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Molecular groupings that contain carbon centers with
six valence electrons are generally referred to as al-
kylidenes or carbenes. The former term is usually ap-
plied to those species where the substituents bonded
to the carbon atom are alkyl groups, aryl groups, or a
hydrogen atom (A). The latter term is usually applied
to those species where one or both of the substituents
X is bonded to the carbon atom by an element from one
of the main groups V, VI, or VII (B).* Carbenes can
serve very effectively as ligands in metal complexes.!
Their bonding to metal atoms includes a combination
of lone-pair o-donation and synergistic w-electron ac-
ceptance. Most examples of carbene ligands contain
substituents derived from the first row of the periodic
table (e.g., C(R)NR, or C(R)OR), but carbenes con-
taining substituents derived from the second row (e.g.,
C(SR), or CR(PRy) have also been characterized.

Generally 1964 is regarded as the year of the prepa-
ration of the first metal carbene complex.? Since then,
a vast number of metal carbene complexes have been
prepared and studied. Recently, metal complexes
containing carbene ligands have been used as reagents
in a variety of novel organic syntheses.* Curiously,
however, there have been relatively few examples of
polynuclear metal complexes (hereafter referred to as
clusters) containing heteroatom-substituted carbene
ligands. This review will survey the chemistry of cluster
complexes containing heteroatom-substituted carbene
ligands B and will focus on syntheses, structures,
bonding, and reactivity. Whenever the term carbene
is used in this review, it is intended to mean a hetero-
atom-substituted carbene of the type B. Cluster com-
plexes will be defined as complexes that contain two or
more metal atoms and at least one metal-metal bond.
Excellent reviews that have focused largely on alkylid-
ene ligands C in clusters were published recently.5
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In cluster complexes, carbene ligands have been
shown to exhibit the terminal coordination mode D and
three bridging modes E-G. In the structural form E,
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the plane of the carbene ligand is usually very close to
perpendicular to the M-M vector. In structural forms
F and G, the heteroatom X is coordinated to a metal
atom and R = H or an aryl group. There have been
very few reports of clusters containing carbene ligands
with alkyl substituents attached directly to the carbene
carbon atom. Studies have shown that these alkyl
groups are susceptible to C-H activation processes by
the neighboring metal atoms, and these lead to trans-
formation of the carbene to other ligand species.®
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Dinuclear Metal Complexes

The first carbene-containing cluster complexes actu-
ally predated those made in 1964 by Fischer,* but these
were not recognized as carbene complexes at the time.
The reaction of Coy(CO)g with alkynes under high
pressures of CO yielded the dicobalt complexes 1 con-
taining bridging RC=C(R)COC(0O) ligands formed by
the coupling and cyclization of two CO ligands with one
molecule of the alkyne (eq 1, R = H or alkyl).” These
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complexes were frequently referred to as “lactone”
complexes because of the similarity of the heterocyclic
bridging ligand to lactones, but the metal-bonded
bridging carbon atom is formally divalent and could be
regarded as a carbene center.’

In 1963, King reported that the reaction of [Mn(C-
0);]- with Br(CH,);Br or CI(CH,);C(O)Cl yielded a
compound with the empirical formula Mny(CO),,(C-
H,)3.2 This compound was later shown to be the carb-
ene-containing complex 2.°
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Subsequently, Fischer et al. prepared several di-
manganese carbene complexes 3 by using the method
of sequential addition of an RLi and alkylating agent
to Mny(CO),, (eq 2a, R = Me, Ph; R’ = Me, Et).1°
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Although this method has been highly successful for the
preparation of mononuclear metal carbene complexes,?
its success has been relatively limited in the preparation
of carbene-containing cluster complexes. The products
3 were also obtained from the reaction of MeMn(CO);
with [Mn(CO);]~ and subsequent alkylation ([Me;O]*)
of the acyl anion [Mny(CO)[C(O)R]". The formation
of 2 evidently occurred by a similar process that cul-
minated with carbene formation through an intramo-
lecular cyclization. Surprisingly, the reaction of
MeMn(CO); with [Re(CO);]” and [Me;O]* yielded the
carbene complex 4 in which the terminal carbene ligand
is located on the rhenium atom. It is believed that the
carbene ligand was formed initially on the manganese
atom and then migrated to the rhenium atom via a
bridged intermediate.!! A carbene ligand transfer was
implied in the reaction of Mn(CO),JJ[COCH,CH,CH,]
with Pt(C,H,),(PBu‘;Me), which yielded the dinuclear
complex PtMn(CO),(PBu‘;Me)I[[COCH,CH,CH,] (5)
in which the carbene ligand is terminally coordinated
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to the platinum atom.!? Products analogous to 3 were
also obtained from “R*/R™ reactions with T'c,(CO);,°
and Re,(CO),,.1%1 The addition of 2 equiv of Ph,SiLi
followed by 2 equiv of [Et;0]* to Rey(CO)y, yielded the
bis[ethoxy(triphenylsilyl)carbene]dirhenium complex
6 containing an equatorially coordinated carbene ligand
on one metal and an axial carbene ligand on the other;!?
however, the addition of 2 equiv of ArLi (Ar = Ph or
p-tolyl) and 2 equiv of [Me;O]* yielded the dirhenium
complexes 7 containing two bridging carbene ligands.!

