬁ I —
236 with acetylene, the reaction employing the trifluor- 261 262
omethoxy ligand occurs with a lower activation energy Scheme 37.

(2.3 kcal mol ~ ') than the analogous complex featuring a
methoxy group (10.3 kcal mol~'). When terminal
alkynes are employed, formation of regioisomer 237 is
the lower energy pathway, however the energy difference
between the two isomers is reduced when the reaction is
conducted in the solution phase. The conversion of
phosphorous ylide complex 239 to phosphine complex
242 was studied by density functional theory [380]. The
first step in this transformation is dissociation of the
phosphine to the carbene complex 240, which is
endothermic by 17 kJ mol~'. A density functional
theory study of tungsten carbene complexes that feature
a carbanion at the carbene carbon (e.g. 243) was
conducted [381]. The complex to a phosphorus cation
features a long carbon—phosphorus bond and a short
carbon—tungsten bond. The complex appears to have
substantial carbyne character.

2.3.3.2. Publications focusing on synthesis or formation
of Fischer carbene complexes of Group VI metals. The
most common procedure used for the synthesis of
Group VI metal—carbene complexes (e.g. 246, Scheme
34) is the Fischer synthesis, which is illustrated by the
example in Scheme 34. In this case coupling of a
dicarbanion (244) with a Group VI metal carbonyl
derivative, followed by alkylation of the resulting
acylate (245) leads to the dicarbene complex [382,383].

Various podocarpane-substituted alkoxycarbene com-
plexes (e.g. 248) were prepared, and subsequently
converted to the aminocarbene complexes (e.g. 250)
through aminolysis [384].

Other synthetic routes to Group VI metal—carbene
complexes were also reported in 2001. The direct
formation of furanosylidene complex 255 (Scheme 35)
from the carbohydrate 251 and the tungsten complex
252 was reported [385]. The carbene complex is gener-
ated in quantitative yield and does not require the
addition of Lewis acids. Key steps in the proposed
mechanism are formation of the hydrido acyl complex
253 from the aldehydic form of 251 and subsequent
conversion of 253 to hydroxycarbene complex 254,
which cyclizes to the observed product 255. The reaction
was unique to ribose derivatives and this was attributed
to a high concentration of the aldehydic form relative to
pyranose sugars and the presence of the hydroxy group
at the 2-position (the corresponding deoxyribose deri-
vative failed to produce a carbene complex). Cy-
clopropenylidene—chromium complex 257 (Scheme 36)
was produced from ynamine 256 [386]. Subsequent
reaction with dialkylamines led to diaminocycloprope-
nylidene complexes (e.g. 258). Cyclic molybdenum-—
carbene complexes (e.g. 260) were prepared through

_ 1. n-BuLi Cr(CO)s Me,NH Cr(CO)s
=NMe, Mo

256 2. Cr(CO)s Me,N OEt Me,N NMe,

3. Et;0BF, 257 258
Cp.
OC/M‘?/\/\Br NaCN Cpi\/lot{j
—_— —
oc{ PPhs Nc
OC PPh,
259 260

Scheme 36.
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reaction of bromopropyl-molybdenum complex 259
with potassium cyanide or lithium iodide, presumably
via formation of the anionic acyl complex followed by
intramolecular O-alkylation [387]. A variety of hydra-
zinocarbene complexes (e.g. 262, Scheme 37) were
prepared through metathesis reactions of hydrazinocar-
bene complexes containing alkenyl substituents (e.g.
261) [388].

2.3.3.3. Reaction of Group VI metal—carbene complexes
with alkenes and dienes. This section focuses on reactions
of Group VI metal—carbene complexes involving cou-
pling with alkenes at the carbene—carbon. Other exam-
ples of the coupling of carbene complexes with alkenes
where the reactive site is elsewhere can be found ahead
under the heading: cycloaddition reactions occurring at
the C-C =n-bond of o,B-unsaturated metal—carbene

PN
Gr(CO)s Z “n-Bu n-Bu A OCH,CH,CI
Ph X" “OCH,CH,CI A‘_
270 271 _\ph
Scheme 39.
S)
W(CO)s A
Ph——H \ .
N® ) 5
“ 273 Ot Ph)]\
§
274
272

\ THF /A

complexes (Section 2.3.3.7). Cyclopropanation is a
common reaction pathway for the coupling of Fischer
carbene complexes with polarized alkenes.

Cyclopropanation reactions of alkenyloximes (e.g.
264, Scheme 38) by Fischer carbene chromium com-
plexes were reported [389]. The reaction led to the
indicated stereoisomer with a high degree of selectivity.
The reaction using chiral oxime derivatives led to
analogous compounds with a high degree of relative
asymmetric induction. Room temperature photolysis-
induced cyclopropanation of acrylate esters by phenyl-
carbene complex 263 was reported [390]. This reaction
afforded mixtures of the cyclopropanes 266 and the ring
opened products 267. The reaction of electron-deficient
alkenes with aminocarbene complexes fused to the
podocarpane ring system (e.g. 268) was reported [391].
Coupling with o,B-unsaturated carbonyl derivatives or
acrylonitrile led to the y-keto carbonyl derivatives of
general structure 269, presumably through formation of
a cyclopropylamine followed by hydrolysis. Coupling
with phenyl vinyl sulfone or sulfoxide led to the allylic
amine derivatives (nitrogen analogs of 267).

Ph

.
276

Scheme 40.
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Successful cyclopropanation of unactivated alkenes
(e.g. 1-hexene) was achieved using o,B-unsaturated
chromium carbene complexes (e.g. 270, Scheme 39).
Chloroethylcarbene complex analogs (e.g. 270) were
noticeably more reactive and could successfull
cyclopropanate norbornene, styrene, and 1-hexene
[392].

Thermolysis of pyridinium ylides (e.g. 272, Scheme
40) in the presence of enamines (e.g. 273) led to
cyclopropanation products (e.g. 275) [393]. The reaction
proceeds through generation of the nonheteroatom-
stabilized carbene complexes (e.g. 274) followed by
subsequent cyclopropanation. Thermolysis in THF or
ether led to products resulting from net insertion of the
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carbene complex intermediates into the o C—H bond
(e.g. 276).

2.3.3.4. Reaction of Group VI metal—carbene complexes
with alkynes—>benzannulation. Many examples of ben-
zannulation using o,B-unsaturated chromium-—carbene
complexes (Scheme 41) and alkynes (commonly known
as the Dotz reaction) were reported in 2001. Formation
of benzo-fused carbohydrates (e.g. 278, Scheme 42) was
achieved through coupling o,B-unsaturated carbene
complex 277 with alkynes [394]. The arene complex
278 was formed with a high degree of stereoselectivity.
The use of chiral ancillaries in benzannulation reactions
involving alkynes and Fischer carbene complexes was
reported [395]. The best diastereoselectivities reported
involve the coupling of atropoisomeric indolocarbene
complexes (e.g. 279) with terminal alkynes. An atropo-
selective benzannulation reaction was observed in the
coupling of cyclohexenylcarbene complex 283 (obtained
by Diels—Alder reaction of alkynylcarbene complex 281
with 2,3-dimethyl-1,3-butadiene) with o-tolylacetylene
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derivatives (e.g. 284) [396]. A reagent for silylating or
triflating the phenol group was added to the reaction to
allow for isolation of the arene complex. Both of the
expected isomers 285 and 286 were observed. However,
either could be obtained as the major product depending
on the timing of the addition of the phenol protecting
group. The kinetic product 285 was obtained if the
reaction was conducted in the presence of the silylating
agent. The thermodynamic product 286 was obtained
when the silylating agent was added later, or if a less
bulky group like a triflate was attached to the phenol.
An atroposelective benzannulation was also observed in
a similar reaction used for the synthesis of colchicine
derivatives [397]. The coupling of arylcarbene—chro-
mium complexes with alkynylboranes (e.g. 287) was
reported [398]. Most alkynes afforded benzannulation
products, naphthylboranes (e.g. 288), with a high degree
of regioselectivity, however the z-butylacetylene deriva-
tive led to a cyclobutenone (e.g. 289). A successful Dotz
reaction was demonstrated for a selenium-containing
alkyne for synthesis of a naphthoquinone natural
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product [399]. The dry state adsorption technique
afforded superior yields of benzannulation product.
Coupling of an arylcarbene—chromium complex with
2-butyne-1,4-diol derivatives led to highly oxygenated
naphthalene derivatives [400].

2.3.3.5. Nonbenzannulation reactions of Group VI
metal—carbene complexes with alkynes. In addition to
benzannulation products, the coupling of alkynes with
ao,B-unsaturated carbene complexes often leads to other
coupling products, including furans, cyclobutenones,
ketenes, and cyclopentenones. Examples of these reac-
tion processes are depicted in Scheme 43. Coupling of
ferrocenylcarbene complex 290 with alkynes led to
predominantly cyclobutenones (e.g. 291) and furans
(e.g. 292) and not benzannulation products [401]. The
product distribution was highly dependent on the metal
and on the number of equivalents of alkyne employed.
The furan products were more prevalent when the
reaction was conducted at high concentration. Forma-
tion of ketene complexes (e.g. 294) was observed in the
coupling of phenylcarbene complex 263 with sterically
hindered silyl phenyl acetylenes (e.g. 293) [402]. Forma-

Pz o
Z M eO 100 C
Dloxane

Bu C

310 =-(CH,),CH=CH, 312

tion of the stable ketene—arene complex was initially
observed, and treatment of the complex with photolysis
or cerium (IV) followed by thermolysis of the resulting
free ketenes at 80 °C led to the benzannulation products
(e.g. 295). Cyclopentannulation reactions involving the
coupling of alkynes and aminocarbene complexes fused
to podocarpane rings (e.g. 296) were reported [403]. The
products from these couplings (e.g. 297) feature the
basic skeleton of the steroid ring system. Related
cyclopentannulation reactions involving complexes
where the alkyne is tethered to the carbene complex
through nitrogen were also reported [404].

The coupling of p-aminoalkenylcarbene—tungsten
complexes (e.g. 298, Scheme 44) with conjugated
acetylenes in the presence of various rhodium complexes
(e.g. 299) was examined [405]. The coupling proceeded
at 20 °C to provide the cyclopentadiene derivatives (e.g.
301). A mechanism involving initial carbene transfer
from tungsten to rhodium was proposed. Related
cyclopentannulation reactions were observed in the
coupling of B-amino-o,B-unsaturated chromium carbene
complexes (e.g. 302) with terminal alkynes [406]. This
coupling reaction can provide either the analogous five-
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membered ring derivative (e.g. 304) or a five-membered
ring product resulting from CO insertion (e.g. 303). The
distribution of 303 and 304 was very dependent upon
the substrate and the reaction conditions. The formation
of the simple cyclopentannulation product 304 was
maximized for analogs of 302 featuring small amino
groups and electron-donating B-alkyl groups, and also
maximized when the reaction was performed in the
presence of ligand additives and in highly coordinating
solvents.

