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1. Introduction

The continuous growth of N-heterocyclic carbene (NHC)
chemistry isafact that is pointed out in all the introductions of
the publications regarding NHCs that have appeared in the past
decade. Two main scientific achievements may have condtituted
theinitia spur to this growth: (i) the first use by Herrmann and
co-workers of NHC complexes in catalysis' and (ii) the
preparation of the Grubbs second generation catalyst and
related catalysts,2 which undoubtedly had its contribution in
the award of the Nobel Prize for Chemistry 2005.

Without disregarding Lappert’s® and Wanzlick’ s* pioneering
works on the preparation of NHC—metal complexes, we may
consider that the isolation of thermally stable carbenes by
Arduengo in 1991° and the statement made by Herrmann
that the use of N-heterocyclic carbenes constitutes “a new
structural principle for catalysts design in homogeneous
catalysis’ in 1995, established a new renaissance of these
ligands that may now be considered in its early adolescence.
With afull set of great scientific achievements on their back,
NHCs are still far from being fully explored, and great
potential can be envisaged not only in the homogeneous
metal-catalysis field but also in organocatalysis,® design of
metal-based drugs,” and other potential applications that can
lead NHCs to their maturity.

Chemical stability and coordination versatility are two of
the many properties of NHCs that may have helped their
great development. The easy preparation of NHC-precursors
has allowed an almost infinite access to new organometallic
topologies, in which the only limitation seems to be the
imagination of the researchers. Apart from the most widely
used NHCs, imidazolylidenes (let us call them normal-
NHCs), a wide set of other N-heterocyclic frameworks has
allowed the preparation of carbenes in which the electronic
and steric parameters can be modified compared with the
normal ones. This may include not only the variety of five-
membered ring carbenes (abnormal-NHCs, pyrazolylidenes,
triazolylidenes, tetrazolylidenes, benzoimidazolylidenes, etc.)
but also six-8 and even four-° and seven-membered rings.*°
Scheme 1 depicts some of the known NHC frameworks.

NHCs have been widely studied from any possible point
of view, including their preparation,***? stability,'® stereo-
electronic properties,***> coordination strategies,*26” and
use in homogeneous'® and asymmetric catalysis,*® and some
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books® and journal volumes®* have been entirely devoted
to the chemistry of this type of ligand.

Among NHCs, poly(N-heterocyclic carbene)s have at-
tracted great attention because they allow the preparation of
organometallic compounds with avariety of geometries. We
now have awide set of complexes with bis-, tris-, and tetra-
NHCs, that can act as bischelating, pincer, tripodal, or bridging
ligands, in which the combination with chiral motifs may alow
the preparation of asymmetric catalysts. In the search of a
rationalized description of the specific coordination modes of
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Scheme 1. Some of the NHC Frameworks
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poly-NHCs and their applications in catalysis, some review
articles have appeared regarding the properties of bis- and tris-
chelating? and pincer NHCs,23?* thus covering the chemistry
of most poly-NHCs that have been described until recently.
Still, the development of NHC chemistry is so fast that new
achievements are made every year.

Thisreview will concentrate on the properties and catalysis
of complexes with poly-NHCs (ligands containing more than
one NHC branch) in the period from 2002, but we will focus
our attention on the most recent articles (last three years)
since some recent reviews have already covered the period
until 2006. Some overlap with the aready existing related
reviews is inevitable, but we will try to cover aspects not
reported in previous published articles. For example, al the
articles regarding poly-NHCs that have been reported so far
deal with either chelating®® or pincer NHCs,?*?° while the
chemistry of bridging and NHC-based diylidenes has not
been considered. These will be covered in this review.

With al thisin mind, the present review will focus on the
description of the chemistry of poly-NHCs and those
structural and electronic aspects that can be related to the
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search of an enhancement of their catalytic properties. The
review is subdivided into the following categories: (a) types
of poly-NHC ligands, (b) structural properties of coordinated
bis-NHC ligands, (c) groups 3—7 metal complexes, (d) group
8 metal complexes, (e) group 9 metal complexes, (f) group
10 metal complexes, (g) group 11 metal complexes, and (h)
f-block metal complexes. Each of these categories will focus
its attention on the catalytic properties of the complexes
comprised therein.

2. Types of Poly-NHC Ligands

Attending to their composition (considerations about their
coordination capabilities will be discussed |ater), poly-NHC
ligands may be classified as bis-NHCs, tris-NHCs, and tetra-
NHCs. Since NHCs can admit other donor-functional groups,
the coordination capabilities of these poly-NHCs may not
be restricted to the coordination by the carbene fragments
only (this means that, for example, we can find many
compounds in which biscarbenes are tricoordinated, because
the ligand also contains a pyridine, amino, phosphino, alkoxy,
aryl, or any other coordinating group).?

Among those cited above, bissNHCs are by far the most
abundant ones. The first ones to be prepared were those in
which the two NHC fragments are bound with an aiphatic
linker (Scheme 2).1%"~% The easy preparation of this type
of ligand has allowed a controlled study of their coordination
to metals by modifying the length of the aliphatic linker,
and some important implications on the structural properties
and reactivity of the resulting products have been extensively
researched.®~# Other linkers include ethers,*? amines,* or
aromatic rings®#~4' that provide some rigidity to the bridge
and can even introduce Cy-chirality.®®%° The properties of
these bis-NHCs can a so be modified by changing the nature
of the NHC, and hence some bistriazolylidenes,>*°~52 bisimi-
dazolylidenes, abnormal-bissNHCs®* ™% and even mixed
normal/abnormal-bis-NHCs® have been prepared. Typical
frameworks are shown in Scheme 2.

Annularly linked bis-NHCs, including cyclophane-* and
calix[4]arene-based>® NHCs have also been described, pro-
viding interesting coordination modes that result in an
increase of the stability to air and heat due to the rigidity
imposed by the cyclic structure (Scheme 3).

An important class of bis-NHCs is that introducing a
donor-functional group between the two carbene edges. P,
O, S N, and C atoms are among the potential donors, and
the tris-chelating coordination of these ligands has provided
pincer?® and tripodal®”*® bissNHC complexes that have
attracted great attention (Scheme 4).

Most of the bis-NHCs described above are often designed
to preferentially bind to one metal in a chelating fashion.
However, the design of non-chelating bis-NHCs is also of
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great interest since this type of ligand can provide bimetallic
structures that may lead to new advancesin the devel opment
of electronic materials.® A series of ditopic NHCs have been
reported in which the coordination to the same meta is
avoided by the linearly opposed disposition of the two
carbenes. In this regard, triazolylidenes®8! and benzobis(imida-
zolylidene)s®? % have appeared as interesting scaffolds that
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Figure 1. Linker length determines the orientation of the azole
ring: (A) short linkers (in-plane conformation); (B) long linkers
(perpendicular orientation).

can bridge transition metals and provide enhanced el ectronic
and catalytic properties (Scheme 5).

Tris- and tetra-NHCs are less abundant than bis-NHCs.
One of the reasons for this may be the complicated multistep
synthesis for this type of polycarbene and that the resulting
tris- and tetracationic imidazolium salts are often difficult
to purify due to their low solubility in most organic solvents.
Some of the trissNHC ligands that have been reported show
a Cz-symmetry through the linkage of the three NHCs to a
central C(sp®), amine, or arene (Scheme 6).% Just two
examples of tetra-NHCs have been reported to date,%”% both
introducing the NHCs into a macrocyclic structure, as shown
in Scheme 6.

3. Structural Properties of Coordinated Bis-NHC
Ligands

The general principles governing the steric properties of
NHCs arise from their fan-shaped profile. When free rotation
about the M—C bond is possible (mostly in mono-NHC
ligands), the azole ring is expected to orientate its dlim axis
to the bulky plane of the complex, minimizing the steric
repulsions. When a bis-NHC ligand is used, the ligand can
coordinate either to one metal (chelating) or to two metals
(bridging), and for each of these two coordination modes,
several parameters can affect the orientation of the azole
rings.

In the chelating coordination form, several structural
parameters have to be taken into account, such as the
coordination bite angle, the angle between the azole ring and
the coordination plane of the complex, and the “in-plane”
distortion of the NHC. All these parameters are discussed
in this section.

3.1. Chelating versus Bridging Coordination of
Bis-NHC Ligands

With the aim to rationalize the preferential chelating or
bridging coordination of bissNHC ligands, several studies
have been recently published.38416%70 When sterically small
N-substituents are used (Me, nBu), it seems clear that the
main factor that determines the type of coordination of the
bissNHC ligand is the length of the linker between the two
azole rings.®

For chelate bissNHC compounds, the rotation about the
M—NHC bond is restricted, so the bulky ligand axis may
be forced into closer contact with the sterically crowded
complex plane, depending on the linker length and rigidity.
The effective steric size of the ligand depends on the linker
length, asillustrated by Figure 1. Short linkers (diagram A)
forcethe NHC ringsto lie in the xy plane, while long linkers
(diagram B) alow the azole ringsto align close to the z-axis.

In principle, this anisotropic behavior of the bissNHC
ligands determines the reactivity of the metal fragments to
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Figure 2. (A) Bridging 2:1 (M/L) coordination in square-planar
complexes and (B) chelating coordination in an octahedral complex

which they are bound. This effect has been studied in detail
for Rh,%4 Ir,%0 and Pd* complexes. In the case of bisNHCs
with long linkers, if we have a pseudo-square-planar complex
with bulky coligands (typically cod or nbd), the bis-chelating
coordination of the ligand affords a sterically relieved
structure in which the bulky angle of the ligand is oriented
toward the unoccupied z-axis. This means that the coordina-
tion of axial ligands to this metal fragment is going to be
restricted by the bulkiness of the N-groups of the azole rings.
This also prevents the metal from achieving a pseudo-
octahedral structure by means, for example, of an oxidative
addition, and this has to be taken into account if we plan to
use acatalyst in a process that requires an oxidative addition
in any of the steps of the catalytic cycle.

On the other hand, bis-NHCs with short linkers force the
two azole rings to lie on the sterically crowded plane of the
molecule. In the cases that the metal prefers the pseudo-
sguare-planar geometry, the coordination of the bissNHC can
release steric strain by bridging two metal fragments, so that
each individual azole ring can now align close to the z-axis
(Figure 2A)

The chelating coordination of bis-NHCs can be achieved
if the metal has small coligands (typically CO, halides, CN,
CH3CN, 7?-AcO, etc.) that produce a low steric hindrance
in the xy plane. This chelating coordination can be seen in
pseudo-square-planar and also in pseudo-octahedral com-
plexes. In the cases where group 9 metals are used, most of
the synthetic routes to chelating bissNHCs start from
[MCl(cod)]> (M = Rh, Ir), so the use of bissNHCs with short
linkers often provides the 2:1 (metal/ligand) speciesin which
theligand is bridging (Figure 2A). However, for these metals,
the oxidation to the +3 oxidation state affords pseudo-
octahedral complexes in which the sterically crowded cod
ligand is easily substituted by other less sterically demanding
ligands (MeCN, AcO, halides, etc) and hence the his-
chelating coordination of the short-linked bissNHC is alowed
(Figure 2, B).

In principle, all the above-mentioned considerations were
accepted as valid, until Crabtree and co-workers carried out
amore detailed study covering other aspects such as the steric
size of the N-substituents (R) and the nature of the counte-
rion.*! If small R substituents are used, the longer linkers
favor chelation due to their ability to avoid the steric clash
between R and the other ligands (L). However, when bulkier
R groups are used (that is, tBu), longer linkers are expected
to bring the two bulky substituents too close to each other.
This new steric clash explains why chelation is avoided when
long linkers and bulky steric R groups are used, while short
linkers and bulky R groups can then form chelates. In
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Figure 3. (A) Wingtip—ligand (R---L) and (B) wingtip—wingtip
(R--*R) steric interactions.

summary, two steric considerations must be taken into
account in order to predict the chelation ability of a bis-
NHC ligand: (a) the length of the linker between the azole
rings and (b) the steric size of the N-substituents (R). The
steric considerations determine that chelation is possible
when both the steric clash between the R groups and the L
ligand (R+++L), and that between the two R groups (R***R)
are avoided (Figure 3). This dependence of the coordination
form of the bis-NHC ligand with the steric bulkiness of the
R groups was earlier proposed by Slaughter and co-workers.5®

The nature of the anion a so affects the formation of either
the chelated or the bridged species. This was suggested by
Crabtree and co-workers™ and helped to justify the formation
of the chelated bissNHC compounds with short linkers
previously obtained by Slaughter®® and Field,” that otherwise
would nat fit into the previoudly discussed reactivity pattern.
It has been proposed* that the absence of halides in the
reaction medium (either by abstraction of the halides in the
metal precursors or by directly using a metal precursor
without halide ligands) favors the formation of cationic
chelate complexes instead of the 2:1 metal/ligand ones.
Typical examples to produce the chelate species are the
coordination of the bissNHC ligand by transmetalating the
ligand with a Ag—NHC reagent that does not contain halides
and then retains the ability to abstract the halide from the
metal precursor*® or use of metal precursors such as
[M(OR)(cod)], (M = Rh, Ir), which directly provides the
non-halide chelate cationic compounds.” An additional effect
of using halide-free coordination conditions is the avoidance
of the oxidative decomposition that tends to occur in the
presence of halides. This oxidative decomposition of the four-
coordinate M(1) species often provides six-coordinate M(I11)
species. Figure 4 summarizes the different reactivity patterns
for the coordination of the bissNHC ligands under the
conditions described in the present section.

These principles can be applied to selectively obtain
chelating or bridging coordination forms of complexes
containing bis-NHC ligands. For example, with the aim to
obtain dirhodium architecturesin which the dicarbene and a
bisphosphine ligand bridged the two metals forming “A-
frame” frameworks, Cowie and co-workers recently used a
series of methylene- and ethylene-bridged dicarbenes to
prepare complexes A, as shown in Scheme 7.7

Although the vast majority of examples of chelating bis-
NHC ligandsrefer to their coordination in the cis form, there

Scheme 7
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are several examples describing trans-bis-NHC complexes.
Thistype of coordination has been observed mainly for Ni“®
and Pd*474872 complexes, although some Ag’>" and Ru™
complexes have & so been described. Scheme 8 shows some
of these compounds. Apart from the examples describing
the coordination of tridentate-pincer bissNHC ligands, in
which the two carbenes are forced to adopt a trans config-
uration,? the coordination of bidentate bis-NHCsin the trans
form is achieved only if the rigidity of the bridging tether
avoids the coordination in the cis form. This rigidity can be
introduced by using long chains containing cycles that often
provide an additional interest to the resulting complexes by
bringing chirality (complexes B—D in Scheme 8). An
interesting example in which the trans coordination of the
dicarbeneisobserved, istheuseaf bisimidazolylidene)cdix[4]arene
frameworks (compound E in Scheme 8).7

3.2. Structural Consequences of Chelating
Bis-NHCs

The fan-shaped arrangement of the azole rings in bis-
NHCs gives rise to a number of structural parameters that
are described in detail below.

3.2.1. Bite Angle

One of the first structural parameters that has to be
considered is the coordination bite angle. In the case of
chelating bis-NHCs, a systematic study of the variation of
the bite angle upon varying the number of methylene groups
in the —(CH,),— bridging chain between the azole rings can
be made by taking a close look at the data reported in the
literature, which has been recently reviewed. 34 With values
ranging from 79.5° to 94°, assigned to W(0)® and Ir(1)*
complexes, respectively, the bite angles strongly depend on
the linker length but are also affected by the nature of the
coligands, the metal, and its oxidation state (Table 1).
Remarkably, the recently described bitriazolylidene ligand
(bitz) with a direct N—N bond linking the azole rings>
displays the smallest bite angle for a chelating bis-NHC with
avaue of 79.1° in a Pd(ll) complex.5!

3.2.2. a Angle

The o angle is defined as the average of the two imidazole
ring planes and the xy plane of the coordination compounds.
As observed from the representative data shown in Table 1,
this angle strongly depends on the linker length, although

Scheme 8
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Figure 4. Resactivity patterns expected for bis-NHC ligands.

the size of the R wingtips and the geometry of the complexes
have an important influence. For the square-planar species
with ligands with short linkers (typicaly n = 1), ais rather
large, because of the absence of apical ligands (angles
typically ranging from 40° to 57°, entries 3—15). Among
these complexes, those with the bulkier wingtips (R) are the
ones to show larger o values, because this affords a situation
in which the steric repulsion between the bulky R groups
and the other ligands of the complex is minimized. Thisis
exemplified by the data shown in Table 1, where it can be
seen that all the complexes with tBu wingtips show a values
above 55° (entries 3, 7, 9, 13, and 14), while other wingtips
present values below 50°. Hexacoordinated complexes show
lower a values due to the presence of ligands in the +z
direction, with a minimum value of 11.9° for a Rh(lll)
complex (entry 19). For longer linkers (n = 2—4), square-
planar complexes are typically formed, and a ranges from
63° to 90°.