Angelici showed that oxirane, (CH,),0, activated by
bromide ion will add to a carbonyl ligand in certain
metal carbonyl compounds to yield the cyclic dioxy-

carbene ligand :CO(CH,),0.15 The reactions of oxirane
with the dinuclear complexes My(CO);o (M = Mn, Re)
yielded the monocarbene complexes 8 (eq 3). It was
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(31 MO, + CHY0 ol Y wl —‘.u"l we
Rl 0 202 +Br- l ’l l ’l

M=Mn,Re

proposed that the intermediate ion, Br(CH,),0", was
formed by the addition of Br™ to the oxirane. The
negatively charged oxygen atom of the ion was then
added to the carbonyl carbon atom, and formation of
the carbene ligand was completed by ring closure and
displacement of bromide. With Re,(CO),, two oxirane
additions could be achieved to yield the symmetric

carbene complex [Re(CO),{CO(CH,);0}];. The reaction
of oxirane with Ru3(CO),, yielded the bis(dioxycarbene)
complex Ru;(CO);[CO(CH,),0],.1° Related cyclic
bis(aminocarbene) cluster complexes Cp,Fe,(CO)s-

[CN(R)(CH,),NR] (R = Me, Et) and Ru3(CO)u[éE
(R)(CH,),NR] (R = Et) have been obtained from the
reactions of the electron-rich tetraamino olefins RN-

(CH,),(R)INC=CN(R)(CH,),NR (R = Me, Et) with
the corresponding parent carbonyl cluster.1®

The reaction of Fe(CO); with [2,6-CsH3(OMe),]Li
followed by [Et;O]BF, yielded the diiron complex
Fey(CO)4[p-12-C(2,6-(Me0),CsH3)OELt] (9) containing
a bridging carbene of type F (eq 4).17 The mechanism
of formation of 9 is not known, but it appears to be
simply an Fe(CO); adduct of Fe(CO),[C(2,6-
(OMe),C;H;)OELt].
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Metal Cluster Complexes with Carbene Ligands

Geoffroy applied the “R*/R™" treatment to the het-
erodinuclear complexes WRe(CO);R(u-PPhy) (10, R =
Me, Et) and obtained a terminally coordinated me-
thylethoxycarbene ligand that was believed to be
bonded to the tungsten atom (eq 5).18
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Stone showed that mononuclear metal complexes
containing carbene ligands could be used as reagents
for cluster synthesis and prepared a number of heter-
odinuclear metal complexes containing bridging carbene
ligands E and a metal from the nickel subgroup (eq 6°
and 7%9).
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In some cases, the carbene ligand was found to mi-
grate from the metal atom M to which it was originally
attached (eq 8).2! Further reaction could lead to the
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elimination of the metal atom M from the molecule
with the formation of di- and triplatinum complexes
containing two and three carbene ligands.? The tri-
platinum complexes exist as mixtures of geometric
isomers with bridging carbene ligands. A related tri-
nickel tricarbene complex was also prepared.??
Metal carbonyl anions have been used to form met-
al-metal bonds to complexes containing carbene lig-
ands.2? The reaction of the cationic iron complex
FeCp(CO)(NCMe)[C(SMe),]*, which contains a bis-
(thiomethoxy)carbene ligand, with Co(CO)," led to fa-
cile replacement of the labile NCMe ligand and for-
mation of a Co-Fe bond (eq 9a).2%¢ The product 11a
contained a bridging n*C,S-coordinated carbene ligand
of type F, with a sulfur atom bonded to the cobalt atom.
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The reaction of the platinum carbene complex cis-Pt-
[C(OEt)(NHR)](CNR)C), (R = ¢-C¢H;y) with 2 equiv
of [CpMo(CO);]" vielded the linear cluster trans-Pt[C-
(OEt)(NHR)]CNR[Mo(CO);Cp], (11b) (eq 9b).2%

The reaction of the [(diethylamino)carbyne]tungsten
complex (HBpz3)W(CO),(CNEt,) with the hydride-
containing cationic complex [HPt(PEt;),(acetone)]*
yielded the heteronuclear complex WPt(CO),(PEt;),-
(HBpz3) [u-n*>-C(H)NEt,] (12) containing a bridging
7%-C,N (diethylamino)carbene formed by transfer of the
hydride ligand on platinum to the carbyne carbon atom
on tungsten (eq 10).%
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The addition of nucleophiles to bridging alkylidyne
ligands has yielded bridging carbene ligands with
moderate success.?> For example, the bridging meth-
oxymethylcarbene ligand in the complex PtW(CO);-
(dppm)[u-C(Me)OMe] was prepared by addition of
methoxide to the ethylidyne ligand in the cationic
complex [WPt(CO);(dppm)(u-CMe)]* (eq 11).252

