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Abstract
This is a review of papers published in the year 2003 that focus on the synthesis, reactivity, or properties of compounds containing &

carbon-transition metal double or triple bond.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Carbon-transition metal; Chemistry; Double and triple bond

1. Introduction Grubbs Catalyst Il structure Fig. 1)
Schrock Catalyst structure Big. 1)

This survey is intended to be a comprehensive summary o o
of articles that report on the synthesis, reactivity, or proper- ~ S€€ als&cheme Tor abbreviations of distinct modes of
ties of compounds featuring a multiple bond between carbon Metathesis.
and a transition metal. Reactions that employ metal carbene
complexes as transient intermediates generated through well-
established routes are not covered, unless there is some effor
to characterize the carbene complex intermediate. This are 1. Review articles and comments
was reviewed in 20081,2]. Although a determined effort
has been made to include patents, in general only patents that Several reviews/comments covering aspects of
focus on the metal-carbene or metal-carbyne complex aremetal-carbene complex chemistry appeared in 2003.
included. Only compounds which feature a multiple bond be- Many articles focusing on some aspect of carbene complex-
tween one carbon atom and one transition metal are discussedhitiated olefin metathesis were published, including
in this survey, thus bridging carbene and carbyne complexesthe following specific subjects: (1) use of tungsten and
are not covered unless there is a multiple bond to at leastmolybdenum imido complexes as catalysts for alkene
one transition metal. The complexes ¢fheterocyclic (or metathesig11]; (2) transition metal carbene complexes in
Arduengo) carbenes with transition metals have not been in-olefin metathesi§12]; (3) ruthenium—carbene complexes
cluded; since ther-donation component of these complexes as metathesis catalysf$3,14] (4) the utility of Grubbs
is minimal, there is no formal carbon-metal multiple bond Catalyst I1[15]; (5) well-defined metathesis polymerization
[3-5]. This area was reviewed several times in 20®33]. catalysts[16]; (6) dual activity of ruthenium catalysts for
This survey has been divided into two sections, metal carbenecontrolled radical reactions and alkene metathgsi$; (7)
(or alkylidene) complexes and metal carbyne (or alkylidyne) ring closing metathes[48]; (8) alkene cross metathe§i®];
complexes; the carbene complex section represents the vas9) enyne metathes[20]; (10) catalytic asymmetric alkene
majority of this article. The metal carbene section has beenmetathesig21]; (11) catalysis in acyclic diene metathesis
organized according to metal, starting from the left side of the polymerization[22]; (12) sequential metathesis in oxa- and
Periodic Table. The lonic Modg®] has been employed for ~ azanorbornene derivativg®3]; (13) synthesis of piperidine
the discussion of oxidation states and ligand electron countand pyrrolidine alkaloids using ring closing metathesis as a
throughout this survey. A special section focusing on alkene key step[24]; (14) synthesis of coumarins by ring closing
metathesis has been included prior to the discussion of car-metathesi§25]; (15) cross metathesis in nitrogen-containing
bene complexes of individual metals. The metal carbyne sec-systems[26]; (16) synthesis of organosilicon compounds

. Metal-carbene or metal-alkylidene complexes

tion has been organized according to reaction type.
Abbreviations (see also the front of issue #1 ofibarnal
of Organic Chemistry10]):

DFT  density functional theory
Grubbs Catalyst | structure Fig. 1)

Mes— Nz N-Mes

(Cy)aP o1 ph cl
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o | c| Ph
(Cy)sP 1 (Cy)aP
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using alkene metathedjg7]; (17) acyclic diene metathesis
of 1,2-divinylferroceng28]; (18) synthesis of vinylsilicon
reagents by metathesj29,30] (19) competitive isomer-
ization and ring closure in the reaction of 1,6-dienes with
ruthenium allenylidene complexeg1]; (20) industrial
applications of alkene metathef32]; (21) olefin metathesis

JAr
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Fig. 1. Structures of alkene metathesis catalys8
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in glycobiology [33]; and (22) attachment of metathesis
catalysts to cadmium selenide nanopartidig4]. Several

that metathesis appeared in 2003, including the following
subjects: (1) solvent-controlled selectivity in the synthesis

review articles report on synthesis of various compound of five-membered ring carbocycl§s9]; (2) copper carbene
classes where olefin metathesis is a commonly-employedcomplexes[60]; (3) iridium carbene complexes directly
synthetic route. Specific compound classes representecprepared from amines or ethef8l]; (4) nonmetathesis

include: (1) roseophilin and prodigiosin alkaloif85]; (2)
ciguatoxins and related marine toxif86]; (3) epothilones
[37]; (4) biologically important nitrogen heterocyclg&3];

(5) styrylactone natural producf39]; (6) dendrimerg40];

(7) macrocyclic natural products containing E alkefEs;

(8) rotaxaneq42]; (9) carbohydrate derivativegg3]; (10)
synthetic oils and oleochemical44,45} (11) phosphines
[46]; (12) cyclic compounds prepared through tandem
allyltitanation followed by ring closing metathes[d7];
and (13) combinatorial libraries designed to modulate
protein—protein or protein—-DNA interactior{g¢8]. Addi-

behavior of ruthenium—carbene complex62]; (5) asym-
metric propargyl substitution reactions mediated by optically
active ruthenium allenylidene compleXés]; (6) porphyrin
carbene complexefb4]; and (7) design of new reaction
processes based on cyclopropylcarbene compl¢aBk
Although not specifically focusing on metal-carbene com-
plexes, some review articles place a heavy emphasis on this
subject. Subjects reviewed in this category include: (1) cy-
clizations initiated by ruthenium alkene metathesis catalysts
and other ruthenium complex§s6]; (2) acetylide-bridged
metal complexe$67]; (3) metal-alkyne complexes, which

tional review articles include some metathesis segments.are often easily transformed to or from metal-vinylidene

Articles in this category focus on the following subjects:

complexes [68]; (4) the ambivalent behavior of aryl-

(1) catalysis through surface organometallic chemistry functionalized phosphine ligandg9]; (5) metal-imido

[49]; (2) immobilized catalystg50,51} (3) electron rich
phosphine ligands in synthedis2]; (4) asymmetric C-C

complexeq70]; (6) attempts to prepare isophosphaalkynes
[71]; (7) anionic triazacyclononane complexg&2]; (8)

and C-heteroatom bond-forming catalysts featuring par- coordinatively unsaturated organoruthenium amidinates

tially hydrogenated binaphthyl ligands3]; (5) transition
metal carbene complexes in homogeneous cata[pdis
(6) catalytic applications of transition metals in organic
synthesig55]; (7) polymerizations in agueous med&b6];

in homogeneous catalys{g3]; (9) relativistic effects in
gas-phase ion chemistry, with a large section devoted to
platinum—carbene complexefr4]; (10) carbon—carbon
bond cleavage reactiong5]; (11) thermal activation of

(8) synthesis of cyclobutane hydrocarbons by cycloaddition hydrocarbon €H bonds by CpW(NO) (and molybdenum

and alkene metathedi57]; and (9) organosilicon reactions
in palladium-catalyzed cross couplifisg]. Several reviews

analogs) complexe§76]; (12) labeling of proteins with
transition metalg77]; and (13) complexes featuring pincer

on carbene complex chemistry featuring some aspect othedigands and other abnormal binding modég].
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2.2. Alkene metathesis paraffin-dispersed Grubbs Catalyst[84]; (7) a tethered
analog of Grubbs Catalyst 18] that is especially effec-
Alkene metathesis was the most common reaction pro- tive for the preparation of cyclic ROMP polymef85];
cess reported for metal-carbene complexes in 2003, and thig8) ferrocene-tethered analogs of Grubbs Catalyf6l;
special section is devoted to papers that focus on this pro-(9) silica-bound analogs of Grubbs Catalyst[8I7]; (10)
cess. Many examples of both polymerization (mostly ring a readily-availableo-isopropoxyphenylcarbene—ruthenium
opening metathesis polymerization (ROMP)) reactions and complex catalyst9) [88]; (11) aromatic ring-substituteat
small-molecule syntheses appeared. Only metathesis reacisopropoxyphenylcarbene—ruthenium complej@s]; (12)
tions initiated by a discreet transition metal-carbene com- a hinderedo-isopropoxyphenylcarbene complex catalyst
plex or metathesis reactions that offer significant discussion [90,91} (13) vinylidene—ruthenium complexes featuring a
of the carbene complex intermediates in this reaction have salicylimide ligand92]; (14) ruthenium catalysts containing
been included here. Distinct modes of alkene metathesis arean imidazolium ring (e.g10) that are useful for metathe-

depicted inScheme 1 sis in ionic liquids [93,94] (15) an indenylidene com-
plex (11) useful for ROMP and free-radical-based poly-
2.2.1. General studies of alkene metathesis catalysts merizations[95]; (16) a chiral ruthenium—carbene com-

Numerous attempts to develop new catalysts for alkene plex catalyst {2) featuring a chelating chiral dihydroimi-
metathesis were reported in 2003; some representative exdazolylidene ligand96]; (17) analogs of the Schrock car-
amples are depicted iRig. 2. Several derivatives of the bene complex that feature an imine—carbene teffef;
Grubbs and Schrock catalysts were synthesized and tested18) phosphine-chelated molybdenum-—carbene conf@ex
in their ability to undergo either ROMP or RCM processes, which becomes a highly activated ROMP catalyst upon
including: (1) analogs of Grubbs Catalysts | and Il where treatment with thallium(l) saltg8]; (19) immobilized chi-
the chlorides have been replaced by alkoxides &.§79]; ral analogs of the Schrock carbene comp[€9]; (20)

(2) a low activity analog of Grubbs Catalyst Il where the polyethylene glycol-bound ruthenium—carbene complex cat-
mesityl groups have been replaced by adamantly groupsalysts[100]; (21) ruthenium—carbene complexes attached to
[80]; (3) indenylidene—ruthenium complexes (e6).gen- a zeolite through a salicylimide ligand01]; and (22) a

erated in situ from ruthenium allenylidene complej@$]; silica-bound rhenium—carbyne—carbene comfilé®]. Sev-

(4) allenylidene—ruthenium complexes that feature a chelat- eral patents were issued for the synthesis and develop-
ing arene/stable carbene ligaf@2]; (5) the fast initiat- ment of metal—carbene containing olefin metathesis catalysts
ing 3-bromopyridylcarbene—ruthenium complex83]; (6) [103-111] A new synthetic route to ruthenium metathesis

4 Q R Q‘
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U, =
py" 'OCgFs CI‘J';‘u Cl/ll\l Ph
. CySP " Ph Br KJ\
7 = Br
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Fig. 2. Representative examples of new catalysts for alkene metathesis.
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catalysts featuring one heterocyclic ring and one labile donor ization and identification of ruthenium—carbene complex in-
ligand was reportefiL12]. termediate by'H NMR [126]; and (14) generation of alkene
Other general studies of alkene metathesis where carbenenetathesis catalysts from Wg3hrough reductive, oxidative,
complexes were discussed include: (1) improved methods forand pulse electrolysis methods; carbene complex intermedi-
the preparation of a variety of analogs of Grubbs Catalyst Il ates were not detect¢ti27].
(substitution in theN-heterocyclic carbene ligand) and exam- Several theoretical studies of ruthenium—carbene-
ination of their relative rates of metathegid 3]; (2) a study of catalyzed alkene metathesis appeared in 2003. A theoretical
electronic effects on the rate of metathesis reactions inducedstudy of alkene metathesis using ruthenium—methylene
by derivatives of Grubbs Catalyst Il (variation of the phos- complexes CGI(PMe3)2Ru=CH,; and Ch(PCys)2Ru=CH>
phine ligand)—all of the catalysts under study were more was reported$cheme B[128]. Metathesis of propylene was
active than Grubbs Catalysts Il in ROMP and RCM reactions studied. The dissociative mechanism was more favorable
[114]; (3) comparison of various ruthenium—carbene com- for both complexes when the free energy is considered,
plexes for ROMP of norbornene diest§td5]; (4) studies of however the associative mechanism was more reasonable
the rate and mechanism for metathesis reactions catalyzed byvhen only total electronic energies were employed. The
cationic ruthenium allenylidene complexes, which convertto dissociative pathway becomes even more favorable relative
indenylidene ruthenium complexes during the reaction cycle to the associative pathway when a sterically more bulky
[116]; (5) comparison of 7-coordinate tungsten/molybdenum complex was employed. In another theoretical study of
complexes with Grubbs Catalyst | for ROMP reactifisr]; ruthenium-induced metathesis, a low energy novel reaction
(6) microwave-induced RCM reactioftsl 8,119] (7) studies pathway was identified involving a chloromethylruthenium
that show microwave acceleration of RCM is due to thermal complex instead of a methyleneruthenium compex9].
effects[120]; (8) RCM reactions in the air and in protic sol-  Although the chloromethyl complex was unstable relative
vents[121]; (9) reaction of ruthenium metathesis catalysts to the methylene complex, the chloromethyl complex
with imines Scheme P which lead to either oligomeric  becomes more stable after coordination of the alkene.
materials (e.g16) from cyclic imines or to stoichiometric ~ Molybdenum—carbene metathesis reactions were also
metathesis products (eIBand19) from enamine tautomers  studied theoretically130].
of acyclic imineg122]; (10) an experimental comparison of
gas-phase metathesis reactivity of the 14-electron interme-2.2.2. Polymerization reactions

diates derived from Grubbs Catalysts | and1R3]; (11) Initiation of the ring opening metathesis polymerization
a new method for removal of ruthenium impurities from (ROMP) (seeScheme lreaction using carbene complexes
metathesis reactions using activated carbon and §ili&4; remains a very active area of investigation. The strained

(12) use of TLC for analysis of metathesis reactions em- alkene norbornene, norbornene derivatives, and copolymer-
ploying combinatorial catalyst mixturg$25]; (13) use of a ization involving a norbornene derivative and another alkene
noncarbene—ruthenium complex to initiate ROMP polymer- accounted for a large fraction of all reports of the ROMP re-

.
Lh=cH, < Li=CH,

H H X_ Y

X ¥ X Y XN X X v

= = = = T

LaM=CH, L,M=CHj LM LM—| ML, |
L

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

action in 2003 Fig. 3). Numerous cycloalkenes have been Several examples using carbene complexes to initiate
subjected to ROMP using metal carbene complexes, includ-acyclic diene metathesis (ADMET, s&kcheme ) poly-

ing: (1) norbornene-fused cyclic sulfonamides (the resulting merization reactions were reported in 2003. Substrates sub-
polymer was used as a support for solid phase HC34] or jected to ADMET polymerization are depicted Fig. 4,
sulfonation[132]); (2) norbornenes containing a cubane ring and include: (1) amino acid substitutea-Hienes (e.g.23)
system (e.gl5) [133]; (3) 2,2,2-trifluoroethyl esters of nor-  [153]; (2) 1,4-divinyl-2,5-bis(heptyloxy)benzen24) [154];
bornenecarboxylic aciflL34]; (4) chloromethylnorbornenes  (3) copolymerization of branched and unbranched acyclic
[135]; (5) acid chloride-substituted norbornenes (€l6) 1n-dienes[155]; (4) copolymerization of silicon-tethered
for preparation of a solid phase nucleophile scavengerdienes (e.g25) and p-divinylbenzeng[156]; and (5) solid
[136]; (6) 8-hydroxyquinoline containing norbornerj&87]; state ADMET polymerizatiofil57]. A study of alkene iso-

(7) peptide-bound norbornengd38]; (8) diphosphine- merization during ADMET polymerization was also reported
substituted norbornenes (e.ty7) [139]; (9) norbornenes  [158].

bound to TEMPO radical precursors (eXf) [140]; (10)

phosphine and imidazolium-containing norbornefietl]; 2.2.3. Nonpolymer-forming ring opening metathesis

(11) N-aminosuccimide derivatives of oxanorbornene (e.g. reactions

19) [142]; (12) norbornenes containing a palladium-ligated Several examples of the tandem RORCM (Sekeme 1
system (e.g20) [143,144] (13) norbornenes connected to reactionwere reported in 2003. Representative reaction equa-
p-cyanobiphenyls for preparation of liquid crystal polymers tions are presented ir5s¢heme % RORCM was employed
[145]; (14) norbornenes attached to hydrogen-bonding mo- for the conversion of monocyclic compoufé into the bi-

tifs [146]; (15) dicyclopentadiengl47]; and (16) cyclooc-  cyclic ring-expanded produ@?7, which was employed in
tatetraene in the presence of 1,4-difunctionalized-2-butenethe total synthesis of astrophyllif&59]. RORCM of ally-
derivativeg148]. Other studies related to carbene complex- loxymethylcyclobutenes (e.g8) followed by oxy-Cope re-
induced ROMP include: (1) ROMP of norbornene using den- arrangement was used as a method for medium-sized ring
drimeric ruthenium—carbene complexX&d9]; (2) star poly- synthesig160]. RORCM was employed for tricyclic alkene
mers through co-ROMP of (tris)norbornene monomers (e.g. derivatives[161]. An unusual ring contraction process was
21) and simpler norbornend450]; (3) entropically-driven reported using RORCM to excise two carbons from a cyclic
ROMP of macrocyclic alkenes (e.g2) [151]; and (4) cor- diene30 [162]. A sequence involving RO-CM to generate
relation of reaction temperature with carbene complex for-

mation for molybdenum trihalide—methylaluminoxane cat- Teterm In-diene refers to an open-chain system where there are alkene
alyzed ROMP reactiond 52]. groups at each end of the chain.
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Fig. 4. Representative substrates for ADMET polymerization.

