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Abstract

N-heterocyclic carbenes are compared with cyclopentadienyls and phosphines in terms of bonding and reactivity. Synthetic dif-
ficulties that currently prevent the general incorporation of NHCs into chelate, pincer and tripod ligand architectures are related to
the inability of the NHC to reversibly decoordinate to correct binding ‘errors’ in the initial kinetic products of NHC complex for-
mation. The strengths and weaknesses of current synthetic approaches, such as Lin’s Ag,O transmetallation route, are discussed.
Linker dependent reactivity patterns are related to azole ring orientation effects and some aspects of cyclometalation are considered.
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1. Introduction

Until recently, only two classes of ligand that are
both sterically and electronically tunable could be said
to have become spectator ligands of broad utility in
organometallic catalysis: phosphines, PR3, and cyclo-
pentadienyls, CsRs.! Phosphines are the most widely
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! Such ligands as H, Me, aryl, alkenes and CO are omitted from this
list because they are not reliable spectators but are often actively
incorporated into a catalytic cycle, nor are they predictably tunable
electronically and sterically. Numerous N-donor ligands are useful
spectators in catalysis but no one class dominates the scene — one
cannot count porphyrins because these rarely give organometallic
catalysis. Halides are often effective spectators, but lack the steric
tunability of phosphines.

0022-328X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2005.07.099

used, in part thanks to the work of Tolman [1]. By doc-
umenting the trends in their electronic and steric effects,
his work allowed both factors to be predictably tuned
for optimization of catalytic properties. Cyclopentadie-
nyls can also be modified sterically and electronically
by incorporation of various substituents, but no equiva-
lent of the Tolman approach has yet achieved broad
acceptance, so trends are less predictable. In both series,
changes in the substituents cause both electronic and
steric changes and these two factors are hard to vary
independently.

Both ligand classes much more commonly adopt the
role of spectator, rather than actor ligands, in that they
rarely undergo modification during a reaction sequence.
To be sure, phosphines can give cyclometalation and
P-R bond cleavage [2,3], and cyclopentadienyl ligands
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can undergo cyclometalation and alkyl migration [4,5],
but these are rare enough to be counted as exceptions.
Multidentate ligands are possible in both series, but
phosphines again provide a far richer range of chelate,
pincer, tripod and other ligand architectures to choose
from. Strapping two cyclopentadienyls together with
an ansa bridge has been a very important strategy in
the design of catalytic sites of specific symmetry, as in
the case of 1, adapted to the formation of isotactic poly-
propylene in the most important catalytic application of
cyclopentadienyls, olefin polymerization [6].

R

ZrCl, Ru=—=CHPh
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Free phosphines are not particularly easy to synthe-
size, but the commercial availability of a wide range of
these mitigates this problem. Decades of work on phos-
phine coordination chemistry has provided relatively
easy synthetic routes to a dazzling array of different
complexes, giving the phosphine series a big advantage
for routine application. Cyclopentadiene precursors to
cyclopentadienyls are not particularly easy to synthesize
and conversion to the cyclopentadienyl anion can re-
quire strong bases that are often incompatible with the
presence of reactive functionality on the substituents.
Conversion of a cyclopentadiene to the thallium salt,
TICp, with TI,CO;, followed by transmetallation to
the transition metal is a mild procedure but thallium
salts are less acceptable in the current green chemistry
climate and this route is falling into disuse [7].

In the last decade, the rise of N-heterocyclic carbenes
(NHCs) has been so strongly-marked, that this ligand
class can now be considered as having joined the small,
privileged group of broadly catalytically useful ligands
comparable with cyclopentadienyls and phosphines. Per-
haps the best example of the beneficial effect that NHCs
can have comes from the later generation Grubbs alkene
metathesis catalysts (2), where an NHC replaces a PCy;
(Cy = cyclohexyl) of the classic bis-phosphine ruthenium
catalyst with a great improvement in activity [§].