Trinuclear Metal Complexes

Kaesz et al. were the first to synthesize a carbene
ligand in a preformed trinuclear metal complex.® They
used the R"/R™* procedure, although the reaction did
not proceed in the usual manner. The reaction of
0s;(C0O);, with MeLi at -30 °C yielded the complex
Li[Os3(C0)1;{C(O)Mej] (13), which contained an acetyl
ligand in an equatorial coordination site (see Scheme
I). However, in the presence of Cl-, 13 was decarbo-
nylated and transformed to [Os3(CO),o(u-O=CMe)]"
(14), in which the acetyl ligand adopted a bridging
position across an edge of the cluster. When treated
with methyl triflate (MeOTY), 14 underwent alkylation
to yield the complex Os3(CO)gfn*-C(0)Me}(u-O=CMe)
(15), which was formulated as a bisacetyl ligand com-
plex and not the desired carbene complex. One of the
acetyl ligands was believed to be an edge-bridging lig-
and as in 14. The character of the second acetyl ligand
was not established, but it was proposed to be a #?
species. A carbene complex was obtained from an un-
usual reaction of 15 with HyO. In fact, two products
were obtained from this reaction involving 2 mol of 15,
1 mol of H,0, and the transfer of a methyl group from
one molecule of 15 to the other to form the carbene
ligand. Labeling studies showed that the transferred
methyl group was not derived from the bridging acetyl
ligand. The first product, Os3(CO)g[C(Me)OMe](n-
O=CMe)(u-H) (16), contains a bridging acetyl ligand
and a terminally coordinated methylmethoxycarbene
ligand. The second product, Os3(CO),o(p-O=CMe)(u-
OH) (17), contains a bridging acetyl ligand and a
bridging hydroxyl ligand. A more direct and efficient
route to carbene complexes related to 16 involves the
application of the carbanion (MeLi or PhLi)/
carbocation (EtOTf) treatment to Os3(CO)o(u-O=
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CMe)(u-H) at -30 °C (eq 12). Yields of up to 80% of
0s3(CO)y[C(R)OEL](u-O=CMe)(u-H) were obtained.%
This reaction was proposed to proceed through the
anionic bisacetyl intermediate [Os3(CO)g{n!-C(O)R)} (u-
O=CMe)(u-H)]~ (18).
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Anionic nucleophiles were found to add to a carbonyl
ligand in the bis(phenylnitrene)triiron cluster Fes-
(CO)g(uz-NPh), (19) to yield the anionic complexes
Fe3(CO)g(us-NPh),{C(O)R}]” (20, R = Ph, Me, OMe) (eq
13).Z The phenyl derivative was alkylated with EtOTf
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1y _\Fe/<\ h _\Fe/< N Py — Fe//\;-'e\
Lo / —c R R\
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| | k
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to yield the complex Fe3(CO)g[C(Ph)OEt](us;-NPh), (21)
containing a terminally coordinated phenylethoxy-
carbene ligand. A similar series of reactions (LiPh/
EtOTY) applied to Feg(CO)g(us-PPh), yielded the com-
plex Fez(CO)g(us-PPh)[us-P(Ph)C(Ph)OEt] (22) in
Ph ‘OEl
-~ I\NP~C\‘;Ph
R
Ph
22

which the carbene ligand inserted into one of the
iron-phosphorus bonds of one of the bridging phenyl-
phosphinidene ligands.?” This insertion is believed to
be promoted by the addition of a CO ligand to the
intermediate Fez(CO)g(us-PPh),[C(Ph)OEt]. This in-
termediate could not be isolated in a pure form.
The reaction of the methoxycarbyne cluster complex
085(CO),(u-COMe)(u-H) (23) with LiBEt;H yielded
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the anionic methoxycarbene cluster complex 24 by the
addition of H™ to the carbyne carbon atom (eq 14).28
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Compound 24 is believed to contain a bridging carbene
ligand on the basis of a spectroscopic characterization.
By contrast, the reaction of 23 with LiPh resulted in
addition of Ph™ to one of the CO ligands and yielded
the complex Os3(CO)g[C(OMe),](us-CPh)(u-H) (25)
after a rearrangement involving transfer of the oxygen
atom of the benzoyl ligand to the carbyne carbon atom
and a methylation with MeOTf?? (Scheme II). Com-
plex 25 contains a terminally coordinated dimethoxy-
carbene ligand and an unusual semi-triply-bridging
benzylidyne ligand.

A number of cluster complexes containing amino-
carbene ligands have been obtained by the activation
of tertiary amines.33% The reaction of Os;(CO)g(us-
CO)(us-S) (26) with NMe; at 125 °C yielded the com-
plex Os3(CO)g[(C(H)NMe,] (13-S)(u-H) (27), which
contains a terminally coordinated secondary (di-
methylamino)carbene ligand, C(H)NMe, (eq 15).3! The
reaction involves the loss of two CO ligands from 26 and
the activation of two CH bonds on one methyl group
of the NMe; molecule. The hydrogen atoms were
transferred to the cluster to become bridging hydride
ligands.
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Bis(dialkylamino)methanes were found to be pre-
cursors to secondary (dialkylamino)carbene ligands.
For example, the reaction of Os3(CO)yo(u-SPh)(u-H)
(28) with CH,(NMe,), yielded the cluster complex
03s3(CO)[(C(H)NMe,] (u-SPh)(u-H) (29), which con-
tains a terminally coordinated (dimethylamino)carbene
ligand (eq 16).2® The mechanism of the formation of
the carbene ligand has not yet been established; how-
ever, a multicenter metal-based process that involves
an opening of the cluster has been implicated from an
investigation of the reaction of CHy,(NMe,), with the
methoxy-bridged homologue Os3(CO);o(u-OMe)(u-H)
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(30). The reaction of 30 with CHy(NMe,), vielded two
carbene-containing cluster products, Os3(CO)g[us-C-
(H)NMe;](u-OMe)(u-H) (31) and its isomer Os3(CO),-
[C(H)NMe,] (u-OMe) (u-H) (32).*2 Compound 32 is
structurally analogous to 29 and has a terminally co-
ordinated carbene ligand, but 31 is very different.
Compound 31 was shown by a structural characteriza-
tion to consist of an “open” triangular cluster of three
metal atoms with a triply-bridging 52 secondary (di-
methylamino)carbene ligand. The carbene carbon atom
bridges one of the Os—0s bonds of the cluster while the
nitrogen atom is coordinated to the third osmium atom.
When heated, the open cluster in 31 closes and the
carbene ligand is shifted to a terminal position (eq 17).
This reaction establishes that 31 is a kinetic product
or intermediate in the formation of 32 from 30 and
CHy(NMe,),. It demonstrates that cluster opening and
nitrogen coordination occur prior to formation of the
terminal carbene ligand, but important questions con-
cerning the cleavage of the NMe,; group from the di-
aminomethane and the cleavage of one of the CH bonds
of the CH, group were not answered by this study.