3.2.3. 0 (Yaw) Angle

The in-plane distortion of the NHC that Crabtree and co-
workers defined as “yaw” distortion** (Figure 5) is mainly
due to the steric constrain imposed by the formation of the
metallacycle. The bis-chelating NHC complexes with shorter
linkers show the highest yaw distortions, as can be seen in
Table 1. For the directly N—N linked (n = Q) hiscarbenes
(entries 1 and 2), 0 is 13°. For the complexes with short
linkers (n = 1), the angle typically ranges from 4° to 14°
for square planar complexes, athough one exception is found
with negligible distortion (entry 11). For these complexes, a
clear dependence of 6 on the size of the R group is found,
with higher 6 values shown for those complexes with tBu
wingtips, due to the stronger steric clash of this bulky group
with the coligands (Figure 5).

3.2.4. M—C Bond Distances

As described above, the plane of the azole ring is
inevitably at an angle (o) to the coordination plane of the
complex. Table 1 shows that this angle varies with the many
conditions that have already been described, and it ranges
from 0° to 90° without showing any specific preferences at
any fixed angle values. It has been long discussed whether
the sr-interaction between the metal and the NHC would have
any participation in the M—NHC bond.™® If this interaction
was important, it would be expected that certain o values
provided a preferential orientation of the p, orbital of the
carbene carbon to favor the overlapping with the correspond-
ing d, orbital of the metal. This, in turn, implies that at
“effective’ angles the double bond character of the M—NHC
should increase, and hence the M—C bond should be shorter.

A close analysis of the M—C distances shown in Table 1
shows that it seems that there are not any “preferential” o
values providing any shorter M—C distances. In fact, M—C
distances do not seem to vary with any of the structural
parameters discussed above. This observation supports the
idea of the negligible sr-interaction, but it should not be taken
as a definitive proof because both the o- and the z-interac-
tions influence the M —NHC distances. For amore definitive
conclusion, a complete deconvulsion of these two factors
(o- and z-contributions) should be clearly established.

4. Poly-NHC Ligands in Complexes of Groups
3—-7

4.1. Preparation and Properties

Whereas NHC ligands have been widely used to support
late transition metal complexes, early transition metals have
been somewhat neglected, and their chemistry is fairly
underdeveloped. However, there is an increasing interest in
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Table 1. Representative Literature Structural Data on Chelating Biscar benes

/ (CHZ)n\

[

\\\\< ]

T |~
R
entry M linker (n) R L L’ bite angle C—-M—C (deg) a?(deg) 6°(deg) M—-C(A) ref
1 Rh(I11) 0 CH3 I, CH3CN 21 79.4 2.3 13 1977 52
2 Pd(I1) 0 CH3 CH3CN 79.14 15 13 1.979 52
3 Ni(ll) 1 tBu bissNHC 83.6 55.1 13 1.932 76
4 Ni(ll) 1 CHs bissNHC 86.6 425 7 1.909 27
5 Pd(I1) 1 CHs 21 83.2 47.3 8 1.989 77
6 Pd(IT) 1 EtOH 21 83.6 455 6 1.991 78
7 Ni(ll) 1 tBu Cl, PMe; 84.9 57.5 10 1.941 76
8 Pd(IT) 1 CHs 2 CHiCN 84.1 40.2 4 1.966 29
9 Pd(IT) 1 tBu 21 834 56.4 14 2.004 32
10 Pd(I1) 1 CHs bis-NHC 81.8 41.5 0 2.137 79
11 W(0) 1 CH3 CO, PPh; 2CO 79.5 30.9 1 2.229 16
12 Rh(1) 1 CHs cod 83.2 45.7 8 2.025 70
13 Rh() 1 tBu cod 815 56.9 14 2.064 4
14 Rh(1) 1 tBu 2 CO 815 53.6 13 2.078 41
15 Rh(1) 1 CHs 2 CO 83.5 45.0 7 2.062 70
16 Rh(I1) 1 nBu CH3COO I 1 87.3 19.7 1 1.976 80
17 Rh(I1) 1 CHs 2 CH3CN I 1 87.8 26.3 4 2.026 80
18 Ir(111) 1 neo-pentyl  CH3COO I 1 87.2 21.6 1 1.984 81
19 Rh(I) 1 nBu CH;COO I, ntc® 86.2 119 0 1.956 50
20 Pd(IT1) 2 tBu 2 CHs3 88.1 65.2 11 2.079 46
21 Ni(Il) 2 tBu Cl, PPMe; 88.4 70.3 5 1.915 76
22 Pd(11) 1 CH3 2Cl 83.78 49.47 6 1.966 34
23 Pd(11) 2 CH3 2Cl 87.84 57.9 6 1.979 34
24 Pd(I1) 3 CHs 2Cl 87.63 74.1 1 1.969 34
25 Pd(I1) 4 CHs 2Cl 91.15 70.32 3 1.976 34
26 Rh(I11)  o-phenyl nBu CH3COO 21 92.2 334 2 2.000 82
27 Rh(1) 2 nBu cod 84.0 63.0 6 2.041 38
28 Rh(1) 3 nBu cod 87.6 78.0 3 2.034 38
29 Rh(1) 4 nBu 2 CO 91.0 84.3 1 2.082 38
30 Rh(1) o-xylyl CH;3 cod 90.6 86.6 3 2.050 37
31 Ir(1) 1 CHs cod H, Cl 84.6 40.2 7 2.056 40
32 Ir(l) 3 nBu cod 84.6 90.5 0 2.039 40
33 Ir(1) 4 CHs cod 94 90.0 1 2.032 40

2 Average of the dihedral angles evaluated using N'—

Ceabene—M —Ceapene. * As defined in Figure 5. °ntc = nortricyclyl.

6=(B-72

Figure5. Thein-plane (yaw, ) distortion in coordinated NHCs.

this area, and several homogeneous catalyst systems that
combine a Lewis acidic metal cation and an NHC have been
recently described.

The first studies on early transition metal complexes
bearing NHC ligands were reported by Ofele in 1993.%
Group 6 biscarbene complexes of the type cis
M(CO)4(NHC), were synthesized by reaction of the alkoxide
precursor K [M4(us-OCH3)4(CO)15] (M = Cr, Mo, W) and
the corresponding bisimidazolium salt.15% A few years later,
Hahn reported the preparation of a biscarbene tetracarbonyl
molybdenum complex that was characterized by X-ray
diffraction.®* In this particular example, the high donor ability
of the carbene ligands is clearly illustrated by the different
Mo—CO bond lengths of the carbonylsthat are cisand trans
to the NHC ligands, athough the vauable IR »(CO)
stretching frequencies were not reported.

Scheme 9
Ar

~Ar (/\N/

N crel N
( e ( CrCh(THF)
Nt THF N
=
K/N\A %N\Ar
r
1 2
Ar= 2 ,6-dipp
2 MeMgClI
THF
=\
M
Ar-N-N N/N‘Ar
\ / \
Me/ Me Me

3

More extensive studies on the preparation of chromium
NHC-based complexes were performed by Theopold and
co-workers.258 Several Cr(I11) and Cr(ll) complexes with
the bissNHC ligand 1,1'-methylene-3,3'-di-2,6-diisopropy-
Iphenylimidazole-2,2'-diylidene (1, Scheme 9) were prepared
and fully characterized. Noteworthily, the same group
recently described a bimetalic Cr(1l)-NHC complex 3
(Scheme 9) that exhibits an unusually short Cr—Cr bond
length.®® The reaction of the free bissNHC 1 with CrCl,
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afforded the isolation of the Cr(l1) compound 2 (Scheme 9).
In an attempt to isolate the corresponding alkyl complex by
abstraction of the chloride ligands, compound 2 was further
reacted with MeMgCl, yielding the bimetallic compound 3
in which the biscarbene ligand is bridging two Cr(I1) atoms,
also bridged by two methyl ligands.

Recent studies by Arnold and co-workers showed that the
incorporation of an anionic functional group (alkoxide,
amido, or amino) in an NHC unit alows the preparation of
tridentate ligands capable of coordinating to d° early transi-
tion metals such as yttrium, titanium, and zirconium.®” The
lithium aminodicarbene chloride complex 5 reacts with
Y [N(SiMe3),] 5 affording the yttrium(l11) complex 6 (Scheme
10). Hexacoordinated titanium (7) and zirconium (8) com-
plexes were synthesized by reaction of 4 with M(NEt,); (M
= Ti, Zr) (Scheme 10). Complexes 7 and 8 constituted the
first examples of group 3 and 4 metal complexes with
monoanionic biscarbene ligands.

Another interesting example of early transition metal
NHC-based complexes was described by Smith and co-
workers® By the reaction shown in Scheme 11, the
tris(NHC)borate 9%°% afforded a tricarbonyl complex of
Mn(l) with a tripodal trissNHC ligand, 10. The analysis of
the v(CO) bands on the IR spectrum of this complex showed
that 9 is the most electron-donating tripodal ligand compared
with al others that have been bound to the same Mn-
tricarbonyl fragment. Compound 10 is air-sensitive and is
easily oxidized to ahomoleptic Mn(1V) complex (11, Scheme
11), which is the first example of aMn(l1V)—NHC complex
reported to-date.

Poyatos et al.
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4.2. Catalytic Applications

Although many catalytic applications of late transition
metal complexes bearing poly-NHC ligands have been
described, those of early transition metals are restricted to a
few examples. In 2003, Gibson and co-workers reported
Cr(l11)-based ethylene oligomerization precatalysts that
incorporate a CNC-pincer carbene ligand.®>%? More recently,
McGuinness shed some light on the mechanism of the
reaction with the mentioned pincer complexes in combination
with MAO.% The Cr(ll) and Cr(ll1) complexes described
by Theopold were tested for polymerization of ethylene with
aMAO cocatalyst, showing low activities and a broad weight
distribution of the polymers.® In particular, Cr(I1) compounds
such as 2 (Scheme 9) were unreactive to ethylene when
exposed to MAO, showing that the more Lewis acidic Cr(I11)
performs better in this reaction. The authors pointed out the
ease with which the Cr(I11) complexes are reduced to Cr(ll),
arguing that very strong o-donating but soft NHC ligands
may have a stronger affinity for the softer Cr(Il) rather than
the harder Cr(Il1). Thus, they concluded that this ligand
system may be better suited for lower oxidation state
chromium chemistry and that, due to the inactivity of the
Cr(I1) compounds tested, it would not lead to successful
results in ethylene polymerization.

5. Poly-NHC Ligands in Complexes of Group 8
Metals

5.1. Iron

Poly(N-heterocyclic carbene)—iron complexes with a
topology analogous to tris(pyrazolyl)borate (Tp) have been
known since 1996.% Smith and co-workers described the
coordination of a trisyfNHC)borate ligand to Fe(ll) using a
magnesium complex as an effective ligand transfer agent.*
The reaction of the tris(imidazolyl)borate salt with MgMeBr
yielded the magnesium complex, which was subsequently
reacted with FeBr,, affording complex 13 (Scheme 12), in
which the trissNHC ligand isin atripodal coordination form.
The use of nBuLi for the deprotonation of 12 led to the
homoleptic hexacarbene iron(l11) complex 14 (Scheme 12).%

In the course of poly-NHC iron chemistry, the develop-
ment of thermally stable CNC-pincer 2,6-pyridyl-bissNHC
ligands (such as 15, Scheme 13) had an important implica
tion. Depending on the reaction conditions and the iron(l1)
precursor employed, different pincer poly-NHCs were achieved
(16 and 18, Scheme 13).% The catalytic properties of the
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oligomerization and polymerization in combination with
several cocatalysts. Unfortunately, these catalysts were
inactive, most probably due to decomposition via reductive
elimination of an alkylimidazolium cation. Conversely, the
same pincer ligand provides highly active catalysts for
ethylene oligomerization when coordinated to earlier transi-
tion metals such as Ti, V, and Cr,* as previously mentioned
(section 4). The reduction of the Fe(ll) complex 16 using
Na(Hg) under N,, afforded the first dinitrogen complex
stabilized by a NHC ligand (17, Scheme 13).%

A series of piano stool Fe(l1)—NHC complexes of general
formula [FeECpCO(NHC—L)]X (L = Py, NHC) were pre-
pared by deprotonation of the corresponding imidazolium
salt with a strong base followed by the addition of [FeCpl-
(CO);] (Scheme 14).%” The basicity of the ligands was
evaluated based on Lever’ s® and Tolman’ s electrochemical
parameters and computational studies. The authors concluded
that in these examples NHCs do not behave as pure o-donor
ligands but also a small s-backbonding contribution should
be considered.

5.2. Ruthenium

Several ruthenium complexes with poly-NHC ligands were
obtained starting from 2,6-pyridyl-bisimidazolium salts. A
variety of Ru—CNC complexes were subsequently developed
by changing the ruthenium precursor (complexes 19—24,
Scheme 15). The synthetic methodologies normally implied
deprotonation with an external weak base with further
addition of the ruthenium precursor. The isolation of the 2,6-
pyridyl-bissNHC ligand was also possible and was the
coordination strategy for complexes 20 and 22.

All the complexes shown in Scheme 15 showed interesting
properties from the catalytic point of view. Complexes 19*®
and 22'% catalyzed the hydrogenation of carbonyl groups
from ketones via hydrogen transfer from iPrOH in the
presence of strong bases such as KOH, tBuOK, or iPrOK
(eg 1). Aryl and akyl ketones were converted to the

Compound 19 was also a good catalyst for the oxidation
of cyclic olefins to aldehydes in the presence of NalO, (eq
2).1% Remarkably, the process is selective toward the
dialdehyde, and no side-products derived from overoxidation
were observed. The [Ru(CNC),]?" complex 21 turned out
to be completely inactive in the two above-mentioned
catalytic processes, most probably due to the difficulty of
generating a vacant site.

The benzylidene complex 20 was tested for the ring-
opening metathesis polymerization (ROMP, eq 3) of cyclic
alkenes and ring-closing metathesis of diethyl 2,2-diallyl-
malonate (RCM, eq 4).1% The activities observed were low
compared with Grubbs' first and second generation catalysts.
However, full conversions were achieved at 45 °C using a
10% catalyst loading. Most probably, the low activity
observed arose from the blocking of three coordination sites
and the low lability of the metal—NHC bond.

D — {:04:

cyclic alkene = cod, coe, nbd, nbe

EtO,C_ CO,Et
oK

The photoluminescence properties of complex 21 (R =
Me) were evaluated and compared with those of
[Ru(terpy);]?" and [Ru(bpy)s]?*. According to the spectro-
scopic properties and emission kinetic curves in acetonitrile
and water, the luminescence lifetime of complex 21 is the
longest among those reported for similar bis- and tris-pyridyl
ruthenium derivatives.'%

The synthetic methodology for ruthenium—NHC—agua
complexes 23 and 24 involved the coordination of the
biscarbene using a weak base and subsequent halide and

EtO,C_ CO,Et
= AN
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carbonyl group substitution. The Ru—agua complexes con-
taining polypyridyl ligands are known to lose protons and
electrons to reach higher oxidation states.’** The Ru'V=0
complexes showed excellent oxidative properties toward a
wide variety of substrates.’® Complexes 23 and 24 were
tested in the epoxidation catalytic reaction of cis-3-methyl-
styrene. The results showed that complexes 23 (cig/trans)
are highly stereoselective toward the cis-epoxide.

Other chelating ruthenium complexes with trans, cis, and
tripodal coordination were described in the last years
(Scheme 16). The coordination of the ligands was carried
out by generating the free carbene (complex 25),7* by using
a weak base for deprotonation of the imidazolium salt
(complex 26),% and by transmetalation from silver (complex
27).% Unfortunately, the catalytic activity of these complexes
was very low. For example, complex 26 was tested in the
hydrosilylation of termina alkynes and intramolecular hy-
droamination, although it proved to beinactive. The inactivity
of complex 26 is most probably due to the stability of the

Ru—]—Ru—=CO Tnyf OC._ ‘\H/’ /CO
N o o OC—RIEH—RIZ—CO
() oori RS

50-70°C OC 3 CO
oc” | “co P
| co oc” | “co
Bu co
28
Scheme 18°
2+
_"
N=N

30

# (1) KIN(SMey),], [RuCly(p-cymene)]; (if) AGOAC, [RUCHy(p-cymene)]..

M—NHC bond, which prevents the complex from opening
a coordination vacant site.*

Interestingly, recent examples of monoazole dicarbenes
have been reported (Schemes 17 and 18). Whittlesey and
co-workers described the unprecedented formation of a bis-
abnormal-di-NHC, in which the azole ring is bridging two
Ru atoms of a trinuclear Ru cluster (28, Scheme 17).1%
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Figure 6. Molecular structure of tetranuclear complex 30 (coun-
terions and hydrogen atoms have been omitted for clarity).