At first, it seems, considered as mere phosphine mim-
ics, it is now clear that NHCs have a chemistry that is
original, novel, useful and much more complex than
was originally supposed.

The purpose of this review is to examine the analogies
and differences between the three classes of ligand, Cp,
PR and NHC, to note some instances where our knowl-
edge of NHC chemistry is deficient and how it might be

remedied. The general developments in the field have
been reviewed extensively [9], including the historically
important first NHC complexes [10], the isolation of
the first free carbene [11], and the first free NHC carbene
[12]. Cyclopentadienyls, as 5 electron ligands (6e on the
ionic model), are less closely related to NHCs than are
phosphines, which share with NHCs the property of
being monodentate 2 electron ligands, so the NHC —
phosphine comparison will be emphasized here.

Synthesis: The synthesis of imidazoles and imidazo-
lium ions has been so extensively developed over many
decades that this part of the problem, at least, can be
considered as largely solved [13]. The starting imidazole
can be alkylated or the whole imidazolium ring can be
built up, typically from an arylamine, formaldehyde
and glyoxal. The vast array of functionality that can be
appended to the imidazole ring leads to the possibility
of incorporation of functionalized substituent groups
on the azole core. This should allow molecular recogni-
tion [14], cooperative acid/base, metal-binding or redox
effects to enhance catalyst properties by applying en-
zyme-like strategies in which the catalytic site is not sim-
ply the metal but a designed ensemble of cooperative
functionality. Such a program is difficult to imagine in
the phosphine or cyclopentadienyl area, not only because
of synthetic difficulties, but also because the N1 and N3
substituents of NHCs point towards the metal, while the
substituents of a Cp point away from the Cs centroid
and, even less favorable, those of PR3 point away from
the metal. This makes the NHC substituents more avail-
able to interact productively with the metal site.

With the N,N’-dialkyl or -diaryl imidazolium salt in
hand, a problem does arise in the paucity and lack of
generality of means available to metallate it. A detailed
review of 20th century synthetic routes is available [15].
The imidazolium salt, being an NHC complex of the
proton, deprotonation is an obvious step to reveal the
free NHC. Much early work used strong bases to do
this and in many cases this free NHC then successfully
binds to the metal salt to yield the desired NHC com-
plex [9]. Such methods are less easy to apply to chelate
bis-imidazolium salts because free NHCs tend to dimer-
ize by the Wanzlick equilibrium (Eq. (1)) [16]. Perhaps
because the equilibrium very much favors the dimer,
this dimer has not proved generally useful for synthesis
of NHC complexes, although notable exceptions exist
[17]. The Kuhn route from a thiourea precursor (Eq.
(2)) also requires a harsh reagent, metallic K in THF
at 80° [18]. Strong bases or reductants are not expected
to be compatible with the full range of desired substitu-
ent functionality, however, so improved methods are
needed. For example, with phase-transfer catalysts like
tetrabutylammonium bromide it is possible to generate
NHC complexes with a milder bases such as aqueous
sodium hydroxide solution — benzimidazolium bro-
mides and (Me,S)AuCl react in CH,Cl,/H,O at room
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temperature to give [(NHC),Au]Br [19]. For the more
acidic triazolium salts, triethylamine in THF can be
used as the external base for deprotonation, but in
cases where deprotonation takes place in the presence
of a metal complex or salt, the NHC may bind to the
metal in an agostic mode or even oxidatively add to
the metal first, so that the deprotonation is greatly
facilitated [20]. For imidazolines, the alcohol adduct is
a useful precursor [8b].
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A great advance was made by Lin in the use of Ag,O
as a metallating agent [21]. The oxide is capable of
deprotonating the protonic C2 hydrogen of the imidazo-
lium salt while the Ag" ion metallates the C2 position.
Free NHC is avoided because the synthesis not only
works well even in the presence of air and moisture,
but even in water as solvent. The Ag-NHC complex
so formed can then react with a variety of metal salts
and organometallic precursors to give a very wide series
of NHC complexes. Occasionally, the method can run
into trouble such as a failure to metallate or in metalla-
tion being accompanied by oxidative CC bond cleavage
(Eq. (4)) [22]. Another characteristic problem is the fail-
ure of the intermediate silver complex of a potentially
chelating NHC to chelate after transfer to the second
metal. Instead, complexes are typically obtained in
which each arm of the NHC acts as a monodentate li-
gand (Eq. (5)) [23], sometimes, the chelate and the
non-chelate form are both obtained [24]. The Ag,O or
transmetallation reactions can sometimes go in only
very low yield or not at all [24-26].
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The common failure to chelate in potentially che-
lating bis-NHC ligands, mentioned above, shows up
another important difference between phosphines and
NHCs. Phosphine binding is reversible and so initial
errors in binding mode can be corrected and the ther-
modynamic chelate product be formed in the end.
NHCs tend to bind irreversibly so the initial kinetic
binding mode is usually retained in the product. This
is particularly frustrating because it prevents the
development of chelate, pincer and tripod NHC Ili-
gands that have been so useful in phosphine chemis-
try. This must be counted as one of the most
serious deficiencies in our current understanding. To
be sure, irreversibility can be advantageous, as in
covalent grafting onto a solid support.