Coupling of y,5-unsaturated carbene complexes (e.g.
306, Scheme 45) with o-alkynylbenzaldehyde derivatives
(e.g. 305) led to the formation of steroid derivatives (e.g.
309) in a single pot [407]. A mechanism involving
generation of an isobenzofuran (307), followed by
intramolecular Diels—Alder reaction and oxanorbor-
nene ring opening was proposed. The reaction pro-
ceeded with a very high degree of relative asymmetric
induction. Coupling of furan and thiophene analogs of
304 (e.g. 310) led to the o-quinoidal-like pyrone ring
systems 313 [408]. The products derived from 310
incorporate a molecule of CO relative to those derived
from 304. The differences for heteroaromatic carbox-
aldehyde substrates (e.g. 310) relative to arene analogs
(e.g. 304) were attributed to the enhanced ring strain in
the unobserved furan derivatives 315. The reaction

employing vy,d-unsaturated carbene complexes led to
the intramolecular Diels—Alder adducts 314.

Coupling of Fischer carbene complexes with 2-alky-
nylstyrene (e.g. 316, Scheme 46) or related 2-alkynylbi-
phenyl derivatives was reported [409]. In both cases, a
vinylketene intermediate (e.g. 318) was expected to
cyclize to provide enyne-derived benzannulation pro-
ducts (e.g. 321 or 322), however this was never more
than a minor reaction pathway. In all cases, reaction
with phenylcarbene complex 263 led to a D6tz benzan-
nulation product (e.g. 319). Reactions with methylcar-
bene complex 311 proceeded primarily through C-H
activation and resulted in cyclopentenone derivatives
(e.g. 320). The same cyclopentenone derivatives were
produced in higher yield using the cyclopropylcarbene
complex 317.

Treatment of alkyne—carbene complexes (e.g. 323,
Scheme 47) with dihydronicotine (324) led to the bicyclic
derivatives (e.g. 326) with a moderate degree of en-
antioselectivity [410]. This process incorporates three of
the carbon monoxide molecules originating from chro-
mium hexacarbonyl. A mechanism was proposed invol-
ving hydride addition, followed by CO insertion
(affording acylate 325), alkyne insertion, and a second
CO insertion, followed by intramolecular attack of the
ketone on the metal acyl.
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undergo a ring expansion reaction upon treatment with
chromium carbene complexes, however treatment with
molybdenum carbene complexes (e.g. 332) did result in
ring expansion products (e.g. 337). A mechanism invol-
ving pinacol-like ring expansion from vinylcarbene
complex intermediates (e.g. 328, 333) was proposed.

2.3.3.6. Photolysis reactions of Group VI metal—carbene
complexes and conversion of carbene complexes to
ketenes or ketimines. Several publications concerning
the formation of chromium ketene complexes (e.g. 341,
Scheme 49) through photolysis of Fischer carbene—
chromium complexes appeared in 2001 [412]. The
coupling of chromium carbene-derived ketenes and
imines generally affords B-lactam derivatives (e.g. 342).
The photolytic coupling of imines with carbene com-
plexes that feature the podocarpane ring system (e.g.
complex 248 in Scheme 34) was also reported [413].
Ferrocenyl-substituted  p-lactams were produced
through photolytic coupling of carbene complexes and
imines derived from ferrocenecarboxaldehyde [414].

The photolysis of various aminocarbene—chromium
complexes in a matrix at low temperature was reported
[415]. Complexes were divided into two classes of
general structures 343 (Scheme 50). A ketene intermedi-
ate was not observed for any of the photolyses; CO loss
was the only photo process observed. Class II complexes
were reactive to nitrogen, ethylene, or CO present in the
matrix, whereas Class I complexes did not couple with
these species. The reactivity differences were attributed
to blocking of a face by the more sterically bulky
intermediate in the tetracarbonyl complex 344.

Related ketimine complexes (e.g. 346, Scheme 51) can
be produced through treatment of Fischer carbene
complexes with isocyanides. Treatment of carbene
complex 345 with ¢-butyl isocyanide led to amino-
naphthalene derivative 347 [416]. This reaction proceeds
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via conversion to ketimine 346, which cyclizes to afford
the observed product. This reaction is a key step in the
synthesis of calphostin derivatives. Indolocarbene com-
plexes (e.g. 348) were prepared and either treated with
isocyanides or subjected to photolysis [417]. Upon
treatment with z-butyl isocyanide, ketimine generation
and cyclization occurred to afford arylamine derivative
349. The photochemically generated ketene complex
underwent a similar cyclization to afford the analogous
phenol derivative.

2.3.3.7. Reactions occurring at the conjugated C—C r-
bond of a,f-unsaturated Group VI metal—carbene com-
plexes. Numerous reaction processes were reported in
2001 where a carbene complex activates a m-bond for
nucleophilic addition or cycloaddition reactions (i.c. the
carbene complex is a surrogate for an ““activated ester”).

Various meta cyclophane derivatives (e.g. 352,
Scheme 52) were formed through the double Michael
addition of aromatic diamines (e.g. 351) to bis(carbene)
complexes (e.g. 350) [418]. Addition of amines to simpler
alkynyl aminocarbene complexes led to B-aminoalke-
nylcarbene complexes [419].

Highly diastereoselective 1,3-dipolar addition pro-
cesses were observed in the reaction of o,B-unsaturated
phenylmenthyloxycarbene complexes (e.g. 353, Scheme
53) with azomethine ylides (e.g. 354) [420]. The products
readily undergo loss of a CO ligand to form a chelate
complex with one of the sulfur atoms. This reaction was
used as a key step in the enantioselective synthesis of
rolipram.

In numerous cases, either nucleophilic addition or
cycloaddition to the triple bond of an enynylcarbene
complex or arylalkynylcarbene complex is followed by a
secondary cyclization process of the resulting o,f,y,0-
unsaturated carbene complex (often referred to as a 1-
metallahexatriene); examples are depicted in Scheme 54.

EtO.__Cr(CO)s
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NH MeO Z X OMe
351 2
X
N OEt
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450 Cr(CO)s
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Cyclopentannulation reactions were reported for the
coupling of enynylcarbene complexes (e.g. 356, Scheme
54) with allylamines [421]. In these cases, after cyclo-
pentannulation (forming 359), an amino-Claisen rear-
rangement occurred to give the C-allylated products
(e.g. 360). Reaction of enynylcarbene complexes with -
aminoenones also proceeded via Michael addition
followed by cyclization to the expected cyclopentadiene
derivatives [422]. Addition of carboxylate anions to
enynylcarbene complexes led to the expected cyclopen-
tadiene derivatives (e.g. 362), however these very rapidly
underwent a Diels—Alder reaction with the starting

carbene complex to afford compounds 364 after sec-
ondary cyclization [423]. A “‘trimeric” product 366
could also be isolated which likely occurs via cyclopro-
panation of 364 followed by ring opening and ethanol
elimination. Thermolysis of B-amino-a,B,y,0-unsatu-
rated carbene complexes (prepared by reaction of
enynylcarbene complexes with amines) also afforded
cyclopentannulation products, which underwent Diels—
Alder reactions when thermolysis was performed in the
presence of alkynes [424]. A similar process using
electron-deficient dienophiles was also reported [425],
however use of o,B-unsaturated carbene complexes in
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the final cycloaddition step led to [4+ 3] cycloaddition
products (e.g. 369). Tandem 1,3-dipolar addition of
nitrones (e.g. 371) to the triple bond of enynylcarbene
complexes followed by reaction with isonitriles led to the
formation of benzisoxazole derivatives (e.g. 373) [426].
The tandem process can also be performed as a one-pot
reaction. The reaction of alkynylcarbene—tungsten com-
plexes with various enamines (e.g. 374, Scheme 55) was
examined [427]. The initial coupling proceeded via dual
reaction pathways: (1) [2+2]-cycloaddition followed by
ring opening of the resulting cyclobutene to afford
dienylcarbene complexes (e.g. 377 and 378), or (2)
Michael addition followed by cyclization to afford a
cyclopentadiene derivative (e.g. 380). The reactions
using dienamines (e.g. 381) led to metallahexatrienes
(e.g. 382) through [2+2]-cycloaddition and ring open-
ing, which also transformed to the corresponding
cyclopentadienes (e.g. 383) [428]. Conversion of the
metallahexatriene to the cyclopentadiene could be
accelerated by transforming the tungsten—carbene com-
plex to a rhodium—carbene complex, which underwent a
more rapid cyclization reaction.

The synthesis of dihydropyridine derivatives (e.g. 389,
Scheme 56) through the coupling of alkynylcarbene
complexes (e.g. 384) with [-amino-a,p-unsaturated
imines (e.g. 385) was reported [429]. The proposed
mechanism for this transformation involves Michael
addition of the enamine and subsequent proton transfer,
followed by addition of the imine nitrogen to the
carbene carbon to afford heterocyclic intermediate
386. A 1,2-shift of the metal and nucleophilic addition
to the imine leads to bicyclic compound 387, which

undergoes ring opening to afford iminium salt 388.
Protonation of the carbon—metal bond then affords the
observed product.

The isomerization of B-amino alkoxycarbene com-
plexes (e.g. 390, Scheme 57) to B-alkoxy aminocarbene
complexes (e.g. 393) was reported [430]. This reaction
was unique to morpholino complexes. A mechanism
involving nucleophilic addition of the carbene oxygen,
resulting in intermediate 391, followed by conversion to
the vinylidene aminal 392, followed by nucleophilic
addition of nitrogen to the carbene carbon and ring
opening was proposed.

2.3.3.8. Physical organic chemistry of Group VI Fischer
carbene complexes. Kinetic and thermodynamic values
for the base-induced cyclization of thiocarbene com-
plexes of general structure 394 (Scheme 58) were
determined [431]. The favored mechanism is that
depicted in Scheme 58, involving reversible deprotona-
tion of the alcohol followed by cyclization. Electron-
withdrawing groups lead to an enhancement in the
portion of 395 at equilibrium, however the carbene
complex is the major species at equilibrium in all cases.
The observed electronic effect has been attributed to
destabilization of the carbene complex by electron
withdrawing X groups.

2.3.3.9. Synthesis and reactivity of Group VI metal—
vinylidene complexes, and reactions that involve
vinylidene—metal complexes as intermediates. The cycli-
zation of hydroxy acetylenes (e.g. 397, Scheme 59) by
tungsten pentacarbonyl sources led to glycal derivatives
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(e.g. 399) in high yield [432]. The key step in this
transformation is coupling of the terminal alkyne with
the coordinatively unsaturated tungsten source to pro-
vide tungsten—vinylidene intermediate 398. The com-
bined thermal/photochemical conditions led to the
products in considerably higher yield than room tem-
perature photolysis. A repetitive version of this reaction
was employed for the synthesis of the oligosaccharide
portion of digitalis [433].