31 followed by RCM to afford32 was proposed. Double Several examples of RO-CM (s8eheme Jwere reported
RORCM in competition with macrocyclic RCM was reported in 2003. Representative examples are depictettieme 5

for the reaction of compounds of general structB8awith Synthesis of heteroatom analogs of Grubbs Catalyst | (e.g.
Grubbs Catalyst 11Z) [163]. The stereochemistry & had 38, Scheme b by treatment of Ryf-cymene)(COD) with

a profound effect on the direction of the metathesis reaction. compounds of general structure,CHSR (and selenium
Isomers wittR® down favored the macrocyclic RCM product  analogs) in the presence of P@yas reported164]. These

35, while isomers withR® up led to predominantly the double  complexes were effective catalysts for RO-CM reactions of
RORCM producB4. norbornene derivatives (e.§7) with vinyl chalcogenides

(0] Catalyst 2

_—

“
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CHO GHO CHO
‘‘‘‘ Catalyst 2 | )
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Scheme 4.
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(i.e. CH,.=CHSPh, CH=CHSCHPh, CH=CHSePh). Inre- cohols anda,B-unsaturated esterfd68,169] (3) various
actions with complexes featuring a styrene and vinyl sul- alkenes (e.g45) and vinylphosphine oxides (e.d6), and
fide group (e.g39), only the vinyl sulfide participated in  metathesis dimerization of vinylphosphine oxid&g0]; (4)
the metathesis process. The RO-CM reaction of 7-oxa-2- C-allyl aminocarbohydrates (e.¢7) and monosubstituted
azanorbornene derivatives and allyltrimethylsilane was re- alkenes (e.gi8) [171]; (5) allylic alcohols and allylic acetates
ported[165]. Asymmetric RO-CM was reported faneso [172]; (6) various alkenes and allyltrimethylsilan&73];
norbornene derivates (e 4l) and allylboranes (e.gt2) us- (7) 1-propenylboranes and various monosubstituted alkenes
ing chiral and optically pure molybdenum carbene complexes [174]; (8) styrene derivatives and allylic naphthimid&g5];
(e.g.43) as catalysf166]. (9) N-homoallylamides and,B-unsaturated ketong$76];
(10) fluorous vinylboronates and styrefi&7]; (11) boron-

2.2.4. Cross metathesis and metathesis-dimerization substituted vinylcyclopropanes and monosubstituted alkenes
reactions [178]; (12) vinylsilanes and various monosubstituted alkenes

Many examples of the cross metathesis reaction (see[179]; (13) allyl- and homoallylphosphine oxides and vari-
Scheme ) of various dissimilar alkenes (usually monosub- ous monosubstituted alkenfs80]; (14) protected 3-buten-
stituted) were reported in 2003. Representative examplesl,2-diols (e.g49) andN-allylpyrimidine derivatives (e.d0)
are depicted inFig. 5. Specific pairs of compounds sub- [181]; (15) v,3-unsaturated amino acids-nucleobase conju-
jected to cross metathesis include: (1) vinyl sulfones and gates with alkene-containing hydrazinocarbene—chromium
monosubstituted alkend&67]; (2) allylic’/homoallylic al- complexeg182]; (16) various monosubstituted alkenes with

OMe
A & OH
i o e N—-CHO Y
TBSO =X 45 AL 47 %»O | SN
%Ph AO | a9 \)NAO
X -FPh2 46
& x
Z>CO0OMe 48 50
w‘o\L
- BnO,(’ OBoc (o] ™S
\/\l/\OH & Ei
51 OTBS Boc S / Ph
Boc 0 Y
On Boc OAc & . —
&  Z>coome 2 % Ph MNT\/O
48 53 Me
55 O O

Fig. 5. Represent pairs of alkenes subjected to cross metathesis.
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Fig. 6. Representative alkenes subjected to metathesis dimerization.

acrolein using Grubbs Catalyst Il in the presence of CuCl RCM product from64 were observed in this reaction. A tri-
[183]; (17) C-allyl glycosides and a vinylamino acid deriva- fold dimerization-RCM reaction sequence resulting in cyclo-
tive [184]; (18) a pentenol derivativeés() and methyl acry- phanes7was observed upon treatment of nonakis(allyl)—iron
late for leucascandrolide total synthefi85]; (19) alkenes complex66 with Grubbs Catalyst 11%) [213]. A sequence
52 and53for total synthesis of zaragozic acid[C86]; (20) of metathesis dimerization, followed by a series of organic
5-allylbutryolactone derivatives and 1-dodecen for total syn- reactions to make another diene, followed by RCM was em-
thesis of paraconic acid$87]; (21) acrylic acid and a com-  ployed for the net metathesis dimerization of cyclodextrin
plex monosubstituted alkene for installation of the side chain derivativeg214].
of salicylihalamidg188]; (22) cross metathesis of two com-
plex alkenesf4and55) for amphidinolide T1 total synthesis  2.2.5. Ring closing metathesis
[189]; (23) a functionalized alkene and methacroleinfortotal ~ The ring-closing metathesis reaction (RCM) (see
synthesis of furoquinocinfl90]; (24) analogs of the drug  Scheme Lhas emerged as a very important method for or-
cyclosporine featuring an alkenyl side chain with various ganic synthesis. Many examples forming diverse ring sizes
acrylate esterfl91]; (25) 5-amino-4-hydroxy-1-alkene (or have been reported in 2003, including macrocycles and
5-amino-3-hydroxy-1-alkene) derivatives wifithydroxy- medium-size rings, as well as the traditional five- and six-
v,9-unsaturated carboxylic acid derivative92,193] (26) membered ring-forming reactions. Reactions have been clas-
alkenes bound to a gold surface with various functionalized sified according to the type of ring system formed as a result
monosubstituted alkeng$94,195] and (27) use of CMto  of RCM.
release polymer-bound carbohydrates from a fd€i6,197] The RCM reaction has been employed for the synthesis
An attempt to classify alkenes and development of guidelines of a variety of carbocyclic ring system&i¢. 7, the indi-
for the prediction of success in alkene cross metatheses wagated bond was formed via the RCM reaction). Examples
also reporte198]. include: (1) synthesis of cyclopentene derivatif#ks,216]
Several examples of dimerization via metathesis (see (2) formation of cyclopentenes spiro fused to furanose sugars
Scheme Y were reported in 2003. Compounds subjected to [217]; (3) formation cyclopenteno[218-221] (4) formation
metathesis dimerization are depictedHig. 6, and include: of aminocyclopentenolf222]; (5) formation of cyclopen-
(1) 2,3-dihydroxy-4-pentenamide derivatives (&8).[199]; tenols (e.g70) for total synthesis of pentenomydi223]; (6)
(2) 5-hexenyl esters of benzofuran-3-carboxylic acid deriva- formation of cyclopentenes fused to six-membered rings for
tives [200]; (3) metathesis dimerization and cross metathe- total synthesis of pacifigorgiang&24]; (7) formation of a cy-
sis of O-pentenyl glycosides (e.gp9) [201,202] (4) 5- clopentene ring (e.g.1) for borrelidin total synthesif225];
thiophenyl-4-hydroxy-1-alkene derivativi03]; (5)various (8) formation ofindenols (e.@2) [226]; (9) formation of car-
allyl-Cp titanium complexes (e.§0) [204]; (6) synthesis of  bocyclic nucleosidef227]; (10) formation 1-cyclopentene-
porphyrin-containing rotaxand805]; (7) 9-decen-1-yl es-  1,5-dicarboxylic acid derivativef228]; (11) formation of
ters featuring hydrogen-bonding associated complexes forcarbocyclic amino acid analog229]; (12) formation of
rotaxane synthes{206]; (8) polymer cross linking through tricyclic five-membered rings (e.¢.3) [230]; (13) forma-
metathesis dimerizatiof207,208] and (9) allylic alcohols,  tion of cyclopentenylcarbene—chromium complef@31];
ethers, and cyanides and competing alkene isomerization pro{14) formation of oxygenated cyclohexene derivatfzs2];
cesse$209]. (15) formation of a cyclohexenone ring for total synthe-
Several examples of tandem metathesis dimerization- sis of protoilludend233]; (16) moderately diastereoselec-
RCM were reported in 2003. Representative examples are detive formation of six membered rings (e.g4) from triene
picted inScheme 6Tandem metathesis dimerization-RCM derivatives that contain diastereotopic vinyl groJp84;
was employed for formation of 14-membered ring diester (17) formation of six-membered rings in the presence of a
62[210] and in the synthesis of catenane derivatij&sl]. dicobalt—alkyne complej235]; (18) determination of elec-
Treatment of diene derivativ&3 with Grubbs Catalyst 1X) tronic effects for the formation of six-membered ring§)(
led to the dimerization-RCM produ66[212]. Homodimer- through RCM using styryl derivativé5[236]; (19) formation
RCM productt5was the major product when mixturesGs of 2-cyclohexen-1-ylsilang237]; (20) formation of a fused
and64were subjected to Grubbs Catalyst |. No heterodimer- six-membered ring (e.g7) for total synthesis of guanacaste-
RCM products and only a minor amount the homodimer- pene A and related compoun@88,239] (21) formation of
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a cyclohexene fused to a four-membered riAg) for mer-
rilactone A total synthesif240]; (22) synthesis of the six-
membered ring of thelanshydrindane skeletof41]; (23)
formation of cyclohexenes fused to imidazole rirjg42];
(24) formation of thecis decalin ring systen243]; (25) for-
mation of six-membered rings fused to aromatic rifysA];
(26) formation of spiro-fused six-membered rings (€.9.
[245-248] (27) formation of cyclic alkenyl chloride®49];
(28) formation of seven-membered rings fusegtactones
[250]; (29) formation of a seven-membered ring (e8@)
from an enol ether for tribolide total synthef261]; (30) for-
mation of highly oxygenated seven-membered rif&§2];
(31) formation of seven-membered rings featuring a cyclic
alkyne complexed to cobalt (e.81) [253]; (32) preparation

of seven- and eight-membered rings fused to bicyclic ring
systems in an “inside-out” stereochemical relationship (e.g.
82) [254]; (33) preparation of seven- and eight-membered
rings fused to cyclohexadiene rinNgs5]; (34) preparation of
the eight-membered ring of the bicyclo[5.3.1Jundecane ring
system present in tax{56]; (35) preparation of fluorinated
carbocycles and heterocyclggb7-259] (36) synthesis of
cyclooctene$260]; (37) formation of a nine-membered ring
(83) for total synthesis of cornexistifi861]; and (38) synthe-
sis of ten-membered rings (e 84) as eleutherobin analogs
[262—264]

Numerous examples of the formation of nitrogen hete-
rocycles using the RCM reactiofrif. 8) were reported in
2003, including: (1) formation of dihydropyrrole derivatives
[265-267] (2) formation of dihydropyrroles for total syn-
thesis of antofine§7) [268]; broussonetine G8g) [269];
and anti-HIV compound$270]; (3) formation of the di-
hydropyrrole ring of indolizidenef71]; (4) formation of
tetrahydropyridine derivativef272,273] (5) formation of
six-membered ring lactanj274]; (6) formation of the six-
membered ring of indolizidenes (e&P) [275,276] (7) for-
mation of six-membered ring lactams fused to cyclic car-
bamateq277]; (8) formation of six-membered ring cyclic
amideg[278]; (9) formation of six- to eight-membered ring
cyclic amides that contain a trifluoromethyl group through
RCM or intramolecular enyne metathe$r9]; (10) for-
mation of bridged bicyclic aminef280]; (11) formation
of six- to nine-membered ring lactanfig81]; (12) forma-
tion of seven-membered ring amidg82]; (13) formation
of seven-membered ring lactams (e9§) [283,284] (14)
enantioselective formation of benzazepines and aminocyclo-
hexenes using a chiral molybdenum carbene complex cata-
lyst [285]; (15) formation of bridged azabicyclic structures
(e.0.91) [286]; (16) formation of an azabicyclic ring sys-
tem for peduncularine total synthed®87]; (17) forma-
tion of seven-membered ring lactams fused to a Cp ring
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of ferrocene (e.g92) [288]; (18) formation of an eight-
membered ring cyclic amide and a macrocyclic ring in sep-
arate steps of a total synthesis of nakadomarifi289];
(19) formation of an eight-membered ring lactam in the
presence of an alkyne-dicobalt complf90]; (20) for-
mation of nine-membered ring lactarf291]; (21) forma-
tion of ten-membered ring amides fused to an indole ring
system (e.g93) [292]; (22) formation of eight- to nine-
membered ring cyclic diamides (e @4) [293]; (23) forma-
tion of eight-membered ring cyclic ureas (€9§) [294]; (24)
formation of dinitrogen-containing nine-membered rings
(e.g.96) [295]; (25) formation of cyclic hydroxamic acid
derivatives (e.g97) (N and O part of same ring)296];
and (26) preparation of related hydroxylamine derivatives
[297,298]
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tion of an eight-membered ring lactofi@49]; (23) forma-
tion of nine-membered ring cyclic ethel350]; (24) failed
attempts to form a nine-membered ring cyclic ether us-
ing RCM [351]; (25) formation of a nine-membered ring
cyclic ether (e.g112) for obtusenyne total synthedi352];
(26) synthesis of ten-membered ring lactorj@ds3]; and
(27) formation of a ten-membered ring lactone for to-
tal synthesis of microcarpalidg854] and herbarumin I
[355,356] Treatment of octaenkl3with Grubbs Catalyst |
(2) led to predominantly compourid 4, while treatment with
Grubbs Catalyst 11Z) afforded predominantly compoudd 5
[357].

Heterocyclic compounds involving elements other tNan
andO were also constructed via the RCM reactibig( 10.
Examples include: (1) synthesis of cyclic phosphonates

Many examples of oxygen heterocycle synthesis using [358]; (2) synthesis of cyclic phosphine—borane complexes

the RCM reaction were reported in 2008id. 9), in-
cluding: (1) synthesis of 2,5-dihydrofuraifig99,300] (2)

(e.g.117) [359]; (3) synthesis of cyclic sulfonamid¢360];
(4) synthesis of cyclic sulfamidei861]; (5) synthesis of

synthesis of five-membered ring oxygen heterocycles (e.g.cyclic sulfonate esters (e.f§18) [362]; (6) synthesis of five-

100 for nucleoside synthesif301,302,303] (3) synthe-
sis of 2,5-dihydrofurans followed by alkene isomeriza-
tion to 4,5-dihydrofurang304,305] (4) formation of six-
membered ring cyclic ethef806—-308] (5) formation of
six-membered rings cyclic ethers for total synthesis of lauli-
malide[309], ambruticin §310], malamycin A (01) [311],
4,5-deoxyneodolabellinel02) [312], rhopaloic acid313],
and malyngolidg314]; (6) formation of six-membered ring
cyclic enol ethers for KDO total synthesi815]; (7) for-
mation of a six-membered ring cyclic ether fused to an
a,B-unsaturated six-membered ring lactor03) [316];

(8) formation of benzo-fused six-membered ring ethers
[317]; (9) formation of a benzo-fused six-membered ring
ether (04 for repinotan total synthesig318]; (10) for-
mation of o,B-unsaturated-lactones[319-322] (11) for-
mation of a,B-unsaturatedd-lactones for total synthesis
of the published structure of passifloricin [823,324]
peloruside Al325-327] aprotoxin A[328], hyptolide (L0O5)
[329],spicigerolide[330], goniothalamin331], and gonio-
diol [332]; (12) formation of ana,B-unsaturated lactone
from a triene using a one-pot RCM-CM sequerj8a3];
(13) formation ofa,3-unsaturated lactones attached to nu-
cleosides (e.g106) [334]; (14) formation of the coumarin
ring system for total synthesis of ayapig35]; (15) for-
mation of benzodioxins (e.d.08 from o-allyloxybenzenes
(e.g.107) in a one-pot isomerization/RCM sequerj886];
(16) asymmetric formation of cyclic ethers and cyclic silox-

membered ring cyclic silang863]; (7) diastereoselective
synthesis of cyclic siloxanes (e 419 from precursors con-
taining diastereotopic propenyl grouf864]; (8) synthesis

of cyclic siloxanes for total synthesis of muco¢865]; (9)
formation of cyclic siloxanes as a temporary tether to effect
net cross metathes[866]; (10) synthesis of bridged 1;1
diphospha[4] ferrocenophanes (e.420) via RCM [367];
(11) synthesis of platinum complexes featuriranschelat-

ing diphosphine ligands (e.¢21) [368]; and (12) synthesis
of “insulated” butadiyne-bridged dirhenium complexes (e.g.
122) through RCM of chelating octenylphosphine ligands on
the different rhenium aton{869].

Numerous examples of successful macrocyclic ring clo-
sure (formation of rings with=11 atoms) using the RCM
reaction were reported in 200Fi¢. 11), including: (1)
synthesis of macrocyclic lactong¢370]; (2) formation of
macrocyclic lactones for total synthesis of salicylihala-
mide (25) [371,372] oximidine 11[373], migrastatinf374],
amphidinolides[375], myxovirescin analog§376], cyclo-
proparadicol {26) [377] including an example resulting a
cyclic cobalt—alkyne complejd78], and epothilone analogs
(e.g.127) [379-383] (3) synthesis of a macrocyclic trilac-
tone [384]; (4) synthesis of macrocyclic diamide-bridged
crown ether$385]; (5) synthesis of macrocycle-bridged pep-
tides (e.g.128 [386—390] (6) synthesis of a macrocycle-
bridged thiazole derivative for total synthesis of mascoth-
iazole [391]; (7) preparation of a macrocycle-bridged fu-

anes through use of a chiral catalyst on substrates that conran ring for total synthesis of anhydrochatanf{392]; (8)

tain enantiotopic 1-propen-2-yl groud37]; (17) forma-
tion of cyclic enol phosphates (e.409 [338]; (18) for-
mation of six- to nine-membered ring oxygen heterocy-
cles for total synthesis of ciguatoxin/brevitoxin and related
compounds (e.gl11) [339-345] (19) formation of highly
oxygenated seven-membered ring ethg346]; (20) for-

preparation of a macrocycle-bridged pyridine ring (e.qg.
129 for total synthesis of muscopyriding93]; (9) for-
mation of a macrocycle-fused mononucleotide derivative
(e.g. 130 [394]; (10) formation of a macrocycle-bridged
dinucleotide derivativg395]; (11) preparation of a macro-
cyclic lactam—lactone for total synthesis of PF11638B6];

mation of a seven-membered ring ether for total synthesis (12) preparation of a macrocyclic lactam fused to a tri-

of rogioloxepang347]; (21) formation ofa,B-unsaturated
seven-membered ring lactones (eL§0) [348]; (22) forma-

cyclic ring system (e.gl131) [397]; (13) synthesis of a
macrocyclic carbamate—lactaf@98]; (14) formation of a
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Fig. 9. Representative oxygen-heterocycles produced through an RCM reaction (bond constructed through RCM indicated).

macrocycle-bridged tetrasaccharide for woodrosin total syn- 2.2.6. Alkene metathesis involving alkyne components

thesig399]; (15) formation of macrocycle-bridged cellulose
derivativeqd400]; (16) synthesis of macrocycle bridged taxol
analogs (e.gl32) [401]; (17) synthesis of lactone-bridgee
cyclophaneg402]; (18) formation of capped cyclodextrins
[403]; (19) synthesis of polyether rotaxarid94]; (20) for-
mation of macrocyclic catenanp#5-408] (21) closure of
dendrimers to organic nanotuljé89]; (22) cyclization of re-
mote vinyl groups attached to calixarene dimnjéd]; (23)
macrocycle-bridged ruthenium-bipyridine complejé¥1];
(24) macrocycle-bridged triplatinum complexes (€183
[412,413] (25) capping of zinc porphyrins bound to a gold
nanoclustef414]; and (26) failure to close an 11-membered

Several examples of the synthesis of conjugated dienes
through the intramolecular (enyne RCM) and intermolec-
ular (enyne CM) metathesis of enynes (seeheme }
were reported in 2003. Examples of intermolecular enyne
metathesis reactiong=ig. 12 include: (1) formation of
functionalized dienes (e.d.35 through metathesis of ter-
minal alkynes and enol ethers or enol acetdtEs,417]
and (2) E-selective metathesis of terminal alkynes and
monosubstituted alkend418]. Examples of intramolecu-
lar enyne metathesis include: (1) formation of highly oxy-
genated six-membered ring carbocyd@$9]; (2) synthesis
of butadienyl-substituted cycloalkenes (e1.§6) through in-

ring lactone for preparation of an eleutherobin analog tramolecular metathesis of a conjugated enyne and a mono-

[415].

substituted alkenp20]; (3) synthesis of six-membered ring
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Fig. 10. Representative examples of other heterocycles prepared via the RCM reaction (bond constructed through RCM indicated).

cyclic amide-dienes (e.gl37) [421]; (4) use of Grubbs

Polymerization via sequential intramolecular enyne

Catalyst 1l @) and noncarbene complex catalysts for in- metathesis occurred upon treatment of dialkyhb4

tramolecular enyne metathesis bFallyl-N-propargylIN-
tosylamineg[422]; (5) synthesis of cyclic siloxane-dienes
(e.g. 138 using a noncarbene—ruthenium catalj423];
(6) synthesis of cyclic hydroxylamine derivative® &ndN
part of newly-formed ring)424]; (7) formation of seven-

(Scheme Bwith MoCls/BusSn/quinuclidine mixturet34].
Only the five-membered ring containing polymEs7 was
observed and not the six-membered ring andl6g§

2.2.7. Non-metathesis reaction processes involving the

membered ring cyclic ethers featuring epoxide and conju- Grubbs and related catalysts

gated diene functionalities (e.§39 [425]; (8) use of in-

Several publications in 2003 report on processes unre-

tramolecular enyne metathesis to form macrocyclic dilac- lated to metathesis that are initiated by ruthenium—carbene

tones (e.g140) [426]; and (9) tandem intramolecular enyne
metathesis—cross metathesis reactidi2s,428]

complex catalystd—2 and structurally-related carbene com-
plexes.