Direct metallation of the imidazolium salt by a metal
precursor is not so widely applicable but a case is known
where this procedure gives good yields of a chelating
NHC of M(III), where the silver method gave the non-
chelating M,L complex of M(I). Oxidative addition of
the CH bond to Rh(I) is the probable mechanism. Be-
cause the reaction works equally well even in the strict
absence of air, H, evolution is believed to provide redox
balance in this case (Eq. (6)) [23].
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The intermediate hydride formed on CH oxidative
addition of an imidazolium salt may be isolable [27]
or may undergo reaction with a second equivalent of
the imidazolium salt to yield H, and a bis-carbene
complex [28].

Improved synthetic methods are undoubtedly
needed for future expansion of the NHC field, particu-
larly in the case of chelate, pincer and tripod NHCs
[29].

Degradation pathways: Little work has been reported,
at least in the open literature, concerning the degrada-
tion pathways of classical organometallic catalysts. Yet
development of catalysts efficient enough for practical
application requires an understanding of degradation
in order to develop means of blocking such undesired
pathways.

Several relevant results have been obtained in
which an NHC was cleaved relatively easily from
the metal. In contrast with phosphine chemistry, such
a reaction is generally irreversible. Crudden docu-
mented cleavage of the Rh—carbene bond in the reac-
tion of Rh-N-heterocyclic carbene complexes with
triphenylphosphine in dichloroethane to give the par-
ent imidazolium salt [30]. Reductive elimination of
the NHC with a methyl group can give the 2-methyl
imidazolium salt by M-C bond cleavage and the
mechanism was studied for the methyl-Pd(I) com-
plex, [(cod)PdMe(tmiy)]BF, (tmiy = 1,3,4,5-tetramethyl
imidazole-2-ylidene) [31]. Interestingly, phosphines are
not generally subject to either degradation reaction, so
in this respect at least, phosphines maintain an advan-
tage over NHCs.

The C2 carbon of the NHC system shows a strong
preference to remain sp”, presumably to allow n-dona-
tion from the N1 and N3 p-orbitals and to maintain
aromaticity. This preference is expected to lead to a
greater reluctance to cleave from the metal, relative
to M-CHj; or M-Ph, since the transition state for such
a process would normally require the intermediacy of
an sp’ carbon at C2. For the same reason, NHCs do
not tend to form bridged structures where the NHC
carbon at C2 is bound to two metals, although this
is very common — and can even be considered the pre-
ferred binding mode — for the parent CH, carbene. The
NHC degradation pathways noted above may, there-
fore, be slow enough not to be fatal to catalysis as long
as the catalytic steps are sufficiently faster than
degradation.