Additional information regarding these questions was
provided from an investigation of the reaction of Osz
(CO)p(p-H), with CHy(NMe,),. One product isolated
from the reaction of Os3(CO),o(u-H), with CHy(NMe,),
at 25 °C is Os3(CO);o(u-CH;NMe,) (u-H) (33).3 Com-
pound 33 was shown to contain an N,N-dimethyl-
iminium ligand bridging an edge of the cluster. The
formation of 33 involved the loss of one hydride ligand
from the Os3(CO),o(u-H), (transferred presumably as
H*) and loss of one NMe, group from the CHy(NMey),.
Me,NH was presumably formed, but this was not ob-
served. This result suggests that the hydrogen ion could
play an important role in the fragmentation of the di-
aminomethane. To date, all of the reactions that have
led to the formation of aminocarbene ligands from di-
aminomethanes have involved clusters containing hy-
dride ligands. It is known that the reaction of bis(di-
alkylamino)methanes with hydrogen ion in aqueous
solutions leads to their transformation to iminium ions
and secondary amines.®* At 98 °C, compound 33 is
spontaneously decarbonylated and transformed to the
complex Os3(CO)g[us-C(H)YNMe,](u-H), (34), which
contains a triply-bridging, *-(dimethylamino)carbene
ligand (eq 18). This transformation is believed to occur

H
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by an intramolecular multicenter CH activatlon process
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SCHEME III
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that involves a vacant site formed by the loss of a
carbonyl ligand from the third metal atom.

The complex Os3(CO)y[C(Ph)NMe,] (ug-S){u-H), (35),
which contains a terminally coordinated phenyl(di-
methylamino)carbene ligand, has been obtained by two
routes: (1) by C-H activation of the 7=-bonded phe-
nyldimethyliminium ligand in the complex Os3(CO)g-
[n2-Ph(H)C=NMe,](13-S)(u-H) (36)3% and (2) by an
intramolecular shift of a phenyl group from the sulfur
atom to the carbon atom of the (dimethylamino)car-
byne ligand in the complex Os3(CO)g(u-CNMey)(us-
S)(u-H), (37)% (see Scheme III).

The methoxycarbyne ligand in MnFey(CO)s(Cp)-
(MeCp)[p-C(H)Me](us-COMe) (38) was converted to a
secondary methoxycarbene ligand in the complex
MnFe,(CO);5(Cp)(MeCp)[u-C(H)OMe](u3-CMe) (39) by
an intramolecular shift of the hydrogen atom from the
bridging alkylidene ligand (eq 19).%7

|
2// [ e[

M
MeCp / Me

The activation of CH bonds on the a-carbon atoms
of trialkylphosphine ligands in the complexes Os;-
(CO)11(PRy) and Os3(CO)14(PR3); (R = Me, Et) has led
to the formation of the complexes Os3(CO)g(us-
R,PCR)(u-H), (40) and Os;(CO)gPR4(us-R,PCR)(u-H),

H
"—C’ Ph,P c”
/ /
Os \ \ ///
/OSN /_Ru P
V | \
Ph
40 41

(R’ = H, Me) containing triply-bridging R,PCR’ ligands.
These could be viewed as dialkylphosphino-substituted
carbene ligands.3® Pyrolysis of the complex Rus-
(CO)g(dppm), (dppm = CH,(PPh,),) yielded the com-
plex Rus(CO),(dppm)(us-PPh)[us-C(H)PPh,] (41) con-
taining the u;-C(H)PPh, ligand coordinated to an open
triruthenium cluster.®

Higher Nuclearlty Clusters Contalning Carbene
Ligands

The reaction of the tetracobalt cluster Co,(CO);4-
{us-PPh), (42) with Et;BH- or MeLi at low temperature
yielded the anions 43 containing a formyl or an acetyl
ligand (eq 20).** Methylation of 43 with MeOTf
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w3 \1> = 3 \1> o <1/ \1>< '

,\\//\ /\\//\‘Q /\\//\
Ph Ph Ph
42 43 44

yielded the complexes 44 containing a bridging meth-
oxycarbene ligand. A related product 4 (R=H,R’' =
(CH,),OMe) was obtained when the MeOTf was added
in the presence of THF. The formation of the
(CH,),OMe group is believed to have occurred by an
initial methylation of THF and a subsequent ring-
opening addition of the (CH,),OMe* ion to 43. Addi-
tion of trifluoroacetic anhydride to 43 yielded the
(trifluoroacetyl)carbene 44 (R = H, R’ = C(O)CF;).