The coordination of a triazole-di-ylidene ligand (ditz) to
[RuCly(p-cymene)], yielded two different products depending
on the methodology used. The external base procedure led
to the dimetallic complex 29 in contrast to the transmetal ation
from silver that led to the tetranuclear complex 30 (Scheme
18).

Both complexes proved to be highly active in the g-alky-
lation of secondary alcohols with primary acohols (eq 5)
and, in fact, lie among the most active catalysts for this
reaction. For most of the substrates, the process was found
to be selective in the production of the alkylated alcohols,
although in some cases small amounts of the akylated

ketones were observed.”

Figure 6 shows the molecular diagram of the cation of
the tetranuclear complex 30. As can be seen in the figure,
the compound is the sum of two dinuclear structures with
one ditz bridging ligand, bridged by four chlorine ligands.
The use of the ditz ligand has afforded many other homo-
and even heterodimetal lic complexesin which the two metals
are disposed in alinearly opposed disposition, thus confirm-
ing ditz as an effective new type of a Janus-head-type ligand.
Other examples of Rh and Ir complexes with ditz will be
discussed later.

OH [cat]

R1)\+ R2 “base

Noteworthily, all the reports on chelating poly-NHC
complexes involve ligands in which the carbene units are
joined by a linker, with the only exception of an example
described recently by Peris and Crabtree.5? In order to avoid
possible side-reactions on the linker groups when strong
bases are employed, a bitriazolylidene ligand (bitz), in which
the two carbene units are directly linked, was obtained as
the simplest possible chelating bis-NHC ligand. The bitz
ligand, which might be considered the NHC anal ogue of the
ubiquitous N-donor ligand 2,2-dipyridyl, reliably chelates
on metalation to Ru, Rh, and Pd.®**? For instance, the
reaction of bitz ligand iodide precursor 31 with [RuCly(p-
cymene)], in the presence of NaOAc afforded a mixture of
the chelate complex 32 and the dinuclear species 33 (Scheme
19).
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6. Poly-NHC Ligands in Complexes of Group 9
Metals

6.1. Cobalt

Cobat—NHC complexes are not common, and just a few
examples of Co compounds with poly-NHC ligands have
been described. The bighydrotris(3-R-imidazolin-2-ylidene)b-
orate] cobalt(lll) complex 34 (Scheme 20) was the first
polycarbene—cobalt compound described.'® The Co(lll)
complex isisostructural to the previously mentioned Fe(l11)
compound 14 (Scheme 12).2%° The pincer CNC-coordination
is also known in cobalt, as in complex 35 (Scheme 20).%

The tretradentate trissNHC ligand trig[2-(3-arylmethylimi-
dazole-2-ylidene)ethyl]amine (TIMENA") developed by Mey-
er and co-workers was coordinated to cobalt, affording
cobalt(1)/(I1) complexes with high-spin electronic configura-
tions (Scheme 21).1'° The cobalt(l) complexes proved to be
active in the activation of small molecules.%® For example,
the reaction of complex 36 with dioxygen formed cobalt(l11)
peroxo complex 37, which is capable of transfering an
oxygen atom to organic electrophiles. The same complex
also reacted with carbon monoxide and with aryl azides to
form cabalt(l) carbonyl (38) and cobalt(l11) imido complexes.
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to form cobalt(I1) imine species 39 (Scheme 21).

6.2. Rhodium

Together with palladium, rhodium is the metal that has
given more examples of complexes with poly-NHC ligands.
Two very recent reviews covered the chemistry of all these
complexes until late 2006,%2% so we will focus our attention
on the more recent examples.

The introduction of chloro substituents at the C4 and C5
positions of the imidazole ring provided new chelating NHC
complexes of rhodium (41, Scheme 22) and iridium.*** The
electronic properties were evaluated on the basis of the v(CO)
of the carbonyl derivatives, showing that the chloroimida-
zolylidene ligand is significantly less o-donating than the
nonchlorinated analogue, and its el ectron-donating power can
be compared with that shown by basic diphosphines.

The electronic properties of chelating NHCs and phos-
phines were evaluated for rhodium carbonyl complexes and
compared with other related nonchlorinated bisimida-
zolylidene (40) and bisphosphine ligands (42) (Scheme
22).12 The introduction of the chloro substituentsin the azole
rings shifts carbonyl frequencies higher when compared with
the nonchlorinated rhodium complex, indicating a reduction
of the electron-donating character. In fact, complex 41 has
ao-donating character similar to that of complex 42, in which
bis(dicyclohexylphosphino)ethane is coordinated to Rh(l).

The tuning of the electronic properties of the ligand has
important implications for the catalytic properties of the
compounds obtained. An enhanced activity of the chlorinated
NHC catalyst was observed in the hydrosilylation of terminal
acetylenes (eq 6) and cyclization of alkynoic acids (eq 7).

R R SiR' R H
RC=CH + R3Si-H —= »=— = + >
H SRy H _n RS H
E Y4 o
( C=CH )v H
n — 7
Q(OH 0Ny N

Shi et al. reported a new family of chelating bissNHC
ligands where the linker between the two imidazole ringsis
derived from a diamine source (Scheme 23). The achira
complexes 43 were active in the hydrosilylation of ketones
using diphenylsilane at room temperature.* Complex 45 was
found to be active in the enantioselective hydrosilylation of
methyl ketones under the same conditions. For a range of
substrates, good to excellent enantioselectivities and yields
were obtained.’ The chiral BINAM derivatives, complexes
44 and 45, were highly active in the enantioselective
hydrosilylation of 3-oxo-3-arylpropionic methyl or ethyl
esters.!1
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A series of bissNHC chelating carbenes bearing the
Fréchet-type dendritic frameworks were synthesized and
tested in ketone hydrosilylation (Scheme 24).1'¢ The intro-
duction of polybenzylether moieties in the wingtip groups
(complexes 46b—d) enhanced the catalytic activity and
selectivity in the hydrosilylation of 2-cyclohexen-1-one
compared with that shown by methyl complex 46a. Unfor-
tunately, no dendrimer generation effect was observed in the
hydrosilylation as happened in monodentate NHC carbene
complexes. '’

Rodhium(111) complexes containing bissaNHC carbenes
were described by Albrecht et al. (Scheme 25).%* Coordina-
tion of the C2-protected bisimidazolium salts 47 to
[RhCl(cod)], using an external base afforded the dimetallic
species 48 bridged by three x2-1 ligands.3"*82 | n the presence
of aweak coordinating solvent, 48 afforded the monometallic
species 49. The two complexes were active in catalytic
transfer hydrogenation of ketones with iPrOH in the presence
of a strong base.®

The coordination of the bitz ligand to rhodium gave
different complexes depending on the reaction conditions
employed.>5? The reaction of the bitz precursor 31 with
[RhCI(cod)], in the absence of any external base, afforded
chelating Rh(I11) mono-bitz complex 50 (Scheme 26). The
coordination of bitz to Rh(lIl) therefore occurred under
milder conditions than usually found for other NHC precursor
salts, which normally require prior activation. When the
reaction was carried out in the presence of NaOAc, a
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chelating Rh(111)—bis-bitz complex was isolated even when
a precise 1:1 ratio of Rh/bitz was employed. Interestingly,
the reaction of the tetrafluoroborate salt of 31 with [Rh(OAc-
)(CO),],, afforded an unexpected metal —metal-bonded dirhod-
ium(I1) complex (51, Scheme 26), which constituted the first
example of adirhodium(l1) complex bearing an NHC ligand.
The molecular structure of the cation of complex 51,
illustrated in Figure 7, shows the two rhodium atoms in an
octahedral environment with two bridging bitz ligands
forming two six-membered metallacycle rings.
Pincer-NHC complexes of rhodium have been extensively
studied®® and continue to give interesting new complexes.
2,6-Pyridyl-bissNHC ligands, coordinate to [RhCI-
(CH,=CH,),], to afford the pincer chloro-Rh(l) complex 52
(Scheme 27). The Rh(l)-carbonyl and Rh(Ill)-trihalide
analogue complexes had already been described.®"® An

Figure 7. Molecular structure of the dirhodium(ll) complex 51
(counterions and hydrogen atoms have been omitted for clarity).
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interesting variation of the CNC-pincer framework was
proposed and successfully coordinated to rhodium. The 3,6-
di-tert-butyl-1,8-bis(3-methylimidazolin-2-yliden-1-yl)carba-
zolide (bimca) is a monoanionic, meridionally coordinating
tridentate ligand. The coordination of bimca ligand to Rh(l)
was carried out using a strong base (LDA) and [RhCI(CO)]»
and yielded complex 53. *°

6.3. Iridium

Most of the studies and complexes based on poly-NHC
iridium complexes that have been reported are in close
relation to their rhodium anal ogues.?? The fine-tuning of the
linker in chelating bis-NHC ligands has provided important
information about the metalation process. In the case of bis-
NHC Ir(l) complexes, the C—H oxidative addition of the
imidazolium salt plays a decisive role. The reaction of a
ferrocenyl-bisimidazolium salt with [IrCl(cod)], provided the
first evidence of the intermediacy of a stable NHC—Ir'"'—H
complex by direct oxidative addition of the imidazolium salt
(Scheme 28).120

A combined experimental and computational approach
provided a mechanism for the metalation of a series of
bisimidazolium salts with different linkers between the azole
rings. It was concluded that the metalation of the second
imidazolium ring proceeds by C2—H oxidative addition.*
The final formation of the bissNHC—Ir"'—H (short linker)
or bissNHC—Ir' (long linker) depends on whether the
oxidative addition product yields the trans (short linker, n
=1, mechanism a) or cis (long linker, n = 3, mechanism b)
products as shown in Scheme 29. The trans products are
the thermodynamically favored complexes, but in the case
of the ligands with long linkers, the cis complexes are
kinetically favored, thus providing the bissNHC—Ir' reductive
elimination products.®

A large number of chelating bis-NHC—iridium complexes
have been described 84111113121 A an example of the general
reactivity of the chelating Ir(I) complexes, a cyclophane—bis-
NHC has been chosen (Scheme 30).1?> The reaction of a
imidazolium-linked ortho-cyclophane salt with [IrCl(cod)],
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in the presence of a strong base yielded the cationic Ir(l)
complex 54. The 1,5-cyclooctadiene can be displaced by
bubbling CO to give the dicarbonyl complex 55. The
carbonyl groups can also be displaced by dppe to yield
complex 56.

The use of methylene- and ethylene-bridged bisimidazo-
lium salts with one of the azole rings blocked at the C2
position by amethyl group (C2-Me) gave unexpected results.
Depending on the length of the linker and on the nature of
the bisimidazolium salt used, the corresponding aNHC-
complexes or the products resulting from the activation of
the C—H bond in the C2-Me group were obtained. As
depicted in Scheme 31, the reaction of 1,1'-ethylene-2,3,3-
trimethylbis(1H-imidazolium) dibromide with [Cp*IrCl;], in
the presence of NaOAc in refluxing acetonitrile allowed the
preparation of compound 57, in which the chelating biscar-
bene ligand is coordinated by both the abnormal and normal
modes (Scheme 31).%°

The reaction gave completely different products when
doubly C2-Me substituted bisimidazolium salts were used,
for which the length of the linker clearly determined the
reaction outcome. For the methylene linker (n = 1), the only

Scheme 32
) T (PFg)
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compound obtained showed an unusual type of coordination
in which the chelating ligand is coordinated through an
aNHC and a methylene group resulting from the C—H
activation of the C2-Me group (complex 58, Scheme 32).
For the ethylene linker (n = 2) a mixture of three different
products was obtained, the expected bis-aNHC together with
the chelating C2-Me activated compound, as well as a neutral
species bearing a 1,2-dimethylimidazol e ligand (59, 60, and
61, respectively, in Scheme 32). DFT calculations could not
discriminate the nature of the first metalations, but it pointed
out a kinetic preference for the second metalation through
C—H activation at the C5 position.%®

Although pincer 2,6-pyridyl-bis-NHC ligands have been
coordinated to many transition metals, their coordination to
Ir remained elusive until very recently.*?124 |n aremarkable
work, Danopoulos and co-workers described the coordination
of the 2,6-pyridyl-bis-NHC ligand 62 to an Ir(l) center using
[IrCl(coe),], to afford complex 63 (Scheme 33). In the same
reaction, aminor amount of the unexpected complex 64 was
also obtained. Complex 64 is a double pincer cation
containing one Ir(1) and one Ir(111) center. The Ir(l) fragment
shows the coordination of the pincer ligand through one
normal- and one abnormal-NHC. The coordination sphere
about the Ir(l) center is completed by a chloride ligand and
the unprecedented #?-ethylene coordination of one imidazol-
2-ylidene from the other pincer fragment. The Ir(111) fragment
shows the pincer ligand, one chloride, and one %*-alyl group
originated by C—H activation of one iPr of the NHC
substituent. Halide abstraction of 63 afforded the coordination
of pyridine, acetonitrile, carbon monoxide, or ethylene,
depending on the reaction conditions (complexes 65 and 66,
Scheme 29). Treatment of 63 with iPrONa in THF yielded
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the unusual Ir(l)-hydride 67, an interesting compound that
combines an Ir(l)-hydride and an NHC ligand.

The substitution of the pyridyl ring by a phenyl in the
2,6-pyridyl-bis-NHC ligand led to the CCC pincer bisimi-
dazolium salt 68 (Scheme 34).122 The coordination of this
ligand to [IrCl(cod)], afforded the Ir(l) pincer dimer complex
69. The dimeric nature was broken by heating or ultrasonic
activation to yield the monomeric species 70. Complex 69
and its rhodium analogue were also obtained simultaneously
using a different synthetic methodology.*?® This new meth-
odology implies deprotonation and C—H phenyl activation
using Zr(NMey); and subsequent transmetalation to
[MCl(cod)], (M = Rh, Ir). Complex 69 and its rhodium
analogue were tested in the intramolecular hydroamination/
cyclization of secondary amines (eq 8).'%° Both complexes
were effective catalysts in this reaction, achieving full
conversions after 16 h at 110 °C even in the presence of air
and water. In the catalytic experiments, only pyrrolidine
derivatives were observed. No piperidines were observed,
and just in some cases, traces of isomerization products were
observed. The catalytic results using water as solvent showed

no appreciable loss of activity.
5

piperidines isomerization

NHR
Ph CGDG
P\ /

pyrrolidines

€CN; 65¢, KPFg, CO; (ii) KPFs, CH,=CH,, (iii) iPrONa, THF.
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The reaction of the m-xylyl-bridged bisimidazolium salt
71 with [IrCl(cod)], in the presence of Cs,CO; afforded the
figure-eight 20-membered ring dimetallacycle complex 72
(Scheme 35).1%3

A new type of poly-NHC carbene complexes based on
carboranes was described by Jin and co-workers.’® As shown
in Scheme 36, the coordination of the methylene-linked bis-
NHC ligand to a Cp*-carborane metal fragment afforded
complexes 73.

6.4. Dicarbenes for a Linearly Opposed
Coordination

The design of poly-NHC ligands with different topologies
has increased the architectural diversity and coordination
modes in organometallic catalysts. The first examples of
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linearly opposed coordination of NHCs were elegantly shown
by Bielawski and co-workers.%> A series of benzobis(imi-
dazolylidene)s were coordinated forming homobinuclear
rhodium,®3~® palladium,®263¢5 platinum,52635 nickel,%
silver,576 and iron'?” complexes. These ligands showed
facially opposed coordination abilities (Janus-head-type)
between the two metal fragments.®* Deprotonation of ben-
zobis(imidazolium) salts (74) using LDA vyielded the free
dicarbene ligands (75). Subsequent treatment with 1 equiv
of [RhCl(cod)], afforded the homobinuclear Janus-head-type
rhodium complexes 76 (Scheme 37). The samefinal products
can be obtained through the silver—NHC complexes by the
transmetalation procedure. These complexes represent a
modular gpproach to main-chain organometallic polymers.5263

A related situation to that shown in Scheme 37 can be
obtained starting from simple triazolilydenes. The possibility
of obtaining dicationic triazolium dicarbene precursors (77)'%
to potentially bind two metal centers was suggested by
Bertrand and co-workers,*?° who described a polymeric silver
dicarbene compound.5* The 1,2,4-trimethyl-triazolium pre-
cursor reacted with [MCl(cod)], (M = Rh, Ir) in the presence
of tBUOK to afford the dinuclear homobimetallic compounds
78 (Scheme 38). Complex 78a readily reacts with CO to
yield the tetracarbonyl complex. The determination of the
Tolman electronic parameter (TEP) indicates that the triazol -
di-ylideneligand is electronically similar to phosphines, with
lower electron-donating power than other known NHCs.
Preliminary results in catalysis showed that complexes 78
are active in transfer hydrogenation and intramolecular
cyclization of alkynoic acids, being among the most active
catalysts for this latter process.**

The sequential deprotonation of the trimethyltriazolium
dication was also possible under similar reaction conditions
to afford the dinuclear heterobimetallic compound 79
(Scheme 39). The Ir—Rh complex confirmed the ligand’s
capability to easily coordinate to two different metals.