The coupling of 2-ethynylphenylketone derivative 400
(Scheme 60) with ketene acetals in the presence of
(THF)W(CO)s was reported [434]. This usual coupling,

resulting in ketal 408, was proposed to proceed through
formation of a vinylidene (403) and rearrangement to
pyrylium cation derivative 405. The conversion of 400 to
405 is reminiscent of additions of nucleophiles to n*
alkyne complexes (e.g. 404). Cycloaddition of the ketene
acetal then affords the cyclic carbene complex inter-
mediate 407, which undergoes an intramolecular C—H
insertion to afford the product. The analogous reaction
employing 2-ethynylacetophenone (isopropyl group of
400 replaced by methyl) afforded only an alkyne
hydration product. Capture of similar vinylidene inter-
mediates through intramolecular reaction with a silyl
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enol ether was also reported [435]. Products derived
from vinylidene or n’-alkyne—tungsten complex inter-
mediates were also obtained in these reactions.

The intramolecular coupling of alkynyltungsten com-
plexes (e.g. 409, Scheme 61) with epoxides was reported
[436]. Reaction of tungsten complex 409 with boron
trifluoride etherate led to the lactone derivative 412.
Reaction of the alkynyltungsten species with the acti-
vated epoxide affords a vinylidene intermediate 410,
which then is attacked by the alkoxide to afford a cyclic
carbene complex 411. Oxidation then provides the
lactone derivative. Similar tungsten—vinylidene com-
plexes could also be generated from the coupling of
alkynyltungsten complexes with aldehydes in the pre-
sence of Lewis acids. Reaction of complex 413 with
acetylenic aldehydes led after oxidation to alkylidene-
furanones (e.g. 418) [437]. Formation of the vinylidene,
followed by intramolecular attack of an alkoxide on the

vinylidene, followed by loss of water affords the
alkenylcarbene complex 417. Treatment with water
and acetone leads to the corresponding lactone. A
mechanistically similar process was utilized in the
intramolecular coupling of alkynyltungsten complexes
with acyliminium salts [438].

Cyclobutenylidene complexes (e.g. 421, Scheme 62)
were produced in the coupling of chromium vinylidene
complex 419 (generated in situ from reaction of chro-
mium acylates with triflic anhydride) with ethoxypro-
pyne (420) [439]. The resultant B-alkoxycarbene
complexes react with secondary amines to afford the
corresponding B-aminocarbene complexes (e.g. 422).
Coupling of this complex with imines (e.g. 423) led to
vinylchromium ylide complex 424, which slowly cyclized
to the aminocarbene complex 425 [440]. More hindered
imines failed to undergo the transformation to the cyclic
aminocarbene complex.
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A series of bis(carbene) complexes of general structure
427 (Scheme 63) were prepared [441]. Reaction of
propargyl alcohol—carbene complex 428 with metal
pentacarbonyl sources in methanol led to the bis(car-
bene) complexes. Alternatively these carbene complexes
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could be prepared through reaction of carbene complex
stabilized anions with aldehyde derivative 429.

Other reaction processes were also reported for
Group VI metal-vinylidene complexes. The reaction
of tungsten vinylidene complex 430 (Scheme 64) with
amines was studied [442]. The reaction initially affords a
carbamoyl(alkenyl)tungsten complex 431 in equilibrium
with the staring complex. The aminocarbene complex
432 was obtained when longer reaction times were
employed. Photolysis of propyne in the presence of
tungsten hexacarbonyl led to a mixture of the n*-alkyne
complex, the vinylidene complex, and the bimetallic
complex (CH3),C=C[W(CO)s], [443]. Chromium-—
azaallenylidene complex 435 was prepared through the
coupling of chromium—cyanide complex 433 with cyclo-
propenyl cation 434 [444].

2.3.3.10. Reactions involving carbanions derived from
Group VI metal—carbene complexes. Several examples
of reactions that involve deprotonation of a Group VI
Fischer carbene complex at the a-position, followed by
reaction with an electrophile were reported in 2001.
Reaction of chiral carbene complex-derived carbanions
(e.g. 436, Scheme 65) with nitroalkenes led to Michael
addition products (e.g. 438) [445]. The addition pro-
ceeded with a moderate degree of diastercoselectivity,
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and was higher for nitrostyrene derivatives featuring an
electron-withdrawing group and for Z nitrostyrenes.
The alkylation reactions of hydrazinocarbene complexes
(e.g. 439 and 440) were explored [446]. Mild thermolysis
of carbene complex 439 led to the corresponding
chelated carbene complex 440. Both complexes were
readily protonated by n-butyllithium and subsequent
reactions with alkyl halides, epoxides, aldehydes and
enones (Michael addition) were reported for the carba-
nions. Derivatives of both complexes were air-oxidized
to afford the corresponding amides.

Ph PhsC* PFg
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CH3
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Carbene complex derived carbanions were utilized in
aldol-like processes. Carbene complex-linked carbohy-
drate derivatives (e.g. 445, Scheme 66) were prepared
through the coupling of carbanions derived from
carbohydrate-containing carbene complexes (e.g. 443)
with carbohydrate—aldehydes (e.g. 444) [447]. Related
couplings using pyran-containing aldehydes and simple
methylcarbene complexes led to aldol-like products (i.e.
o,B-unsaturated carbene complexes) [448].

The base-induced coupling of aldehydes with o,p-
unsaturated aminocarbene complexes (e.g. 446, Scheme
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67) was reported [449]. The reaction affords d-alkoxy-
o,B-unsaturated carbene complexes (e.g. 447) through
deprotonation at the y-position followed by coupling
with the aldehyde at the y-position. Attempted dehy-
dration using Burgess reagent (448) was also reported.
Coupling of &-hydroxycarbene complexes with the
reagent afforded the sulfonate ester (e.g. 449), which
underwent conversion to the o,B,y,0-unsaturated car-
bene complex (e.g. 450) upon treatment with sodium
hydroxide. An unusual cyclopropanation reaction was
observed upon thermolysis of the sulfonate ester.
Addition of the sulfonate nitrogen to the carbene carbon
followed by simultaneous 1,2-shift of chromium and

intramolecular displacement of the sulfonate ester led to
a mixture of the imine (e.g. 451) and the corresponding
hydrolysis product (e.g. 452).

2.3.3.11. Reactions involving the addition of nucleophiles
to the carbene carbon. The reaction of various primary
diamines of general structure 453 (Scheme 68) with
alkynylcarbene tungsten and chromium complexes was
reported [450]. At —78°C, mostly the 1,2-addition
products (e.g. 454 and 455) were observed, however
Michael addition products (e.g. 456 and 457) were
predominant when the reaction was conducted at
room temperature. The reaction with 1,2-diaminoben-
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zene led to a mixture of the di-Michael product (456)
and the monoaddition product 457. The reaction of
alkoxycarbene—tungsten complexes with various amino
acid derivatives was reported [451], which resulted in
aminocarbene complexes. Reaction of carbene com-
plexes with bovine serum albumin resulted predomi-
nantly in carbene complex derivatives of the lysine
residues.

A net [6+3]-cycloaddition process was observed in
the coupling of o,B-unsaturated chromium carbene
complexes (e.g. 459, Scheme 69) with fulvenes (e.g.
460) [452]. In this reaction, a mechanism involving
electrophilic attack by the carbene complex at the 2-
carbon of the fulvene, affording intermediate 461,
followed by simultaneous 1,3-shift of chromium and
nucleophilic attack at the exocyclic carbon of the
delocalized cation, followed by aromatization leads to
the cycloaddition product 463. Compound 463 was
obtained as a mixture of alkene regioisomers.

Cationic tungsten—carbene complexes 465 (Scheme
70) were generated by hydride abstraction from neutral
methyltungsten complex 464 [453]. Reaction with var-
ious nucleophiles (e.g. enolate 468) led to the neutral
alkyltungsten complex (e.g. 469). Reaction with cyclo-

hexene sulfide (466) led to the m>-thioformaldehyde
complex 467.

2.3.3.12. Other reactions of Group VI metal—carbene
complexes. The reaction of Fischer carbene—chromium
complexes with palladium (IT) acetate was investigated
(Scheme 71) [454]. Carbene dimerization (470 —472)
was the major reaction pathway for (alkoxy)arylcarbene
complexes; both inter- and intramolecular versions of
this reaction were demonstrated. Alkylcarbene com-
plexes (e.g. 473) were transformed to enol ethers (e.g.
474). (Amino)arylcarbene complexes coupled with elec-
tron-deficient alkenes to provide carbonyl anion addi-
tion products. In all of these processes, a mechanism
involving conversion of the chromium carbene complex
to a palladium—carbene complex (e.g. 471) was pro-
posed.

Reaction of tungsten complex 475 with tin(IV) halides
led to the heptacoordinate tungsten(Il) carbene com-
plexes (e.g. 476, Scheme 72) [455]. The analogous
pentacarbonyl derivative did not undergo this reaction.
The authors suggest that a high lying HOMO is required
for the halogen addition process. Reaction of related
tricarbonyl analog 477 with diphosphines led to the
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corresponding chelate diphosphine complexes (e.g. 478)
accompanied by a methyl halide [456].

The nonphotochemical reaction of imines with a,f-
unsaturated carbene complexes (e.g. 479, Scheme 73) in
the presence of stannous triflate led to dihydropyrrole
derivatives (e.g. 483) [457]. A mechanism involving [2+
2]-cycloaddition, followed by rearrangement of the o-
allyl complex (e.g. 481) to the m-allyl complex (e.g. 482),
followed by reductive elimination was proposed. The
reaction using the phenylmenthylcarbene complexes

Cr(CO)s Cr(CO)s
N’ Me N N’ Me
1
I\I/Ie I ¢ Me
Cr(CO)3
510 511

were reported [458]. The reaction of complex 484 with
chlorophosphane 485 led initially to  dia-
minophosphine—dicarbene derivative 486, which could
be isolated, accompanied by tungsten—azaphosphine
complex 487. Further treatment of 486 with triethyla-
mine led to azaphosphirene complex 487, phosphine
complex 488, and phosphimine carbene complex 489. A
phosphine-substituted analog of carbene complex 484
led only to analogs of complexes 487.

The reaction of Fischer carbene complexes with
phosphaalkenes (e.g. 491, Scheme 75) was reported
[459]. Coupling at —40 °C led to a mixture of phosphine
complexes (e.g. 494 and 495) and alkene 493. A
mechanism involving [2+2]-cycloaddition followed by

0 0
.M
@A'ﬂlme Yy v
Me ,K Me
Cr(CO);
512 513

Fig. 12. Examination of methyl group chemical shift differences aminocarbene complexes and the corresponding amines.
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retro-[2+2]-cycloaddition was proposed. Subsequent
reaction of the resulting phosphanediyl complex 492
with the starting carbene complex leads to the other
phosphaalkene complex 494. These reaction processes
were fairly general, however in one case a carbene
dimerization product was the major product.