Some NHC catalysts are extremely stable, however,
for example, a Pd(II) NHC pincer complex with a
CNC donor set (3) is stable and catalytically active
even in boiling diethylacetamide (184°) in air. The
activity for the Heck reaction is not poisoned by
Hg(0) as would be the case if the catalytic activity of
the complex had originated from Pd(0) coming from
decomposition [32].

TBr
fﬁﬁ

Bu

A useful recent review of NHC chemistry considers
decomposition pathways of metal-NHC complexes in
some detail [33].

Steric and electronic effects: In phosphines and cyclo-
pentadienyls, a change of substituent causes a change,
not only in the steric, but also in the electronic effect
of the ligand, because the R group that is varied is di-
rectly attached to the donor atom (Fig. 1). For example
going from PPh; to PCyj; causes a change in both fac-
tors, and each factor cannot be varied independently.
In NHCs, the substituents are attached to atoms one
or two bonds away from the donor atom, so that the do-
nor atom itself retains the same immediate environment
throughout. Although this is not yet adequately studied
experimentally [34], a change of substituent seems to
cause a steric change in an NHC with only a minor per-
turbation of the electronic effect. If a significant change
in electronic effect is desired, a change in the nature of
the azole ring may be the best strategy. For example,
the electron donor effect should vary as benzimid-
azole < imidazole < imidazoline with a change of azole.
Some computational data is available on (NHC)Ni-
(CO); that is consistent with this idea [35a].

Phosphines and cyclopentadienyls are typically
cone-shaped, so rotation about the M-L bond should
not have major consequences for either steric or elec-
tronic effects. NHCs are fan-shaped and so rotation
can in principle have big effects. This is mitigated in
the case of monodentate NHCs in that the NHC will
tend to rotate so as to minimize any steric clash with
the other ligands. In the case of chelate NHCs, how-
ever, the orientation of the azole rings is not com-
pletely free but fixed within a relatively narrow range
by the constraints of the linker. The linker in a chelate
NHC causes the azole rings to be closer to coplanar for

[\
R/NYN\R l"
v v

M

Fig. 1. The N1 and N3 substituents of NHCs point towards the metal,
while the substituents of a Cp point away from the Cs centroid and
those of PR3 point away from the metal. This makes the NHC
substituents more available to interact productively with the metal site
[14] in ways described in the text.
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a short linker but close to mutually parallel for a three
or four carbon linker. In one case, a change of linker
length was shown to have dramatic effects on the out-
come of metallation (Eq. (7)). A short linker favors the
non-chelated bis-M(I) product, while a long linker fa-
vors the chelate M(I) product. Only for the long linker
are the azole rings able to align with the z-direction
and so minimize steric interactions with the cod ligand
in the xy-plane. For the short linker, the favored orien-
tation can only be adopted in the bis-M(I) product,
where each azole ring is free to align along the z-axis
of each separate metal center without being subject
to the constraints of chelation that models show would
have confined the azole ring in an unfavorable orienta-
tion close to the xy-plane. This effect has some analogy
with the use of an ansa strap to fix the rotational ori-
entation of indenyl ligands in olefin polymerization
catalysis.
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The electronic effects of NHCs have been estimated
by a Tolman type method [1] in a metal carbonyl
complex using either experimental or computational
values of the v(CO) as indicator [35]. The results show
that NHCs are typically much stronger net donors
than phosphines. Since the NHC carbene protonates
so much more readily than PRj, the o-donor power
of the NHC lone pair is undoubtedly much stronger
than for PR;. It is not yet clear how strong is the
n-acceptor power of the NHC series. Calculations
have been reported that argue for stronger and for
weaker m-acceptor power [36a,36b—38], but this is
clearly a substituent-, coligand-, and metal-dependent
property so more work is needed. It is also unclear
how much the m-acceptor power will vary if the orien-
tation of the azole ring is varied. The potentially =-
acceptor orbitals (Fig. 2), the two C-N ¢" orbitals
and the azole ring n*, are both fixed in space relative
to the azole ring plane and so the degree of back
donation may well depend on orientation, particularly
in a & case, where only one d-orbital is available for