An extension of this work provided a detailed study of
the synthetic pathways to obtain heterobimetallic complexes

Poyatos et al.
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(Scheme 40).13! The reaction of 1,2,4-trimethyltriazolium
tetrafluoroborate in methanol with 1 equiv of NaH and 1
equiv of [Cp*IrCl,], or [IrCl(cod)], afforded the cationic
compounds 80 and 81, respectively in which the azole ligand
is acting as a monocarbene (Scheme 40). Compounds 80
and 81 were isolated and characterized by means of NMR
and mass spectroscopy. Both complexes are valuable syn-
thons for the preparation of heterobimetalic dicarbene
species, since a second CH bond at the azole ring can be
activated to generate the second carbene. The reaction of 80
with [MCl(cod)], (M = Rh, Ir) afforded the dimetallic
species 82 (Ir'"'/1r') and 83 (Ir'"'/Rh'), two special cases of
mixed-valence metal complexes (Scheme 40). Figure 8
depicts the molecular structure of heterobimetallic complex
83 and shows the triazolidene ligand connecting the Rh(1)
and the Ir(l11) centers.

Complexes 82 and 83 were tested in a tandem catalytic
reaction implying the consecutive oxidative cyclization of
2-aminophenyl ethyl acohol and the alkylation of the
resulting indole with a series of primary alcohols (eq 9). The
cyclization reaction is normally catalyzed by Cp*Ir(111)?
complexes and the indole alkylation by Ir,** Ru,*** and In.*®
The new catalysts showed high activity in the overall reaction
process and the selectivity in the production of the bisin-
dolylmethane (A) or monoakylated indole (B) could be tuned
by changing the indole/alcohol ratio.!

P

R M'[R” ~OH
R
gszsolesl
N N N
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7. Poly-NHC Ligands in Complexes of Group 10
Metals

Group 10 metal complexes have been used as a test bed
for the coordination of NHC ligands with many different
topologies. Most NHC ligands were first coordinated to
palladium, and then their coordination was extended to other
transition metals. In this section, we decided to classify the
complexes with poly-NHC ligands attending first to the
ligand topologies and then to the different metals. The vast
majority of examples refer to Pd complexes, and all Ni and
Pt complexes have followed the trends opened for Pd. We
believe that this type of classification may provide a clearer
view of the chemistry of this group of metals.
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7.1. Macrocyclic Chelating NHC Complexes

The combination of NHC and macrocyclic ligands gener-
ates an important new class of ligands for supramolecular
chemistry and, more interestingly, for catalytic supramo-
lecular chemistry. In this sense, some research groups have
focused their interest on the preparation of imidazolium salts
based on calix[4]arenes as precursors for a new group of
macrocyclic chelating NHC ligands.5¢"1% Due to the
restricted geometry of calix[4]arenes, two different functional
sites can be easily identified. The upper rim of the macrocycle
may alow the introduction of the ligands at concrete
positions. The modification of the upper rim by changing
the number of ligands or their geometry is crucia to the
design of suitable catalysts for specific reactions. The
functionalization of the lower rim fixes the cone conforma-
tion and determines the macrocycle solubility.

Schatz and co-workers described the first calix[4]arene
skeleton, which serves as a platform for attaching NHC
ligands.® Following a modular synthetic protocol, a series
of calixarene-based imidazolium salts were isolated and
further reacted with a Pd(I1) precursor. For instance, calix-
arene 84 bearing a chloromethyl group can easily react with
isopropy! imidazole to yield the imidazolium salt 85 (Scheme
41). In this particular case, the introduction of the propyl
groups at the lower rim enhances the solubility of these
complexes in organic solvents. Treatment of the imidazolium
salt 85 with Pd(OAc), yielded the cis-chelated Pd(I1) complex
86.

The catalytic activity of these palladium complexes was
tested in the Suzuki coupling of phenyl boronic acid and
4-aryl halides, using an in situ protocol.%6% The Pd(OAC)./
imidazolium salt systems showed high activity in the
coupling of aryl chlorides. Bulky substituents on both the

cis
\ ]
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N3
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Figure 8. Molecular structure of heterobimetallic complex 83
(hydrogen atoms are omitted for clarity).

.
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imidazole unit and the macrocyclic skeleton enhanced the
catalytic efficiency. The bisimidazolium salt 87 (Scheme 42),
with a mesityl N-substituent and a tert-butyl group at the
upper rim of the calixarene scaffold, provided the best results.
Although the catalytic activity was significantly lower, it was
possible to form biaryls even in pure water, an environmen-
tally benign reaction media '

A similar calixarene-based ligand has been described and
successfully coordinated to Pd(OAC),.” In this particular
case, the bidentate ligand occupies two trans positions of
the square plane (E, Scheme 8). The isolated Pd(Il)
complexes displayed different activities than those for the
in situ generated catalyst in the cross-coupling of phenyl
boronic acid and 4-aryl halides, thus indicating that the active
species involved must be different.
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Additionally, some metal complexes with cyclic poly-NHC
ligands were described in which rather than acting as a
typical bidentate ligand as in the examples above, the ligand
encapsul ates the metal .5”13"13 The first example of an NHC-
based macrocyclic ligand containing a metal ion within the
ligand cavity was reported by Baker and co-workers in
2002.% Treatment of cyclophane 88, prepared by reaction
of 2,6-his(bromomethyl)pyridine with 2,6-bis(imidazol-1-
ylmethyl)pyridine,**® with NiBr, and NaOAc afforded the
Ni(II) compound 89 (Scheme 43). As depicted in the scheme,
the tetradentate ligand is coordinated to the nickel center
through two pyridine nitrogens and two carbene units.

Likewise, the first examples of homoleptic platinum(l1)%
and palladium(11)®” complexes of tetracarbene macrocycles
were described (90 and 91, respectively, in Scheme 44).

7.2. Chelating Pincer-NHC Complexes

The properties and catalytic applications of metal com-
plexes with NHC-based pincer-type ligands were compre-
hensively reviewed by Danopoulos and Pugh in 2007.% Since
then some other interesting examples of group 10 pincer-
NHC complexes have been reported, and these will be
described herein.

Even though nickel —NHC complexes are commonly used
in catalysis, there are just a couple of examples of metal
complexes bearing a pincer ligand. The tridentate carbene
precursor 92, isolated by direct reaction of 2,6-dibromopy-
ridine with N-methylimidazole, was reacted with Ni(OAC),
in the presence of BuyNBr yielding Ni(ll) complex 93
(Scheme 45).1° More recently, a pincer compound was
isolated using the free carbene route.!*! In an attempt to
prepare the corresponding methyl complex, the reaction of
the free carbene 94 with NiMe,(tmeda) was carried out. The
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complex thus isolated was unambiguously identified as 95
by means of X-ray diffraction. The formation of 95 (Scheme
45), which is the product of an unusual ring opening of one
of theimidazole rings, clearly questions the widely accepted
view that NHCs are “innocent” ligands in organometallic
chemistry. Although the exact mechanism is still unclear,
the authors proposed the following explanation: (1) coordina-
tion of 94 to Ni with displacement of tmeda; (2) methyl
migration from the resultant five-coordinated intermediate
to one of the Cypc, followed by catalytic deprotonation of
the base (tmeda) of the S-hydrogen bearing methyl group;
(3) ring-opening of the imidazol in the resulting vinyl group,
forming an imine; (4) protonation of the carbanion by tmeda-
H+

Because of their common application in catalytic C—C
coupling reactions, the chemistry of palladium complexes
isin continuous devel opment. Some examples of palladium
complexes supporting pincer-NHC ligands have been de-
scribed inthe last two years, aswell astheir catalytic activity.
Hahn and co-workers have reported the preparation of
xylene-bridged pincer Pd(I1) complexes 96—98 (Scheme 46),
aiming that the unique donor properties of the benzimidazol-
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2-ylidene unit would confer on them interesting catalytic
properties.® The xylene-bridged benzimidazolium salts,
prepared by reaction of 1,3-di(bromomethyl)-2-bromophe-
nylene with the corresponding N-alkylated benzimidazole,
were deprotonated with n-butyl lithium and further reacted
with [Pd,(dba)s], affording neutral compounds 96—98 (Scheme
46).

Interestingly, a direct combination of the puckering of the
two six-membered chelate rings and the presence of bulky
aromatic substituents on the imidazolylidene rings affords a
helical structure with a C, proper axis coinciding with the
N—Pd—Br vector, providing a complex with axial chirality.
Whereas the 'H NMR spectra at room temperature of
complexes 96—98 exhibited two doublets for the resonances
of the protons of the bridging methylene group, those of
similar lutidine-bridged compounds exhibited broad sin-
glets.¥” As previously reported for other bisimidazolylidene
ligands, the authors attributed this behavior to an atropi-
somerization process hindered by a higher energy barrier for
the interconversion between the two possible limiting twisted
conformations A and C (Scheme 47). Similar examples of
this type of behavior were previously reported for imida-
zolylidene-based CNC pincer ligands, and Danopoul os and
co-workers made a detailed study of the structural features
of this type of pincer complex based on X-ray diffraction
gUdi eS_137,143—145

A more recent report concerns the synthesis of a new
pincer-type ligand, which combines the electronic properties

of 99, copper-catalyzed coupling to imidazole, and further
N-quaternization of the imidazole ring yielded bisimidazo-
lium salts 101a—103a (Scheme 48). The imidazolium salts
so isolated were coordinated to Pd(Il) by transmetalation
from a Ag(l)—NHC complex, using PdCl,(MeCN), as the
palladium source (Scheme 48).

The reaction of 101a—103a with PdCl(MeCN), seems
to proceed through elimination of HCI and formation of the
corresponding amido compound. In contrast, the tridentate
carbene—amine ligands reported by Douthwaite and co-
workers in which the two carbene units are bridged by the
more flexible diethylamine, behave in a different way.*14®
In thislatter case, a strong base is needed to deprotonate the
NH subsequent to Pd(11) coordination, affording the amido-
NHC complexes. The authors explained this difference
arguing that the more rigid diarylamino ligand points the
NH directly to the metal, making it easier to activate.

7.3. Bidentate Chelating NHC Complexes
7.3.1. Nickel Complexes

The first reports on the coordination of bidentate chelating
NHC ligandsto Ni(Il) appeared in the literature in 1999.2776
The reaction of equimolar amounts of the methylene-bridged
bisimidazolium salts with Ni(OAc), aways led to homoleptic
Ni(ll) carbene complexes with two chelating biscarbene
ligands (104, Scheme 49).” Following this protocol, the
formation of the cis-dihalide complexes was never observed
even when the more sterically demanding N-substituents (iPr
and Cy) were present. On the other hand, the deprotonation
of methylene- and ethylene-bridged bisimidazolium sats with
a strong base, and further reaction with NiCly(PMes),
afforded monocationic complexes 106, in which only one
chelating biscarbene ligand was incorporated (Scheme 49).76
The homol eptic complex 107 was obtained by reacting 106a
with another equivalent of the free carbene 105a. However,
attempts to incorporate a second biscarbene unit to 106b by
reaction with 2 equiv of 105a yielded complex 107 as well.
The formation of 107 clearly indicates that the ethylene-
bridged biscarbene ligand is more sterically demanding than
its methylene counterpart.

Other examples of the coordination to Ni(ll) and Pd(I1)
to more rigid biscarbene ligands were also reported.*#
Nickel(11) complex 108 (Scheme 50) constitutes the only
example of a chira Ni(ll) complex bearing a biscarbene
ligand.*® In this particular case, the biscarbene ligand with a
2,2'-binaphtyl backbone occupies the trans positions of the
square plane, giving the trans-dihalo complex, regardless of
which metalation strategy is followed. In the same context,



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): February 23, 2009 | doi: 10.1021/cr800501s

3696 Chemical Reviews, 2009, Vol. 109, No. 8

Scheme 51
2+
2
o~ /—|2(F>|=6 N/\N/@
& {\ /§ __)AgO N/k N
N/ L ii) NiClp(PPh3), N/NI\
) N=
K / N
110 R=Qﬂr \ /
— i) Ag,0
R=Q—§ ii)NiCIz(PPh3)z
(\ N/> 2(PFg’)
/ \ N7
) |
111
Scheme 52
H, H
Me;N:BH,| B —| ")
A~ Sl o
e A ns
\—/ /N/J =N
By M3 mu
H*gH e J2LDA
l\\"g\ m“ H. H
) Ni(I1) Ny wr
Cow M=y M0 Al
N g N (\
\ u v J'
Bu B N N\
15 HH Bu 114  tBu

complex 109 (Scheme 50), derived from an imidazolium-
linked ortho-cyclophane salt, showed extraordinary stability
to air and heat as a result of the increased rigidity imposed
by the cyclophane skeleton.*

During the last years, Lee et a. have been interested in
the coordination of tetradentate pyridine-NHC ligands to
Ni(I1) and Pd(I1) and demonstrated that these ligands provide
extra stability to the catalytic species.’**° The pseudo-
square-planar nickel (I1) complexes 111 and 112 were easily
prepared by transmetal ationfromthecorresponding Ag(l)—NHC
complexes to NiCl,(PPhg), (Scheme 51).

Smith and co-workers described the synthesis and coor-
dination to Ni(ll) of abulky biscarbene borate ligand.'>* The
ligand precursor salt (113, Scheme 52) was prepared as
previously described'™? by reaction of 2 equiv of 1-tert-
butylimidazole with in situ prepared Me;N:BH,l. Deproto-
nation of the resulting salt 113 with LDA and subsequent
reaction with NiCl,(dme), NiCl,(PPhg),, or NiCly(PMes),
resulted in the formation of the square-planar, diamagnetic
Ni(ll) complex 115. In this particular case, the nickel atom
is coordinated to two biscarbene borate ligands that are in a
trans disposition. DFT calculations were performed to
explain the structural differences between the isolated
complex 115 and the related complex with a bispyrazolyl
borate ligand, Ni[H,B(tBupyr).],, which is octahedral and
paramagnetic. The authors concluded that the stabilization
of the square-planar geometry by the biscarbene borate ligand
can be ascribed to its greater donor ability.

Very recently, Hahn et a. described the coordination of a
benzobis(imidazolylidene) ligand to Ni(ll). The reaction of
nickelocene with such a rigid ligand led to a dicarbene-
bridged dinuclear Ni(ll) complex. Subsequent abstraction of
the bromo ligands and reaction with bipyridine gave the
tetracationic molecular rectangle depicted in Scheme 53.1%
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7.3.2. Palladium Complexes

Owing to their wide application in C—C coupling reac-
tions, the chemistry of palladium(l1)—NHC complexes has
become an area of great interest and is therefore under
continuous development. Indeed, this type of complex is
considered as a new generation of catalysts for such organic
transformations, alternatives to the ubiquitous phosphine-
based ones. In particular, those bearing biscarbene ligands
have received much attention mainly due to their higher
stability to heat and air, and their improved catalytic
performances.

Since the preparation of the first Pd(I1) complex bearing
achelating biscarbene ligand* and its successful application
in C—C coupling reactions such as Heck or Suzuki,?® many
other examples have been described and applied to a wide
set of organic transformations. In this regard, we have
reviewed the structural properties, fluxional behavior, and
catalytic applications of late transition metal complexes
supporting chelating bis- and trissNHC ligands, including
those that are palladium-based.?? Likewise, a more recent
review by Cavell and Normand focuses on the latest advances
in homogeneous catalysis with donor-functionalized (donor
=C,N, O, S, or P NHC complexes of group 9 and 10
metals.

Due to the vast number of reports on palladium(ll) bis-
NHC chemistry, we present here a compilation of the more
relevant examples, as well as a more detailed account of the
more recent and interesting ones.