The hexaosmium carbonyl cluster complexes Osg-
(CO)s[C(H)NMe,] (14-S) (u3-S) (u-H), (45a,b) (two iso-
mers containing a terminally coordinated secondary
(dimethylamino)carbene ligand) were formed by ther-
molysis of the trimethylamine-containing complex
0s3(CO)g(NMes)(p3-SCeH) (u-H), (eq 21).4  The
transformation involves elimination of the aryl ring
(presumably as CgHg*?), the condensation of two clus-
ters, elimination of one NMe; ligand, and the trans-
formation of the second NMe; ligand into a carbene
ligand by the activation of two CH bonds of one of the
methyl groups. Compounds 45a,b have also been made
by the combination of 27 with 26.4

H l //\\
~0s——H
Me;N /\
ll\
21)
N ‘98( | \ /L—NMe;
Os—C\ [ T ——— Os
\\é)Z SO - \ 6§/\ \s
S ‘ -

N\ NG -
\O's//\\/ 0s” . Os/—""os 1
1 TT0s / - /N 05—

d \\()s\ /\
45a - 45h

Structure and Bonding

The structures of terminally coordinated carbene
ligands D in metal cluster complexes are not signifi-
cantly different from those in mononuclear metal com-
plexes. These will not be discussed further in this re-
view. The reader is directed to earlier reviews for
discussions of the structure and bonding of these lig-
ands.}?

To a first approximation, the bonding of the bridging
carbene ligand E should be similar to that of the
bridging alkylidene ligand.>* The bonding of the latter
to two metal atoms is believed to consist of a combi-
nation of a g-donation of the lone pair of electrons on
the carbon atom to an empty, symmetrically suitable
orbital on the dimetal unit I and a w-acceptance from

¥ ool
( @__%W (@ @

competitive 7t -donation from
carbene substitutent X.

R R
\ s

N

1

c-donation T -acceptance

Adams
Me
OMe / 2.097(3)A (':\ \ //}/mnmk
~\=Fe OMe
7/' \SFe / 7// \C/\
l MeCp M2 P 1.385()A
MeCp Vs Ve \ H
Fe Me
Cp  1.9316(314
CP 1sarmi 2.518(1)4
2.503(DA
38 39

Figure 1.

a filled, symmetrically suitable orbital on the dimetal
unit to the empty p-orbital on the carbon atom, II. The
principal effect of 7-donation III from a heteroatom X
on the carbene ligand should be a destabilization of the
M,C =-bonding orbital although this has not been
studied quantitatively through calculations. This
should weaken the metal-carbon bonding, and if suf-
ficiently large, may ultimately cause the bridging
carbene ligand to convert to a terminally coordinated
structure D that should allow for a greater x-bonding
between the heteroatom X and the carbene carbon
atom.

There are very few examples of compounds that will
permit a good comparison of the effect of the hetero-
atom on the bonding of bridging carbene ligands.
Compounds 38 and 39 permit possibly the best com-
parison.” A comparison of pertinent bond distances
for these two molecules is shown in Figure 1. In both
molecules, the carbene ligand is bonded asymmetrically,
but the asymmetry appears to be significantly greater
for the carbene ligand in 39 than for the ethylidene
ligand in 38. Greater asymmetry could be interpreted
as a shift toward a terminal coordination mode similar
to that which occurs for bridging carbonyl ligands.*
This would be consistent with the notion that =-dona-
tion from the heteroatom on the carbene ligand may
induce the bridging ligand to shift to a terminal coor-
dination. The current absence of cluster complexes
containing aminocarbene ligands of the type E would
also support this idea. Amino groups form stronger
w-interactions to carbon than alkoxy groups do.?

Carbene ligands that bridge symmetric homodinu-
clear metal-metal bonds tend to be symmetrically
bonded (e.g., 7 and Pt,W(CO)s(PBu’;Me),[C(OMe)-
Ph] (46)%),

1.50(414
A‘r OMe z.nvu)APh‘ ._OMe 2.04(2)4

C
\ /c\ // Bu;MePn}/ \‘P/'/PMeBu;

// \ / \\ s \ / ~
|
2300474 AT /OMe 2.22(3)0A /vlv\
1.37(3)4
- 46

In contrast, carbene ligands that bridge heterodinu-
clear metal-metal bonds can be very asymmetrically
bonded. This is demonstrated by the arylmethoxy-
carbene-bridged Pt-W complexes PtW(CO);(PMe;),-
[4-C(Ph)OMe] (47),° PtW(CO)5(dppm)[u-C(toly)OMe]
(48),% and PtW(CO),(PMej);[u-C(Ph)OMe] (49).4

1.4001}A4 430424 y. 42004

PI tolyl
2.0400 1A " OMe £.97(31A (OMe 2. n:u)A ( QM,
{ N ‘(‘ /zaxn)l ‘\’\ - /z,uml N\ € 2370004
Pt W— Pt W Pt W
(PMey), N | PARN (PMes); /N
P P

PMe;
49
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Note that the asymmetry in 49, which contains three
phosphorus donors, is significantly less than that in 47
and 48, which contain only two phosphorus donor lig-
ands. The replacement of a CO ligand with a phos-
phorus donor should lead to an increase of electron
density on the metal atoms and thus the potential for
a greater w-back-bonding to the carbene ligand. An
increase of metal-to-carbon 7-back-bonding should
cause the carbene to shift to a more symmetrical
bridging position. ,

The C-O distances in terminally coordinated alk-
oxy-substituted carbene ligands lie generally in the
range 1.29-1.35 A.22 The C-O distances in compounds
7, 39, 44, and 46-49 lie in the range 1.37-1.50 A. Al-
though the standard deviations on some of these values
are fairly large, it appears to be true that the C-O
distances for bridging carbene ligands are longer than
those for the corresponding terminally coordinated
forms. This is consistent with the notion of greater C-O
w-bonding interactions for terminally coordinated
carbene ligands than for bridging ligands.