=L oo

P (C-N) (P-X)

Fig. 2. The potentially m-accepting orbitals of the NHC are the carbon
pr (left) and the two C-N ¢™ orbitals (center). There is some analogy
with PX3 (X =alkyl, aryl, alkoxy, halide) in that the three P-X ¢*
orbitals (right, one only shown) of PX; are the n-acceptor orbitals. The
NHC could even be a n-donor via its filled m-orbitals.

back donation. If the two C-N ¢" orbitals are the pre-
dominant w-acceptor functions of the NHC, then the
situation is reminiscent of that for PXj, where the
P-X ¢ orbitals perform this function [36¢]. In princi-
ple, the NHC could even be a n-donor via its filled -
orbitals.

Meyer and coworkers [37] have argued that NHCs
are ‘fair m-acceptors’ even with such relatively weakly
n-basic metals as Cu(I), Ag(I) and Au(l), although Lam-
mertsma and coworkers [38] have argued that the NHC
is a weak m-acceptor even for a much more n-basic Ir(I)
fragment. The difference may only be one of rhetorical
emphasis but further work is clearly needed.

NHC:s are well accepted as being both higher field and
higher trans effect ligands than PR, with the result that
the characteristics of the metal’s substrate binding site
are altered. In going from the Grubbs phosphine to the
Grubbs NHC metathesis catalyst, for example, the higher
activity seems to be related to the increased tendency
of the metal site to bind substrate olefin over binding
phosphine, the latter also being present in the medium
as a result of prior dissociation from the metal [39].

Abnormal versus normal NHCs: The vast majority of
NHCs have the metal attached at C2, but in a growing
class this attachment occurs at C4(5). This has most of-
ten been an unintended result, but abnormal NHCs
(aNHC) have also been deliberately synthesized.
Although they are more electron donor than the
nNHCs, the aNHCs tend to cleave from the metal more
easily so this may limit their utility in catalysis [40-42].
The existence of aNHCs means that it is no longer pos-
sible to carry out in situ metallations, as can be found in
catalytic applications, with the expectation that the
structure of the product will contain nNHCs only. In
one case (Eq. (8)), the formation of aNHC versus ntNHC
was even dependent upon the counterion present in the
precursor imidazolium salt: bromide favors the nNHC
and hexafluoroantimoniate the aNHC [43].

These examples show that the chemistry of NHCs is
more complicated than at first suspected and much more
complicated than in Cp or PRj: for example, there is no
analogue of an abnormal NHC in cyclopentadienyl or
PR3 chemistry.
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Cyclometalation: Cyclometalation, limited here to
the oxidative addition of a CH bond of an R substi-
tuent on a ligand, is relatively common for phosphines
and alkyl cyclopentadienes. It is normally undesired in
the context of catalysis because the ligand is then no
longer acting as a pure spectator. NHCs may be
somewhat resistant to cyclometalation because, other
than cases where a bis-imidazolium precursor was
deliberately designed to chelate [23], few examples of
NHC cyclometalation appears to have been reported
[44]. This apparent near-immunity may be an artefact
based in part on the very wide application of IMes,
where the mesityl groups at N1 and N3 are stereoelec-
tronically ill-adapted to cyclometalate. To the extent
that at least partial immunity from cyclometalation
proves to hold, a possible reason is that few NHC hy-
dride complexes are known, relative to the situation
for Cp and PR;. Although the reasons for this insta-
bility are unclear, it could disfavor cyclometalation be-
cause cyclometalation products are often hydrides, as
are cyclometalation intermediates in cases where some
subsequent rearrangement leads to loss of the MH
bond.