Over the last years, several neutral and cationic cis-
chelating palladium(l1) complexes have been described. They
can be classified according to the functional group that
bridgesthetwo carbeneunits(Scheme54): (i) akane-bridged, >~
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(i) heteroatom-bridged,* (iii) aryl-bridged,®*~47 and (iv)
chiral motive-bridged.*4°

A few examples of bis-chelating tetracarbenes, in which
either two identical > or two different?” biscarbene ligands
are coordinated to the same palladium atom, can aso be
found in the literature (Scheme 55). In addition, some neutral
and cationic palladium(l1) complexesin which the bidentate
ligand occupies two trans positions of the square plane have
been described. 47487214 Fingly, bimetallic palladium(ll)
complexes in which the bidentate ligand bridges the two
metal centers are scarce, 3347144155156

Alkane-bridged bidentate carbenes provide an excellent
way to study the effects of the ligand anisotropy on the
reactivity of the complexes formed. The study of these
effects, earlier performed for Rh*®4! and Ir,*° was recently
expanded to palladium complexes.®* Whereas the synthesis
of the Pd(Il) complexes with short alkyl bridges (116, 117)
was possible by reaction of the corresponding bisimida-
zolium salt with Pd(OAc),, milder reaction conditions
were required to isolate those with longer alkyl bridges
(118, 119). The synthesis of the Pd(Il) complexes 118
and 119 was carried out by transmetalation of the
corresponding Ag(l)—NHC complexes to PdCl,(cod). As
shown in Scheme 56, cis-chelating dichloro Pd(I1) com-
plexes were isolated in all cases.

There are some reports on palladium(l1)—bis-NHC com-
plexes that cannot be included in any of the subgroups
proposed above. For instance, the reaction of the ferrocene-
bridged bisimidazolium salt 120 with a strong base and
subsequent reaction with PdCly(cod) yielded the trans-
chelating Pd(I1) complex 121 (Scheme 57).%%

Abnormal coordination was also expanded to cis-
chelating biscarbene palladium(l1) systems. In this regard,
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Albrecht and co-workers described the preparation of a
series of Pd(I) complexes with a chelating bis-aNHC
ligand.>® The synthetic strategy consisted of the blocking
of the C2 position of the azole rings with a methyl group,
thus alowing the preparation of bissaNHC complexes
123—-125 (Scheme 58).

New examples of cis-chelating palladium complexes
bearing a bis-NHC ligand with arigid binaphtyl backbone
were described.'®® The reaction of N-aryl-substituted ben-
zimidazolium salts 126 with Pd,(dba); yielded the corre-
sponding cis-chelating Pd(I1) complexes 127 with subsequent
ortho-metalation of the phenyl ring of the wingtip (Scheme
59).

Pyrazole-bridged NHC ligands were also coordinated to
Pd(11)*%¢ and Ni(I1).1>° The reaction of salts 128 with Ag,O
and further transmetalation to [PdCly(alyl)], or
[PdCl(methylalyl)], yielded the targeted pyrazolate/NHC
Pd(I1) complexes (129 and 130, Scheme 60),'%¢ in which the
ligand behaves both as a CN-bis-chelating ligand and NN-
ligand bridging the two Pd fragments. Unfortunately, there
are no reports on the catalytic applications of the isolated
compounds and thus on whether the proximate palladium
centers cooperate during substrate turnover.

While avast number of symmetrically substituted bissNHC
ligands have been reported, there are only two examples of
nonsymmetrically substituted bis-NHC ligands.>>*%° Scheme
61 depicts the synthesis of nonsymmetrically substituted
ethylene-bridged bisimidazolium salts 131 and their coor-
dination to Pd(ll) viatransmetalation, yielding cis-chelating
complexes 132,160

Yet another example of chird akane and aryl-bridged
paladium(ll) complexes was reported by Herrmann and co-
workers.*®* Two new chira imidazoles were synthesized
starting from commercialy available chiral amines. The
reaction of the isolated chiral imidazoles with the corre-
sponding dibromo compound yielded imidazolium salts 133
(Scheme 62, Table 2), which maintain the (R)-configuration
of the original amines. As depicted in Scheme 62, the neutral
dibromo biscarbene complexes 134 were synthesized by
reaction of the chiral imidazolium salts with Pd(OAC),.
Although the authors proposed that the rigidity of the chiral
chelating biscarbene ligand can result in higher optical
inductions in asymmetric reactions, there are no reports to-
date of the catalytic performances of these palladium
complexes.

The bitriazolylidene ligand (bitz) was aso coordinated to
Pd(11).5* The reaction of the tetrafluoroborate salt of 31
(Scheme 19) with Pd(OACc); in refluxing MeCN vyielded
dicationic complex 135 (Scheme 63). As discussed in section
3 of thisreview, complex 135 displays the smallest bite angle
for a chelating bis-NHC, with a value of 79.1°.

7.3.3. Platinum Complexes

Thefirst examples of chelating biscarbene Pt(11) complexes
were described by Fehlhammer and co-workers in 2001.16?
Platinum(l1) halide salts, such as PtCl, or Ptl, were directly
reacted with the bis(imidazolyl)borate biscarbene 136 af-
fording complexes 137, as shown in Scheme 64.These
homoleptic tetracarbene—Pt(11) complexes are neutral, as a
consequence of the negative charges of the BH,™ linker of
the bisimidazoles.

Replacing BH,™ in 136 by its isoelectronic CH, moiety,
Strassner’®® and Youngs'® reported the first examples of
chelating alkane-bridged bis-NHC—Pt(l1) complexes. Up to
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Table 2. Chiral Imidazolium Salts 133a—f

imidazolium salt R* Y
133a (R)-CH(CgHs)CHs3 CH,
133b (R)-CH(CgHs)CH3 o-xyl
133c (R)-CH(CyoH7)CH3 o-xyl
133d (R)-CH(CgHs)CH3 m-xyl
133e (R)-CH(CgHs)CH3 p-xyl
133f (R)-CH(CyoH7)CH3 2,6-(CH,)2(CsH3N)

that point, only a few examples of Pt(I1)—NHC complexes
were known, and in most cases, their synthesis involved
tedious multistep pathways.'>1% As illustrated in Scheme
65, the synthesis of the Pt(Il) complexes was carried out
using the corresponding platinum(ll) halides, which are

dazolium salts with NaOAc in the presence of PtX, (X =
Cl, Br, ) afforded the chelating biscarbene complexes 138.
Interestingly, the reaction of 1,1'-methylene-bis(n-butylimi-
dazolium)diiodide with PtCl, under the same reaction condi-
tions also gave the homoleptic chelating tetracarbene 139
(Scheme 65) even when a precise 1:1 ratio of the salt to
PtCl, was used.'® Similar complexes can be obtained by
direct reaction of platinum(l1) acetilacetonate and the cor-
responding bisimidazolium salt.'¢®

Platinum(I1) tetracarbene complexes similar to 139, were
also obtained following the sequential procedure depicted
in Scheme 66.1" Using this methodology, homoleptic
(140a—d) and heterol eptic tetracarbene complexes (140e—g)
were obtained.

Other examples of highly stable bissNHC—Pt(Il) com-
plexes were reported later. Complexes 141 and 142 (Scheme
67) represent the first examples of platinum(l1)—bis-NHC
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Scheme 67

complexes in which the carbene units are linked by a
cyclophane motive.

7.4. Catalytic Applications
7.4.1. Nickel(ll) Complexes

The catalytic activity of the pincer nickel(I1) complex 93
(Scheme 45) was studied for different C—C coupling
reactions, showing good to excellent results.’4%%8 High
activities were achieved in the Heck coupling of aryl
bromides and activated aryl chlorides with butyl acrylate,
but the reaction did not work for nonactivated aryl chlo-
rides.**° It isimportant to point out that the catalytic activity
decreased upon addition of a drop of Hg, thus suggesting
that heterogeneous catal ytic species could be involved in this
transformation. Complex 93 was aso tested in Grignard
coupling reactions, yielding the desired bisaryl compounds
in moderate to good yields when aryl bromides and chlorides
were used.'%® More interestingly, several aryl fluorides were
successfully coupled to aryl Grignard reagentsin the presence

MeO 93
OO O-Oromen
F

MgBr 71 % yield

of 93 (eq 10), although longer reaction times were required.
Additionally, 93 proved to be active in the Suzuki coupling
reaction. The air and moisture stability of the catalyst allowed
the reactions to be carried out aerobically and at high
temperatures during several hours. These results present
chelating Ni(11)—NHC complexes as a much cheaper alterna-
tive to Pd(Il) in cross-coupling reactions.

The catalytic activity of nickel(I1) complexes 111 and 112
(Scheme 51) was tested in the coupling of aryl chlorides
with phenylboronic acid, showing moderate activities.'>
However, the activity of complex 111 was dramatically
improved by the addition of 1 or 2 equiv of PPhs. For
instance, 3 mol % of the Ni(ll) catalyst 111 together with 2
equiv of PPh; achieved nearly full conversion within 10 h
even for electron-rich aryl chlorides (eq 11).

Cl B(OH),
111 (3 | %
2 equiv. PPhy
K3PO, 95-100 %yield
R toluene, 80°C

R = Me, OMe, CHO

More recently, the application of Ni(0) complexesin C—S
coupling was studied.'®® The in situ generated Ni(0)—NHC
species showed good to excellent activities toward various
aryl halides in C—S coupling, making them excellent
candidates to replace Pd-organophosphanes for this reaction.
In particular, aryl-bridged bidentate NHC ligand L provided
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excellent results in the coupling of 4-bromotoluene with
thiophenol (eq 12).

B
' ( ) LNi(0) (3 mol %) —@—SPh
. _ -

tBuOK, DMF

(12)

92 % GC yield
HSPh % GCye

2+
=\ —| 2(Br)
N__~N-Bn
L=
PO
N N-B
n

7.4.2. Palladium(ll) Complexes

Complexes 96—98 (Scheme 46) have demonstrated the
ability to catalyze Heck and Suzuki coupling reactions with
para-functionalized aryl bromides.**? These robust and air-
and moisture-stable complexes allowed the reactions to be
carried out under aerobic conditions making them suitable
for the activation of less reactive aryl halides. Although
pincer complexes 101b—103b (Scheme 48) performed well
in the Suzuki coupling of aryl bromides, no activity on the
activation of aryl chlorides was reported.'#

A palladium(ll) ether-functionalized bis-NHC complex
reported by Cavell and co-workers was tested in the Heck
coupling of 4-bromoacetophenone and n-butyl acrylate,
showing moderate activity (eq 13).#? Taking into account
related examples, 17 the authors proposed that the replace-
ment of the N-methyl substituents by the bulkier Mes or dipp
groups would improve the catalytic activity. However, the
solid-state structure of complex 143 revealed that it may not
be flexible enough to accept such large N-substituents.

r|7Bu

0,
>—< >—Br o
Me 0] 13
. 143 NaOAc >‘©_//_<O (13)
DMA, M
(o] nBuyNBr o

vko—nBu

88 % GC yield

T®F
143 = z N N N
/N/%Pdf\N\
cl” "NCMe

Very recently, Hwang's group examined the catalytic
activity of a homoleptic bischelate tetracarbene Pd(Il)
complex.’> Contrary to the assumption that the catalytic
activity of a biscarbene system might be inhibited by the
formation of a bischelate tetracarbene Pd species,® they
proved that this complex is an excellent precatalyst for the
Heck reaction with potential recyclability. For instance, in
the coupling of bromo-benzene and styrene, the catalyst was
reused six times without detectable loss of activity. The
tetracarbene complex displayed good activity in the Heck
coupling of a wide variety of aryl bromides and aso one
activated aryl chloride, 4-chloroacetophenone, while it was
barely active with nonactivated aryl chlorides.

Also, some new palladium-based catalysts for the Suzuki—
Miyaura cross-coupling reaction were developed. For in-
stance, the activity of the complex 132a (Scheme 61) was
investigated for the coupling of sterically hindered substrates.
Although moderate to high yields were obtained when only
one of the coupling partners (aryl boronic or aryl halide)
was mono- or di-ortho-substituted, no coupled products were
obtained when both partners were sterically demanding. The
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cyclometallated cis-chelated complexes 127 (Scheme 59)
were successfully applied in the same cross-coupling reac-
tions. Thecomplex 127awasal so appliedintheFriedel —Crafts
reactions of indole with 2-nitrovinylbenzene and N-(4-
bromaobenzylidene)-4-methyl benzenesulfonamide under mild
conditions (egs 14 and 15, respectively), showing moderate
activity. "

NO,
Z "NH
@ NH Oz 127a Ph (14)
pH CH20|2
RT, 48h
72 % yield
TsHN
_127a _ (15)
c;H20|2 O
RT, 48h
Br 77 % yield

Other catalytic applications for Pd(11) bissNHC complexes
were described besides those implying a C—C bond forma-
tion. Alkane-bridged complexes with different alkylidene
chain lengths 116—119 (Scheme 56) were tested in the
conversion of methane into methanol in the presence of a
strong oxidizing agent such as K,S,0g.3* One problem in
the direct functionalization of methane is that only the first
bond, but not the second or more bonds, must be modified.
Since the C—H bonds of methanol are less stable than those
in methane, away to avoid further activation of the methanol
thus formed is to intercept it in the form of a methyl ester
by adding a strong acid in the reaction media. A suspension
of KyS,0g in a mixture of trifluoroacetic acid and its
anhydride at a methane pressure of 30 bar and 90 °C in the
presence of a catalytic amount of the palladium complex
afforded the formation of trifluoroacetic acid methyl ester

(eq 16).

116-119

CH; + CF;COOH 7—? CF3COOCH; (16)

K2S,04 2 KHSO,4

The ethylene-bridged biscarbene complex 117 displayed
the best activity for the activation of methane and its
oxidation to trifluoroacetic acid methyl ester, being the most
active palladium biscarbene complex for this reaction
reported to-date.® The methylene and butylene-bridged
complexes 116 and 119 were aso found quite active in the
C—H activation of methane, while the reactivity of the
propylene-bridged complex 118 was significantly lower.

The effect of electronic properties of the abnormally bound
complexes 123—125 (Scheme 58) were studied in catalytic
olefin hydrogenation,> which involves the activation of H,
as the key step. The bis(solvent) complex 125 (Scheme 58)
performed well as catalyst in the hydrogenation of cy-
clooctene at room temperature and 1 atm H, whereas its C2-
bound counterpart 125a% performed poorly (eq 17). The
catalytic results suggested that the high electron density
imparted by this bonding mode affects the catalytic activity
and alows the activation of less reactive bonds such as in
Ho.

The bissNHC complexes 144 and 145 and pincer complex
146 were tested in the hydroamination of alkenes (eq 18).%
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125 (1 mol%), 1 atm H, A7)
i i AN
EtOH, 4.5 hours
100 % GC yield
2+

/\N/’.Pr | 2(BF,)

N'k /NCMe
125a=¢( Pd

N~ “NCMe
g

Nipr
Complexes 144—146 catalyzed the reaction between the
activated alkene methacrylonitrile and cyclic secondary
alkenes such as piperidine, pyrrolidine, morpholine, and
N-methyl piperazine. However, much lower activities were
achieved when a nonactivated alkene, such as styrene, was
employed. In the absence of cocatalyst, complex 145 gave
the highest catalytic performances.

144-146 (2 mol %) Q CN
CNH " :< (18)
toluene, 40-90°C

— 2+

/\ 2+ ™\
NYN_R—JZ(BF‘{) N.__N—tBu 2(BFy)

R‘NJM‘fN'Pd"'NCMe H—=N=Pd-: INCMe
N° N-R EN N—Bu
= \—/
144: R =Bn, R'={Bu 146

145: R=H, R'= Mes

In the context of C—C coupling transformations, Biffis
and co-workers proved the high activity of chelating bis-
NHC paladium(ll) and platinum(ll) complexes in the
coupling of arenes with alkynes (the Fujiwara reaction).®®
The Fujiwara reaction, in which products of the formal
hydroarylation of the triple bond are formed, constitutes an
interesting C—C coupling reaction via C—H activation/
functionalization, since it involves cheap, commercially
available reagents and requires neither directing groups on
the arene nor oxidizing agents to regenerate the catalyst.*"2173
In addition, the reaction is highly stereoselective and cis-
arylalkenes, being the thermodynamically less favored alk-
enes, are the major products. The employment of the
biscarbene—Pd(I1) complex 147 alowed performance of the
reactions in short times, at higher temperatures, and with
only 0.1 mol % of catalyst, notably improving earlier results
by Fujiwara. Good to excellent yields and high chemo- and
stereosel ectivities were achieved with awide range of akynes
and electron-rich arenes. For instance, the reaction of
pentamethylbenzene with propynoic acid gave 79% conver-
sion with 96% selectivity for the Z-product (eq 19).

COOH
: % , 147 (0 1 mol %)

2y
(19)
CF3COOH/DCE

80°C 5h
79 % GC yield
251 Z:E ratio

/\

147 = N/k >\N
Br

7.4.3. Platinum(ll) Complexes

Platinum(Il) bis-NHC complexes of the type of 138
(Scheme 65), in particular the one bearing methyl N-
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substituents and bromide coligands,®® proved to be efficient
in the Fujiwara reaction.®® This complex displayed
dlightly lower activity than Fujiward's systems (PtCl,/
2AgOAc or PICI,/2AgOTf) but required lower catalyst
loadings and shorter reaction times and did not require the
addition of a cocatalyst.'”>1" The Pt(I1) complex performed
as well asits palladium counterpart in terms of activity and
selectivity.