Compounds 9, 11, and 12 contain carbene ligands in
which the heteroatom X is also coordinated to one of
the metal atoms, type F. The coordination of a pair of
electrons from X to a metal atom should reduce the
C—X 7-bonding and result in a lengthening of the C-X
bond. This appears to be the case in each of these
examples (e.g., the C—O bond length in 9 is 1.431 (8)
Al). A molecular orbital description for the coordi-
nation of the carbene ligand in 11 has been reported.?

There are two structurally characterized examples of
triply-bridging (dialkylamino)carbene ligands. These
were found in compounds 31 and 34, and they exhibit
the coordination mode G. The C-N distances, 1.54 (2)
and 1.40 (5) A, respectively, are also significantly longer
than those found in terminally coordinated carbene
ligands? although the standard deviation on the value
from 34 is very large.

NMR Spectroscopy

13C NMR spectroscopy has been fairly useful in aid-
ing in the characterization of carbene ligands. The 13C
resonance of the carbene carbon atom for terminally
coordinated alkoxycarbene ligands is shifted to very low
field values and generally lies in the range 300-360
ppm.*# This resonance is shifted upfield significantly
when the carbene is a bridging ligand. The *C reso-
nances of bridging alkoxycarbene ligands lie in the
range 160-260 ppm. A notable exception is the anionic
triosmium cluster 24 for which the carbene resonance
was observed at 112.3 ppm.2®8 The 13C resonances of
unsubstituted bridged carbene centers generally lie at
higher field values than those of alkoxycarbene ligands.®
The 13C carbene resonance shifts for a number of com-
pounds with bridging carbene ligands are listed in Table
L

Reactivity

Terminally coordinated carbene ligands in cluster
complexes react similarly to terminal carbene ligands
in mononuclear metal complexes.2 The focus of this
section will be on the reactivity of carbenes that is re-
lated to processes that involve two or more metal cen-
ters.
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TABLE 1. Carbene *C NMR Shifts for Cluster Compounds
with Bridging Carbene Ligands®

18C shift,

compd . ppm ref
PtW(CO)5(COD)[u-C(Ph)OMe] 197 19
PtW(CO0)s(COD)[u-C(Me)OMe] 2016 49
PtW(CO)s(dppm)[1-C(Me)OMe] 2119 49
PtW(CO)s(u-dppm) [1-C(Me)OMe] 2087 49
PtW(CO),(dppm)(u-dppm)[u-C(Me)OMe] 230.8 49
PtW(CO)5(PMes)o[u-C(Ph)OMe] 203 19
PtW{CO)s(PMej),{u-C(Me)OMe] 214 19
PtCr(CO)5(PM93)2[‘L'C(CsH‘CFa)OMe] 203 47
PtW(CO)s(PMej),[u-C(tolyl)OMe] 204 47
PtW(CO)s(PMe,Ph),[u-C(tolyl)OMe] 207 47
PtMn(CO),(COD)Cp[u-C(Ph)OMe] 198 20
PdMn(CO),(COD)Cp[u-C(Ph)OMe] 211 20
PtMn(CO)o(PMe;),Cp[u-C(tolyl)OMe] 1936 50
PtRe(CO)2(PMeg),Cp[u-C(tolyl)OMe] 166.0 50
PtRe(CO)y(PMe,Ph),Cp[u-C(tolyl)OMe] 1654 50
Pt,W(CO)¢(PBui;Me),[u-C(Ph)OMe] 237 21a
PtW(CO);5(u-dppm)[u-C(tolyl)OMe] 226.3 46
PtW(CO),(dppm)(u-dppm)[u-C(tolyl)OMe] 2247 46
PtW(CO)s(COD)[u-C(tolyl)OMe] 199.7 21b
PtW(CO)s(PMej)y[u-C(tolyl) OMe] 202.4 21b
PtW(CO);s(dppe)[u-C(tolyl)OMe] 2183 21b
PtW(CO);(dpma)[u-C(tolyl)OMe] 2105  21b
Pt3(CO);[u-C(tolyl)OMe] 255.5  21b
Pt3(CO)3[u-C(tolyl)OMe] 254.8 21b
Co,4(CO)g(u-PPh)y[u-C(H)OMe] 235 40
FesMn(CO)sCp(MeCp)(us;-CMe)[u-C(H)OMe]  228.4 37
[083(CO) ;o (u-H){u-C(H)OMell" 112.3 28
PtW(CO);5(u-dppm) [u-C(tolyl)S(tolyl)] 209.5 46
CoFe(C0),Cplu-1*-C(SMe),] 176.44 23

sdppm = bis(diphenylphosphino)methane, dppe = bis(di-
phenylphosphino)ethane, COD = 1,5-cyclooctadiene.

It is known that Lewis acids promote the elimination
of alkoxy groups from alkoxy-substituted carbene lig-
ands to yield alkylidyne ligands (e.g., eq 222).