Some more complex examples of enyne metathesis are Several examples employing ruthenium—carbene com-

depicted inScheme 7The synthesis of cyclic ethers (e.g.
142-144) from diene—alkynes (e.d41) could be controlled
through alkene substitution patt¢429]. A novel ring expan-
sion process (e.g. formation®48) was observed when cyclic
alkenes (e.dgl45) were treated with Grubbs Catalyst B)(n
the presence of terminal alkynes (elg6) [430]. A mecha-
nism involving initial ring opening metathesis, followed by

plexes to initiate free-radical reactions were reported in 2003
(Scheme B Examples include: (1) use of derivatives of the
Grubbs Catalyst (e.d.62) to promote the Kharasch reaction
[435] and (2) a stereoselective intramolecular variant of the
Kharasch reactiof436].

The alcohol-induced decomposition of Grubbs Catalyst |
(1, Scheme 1Ppwas studied437]. Reaction with methanol

alkyne insertion of the intermediate carbene complex, fol- resulted in the formation of ruthenium hydride compl®a.
lowed by intramolecular metathesis was proposed. In order The depicted mechanism was proposed and supported by la-
to accountfor the relatively highyield (the yield is higherthan beling studies using C¥#CH,OD, the Re=CDPh analog of

the anticipated E:Z selectivity) of the process, a second sourceGrubbs Catalyst |, and carbon-13 labeled ethanol. Numerous
of the observed product involving metathesis of an additional organic byproducts in addition to toluene were observed. Re-

mole of cyclopentene from intermedidtd7was suggested.
When enynel49was treated with Grubbs Catalyst B)(in

action with water led to the phenylruthenium compl<.
The use of the ruthenium hydride complex as an olefin iso-

the presence of ethylene, tandem ethylene-CM and enynemerization catalyst was studied. Formation of the hydtige

metathesis (resulting in trierlb0) followed by intramolec-
ular Diels—Alder reaction resulting id51 was observed

was suggested as a possible source of alkene isomerization
products during metathesis reactions. Related studies were

[431]. A tandem intramolecular enyne—metathesis—-RCM reported for Grubbs Catalyst 1) [438].

process was observed when dienyt¥ was treated with
Grubbs Catalyst 1%), resulting the tricyclic aminel53

[432]. Amine 153 was an intermediate in the total synthe-

Several studies utilizing ruthenium—carbene complexes
as alkene isomerization catalysts were reported in 2003
(Scheme 11 Grubbs Catalyst 11) was useful for the deal-

sis of erythravine. Tandem enyne metathesis, ROM—RCM lylation of amineg439]. Treatment of allylamines (e.470)
was demonstrated for a dialkyne—norbornene derivative with Grubbs Catalyst | at 110C induces isomerization to the

[433].

enamine (e.gl71), which is then cleaved to afford the free
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amine. A study of the reaction of Grubbs Catalyst | with al- to ruthenium complef75in the solid state and to carbonyl-
lylic alcohols was reportef@40]. Reaction with allyl alcohol ruthenium complef 76in solution. The mechanism depicted
(173 or 3-butene-2-01181) led to the isomerization products  in Scheme 1lwas proposed for formation of the carbonyl
propionaldehyde or 2-butanone and a noncarbene—rutheniuntcomplex. An alternative mechanism was proposed for the
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Additional non-metathesis reactions exhibited by the was proposed for the formation®10. The mesityl analog of
Grubbs Catalysts and related complexes reported in 2003phosphide206led to a stable analog of phosphinidene com-
are depicted inScheme 12and include: (1) use of plex208][447]. Silica-bound neopentylidene complexes of
ruthenium—carbene complé®1 as catalyst for hydroviny-  zirconium and titanium were similarly prepared through ther-
lation of dienes (e.dl90) [441]; (2) use of a Grubbs Catalyst molysis of silica-bound bis(neopentyl) complex448]. The
Il analog (L94) to promote the addition of carboxylic acids zirconium complex afforded 3,3-dimethyl-1-butene upon re-
to triple bonds and alkyne dimerization (ruthenium vinyli- action with styrene, and a stable titanium—alkene complex

denel99is a potential intermediate in these reactiqAdp]; was formed using the titanium analog.

and (3) the use of Grubbs Catalystl) @nd alkoxycarbene Titanium carbene complexes featuring bridges to the

complex analogs as catalyst for the hydrogenation of ROMP Cp ligand (e.g.217 and 218 Scheme 1% were pre-

polymers[443]. pared through reaction of titanocene dichloride with
bis(neopentyl)magnesiuif@49]. The reaction initially af-

2.3. Individual carbene or alkylidene complexes fords the Cp-bridged compleX17, which converts to the

classified according to metal alkylidene/Cp-bridged compleX18upon thermolysis in the
presence of trimethylphosphine. A C-D activation prod-

One manuscript describes the bonding modes ip €ih- uct, 220, was formed when compleX18 was reacted with

plexes for a variety of transition metgl44] and cannotbe  benzene-gl

assigned to a specific metal. Several examples employing in situ-generated
titanium—carbene complexes in synthetic organic chemistry

2.3.1. Group IV metal-carbene complexes were demonstrated in 2003; representative examples are

Both isolable titanium—carbene complexes and reactionsdepicted inScheme 15 Titanium-induced carbony! olefi-
thatinvolve titanium alkylidene complexes are covered in this nation using the Tebbe reage@2f) was demonstrated for
section. various allylic esters (e.g226) [450]. Several examples

A titanium—carbene complex205 Scheme 1Bwas pre- of the generation of titanium alkylidene intermediates
pared through alkylation of titanium dichlorid202 with (e.g9. 230 from dithioacetals (e.g228) and low-valent
neopentyllithium followed by treatment with silver triflate titanium complexes (e.229 were reported in 2003. The
[445]. Treatment of the carbene complex with benzophenoneuse of dithioacetal-derived titanium carbene complexes
led to the carbonyl olefination produ2t2and dimeric tita- ~ for solid-phase ketone/benzofuran synthesis was reported
nium complex213 Reaction with phosphid206 led to the [451,452] Treatment of polymer-bound esters (eafl)
imine complex210 [446]. A mechanism involving triflate ~ with titanium carbene complex intermedia280 afforded
displacement, followed by P—H activation and H-transfer to polymer-bound enol ethers (e.832 which hydrolyzed to
afford neopentyl comple208 followed by N-P exchange  afford either simple ketones (e.§34) benzofurans (e.g.
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235). An arylborane functional group was compatible with 2.3.2. Group V metal-carbene complexes
all of these reaction processes. Thioacetal-generated carbene The synthesis and reactivity of tantalum—carbene complex
complexes were similarly employed for the carbonyl olefina- 244 (Scheme 1pwas reported458]. The complex was pre-
tion of N-phenylamide derivativegl53]. An intramolecular pared directly from the reaction of diene compi3with
variant of this olefination process was demonstrated in a dibenzylmagnesium. Similar reactions had previously been
complex molecule for formation of a six-membered ring reported to provide dibenzyltantalum species. Reaction of a
present in marine toxin ciguatoxif54]. Generation of  variety of organic compounds with carbene com@éxwas
titanium carbene complex intermediates (£87) through examined. Addition product45 and246) were obtained
reaction of titanium comple229 with chloromethyl ethers  from p-methoxyaniline or methanol. Reaction with alkenes
(e.g.236) was also demonstrat¢d55]. If this reaction was resultedin [2 + 2]-cycloaddition products (e247), however
conducted in the presence of ketones, enol ethersZ40y. carbene comple244 displayed low activity for the ROMP
were produced. Two equivalents of the titanium reagent were polymerization of norbornene. The insertion prold8was
required in this process, and the corresponding methyl etherobtained from the reaction with 2,2-dimethylpropionitrile.
238 was obtained as a byproduct. Oxatitanacyclobutane The tantalum carbene compl@s2 (Scheme 1lyfeatur-
intermediates in the titanium-based carbonyl olefination ing an agostic C—H interaction was prepared by reaction of
using CpTiMe, were detected by chemical ionization mass ditantalum speciea51with 3,3-diphenylcyclopropen50
spectrometry456]. [459]. Reduction of this species led to the chelated carbene
Theoretical studies of the reaction of titanium-vinylidene complex253 A similar reduction of the tantalum—carbene
complexes with multiply-bonded organic species were re- complex254resulted in the formation of bis(carbene)ditan-
ported [457]. Nonpolarized multiply-bonded species (e.g. talum complex255 [460]. Treatment of tantalum carbene
alkenes, alkynes) were proposed to undergo direct cycloaddi-complex 256 with tris(pentafluorophenyl)boran@g7) led

tion to the carbon-titanium double bond of Jp=C=CH.. to the agostic alkyl comple58[461]. Isocyanide insertion
Polarized species (e.g. Gitriles) were proposed to coor-  occurred selectively at the borylated group to affordifie
dinate to titanium prior to cycloaddition. iminoacyl complex260.
Cp,TiCl, 215 Q PMes % C ¥ %
A i 219 T

o N g, Cr” PMe,

216 G
></Mg‘>< 217 218 220 \\DE

Scheme 14.
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The synthesis of niobium—vinylidene complexes (26§ too unstable for evaluation as metathesis catafg€s]. A
268 Scheme 18was reported462]. Oxidation of alkynyl- study of the equilibration of alkoxy ligands in analogs of the

niobium complexX263 (L =PMe,Ph) led to radical anion in-  Schrock carbene complex was repolfié@4]. Determination
termediate265, which afforded the vinylidene comple&266 of the rate of equilibration and position of equilibrium were
after hydrogen atom abstraction from the solvent. The car- the focus of these studies.

bonyl analog 263 L =CO) afforded the dicationic dimeric Tungsten(lV) carbene complexes (e.)277-280
complex268upon oxidation by ferrocenium ion. Scheme 2P were prepared through the reaction of
iodo—tungsten comple275 with organolithium reagents
followed by treatment with an electrophil¢65]. Formation
classified according to structure and reaction type) of the methyl complex276 was observed upon treatment
2.3.3.1. Schrock-type carbene complexasignificant por- with lithium dimethylcuprate. Protonation &76 in neat
tion of this subject material has already been presented in the2cétonitrile led to hydroxycarbene complx7. Methyla-
alkene metathesis section; the Schrock CataBjsb¢longs  tion of 275followed by silylation led to the silyloxycarbene
to this class. Ferrocenyl derivatives of the Schrock Catalyst COMplex 280 Related carbene complexes were prepared
(e.g. 272, Scheme 1pwere prepared, however they were from phenyllithium.

_v H —|®

2.3.3. Group VI metal-carbene complexes (further

Ph . : Ph
264 Ph
% Cp.Fe BPh, / /\
Cp'aNb? —_— Cp'aNb] Cp'aNE,
L CHyCl, PPh,Me PPh,Me
_ 265 266
_— L = PMe,P
L=CO HBPh,
264
267
_| @
Nb(Cp),cO ' @
Ph
Ph
CO(Cp')oNb

268

Scheme 18.
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Molybdenum carbene comple85 (Scheme 21 was thesis, which involves coupling of an organolithium reagent
produced upon treatment of diisocyanide—dimolybdenum with a group VI metal carbonyl derivative, followed by alky-

complex 283 with base[466]. Optimal formation of285 lation of the resulting acylate. Emphasis in this section is on
was observed using NaOH as the base; cyanide complexthe newer synthetic routes to these complexes. Two of the
284 typically accompanied carbene compl285. The pro- papers cited in the metathesis section concern reactions that

posed mechanism involves migration of the isonitrile lig- occur at remote alkene substituents in group VI metal carbene
and to the Cp ligand followed by 1,3-H shift to afford complexeqd182,231] This can be regarded as an additional
Cp complex 287, followed by a 1,3-shift of the isoni-  synthetic route to this class of compounds. A crystal structure
trile ligand to afford bridging carbyne comple388 fol- was reported for a chromium carbene comjé&9] and a
lowed by deprotonation to afford carbene com@8&%6. Re- molybdenum carbene complgk70].
lated sulfur-rich dimolybdenum—carbene complexes were  Tungsten—cyclobutenylidene complexes (e.@93
produced through reaction sodium azide with bridging Scheme 2P were prepared through deprotonation of the
vinylidene—dimolybdenum complex@67]. ethynylcarbene complef90 followed by reaction with a
Chromium(lll)—carbene complexes have been suggestedgroup VI metal carbonyl, followed by methyl triflajd71].
as intermediates in the conversion of alkenes to iodocy- The reaction had to be performed in THF; the product in
clopropanes via the reaction of alkenes with iodoform, ether were the bimetallic cyclopropenylidene complexes
chromium(ll) chloride and tetraethyl ethylenediamjAé8]. 291 and 292 The mechanism depicted Bcheme 22vas
proposed to explain the formation @01-293 A critical
2.3.3.2. Publications focusing on synthesis, formation, or step in the formation of cyclobutenylidene complexes
physical properties of Fischer carbene complexes of group V1 is the ring expansion of cyclpropenone comp36 to
metals. The most common procedure used for the synthesis cyclobutenylidene complex97298 Methyl triflate ap-
of group VI metal-carbene complexes is the Fischer syn- parently serves as a source of protons in the conversion of
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intermediate297/298 to cyclobutenylidene produc293
Cyclobutenylidene comple97/298 is also an important

plexes was also reportgd75]. Attempts to prepare Fis-
cher carbene—group VI metal complexes from acyclic di-

intermediate for the formation of the metal transposition aminocarbenesand M(Cg§yources were report§di76]. Re-

product292 The bimetallic complex300 was formed if

action of bis(diisopropylamino)carbene andE}Cr(CO),

water was used as the quench, and this complex slowly affordedn?-[bis(diisopropylamino)carbene]Cr(CQ)which

decomposed to the simple cyclobutenylidene comp@x
in solution.

converted to they!-(carbene)Cr(CQ@)complex upon treat-
ment with CO. The analogous tungsten and molybdenum

The preparation of molybdenum carbene complexes fea-M(CO)s complexes were generated in a single reaction.

turing pincer ligands was report¢d72]. Treatment of the
germanium speciegd03(Scheme 2Bwith molybdenum hex-
acarbonyl led to dimolybdenum specg&a5, which upon fur-
ther reaction affords the carbene comp896 as a mixture
of facandmerisomers. Reaction with (C@yV(THF) led to
the complex analogous ®&05 and did not afford a carbene
complex.

The preparation dfl-heterocyclic carbene—-Cr(C§jom-
plexes (and tungsten analogs) (€399 Scheme 2¥was
reported[473]. The synthesis involves initial preparation
of the o-azidophenyl isocyanide comple8(q?7), followed

2.3.3.3. Reaction of group VI metal—-carbene complexes with
alkenes and dienesThis section focuses on reactions of
group VI metal-carbene complexes involving coupling with
alkenes at the carbene carbon. Other examples of the cou-
pling of carbene complexes with alkenes where the reactive
site is elsewhere can be found ahead under the heading: cy-
cloaddition reactions occurring at the-C w-bond of«,B-
unsaturated metal-carbene complexes (Seétid:3.7.

Coupling of a,3-unsaturated carbene—chromium com-
plexes (e.g312 Scheme 2pwith electroneutral 1,3-dienes

by closure to the benZimidaZOIylidene Complex by treat- (e.g_isoprenés:l_awas reporte@d]?]_ Cyc|opentane deriva-
ment with triphenylphosphine and aqueous HBr. A simi- tives314 (a [4 + 1] adduct) an®15 (a [3 + 2] adduct) were

lar process was reported for azidomethylphenyl isocyanide gptained from the heating of carbene comp8®2 in the
complexes[474]. Preparation of related carbene com- presence of excessisoprene. The distribution was solvent and
plexes by cyclization of phenolic isocyanide—tungsten com- temperature dependent; however exclusive formaticB1.df

oH CHs
(CO)4Cr 8 —
| » 314
Ph™ X SN
; OMe i OMe
/\)C'Lr(CO)S A = %10 v =
Ph" X" ~OMe > =
313 CH3
312 Cr(0OC), T OMe
Ph™ N7 NoMe 315
| 317 |

Scheme 25.
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was observed in THF at 12@ while 315 was the exclu- pendent. Formation of indole versus isoquinoline substrates
sive product from the reaction conducted at@0n toluene. was correlated with the regiochemistry in an early event

The [3 + 2]-adduct was obtained exclusively from the analo- in the proposed mechanistic pathway, [2 + 2]-cycloaddition

gous tungsten carbene complexes. The proposed mechanisrof the carbene complex and alkene resulting in regioi-

involves a metalla-Diels—Alder reaction followed by reduc- someric metallacyclobutenes of general structi824 or

tive elimination. The cycloaddition mode is determined by 325

whether the metalla-Diels—Alder reaction utilizes the carbene

complex as the 2-component (affording intermediaBi.6)

or the 4r-component (affording intermediagd 7).
Thermolysis of a variety af-alkenylphenylaminocarbene

complexes (e.818and320 Scheme 2pwas reporte4 78].