Neutral dichloro bissNHC Pt(l1) complexes were success-
fully applied in the catalytic C—H activation of methane.*”
The activity of these complexes was studied under the same
reaction conditions as those for their Pd(I1) analogues,**
in amixture of trifluoroacetic acid, its anhydride, and K,S,0g
(eq 16). Although both yields and turnover numbers achieved
were not very high, the experiments showed that the
platinum(ll) complexes are stable enough in acidic media
and that the reactions work using very low catalyst loadings
(0.1 mol %).

7.5. Other Applications

Very recently an interesting application for chelating bis-
NHC—Pt(I1) complexes was described.*” The photophysical
properties of homoleptic and heterol eptic tetracarbene com-
plexes 140b, 140d, and 140f (Scheme 66), suggested that
this class of NHC-based compounds is an interesting
structure for blue phosphorescent emitters. Phosphorescent
organic light-emitting devices have attracted great attention
lately since they would constitute very efficient light sources.
However, no emitters for the deep blue are yet available,
and many platinum complexes are under study for that
purpose.t’® Furthermore, the tetracarbene complexes showed
high chemical (decomposition above 340 °C) and photo-
chemical stability.

8. Poly-NHC Ligands in Complexes of Group 11
Metals

8.1. Copper

Thefirst examples of polycarbene—copper complexes were
developed by Meyer et a. (Schemes 68 and 69).1"" The
coordination of the triscarbene 148 (TIME) to copper led to
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different products (Scheme 68) depending on the reaction
conditions and the wingtip groups.t”® When the coordination
was carried out by the transmetal ation procedure using silver
oxide, the trinuclear copper(l) complex 149 was obtained.
In contrast, when a strong base was used for deprotonation
and [(MeCN),Cu]t was used as the copper source, a
dinuclear complex 150 was observed. This complex shows
the coordination of two norma and one abnorma NHC
ligands.

When the central carbon in the TIME ligand was changed
by nitrogen, the N-centered TIMEN ligand 151 was ob-
tained.'”® Deprotonation using an external base led to the
trissNHC N-anchored tetracoordinated complex 152 (Scheme
69).

Copper metallacrown ether complexes with NHC ligands
were also described. The reaction of the imidazolium 1,2-
bi s[N-(1-naphtylmethylene)imidazoliumethoxy] benzene di-
hexafluorophosphate (153, Scheme 70) with silver oxide in
the presence of Cul led to complex 154 (Scheme 70).17° A
13-membered ring cavity is formed. The complex was
structurally and spectroscopically characterized, although no
catalytic information was reported.

Deprotonation of a tris(carbene)borate ligand similar to 9
(Scheme 11) using nBuL.i in the presence of [CuBr(PPhs);]
afforded complex 155 (Scheme 71). In this compound, each
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Scheme 72
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of the two trissNHC ligands is bridging the three different
metal atoms, which display a local linear arrangement.*®
Under the same reaction conditions but with the metal
precursor changed to CuCl, the Cus-octahedral complex 156
was obtained.*®! Complex 155 isagood catalyst of Ullmann-
type arylation reactions (eq 20). Different kinds of azole rings
can be arylated with arylhalides, even using arylchlorides.
Other substrates such as aryl alcohols or amides can also be
arylated at 100 °C in 24 h.*® The functionalization of a
chelating-NHC ligand with an alkoxide allowed the synthesis
of dicopper complex 157.182 The most characteristic feature
of this compound is that the anionic alkoxide ligand forces
the two Cu(l) centers to adopt a nearly square-planar
geometry. The coordination of an annulated-NHC ligand to
Cul using tBuOK led to a Cu(l) trimer with two Cu—Cu
bonds and three bridging iodides (complex 158).183
R

R
N
. E//\N 155, Cs,C04 (20)
DMSO N
X 100 °C, 24h E//\N

8.2. Silver

The preparation, properties, and applications of silver—NHC
complexes have been extensively reviewed from different
points of view,®8 and many articles have appeared
covering aspects such as structural parameters, transmeta-
lation of NHCs, chelating NHCs,%%1% silver—silver interac-
tions,*®” and even antimicrobial activity.'® We will focus
on the recent developments in the field of silver—poly-NHC
complexes.

The tris(imidazolium) hexasubstituted benzene cage com-
pound 159 was reported in 1995 (Scheme 72).72 Contrary to
other hexasubstituted benzene-type “pinwheel” com-
pounds,*® 159 is not a good host for anions most probably
as a consequence of insufficient free space within the
compound. The reaction of compound 159 with silver oxide
yielded the silver—NHC complex 160 in which only two of
the three imidazolium moieties are activated to form the
NHC, while the other remains protonated.

A range of silver dicarbene complexes with an akyl unit
bearing an alcohol were recently described (161, Scheme
73).1% The solid state properties showed that these complexes
form channels where the solvent molecules are located.

A new family of caixarene analogues based on silver—NHC
complexes was described and can be considered as a special
class of silver—NHC macrocycles (162, Scheme 73). In the
solid state, these complexes adopt a twisted 1,2-alternate
conformation with the methoxy groups pointing to the void
of the cyclic cavity. Complex 162 (R = 9-anthrylmethyl) is
an efficient macrocyclic host molecule that complexes
[6Q]fullerene and acts a good fluorescent sensor for
[60]fullerene.
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8.3. Gold

Most of the gold complexes with poly-NHC ligands have
been obtained using two different coordination strategies,
namely, deprotonation of the imidazolium salt with a strong
base and transmetalation from silver—NHC. The most
common gold(l) sources are AuCl(PPhs) and AuCl(SMe).*?

One of the first examples of a gold complex with a poly-
NHC ligand corresponds to the coordination of bis(imida-
zolin-2-ylidene-1-yl)borate as shown in Scheme 74.162 Al-
though this ligand forms small chelating rings with palladium
and platinum, for gold a bridging coordination is preferred.
The crystal structure shows a 12-membered neutral dimet-
allacycle in a twisted boat-like conformation with a weak
Au—Au interaction.?

A series of gold complexes with poly-NHC ligands were
synthesized from imidazolium-based cyclophanes and related
acyclic bis(imidazolium) salts (163—165, Scheme 75). The
structural diversity of the ligands allowed the synthesis of a
series of Au complexes having a range of structural and
chemical properties. The non-cyclophane systems are flux-
ional in solution, while rigid systems are obtained for the
cyclophane derivatives (164, 165).1% These complexes are
new potential antitumor agents that selectively target the
mitochondria of cancer cells.® The reaction of 3,5-bis((N-
methylimidazolium)methyl)pyrazole bis(hexafluorophos-
phate) with Ag,O and further transmetalation of the
Ag(l)—NHC complex to AuCl(SEt,) yielded a square-planar
tetranuclear gold complex (166, Scheme 75).

The silver precursor isisostructural and both of them are
intensely luminescent in the solid state.’®> Another example
of isostructural silver and gold NHC complexes is observed
for bis(imidazolium)polyether chain ligands (Scheme 76).
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In this case, the Au—Au distance is long enough to prevent
metal —metal interaction.'%

Some other interesting examples of silver(l) and gold(l)
complexes have been very recently described.'®”~1% Hahn
and co-workers reported the preparation of mono- and
dinuclear silver(l) complexes starting from a cyclophane-
type tetra-imidazolium salt, and their use in transmetalation
reactions to yield the corresponding gold(l) complexes.
Interestingly, the synthesis of a cyclic hexa-imidazolium salt
and the preparation of a hexanuclear silver(l)—NHC derived
from this ligand, have been also communicated.’” Biffis and
co-workers reported the preparation of series of silver(l) and
gold(l) complexes bearing atripodal tris(NHC)borate ligand.
The silver(l) complexes were tested in the coupling of aryl
halides with termina akynes (the Sonogashira reaction),
showing low activity.'®® New tetracarbene Ag(l) and Au(l)
complexes in which two identical bis(triazolylidene)borate
ligands are bridging the two metal centers (the triazole
version of the complexes depicted in Scheme 74) have been
described. %

9. f-Block Poly-NHC Complexes

There are severa reports on f-block-based complexes
bearing amido-® and phenoxo-tethered,?®* salicylaldiminato-
292 indenyl-,2% and fluorenyl-modified®®* NHC ligands, and
these were comprehensibly reviewed by Arnold and Lid-
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die®® However, the examples of poly-NHC ligands in
complexes of f-block are restricted to a couple of examples.
In 2006, Danopoul os described the first pincer NHC complex
of an f-block metal 2% As depicted in Scheme 77, the reaction
of the free carbene 167 and UCI, yielded U(IV) complex
168, which isthe only uranium complex supported by a poly-
NHC ligand reported to-date. The molecular structure of
complex 168, determined by X-ray diffraction, showed the
metal center in a seven-coordinate geometry best described
as a distorted capped trigona prism.

Another example of a bissNHC ligand coordinated to
various rare-earth metal centers has been recently com-
municated.?’” The treatment of the xylenyl-bridged CCC
pincer bissNHC ligand precursor and the corresponding
lanthanide trichloride (LnCl3) with nBuLi afforded
scandium, lutetium, and samarium complexes (169, 170, and
171, respectively, in Scheme 78). The molecular structures
of complexes 169—171 were determined by X-ray diffraction
as THF-solvated monomeric rare-earth metal dibromides.

10. Conclusions

Easy accessto NHC precursors has allowed the preparation
of awide set of poly-NHC ligands with an almost unlimited
number of architectures. The coordination versatility of this
type of ligand has afforded complexes of amost any
transition metal in different oxidation states. Parallel to the
development of the chemistry of the poly-NHC ligands, new
applications are being found, of which catalysis is the one
that has had more research devoted. Not only can poly-NHC
ligands provide enhanced catalytic properties, but they are
also found to afford processes not previously known for
complexes with other ligands.

Together with the catalytic applications, these ligands have
found their place in the design of complexes with unusual
photophysical properties, whose practical applications can
be envisaged. Also, the recent examples of the antitumoral
and antibacterial properties of some of these species widens
their scope of applications where there is every reason to
think that they will be equally useful.

11. Abbreviations

aNHC abnormal N-heterocyclic carbene
av average

tBu tert-butyl

bpy bipyridine

cod 1,5-cyclooctadiene
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coe cyclooctene

Cp cyclopentadienyl

Cp* pentamethyl cyclopentadienyl
Cy cyclohexyl

dba dibenzylideneacetone

DCE dichloroethane

DFT density functional theory
2,6-dipp 2,6-diisopropylphenyl

DMA dimethylacetamide

dppe 1,2-bis(diphenylphosphino)ethane
dppm 1,2-bis(diphenylphosphino)methane
Et ethyl

iPr isopropyl

MAO methylaluminoxane

Me methyl

Melm methyl imidazole

Mes mesityl; 2,4,6-trimethylbenzyl
MeCN acetonitrile

nbd norbornadiene

nbe norbornene

NHC N-heterocyclic carbene

ntc nortricyclyl

Py pyridine

terpy terpyridine

THF tetrahydrofuran

TFA trifluoroacetic acid

TON turnover number

Tp tris(pyrazolyl)borate

tmdea tetramethylethylenediamine
xyl xylene

12. Acknowledgments

We are grateful for the financial support from the MEC
of Spain (Grant CTQ2008-04460) and Bancaixa (Grants
P1.1B2007-04 and P1.1A2005-04). We would also like to
thank the Spanish MEC for the Juan de la Cierva (M.P.)
and Ramon y Caja (J.A.M.) program.

13. References

(1) Herrmann, W. A.; Elison, M.; Fischer, J.; Kocher, C.; Artus, G. R. J.
Angew. Chem,, Int. Ed. Engl. 1995, 34, 2371.

(2) Grubbs, R. H. Angew Chem.,, Int. Ed. 2006, 45, 3760. Trnka, T. M.;
Grubbs, R. H. Acc. Chem. Res. 2001, 34, 180. Trnka, T. M.; Morgan,
J. P.; Sanford, M. S.; Wilhelm, T. E.; Scholl, M.; Chai, T. L.; Ding,
S.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 2546.
Grubbs, R. H. Tetrahedron 2004, 60, 7117. Hoveyda, A. H,;
Zhugralin, A. R. Nature 2007, 450, 243.

(3) Cardin, D. J; Cetinkay, B.; Lappert, M. F. Chem. Rev 1972, 72,
545. Cardin, D. J.; Cetinkay, B.; Doyle, M. J.; Lappert, M. F. Chem.
Soc. Rev 1973, 2, 99. Lappert, M. F. J. Organomet. Chem. 1988,
358, 185. Lappert, M. F. J. Organomet. Chem. 2005, 690, 5467.

(4) Wanzlick, H.-W.; Schonherr, H.-J. Angew. Chem., Int. Ed. Engl. 1968,
7, 141.

(5) Arduengo, A. J.; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991,
113, 361.

(6) Enders, D.; Balensiefer, T. Acc. Chem. Res. 2004, 37, 534. Burstein,

C., Tschan, S;; Xie, X. L.; Glorius, F. Synthesis-Stuttgart 2006, 2418.

Burstein, C.; Glorius, F. Angew. Chem., Int. Ed. 2004, 43, 6205.

Fischer, C.; Smith, S. W.; Powell, D. A.; Fu, G. C. J. Am. Chem.

Soc. 2006, 128, 1472. He, J. M.; Zheng, J. Y ; Liu, J; She, X. G;;

Pan, X. F. Org. Lett. 2006, 8, 4637. Sohn, S. S.; Bode, J. W. Angew.

Chem.,, Int. Ed. 2006, 45, 6021. Marion, N.; Diez-Gonzaez, S.; Nolan,

I. P. Angew. Chem., Int. Ed. 2007, 46, 2988.

Melaiye, A.; Simons, R. S.; Milsted, A.; Pingitore, F.; Wesdemiotis,

C.; Tessier, C. A,; Youngs, W. J. J. Med. Chem. 2004, 47, 973.

Kascatan-Nebioglu, A.; Panzner, M. J.; Tessier, C. A.; Cannon, C. L.;

Youngs, W. J. Coord. Chem. Rev. 2007, 251, 884. Kascatan-

Nebioglu, A.; Melaiye, A.; Hindi, K.; Durmus, S.; Panzner, M. J.;

Hogue, L. A.; Mdlett, R. J.; Hovis, C. E.; Coughenour, M.; Crosby,

S.D.; Milsted, A.; Ely, D. L.; Tessier, C. A.; Cannon, C. L.; Youngs,

W. J. J. Med. Chem. 2006, 49, 6811. Hindi, K. M.; Siciliano, T. J;

Durmus, S.; Panzner, M. J.; Medvetz, D. A.; Reddy, D. V.; Hogue,

L. A;; Hovis, C. E.; Hilliard, J. K.; Malet, R. J.; Tessier, C. A.;

Cannon, C. L.; Youngs, W. J. J. Med. Chem. 2008, 51, 1577.

(7

~

Poyatos et al.

(8) Szesni, N.; Drexler, M.; Weibert, B.; Fischer, H. J. Organomet. Chem.
2005, 690, 5597. Prasang, C.; Donnadieu, B.; Bertrand, G. J. Am.
Chem. Soc. 2005, 127, 10182. Raubenheimer, H. G.; Cronje, S.
Dalton Trans 2008, 1265. Albrecht, M.; Stoeckli-Evans, H. Chem.
Commun. 2005, 4705. Owen, J. S,; Labinger, J. A.; Bercaw, J. E.
J. Am. Chem. Soc. 2004, 126, 8247. Bazinet, P.; Yap, G. P. A,
Richeson, D. S. J. Am. Chem. Soc. 2003, 125, 13314. Alder, R. W.;
Blake, M. E.; Bortolotti, C.; Bufali, S.; Butts, C. P.; Linehan, E.;
Oliva, J. M.; Orpen, A. G.; Quayle, M. J. Chem. Commun. 1999,
241.

(9) Martin, D.; Baceiredo, A.; Gornitzka, H.; Schoeller, W. W.; Bertrand,
G. Angew. Chem., Int. Ed. 2005, 44, 1700. Masuda, J. D.; Martin,
D.; Lyon-Saunier, C.; Baceiredo, A.; Gornitzka, H.; Donnadieu, B.;
Bertrand, G. Chem.—Asian J. 2007, 2, 178. Ishida, Y.; Donnadieu,
B.; Bertrand, G. Proc Natl. Acad. Sci. U.SA. 2006, 103, 13585.
Despagnet-Ayoub, E.; Grubbs, R. H. Organometallics 2005, 24, 338.
Despagnet-Ayoub, E.; Grubbs, R. H. J. Am. Chem. Soc. 2004, 126,
10198.