OR
22) (CO),M=C< + BBr,
Ph

Br(OC),Mw=C-Ph

In a similar fashion, bridging phenylmethoxycarbene
ligands have been transformed to bridging alkylidyne
ligands. For example, the reaction of the complexes
MPt(CO) ,L(PMej)o[u-C(Ph)OMe] (50, M = Cr, W; L
= CO, PMe;) with [Me;O]*BF, yields the benzylidyne
complexes [MPt(CO),(PMe;),(u-CPh)]* (51) (eq 23a).%

R\ ,Ph

C
N
(OC),LM/ Pr(PMey),
b
MeO Ph Ph - 52
\C, Me,0* é* L=CO,M=Cr
PN 2 N R = OB, CgH Me-4
23) (0C),LM Pt(PMes); 3 (OC),LM Py(PMej),
50 51 — ROC |,
\ h
M= Crw ¢l

(0C),LM

Pt{PMe3),
53

L = PMe, M = Cr,W
R = Et, Me

The addition of nucleophiles R = OEt and CgH,Me-4
to the complexes 51 leads to the formation of the
carbene-containing complexes MPt(CO) ,L(PMe;),[p-
C(Ph)R] (52) when L. = CO, but when L. = PMe; the
carbalkoxycarbene complexes 53 (R = CO,Me, CO,Et)
are formed. The latter reaction occurs, presumably, by
addition of the nucleophile to a CO group, but the lo-
cation of this CO group when the addition occurred was
not established. Two possible mechanisms are (1) the
nucleophilic addition occurs at a metal-coordinated CO
ligand and the carbalkoxy group then migrates to the
alkylidyne carbon atom or (2) a CO ligand migrates
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from a metal atom to the alkylidyne carbon atom to
form a bridging ketenyl ligand, RC=C==0, and the
nucleophile is then added. Casey has demonstrated the
existence of bridging ketenyl ligands and their ability
to add nucleophiles.?! This argues in favor of the latter
mechanism. Stoichiometrically, reaction 23b adds 1
equiv of CO. Curiously, the yields of the carbalkoxy-
carbene products were not increased when the reactions
were performed under a CO atmosphere.?®

The platinum-manganese/rhenium carbene com-
plexes MPt(CO),(PR;),Cp[u-C(CsH,Me-4)OMe] (54, M
= Mn, Re) will eliminate methoxide in a reversible re-
action when treated with [Me;O]* BF,” (eq 24).% The
alkylidyne-containing products 55 will add PMe; at the
alkylidyne carbon atom to form the phosphonium ylide
complexes 56 (eq 24).52 In some cases, H* is a suffi-

tofyl-
Me() | i Me;P

24) N ol .OMe® c* +PMe, St
== —— N
M/ \p((pMeJ)z +OMe’ M Pt(PMe;), M Pt(PMe;);
Cp(coy, Cp(CO), Cp(co),
54 £5 56
M = Mn,Re
R
I,
R OC-Pt W(C0),
\ OMe (a)
P Ph,P PPh,
+HBF, \c/
25) oc-ht wcoy, "MeOH H,
Ph,P PPh
2 \C/ 2
H
: &\ CH,
i
56 basic C
atumina
ReMe oCc-P1 W(C0),
-MeOH | |
Ph,P PPh
2 \(‘/ 2
HZ
57

ciently strong Lewis acid to promote the elimination of
OMe™ from bridging alkoxycarbene ligands to yield
complexes containing bridging alkylidyne ligands (eq
25a1649 and 26).28 In fact, OCHj, elimination from 56
is so facile that simple treatment with basic alumina
leads to formation of a p-vinylidene complex 57 by
elimination of MeOH (eq 25b).*°

26) 24 + CF,CO,H

Treatment of the dimethoxycarbene complex Os;-
(CO)y[C(OMe),](u5-CPh)(H) (58) with MeOTY yields
the (carbyne)(alkylidyne)triosmium cluster complex
0s3(CO)g(u3-CPh)(u3-COMe) (59) containing a triply-
bridging methoxycarbyne ligand (eq 27a).%% Treat-
ment of 58 with PhLi followed by MeOTf yields the
bis(benzylidyne)(dimethoxycarbene) cluster complex
0s3(CO)s[C(OMe),](u3-CPh), (60) plus two other
products, Os3(CO)g(us-n°-C(OMe)C(1,2-C¢H,CPh)) (61)
and Os3(CO)g(us-7°-C(0)(OMe)C(1,2-C¢H,CPh)) (62)
(eq 27b).542 The latter products were formed by un-
defined transformations that involved the carbene lig-
and. Treatment of 59a with PhLi and MeOTf grielded
the carbene-containing cluster complex 59b.54

Secondary (dialkylamino)carbene ligands, HCNR,,
are capable of undergoing an a-CH activation reaction

Adams
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that appears to involve two metal atoms to convert the
carbene in 29 to a bridging (dialkylamino)carbyne lig-
and and a bridging hydride ligand in Os3(CO)g(u-
CNMe,) (u-SPh)(u-H), (eq 28).%

Phg N/, Phg N\ /.
Os Os
28) , / \ |~ hv \ \ /
Os —0s
H ~ H
o 1 co AN
P 's\ R=Me,Et (Ts—c
7 Me
Me,NT Me
29

Carbenes containing an aliphatic CH grouping
bonded directly to the carbene carbon atom appear to
be able to undergo facile 3-CH activation reactions that
appear to involve two or more metal atoms (eq 29% and
30). In reaction 30 the carbene-containing intermediate

7 e,
-
PMe; C—
29) MnyCO)(COCH,CH,CH,) + PUC,H,); NV Pue
(0C)(Mn P
2 ~HMn(CO); PMe,
/Me
Et0 O—C
+EtOTf e _\Ru// H\\Ru/_
Ruy(C0),[C{O)Me]li -C(O)Me](H -H) =/ N
Me 4
30) o RI“\
E10 / 63
\ -MeC(O)H
C. | e
/ I _Ru—
\ o~ \
_-Ru C H
/ oSN/ \
N/
H——Ru—
AN

63 was not isolated but was strongly indicated by the
nature of the reaction sequence.’® Facile transforma-
tions of this type may explain the paucity of cluster
complexes containing carbenes with alkyl substituents
on the carbene carbon atom.