2.3.3.4. Reaction of group VI metal-carbene complexes
with alkynes—benzannulatioMany examples of benzan-
nulation using «,B-unsaturated chromium—carbene com-
plexes Echeme 2y and alkynes (commonly known as the

These reactions proceed to form either indole or quinoline Dotz reaction) were reported in 2003. Examples are de-
derivatives. The reaction pathway was highly substrate de- picted in Scheme 27and include: (1) atroposelective ben-

Doetz Benzannulation Reaction

OR OR
- Rsm-C=C-Rig Pl Rsm
r Cr(CO r
O (CO)s - 4 [
T > Ria
OH
OMe
t-Bu
1. e
_
331 n-Bu
2. Ce(lV)
OTBS OTBS
A, 1. E
= —Cr CO)4 -
Cr(CO)s (CO) Cr
@333 2. TBSCI/ NEty 554 OMemhy| )s OMenthyI

Scheme 27.
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zannulation reactions involving arylacetylene derivatives  The preparation of benzofuran derivatives (e3#9,
that contain a chiral substituenttho to the alkyne group  Scheme 2Pvia coupling of Fischer carbene complexes (e.g.
(e.g.331) [479]; (2) diastereoselective benzannulation re- 346) with conjugated dienynes (e 845 was reporte83].
actions using menthyloxycarbene complexes (838 and This alternative benzannulation reaction proceeds via alkyne
studies of the haptotropic isomerization of the resulting insertion followed by CO insertion to form a dienylketene
naphthalene-chromium complexes (e.g. interconversion ofintermediate (e.g347). Cyclization to afford a phenol-enol
334 and 335) [480]; and (3) highly diastereoselective cou- ether (e.g348) followed by workup with iodine lead to the
pling of carbohydrate-bound alkenylcarbene complexes andbenzofuran. This reaction was used as a cornerstone for for-
carbohydrate-bound alkyng$31]. mal total synthesis of the natural product egonol.
Macrocycle-forming benzannulation reactions were re-
ported Gcheme 2B[482]. In addition to the expectert 2.3.3.5. Nonbenzannulation reactions of group VI
and p-cyclophanes337 and 338 additional products were  metal-carbene complexes with alkyn@&ther processes
observed, including cyclopropaBd0andm-benzannulation  jnyolving the capture of vinylcarbene complexes generated

product339 The unusuat-benzannulation produ8B9was  from the coupling of carbene complexes and functionalized
proposed to arise via intramolecular ketene addition in di- alkynes were reported in 2003.

enylketene intermediaté41 followed by aCid-Catalyzed re- Several papers report on the generation of isobenzo-
arrangement of cyclobutenoBd2 furan intermediates from the coupling of carbene com-
OMe
TMS
P (Copcr—X A"
Cr(CO
e T —
= MeO™ “Ar P
OMe OMe
346 347
345
OMe Ar
T™MS A b —
O) | |
OMe OMe
348 349

Scheme 29.
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plexes ando-alkynylbenzoyl systemsScheme 3P Cou-
pling of o-alkynylbenzaldehyde derivatives (e3p2) with
B-cyanocarbene complexes (e3p3 led to isoquinoline
derivatives (e.g356) [484]. A mechanism involving gen-
eration of an isobenzofuran (e.854), followed by an in-

tramolecular Diels—Alder reaction between the isobenzofu-

ran and nitrile, followed by reductive deoxygenation was pro-
posed. A similar isobenzofuran intermediate (8989 was
generated from the coupling of carbene complexes with
alkynylbenzamides (e.§57) [485]. Formation of the isoben-

Coupling of carbene complexes (e3p9, Scheme 31
with enyne—hydrazones (e.868 was reported487]. This
reaction affords pyrrole derivatives (€3y.1) through amech-
anism involving alkyne insertion followed by nucleophilic
addition of the imine nitrogen to the carbene carbon of the
intermediate alkenylcarbene compl&xQ.

Several carbohydrate-substituted carbene complexes (e.g.
376, Scheme 3P were prepared by metathesis reactions
of enol ethers and carbene compl&x5, and subsequently
treated with electron-rich acetylenes (e.877) [488].

zofuran was less efficient in this case, however it could be These reactions typically afforded,B-unsaturated car-
trapped through intramolecular reaction with alkenes that bene complexes (e.@78. Disaccharides linked through
were originally tethered to either the carbene complex or a carbene complex (e.378 could be obtained using

the amide nitrogen. Aminonaphthalenes (8@fl) were ob-
tained after acidic workup conditions. Isobenzofuran inter-
mediates (e.g364) that are derived fronu,3-unsaturated
carbene complexes could be captured by DMAIBS) to
provide [8 + 2]-cycloaddition products (e.§66) as single
diastereomerg!86].

carbohydrate-substituted alkoxyacetylenes. Cyclopropa-
nation reactions of these carbene complexes were also
reported. Reaction with-butyl vinyl ether led to a metathe-
sis product (e.g380), while cyclopropanation products (e.g.
382 were obtained with electron-deficient alkenes (e.g.
381).
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Scheme 32.

Nickel-catalyzed chromium carbene—alkyne coupling
processes were reporte8aheme 3B [489]. Cyclohepta-
trienes (e.g389 and 390 were synthesized through either
the coupling of an alkenylcarbene complex (842 with
two equivalents of an alkyne or through coupling of an alkyl-
carbene complex (e.869) or arylcarbene complex with three

equivalents of an alkyne. A mechanism involving formation
of a nickel carbene complex (e 385) through carbene trans-
fer to nickel, followed by insertion of 2—3 mol of alkyne,
followed by intramolecular cyclopropanation to afford an in-
termediate norcaradiene species (88j/), followed by an
electrocyclic ring opening was proposed.

Cr(CO)s n-Pr
NiL
Ph" X" “OMe . " 2eq383  LNi =
Ni(COD -
s 312 # Ph/\)I\OMe n-Pr l
. 384 385 Ph” ™~ OMe
- 386
383
n-Pr.
CEANPNG n-Pr n-Pr
nnnGHCO)g — phn Ph
Ph %
389
OMe 387 OMe
Cr(CO)s — Ni(COD),
CHy” ~oMe ¥ - - =
369 383 384

Scheme 33.



J.W. Herndon / Coordination Chemistry Reviews 249 (2005) 999-1084

1027

Ph Ph Ph
N= hv/ =—OFt N Eh )
CO)cr= Ph  ————> [ (CcO),Cr= Ph | > Ny ~0Et

CHj 393 Elo—== CHs

392 - CHg
394

395

Scheme 34.

Photolytic coupling of iminocarbene group VI metal com-
plexes (e.g392 Scheme 3Yand various alkynes led to 1-
pyrrolines (e.g395 [490]. The mechanism of this reaction
was studied by DFT calculations.

2.3.3.6. Photolytic generation of ketenes from group VI
metal-carbene complexe¥he formation of chromium
ketene complexes (e.§97, Scheme 3pthrough photoly-

(e.g.408) were obtained upon thermolysis. The correspond-
ing allyloxycarbene complexd(9 afforded compound10
in a sequence involving intramolecular Diels—Alder reaction
followed by oxidation of the carbene complex to the lactone.
The coupling ofx,B-unsaturated carbene complexes with
enamines was reporte¢heme 3y [495]. A mixture of
compoundgtl5and416was obtained from the coupling of
carbene compled12 with enamine413 A mechanism in-

sis of Fischer carbene—chromium complexes was reported.volving formation of bicyclic intermediaté14 via Michael
Chromium carbene-derived ketenes couple with aldehydes inaddition followed by proton transfer and addition of the re-

the presence of DMAP to affor@-lactones (e.g398) or the
alkenes (e.g399 derived from CQ loss[491]. Chromium
carbene-derive@-lactams (e.g402) were used as start-

formed enamine to the carbene carbon was proposed. For-
mation of alkenel160ccurs upon treatment of this interme-
diate with acid. The proposed mechanism involves loss of

ing materials for the synthesis of several cyclam derivatives the methoxy group followed by conversion of the resultant

[492,493]

2.3.3.7. Reactions occurring at the conjugateddCr-bond
of a,B-unsaturated group VI metal-carbene complexsgs-

unstabilized carbene compldg 7to the alkene, followed by
enamine hydrolysis. Carbene comp#x7 (M = W) could be
observed by low-temperature NMR. Thermolysis of interme-
diate414afforded the cyclopropan&l5through addition of

merous reaction processes were reported in 2003 where dhe metal—carbon bond to the enamine functionality. The in-

carbene complex activatesmabond for nucleophilic addi-

dividual steps in the conversion dfi4to 417 to 416 were

tion or cycloaddition reactions (i.e. the carbene complex is a demonstrated in less complex systems.

surrogate for an “activated ester”).

Coupling of enynylcarbene complexes (e.405
Scheme 3pwith enol ethers (e.g406) afforded [2 + 2]-
cycloaddition products (e.@t07) [494]. Phenol derivatives

The reaction of 3-furylcarbene complexes (e420,
Scheme 3Bwith nucleophiles was reportdd96]. The re-
action of organolithium reagents and menthyloxycarbene
complexes afforded Michael addition products (e18l)

0
Cr(CO)S R—CHO i X CT(CO)S
OMe i > OMe .
CO / DMAP
. I 397 |
il R = Aryl OMe
o e —
& "OMe Ar Ph
Ph 399
398
TBSO
Cr(CO)s — OHs /

401

CHy™ ~0™ ™Y >

CbZN/>< -
sy .

OTBS CO

400

Scheme 35.
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with a moderate degree of diastereoselectivity. Analogous bene complexes (e.gl50) were obtained via a Michael

reactions employing methoxycarbene compf? led to
Michael adducts (e.@l23) in addition toa-methoxycarbene
complexes (e.g424). The mechanism for formation ef-

addition process. The electrochemistry of these complexes
was examined. Chemoselective Diels—Alder reactions were
demonstrated for bis(carbene-complex) derivativ&[501].

methoxycarbene complexes involves 1,2-addition (affording Reaction with 1 mol of cyclopentadiene afforded addii2

intermediatet25) followed by CO insertion and alkylation.
Hydride reductions of bicyclia,B-unsaturated aminocar-
bene complexes (e.gl27 and 431, Scheme 3Pwere re-
ported[497]. Treatment of compled27 with sodium boro-
hydride resulted in reduction of the ketone functionality.

from selective reaction at theB-unsaturated alkoxycarbene
complex functionality.

2.3.3.8. Physical organic chemistry of group VI Fischer car-
bene complexesThe kinetic parameters for reaction of group

However, reduction in the presence of trifluoroacetic acid VI metal-thiocarbene complexes (e4&5 Scheme 4pwith

led to the carbene complex reduction prodd2® via the
iminium salt428 Reduction of carbene compléglled to
the conjugate reduction produ¢82 The conjugate reduc-

amines were evaluated in aqueous aceton[B02,503] The
nucleophilic addition stefk{) was rate-limiting for most sim-
ple primary amines, and for piperidine and pyrazine deriva-

tion mechanism was supported through deuterium labeling tives. Leaving group departurks was rate limiting for mor-

studies.

An unusual reaction resulting in the formation of iso-
cyanide derivatives (e.@41, Scheme 4Ppwas observed in
the coupling of aromatic diamines (e436) with alkynyl-
carbene complexes (e.435 [498,499] Initially the reac-
tion leads to the Michael adduB7, which transforms to the
isonitrile complex upon treatment with silica gel or by mild
thermolysis. A mechanism involving intramolecular aminol-
ysis of the carbene complex functionality487, followed by
tautomerization, followed by ring opening to afford the pro-
tonated isocyanide/enamide compid0, followed by pro-

pholine at low concentrations and for cyanomethylamine.
Thek; values were lower for the secondary amines; this ob-
servation was attributed to a steric effect. A substituent effect
usingp-phenyl substituted analogs of carbene compgigs
was also reportefb04]. Regardless of thp-substituent, the
initial attachment of the amine to the carbene complex was
rate limiting, however the substituent effect was weaker than
that observed for methoxycarbene complex analogs.

2.3.3.9. Synthesis and reactivity of group VI metal-vinyli-
dene complexes, and reactions that involve vinylidene—

ton transfer was proposed. In one case an ethanol adduct ofnetal complexes as intermediaté8ingsten- and moly-

cyclic aminocarbene comple¥39 could be isolated. Reac-

tion of complex435with 1,8-diaminonaphthalend42) led

to perimidine derivativd46and the methylcarbene complex
445, A mechanism involving double Michael addition of the

bdenum-vinylidene complexes (e461, Scheme 4Bwere
prepared through protonation of the corresponding alkynyl
complexes (e.g460) [505]. When the complexes were
heated, equilibrium of the)2-alkyne complex (e.g462)

free amines followed by expulsion of the carbene complex and vinylidene complex was established. The metal and the

anion from cyclic intermediaté44 was proposed.
Reaction processes employing kig{-unsaturated-
carbene-complexes) were demonstrat8dhéme 41 The
reaction of dicarbene complexes (e4/8 with various
aromatic diamines was reportfD0]. Macrocyclic tetracar-

vinylidene substituent had a profound effect on the position
of equilibrium. An alternative route to transform alkynyl
complex460 into carbene complexes was also developed
employing neutral alkynyl comple263 [506]. Tungstena-
furans (e.qg.467) were obtained by reaction of complex
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463 with various organolithium reagents followed by elec- The synthesis of pentacarbonyl—-group VI metal allenyli-
trophilic quench. Regioisomeric tungstenafurans were ob- dene complexes (general structdi#3 Scheme 4¥was re-
tained in some cases. A mechanism involving nucleophilic ported507]. Treatment of alkynyl anions of general structure
attack at the carbonyl ligand followed by reductive elimina- 470with (COxM(THF) (M =W or Cr) followed by reaction
tion to afford the tungsten—alkyne comple¥6g), followed with an electrophile led to the allenylidene compfs3 Re-

by isomerization to thg3-allenyl-enolate complexg6) fol- action of complex74with dimethylamine led to the Fischer
lowed by protonation of the enolate was proposed to accountcarbene complek75throughx-attack, whereas reaction with
for formation of the major regioisomd67. the alkoxy analogt76led to the diaminoallenylidene com-

(CO)M Y*(QY\T’ M(CO)s

OMe NH NH OMe

OMe NH NH OMe

+
449 (CO)M
NH»

(CO)sW.

OMs 451

[ s

W(CO 5 NMe,

W(CO)s
W(CO)s

l)

NMez

Scheme 41.
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plex477throughy-attack followed by alkoxy displacement.
Ligand exchange with triphenylphosphine could be effected
under photolysis conditions.

Reaction of KCr(CO) with «o,B-unsaturated acid chlo-
rides (e.g478 Scheme 4pbfollowed by trifluoroacetic an-
hydride affords unstable vinylidene complexes (e1@9
[508]. The vinylidene complexes convert to the binuclear
complexes (e.g480) upon warming to room temperature
in dichloromethane solution. Thebutylvinylidene com-
plex was prepared through reactiontdfutylacetylide an-
ion with (COxCr(THF) followed by methylation; this com-
plex also converted to the binuclear species upon warm-
ing. Reaction of related complexes (e482) with di-
azo compounds led to the heterocyclic compounds (e.g.
484) [509]. Cycloaddition through the alkyne—metal com-
plex form @83) was proposed. A binuclear tungsten vinyli-
dene complex was formed upon treatment BEN/,N”-

ka[R'R®NH]
R
or
kBHEO

NR'R?
(CO)sCr= + MeSH
Ph

458

42.

trimethylhexahydrotriazine)W(C@) complex with three
equivalents of bis(diphenylphosphino)acetyl§nt0].

Reaction of alcoho#87 (Scheme 4Bwith catalytic tung-
sten hexacarbonyl under combined thermal/photolytic con-
ditions led to a mixture of five-membered ring compound
492 and six-membered ring compoud®1 [511]. Forma-
tion of the six-membered ring compound was attributed to
intramolecular reaction of the alcohol group with the vinyli-
dene functionality in intermediate compld88 Formation
of the five-membered ring was attributed to reaction of the
alcohol group with ther-alkyne functionality of intermedi-
ate489 The direction of the reaction was controlled by the
stereochemistry of the propargyl alcohol substituent.

Coupling of tungsten acetylides that contain epoxide func-
tionality (e.g.495 Scheme 4)with Lewis acids was reported
[512]. The reaction affords a dihydrofuryltungsten derivative
(e.g.497) through a mechanism involving complexation of

_l ) -Bu
Cp HCI Cp Cp
V‘V B VIV -Bu - W_| ‘
2 — - ON™1
ON ICE;::_\,FBU ON (l:;':::T/ COH
461 462
460
I
I o —
o 1°
P Ph-C=C-Li | | v'vp
C=C- n-
A o) te
tBu —— —
ON ¢ O == -
463 464
® B o 7
" +BU | G tBu | , Cp tBu
i ~W W
oV ON ‘\% HO0 onY
! o)
_n
S
Ph \ 467\\
465 dgg PN Ph

Scheme

43.
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the Lewis acid with the epoxide and reaction with the alkyne
to afford a vinylidene intermediate (e.496), followed by
attack of the alkoxide at the vinylidene to generate the di-
hydrofuran. Tungsten acetylid®9was converted to the di-
hydrofuran derivative503 by treatment with acetaldehyde
and Lewis acid$513]. A mechanism involving coupling of
the vinyltungtsen with the Lewis acid-activated aldehyde to
form the vinylidene complex500), followed by coupling

of the vinylidene and alcohol functionalities to form the
dihydrofuran 601), followed by elimination of water was
proposed.

2.3.3.10. Reactions involving carbanions derived from de-

protonation of group VI metal-carbene complex&gv-
eral examples of reactions that involve deprotonation of a

1. Kgcr(CO)E

Y

H>=I=Cr(CO)5 — K

group VI Fischer carbene complex at theposition, fol-
lowed by reaction with an electrophile were reported in
2003.

Several examples of the coupling of carbene complexes
(e.g. 506 and 513 Scheme 4B with in situ-generated
alkynyliminium salts (e.g609) were reporte{b14]. Reaction
of alkoxyiminium salts with carbene complexes that contain
a-substitution (e.g506) led to highly unsaturated carbene
complexes (e.¢p12). The mechanism for this transformation
involves Michael addition of the carbene complex-derived
anion 608) to the iminium salt$09), followed by intramolec-
ular coupling of the enamine and carbene complex function-
alities, followed by electrocyclic ring opening of the resulting
cyclobutene%11). Reaction of the analogous methylcarbene
complex with513led to the condensation produ&s4and

R

R O 2. (CF3C0),0 (C0O)4Cr—Cr(CO)3
479
478 480
1. Cr(CO)s(THF)
2. MeOTf
+Bu-C=C-Li
481
o Ph Ph,C=N, {CO)scthN/ Ph
==Cr(CO)s — ILFCr(CO)5 - ph/)J
H Ph
482 483 484

Scheme 45.
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515 Compoundb15undergoes a cyclization reaction upon carbene comple869 with various carbohydrate aldehydes
thermolysis at 60C. (e.g.523 [516] and other chiral aldehydés17].