(10) Scarborough, C. C.; Popp, B. V.; Guzei, I. A,; Stahl, S. S. J.
Organomet. Chem. 2005, 690, 6143. Scarborough, C. C.; Grady,
M. J. W.; Guze, I. A.; Gandhi, B. A.; Bundl, E. E.; Stahl, S. S.
Angew. Chem.,, Int. Ed. 2005, 44, 52609.

(11) Hahn, F. E. Angew. Chem., Int. Ed. 2006, 45, 1348. Herrmann, W. A.;
Kocher, C. Angew. Chem.,, Int. Ed. Engl. 1997, 36, 2163. Herrmann,
W. A.; Weskamp, T.; Bohm, V. P. W. Adv. Organomet. Chem. 2001,
48, 1.

(12) Hahn, F. E.; Jahnke, M. C. Angew. Chem.,, Int. Ed. 2008, 47, 3122.

(13) Bourissou, D.; Guerret, O.; Gabbai, F. P.; Bertrand, G. Chem. Rev.
2000, 100, 39.

(14) Scott, N. M.; Nolan, S. P. Eur. J. Inorg. Chem. 2005, 1815. Dorta,
R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.; Hoff,
C. D.; Nolan, S. P. J. Am. Chem. Soc. 2005, 127, 2485.

(15) Diez-Gonzalez, S.; Nolan, S. P. Coord. Chem. Rev. 2007, 251, 874.

(16) Ofele, K.; Herrmann, W. A.; Mihalios, D.; Elison, M.; Herdtweck,
E.; Priermeier, T.; Kiprof, P. J. Organomet. Chem. 1995, 498, 1.

(17) Peris, E. Top. Organomet. Chem. 2007, 21, 83.

(18) Herrmann, W. A. Angew. Chem,, Int. Ed. 2002, 41, 1291.

(19) Gade, L. H.; Bellemin-Laponnaz, S. Coord. Chem. Rev. 2007, 251,
718. Cesar, V.; Bellemin-Laponnaz, S.; Gade, L. H. Chem. Soc. Rev.
2004, 33, 619. Perry, M. C.; Burgess, K. Tetrahedron: Asymmetry
2003, 14, 951.

(20) Glorius, F., Ed. N-heterocyclic carbenesin transition metal catalysis;
Topicsin Organometallic Chemistry, 21; Wiley-VCH Verlag GmbH
& Co: Weinheim, Germany, 2006.

(21) Crabtree, R. H. Coord. Chem. Rev. 2007, 251, 595. Bertrand, G. J.
Organomet. Chem. 2005, 690, 5397.

(22) Mata, J. A.; Poyatos, M.; Peris, E. Coord. Chem. Rev. 2007, 251,
841

(23) Pugh, D.; Danopoulos, A. A. Coord. Chem. Rev. 2007, 251, 610.

(24) Peris, E.; Crabtree, R. H. C. R. Chim. 2003, 6, 33. Peris, E.; Crabtree,
R. H. Coord. Chem. Rev. 2004, 248, 2239.

(25) Danopoulos, A. A.; Tsoureas, N.; Macgregor, S. A.; Smith, C.
Organometallics 2007, 26, 253.

(26) Normand, A. T.; Cavell, K. J. Eur. J. Inorg. Chem. 2008, 2781.

(27) Herrmann, W. A.; Schwarz, J.; Gardiner, M. G.; Spiegler, M. J.
Organomet. Chem. 1999, 575, 80.

(28) Herrmann, W. A.; Reisinger, C. P.; Spiegler, M. J. Organomet. Chem.
1998, 557, 93.

(29) Gardiner, M. G.; Herrmann, W. A.; Reisinger, C. P.; Schwarz, J;
Spiegler, M. J. Organomet. Chem. 1999, 572, 239.

(30) Strassner, T.; Muehlhofer, M.; Zeller, A.; Herdtweck, E.; Herrmann,
W. A. J. Organomet. Chem. 2004, 689, 1418. Muehlhofer, M.;
Strassner, T.; Herrmann, W. A. Angew. Chem,, Int. Ed. 2002, 41,
1745.

(31) Jin, C. M.; Twamley, B.; Shreeve, J. M. Organometallics 2005, 24,
3020. Lee, H. M.; Lu, C. Y.; Chen, C. Y.; Chen, W. L.; Lin, H. C,;
Chiu, P. L.; Cheng, P. Y. Tetrahedron 2004, 60, 5807. Hahn, F. E,;
von Fehren, T.; Lugger, T. Inorg. Chim. Acta 2005, 358, 4137.
Slootweg, J. C.; Chen, P. Organometallics 2006, 25, 5863. Huynh,
H.V.; LeVan, D.,; Hahn, F. E.; Hor, T. S. A. J. Organomet. Chem.
2004, 689, 1766. Bertrand, G.; Diez-Barra, E.; Fernandez-Baeza, J.;
Gornitzka, H.; Moreno, A.; Otero, A.; Rodriguez-Curiel, R. |.; Tejeda,
J. Eur. J. Inorg. Chem. 1999, 1965. Diez-Barra, E.; Guerra, J;
Hornillos, V.; Merino, S.; Tejeda, J. J. Organomet. Chem. 2005, 690,
5654. Scherg, T.; Schneider, S. K.; Frey, G. D.; Schwarz, J,;
Herdtweck, E.; Herrmann, W. A. Synlett 2006, 2894. Diez-Barra,
E.; Guerra, J; Rodriguez-Curiel, R. I.; Merino, S;; Tejeda, J. J.
Organomet. Chem. 2002, 660, 50. Nonnenmacher, M.; Kunz, D.;
Rominger, F.; Oeser, T. J. Organomet. Chem. 2007, 692, 2554.

(32) Herrmann, W. A.; Schwarz, J.; Gardiner, M. G. Organometallics
1999, 18, 4082.

(33) Heckenroth, M.; Neels, A.; Stoeckli-Evans, H.; Albrecht, M. Inorg.
Chim. Acta 2006, 359, 1929.



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): February 23, 2009 | doi: 10.1021/cr800501s

Complexes with Poly-NHC Ligands

(34) Ahrens, S.; Zéller, A.; Taige, M.; Strassner, T. Organometallics 2006,
25, 5409.

(35) Biffis, A.; Tubaro, C.; Buscemi, G.; Basatoa, M. Adv. Synth. Catal.
2008, 350, 189.

(36) Tubaro, C.; Biffis, A.; Gonzato, C.; Zecca, M.; Basato, M. J. Mal.
Catal. A: Chem. 2006, 248, 93.

(37) Poyatos, M.; Mas-Marza, E.; Mata, J. A.; Sanau, M.; Peris, E. Eur.
J. Inorg. Chem. 2003, 1215.

(38) Mata, J. A.; Chianese, A. R.; Miecznikowski, J. R.; Poyatos, M.;
Peris, E.; Faller, J. W.; Crabtree, R. H. Organometallics 2004, 23,
1253.

(39) Poyatos, M.; Mas-Marza, E.; Sanau, M ; Peris, E. Inorg. Chem. 2004,
43, 1793.

(40) Viciano, M.; Poyatos, M.; Sanau, M.; Peris, E.; Rossin, A.; Ujague,
G.; Lledos, A. Organometallics 2006, 25, 1120.

(41) Leung, C. H.; Incarvito, C. D.; Crabtree, R. H. Organometallics 2006,
25, 6099.

(42) Nielsen, D. J; Cavell, K. J; Skelton, B. W.; White, A. H.
Organometallics 2006, 25, 4850.

(43) Houghton, J.; Dyson, G.; Douthwaite, R. E.; Whitwood, A. C,;
Kariuki, B. M. Dalton Trans. 2007, 3065.

(44) Baker, M. V.; Skelton, B. W.; White, A. H.; Williams, C. C. J. Chem.
Soc., Dalton Trans. 2001, 111.

(45) Baker, M. V.; Brown, D. H.; Simpson, P. V.; Skelton, B. W.; White,
A. H.; Williams, C. C. J. Organomet. Chem. 2006, 691, 5845. Magill,
A.M.; McGuinness, D. S,; Cavell, K. J;; Britovsek, G. J. P.; Gibson,
V. C.; White, A. J. P.; Williams, D. J.; White, A. H.; Skelton, B. W.
J. Organomet. Chem. 2001, 617, 546.

(46) Douthwaite, R. E.; Green, M. L. H.; Silcock, P. J.; Gomes, P. T.
J. Chem. Soc., Dalton Trans. 2002, 1386.

(47) Alcalde, E.; Ceder, R. M.; Lopez, C.; Mesquida, N.; Muller, G,;
Rodriguez, S. Dalton Trans. 2007, 2696.

(48) Clyne, D. S; Jin, J,; Genest, E.; Gallucci, J. C.; RgjanBabu, T. V.
Org. Lett. 2000, 2, 1125.

(49) Bonnet, L. G.; Douthwaite, R. E.; Hodgson, R. Organometallics 2003,
22, 4384. Marshall, C.; Ward, M. F.; Harrison, W. T. A. Tetrahedron
Lett. 2004, 45, 5703. Xu, Q.; Duan, W. L.; Lei, Z. Y.; Zhu, Z. B;
Shi, M. Tetrahedron 2005, 61, 11225.

(50) Mata, J. A.; Peris, E.; Incarvito, C.; Crabtreg, R. H. Chem. Commun.
2003, 184.

(51) Poyatos, M.; McNamara, W.; Incarvito, C.; Clot, E.; Peris, E,;
Crabtree, R. H. Organometallics 2008, 27, 2128.

(52) Poyatos, M.; McNamara, W.; Incarvito, C.; Peris, E.; Crabtree, R. H.
Chem. Commun. 2007, 2267.

(53) Heckenroth, M.; Kluser, E.; Neels, A.; Albrecht, M. Angew. Chem.,,
Int. Ed. 2007, 46, 6293.

(54) Yang, L.; Kruger, A.; Neels, A.; Albrecht, M. Organometallics 2008,
27, 3161.

(55) Viciano, M.; Feliz, M.; Corberan, R.; Mata, J. A.; Clot, E.; Peris, E.
Organometallics 2007, 26, 5304.

(56) Frank, M.; Maas, G.; Schatz, J. Eur. J. Org. Chem. 2004, 607.

(57) Mas-Marza, E.; Poyatos, M.; Sanau, M.; Peris, E Organometallics
2004, 23, 323. Hu, X. L.; Castro-Rodriguez, |.; Meyer, K. Organo-
metallics 2003, 22, 3016.

(58) Arnold, P. L.; Scarisbrick, A. C. Organometallics 2004, 23, 2519.

(59) Bunz, U. H. F. J. Organomet. Chem. 2003, 683, 269. Moorlag, C.;
Sih, B. C,; Stott, T. L.; Walf, M. O. J. Mater. Chem. 2005, 15, 2433.
Gianneschi, N. C.; Masar, M. S,; Mirkin, C. A. Acc. Chem. Res.
2005, 38, 825. Williams, K. A.; Boydston, A. J;; Bielawski, C. W.
Chem. Soc. Rew. 2007, 36, 729.

(60) Buron, C.; Stelzig, L.; Guerret, O.; Gornitzka, H.; Romanenko, V;
Bertrand, G. J. Organomet. Chem. 2002, 664, 70.

(61) Guerret, O.; Sole, S.; Gornitzka, H.; Teichert, M.; Trinquier, G.;
Bertrand, G. J. Am. Chem. Soc. 1997, 119, 6668.

(62) Boydston, A. J.; Williams, K. A.; Bielawski, C. W. J. Am. Chem.
Soc. 2005, 127, 12496.

(63) Boydston, A. J; Rice, J. D.; Sanderson, M. D.; Dykhno, O. L.;
Bielawski, C. W. Organometallics 2006, 25, 6087.

(64) Khramov, D. M.; Boydston, A. J.; Bielawski, C. W. Angew. Chem.,
Int. Ed. 2006, 45, 6186.

(65) Boydston, A. J.; Bielawski, C. W. Dalton Trans. 2006, 4073.

(66) Hu, X. L.; Meyer, K. J. Organomet. Chem. 2005, 690, 5474.

(67) McKie, R.; Murphy, J. A.; Park, S. R.; Spicer, M. D.; Zhou, S. Z.
Angew. Chem., Int. Ed. 2007, 46, 6525.

(68) Hahn, F. E.; Langenhahn, V.; Lugger, T.; Pape, T.; Le Van, D. Angew.
Chem,, Int. Ed. 2005, 44, 3759.

(69) Wanniarachchi, Y. A.; Khan, M. A.; Slaughter, L. M. Organometallics
2004, 23, 5881.

(70) Burling, S;; Field, L. D.; Li, H. L.; Messerle, B. A.; Turner, P. Eur.
J. Inorg. Chem. 2003, 3179.

(71) Wells, K. D.; Ferguson, M. J.; McDonad, R.; Cowie, M. Organo-
metallics 2008, 27, 691.

Chemical Reviews, 2009, Vol. 109, No. 8 3705

(72) Perry, M. C.; Cui, X. H.; Burgess, K. Tetrahedron: Asymmetry 2002,
13, 1969.

(73) Willans, C. E.; Anderson, K. M.; Junk, P. C.; Barbour, L. J.; Steed,
J. W. Chem. Commun. 2007, 3634.

(74) Marshall, C.; Ward, M. F.; Harrison, W. T. A. J. Organomet. Chem.
2005, 690, 3970.

(75) Dinares, |.; de Miguel, C. G.; Font-Bardia, M.; Solans, X.; Alcalde,
E. Organometallics 2007, 26, 5125.

(76) Douthwaite, R. E.; Haussinger, D.; Green, M. L. H.; Silcock, P. J;
Gomes, P. T.; Martins, A. M.; Danopoulos, A. A. Organometallics
1999, 18, 4584.

(77) Herrmann, W. A.; Bohm, V. P. W.; Reisinger, C. P. J. Organomet.
Chem. 1999, 576, 23.

(78) schwarz, J.; Bohm, V. P. W.; Gardiner, M. G.; Grosche, M.;
Herrmann, W. A.; Hieringer, W.; Raudaschl-Sieber, G. Chem.—Eur.
J. 2000, 6, 1773.

(79) Fehlhammer, W. P.; Bliss, T.; Kernbach, U.; Brudgam, I. J.
Organomet. Chem. 1995, 490, 149.

(80) Poyatos, M.; Sanau, M.; Peris, E. Inorg. Chem. 2003, 42, 2572.

(81) Albrecht, M.; Miecznikowski, J. R.; Samuel, A.; Faler, J. W,;
Crabtree, R. H. Organometallics 2002, 21, 3596.

(82) Albrecht, M.; Crabtree, R. H.; Mata, J.; Peris, E. Chem. Commun.
2002, 32.

(83) Ofele, K.; Herrmann, W. A.; Mihalios, D.; Elison, M.; Herdtweck,
E.; Scherer, W.; Mink, J. J. Organomet. Chem. 1993, 459, 177.

(84) Hahn, F. E.; Wittenbecher, L.; Le Van, D.; Frohlich, R. Angew.
Chem.,, Int. Ed. 2000, 39, 541.

(85) Kreisdl, K. A.; Yap, G. P. A.; Theopold, K. H. Organometallics 2006,
25, 4670.

(86) Kreisel, K. A.; Yap, G. P. A.; Theopold, K. H. Chem. Commun.
2007, 1510.

(87) Edworthy, I. S; Blake, A. J.; Wilson, C.; Arnold, P. L. Organome-
tallics 2007, 26, 3684.

(88) Forshaw, A. P.; Bontchev, R. P.; Smith, J. M. Inorg. Chem. 2007,
46, 3792.

(89) Cowley, R. E. Inorg. Chem. 2006, 45, 9771.

(90) Nieto, I.; Cervantes-Lee, F.; Smith, J. M. Chem. Commun. 2005,
3811.

(91) McGuinness, D. S; Gibson, V. C.; Steed, J. W. Organometallics
2004, 23, 6288.

(92) McGuinness, D. S;; Gibson, V. C.; Wass, D. F.; Steed, J. W. J. Am.
Chem. Soc. 2003, 125, 12716.

(93) McGuinness, D. S;; Suttil, J. A.; Gardiner, M. G.; Davies, N. W.
Organometallics 2008, 27, 4238.

(94) Kernbach, U.; Ramm, M.; Luger, P.; Fehlhammer, W. P. Angew.
Chem,, Int. Ed. Engl. 1996, 35, 310.

(95) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light, M. E.
Organometallics 2004, 23, 166.

(96) Danopoulos, A. A.; Wright, J. A.; Motherwell, W. B. Chem. Commun.
2005, 784.

(97) Mercs, L.; Labat, G.; Neels, A.; Ehlers, A.; Albrecht, M. Organo-
metallics 2006, 25, 5648.

(98) Lever, A. B. P. Inorg. Chem. 1991, 30, 1980. Lever, A. B. P. Inorg.
Chem. 1990, 29, 1271.