The oxidation of various n’-alkenylmolybdenum
complexes (e.g. 496, Scheme 76) was examined [460].
Treatment with ferrocenium ion initially produced the
simple one-electron oxidation product 497, which then
loses a hydrogen atom to afford the alkyne complex 498.
Reaction with dimethylaniline radical cation (499) led to
stilbene complex 500, which affords alkyne complex 498
upon treatment with diphenylacetylene. The simple one-
electron oxidation product 497 was formed upon reac-
tion with tris(pentafluorophenyl)borane at low tempera-
ture. Treatment of molybdenum—acetylene complexes
that feature bridging phosphine ligands with ferroce-
nium cation led to the cationic n’-alkenyl complexes
[4061].

Tungsten—carbene complexes (e.g. 502, Scheme 77)
were implicated as intermediates in alkyl group ex-
change reactions of dineopentyltungsten complex 501
[462] and in various C—H activation reactions of
cyclohexane derivatives [463]. The reaction proceeds
through o-elimination and reductive elimination to
generate the carbene complex intermediate, followed
by C—H oxidative addition. The mechanism was sup-
ported through deuterium labeling studies and isolation
of carbene complex 506 when complex 501 is heated in
the presence of trimethylphosphine. Efforts to form a
stable carbene complex through deprotonation of the
molybdenum analog of dialkyl complex 501 were
unsuccessful [464].

The coupling of silylcarbene complexes (e.g. 507,
Scheme 78) with silicon hydrides was reported [465].
The reaction afforded disilylmethane derivatives (e.g.
509) in moderate to excellent yield, depending upon the
metal.

An NMR comparison of aryl aminocarbene—chro-
mium complexes (e.g. 510, Fig. 12), the analogous
complexes where the aromatic ring is complexed to
chromium (e.g. 511), and the analogous amides was
reported [466]. The difference in the chemical shift of the
methyl groups was largest (about 1 ppm) for the
uncomplexed carbene complex (510). The chemical shift
differences were much lower for the corresponding
amide (0.3 ppm) (512) and for the carbene complex

featuring a coordinated aromatic ring (about 0.05 ppm)
(511). The differences were attributed to a substantial
decrease in electron density upon complexation. The
same trend was observed for complexed and uncom-
plexed benzamide derivatives.

A polynuclear complex featuring a carbyne ligand
bridged through tungsten and ruthenium (515, Scheme
79) was reported [467]. The complex is formed through
thermolysis of the trinuclear complex 514 in the presence
of Ru3(CO);,; a small amount of a higher nuclearity
bridging carbyne complex was also reported. Treatment
of the cluster with hydrogen and thiophenol was
reported, however these reaction processes did not affect
the carbyne ligand.

Additional processes invoking Group VI metal—
carbene complexes were also reported. A thiocarbene—
chromium complex was produced in low yield through
the coupling of a dimeric chromium complex with a
disulfide [468]. An attempt to isolate a chromium
carbene complex through thermal decomposition of
Cp*Cr(CH,TMS), in the presence of various chelating
ligands failed [469].

2.3.4. Group VII metal—carbene complexes
Thermolysis of alkynylcarbene—rhenium complex 516
(Scheme 80) led to dimeric enediyne complex 518 [470].
A slower thermal process involving a 1,3-shift of the
carbene system was also observed, resulting in complex
517. The electronic effect of this process was assessed by
examining the equilibrium constant in a series of
complexes of general structure 523/524. Electron-with-
drawing X groups lead to an increase in the proportion
of 524 at equilibrium. A mechanism involving ring
slippage and no CO-dissociation was proposed based
on the powerful indenyl effect. Several resonance forms
(520-522) can be written for initial ring slippage
intermediate 519. Cp* analogs of complex 516 were
also investigated and found to undergo a similar
reversible rearrangement [471]. Prolonged thermolysis
led to the product from oxidative addition into one of
the methyl C—H bonds. Reaction of carbene complex
516 with phosphines led to cyclic phosphorus ylide
derivatives (e.g. 527, 528) [472]. Formation of these
complexes occurs through Michael addition of phos-
phorus. In the case of the methylphosphine, proton
transfer from intermediate 526A, followed by intramo-
lecular nucleophilic addition to rhenium-allene func-
tionality in complex 529 leads to the cyclic product 527.
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In the case of the vinylphosphine, nucleophilic addition
of the rhenium anion functionality to the vinylpho-
sphine of intermediate 526B, followed by reductive
elimination of rhenium, and intramolecular nucleophilic
addition to the allene—rhenium functionality of complex
531 leads to the cyclopropane derivative. Deuterium
labeling studies support this mechanism. Reaction of a
manganese analog with Co,(CO)g was also reported
[473]. A related study is featured in the carbyne complex
section (Scheme 136).

A variety of manganese— and tungsten—carbene
complexes that feature a-silyl a-diazoester groups (e.g.
534, 536, Scheme 81) were prepared [474]. The manga-
nese complexes were considerably more stable than the
tungsten complexes. Both O-silyl (534) and C-silyl (536)
manganese complex derivatives were prepared. Oxida-
tive dimerization of manganese carbene-derived carba-
nions 535 was reported [475]. A variety of reaction
processes were reported for the resulting dicarbene
complex 537. Double deprotonation followed by oxida-
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tion or alkylation led to dicarbene complexes 538 or 539,
respectively. Reaction with Lewis acids followed by
imines led to cyclic aminocarbene—manganese com-
plexes (c.g. 540, 541), presumably via the vinylidene

were reported in 2001. Protonation or methylation of
2-thiazolylmanganese complexes (e.g. 544, Scheme 8§3)

intermediate. Reaction with Lewis acids led to com- Ny Me or "!N H
. . . . N
pounds spéctroscoplcally consistent with carbyne com- (CONMn— I HOTf (CO)sMn=( ]/
plexes, which afforded complexes 540 or 541 upon s (or MeOTf) ® s
treatment with imines. 544 545
Ligand exchange studies for chiral manganese carbene
complexes (e.g. 542, Scheme 82) were reported [476]. ® BF,° ® BF,°
. . Cp, _| Cp, —l
The ligand exchange process was moderately diastereo- ; Se

selective for the formation of compound 543A, however
only one stereoisomer was observed with the isopropyl
analog 543B.

Several studies concerning the reversible protonation/
deprotonation of cyclic Group VII carbene complexes

R
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pKa =4.18 pKa=-0.03

Scheme 83.
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resulted in the synthesis of 2-thiazolyildene—manganese
complexes (e.g. 545) [477]. The acidity of several
546 and 547) was determined [478]. The pK, of
these complexes was determined in 1:1 acetonitrile:-
water.

Several examples of Group VII metal-cumulene
complexes were reported in 2001 (Scheme 84). Oxidation
of all carbon-bridged dirhenium complex 548 led to the
dicationic cumulenylidene-bridged dirhenium complex
549 [479]. Rhenium vinylidene complexes (e.g. 552, 553)
were generated from the reaction of rhenium triflate 550
with propargyl alcohol 551, which eventually loses water
to form alkenylvinylidene complex 553 [480]. The
alkoxycarbene complex (554) was obtained if the reac-
tion was performed in methanol, or if methanol was
added to vinylidene complex 553. An allenylidene
complex was obtained when phenyl propargyl alcohol
was employed.

Other examples of Group VII metal carbene com-
plexes were also reported. The formation of dirhenium-
bridged carbyne complex (557, Scheme 85) from buty-
necarboxylate anion (556) and dirhenium complex 555
was reported [481]. A rhenium carbene complex was

generated from low-temperature photolysis of methyl-
trioxorhenium [482].

2.3.5. Group VIII metal—carbene complexes

2.3.5.1. Cationic metal—carbene complexes that are not
cumulenes. A homochiral iron—carbene complex (561,
Scheme 86), generated in situ from a homochiral
siloxyiron complex 560, afforded chiral cyclopropane
562 with a high degree of diastereoselectivity [483].
The cis selectivity that is unique for styrene derivatives
was attributed to m-stacking interaction. A variety of
thiophenylalkyliron complexes of (e.g. 565, Scheme 86)
were prepared through the coupling of silyl enol ethers
with iron carbene complex 564 [484]. Treatment of the
thiophenylalkyliron complexes with a methylating agent
leads to in situ generation of a cationic carbene complex
(e.g. 566), which subsequently undergoes intramolecular
C-H insertion to afford bicyclic ketones (e.g. 567).
Synthesis of a variety of cationic cyclic carbene
complexes (e.g. 571) was reported using the reaction
of thiophenyl-iron complex 568 with methyl
triflate followed by reaction with an alkynol [485].
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Fig. 13. Representative examples of Group VIII-metal carbene complexes prepared through coupling with diazo compounds.

Manganese nitrosyl analogs of complex 571 were
also prepared using this reaction sequence. The
reaction of cationic bridging carbyne—diiron complexes

with a variety of sulfur nucleophiles led to the
corresponding neutral bridging thiocarbene complexes
[486].
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A variety of cationic o-substituted arylcarbene—iron
complexes (e.g. 572, Scheme 87) were prepared and their
photolysis reactions examined [487]. Photolysis led
either to a chelate complex (e.g. 572) or ligand substitu-
tion product (e.g. 573), depending upon the X-substi-
tuent and the solvent. Reaction of anisylcarbene
complexes (572, X =OMe) with alkoxides led to com-
plexes featuring dialkoxycarbene and aryl ligands (e.g.
574). Nucleophilic addition of alkoxide to the carbene
carbon followed by aryl migration was proposed to
account for formation of these products. A similar
reaction using complex 572 (X =Cl) led to the o-
(trialkoxymethylphenyl)iron complex 577, possibly via
benzyne complex intermediates (e.g. 575, 576).

Cationic ruthenium-—carbene complexes (e.g. 580,
Scheme 88) were prepared from the reaction of ruthe-
nium complex 578 with trimethylsilyldiazomethane
(579) [488]. Reaction with CO or isonitriles led to a
corresponding trimethylsilylalkyl complex (e.g. 581),
which was retransformed back into complex 580 upon
photolysis.

Reaction of cationic alkenyl azavinylidene osmium
complex 582 (Scheme 89) with CO led to the corre-

Ph_ Ph

sponding azametallacyclic carbene complex 583 [489].
Reaction with additional CO led to alkenyl complex
584. Deprotonation with methyllithium led to azame-
tallacycle 585.

A dicarbene—ruthenium complex (e.g. 588, Scheme
90) was generated from the coupling of ruthenium
complex 587 with diynes spaced by 2—4 carbons (e.g.
586) [490,491]. The unstable dicarbene complex trans-
formed to the m-allyl-carbene complex (e.g. 589), which
rearranged to the o,B,y,0-unsaturated carbene complex
590 at room temperature. A similar process was
observed in the coupling of Cp*(COD)RuCl with two
equivalents of an alkyne [492]. Reaction with phos-
phines or phosphites led also to the m-allyl carbene
complexes analogous to 589. A related process involving
ethynylferrocene was also reported [493].