The coupling of hydrazinocarbene complex stabilized an-
ions (e.g.518 Scheme 4pwith «,3-unsaturated carbonyl 2.3.3.11. Reactions involving the addition of nucleophiles to
compounds and simple carbonyl compounds was reportedthe carbene carbonThe coupling of tungsten—carbene com-
[515]. The reaction proceeded with a high degree of diastere- plexes (e.g528and533, Scheme 5pwith dihydroquinoline
oselectivity in most cases when conducted-&8°C. The (529 to form ylide complexes (e.d30, 535 was reported
anionic intermediat&18was studied by proton and carbon- [518]. The reaction using the phenylcarbene com@&s
13 NMR spectroscopy. The product carbene complexes werefailed. However, if the reaction was conducted in the pres-
readily transformed to the corresponding organic hydrazidesence of pyridine then successful formation of the analogous
by treatment with buffered calcium hypochlorite solution. pyridinium ylide complex $35 was noted. Reaction of the
Aldol-type reactions were also reported for simple methyl- phenylcarbene complex with dihydroquinoline in the pres-

(©]
W] (W] 0
W——\ BF3 = air
0 NTs — NTS | — = Q NTs ——» (O NTs
|>—/ Sh H,O
F4B
498
497
495 496
[W] = -W(CO)5Cp
OH (W]

A CH;CHO / BF e OH
W—=—""Y"" 3 3 :
W] el — FSBOJ\/\\/\ >

"o, /o 0 \ /™0
- —_— — z —_— =
CHa o CHg 0

0
501 o# 502 O# 503 O—-lk

Scheme 47.
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ence of enamin&36led to the aminé&37via a mechanism  bene complexes with ureas was reporigtl9]. A mecha-
involving addition of anionic tungsten to the iminium salt nism involving nucleophilic attack at the alkyne carbon fol-
from 536followed by reductive elimination. lowed by cyclization through nucleophilic attack at the car-
Reactions thatinvolve additions to both the carbene carbonbene complex was proposed. Mixtures were obtained when
and the3-carbon otx,B-unsaturated carbene complexes were unsymmetrical ureas were employed. However, amoderately
reported. The synthesis of uracil-carbene complex deriva-regioselective process was observed usirgjlylurea. Both
tives (e.g.540 Scheme 5)through reaction of alkynylcar-  microwave and traditional thermal processes were examined.

NMeg
© 8 (CONCr N,
(CO)4Cr\ ) (CO)4C|'\ Bn
“NMe, MBuLi >NMe, .
CHyCH;™ N — = 2 Me
Bn -78°C Me Bn 519 H
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-~ e (CO)SCr O\|/
© & MeNi—Prgl
369 TMSCI/

OHC
M>_4,o
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Scheme 49.
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The synthesis of cyclopentenols (€534 and545) through
coupling of a,B-unsaturated carbene complexes (&41)

with enolates (e.g542) was reported520]. A mechanism
involving 1,2-addition followed by nucleophilic addition to
the carbonyl group with allylic rearrangement was proposed.
The stereochemistry of the reaction was controlled by choice
of solvent (ether versus THF).

The transformation of pyranylidene-chromium complexes
(e.g. 547, Scheme 5pto the corresponding piperidinyli-
dene complexes (e.§49 was reported521). The pyranyli-
dene complexes were prepared by the novel synthetic
route from alkenylstannan&46. Treatment of pyranyli-
dene complexs47 with ammonia led to the open chain
alcohol-aminocarbene complex derivatb48 Reclosure of
the ring was effected using the Mitsunobu reaction. A sim-
ilar set of reactions was used to prepare organochromium
nucleoside analod$22].

The three-component coupling of carbene complexes (e.g.
330 Scheme 58 enolates (e.g552 and 557), and allyl-
magnesium bromide was repor{&@3]. Substituted enolates
(e.g.552) led to five-membered ring derivatives (e556) in

carbene carbon, followed by addition of allylmagnesium bro-
mide to the ketone, followed by intramolecular alkene inser-
tion and cyclopropanation. Unsubstituted enolates &5@.
afforded six-membered rings (e 560 by a similar mech-
anism except that CO insertion occurs in intermedii8
which then undergoes a net oxidative addition into the alkene
C-H bond to afford the six-membered ring product. In both
cases the reaction was highly stereoselective.

2.3.3.12. Insertion of group VI metal-carbene complexes
into o-bonds. Intramolecular C—H insertion processes were
reported for boryloxycarbene—molybdenum complexes (e.g.
561, Scheme 5%[524]. Thermolysis of carbene complégl
followed by treatment with peroxide anion afforded 62

as a single diastereomer.

Molybdenum—carbene complexes (e5§6 Scheme 5p
were proposed as intermediates in C—H activation reactions
of dialkylmolybdenum comple®65[525]. Room tempera-
ture thermolysis of complex65in tetramethylsilane resulted
in the dialkyl complex567. Room temperature reaction of
complex565 with p-xylene resulted in an aryl C—H activa-

a reaction sequence involving addition of the enolate to the tion product $69) and a benzylic C—H activation product

0
W(CO)s I W(CO)s
MeHN NHMe -Me
=~ OHt _ [ N
- OMe
Ph 539 Ph rlq’go o}
538 Me .0 H ;
e “Ph
544 HO
Cr(CO)s ol MeQ Cr(CO)s
O e O e or
[ ome }\Ph lh OMe
541 542 0% “Ph O
543 H
545 Ph OH

Scheme 51.
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(570. Reaction of comple®65with benzene-giresulted in
phenyl complexs68 A mechanism involvingx-elimination

at 0°C accompanied by the eth&79. The insertion pro-
cess appears to be restricted to alkynylcarbene complexes;

followed by reductive elimination to generate carbene com- alkenylcarbene complexes afforded hydride addition prod-

plex566followed by C—H activation was proposed. Reacti

on ucts. Other boron hydrides were tested in their reaction with

of complex565with pyridine resulted in an isolable carbene alkynylcarbene complexes, however B—H insertion products

complex 671).

Insertion of alkynylcarbene complexes (e6g5and577,
Scheme 5pinto the B—H bond of BHCN™ was reported
[526]. The coupling of alkynylcarbene complé&5 with
NaBHsCN led to the B—H insertion produéZ6. Aminocar-
bene analogs were unreactive to Naj8H\. Less reactive
ferrocenylalkynylcarbene compl&x7led to the alcohdb78

Ph WMO(CO}B

O,
B/
561 ©<

—_—-

were not obtained.

2.3.3.13. Other reactions of group VI metal-carbene com-
plexes. The preparation of carbene complexes ligated to chi-
ral diphosphines (e.$83and584, Scheme 5ywas reported
[527]. Reaction of molybdenum carbene comp&84 with
phosphiné82at 60°C led to the air-stable compl&83 Iso-

OH OH
H202 / NaOH

PR X

A 7
o 1y
(A

K

562

Scheme 54.
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merization to thenerisomer584was effected by heating at imine—phosphine chelates (e.§86) was reported528].
60°C in a carbon monoxide atmosphere. Chromium analogs Various mechanistic pathways were evaluated computation-
were produced at higher temperature (8) and yielded ex-  ally. A free-radical mechanism was determined to be the
clusively themerisomers. most energetically reasonable reaction pathway.
Photoinduced rearrangement of phosphine-chelated The reaction of Fischer carbene complexes @18, 591,
aminocarbene complexes (e.h85 Scheme 5B to 596 and 600, Scheme 5pwith phosphaalkenes (e.§88
592 and597) was reported529]. The reaction pathway was
highly dependent on the structure of the carbene complex.

Phy A condensation produdd90 and phosphine complex89

hv (CO) 4Cr/F’ were observed from coupling of methylcarbene compleX

Ph?'f W CHB\&N\/\@ and phosphaalker&88 Metathesis products93-595were

(CO)4C’§/NH e formed from coupling of phosphaalkyri¥92 and arylcar-
CH; 585 586 bene complexs92 Silylation products were obtained from

silyloxycarbene comple%96 and phosphaalkyn&97. This
Scheme 58. product was proposed to form through nucleophilic addition
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of phosphorous to the carbene carbon, followed by elimina- large excesses of ethyl acrylate. A mechanism involving for-
tion of tungsten and simultaneous hydrogen migration to the mation of the carbene complex radical anié09) followed
diamino carbon and coordination of tungsten to phosphorus, by Michael addition and hydrogen abstraction was proposed.
followed by deprotonation of the resulting phosphaalkene The corresponding chromium complex afforded mixtures of
and ejection of silicon forming a ketene and silylated phos- 606 and607, accompanied by a CO insertion produgt,L
phaalkene compleX98 The ketene dimes99could be de- Compound611 was proposed to arise through protonation
tected by mass spectrometry. An alkyl group transfer product of the radical anion followed by CO insertion, alkene inser-
(601) was obtained from the coupling of cyclopropylcarbene tion, and protonation. Dimerization products were formed

complex600with phosphaalkyn&97. upon treatment of,B-unsaturated carbene—tungsten com-
Samarium(ll) iodide-induced reductions of tungsten car- plexes with samarium(ll) iodide.

bene complexes were report&theme 60[530]. Reduction Radical-based cycloaddition reactions for exo-methy-

of phenylcarbene complé05in the presence of ethyl acry- lene—oxopentylidene complexes of chromium (e64.2,

late led to the net Michael addition produg@6 and corre- Scheme 6)lwere reported531]. Treatment of compleg812

sponding elimination produ@&07, accompanied by stilbene  with vinylcyclopropane613in the presence of AIBN and
(608. The amount of stilbene was minimized through use of diphenyl disulfide led to the spirocyclic carbene com@igs

W(CO)s sml, (2.5 eq) OMe .
i SepE ZSCOo0Et ™  Ph COOEt
MeOH (5.0 eq) 606
AP J . Ph
P -"cooEt * PhT Y
507 608
© - © OMe
W(CO)s COQEL MeO W(CO)s
PN — = N Ph,Kr(\_,COOEt
Ph” « OMe Ph = "COOMe &
500 i 611

Scheme 60.
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The key mechanistic event in this reaction is the addition of allenyl ketone618 which couples with chromium byprod-

radical615(generated through addition of thiophenyl radical

ucts to afford the carbene complex intermed2€. When

to 613 to the alkene of the carbene complex. A high degree of R = H, the carbene complex decomposes to the corresponding
stereoselectivity for formation of the depicted stereocisomer furan619.

was observed.

Chromium carbene comples?0 (Scheme 6P was ob-
tained from the coupling of chromium acyl#&&6and propar-
gyl halide617 (R =Me) in the presence of a palladium cata-
lyst[532]. Palladium-catalyzed coupling initially affords the

NaCN

Tp(CO}Mo=C-CI ~———>

622 623

Tp' = hydridotris(3,5-dimethylpyrazolyl)borate

The anionic carbene compl&23 (Scheme 6Bwas pre-
pared by treatment of the carbyne comp@2with cyanide
anion[533]. Addition of carbanioi®25to cyanocarbyne com-
plex 624 afforded cyanocarbene complé26, which could
be double alkylated to form the ynamine comple&23.

—|9

CN
Tp(CO)Mo=(
CN

CN ) NMe,
p-BrCGH4—< © CN_| excess Mel .
~ Hy Tp'(CO):Mo—1{|
Tp'(CO)Mo=C-CN Tp'(CO),Mo —
625 Me NC—T Me
624 2 627
626 NCTl o Er p-CeHBr

Scheme 63.
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Additional experimental studies concerning group VI 2.3.4. Group VIl metal-carbene complexes
metal carbene complexesinclude: (1) attempts to characterize Thermolysis of alkynylcarbene—manganese compRX
Fischer carbene—chromium and tungsten complexes by elec{Scheme 6)}lled to dimeric enediyne complé3las a mix-
trospray ionization mass spectrometry, which requires the ture of E and Z isomelf$39]. Thermolysis at higher temper-
addition of hydroquinone or tetrathiafulvalene for successful ature led to the manganese-free enediy®@2 Attempted
ionization[534]; (2) preparation of carbene complexes that synthesis of tethered compl@&383 afforded only the cyclic
can function as gelators for benzene and chloroffs8b]; enediyne complex644, which afforded the free enediyne
(3) formation of a bridged aminocarbyne—platinum—tungsten upon thermolysis at 98C. The conversion of complexes re-
complex through protonation of the corresponding bridging lated t0630-631 can be accelerated by adding a catalytic
isocyanide complefs36]; and (4) a mechanistic hypothesis amount of Na/K alloy[540]. Improved procedures for the
suggesting that molybdenum carbene complexes are interpreparation of alkynylcarbene—-manganese complexes were
mediates in the formation af-allyl complexes from molyb- reported541,542]
denum hydrides and 2-methyl-1-buten-3-y687]. Neutral hydroxycarbene compl®40 (Scheme 6bwas

An electron pairing analysis for various Fischer carbene generated through the coupling of amide com@8x with
complexes was reportef$38]. For carbene complexes of dimethyl acetylenedicarboxylaté38) [543]. A mechanism
general structure (CE@ErC(X)R, electron delocalization be-  involving Michael addition, followed by ring closure, fol-
tween C+=C and C-X groups are related to thedonor lowed by proton transfer was proposed. Hydroxycarbene
strength of the X group and the degree of back-bonding be- complex640was transformed to the corresponding methoxy-
tween the Cr(CQ)and C(X)R fragments. Electron delocal- carbene compleX41 through deprotonation followed by
ization between the Cr and X group is consistent with a three- methylation.

center, four-electron interaction in the=@G—X segment of Other syntheses of Group VIl metal-carbene complexes
the molecule. reported in 2003 are depicted 8theme 6@&nd include: (1)
% 50 [ e, ]
~ s
(\LRE=CO i (\Ae=co .
NH 638 |
p-Tol H-ND ©
637 p-Tol f\E
~ 639 -
co
= bipyridyl | co | CcO
e ~
) N-Re=OH 1.KN(SiMeg), ¢ N-Re=_OMe
LJ\IfN 4 —COOMe ————> N/ —COOMe
p-Tol 2. MeOTf p-Tol
COOMe COOMe
640 641

Scheme 65.
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formation of dirhenium comple844/645from the reaction
of dirhenium complex642 with 1,7-octadiyne §43) [544];

(2) formation of rhenium—carbene compk7through reac-
tion of rhenium tetrahydridé46with cyclohexeng545]; and

(3) methylation of a benzoylruthenium complex, affording a

Cationic rhenium allenylidene complexes (e.§66
Scheme 6P were prepared and their reaction with phos-
phine nucleophiles examind851]. The product from at-
tack at they-position 667) was the kinetic product of the
reaction, which in most cases rearranged to the product

mixture of the expected carbene complex and an acetophe+tesulting from attack at thex-position €68). The prod-

none complex546].

uct from diphenylphosphine was thegp-unsaturated car-

The acidity of rhenium—carbene complexes of general bene compleX669, which likely results from proton trans-

structure648(Scheme 6ywas determinefb47]. A correla-
tion between kinetic acidity and the aromaticity of the con-

fer within the a-addition product. The cycloaddition of
rhenium-allenylidene comple66 and pyrazole was also

jugate base was noted. The kinetic acidity follows the order reported[552]. The mechanism involves attack at the

Y =S >Se > Owhich parallels the aromaticity of thiophene

position followed by proton transfers and eventual attack of

versus selenophene versus furan. This result implies that thehe other nitrogen at thg-position. The simpley-addition
development of aromatic character precedes the actual deproduct671can be formed by treatment of the cycloadducts

protonation step.
Several examples of group VII metal-cumulene com-
plexes were reported in 2003. Oxidatively-induced nucle-

670with base, which can subsequently be transformed back
into the starting allenylidene compl@&66 through protona-
tion. The synthesis of manganese butatrienylidene complexes

ophilic addition to bis(vinylidene)—dimanganese complexes was also reportefb53].

(e.g.654, Scheme 6Bresulted in the cyclic dicarbene com-
plex 655 [548]. A mechanism involving one-electron ox-
idation to the radical cation—dimanganese compb&6,
followed by nucleophilic addition of water, followed by
a second oxidation and intramolecular nucleophilic addi-
tion of oxygen was proposed. The THF addu6b9 of
bis(carbyne)—dimanganese comp&sd could be observed
upon treatment of starting compou@84with AgBF,4. Oxi-
dation of manganese-vinylidene complexes (658 was
reported[549,550] Two electron oxidation of manganese
vinylidene complex59by ferroceniumioninthe presence of

Several papers in 2003 report on reaction processes that
propose group VII metal-carbene complexes as intermedi-
ates. Rhenium-carbene complexes were proposed as interme-
diates in a carbonyl olefination reaction using aldehydes (e.g.
676, Scheme 7)) diazo compounds, triphenylphosphine,
and a rhenium-oxo catalyst (e.§77) [554]. The carbene
complex679was identified and characterized spectroscopi-
cally. High oxidation state rhenium—carbene complexes were
also identified as intermediates in the rhenium-catalyzed car-
bonyl olefination of carbonyl compounds using diazoacetates
and triphenylphosphine as stoichiometric reagdb&s].

quinuclidine led to the cationic dialkynylmanganese complex Rhenium-carbene complexé&8(and682) have beenidenti-
660 Treatment with base in the presence of excess TEMPOfied in the electrospray ionization mass spectrum of rhenium

radical 663 led to the carbyne—carboxylate compkd.