In a rare case of NHC cyclometalation [44a], a
pyridine group attached to N3 cyclometalates at
Ir(I) to give an Ir(Ill) hydride. This is significant be-
cause in phosphine chemistry, a benzyl substituent is
specially prone to cyclometalation, presumably be-
cause a stable 5-membered ring is formed. In the
NHC case, a stable 5-membered ring is formed with
an aryl group at N3 because the aryl substituent is
attached not to the donor atom itself, C2, but to
the adjacent N3. Another probable factor favoring
cyclometalation in this case is the nature of the group
at N1. In phosphine chemistry, bulky groups favor
cyclometalation, probably as a manifestation of the
Thorpe-Ingold effect [45]. In the present case, the very
bulky mesityl group located at N1 may favor cycliza-
tion via the N3 aryl.

Whittlesey et al. found that [RuH,(PPh;)3(CO)] re-
acts with free IMes at 80 °C over 14 days to cleave the
ortho-C—Me bond and give a cyclometalation product.
These conditions are probably not relevant to catalysis,
however.

/ NtBu pr{ H

N [’\{Bu [EHL | /H

N Ir

>’\/\* x\;éj

M = Rh(III) or Ir(I1T)

Nolan and coworkers [44b]have an interesting example
of the bis-cyclometalation of an N,N’-bis-tert butyl imid-
azole-2-ylidene on Rh(I) and Ir(I) to give a 14e complex
(4). The high trans effect of the alkyl-metal bonds must
help keep the trans sites empty, but © donation by the
NHC ligands is also invoked on the basis of DFT calcula-
tions. Reaction with H, [44c] cleaves the Ir-alkyl bonds to
give the agostic [IrH,(NHC),]" (5). Complex 5 is of inter-
est as an unusual case of an NHC-hydride. In the spirit of
this review, 4 and 5 also invites comparison with the anal-
ogous phosphine series: Caulton and Eisenstein’s [46] ago-
stic [IrH5(PR3),]" and our own [IrH,(L),(PR3),]" (6),
where L can be a broad range of weakly binding ligands
(H,, agostic CH, acetone, IMe, etc.) [47].

2. Conclusion

As the complexity of their chemistry has become
apparent, NHCs are no longer considered phosphine
analogues. Nevertheless, comparison with the much
better understood chemistry of phosphines can still be
helpful. It can show us where deficiencies in our under-
standing of NHCs might most usefully be remedied.
Can a Tolman-like picture of electronic and steric effects
be usefully developed, for example? The multiplicity of
useful ligand architectures in phosphine chemistry — che-
lates, pincers and tripods — gives us a range of targets.
Deficiencies in our synthetic methods are obvious: poten-
tially chelating ligands often do not in fact chelate.

Acknowledgements

I thank the US DOE and Johnson Matthey for sup-
port and Professor Karsten Meyer for discussions.

References

[1] C.A. Tolman, Chem. Rev. 77 (1977) 313-348.
[2] M.E. van der Boom, D. Milstein, Chem. Rev. 103 (2003) 1759—
1792.



R H. Crabtree | Journal of Organometallic Chemistry 690 (2005) 5451-5457 5457

[3] P.E. Garrou, Chem. Rev. 85 (1985) 171-185.

[4] H. van der Heijden, B. Hessen, Inorg. Chim. Acta 345 (2003) 27—
36.

[5] P. Eilbracht, P. Dahler, Chem. Ber. 113 (1980) 542-554.

[6] J.C. Green, Chem. Soc. Rev. 27 (1998) 263-271;
M. Ringwald, R. Sturmer, H.H. Brintzinger, J. Am. Chem. Soc.
121 (1999) 1524-1527.

[71 S.T. Liddle, P.L. Arnold, Organometallics 24 (2005) 2597-2605.

[8] (a) M.S. Sanford, J.A. Love, R.H. Grubbs, J. Am. Chem. Soc.
123 (2001) 6543-6549;
(b) T.M. Trnka, J.P. Morgan, M.S. Sanford, T.E. Wilhelm, M.
Scholl, T.L. Choi, S. Ding, M.W. Day, R.H. Grubbs, J. Am.
Chem. Soc. 125 (2003) 2546.

[9] D. Bourissou, O. Guerret, F.P. Gabbai, G. Bertrand, Chem. Rev.
100 (2000) 39-91.