Dicationic ruthenium carbene complexes were pro-
posed as intermediates in the ruthenium-catalyzed
dimerization of propargylic alcohols [494].

2.3.5.2. Neutral  nonheteroatom-substituted  metal—
carbene complexes that are not cumulenes. Numerous
additional examples of the synthesis and reactivity of
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this class of compounds have been presented in the
alkene metathesis section. The Grubbs and Nolan
catalysts fall into this classification.

Reaction of osmium—porphyrin carbene complex 592
(Scheme 91) with aryldiazomethanes (e.g. 593) led to a
bis(carbene) complex (e.g. 594) [495]. Carbene complex
592 also serves as a catalyst for the cyclopropanation of
alkenes by diazo compounds. The reaction of complex
592 with styrene in the presence of one mole of aryldiazo
compound led to a mixture of cyclopropanes (596 and
597) resulting from ethoxycarbonylcarbene and arylcar-
bene transfer.

Several other papers appearing in 2001 reported on
the preparation of Group VIII metal-carbene com-
plexes directly from diazo compounds (Fig. 13). All the
complexes in Fig. 13 were prepared as part of a study of
metal-catalyzed cyclopropanation reactions using diazo
compounds and alkenes. Examples include: (1) solution
characterization of a ruthenium carbene complex de-
rived from ethyl diazoacetate (598) [496]; (2) formation
of an iron—porphyrin carbene complex (599) from
mesityldiazomethane  [497]; (3) formation  of
ruthenium—porphyrin carbene complexes (e.g. 600)
[498]; and (4) analogous studies using osmium por-
phyrin bis(carbene) complexes (e.g. 601) [499].

OC—I\I/I—CI
H
624
No parentheses - M = Ru
Parentheses - M = Os
All values in kcal/mol
. .
OC—I\I/I—CI
H
627

Reaction of methylene—ruthenium complex 603
(Scheme 92) with benzocyclopropene (602) in the presence
of dimethyl acetylenedicarboxylate (605) led to dihy-
dronaphthalene derivative 606 [500]. A mechanism
involving formation of ruthenaacyclopentane derivative
604, followed by decomplexation to form o-xylylene,
followed by Diels—Alder reaction was proposed. For-
mation of a trace amount of styrene was attributed to
regioisomeric ruthenacyclopentane derivative 607. The
analogous reaction with the Tebbe reagent led to stable
titanacyclopentane derivative analogous to 607.

A variety of ruthenium-—carbene complexes were
formed from the reaction of ruthenium-carboxylate
complex 608 (Scheme 93) with various organic sub-
strates [501]. Reaction with 3,3-diphenylcyclopropene
(609) led to a mixture of vinylcarbene complex 611 and
enol ester complex 610; the enol ester complex was
transformed to the carbene complex upon photolysis or
thermolysis. The phenylcarbene complex 613 was pre-
pared from reaction of complex 608 with phenyldiazo-
methane (612). Enol ester complex 614 was prepared
from reaction of complex 608 with phenylacetylene; the
same compound was also prepared by reaction of the
vinylidene—chloride complex 615 with the silver carbox-
ylate.

I
oc-M-Cl

0C-M-Cl Vs
E=-26(+6.6 H
= +
* 625 (+66) AE = +36.9 (+29.4)
626
CH,
(/ Vs oc-M-cl
oc-M-Cl b
AE =-29.1 (-21.1) AE = +5.3 (-2.9)
629

628

Scheme 95.
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Formation of Group VIII metal—carbene complexes
through C—H oxidative addition processes was reported
in 2001. Enantiomeric ruthenium carbene complexes 618
and 619 (Scheme 94) were formed from complex 617
through intramolecular C—H oxidative addition fol-
lowed by a-hydride elimination and dehydrogenation
[502]. An osmium carbene complex (622) in resonance
with a B-osma-enone structure (623) was formed in the
unusual double C—H activation reaction of osmium-—
dihydride complex 621 with acetylcyclohexane (620)
[503].

Other experimental studies of carbene complexes in
this category include: (1) demonstration of various
ligand substitution processes for ruthenium(II)—carbene
complexes [504]; (2) formation of a cyclopropenylidene—
iron complex from an iron—zirconate and diphenylcy-
clopropenone [505]; (3) formation of a triruthenium
complex featuring a ruthenacyclopentadienyl ligand
from a ruthenium cluster complex and various alkynes
and diynes [506]; and (4) involvement of a bridging

photochemical H-D exchanges between silicon hydrides
and bridging dicarbene—diruthenium complexes [507].
A density functional theory study of the formation of
carbene complexes (e.g. 626, Scheme 95) or vinylidene
complexes (e.g. 629) from coupling of ruthenium and
osmium hydrides with ethylene or acetylene was re-
ported [508]. Conversion of the ethylene complex 624 to
the ethyl complex 625 was the most favorable pathway
regardless of the metal, however conversion to the
carbene complex 626 was less unfavorable if the metal
was osmium. A similar trend was observed for analo-
gous acetylene complex 627. Formation of vinyl com-
plex 628 was the more favored pathway for both metals.
Formation of vinylidene complex 629 was exothermic
for the osmium complex and endothermic for the
ruthenium complex. A theoretical study of the forma-
tion of a ruthenium carbene complex [CH;CH=
Ru(PH;3),Cl,] from coupling of a ruthenium dihydride
complex [RuH,Cl,(PH3),] with acetylene was conducted
[509]. Two energetically reasonable pathways were

carbyne—diruthenium complex intermediate in the identified for formation of the carbene complex. One
Ar Ar AT
Arli e e0
| N /l\N_ph — Fur—//TQl%—Ph —> Fur /l N-Ph —— Fur /|_ N—Ph
O Fe(CO) Fe(CO)s (COpFe=(  BF <CO>2Fe—<OEt
640 1 642 OUi 643
Et
: Et;0° W,
| N /|\N—Cy ArL', Fur—//T\\N—Cy = Fur—//T\\N—Cy or FU"_//T\N‘CY
- CO)sF
(o] Fe(CO)3 (CO)Fex oLi BFs (CO)ZFe7=O (CO); @e7=0
644 645 Ar 646 Ar 647 Ar
Ar = Ph, o-tol, m-tol Ar = p-MeOPh or
or p-tol p-CF3Ph

Scheme 97.
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pathway involves complexation, alkyne insertion to
form the m”vinyl complex, followed by reductive
elimination of H and —CH,R to form the carbene
complex. Another reasonable pathway involves reduc-
tive elimination of HCI, then alkyne insertion and
protonation of the resulting vinylruthenium species.

A theoretical study of iron carbene complexes of
general structure X,C=Fe(CO),4 (and species featuring
other two-electron donor ligands in addition to car-
benes) was reported [510]. The carbene complexes
studied include the vinylidene (=C=CH,), methylene
(=CH>) and difluoromethylene (=CF,) complexes. In all
cases the carbene ligand prefers the equatorial position.
Studies focus on the bond lengths, bond dissociation
energies, and donor—acceptor properties of the carbene
ligand.

2.3.5.3. Heteroatom-substituted — Group  VIII-metal
carbene complexes. Iron—aminocarbene complexes (i.e.
632, 634, 636, Scheme 96) were produced in the reaction
of tertiary amides with Collman’s reagent (631) in the
presence of trimethylsilyl chloride [511]. Formation of a

chelate is critical to the success of this reaction. Carbene
complex 634 was formed from amide 633 only in low
yield; thermolysis of 634 led to the dihydropiperidene
derivative 635. Coupling of simple iron—aminocarbene
complexes (e.g. 636) with o,-unsaturated esters led to y-
ketoesters (e.g. 639) [512]. A mechanism involving
formation of a metallacyclobutane (e.g. 637), followed
by B-hydride elimination and reductive elimination to
form an enamine (e.g. 638), followed by hydrolysis to
form ketone 639 was proposed.

Iron—carbene complexes (e.g. 643, Scheme 97) were
generated from the coupling of azadiene iron complex
640 with aryllithium reagents followed by alkylation
[513]. The proposed mechanism involves initial attack of
the aryllithium at the imine carbon followed by attack of
the nitrogen anion at a CO ligand, followed by alkyla-
tion at oxygen to form the carbene complex. Use of the
corresponding alkyimine 644 led to the 17¢ metal acyl
complexes 646. In two cases the iminium salt complexes
647 were obtained.

The coupling of vinyl epoxides (e.g. 648, Scheme 98)
with diiron nonacarbonyl followed by alkylation led to
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iron carbene mw-allyl chelates (e.g. 649) [514]. The
complexes reacted with nucleophiles at the m-allyl ligand
to afford the alkene carbene chelates (e.g. 651), which
eventually transform to the corresponding n*-diene iron
complexes (e.g. 652) at room temperature. Similar
transformations were demonstrated for dienyl epoxides
and for vinylaziridines. Cobalt carbene complexes were
prepared from vinyl epoxides and CpCo(CO), followed
by alkylation.

Other preparations of carbene complexes in this class
were also reported. Acyloxy aminocarbene—iron com-
plexes (e.g. 654, Scheme 99) were prepared from iron
complex 653 and dimethylamine followed by CO loss
[515]. Coupling of carbene complex 654 with phosphines
led to the n'-carbene complexes (e.g. 655). Bridging

alkoxycarbyne—diiron complexes were prepared via
alkylation of bridging carbonyl complexes [516].

2.3.5.4. Group VIII metal-vinylidene complexes. Many
examples of the formation of metal vinylidene com-
plexes (656, Scheme 100) via coupling of coordinatively
unsaturated Group VIII metal complexes with terminal
or silylated alkynes were reported in 2001. Representa-
tive examples are depicted in Fig. 14. Common reaction
pathways for these complexes include reaction with
alcohols to form Fischer carbene complexes (660,
NUC=0R), analogous reaction with amines to form
aminocarbene complexes (660, NUC=NR,), or water to
form metal acyls (658), and deprotonation at the [-
position to form alkynylmetal complexes (657). Other

1) ®
Ru(bipy)s (PFe), Y e PN
— 673 SN Sy |
=——COOH - = ) ) —_— OMe
672 MeOH (b|py)2Ru\/R (bipy) Ru—k
675

H
674A R = COOH

674BR=H

Scheme 102.
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common synthetic routes to metal vinylidenes included
addition of electrophiles to metal acetylide complexes
(e.g. the reverse of the reaction synthesizing 657), and
treatment of acylmetal complexes with dehydrating
agents (i.e. the reverse of the reaction synthesizing 658).