Y, @
E)zﬂe(PF‘hg,)(NO)Cp

648

dioxo complex680 [556]. Rheniumn?-alkenyl complexes

Y, @
[/)*Re(PPhs)(NO)Cp

649

Scheme 67.
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were suggested as intermediates indlsetransisomeriza- MeCp(CO)Mn{C(OEt)CH:PPh} using Fenske—Hall calcu-
tion of rhenium—(3,5-diacylcyclopentene) complef&s?]. lations[560].
The feasibility of rhenium—carbene-catalyzed alkene
polymerization was studied by DFT calculatioBsfbeme 7)1 2.3.5. Group VIIl metal-carbene complexes
[558]. A thermodynamically feasible reaction pathway 2.3.5.1. Cationic metal-carbene complexes that are not cu-
for chain growth was identified involving formation mulenes.The coupling of cationic iron carbene comp&96
of metallacyclobutane686 followed by conversion to  (Scheme 7@within situ-generated anionic arene—manganese
rhenium—propylene compleé88 Formation of the carbene  complex695 (through treatment of the analogous cationic
complex687from the metallacyclobutene was considerably complex with potassium naphthalide(KNp)) was reported
less exothermic. Rhenium—propylidene complexes and  [561]. The product from nucleophilic addition to the car-
alkene complexes are of comparable energies if the nitrosylhene complex§97) was obtained. The anticipated product,
ligands in687 and688 are replaced by trimethylphosphine  cyclopropanes98 was not observed. Further, KNp-induced
ligands. reductions of the bimetallic compou®6were reported.
Other studies of group VII metal carbene complexes  Cationic bridging carbyne—diiron complexes (e7§1,
include: (1) evaluation of the relative importance of the Scheme 7Bwere prepared by treatment of the bridging Fis-
carbene complex resonance form for several rhenium iso-cher carbene compléz00with acid[562]. Coupling of this
cyanide complexef559] and (2) a theoretical study of°- complex with a variety of nucleophiles was reported. Addi-
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tion of a thiolate anion led to the unusual sulfone compound procesg565]. Formation of bis(carbene)-ruthenium cations
702 only the complexes where Arg=trifluoromethylphenyl from coupling two alkynes with a cationic ruthenium com-
underwent this reaction. The cationic complexes were also re-plex accounts for a most of the papers in 2003 that discuss
active to hydride reducing agents and metal carbonyl anions.cationic group VIII metal carbene complexes. This major
Reaction with an arylamine led to the non-bridging carbene area of investigation has been organized into a separate sec-
complex706, which slowly converts to the nitrogen-bridged tion (see next section).
structure707 at room temperature. Reaction with amide an-
ions led to eight-membered ring substitution products or ring 2.3.5.2. Bis(carbene)-ruthenium complexes from coupling
opening products63]. of two alkynes and a ruthenium compleX. mechanis-
Additional studies of this class of compounds include: (1) tic study of the formation of butadienylcarbene com-
formation of dicationic four carbon-bridged dicarbene—iron plexes (e.g718 Scheme 7hfrom the coupling of ruthe-
carbene complexes (e.g10, Scheme 7¥via the electro- nium complex 715 with dialkynes was reported566].
chemical oxidation of butadiene-bridged diiron compi€©8 Bis(carbene)-ruthenium compléxl?7 is an important in-
[564] and (2) DFT studies of osmium-induced methane de- termediate in this process as well as numerous other pro-
hydrogenation, which showed that cationic osmium carbene cesses. The reaction using deuterium-labeled 2,8-decadiyne
complexes are energetically reasonable intermediates for thig716) led to dienylcarbene complekl8 which led to the

"
] \ "
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hexatrienylruthenium complexl9upon treatment with alu-  volve the bis(carbene) complex intermedid29. Similar
minum oxide. Protonation of this species regenerated theaminocarbene complexes were prepared from the coupling
dienylcarbene complex. A similar process was observed of 2-iminopyridine derivatives with cationic ruthenium-Cp
for monalkynes, however the intermediate dienylcarbene complexes[569]. Polymeric bis(carbene)-ruthenium com-
complexes underwent different reaction processes. Furthemlexes were prepared from 1sdiethynylbiphenyl and found
reaction of dienylcarbene complex0 afforded the - to undergo a reversible one-electron oxidafiono].
allylruthenium complex21 A similar reaction using propar- Several papers reported on the use of cationic
gyl alcohol led tom-allyl-acyl complex 724 after proton bis(carbene)-ruthenium complex intermediates in synthetic
transfer and elimination of $#D. The proposed mechanisms organic chemistry. Ruthenium dicarbene complexes were
are supported by DFT calculations. The reaction of the suggested as intermediates in: (1) hydrative cyclization of
aminophosphine analogR5 led to the diene compleX27 diyne 733 (Scheme 7p6to produce enon&36 [571]; (2)
[567]. A similar reaction process was observed using cationic methanolic (or hydrative) cyclization reaction of diynes
aminopyridine—ruthenium compl&28[568]. In addition to [572]; (3) formation of acyloxydienes (e.g40) from 2 mol

the expected produc&30 the aminocarbene complé&31l of a terminal alkyne and a carboxylic acid in the presence of
was obtained from CO or triphenylphosphine-ligai&zB neutral ruthenium complex37[573]; and (4) alkyne trimer-
Formation of the carbene complég1likely occurs through ization reactions (e.g. conversion of diynéland 1-hexyne
the intermediacy of a vinylidene complex and does not in- to indane743 [574,575] Cycloaddition reactions involv-

RuCpCl
,Cp
meor OF — - CX
2  H—== C -Cp O 745
+ "CpRUCI" \
2 =

RuCpCI

H Q 4 \
QR)U l
XN
748 750

Scheme 77.
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ing bis(carbene)-ruthenium complexes were studied theo- Ruthenabenzene  derivatives 76¢ and 762
retically (Scheme 7Y, with emphasis on either: (1) three- Scheme 7P were prepared from the reaction of
component synthesis of pyridones from 2 mol of an alkyne bis(pentadienyl)ruthenium complex60 with Ruz(CO);»
and an isocyanate (or isothiocyanafgy6] or (2) alkyne [579]. Protonation of complex61 led to hydride-bridged
trimerizationg577]. Insertion of the third component to the complex762 Attempts to decomplex the aromatic ring using
bis(carbene)—ruthenium compl&d4 was proposed to oc- a variety of ligand additives was unsuccessful. The ruthen-
cur through [2 + 2]-cycloaddition with one of the carbene abenzene complexes were studied by DFT. A three-center
functional groups, resulting in intermediaté5or 748 The bonding interaction among the ruthenium atoms of complex
heterocyclic intermediaté45 converts to the pyridon&47 761was revealed by the electron localization function.
through migration of the heteroatom to the carbene carbon  Several osmium carbene complexes (€&y, Scheme 8D
followed by decomplexation. The carbocyclic intermediate were prepared by reaction of the half-sandwich osmium(ll)
748 converts to a benzene ring through ring opening to species (e.g765 with diazo compound$§580]. The anal-
afford metallacycloheptatetraed9, followed by carbene  ogous reaction with tosylate analogs#f5 led to carbene
coupling. dimerization products. Several reactions exchanging the tri-
Alkyne trimerization using Cp-bridged ruthenium phos- fluoroacetate ligands were reported for complé?. Ex-
phine complex751 (Scheme 7Bled tom*-cyclopentadiene  change of the halide ligands was also observed upon reac-
complex752[578]. A mechanism involving formation of the  tion of the complex with PhMgBr or MeMgl. Reaction with
bis(carbene) complex intermediatg3 followed by ligation the vinylic Grignard reagent led to theallyl complex768
of a third alkyne unit and nucleophilic attack by phosphine which led to the alken&71 upon protonation. A C—C cou-
to afford them2-alkenyl complex755, which affords the ob-  pling reaction resulting in complek70was also effected by
served product after migration of a vinylic substituent to the reaction of the carbene compl&67 with ethyl vinyl ether.
carbene carbon. The energy profile for this reaction pathway Treatment of the addudt70with trifluoroacetic acid led to
was evaluated computationally. allylic ether772 The carbonyl diphenyl complek74 was
obtained from reaction of complé&67 with water. A mech-
2.3.5.3. Neutral nonheteroatom-substituted metal—carbeneanism involving migration of phenyl and displacement of tri-
complexes that are not cumulend$éumerous additional ex- ~ fluoroacetate was proposed, affording intermediate carbyne
amples of the synthesis and reactivity of this class of com- complex769. Addition of water to the carbyne ligand to af-
pounds have been presented in the alkene metathesis sectiofiord the acylat@ 7 3followed by migration of the other phenyl

The Grubbs catalysts fall into this classification. then affords compleX74. Other reactions included displace-
_ —1°
R—=52  Rw(COp AZ5=RuCO)ls M R—=m=Ruco),
hiu Ru )
R—=== R@ Ru(CO)3 R—%éﬁ;ﬁu(ooh
760 R=Hor Me 761 762

Scheme 79.
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ment of the carbene ligand from the analogous dichloro com- abstraction from carbene compl@81l A neutral carbyne

pound775and formation of cationic carbene compléx?.

complex {84 was afforded by treatment of compl&81

Related reactivity profile studies were reported other diazo- with sodium methoxide. Reaction of the neutral carbyne

derived group VII metal complexg581].

An ambiphilic osmium carbene complex 743,
Scheme 8)l was prepared through
bis(phosphine) complex780 with phenyldiazomethane
[582]. Reaction of this complex with nucleophilic and

electrophilic substances was reported. Reaction with organo-

lithium reagents initially affords adducts from addition

reaction of the

complex784with methanol led to Fischer carbene—hydride
complex 787. Reaction of the neutral carbyne complex
784 with phenol led to complex88via a formation of the
Fischer carbene complex, followed by intramolecular C—H
activation, followed by hydride migration.

Synthesis of carbene complexes (€/§3 Scheme 8P
through the coupling of ruthenium hydrid®0 with vinyl

of the nucleophilic carbon to the carbene carbon. The ester derivatives was report¢si83]. The reaction initially
initially-formed adduct undergoes secondary processesforms a carbene complex, which subsequently undergoes re-
(i.e. B-hydride elimination or complexation to alkene sites) distribution of the Cl and OOCR substituents. Vinyl chloro-

to achieve coordinative saturation, resulting78&3 (from

methyllithium) and782(from phenyllithium). Protonation of
781 afforded am?3-benzyl complex186), which eliminates
HCI to form cationic carbyne complex85. Cationic car-

formate affords the ruthenium metathesis cataik@3 and

C0O,. Osmium analogs afford an alkene complex, which then
decomposes to a carbyne complex by way of an observable
carbene complex. These processes were evaluated computa-

byne complex/85could also be generated through chloride tionally.
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Ruthenium—carbene complexes were suggested as inter- Several papers in 2003 reported on involvement of group
mediates in the novel cyclopropanation reaction employing VIl metal carbene complexes in metal-mediated reactions
propargyl esters and alkenes in the presence of a rutheniunof diazo compounds. Coupling of iron porphyrin complex
catalyst 797, Scheme 8B[584,585] A mechanism involv- 804 (Scheme 8Ywith diazo compounds in the presence of
ing alkyne complexation, intramolecular nucleophilic attack triphenylphosphine and ketones or aldehydes led to carbonyl
by the carbonyl oxygen, followed by elimination to afford olefination products (e.@06) [586]. A mechanism involv-
the cationic alkenylcarbene—ruthenium complex intermedi- ing formation of a carbene complex, followed by [2 +2]-
ate801was proposed. Subsequent reaction of intermediate cycloaddition of the carbonyl compound, followed by retro-

801with styrene lead to the cyclopropanation prodi@8 [2 + 2]-cycloaddition resulting in formation of the alkene and
Ph [RuCl(CO)q] g
% y - ’ Z 797 g
° I 796 L
Y T Z>Ph
v ®
Ph
=0 Ph\ﬁo OOCPh
o] - o/ - —
— \K_\ RUCI,(CO)4 H
1 T S]
RUCI,(CO)s 5 1H”C'2(CO)3
799 800

Scheme 83.
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aniron oxide was proposed. Triphenylphosphine then deoxy- tions. Ruthenium—carbene complexes (81f)and811) were
genates the iron oxide to afford triphenylphosphine oxide proposed as intermediates in the ruthenium-catalyzed ad-
and regenerate the original iron compi34. Formation of dition/cyclization of enynes and diazo compouri@88].
bis(carbene—osmium—porphyrin) complexes linked through Ruthenium—carbene complexes were proposed as interme-
an oxygen atom was reportfeB7]. These complexes serve diates in the formation of imine/amine mixtures from the
as catalysts for cyclopropanation and C-H insertion reac- coupling of amines with diazo compounds in the presence of

H (R)
CO)sFe
x {COls i
)OL 1. NagFe(co), 819  (COMFE 100°C ph/\%)
PR ONTM SR T P >NT  + HRL T N
I 2. TMS-Cl ] toluene
i g20  (COlFe—S 822
Ph” N
i 821 ! T
(R) H...7 — 3 N
(CO)3F&™ N CORFe Y
g23 Ph H Ph g24

Scheme 86.
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a ruthenium complej689]. Ruthenium—carbene complexes

1051

plex 827) from the reaction of methyliron complé&26with
tris(pentafluorophenyl)borane in a water hexane suspension
[596]; (2) direct formation of a carbene comple329) from

a ruthenium trihydride 88 and dihydrofuran597]; (3)
formation of bridging iron carbyne complexes featuring a
bridging selenium ligan§b98]; and (4) reaction of bridging
aminocarbyne—diiron complexes with various nucleophiles
[599,600]

2.3.5.5. Group VIII metal-vinylidene complexddany ex-
amples of the formation of metal vinylidene complex@3%
Scheme 8pvia coupling of coordinatively unsaturated group
VIII metal complexes with terminal or silylated alkynes were
reported in 2003. Representative examples are depicted in
Fig. 13 Common reaction pathways for these complexes in-
clude reaction with nucleophiles to form vinylmetal species

were proposed as intermediates in the cyclopropanation andgaeg reaction with alcohols (or amines) to form Fischer car-
metathesis reactions observed in the coupling of styrene ang, e complexes8B6) or water to form metal acyl$@4), and

diphenyldiazomethane in the presence of a ruthenium com-
plex [590]. Iron(salen) complexes catalyze the cyclopropa-
nation of alkenes by ethyl diazoacetf81].

Other studies of carbene complexes in this category are
depicted inScheme 8band include: (1) formation of os-
mium carbene comple815 from osmium dihydride813
and diyne814[592] and (2) X-ray structures for ruthenium
porphyrin—carbene complexfs93,594]

2.3.5.4. Heteroatom-substituted group VIII metal-carbene
complexesThe synthesis and reactivity of N-
allylaminocarbene—iron complexes (e.§20 and 821,
Scheme 8p was reported[595]. Thermolysis of these
complexes led to then3-dihydropyrrole complexes (e.g.
822. A mechanism involving [2 + 2]-cycloaddition, fol-
lowed by B-hydride elimination and reductive elimination
was proposed. This mechanism was supported through
deuterium labeling studies. Failure of the reaction for cases
where the alkene hastens substituent R) was attributed
to steric interaction with the iron group in intermediate
alkene insertion produ@®23 The reaction processes were
evaluated computationally.

Additional examples of heteroatom-stabilized group VI
metal—carbene complexes are depicteéf8dcheme 87and in-
clude: (1) formation of chelating boryloxycarbene iron com-

deprotonation at th@-position to form alkynylmetal com-
plexes 833). Other common synthetic routes to metal vinyli-
denes include addition of electrophiles to metal acetylide
complexes (e.g. the reverse of the reaction synthesizing
833), and treatment of acylmetal complexes with dehydrating
agents (i.e. the reverse of the reaction synthesigBdy.

Specific reports which highlight the reaction pathways
of Scheme 88are depicted inFig. 13 and include: (1)
formation of ruthenium vinylidenes, alkoxycarbene com-
plexes (e.g.839, or carbonyl complexes through re-
action of cationic ruthenium comple838 with termi-
nal alkynes [601]; (2) vinylidene complexes featuring
vinyldiphenylphosphine ligand$602]; (3) generation of
cyclic Fischer carbene complexes from the reaction of ruthe-
nium complexes with 3-butyn-1-ol derivativig03]; (4) for-
mation of osmium-vinylidene complexes featuring an in-
denyl ligand (e.g840) [604]; (5) thiophenylvinylidene—iron
complexes and analogous binuclear compleg&s]; (6)
tris(vinylidene—ruthenium) complexd4606]; (7) formation
of and luminescence studies of ruthenium-aminocarbene
chelates (e.g841) from the coupling of ruthenium com-
plexes with terminal alkynes in the presence of aniline (and
subsequent intramolecular C—H activation to form the Ru-
aryl linkage in841) [607]; (8) addition of allylic Grignard
reagents to ruthenium vinylidene complexes that feature an

M] + R Base o
— M= - [M—=—R
H———R H
832 NUC 823
©
inO M R H M R
)—<_ —_— H
H
[M]E QH NUC  H NUuC  H
ARYA 835 836
834

Scheme 88.
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Fig. 13. Representative group VIII metal-vinylidene complexes reported in 2003.

indenyl ligand[608]; and (9) stepwise formation and X-
ray characterization of vinylidene compléd2 and pre-
cursor hydrido—alkynyl comple43 [609]. Many papers
in 2003 invoke the processes 8theme 88or generation

of vinylidene—metal complex reaction intermediates, includ-
ing: (1) ruthenium-catalyzed conversion of propargyl alco-
hols to alkenylphosphines via nucleophilic addition ofPH

to an intermediate-hydroxyvinylidene complex (e.@44)
followed by protonolysis of the C-Ru boré10] and (2)
ruthenium-catalyzed addition of carboxylic acids to the triple
bond of terminal alkyneg11].

PPh,
O| __PPh,
S

| X

PPh,

Ph

Ph
848

+ styrene

The coupling of osmium trihydride comple845
(Scheme 8pwith terminal alkynes was report¢@12]. The
reaction with excess phenylacetylene led to the confpdéx
The proposed mechanism involves hydrogenation of 1 mol
of phenylacetylene to provide styrene and a monohydride,
which then adds another mole of phenylacetylene to pro-
vide the styryl comple847. Reaction of styryl compleg47
with another mole of phenylacetylene affords styrene and
alkynyl complex848 Reaction of complex848 with an-
other mole of phenylacetylene affords the vinylidene com-
plex 849 which affords the observed product after aryl

PPhy
H + Slyrene
0SZPPhy R4
™
[PPh, Npn 846
Ph
T = Ph —
I|3Ph2
_PPh
N
\
[PPhy ph
Ph
850
I|3Ph2
PPh
P 3
0se=—Ph
NG
bon, b, 849

Scheme 89.
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coupling and reaction with another mole of phenylacety- led to the carbyne comple869. Reaction of comple865
lene. with phenylacetylene led to the vinylidene—alkyne com-
The conversion of dicationic bis(ruthenium—vinylidenes) plex 870 and then?-alkenyl complex871 The vinylidene
(e.g.854 Scheme 9Pto the corresponding cyclopropenyl complex decomposed to thg-diphenylbutadiene complex
complexes (e.g855) by deprotonation followed by cycliza- 872 which features structural changes within the phosphine
tion was reportef613]. A net oxidation of the cyclopropenyl  ligands.
group was effected by treatment of the cyclopropenyl com-  Butadiyne-bridged diruthenium compounds (e8y.9,
plex with tetracyanoquinonedimethane to afford the vinyli- Scheme 9P were prepared through a reaction sequence
dene complex859. Treatment with methanol and base ef- involving formation of a vinylidene complex8{6), fol-
fects ring closure and oxidation to afford the cyclopropenyl lowed by deprotonation to afford an alkyne complex
complex858 which affords the aromatic catio869 upon (877), followed by oxidative coupling to afford dicationic
treatment with acid. Trinuclear analogs of the compounds in bis(vinylidene—ruthenium) comple®&78), followed by treat-
Scheme 9Qvere also reported. Furylruthenium complexes ment with base to afford all-carbon-bridged struct8i#9
(e.g.861) were obtained through a similar sequence using [615]. The electrochemistry of diruthenium—dialkyne com-
a-haloesters—vinylidenes (e 860). plex 879 was studied. Higher oxidized forms 879 were
The reaction of chelated osmium dihydrogen complex formulated as ruthenium—carbon multiply-bonded structures
865 (Scheme 91 with alkynes was reportef614]. Reac- (e.g.880.
tion with acetylene affordedr-alkyne—vinylidene—hydride Ruthenium—vinylidenes (e.®85 and 890, Scheme 98
complex 866 A mechanism involving reductive elimina- have also been proposed as intermediates in the conversion
tion from the dihydride tautomer to afford ketoB67 and of alkynylstyrenes to the naphthalenes where the group on
[OsH(H.0)(PPr3)2]*, followed by complexation of 2mol  the alkene has migrated (e&34and889) [616]. The mech-
of acetylene (one as a vinylidene) was proposed. Cou-anisms depicted iBcheme 93ave been proposed for these
pling of complex865 with methylmagnesium chloride led transformations. Migration of the groups is due to 1,2-shifts
to the w-allyl complex 868 Reaction with acetone oxime in proposed carbocation intermediates.
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Additional reaction processes that involve metal vinyli- expansion of comple97to 898via ruthenium vinylidenes
denes are depicted Bcheme 94nd include: (1) formation  (e.g.899900 [618]; (3) ruthenium-catalyzed alkenylation
of a [2 + 2]-cycloaddition product896) through mild ther- of pyridine by silylacetylenes, where [2 + 2]-cycloaddition
molysis of ruthenium—vinylidene compl895[617]; (2) ring involving a ruthenium vinylidene complex and the C—N dou-

@
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Scheme 92.