[10] K. Ofele, J. Organomet. Chem. 12 (1968) 42;

H.-W. Wanzlick, H.-J. Schonherr, Angew. Chem. 80 (1968) 154.

[11] A. Igau, H. Grutzmacher, A. Baceiredo, G. Bertrand, J. Am.
Chem. Soc. 110 (1988) 6463-6466.

[12] A.J. Arduengo, R.L. Harlow, M. Kline, J. Am. Chem. Soc. 113
(1991) 361-363.

[13] M.R. Grimmett, Imidazole and Benzimidazole Synthesis, Aca-
demic Press, San Diego, CA, 1997.

[14] G. Rivera, R.H. Crabtree, J. Mol. Catal. A 222 (2004) 59-73.

[15] T. Weskamp, V.P.W. Bohm, W.A. Herrmann, J. Organomet.
Chem. 600 (2000) 12-22.

[16] V.P.W. Bohm, W.A. Herrmann, Angew. Chem., Int. Ed. 39
(2000) 4036-4038.

[17] M.F. Lappert, P.L. Pye, JCS Dalton Trans. (1977) 2172-2180.

[18] N. Kuhn, T. Kratz, Synthesis (1993) 561-562.

[19] K.M. Lee, C.K. Lee, U.B. Lin, Angew. Chem., Int. Ed. 36 (1997)
1850.

[20] D. Enders, H. Gielen, J. Runsink, K. Breuer, S. Brode, K. Boehn,
Eur. J. Inorg. Chem. (1998) 913.

[21] L.J.B. Lin, C.S. Vasam, Comments Inorg. Chem. 25 (2004) 75—
129.

[22] A.R. Chianese, B.M. Zeglis, R.H. Crabtree, Chem. Commun.
(2004) 2176-2177.

[23] J.A. Mata, A.R. Chianese, J.R. Miecznikowski, M. Poyatos, E.
Peris, J.W. Faller, R.H. Crabtree, Organometallics 23 (2004)
1253-1263.

[24] A M. Magill, D.S. McGuinness, K.J. Cavell, G.J.P. Britovsek,
V.C. Gibson, A.J.P. White, D.J. Williams, A.H. White, B.W.
Skelton, J. Organomet. Chem. 617 (2001) 546-560.

[25] B. Bildstein, M. Malaun, H. Kopacka, K. Wurst, M. Mitterbock,
K.H. Ongania, G. Opromolla, P. Zanello, Organometallics 18
(1999) 4325-4336.

[26] Appelhans, L, Crabtree, RH, unpublished data, 2004.

[27] M. Viciano, E. Mas-Marza, M. Poyatos, M. Sanau, R.H.
Crabtree, E. Peris, Angew. Chem., Int. Ed. 44 (2005) 444-447.

[28] S. Grundemann, M. Albrecht, A. Kovacevic, J.W. Faller, R.H.
Crabtree, JCS Dalton Trans. (2002) 2163-2167.

[29] E. Peris, R.H. Crabtree, Coordin. Chem. Rev. 248 (2004) 2239-
2246.

[30] D.P. Allen, C.M. Crudden, L.A. Calhoun, R.Y. Wang, J.
Organomet. Chem. 689 (2004) 3203-3209.

[31] D.S. McGuinness, N. Saendig, B.F. Yates, K.J. Cavell, J. Am.
Chem. Soc. 123 (2001) 4029-4040.

[32] E. Peris, J.A. Loch, J. Mata, R.H. Crabtree, Chem. Commun.
(2001) 201.

[33] C.M. Crudden, D.P. Allen, Coordin. Chem. Rev. 248 (2004)
2247-2273.

[34] M. Alcarazo, S.J. Roseblade, E. Alonso, R. Fernandez, E.
Alvarez, F.J. Lahoz, J.M. Lassaletta, J. Am. Chem. Soc. 26
(2004) 1324213243,

A.J. Arduengo, F. Davidson, H.V.R. Dias, J.R. Goerlich, D.
Khasnis, W.J. Marshall, T.K. Prakasha, J. Am. Chem. Soc. 119
(1997) 12742-12749;

A.J. Arduengo, H.V.R. Dias, R.L. Harlow, M. Kline, J. Am.
Chem. Soc. 114 (1992) 5530-5534.