Specific reports which highlight the reaction pathways
in Scheme 100 are depicted in Fig. 14, and include: (1)
formation of cationic osmium-vinylidene complexes
(e.g. 661) through protonation of a neutral alknylos-
mium complexes [517], (2) formation and nonlinear
optical/electrochemical studies of cationic ruthenium
carbene complexes [518], (3) formation of dicationic
ruthenium—vinylidene complex 662 and subsequent
formation of aminocarbene complexes through addition
of aniline derivatives [519], (4) formation of ruthenium—
vinylidene complexes that feature indenyl and dppm

ligands (e.g. 663) and subsequent coupling of the acidic
methylene group of the dppm ligand with the vinylidene
ligand [520]; (5) formation and deprotonation of chelat-
ing phosphine—ether vinylidene complexes [521]; (6)
formation of vinylidene—ruthenium complexes from
ruthenium—Cp complexes and terminal alkynes, and
subsequent formation of aminocarbene complexes (the
same paper also reports formation of ruthenium carbene
complexes from diazo compounds) [522]; (7) formation
of optically active cationic ruthenium vinylidene com-
plexes (e.g. 664) from an optically active ruthenium
complex [523]; (8) formation of cationic ruthenium-—
vinylidene complexes from protonation of alkynylruthe-
nium complexes [524]; (9) formation of bimetallic
ruthenium—vinylidene complexes (e.g. 665) by protona-
tion or iodination of the corresponding alkynylruthe-
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nium complex [525]; (10) formation and electrochemical/
NLO studies of ruthenium vinylidene complexes that
contain chelating phosphine ligands [526]; (11) forma-
tion of dianionic ruthenium tetrapyrrole vinylidene
complexes (e.g. 666) and subsequent conversion to the
alkoxycarbene or acyl complexes; dimerization of these
complexes was effected by treatment of the vinylidene
complex with phenyl azide [527]; (12) formation of
fluoroarylvinylidene ruthenium complexes (e.g. 667) and
in situ deprotonation to form the alkynylruthenium
complexes [528]; (13) formation of bis(vinylidene) ruthe-
nium complexes (e.g. 668) and heterobimetallic analogs
from p-diethynylbenzene [529]; (14) formation and
deprotonation of ruthenium vinylidene complexes de-
rived from diethynylbiphenyl derivatives [530]; and (15)

<0 TG o
ﬁj Ph @
PhsP H PhsP
694 695

697
Fc N\

thP\/\ PPh, $2 PhoR|PPh,

CI—/RJ\%& _/> CI—/Ru\

PhoR._PPh, PhoR._PPh,
700

synthesis and electrochemistry of vinylidene complexes
conjugated to the barbituric acid ring system [531].

Numerous processes suggest Group VIII metal vinyl-
idene complexes as intermediates (Scheme 101), includ-
ing: (1) hydration of alkynylruthenium complexes [532];
(2) formation of cationic nitrile complexes (e.g. 671)
from cyclopropenylruthenium complex 669 and tri-
methylsilyl azide; intermediate vinylidene complex 670
can be isolated [533]; and (3) formation of cyclic enol
esters from ruthenium-catalyzed cyclization of alkyne—
carboxylic acids [534].

The synthesis of dicationic ruthenium carbene com-
plex 675 (Scheme 102) from ruthenium complex 673 and
propiolic acid (672) was reported [535]. The formation
of this complex was proposed to occur through forma-

. ®
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Fig. 15. Representative Group VIII metal cumulenylidene complexes reported in 2001.
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tion of vinylidene complex 674A, followed by decarbox-
ylation to form vinylidene complex 674B, followed by
net addition of methanol; the timing of carbene complex
formation and decarboxylation was not definitive.
Deprotonation using potassium hydroxide afforded a
cationic vinylruthenium complex.

Neutral vinylidene—ruthenium complexes featuring a
hydride ligand (e.g. 676, Scheme 103) were transformed
to cationic vinylruthenium complexes (e.g. 677) upon
treatment with potassium hexafluorophosphate in ace-
tonitrile [536]. Protonation of 677 afforded dicationic
ruthenium—carbene complex 678. Reaction of com-
plexes analogous to 676 that contain a chelating
phosphine led to analogous complexes [537].
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Scheme 108.
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Fluxional ruthenium vinylidene/alkyne complexes
(e.g. 680/681, Scheme 104) were obtained by treatment
of indenylruthenium halide complex (e.g. 679) with
silver hexafluorophosphate followed by a terminal
alkyne [538]. The proportion of m>-alkyne complex
was less for the more sterically bulky triisopropylpho-
sphine analogs of complexes 680/681. Deprotonation
afforded an alkynyl complex (e.g. 682), while reaction
with triphenylphosphine afforded a vinylphosphonium
salt complex (e.g. 683).

Coupling of osmium complex 684 (Scheme 105) with
propyne led to acetylide complex 685 and the
osmabenzene—sulfide complex 686 [539]. Protonation
of the alkynylosmium complex led to the m’-thioacyl
complex 687, by way of the vinylidene complex.

2.3.5.5. Group VIII metal complexes of higher cumu-
lenes. Metal-higher cumulene complexes (689, 693,
Scheme 106) are produced from the coupling of
coordinatively unsaturated Group VIII metal complexes
with propargyl alcohols (usually those that contain no
hydrogens B- to the OH group), or by addition of
electrophiles to the d-carbon of alkenylethynyl-metal
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complexes (692). A variety of reaction processes of
Group VIII metal-cumulene complexes were reported
in 2001. Common reaction pathways for these com-
plexes include reaction with nucleophiles at the -
position, resulting in alkynylmetal complexes (690), or
attack at the y-position, resulting in allenylmetal com-
plexes (691). Representative examples of this class of
compounds are depicted in Fig. 15.

Specific reports which highlight the reaction pathways
in Scheme 106 are depicted in Fig. 15, and include: (1)
reaction of various cationic ruthenium-—allenylidene
complexes (e.g. 694) with enolates, which affords
alkyne—ketone derivatives (e.g. 695) through attack at
the y-position [540]; (2) addition of phosphine nucleo-
philes to y-carbon of allenylidene—triosmium complexes
[541]; (3) stepwise formation of cationic ruthenium
allenylidene complex 696; in this case the intermediate
alkynylruthenium complex and the a-hydroxyvinylidene
complex were observable in solution [542]; (4) formation
of iron—allenylidene complex 697 from the reaction of 1-
trimethylsilyl-1,3-butadiyne with an iron chloride in
methanol (this paper also discusses formation of simple

acetone —I
PhsP.,

H——Ir—acetone NMez

4y PPh3

721

Ph

&

E N@—Ph

@Z!r\y (o

725

vinylidenes) [543]; (6) formation of a dicationic ruthe-
nium allenylidene complex (698) through reaction of a
ruthenium arene complex with 2-methyl-3-butyn-2-ol
[544]; (7) formation of cationic ruthenium allenylidene
complex 701 through coupling of 1,3-butadiyne with a
ruthenium halide (affording unstable butatrienylidene—
ruthenium complex intermediate 699) followed by
coupling with ferrocenyl allyl selenide at the y-position
(affording selenonium salt 700) followed by Cope
rearrangement [545]; (8) related studies using allylic
amines in place of the allylic selenide [546]; and (9)
cationic  y-alkynylarylallenylidene—ruthenium com-
plexes (e.g. 702), which catalyze the conversion of
tributyltin hydride to hexabutylditin [547].

Reduction of cationic allenylidene—ruthenium com-
plexes (e.g. 703, Scheme 107) and higher homologues
with cobaltocene (704) electrochemically led to obser-
vable free radicals (e.g. 705) [548]. These species reacted
rapidly with tributyltin hydride to afford the corre-
sponding alkynylruthenium complexes (e.g. 707), which
were also obtained through direct reaction of allenyli-
dene complexes with sodium borohydride. Bimetallic
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Scheme 111.
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allenylidene complex 709 was obtained through oxida-
tion-induced dimerization of dialkynylruthenium com-
plex 708 [549].

2.3.6. Group IX metal—carbene complexes

2.3.6.1. Simple carbene complexes. Direct formation of
carbene complexes from sulfur ylides (e.g. 711, Scheme
108) was reported [550]. Reaction of rhodium—dinitro-
gen complex 710 with sulfur ylide 711 led to rhodium—
carbene complex 712. Other carbene complexes were
also prepared from directly from sulfur ylides, including
Grubbs catalyst I and osmium carbene complexes.
Protonation of carbene complexes of general structure
713 (Scheme 109) (L = CO or phosphines) was studied
[551]. Protonation at the metal followed by hydrogen
migration was the preferred mechanism for the forma-
tion of complex 714 from complexes 713A and 713B.
Protonation of the trisopropylphosphine complex 713C
led to the Cp-substituted complex 717 or 718 if excess
HCI was employed. The analogous d*>-Cp complex 713C
led to the complex 717 with deuterium at the indicated

position. Protonation of triisopropylphosphine complex
713C with HBF, led to the n’-benzyl complex 715;
analogous product 716 was formed through methyla-
tion.

A series of ligand exchange and coupling reactions
were reported for diarylcarbene—rhodium derivatives
(e.g. 713, 717, Scheme 110) [552]. Reaction of carbene
complexes of general structure 717 with PX; derivatives
resulted in replacement of the carbene ligand. Reaction
of Cp complexes 713 with PX3 derivatives led to the Cp-
substituted product 719 or the simple ligand exchange
products 720. A mechanism involving ligand substitu-
tion followed by coupling of the Cp and carbene ligands
was proposed and supported through deuterium label-
ing studies.

Several papers in 2001 discussed the synthesis of
Group IX metal carbene complexes through C-H
oxidative addition processes (Scheme 111). Synthesis
of Fischer carbene—iridium complexes (e.g. 724, Scheme
111) from tertiary amine 722 and iridium complex 721
was reported [553]. Intramolecular C—H oxidative
addition after formation of the pyridyl complex was

c
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Scheme 114.
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o iridium complexes using 3-butyn-1-ol was also reported
I
m Ph—=—Ph O/\/P\\I-Bu [533]. . .
5 - = t-Bu The synthesis of iridapyrone systems (e.g. 728A,
Co— \t-\BtLBu Ph TO Ph Scheme 112) [556] and the sulfur analogs (e.g. 728B)
HZC/ ] 751 [557] were reported. Oxidation of neutral chelated pB-
750 PH Ph iridaenone complexes (e.g. 727) with silver tetrafluor-
— TMsS oborate led to cationic complex 728. The reaction of
cationic complex 728A with a variety of nucleophiles led
to neutral complexes (e.g. 727A, 729). Complex 728A
& Pty undergo§s an apparent Diels—Alder reactign, affording
t-Bu metallabicycles (e.g. 730) upon treatment with trimethyl-
™S s 752 silylacetylene or methyl acrylate. A Diels—Alder adduct

Scheme 116.

the key step in this reaction. An intermediate complex
featuring an agostic C—H interaction (723) could be
observed at low temperature. A C—H activation-based
carbene complex synthesis was also observed in the
reaction of iridium diene complexes (i.e. 725) with THF
[554]. In this case C—H oxidative addition at the phenyl
substituent of the substituted Tp ligand was also noted.
A more conventional synthesis of cyclic alkoxycarbene—

RhCl(cod),

754

I
t-Bu
755

(731) was formed upon reaction of complex 728B with
nitrosobenzene. An arene exchange process, resulting in
bimetallic complex 732, was observed upon treatment of
complex 728B with (p-xylene)Mo(CO);. An (n°-
iridathiabenzene)—RuCp* was also prepared from com-
plex 728B.