CH activation on alkyl substituents bonded to the
heteroatom can occur, and multicenter processes appear
to be involved. In reaction 31, the intermediate 64
containing an ethoxy(dimethylamino)carbene ligand
was transformed to the product Ruz(CO)g[us-n?-C-
(OEt)NMeCH](u-H), (65) by the activation of two CH
bonds on one of the N-methyl groups.®55

There have been very few reports of reactions of
heteroatom-substituted carbene cluster complexes with
unsaturated hydrocarbons. The reaction of 31 with
HC=CCO,Me yielded the product Osz(CO)g[uz-13-
Me,NCC(H)C(CO,Me)](u-OMe) (66) and was proposed
to involve a coupling of the alkyne with some form of
bridging carbene ligand since 32 (the isomer of 31 that
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contains the terminal carbene ligand) failed to react
with HC,CO,Me.??* At some unknown stage, the hy-
drogen atom on the carbene carbon atom and the hy-
dride ligand in 31 were eliminated from the cluster in
the formation of 66.

Me
\\Os/O\O/s’
- \\\Os//H\

- \\

c
Me0,¢7 S CT S NMe

H

66

Solutions of 21 slowly decompose to yield PhN==C-
(Ph)OEt, formed by a coupling of the phenylethoxy-
carbene ligand to the triply-bridging phenylnitrene
ligand.?

The carbene ligand in 27 was found to react with
secondary amines by exchange of the amino group.!
Mononuclear metal carbene complexes engage in similar
reactions.!? Of greater interest was the observation that
27 reacts with tertiary amines, NRj, to exchange the
amino group of the carbene ligand and yield the new
tertiary amines, NMe,R (R = Et, Pr), by transfer of one
alkyl group (eq 32).3! Although it was originally pro-

S
. é\os\ 140°C N é Os\
32) -0 l H + NRy ————  -0s l H + NMe,R
A AL ReELPI /XL NR
H//s\\c s H"/S\‘C
\

H \H
27

posed that the exchange occurred by a direct attack of
the tertiary amine upon the carbene carbon atom, more
recent studies have shown that CH activation processes
occur in the alkyl group that is shifted. This implies
that some form of activation at the metal centers must
be involved.5¢

Metalliocarbene Ligands

Recent structural characterizations of cluster com-
plexes containing ynamine ligands have revealed
structural features at the amine-substituted carbon
atom that are indicative of carbene-like character. Two
such complexes are Fey,(CO),(u-MeC,;NEt,) (67)% and
0s3(CO)g[u3-HC,NEt,](u-H), (68).% In both com-
Rlexes, the C-N distance is short, 1.327 (9) and 1.33 (2)

, respectively, and indicative of C-N multiple bonding.
Also, unlike normal alkyne ligands in cluster complexes,
the amine-substituted carbon atom is coordinated to
only one metal atom. Compound 68 was also found to
possess reactivity similar to that of a carbene complex.
For example, the reaction of 68 with Pr,NH yielded the
complex Os3(CO)g[us-HC,NPr,](u-H), by an exchange
of the amino group. The ynamine ligand in 68 was

Chemical Reviews, 1989, Vol. 83, No. 8 1711

Et
Et,
N—Et N—Et

Me C/ 132704 ¢ C/ 1.33)4

e S

—F Fe
7\ P~ H

67 H 68
/
N Ph
CeHyy— 7\ /
C——C—H

\F/e/—}?e/
TN
Ph,

69

described as a dimetalated methyl(diethylamino)carb-
ene or dimetalliomethyl(diethylamino)carbene ligand.
A similar description could be applied to 67, but these
investigators chose to view the methyl-substituted
carbon atom as a bridging alkylidene and the ynamine,
overall, as mutually bonded carbene and alkylidene
groups.

Similarly, the amine-substituted carbon atom of the
compound Fey(CO)g[u-C{N(H)CgH,}C(H)Ph](u-PPh,)
(69) also exhibits structural features that resemble those
of a carbene ligand.®® This ligand could be reformulated
as a monometalliobenzyl(cyclohexylamino)carbene lig-
and.

The complex Os3(CO);0(us-S) has recently been found
to react with MeC=CNMe, to yield the open cluster
complex Os3(CO)g(uz-MeCy,NMe,) (n5-S) (70) with a

Me\
— M
/N e Me\T/Me
\ 7'\ _Me CcO C
>% c” 2 H, N7
33) . // \ H—O0s—H
/ 0s” s N\ //l \
\Os//’ \\ 10a1m/125 _Os Os—
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70 71

triply-bridging ynamine ligand that was described as
an a,a-dimetallioethyl(dimethylamino)carbene ligand.®
Interestingly, this complex undergoes a novel reaction
with hydrogen in which two hydrogen atoms are added
to the C-methyl carbon atom of the ynamine ligand to
form a terminally coordinated ethyl(dimethylamino)-
carbene ligand in the complex Osz(CO)g[C(Et)-
NMe,](us-S)(u-H), (71) (eq 33).8 It is believed that the
hydrogenation of ynamine ligands will prove to be a new
and general route to the synthesis of aminocarbene
ligands in metal complexes.
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