J.W. Herndon / Coordination Chemistry Reviews 249 (2005) 999-1084 1055

MeO x| [TpRuU(PPhg)(MeCN)J* MeO
S |
883 884
l [Ru] = -Ru(Tp)(PPhs)
D D D
MeO ! —_ H MeO &H
R — |
[ @u] 5 — [Ru]
885 886 o 887 |

\j

OMe
- ) - é
e N [TpRu(PPhs)(MeCN)I* MEO“
& )

888 889
¢ Ar H
® H Ar
) o Ar O MeO H
E S — S —
o) ® O [Ru]
890 891 892
Scheme 93.

ble bond of pyridine is a key mechanistic eviit9]; (4) hy- to thew-alkyne complex, followed by Markovnikov hydra-
dration of alkynylruthenium complexes that feature nitrosyl tion of the alkynd620]; and (5) use of ruthenium-vinylidene

ligands to form the metal-enolate derivative, which occurs via complexes as catalysts for the addition of carboxylic acids to
formation of a ruthenium—vinylidene followed by conversion alkynes in competition with alkyne trimerizati¢®21].
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2.3.5.6. Group VIII metal complexes of higher cumulenes. unsaturated Fischer carbene compleX@sl). Representa-
Metal-higher cumulene complexe81(l, 916 Scheme 9b tive examples of this class of compounds are depicted in
are produced from the coupling of coordinatively unsatu- Fig. 14

rated group VIII metal complexes with propargyl alcohols Specific reports which highlight the reaction pathways
(usually those that contain no hydrogefs to the OH- depicted inScheme 95are depicted inFig. 14 and in-
group), or by addition of electrophiles to ttdecarbon of clude: (1) preparation of cationic iron allenylidene com-
alkenylethynyl-metal complexe915. A variety of reac- plexes (e.g.917) and addition of nucleophiles to the

tion processes of Group VIII metal-cumulene complexes carbon of the complexd§22]; (2) addition of chiral nucle-
were reported in 2003. Common reaction pathways for ophiles to cationic allenylidene—metal comple}@23]; (3)
these complexes include reaction with nucleophiles at the chiral and optically pure allenylidene—metal complexes (e.g.
vy-position, resulting in alkynylmetal complexexl@), or at- 918) [624]; (4) preparation of cationic ruthenium allenyli-
tack at they-position, resulting in allenylmetal complexes dene complexes followed by studies of their electrochemistry
(913. Reaction with alcohols or amines can leadot@®- and spectroelectrochemisfi§25]; (5) formation of cationic

—

P A

—|C+)

PhoP.  PPh, pp
/N -Ru .
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Fig. 14. Representative group VII metal-higher cumulene complexes and products derived therefrom reported in 2003.
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ruthenium allenylidenes (and vinylidenes) that feature chelat-
ing phosphine—pyrazole liganf26]; (6) formation of ruthe-
nium allenylidene and vinylidene complexes featuring 2,6-
bis(pyrazolyl)pyridine ligands (e.§19) [627]; (7) formation

of ruthenium allenylidene complexes for luminescence stud-
ies[628]; (8) formation of iron—allenylidene complexes from
1-ethynylcyclohexanol and failure to form analogous com-
plexes from propargyl alcohol or vinylidene complexes from
homopropargyl alcohol§29]; (9) formation and Mbssbauer
studies of cationic iron allenylidene complexés0]; and
(10) reaction of butatrienylidene—ruthenium comp20
with amines, which affordg-aminoallenylidene complexes
(e.g.921) through attack at thg-position followed by pro-
ton transfef631]. Several processes reported in 2003 invoke

metal-higher cumulene complexes as intermediates, includ-

ing: (1) formation ofa,B-unsaturated Fischer carbene com-

T@

plexes (e.g922) from a ruthenium complex and propargylic
alcoholgd632,633] (2) moderately enantioselective synthesis
of 4-alkyne—ketones (e.§23 from propargy! alcohols and
acetone through nucleophilic addition to chiral allenylidene
complex intermediates (e.§24) [634]; and (3) catalysis of
enol ether exchange processes using binuclear allenylidene
complex925[635].

Various unstable alkynylruthenium hydrides (e928
Scheme 9Bspontaneously transformed into either the vinyli-
dene or hydroxyvinylidene (e.§29 complexes at or below
—30°C [636]. The hydroxyvinylidene complexes could be
transformed either to the corresponding alkenylvinylidene
(e.g9.930 or allenylidene (e.g931) complexes upon further
reaction at room temperature.

The coupling of ruthenium allenylidene compl&85
(Scheme 9ywith various propargylamines followed by base-
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induced cyclization processes was repof&l¥]. Treatment
with primary propargylamines (e.§36) led to the aminocar-
bene complex437), which affords stable iminylruthenium
complex 938 upon monodeprotonation. Subsequent treat-
ment with methanol results in the cyclopropylruthenium
complex940. Treatment of the initially-formed compl&37
directly with excess base lead to the cyclopropyl compix
directly. The analogous reaction employing propargylamine
941, which features no propargyl hydrogens, affords the six-
membered ring compour@#2 Reaction of allenyliden835
with the secondary amin@43 led to the tricyclic pyrrole
derivates946 by a process involving conversion to the dial-
lenyl complex945 followed by intramolecular Diels—Alder
reaction. Reaction of compled35 with diallylamines was
also reported638].

The coupling of in situ-generated butatrienylidene com-
plex 920 (Scheme 9Bwith heteroarylamines (e.§51) was
reported[639]. Coupling 0f920 with amine 951 affords a
heterocycle-substituted allenylidene comp@s4). A mech-
anism involving nucleophilic attack at theposition to afford
enynylruthenium comple52followed by [3,3]-sigmatropic
rearrangement was proposed. Thermolysis’@bor expo-
sure of unstable compourdb3to acid causes isomerization
to the heteroaromatic ring system.

Coupling of allenylidene comple855 (Scheme 9pand
butadiynylruthenium comple®56led to highly conjugated
diruthenium comple@60 [640]. The proposed mechanism
involves proton transfer followed by coupling of the alkeny-
lakynyl complex957 at they-carbon of the resulting bu-
tatrienylidene compleX@58 followed by double bond iso-
merization. Oxidation-induced isomerization of butadiynyl-

ruthenium complexes through [2 + 2]-cycloaddition was also
reported.

Ruthenium-allenylidene complexes (e.§66) were
suggested as intermediates in the cycloisomerization of
alkene—propargyl alcohols (e.§63) catalyzed by diruthe-
nium complex964 [641]. The proposed mechanism of this
reaction involves formation of an allenylidene compleg&®)
followed by nucleophilic attack of the alkene at rposition
of the allenylidene ligand to afford a carbocati@67), fol-
lowed by internal transfer of a proton to ruthenium to afford
the observed produ®65(Scheme 100

Cationic ruthenium allenylidene complexes (9.3
were proposed as intermediates in the conversion of propargyl
alcohols (e.g970) into the one-carbon depleted alkenes (e.qg.
972 catalyzed by ruthenium complé&&1[642]. The pro-
posed mechanism involves formation of allenylidene com-
plex 973 followed by hydration to form the hydride;3-
unsaturated acylruthenium compl@x4, followed by decar-
bonylation and reductive eliminatio®¢heme 1011

Cationic ruthenium cumulenylidene complexes of general
structure Cl(PH)4Ru=C=C=C(=C),=CH," were studied by
DFT [643]. The following features were noted. The com-
plexes featuring an even number of carbons were generally
less stable than those featuring an odd number of carbons. The
charge distributions and MO'’s suggest that nucleophiles are
most likely to attack at the odd numbered carbons excluding
carbon 1. Electrophiles are most likely to attack the even num-
bered carbons except for the bt the end of the chain. The
one- and two-electron reduction products were also exam-
ined. Theoretical studies of butadiyne-bridged diruthenium
and diiron complexes were report@d4]. These studies sug-
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gest that the dications are cumulene-bridged structures, whileination. The reaction works for both anisole and ethyl phenyl

the tetracations are bis(carbyne) complexes.

2.3.6. Group IX metal-carbene complexes

2.3.6.1. Simple carbene complex&helated iridium car-
bene complexes (e.§81and983 Scheme 10Rwere pre-
pared by the direct reaction of in situ-generated com®kx
with alkyl phenyl ethers oN,N-dimethylaniling[645]. This

process involves initial C—H activatiaortho to the alkoxy
group, followed by intramolecular C-H activatiento the

ether, reductive elimination of benzene, antiydride elim-

ether, despite the presence odnydrogen for elimination
in the latter compound. Two carbene complex@83 and

984 were obtained from a similar reaction employiNg\-

dimethylaniline.

The coupling of iridium comple®88(Scheme 10Bwith
the organolithium reagent derived from iodig@7 led to ei-
ther iridabenzvalen889990 or iridabenzen®93 (or mix-
tures thereof), depending upon the phosphine ligédé).
Complex988 (L =PE®) led exclusively to the iridabenzva-
lene derivative, while analogous complex where L=§Ph

OH
d\ [Cp*RuCl{u-SMe),Ru(Cp*)CIT*
. -
NS
965
963
¢ [Rug] = -Ru(Cp*)(u-SMe),Ru(Cp*)CII*
_ [Rus] _
® Il
©::l=:[ﬂu2]
R
/\)\ @
o O
966 967

Scheme 100.
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led exclusively to the iridabenzene derivative. Thermolysis
of iridabenzvalen®89990 (L = PEt) at 75°C resulted in
isomerization to iridabenzene derivati983 A mechanism
involving decomplexation of the alkene ligand, followed by
oxidative addition into the cyclopropane C-C bond to af-
ford a metalla—Dewar benzene, followed by allylic isomer-

The chelating diphosphine complé®02 (Scheme 104
was prepared from the reaction of the bis(stibine)complex
1000with the chelating diphosphine ligad®01[650]. Cou-
pling of this complex with ethylene led to the cyclopropane
1003accompanied by small amounts of isomeric compounds
1004and 1005 The cyclopropanation reaction was unique

ization was proposed for the conversion of iridabenzvalenesto this complex. Previously prepared complexes featuring

to iridabenzenes. Exposure of iridabenz8088 (L = PMe3)

to oxygen led to the dioxygen-bridged struct@@. An iri-
danaphthalene derivativ@46) was produced from the re-
action of iridium complex995 with t-butyl hydroperoxide
[647]. Formation of the iridanaphthalene was proposed to oc-
cur through Bayer-Villager reaction of the coordinated ester
followed by elimination. Hydration resulting i897 occurs

nonchelating phosphines andtrans disposition of phos-
phines reacted with ethylene to afford primarll904 For-
mation of stable diazo complexes and not carbene complexes
was noted in coupling of a variety of diazo compounds and
trans[RhCI(CaH4)(PiPr3)2] [651].

The reaction of chelating phosphinocarbene—iridium com-
plex 1007 (Scheme 10pwith electrophiles and chalcogens

upon treatment of the iridanaphthalene with silica gel, wet was reported652]. Protonation afforded the phosphorus-
ether, or methyl chloroformate/pyridine. Several theoretical protonated specied)08 which was stable in the solid state.
studies of iridabenzenes were reported in 2003. The [2 + 2]- Compound1008 transformed into the iridium—phosphine
cycloaddition reactions between iridabenzene derivatives complex1009in dichloromethane solution. The phospho-
(addition to the Ir—C double bond) and carbon—heteroatom rus methylation product010was formed upon treatment
double bonds were studied by DFT calculatidf48]. A of complex1007 with iodomethane. The phosphine sulfide
concerted cycloaddition pathway was favored for iridaben- (selenide)1011was obtained upon reaction with sulfur or
zenes, while heteroatom analogs were more prone to a stepselenium.

wise mechanism. This was attributed to the cationic nature of  Other studies of group IX metal-carbene complexes (ex-
the heteroatom analogs, which exhibit greater Lewis acidity. cluding cumulenes) are depicted3sheme 10&nd include:
Conversions of metallabenzenes to the correspongfir@p (1) formation of observable cationic carbenoid comdét5
complexes were evaluated computationgig9. through protonation of cyclobutadiene-cobalt comgdlég4

O _-R
980

=| benzene Ph\ O>_R
Ir-Tp! ——— /”'TP' — = Ir/
L Ph R =H or Me H Tp'
978 979 NMe, 281
@l 982
Me TP
N H-Ir—Ph
[::1:19 T opnl
Tp' = hydridotris(3,5-dimethylpyrazolyl)borate Ir, “N” TH
H T Me
983 984

Scheme 102.
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[653]; (2) possible involvement of cobalt carbene complexes plexes. Several dirhodium—cumulene-bridged complexes
in the conversion of propargyl alcohol-&€0)s complexes (e.g. 10211022 1025 and 1028 Scheme 10y were
to bridging carbyne-tricobalt complexfg54]; (3) gas-phase  prepared through coupling of terminal dialkynes with
reactions of diazoesters with RIOAc), [655]; (4) a DFT a rhodium-trifluoromethanesulfonate complex (€119
study of the formation of rhodium—carbene complexes from [659]. The bis(vinylidene) complek021was prepared from
diazo compounds and an experimental low-temperature studydirect reaction 0fl019 with 1,4-diethynylbenzene. A lig-
of this proces$656]; (5) a theoretical study of C—H insertion and exchange reaction of vinylidene compl&823 with
reactions of rhodium(ll) acetate-derived carbene complexes1,4-bis(triphenylstannyl)butadiyne led the dialkyne-bridged
[657]; and (6) a theoretical study of several Bertrand-type rhodium vinylidene compled 025 Treatment of complex
carbene-rhodium complexes, which in most cases are ligatedl025with CO led to the diyne—diene—diylrhodium complex
to the metal through ligation at both carbon and phosphorus 1026 An analogous allenylidene compl&@28was prepared
[658]. starting from bis(propargylic) alcoh@l027.

The coupling of acetatoiridium complex1030
2.3.6.2. Cumulene complexeSimilar synthetic procedures  (Scheme 10Bwith terminal alkynes was reportg@60].
and reactivity patterns were generally observed for groups Reaction with acetylene in the presence of alcohols led to
IX and VIII (Schemes 88 and 95netal-cumulene com-  the CO-inserted alkoxycarbene—iridium derivatil@81 A

— _ RhL,OTf RhLoF
KF
0, O . H H
>S._RhL, > —_—
FsC° O
1019 1020
. H H
L= Pi-Pr.
2 1021 1022
RhL,OTf RhLoF
1.=—Fc¢
H Fc
2. KF Fc
()LsRh._=
RhL CO
H  PhgSn—=—=—=——SnPhs 7
FLgFih—-—< > | — = ||
£ 1024 1026
1023 || ||
RhL, 1025 Z > RhL,CO
Fc
Fc” H
Ph
N : (//
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HO OH - e =
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cyclic carbene complex035was obtained from reaction of
complex1030with 3-butyn-1-ol. These carbene complexes
arise via formation of the vinylidene complex followed by
attack of the alcohol at the vinylidene ligand. The methoxy-
carbene complex031 could be de-alkylated by treatment
with triphenylphosphine. Vinyl acetate chelal®36 was
obtained from the reaction of complé030with acetylene

in the absence of an alcohol. Carbene comgleg6arises
via formation of the vinylidene complex followed by
intramolecular attack of the acetate carbonyl group.

sponding alkene RCHCHPh[662]; (4) a failed attempt to
detect vinylidene intermediates in the formation of an irid-
ium carbonyl-benzyl complex from coupling of an iridium
hydride, phenylacetylene, and wafé63]; and (5) the syn-
thesis of a compound depicted as an oxavinylidene—cobalt
complex from complexing the oxygen of a carbonyl group of
Co(CO)g with titanium[664].

2.3.7. Group X metal-carbene complexes
The nickel-carbene complek047 (Scheme 11pwas

Several processes reported in 2003 proposed group IXtreated with ethylene to afford the corresponding cyclo-

metal—-vinylidene complexes as intermediatsheme 10P

propanel048and the ethylene-nickel complé049[665].

These processes include: (1) involvement of ruthenium Complex1047also served as a catalyst for the cyclopropana-

vinylidene complexes (e.d040 in the conversion of homo-
propargyl alcohols to dihydrofuran661]; (2) involvement
of iridium—vinylidenes (e.g1043 in the reaction of hydride
complex1042with two equivalents of a terminal alkyne to
provide a dienyliridium complex (e.dL.0449; (3) involve-
ment of iridium—vinylidenes in the acid-induced conversion
of complexes of general structure R—I=CPh to the corre-

tion of ethylene by diphenyl diazomethane. No intermediates
or isomeric products were detected in the cyclopropanation
reaction.

Platinum- and palladium—carbene complexes (e.qg.
10521053 Scheme 11jlwere prepared from the coupling of
bis(ylide) reagent051with various group X metal—bis(THF)
complexeg666]. In the case of the sulfide—palladium com-

MeO [Rh(COD)Cll, MeQ MeQ
OH OH Rh(COD)CI Moo >: O]
—_— — e
MeO 1039 MeO
1038 1040 1041
] ®
—| ® ® —|
PPh PPh3 —l PPhs Ph
3 2eq =—Ph _0O, /\Ph O |
== \r,acetone - Ir . = \Ir
L H - 1, P
PPh Ph 3 PPhg
Ph 3 Ph
1042 1043 | 1044

Scheme 109.
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plex1054 the carbene complex could not be isolated, but was ment with methyl triflate and compled061upon treatment
suggested as an intermediate in the formation of the alkenewith CO,. Thermolysis afforded the C—H oxidative addition
complex1055 Aryl ligand migration in the proposed carbene productl06Q This transformation was promoted by addition
intermediate could lead to the observed alkene—palladiumof water. The pincer carbene complEds9was obtained only
complex1055 when the reaction was conducted in ether. The tris(carbene)
The preparation of platinum carbene complexes featuring complex1063was obtained by treatment of the pincer car-
pincer ligands (e.gl059 Scheme 11pwas reported667]. bene compleX059with CO[668].
These complexes were unreactive to ligands such ag PPh  The synthesis of dicationic aminocarbene—nickel com-
and ethylene, and toXComplex1059was reactive to elec-  plexes (e.g.1066 Scheme 11Bthrough double protona-
trophiles, forming the 16-electron compl@R62upon treat- tion of nickel isocyanide complekO65was reported669].