[35] (a) L. Perrin, E. Clot, O. Eisenstein, J. Loch, R.H. Crabtree,

Inorg. Chem. 40 (2001) 5806-5811;
(b) R. Dorta, E.D. Stevens, N.M. Scott, C. Costabile, L. Cavallo,
C.D. Hoff, S.P. Nolan, J. Am. Chem. Soc. 127 (2005) 2485-2495;
(c) A.R. Chianese, A. Kovacevic, B.M. Zeglis, J.W. Faller, R.H.
Crabtree, Organometallics 23 (2004) 2461-2468.

[36] (a) M.T. Lee, C.H. Hu, Organometallics 23 (2004) 976-983, 2461
2468;

(b) X.L. Hu, I. Castro-Rodriguez, K. Meyer, J. Am. Chem. Soc.
126 (2004) 13464-13473;

(c) B.J. Dunne, R.B. Morris, A.G. Orpen, JCS Dalton Trans.
(1991) 653-661.

[37] X.L. Hu, L. Castro-Rodriguez, K. Olsen, K. Meyer, Organomet-
allics 23 (2004) 755-764.

[38] A.T. Termaten, M. Schakel, A.W. Ehlers, M. Lutz, A.L. Spek,
K. Lammertsma, Chem. Eur. J. 9 (2003) 3577-3582.

[39] J.A. Love, M.S. Sanford, M.W. Day, R.H. Grubbs, J. Am.
Chem. Soc. 125 (2003) 10103-10109.

[40] S. Grundemann, A. Kovacevic, M. Albrecht, J.W. Faller, R.H.
Crabtree, J. Am. Chem. Soc. 124 (2002) 10473-10481.

[41] X.L. Hu, L. Castro-Rodriguez, K. Meyer, J. Am. Chem. Soc. 125
(2003) 12237-12245.

[42] H. Lebel, M.K. Janes, A.B. Charette, S.P. Nolan, J. Am. Chem.
Soc. 126 (2004) 5046-5047.

[43] A. Kovacevic, S. Grundemann, J.R. Miecznikowski, E. Clot, O.
Eisenstein, R.H. Crabtree, Chem. Commun. (2002) 2580-2581.

[44] (a) A.A. Danopoulos, S. Winston, M.B. Hursthouse, JCS Dalton
Trans. (2002) 3090-3091;

(b) N.M. Scott, R. Dorta, E.D. Stevens, A. Correa, L. Cavallo,
S.P. Nolan, J. Am. Chem. Soc. 127 (2005) 3516-3526, and refs
cited;

() N.M. Scott, V. Pons, E.D. Stevens, D.M. Heinekey, S.P.
Nolan, Angew. Chem., Int. Ed. 44 (2005) 2512-2515.

[45] M.E. Ung, J. Gervay, J. Am. Chem. Soc. 113 (1991) 224-232.

[46] A.C. Cooper, W.E. Streib, O. Eisenstein, K.G. Caulton, J. Am.
Chem. Soc. 119 (1997) 9069-9070.

[47] E. Clot, J.Y. Chen, D.H. Lee, S.Y. Sung, L.N. Appelhans, J.W.
Faller, R.H. Crabtree, O. Eisenstein, J. Am. Chem. Soc. 126
(2004) 8795-8804;

R.H. Crabtree, M. Lavin, Chem. Commun. (1985) 1661-1662;
X.L. Luo, G.K. Schulte, R.H. Crabtree, Inorg. Chem. 29 (1)
(1990) 682-686.



	NHC ligands versus cyclopentadienyls and phosphines as spectator ligands in organometallic catalysis
	Introduction
	Conclusion
	Acknowledgements
	References