Several papers report on processes that propose
Group IX metal carbene complexes as intermediates.
Only processes that do not involve diazo compounds as
the carbene precursor are included unless there is some
effort to isolate or analyze the carbene complex. Iridium

t-Bu

(cod)Rh
t-Bu——=—=
> \>_l‘-BU - t-Bu
I Rh t-Bu

t-Bu
756

Scheme 117.
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carbene complexes were proposed as intermediates in
the iridium-catalyzed conversion of cyclohexane and
hydrogen to hexane and smaller alkanes [558]. Cobalt-
catalyzed cyclopropanation of alkenes by diazo com-
pounds was studied by the PM3 method [559]. These
studies focus on understanding the origins of stereo-
selectivity in the reaction of the cobalt carbene complex
with the alkene.

A theoretical analysis of the interconversion of
iridium carbene carbonyl complex 733 (Scheme 113)
and iridium ketene complexes (734 and 735) was
reported [560]. Conversion of complex 733 to ketene
complex 734 is endothermic by 7.8 kcal mol~'. Co-
ordination to the alkene =m-bond (e.g. as in 734) is
favored over coordination to the C—O =n-bond (e.g. as in
735). A comment about experimental work on this
research topic also appeared [561].

The reaction of iridium complex 736 (Scheme 114)
with cyclopropane to form m-allyl complex 737 was
analyzed by density functional theory [562]. Carbene
complexes 738 and 739 were considered as likely
intermediates in the complex reaction pathway leading
to m-allyl complex 737.

7\ PtCl,
(0) _—

766

o} 0o
A
+ |
CHO CHO
778
T — | O
(OHZ)CIZPt/O

OH
779 784

"

780 PtCl2 H20)

2.3.6.2. Cumulene complexes. Similar synthetic proce-
dures and reactivity patterns were generally observed for
Group IX and Group VIII (Schemes 100 and 106)
metal—cumulene complexes.

Coupling of iridium—dihydride complex 741 (Scheme
115) with alkynols (e.g. 740) led to an alkynyliridium
complex (e.g. 742), which afforded an allenylidene
complex (e.g. 743) upon treatment with trifluoroacetic
acid [563]. Reaction with sodium azide initially afforded
an iridium—azide complex (e.g. 744), which afforded the
corresponding propargyl azide 745 upon reaction with
CO. Further reaction resulted in cyanoalkene complex
746. A hydroxide—iridium complex (e.g. 747) was
formed upon treatment of complex 743 with hydroxide
ion. Further reaction with excess phenylacetylene led to
alkenyliridium complex 748. Reaction of complex 743
with sodium iodide led to the simple halogen exchange
product, while reaction with iodomethane led to the n*
butatriene complex 749 [564]. A mechanism involving
alkylation at iridium, methyl migration, C—H oxidative
addition, and reductive elimination of HI was proposed.
Related studies involving rhodium-—allenylidene com-
plexes and nucleophiles were also reported [565]. A

AE = +8.5 kcal/mol‘ (H20)CI2Pt‘/‘,: 781
Eact = +30.2 kcal/mol
Vs
P
AE = - 3.4 kcal/mol I 782
EACT = +9.4 kcal/mol _PtC|2(H20)
B ————— (0] | o)
_PtC|2(H20)
783

Scheme 119.
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series of rhodium—vinylidene complexes were prepared
and their IR/Raman spectra examined [566].

Coupling of cobalt—vinylidene complex 750 (Scheme
116) with alkynes was reported [567]. Reaction with
diphenylacetylene led to the cyclobutadiene complex
751. A vinylidene exchange process occurred upon
treatment with bis(trimethylsilyl)acetylene, leading to
first to an m’-alkyne complex, which rearranged to
disilylvinylidene complex 752.

benzaldehyde (763) and platinum complexes 764 and
765. The reaction proceeded through formation of a
phenylplatinum complex, followed by formation of the
chelate complex 760, followed by conversion to ylide
complex 761. Complexes 760 and 761 could be isolated.

Platinum carbene complexes (e.g. 782, 783, Scheme
119) were proposed as intermediates in the conversion of
furan—alkyne derivatives (e.g. 776) to compounds 777—

Rhodium vinylidene complexes (e.g. 755, Scheme 117) WP H—=—H PH,
were suggested as intermediates in a mechanistically : Pd=CH, >~ H3P-P;d——|
complex process involving the conversion of terminal H3P'798 =
alkynes (e.g. 753) to hydropentalenylrhodium complexes 799
(e.g. 756) [568]. Several regioisomeric analogs of 756 H:0
were obtained, depending upon the starting alkyne. NH

: HaR H
Pd—CH,0H
2.3.7. Group X metal—carbene complexes ’ HaP 800
The reactions of aminocarbene—platinum complex HaR J d—CH,NH,
757 (Scheme 118) were investigated [569]. The chlor- HaP
omethyl complex 758 was obtained from reaction with 801
diazomethane. Reaction with phenyl trimethylstannane Scheme 122.
(759) led to a mixture of phenylcarbene complex 762,
S)
S Ho
ci © ¢l H—I H,0 cl” o on®
ok ——  c-R= —>  CI-ht -
Cl cl CHs Cl CHyCHs
792 793
791
©
=] ) Cl —l Cl
e — o) CH,CH;
) = ¢ o o ci-pi—< . cp
Cl—ht —> CI-Pt - CH,CHjs JL 0
Cl CHyCHs; _é CH,CHg H3CH,C™ No—H
HsC” ~H
794 795 796 797

Scheme 121.
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779 [570]. The key step in the mechanism involves
formation of carbene complex 782 from platinum alkyne
complex 780. Rearrangement of carbene complex 782
affords intermediate ketone—carbene complex 783,
which either undergoes hydrolysis to afford compounds
777 and 778 or [2+2]-cycloaddition to afford metalla-
cycle 784, which leads to compound 779 after reductive
elimination to form the epoxide followed by ring open-

ing to generate the aromatic species. The cyclopropana-
tion step (conversion of 780 to 782) was modeled by
density functional theory, and determined to be exother-
mic (AE = —3.4 kcal mol ') while the intramolecular
Diels—Alder reaction (conversion of 780 to 781) was
determined to be endothermic (AE = +8.5 kcal mol ~1).

Group X metal—carbene complexes were suggested as
intermediates in various metal-catalyzed reactions of

COOEt COOEt EtOOC  \
H cr— 5 N=
-cu<=N, “\/ = —cl
M ~ —~ N
|VI U /
818
816 817

Scheme 125.
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enynes. A palladium carbene complex (e.g. 788, Scheme
120) was proposed for the conversion of dienyne
derivative 785 to the cyclized dimeric compound 790
[571]. Platinum carbene complexes were considered as
possible intermediates in platinum-catalyzed enyne me-
tathesis [572].

The formation of internally hydrogen bonded al-
koxycarbene—platinum complexes (e.g. 797, Scheme
121) from platinum halides and terminal alkynes in the
presence of water was analyzed by density functional
theory [573]. The preferred mechanistic pathway in-
volves formation of the vinylidene complex (e.g. 792),
followed by addition of water, conversion to the
acylplatinum complex (e.g. 794), followed by the same
sequence of reactions on acylplatinum complex 794.

Addition reactions of palladium—carbene (e.g. 798,
Scheme 122) (and silylene and stanylene analogs)
complexes were investigated using density functional
theory [574]. In the carbene complex, reaction with the
alkyne occurs through initial complexation at palla-
dium, while initial interaction is with the tin or silicon in
silylene/stannylene analogs. The reaction proceeds with
a higher energy barrier for the carbene complexes. The
preferred reaction pathways for water and ammonia are
as depicted in Scheme 122.

A density functional theory study of palladium(II)
chloride catalyzed cyclopropanation was reported [575].
The most reasonable pathway identified involves a
chloromethylpalladium complex and not a palladium
carbene complex. A similar study was also reported
using palladium(Il) formate (Scheme 123) [576]. The
favored mechanism involves the insertion or two

equivalents of methylene into the C—O bond to give
intermediate 805, which then reacts with a third
equivalent of diazo compound to give after nitrogen
loss carbene complex 807, which couples with ethylene
to provide cyclopropane and complex 805 in a step with
no energy barrier.

2.3.8. Group XI carbene complexes

Successful transfer of a carbene ligand from chro-
mium to copper was reported (Scheme 124) [577].
Treatment of chromium carbene complex 808 with
copper(l) species 809 led to copper—carbene complex
810, which afforded the carbene dimer (811) upon
treatment with tributylphosphine. Other copper-induced
reactions of chromium-—carbene complexes were also
reported. Reaction of methoxycarbene complex analogs
(e.g. complex 263) with copper salt 809 led to the
carbene dimer. Coupling of a variety of carbene com-
plexes with ethyl diazoacetate in the presence of cuprous
bromide led to the B-alkoxy enoates (e.g. 812). A copper
carbene complex (815) was isolated from the coupling of
copper ethylene complex 813 with ethyl diazophenyla-
cetate (814) [578].

Copper-catalyzed cyclopropanation was studied by
density functional theory [579]. The copper carbene
alkene complex was determined to be a reasonable
intermediate in cyclopropanation reactions using copper
phenanthroline complexes. A similar study was reported
for copper malonaldiimine complexes [580]. The rate-
determining step in these reactions is loss of nitrogen
from the copper complex of the diazo compound (e.g.
conversion of 816 to 817, Scheme 125). The cyclopro-

—e
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Scheme 126.
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panation step takes place through direct carbene inser-
tion of the metal—carbene species to yield a catalyst—
product complex (818). Stereochemical predictions of a
bis(oxazoline)—copper(I) catalyst) have been rationa-
lized based on analysis of the preferred reaction path-
way.

2.3.9. Lanthanide and actinide carbene complexes

A carbene—metal species was formed in the reaction
of thorium atoms with carbon monoxide [581]. This
species was characterized by infrared spectroscopy and
extensive theoretical studies were undertaken for this

species. The species CThO was suggested to have a
triplet ground state and a bent structure.