N OTMS
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Hydrocarbation of alkenes, resulting in more highly sub- bonate, followed by insertion into the allene to afferallyl
stituted aminocarbene complex (e.§067), using these  complex1086 Elimination of methanol from this complex
aminocarbene—nickel complexes was repor{éd0]. A affords the palladium carbene complEd87, which then un-
mechanism involving deprotonation and hydrogen migration dergoes an intramolecular cyclopropanation with the alkene
to afford a hydride/isonitrile complex1068, followed by to afford the observed product. Noncarbene-based mecha-
alkene insertion and isocyanide insertion, followed by repro- nisms were also considered.
tonation was proposed. Additional studies of carbene complexes in this class
Platinum carbene complexes (e.gl0771078 include: (1) a study of the gas-phase reactivity of
Scheme 11were proposed as intermediates in the isomer- platinum—carbene clustef§76]; (2) a bimetallic bridging
ization of alkyne-furans to cyclic compound$973-1075 carbyne complex of tungsten and platinum is discussed in
[671]. Mechanistic scenarios were evaluated using DFT the group VI metal-carbene complex sectjb86]; and (3)
calculations. The favored mechanistic pathway involves a paper in the group VI carbene section involves transfer of
complexation of the alkyne, followed by cyclopropanationto carbene ligands from chromium to nicéB9].
generate a cyclopropylcarbene compl#®77), followed by
ring opening to afford an aldehyde—carbene complé€x g, 2.3.8. Group Xl carbene complexes
which reacts with air or water to afford the dihydrofuran The complete cycle of copper-catalyzed cyclopropanation
product 1073 In the absence of air or water, cyclization of ethylene by diazoacetaldehyde0@1, Scheme 116was
occurs to afford isomeric phenol derivativd®974 and studied by DFT calculationN$77]. The favored mechanistic
1075 These compounds form from intermedidi@78 via pathway for carbene complex generation and for cyclopropa-
nucleophilic attack of the carbonyl oxygen at the carbene nation is depicted. The authors noted that carbene complex
carbon to afford ylidel079 which affords the oxepit08Q intermediate1093 displays significant Cu—C double bond
which affords the observed products after cyclization and character. Fischer carbene—copper complexes were detected
epoxide ring opening. Diels—Alder reaction of the platinum in the electrospray mass spectrum of diazomalonate/Cu(l)
carbene complex076was energetically disfavored. Related mixtures[678].
carbene complexes were proposed as intermediates in
the cyclization of alkyne—enol ethed$72]. Additional
mechanisti¢673] and syntheti¢674] studies of thisreaction 3. Metal-carbyne or metal-alkylidyne complexes
were also reported.
Palladium carbene complexes (el§87, Scheme 11p6 3.1. Review articles
were suggested as intermediates in the conversion of ene-
allenes (e.g.1083 to bicyclo[3.1.0]hexane systems (e.g. Review articles featuring metal carbyne complexes which
1089 [675]. The proposed mechanism involves initial for- appeared in 2003 include: (1) a short review on the vi-
mation of ther-allyl palladium complex from the allylic car-  brational spectra of carbyne compleXég9]; (2) synthetic
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strategies for dehydrobenzannulenes, which features a brief3.2. Synthesis and/or generation
section on alkyne metathesis approaches to this ring sys-

tem [680]; (3) alkyne metathesi$681]; and (4) acyclic Alkynylcarbyne complexes (e.4101, Scheme 11)Avere
diyne metathesis condensati¢®82] and polymerization generated through deoxygenation of the metal acylate com-
[683]. plexes (100 using trifluoroacetic anhydridg84]. Ligand

1%
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exchange reactions and examination of the IR spectra at varthrough thermolysis of thg2-alkenylmolybdenum complex
ious concentrations was also reported for these complexes1107 Reaction of complexi109with 2-butyne led to the
A similar method was employed to prepare various alkyl- [2 +2]-cycloadduci11Q This complex was only moderately
carbyne complexes, which could be converted to air-stable stable in solution and led to the indenyl compleid. 1in low
carbyne complexes through binding to a tridentate ligand.  yield.

Several examples of the preparation of molybdenum—  Formation of a bis(alkenylcarbyne)-bridged diruthenium
carbyne complexes (e.§106 Scheme 11Bfrom carbene—  complex (1116 Scheme 11pwas reporte@86]. Sequential
imido complex1104 were reported685]. Alternatively a  protonation transforms bis(enyne)-bridged diruthenium com-
related carbyne—molybdenum complékO9was prepared  plex 1113into bis(allenylidene)-bridged diruthenium com-
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Fig. 15. Carbyne complexes and precursor complexes.
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TP (CO)W sc—(/_
Ph

1151

Scheme 122.

plex 1114 allenylidene/carbyne-bridged diruthenium com-
plex 1115 and tetracationic bis(carbyne)-bridged diruthe-
nium complexi116

Synthesis of carbyne complexes from OgBPh);
(1118 Scheme 12pand 1,1-diphenylpropargyl alcohol was
reported687]. Reaction ofl118and diphenylpropargyl al-
cohol at room temperature afforded initially hydroxyvinyli-

dene complex1119 Further reaction at room tempera-
ture led to the osmium carbyne compléd20 and the
carbonyl-allenylidene complek122 Formation of carbyne
complex 120 occurs through proptonation of allenylidene
complex intermediatd123 Formation of the carbonyl al-
lenylidene complex occurred through addition of water to al-
lenylidene complexd123to form the hydrido-acyl complex

Ph Ph
Cp -20°C 0. 40°C
I Cp.
OC-W=C-Ph |FFe(co)y —> W-Fe(COM O analog P \W~0s(CO)s
oC or Os analog OC¢o co
1153 1154 1155 1156
ICD
Cp 0 _740 Ph
17 © 0 O Ph KNI A
c Rh(CO) Rh-|—Rh
p 4 /\( L~ “‘M -Cp
oc-Mn=C-Ph —,, CO)ZF!h “Ah Cp-pin= n
oc¢ 1158 >f oc 940 ©©
co
187 1159 pp O 1160

Scheme 123.
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Tp

|
HCl or H,0 PhHN-'\\=CH¢-Bu
<19/’ NPh
P LiNHPh Te e

I
CI——VIVEC'FBU —_ PhHN—WEC'f'BU
excess

Cl
NHPh HCI
1162 1163 \aq\~
Tp Tp

i + |
olfV§’\=CHz-Bu O““\’{CHzf-Bu

1165 0 1166
Scheme 124,

1124 followed by deinsertion of CO and reductive elimina- chromium analogs) complexes (eHl35 from the reac-
tion to provide 1,1-diphenylethylene, followed by formation tion of diboranel137with metal carbonyl anions (e.§136
of the allenylidene from carbonyl complég26and the start- [692].
ing alkynol. The carbyne complexes were the only products  Some papers in the carbene section feature minor seg-
obtained when the reaction was conducted in the presence ofments on carbyne chemistry. These studies include references
HCI. [533,541,542,549,550,580-582,614]

The coupling of rhenium tetrahydride compléx.28
(Scheme 12)with ethylene resulted in the carbyne complex 3.3. Reactivity
1129[688]. Ethylene could be removed from the carbyne
complex by heating in a vacuum at 180. Mechanisms in-  3.3.1. Addition reactions of metal-carbyne complexes
volving either oxidative addition into the ethylene-& bond Alkoxycarbyne complexes (e.141 Scheme 12Pwere
or hydrometallation of ethylene were suggested as possibleprepared from cationic carbyne—phosphonium dg4l40
reaction pathways for formation of the carbyne complexes. [693]. The complex was unstable but could be stored at

Additional carbyne complexes prepared in 2003 are —35°C if protected from air. The major decomposition reac-
depicted inFig. 15 and include: (1) tungsten—carbyne tion was demethylation to form the anionic tricarbonyl com-
complexes that feature a hydriotris(methimidazolyl)borate plex1143 however this process was suppressed by working
ligand (e.g. 1132 [689]; (2) air stable tungsten car- up the synthesis df140reaction with methyl iodide. Reac-
byne complexes featuring the bulky Tfhydridotris(3,5- tion with nucleophiles resulted in transfer of the methyl group
dimethylpyrazolyl)borate) ligand690]; (3) formation of to the nucleophile. Reaction with acid led to the agostically-
a cationic carbyne complex (e.d.134 via protonation bound carbene compleiXL44 The reactivity of aryloxycar-
of ruthenium vinylidene complext133 [691]; and (4) byne complext145was also reportef694]. Protonation of
preparation of dicarbyne—dimolybdenum(and tungsten andthis complex in the presence of phenylacetylene derivatives

—|®
A _ A
il - Nl_'|N Ar o " E,O'BFs TR, . \4 f

W=—A s ¥ Br-W Mo<sg 4
Br /W\_ r - r /~8 oc \CO oc \CO\ET
OC co 1168 Si 0oC co L
M 1170 1175
Ar = p-MeOPh N N Fes(CO)g
N---N = bipy Br—W(§>—Ar
ocd %o 171
Mo analogs also MesS, BF, Ar
Tp
" Ar MOA\—Fe(CO)a
Tp T ~y
W=—Ar S g od oo
od \ - PANNS CO 1176
172 Sg also gives _| @
dithiocarboxylate M
complex p'MO’S>_m
/\ S
OC co 1177

Scheme 125.
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led to then3-B-aryloxyalkenylcarbene complex2$46 The bonylrhodium anion led to a mixture of complexeks9and
reactions occurs by initial protonation of the carbyne complex 116Q The rhenium analog afforded the complex analogous
to afford the agostically-bound Fischer carbédd7, which to compoundL159accompanied by a more complex polynu-
then reacts with the alkyne to form the insertion product. clear species.

The intermediate carbene compléx47could be observed The  bis(amide)carbine—-tungsten  complex1163

by low-temperature NMR. Reaction of the alkenylcarbene (Scheme 12 was prepared from the corresponding

complex with LiIHBEg led to then?-alkenyl complex1148
Reaction with base led to a mixture of metallafuretvd9
metallacyclopropene-aldehydd5Q and the carbyne com-

dichlortungsten—carbyne complei162 through a ligand
exchange proce$697]. Treatment with a substoichiometric
amount of water or HCI led to the isomerization to the

plex1151 The aldehyde was transformed to the metallafuran carbene(imido)tungsten complek164 Treatment with

upon treatment with acid or ultraviolet light.

excess water and acid led to the oxo-carbene comiléb

Carbyne complexes have been frequently employed for and the bis(oxo)alkyltungsten compl&%66

the synthesis of polynuclear complex&ieme 128 The
reaction of tungsten carbyne compl&x53 with iron- and
osmium—acetylene complexes (eL§54 was reporte{95].
This reaction led to the bridging bimetallic carbyne com-
plexes 1155 Mild thermolysis of the osmium complex
led to the CO-dissociation produdtl56 The addition of
tetracarbonylrhodium anion (e.158 to manganese- and
rhenium—carbyne complexes (e1d.57) was reported696].
Reaction of manganese carbyne comdl&s7with tetracar-

Alkyne Cross Metathesis

The synthesis of group VI metal carbyne complexes (e.g.
1168and 1172 Scheme 12band their reactions with sul-
fur sources was reportd698]. Coupling of carbyne com-
plex with propylene sulfide led to thg?-thioacyl complexes
(e.g.117Q 1173 and1174. Reaction with elemental sul-
fur led to the chelating dithiocarboxylate complexisr 1
The reactivity of the molybdenum thioacyl complét74
was briefly explored. The bimetallic complét76was ob-
tained from the coupling with R€CQO)y. Alkylation afforded

R’ R 1 3
M=C-R B i
[ > o+
R2 R a R2
R1 — R4
R! R +
| R%-C=M
2 l M
T ty
1 4
=" =1
- =M
2 M 1 F:la
R T RS R ¢
R———R g R R "2 B R® ||:§4 R? R! R*
+ 0 i :M - | IM - | | + '(131 - » l |M
R*-C=M R2 R2 k2 R
M=C-R
ADIMET Polymerization = On B ,,%:;/\()n/\;;:\
il ; = S ca =
(Acyclic Diyne Metathesis
Polymerization)
RCAM — M=C-R | | + | |
(Ring Closing Alkyne Metathesis) — —_—»
/__

Scheme 126.
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O O
MeO
X
0
t-BuO)3W=C-t+Bu
(+BuO)s OMe =7
1182
1183
X
1181 >
N Ph
PhoP-Rt=RPh, PhoP—Pt-RPh, If It
Cl Cl
o]
,,,,, e) =
1184

[MO{N(BU)(3,5'M€206H3)}3] / CHZC|2

1187

Fig. 16. Alkyne metathesis substrates, products, and catalysts.

the cationic Fischer carbene complel75 Sulfenylation led 1182[700]. Total synthesis of citreofuran employed RCAM
to the dithioester complek177, which was not isolated but  of dialkyne 1183 as the key stefj701]. RCAM of vari-
treated with water to afford a monothioester complex. ous 7-nonynylphosphine complexes (el@84 using tung-
Theoretical studies of reversible hydrogen migration in sten carbyne complex182led to the macrocycle-bridged
hydrido tungsten carbyne complexes were repd@ég]. A diphosphine complexes (e85 [702]. RCAM using sub-
paper utilizing carbyne complexes to prepare anionic molyb- strate1186 and molybdenum cataly4dt187 was employed
denum carbene complexes is discussed in the group Vlifor the total synthesis of latrunculin B703]. The dehy-

metal—carbene complex sectifaB3]. drobenzannulen&188was formed upon treatment of 1,2-
dipropynylbenzene with tungsten carbene complé82
3.3.2. Alkyne metathesis [704].

Alkyne metathesis, which involves metal carbyne com- A novel system for performing alkyne metathesis reac-
plexes as intermediates, has been covered comprehensivel{ions was developedscheme 12)/[705]. The bis(carbyne)
regardless of whether the initiator is a carbyne complex. Gen-complex1193was prepared by reaction of molybdenum hy-
eral equations describing the mechanism and precedentedliride 1191 with iodine followed by a terminal alkyne (e.g.
modes are presented 8theme 126Several reports using  phenylacetylene). Ligand exchange with 2-phenylphenol
alkyne metathesis for natural product synthesis and for poly- (HOPP) led to the bis(carbyne) complé294 which un-
mer synthesis appeared in 2003; representative substrates andergoes metathesis reactions with diphenylacetylene (and
products are depicted Fig. 16 other symmetrical internal alkynes) to forldi95and a new

Several examples of RCAM (s&eheme 126were pub- carbyne complex1196 Carbyne compled196 was capa-
lished in 2003. Representative examples are depicted inble of initiating alkyne metathesis. A cyclicis enediyne
Fig. 16 RCAM of dialkyne—pyronel181 (forming 1180 (e.g.1198 was produced when a 1,6- or 1,7-diyne was used
was effected using a tungsten—carbyne complex catalystas the starting material. A similar alkyne metathesis cata-
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®
Ar = 3,5-dimethylphenyl H _|
0.5 eq I, then 1© LINTMS,
- 2! g
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= Ph
1191 Ph 182
Ph HOPP
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_ Ph
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= 1194 T
1197 1198 Ph
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[Mo{N(tBu)(3,5-MesCgHg)ls]  + CHZCHCI, > I I‘:;'Io[N(t-Bu)Ar]a
1168 . Mo[N(t-Bu)Arls P
1200

OH

Ar = 3,5-dimethylphenyl

CHs Ar' = 2-(trifluoromethyl)phenyl
1200 > C
1] 0
1202 O
1202 /25 °C Il + 2-butyne
_—
O\/\O/\/O\/ O
O\/\O/'\/O\/
1203
1204
Scheme 127.

lyst (1200 was generated by reaction of molybdenum com- 1203 An active alkyne metathesis catalyst was generated
plex 1199with 1,1-dichloroethane in the presence of mag- from p-chlorophenol, Mo(CQ), molecular sieves, and a
nesium[706]. Reaction in the absence of magnesium affords polyethef{707]. This catalyst system catalyzes the metathesis
a mixture of carbyne compled?00and chloromolybdenum  of phenylpropyne at 50C.

complex1201 The complexi201was reduced back to the

starting material in the presence of magnesium. Higher ho-3.3.3. Other processes involving metal—-carbyne

mologs of carbene compled?00were similarly prepared,  complexes

in addition to a lower homolog using dichloromethane in
place of 1,1-dichloroethane. Carbyne comple202 was

employed as a catalyst for metathesis of ester derivativetrophilic substances resulted in ligand substitution and desi-

The reactivity profile for osmabenzynes (e.206
Scheme 12Bwas evaluated708]. Treatment with elec-
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Scheme 129.

lylation processes. Treatment with 1 mol of HBR H>O led
to the cationic hydrate compleb207, while treatment with
excess HBF led to the desilylation produd208 Treatment
with excess bromine led to the tetrabromo comd2g9Q

The binding of rhenium—carbene/carbyne complét0
(Scheme 12pto partially hydroxylated silica was reported
[709]. Both syn- and anti-isomers with respect to thmutyl

plexes were determined using DFT calculations, with em-
phasis on determination of the resonance and ring strain en-
ergies[711]. Ring strain was determined to be small be-
cause of the relatively small angle of bending at the car-
byne carbon. The resonance stabilization was determined
to be 44 kcal/mol, which is nearly identical to that for os-
mabenzene. Substituents at the @rttfo to carbyne car-

group of the carbene ligand were detected. Two mechanismsbon) and 3-positions that ate-electron accepting were sta-
were proposed: (1) protonolysis of a neopentyl ligand fol- bilizing. The carbon metal double and triple bonds were
lowed by addition of the siloxane and (2) addition of the studied through energy decomposition analygik2]. The

OH group across the Re—C double bond followed dzy

tungsten—carbonr-bonds in tungsten—carbyne complexes

elimination and reductive elimination. Deuterium labeling of general structure (R¥M=CH (X=0 or S) were stud-
studies supported the latter mechanism (depicted mechadied theoretically[713]. The bond energy is higher in oxy-

nism) involving intermediat&212

gen analogs due to metal-oxygemntibonding interactions.

The competitive binding of sodium ions to tungsten car- Zirconium—carbyne and carbene complexes have been iden-

byne complex [Ph€EW(Ot-Bu)4]~ and crown ethers was re-
ported[710].

3.4. Mechanistic/structural studies

tified in gas-phase reaction of methane anti@ns, and have
been studied theoretically14].
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