3. Metal—-carbyne or metal—alkylidyne complexes

3.1. Review articles

Review articles featuring metal carbyne complexes
that appeared in 2001 highlight the following topics: (1)
the historical development of compounds containing
metal—carbon multiple bonds [582]; (2) synthesis of
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osmium and ruthenium carbene and carbyne complexes
through coupling of enol ethers with metal hydrides
[583]; and (3) aminocarbyne complexes [584]. Although
not directly focusing on metal-carbyne complexes,
other review articles feature a substantial section on
metal—carbyne complexes. Topics covered include: (1)
the coordination chemistry on CNH, the simplest
isocyanide [585]; and (2) transition metal-catalyzed
alkyne metathesis [586].

3.2. Synthesis and/or generation

3.2.1. Generation through protonation of metal—
vinylidene or metal—alkynyl complexes

Reaction of dialkynylmanganese complex 819
(Scheme 126) with methanol led to neutral vinylidene
complex 820 [587]. Reaction of complex 819 with excess
HF led to carbyne complex 821, which can also be
formed through protonation of vinylidene complex 820.

excess
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Scheme 131.
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The reaction profile for cationic rhenium allenylidene
complex 822 was evaluated [588]. Reaction with nucleo-
philes occurs at the y-carbon to afford an alkynylrhe-
nium complex (e.g. 823), which can be protonated to
form the cationic vinylidene complex (e.g. 824). Direct
protonation or methylation of allenylidene complex 822
led to dicationic carbyne complexes (825 or 826).
Ruthenium carbyne complexes (e.g. 828, Scheme 127)
were generated through protonation of ruthenium
vinylidene complex 827 [589]. Various ligand exchange
processes were also reported for this vinylidene complex.
The reaction of carboxylate derivatives of 827 (829) with
acid led to the chelated acyloxycarbene complex 830.
The corresponding trifluoroacetate complex was in
equilibrium with the carbyne complex (e.g. 831). Car-
byne complex 828 served as a catalyst for the ROMP of
cyclooctene. A dicationic ruthenium carbyne complex
(833) was generated through protonation of cationic
ruthenium allenylidene complex 832 [590]. This process
could be reversed by the addition of diethyl ether.
Synthesis of carbyne complexes featuring azavinyli-
dene ligands (e.g. 838, Scheme 128) was achieved
through reaction of azavinylidene—hydride complex

834 with terminal alkynes in the presence of silver salts
[591]. Reaction at low temperature afforded alkenylos-
mium complex 836, which transforms to vinylidene
complex 837 upon treatment with sodium chloride.
Upon warming to room temperature complex 837
transforms to the carbyne complex 838. Alternatively,
reaction of imine—osmium vinylidene complexes (e.g.
839) with n-butyllithium followed by reaction with
fluoroboric acid also led to cationic carbyne complexes
(e.g. 841) [592]. Related studies were reported for Cp
analogs (Scheme 129) [593]. Reaction of osmium com-
plex 842 with n-butyllithium followed by methanol led
to vinylidene complex 843, which afforded the cationic
carbyne complex (844) upon protonation. Reaction of
osmium alkynyl complex 842 with n-butyllithium fol-
lowed by methyl iodide led to osmacycle 847. In both
reactions, initial deprotonation at the Cp ring followed
by silyl migration was proposed. In the synthesis of 847,
a mechanism involving formation of a B-methylvinyli-
dene intermediate 845, which then undergoes hydride
migration to form alkenylosmium complex 846, fol-
lowed by intramolecular oxidative addition to form 847
was proposed.
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Scheme 133.
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equivalent of alkyne led to osmium vinylidene complex
854. A mechanism involving [2+2]-cycloaddition of
trimethylsilylacetylene with the vinylidene complex,
followed by an alkyne insertion, followed by protona-
tion at the exocyclic alkene leads to cationic osmaben-
zene complex 857, which affords osmabenzyne complex
858 upon proton loss. This paper was commented upon
[597].

A series of osmium carbene and carbyne complexes
were prepared from the reaction of osmium hydride
species with various unsaturated organic species

(Scheme 132) [598]. Reaction of osmium complex 859
with phenyl vinyl ether (860) led to the carbene complex
862. Carbene complex 862 exists as a pair of rotamers.
The analogous reaction using the triisopropylphosphine
analog (863) led to carbyne complexes 866 and 867,
however a carbene complex (865) could be observed as
an intermediate. The conversion of the carbene complex
to the carbyne complex was an acid-catalyzed process. A
stable carbene complex was also produced using dihy-
drofuran as the enol ether component. A stable carbene
complex (869) was produced from ethyl vinyl ether
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(868), which transformed to vinylidene complex 870
within 48 h at room temperature. These reaction
processes were also evaluated computationally.

Base-induced rearrangements of calixarenetungsten—
ethylene complexes were studied by density functional
theory using simple tungsten complex 871 (Scheme 133)
as a model for the parent ethylene—calixarene tungsten
complex [599]. Deprotonation affords the anionic n*
alkenyl complex 872, which can rearrange to the
corresponding carbyne complex 874 (AE= —84 kJ
mol ~') or the vinyltungsten complex 873 (AE = +43
kJ mol ). Protonation of the carbyne complex leads to
the carbene complex.

3.3. Reactivity

3.3.1. Addition reactions of metal—carbyne complexes
The reactivity profile for carbyne complex 876
(Scheme 134) was examined [600]. The complex was

prepared from either carbyne complex 877 or 878. The
pK, of carbyne complex 876 was determined to be 28.7
in THF. Protonation of 876 afforded cationic carbene
complex 879, which features an agostic interaction.
Hydride addition afforded the corresponding anionic
complex 880. Deprotonation with n-butyllithium fol-
lowed by the addition of various electrophiles (e.g.
benzoyl bromide, 882) led to substituted analogs of
carbyne complex (e.g. 883). Deprotonation reactions
were also reported for carbyne complex 884, obtained
through reduction of acyloxycarbyne complex 883 [601].
Deprotonation followed by Cryptofix led to the carbide
derivative 885. Substituted carbyne complex derivatives
of 883 were obtained upon treatment of complex 885
with various electrophiles.

Reaction of aminocarbyne—molybdenum complex
886 (Scheme 135) with diiron nonacarbonyl led to the
addition product, heterobimetallic complex 887 [602].
Reaction of carbyne complex 888 with elemental sulfur
led to the dithiocarboxylato complex 889 [603].

The reaction of cationic manganese—carbyne complex
890 (Scheme 136) with alkynyllithium reagents led to
alkynylcarbene—manganese complex (e.g. 892) [604].
Complexation of the alkyne afforded complex 893,
which exhibits dynamic equilibrium with complex 894,
similar to that observed for the analogous rhenium
carbene complexes in Scheme 80. Related carbene
complexes (e.g. 896) could also be generated through
thermolysis of alkynylcarbene—chromium manganese
complex 895. The reaction of manganese— and
rhenium—carbyne complexes (e.g. 897, Scheme 137)
with diiron carbonyls led to heterobimetallic complexes

— M
Acyclic Diyne Metathesis L = M E%: =3=
Polymerization (ADIMET) \\_//
M1 R———R
Alkyne Cross Metathesis =—=—R + =R -
+ =
(volatile)
Pz
Ring Closing Alkyne Z [M] | + =
Metathesis (RCAM) _— (volatile)
Scheme 142.
n-Bu
TMS _
- 7 N\ — N\ 7/ —
CoCp n-Bu
TMS
923

922

Fig. 16. Representative monomers polymerized through alkyne metathesis.
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Mo(CO)s / Ph3SiOH
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+

AcO—\ /—OAc 926
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930
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Scheme 144.

(e.g. 900), accompanied by minor amounts of carbonyl
compounds 899 and 901 [605].

A patent was awarded for the use of carbyne
complexes to effect ROMP of norbornene [606].

3.3.2. Ligand exchange and other processes that do not
involve the carbyne ligand

The reaction of arsenocarbyne—molybdenum and
tungsten complexes (e.g. 902, Scheme 138) with gold—
carbonyl complex 903 led to the triarsenic complex 904
[607]. Phosphorus analogs (e.g. 905) led to gold-—
phosphine complex 906.

Oxidation of tungsten— and molybdenum carbyne
complexes (e.g. 907, Scheme 139) with phenyliodinium
dichloride (908) led to the corresponding dichloro
carbyne complexes (e.g. 909) [608]. Ligand substitution
reactions were demonstrated for carbyne complex 909.

Protonation of the dithio carbyne complex 911 with HCI
led to the aminocarbene complex 912. Various ligand
substitution reactions were reported for carbyne com-
plex 913 (Scheme 140) [609]. Treatment with silver
triflate led to the corresponding carbyne triflate 917.
Treatment with silver hexafluoroantimonate led to the
coordinatively unsaturated cationic carbyne complex
914, which was unstable but readily coupled with CO
or THF to afford the coordinatively saturated com-
plexes (e.g. 915). Reaction with half an equivalent of
silver hexafluoroantimonate led to the chloride-bridged
dimeric complex 916. Isocyanide—alkenylcarbyne tung-
sten complexes were prepared by reaction of alkenyl-
carbyne analogs of complex 913 with isocyanide ligands,
and were studied by electrochemistry [610].

The coupling of carbene(carbyne)rhenium complex
918 (Scheme 141) with various silyloxy species was
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reported [611]. Solid-supported (silica-bond) and struc-
turally similar monomeric derivatives of general struc-
ture 919 were prepared for comparison purposes. The
silica-supported complex was characterized through 2D
solid state NMR. A similar technique was applied for
the preparation of molybdenum carbyne complexes
bound to silica (e.g. 921) [612].

3.3.3. Alkyne metathesis

Alkyne metathesis, which involves metal carbyne
complexes as intermediates, has been covered compre-
hensively regardless of whether the initiator is a carbyne
complex. Several reports using alkyne metathesis for
natural product synthesis and for polymer synthesis
appeared in 2001. The general classes of alkyne metath-
esis reactions are depicted in Scheme 142.

Several examples of polymer synthesis using alkyne
metathesis were reported in 2001; representative sub-
strates are depicted in Fig. 16. High molecular weight
alkyne-containing polymers were prepared from mono-
mers featuring multiple alkyne groups (e.g. 922 [613]
and 923 [614]). In both cases polymerization was
effected using a catalyst consisting of Mo(CO)g in the
presence of a phenolic compound.

Several examples utilizing alkyne metathesis for the
synthesis of nonpolymeric compounds were also re-
ported. Metathesis equilibration of phenyl alkyl acety-
lene derivative 924 (Scheme 143) was achieved through
reaction with Mo(CO)g in the presence of triphenylsila-
nol [615]. Cross metathesis of o-propynylphenol (927)
and a variety of symmetrical alkynes (e.g. 928) in the
presence of molybdenum amide complex 929 was
reported [616]. Ring closing alkyne metathesis was
used to close the macrocyclic ring of epothilone (e.g.
conversion of 931 to 932, Scheme 144) [617,618].
Synthesis of macrocyclic a-aminoester derivatives (e.g.
935) from dialkynes (e.g. 933) was demonstrated using
tungsten carbyne complex 934 as a catalyst [619].
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