(99) Tolman, C. A. Chem. Rev. 1977, 77, 313.

(100) Poyatos, M.; Mata, J. A.; Falomir, E.; Crabtree, R. H.; Peris, E.
Organometallics 2003, 22, 1110.

(101) Danopoulos, A. A.; Winston, S.; Motherwell, W. B. Chem. Commun.
2002, 1376.

(102) Wright, J. A.; Danopoulos, A. A.; Motherwell, W. B.; Carrall, R. J.;
Ellwood, S. J. Organomet. Chem. 2006, 691, 5204.

(103) Son, S. U.; Park, K. H.; Leg, Y. S;; Kim, B. Y.; Choi, C. H.; Lah,
M. S; Jang, Y. H.; Jang, D. J; Chung, Y. K. Inorg. Chem. 2004,
43, 6896.

(104) Meyer, T. J;; Huynh, M. H. V. Inorg. Chem. 2003, 42, 8140.

(105) Bryant, J. R.; Matsuo, T.; Mayer, J. M. Inorg. Chem. 2004, 43, 1587.
Sala, X.; Poater, A.; Romero, |.; Rodriguez, M.; Llobet, A.; Solans,
X.; Parélla, T.; Santos, T. M. Eur. J. Inorg. Chem. 2004, 612.
Madllorens, E.; Rodriguez, M.; Romero, |.; Roglans, A.; Parella, T.;
Benet-Buchholz, J.; Poyatos, M.; Llobet, A. J. Am. Chem. Soc. 2006,
128, 5306.

(106) Ellul, C. E.; Mahon, M. F.; Saker, O.; Whittlesey, M. K. Angew.
Chem.,, Int. Ed. 2007, 46, 6343. Ellul, C. E.; Saker, O.; Mahon, M. F,;
Apperley, D. C.; Whittlesey, M. K. Organometallics 2008, 27, 100.

(107) Viciano, M.; Sanau, M.; Peris, E. Organometallics 2007, 26, 6050.

(108) Frankell, R.; Birg, C.; Kernbach, U.; Habereder, T.; Noth, H.;
Fehlhammer, W. P. Angew. Chem., Int. Ed. 2001, 40, 1907.

(109) Frankel, R.; Kernbach, U.; Bakola-Christianopoulou, M.; Plaia, U.;
Suter, M.; Ponikwar, W.; Noth, H.; Moinet, C.; Fehlhammer, W. P.
J. Organomet. Chem. 2001, 617, 530.

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



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): February 23, 2009 | doi: 10.1021/cr800501s

3706 Chemical Reviews, 2009, Vol. 109, No. 8

(111) Viciano, M.; Mas-Marza, E.; Sanau, M.; Peris, E. Organometallics
2006, 25, 3063.

(112) Canac, Y.; Lepetit, C.; Abdalilah, M.; Duhayon, C.; Chauvin, R.
J. Am. Chem. Soc. 2008, 130, 8406.

(113) Chen, T.; Liu, X. G.; Shi, M. Tetrahedron 2007, 63, 4874.

(124) Duan, W. L.; Shi, M.; Rong, G. B. Chem. Commun. 2003, 2916.

(115) Xu, Q.; Gu, X. X.; Liu, S. J;; Dou, Q. Y.; Shi, M. J. Org. Chem.
2007, 72, 2240.

(116) Fujihara, T.; Obora, Y.; Tokunaga, M.; Tsuji, Y. Dalton Trans. 2007,
1567.

(117) Fujihara, T.; Obora, Y.; Tokunaga, M.; Sato, H.; Tsuji, Y. Chem.
Commun. 2005, 4526.

(118) Wilson, J. M.; Sunley, G. J.; Adams, H.; Haynes, A. J. Organomet.
Chem. 2005, 690, 6089.

(119) Moser, M.; Wucher, B.; Kunz, D.; Rominger, F. Organometallics
2007, 26, 1024.

(120) Viciano, M.; Mas-Marza, E.; Poyatos, M.; Sanau, M.; Crabtree, R. H.;
Peris, E. Angew. Chem,, Int. Ed. 2005, 44, 444.

(121) Miecznikowski, J. R.; Crabtree, R. H. Organometallics 2004, 23,
629. Miecznikowski, J. R.; Crabtree, R. H. Polyhedron 2004, 23,
2857. Frey, G. D.; Rentzsch, C. F.; von Preysing, D.; Scherg, T.;
Muhlhofer, M.; Herdtweck, E.; Herrmann, W. A. J. Organomet.
Chem. 2006, 691, 5725.

(122) Baker, M. V.; Brayshaw, S. K.; Skelton, B. W.; White, A. H,;
Williams, C. C. J. Organomet. Chem. 2005, 690, 2312.

(123) Raynal, M.; Cazin, C. S. J; Vallee, C.; Olivier-Bourbigou, H.;
Braunstein, P. Chem. Commun. 2008, 3983.

(124) Danopoulos, A. A.; Pugh, D.; Wright, J. A. Angew. Chem., Int. Ed.
2008, 47, 1965.

(125) Bauer, E. B.; Andavan, G. T. S;; Hallis, T. K.; Rubio, R. J.; Cho, J;
Kuchenbeiser, G. R.; Helgert, T. R.; Letko, C. S;; Tham, F. S. Org.
Lett. 2008, 10, 1175.

(126) Wang, X.; Liu, S; Weng, L.-H.; Jin, G.-X. Chem.—Eur. J. 2007,
13, 188.

(127) Mercs, L.; Neels, A.; Albrecht, M. Dalton Trans. 2008, 5570.

(128) Curphey, T. J; Prasad, K. S. J. Org. Chem. 1972, 37, 2259.

(129) Guerret, O.; Sole, S.; Gornitzka, H.; Trinquier, G.; Bertrand, G. J.
Organomet. Chem. 2000, 600, 112.

(130) Mas-Marza, E.; Mata, J. A.; Peris, E. Angew. Chem,, Int. Ed. 2007,
46, 3729.

(131) Zanardi, A.; Corberan, R.; Mata, J. A.; Peris, E. Organometallics
2008, 27, 3570.

(132) Fujita, K.; Yamamoto, K.; Yamaguchi, R. Org. Lett. 2002, 4, 2691.

(133) Whitney, S.; Grigg, R.; Derrick, A.; Keep, A. Org. Lett. 2007, 9,
3299.

(134) Zaitsev, A. B.; Gruber, S.; Pregosin, P. S. Chem. Commun. 2007,
4692.

(135) Yadav, J. S.; Reddy, B. V. S; Aravind, S.; Kumar, G.; Reddy, A. S.
Tetrahedron Lett. 2007, 48, 6117.

(136) Brendgen, T.; Frank, M.; Schatz, J. Eur. J. Org. Chem. 2006, 2378.

(137) Hahn, F. E.; Jahnke, M. C.; Gomez-Benitez, V.; Morales-Morales,
D.; Pape, T. Organometallics 2005, 24, 6458.

(138) Baker, M. V.; Skelton, B. W.; White, A. H.; Williams, C. C.
Organometallics 2002, 21, 2674.

(139) Garrison, J. C.; Simons, R. S;; Taley, J. M.; Wesdemiotis, C.; Tessier,
C. A.; Youngs, W. J. Organometallics 2001, 20, 1276.

(140) Inamoto, K.; Kuroda, J.; Hiroya, K.; Noda, Y.; Watanabe, M.;
Sakamoto, T. Organometallics 2006, 25, 3095.

(141) Pugh, D.; Boyle, A.; Danopoulos, A. A. Dalton Trans. 2008, 1087.

(142) Hahn, F. E.; Jahnke, M. C.; Pape, T. Organometallics 2007, 26, 150.

(143) Tulloch, A. A. D.; Danopoulos, A. A.; Tizzard, G. J.; Coles, S. J;
Hursthouse, M. B.; Hay-Motherwell, R. S.; Motherwell, W. B. Chem.
Commun. 2001, 1270.

(144) Danopoulos, A. A.; Tulloch, A. A. D.; Winston, S.; Eastham, G.;
Hursthouse, M. B. Dalton Trans. 2003, 1009.

(145) Simons, R. S.; Custer, P.; Tessier, C. A.; Youngs, W. J. Organo-
metallics 2003, 22, 1979. Miecznikowski, J. R.; Grundemann, S,;
Albrecht, M.; Megret, C.; Clot, E.; Faller, J. W.; Eisenstein, O.;
Crabtree, R. H. Dalton Trans. 2003, 831.

(146) Wei, W.; Qin, Y. C,; Luo, M. M.; Xia, P. F; Wong, M. S.
Organometallics 2008, 27, 2268.

(147) Hartwig, J. F. Angew. Chem.,, Int. Ed. 1998, 37, 2047.

(148) Douthwaite, R. E.; Houghton, J.; Kariuki, B. M. Chem. Commun.
2004, 698.

(149) Chiu, P. L.; Lai, C. L.; Chang, C. F.; Hu, C. H.; Lee, H. M.
Organometallics 2005, 24, 6169.

(150) Xi, Z. X.; Zhang, X. M.; Chen, W. Z.; Fu, S. Z.; Wang, D. Q.
Organometallics 2007, 26, 6636.

(151) Nieto, I.; Bontchev, R. P.; Smith, J. M. Eur. J. Inorg. Chem. 2008,
2476.

(152) Fox, P. A Griffin, S. T.; Reichert, W. M.; Sdlter, E. A.; Smith,
A. B.; Tickell, M. D.; Wicker, B. F.; Cioffi, E. A.; Davis, J. H.;
Rogers, R. D.; Wierzhicki, A. Chem. Commun. 2005, 3679.

Poyatos et al.

(153) Hahn, F. E.; Radloff, C.; Pape, T.; Hepp, A. Organometallics 2008,
27, 6408.

(154) Lee C.S;; Pd, S,; Yang, W. S;; Hwang, W. S;; Lin, I. J. B. J. Mol.
Catal. A: Chem. 2008, 280, 115.

(155) Shi, M.; Qian, H. X. Tetrahedron 2005, 61, 4949.

(156) Scheele, U. J;; John, M.; Dechert, S.; Meyer, F. Eur. J. Inorg. Chem.
2008, 373.

(157) Coleman, K. S,; Turberville, S.; Pascu, S. I.; Green, M. L. H. J.
Organomet. Chem. 2005, 690, 653.

(158) Zhang, T.; Shi, M.; Zhao, M. X. Tetrahedron 2008, 64, 2412.
(159) Jeon, S. J.; Waymouth, R. M. Dalton Trans 2008, 437. Zhou, Y .;
Xi, Z.; Chen, W.; Wang, D. Organometallics 2008, 27, 5911.
(160) Paulose, T. A. P.; Olson, J. A.; Quail, J. W.; Foley, S. R. J.

Organomet. Chem. 2008, 693, 3405.

(161) Schneider, S. K.; Schwarz, J.; Frey, G. D.; Herdtweck, E.; Herrmann,
W. A. J. Organomet. Chem. 2007, 692, 4560.

(162) Frankel, R.; Kniczek, J.; Ponikwar, W.; Noth, H.; Polborn, K.;
Fehlhammer, W. P. Inorg. Chim. Acta 2001, 312, 23.

(163) Muehlhofer, M.; Strassner, T.; Herdtweck, E.; Herrmann, W. A. J.
Organomet. Chem. 2002, 660, 121.

(164) Quezada, C. A.; Garrison, J. C.; Tessier, C. A.; Youngs, W. J. J.
Organomet. Chem. 2003, 671, 183.

(165) Hasan, M.; Kozhevnikov, I. V.; Siddiqui, M. R. H.; Femoni, C.;
Steiner, A.; Winterton, N. Inorg. Chem. 2001, 40, 795. Hasan, M.;
Kozhevnikov, I. V.; Siddiqui, M. R. H.; Steiner, A.; Winterton, N.
J. Chem. Res. S 2000, 392. Ku, R. Z.; Huang, J. C.; Cho, J. Y
Kiang, F. M.; Reddy, K. R.; Chen, Y. C.; Lee, K. J;; Lee, J. H.; Lee,
G. H.; Peng, S. M; Liu, S. T. Organometallics 1999, 18, 2145.

(166) Ahrens, S.; Herdtweek, E.; Goutdl, S.; Strassner, T. Eur. J. Inorg.
Chem. 2006, 1268.

(167) Unger, Y.; Zeller, A.; Ahrens, S.; Strassner, T. Chem. Commun. 2008,
3263.

(168) Inamoto, K.; Kuroda, J.; Sakamoto, T.; Hiroya, K. Synthesis-Suttgart
2007, 2853.

(169) Zhang, Y. G.; Ngeow, K. C.; Ying, J. Y. Org. Lett. 2007, 9, 3495.

(170) Nielsen, D. J,; Cavell, K. J;; Skelton, B. W.; White, A. H. Inorg.
Chim. Acta 2002, 327, 116.

(171) Liu, Z.; Zhang, T.; Shi, M. Organometallics 2008, 27, 2668.

(172) Jia, C. G.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001, 34,
633. Jia, C. G.; Piao, D. G.; Oyamada, J. Z.; Lu, W. J.; Kitamura,
T.; Fujiwara, Y. Science 2000, 287, 1992.

(173) Jia, C. G.; Lu, W. J,; Oyamada, J.; Kitamura, T.; Matsuda, K.; Irie,
M.; Fujiwara, Y. J. Am. Chem. Soc. 2000, 122, 7252.

(174) Oyamada, J.; Kitamura, T. Tetrahedron Lett. 2005, 46, 3823.

(175) Ahrens, S.; Strassner, T. Inorg. Chim. Acta 2006, 359, 4789.

(176) Djurovich, P. I.; Murphy, D.; Thompson, M. E.; Hernandez, B.; Gao,
R.; Hunt, P. L.; Selke, M. Dalton Trans. 2007, 3763. Brooks, J;
Babayan, Y.; Lamansky, S.; Djurovich, P. |.; Tsyba, |.; Bau, R.;
Thompson, M. E. Inorg. Chem. 2002, 41, 3055.

(177) Hu, X.; Castro-Rodriguez, |.; Meyer, K. Organometallics 2003, 22,
3016.

(178) Hu, X. L.; Castro-Rodriguez, |.; Meyer, K. J. Am. Chem. Soc. 2003,
125, 12237.

(179) Wan, X. J; Xu, F. B.; Li, Q. S; Song, H. B.; Zhang, Z. Z. Inorg.
Chem. Commun. 2005, 8, 1053.

(180) Tubaro, C.; Biffis, A.; Scattolin, E.; Basato, M. Tetrahedron 2008,
64, 4187.

(181) Wehman, E.; Vankoten, G.; Jastrzebski, J.; Rotteveel, M. A.; Stam,
C. H. Organometallics 1988, 7, 1477.

(182) Arnold, P. L.; Scarisbrick, A. C.; Blake, A. J.; Wilson, C. Chem.
Commun. 2001, 2340.

(183) Nonmenmacher, M.; Kunz, D.; Rominger, F. Organometallics 2008,
27, 1561.

(184) Lin, I. J. B.; Vasam, C. S. Coord. Chem. Rev. 2007, 251, 642.
Garrison, J. C.; Youngs, W. J. Chem. Rev. 2005, 105, 3978.

(185) Lin, I. J. B.; Vasam, C. S. Comments Inorg. Chem. 2004, 25, 75.
Arnold, P. L. Heteroat. Chem. 2002, 13, 534.

(186) Nielsen, D. J; Cavell, K. J;; Viciu, M. S,; Nolan, S. P.; Skelton,
B. W.; White, A. H. J. Organomet. Chem. 2005, 690, 6133. Hu,
X. L.; Tang, Y. J; Gantzel, P.; Meyer, K. Organometallics 2003,
22, 612.

(187) Cataano, V. J; Mawitz, M. A.; Etogo, A. O. Inorg. Chem. 2004,
43, 5714. Catalano, V. J.; Malwitz, M. A. Inorg. Chem. 2003, 42,
5483.

(188) Melaiye, A.; Sun, Z. H.; Hindi, K.; Milsted, A.; Ely, D.; Reneker,
D. H.; Tessier, C. A,; Youngs, W. J. J. Am. Chem. Soc. 2005, 127,
2285.

(189) Amendola, V.; Boiocchi, M.; Fabbrizzi, L.; Pachetti, A. Chem.—Eur.
J. 2005, 11, 5648. Wadllace, K. J.; Belcher, W. J.; Turner, D. R;
Syed, K. F.; Steed, J. W. J. Am. Chem. Soc. 2003, 125, 9699.
Hennrich, G.; Andyn, E. V. Chem.—Eur. J. 2002, 8, 2219.

(190) Dominique, F.; Gornitzka, H.; Hemmert, C. J. Organomet. Chem.
2008, 693, 579.



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org
Publication Date (Web): February 23, 2009 | doi: 10.1021/cr800501s

Complexes with Poly-NHC Ligands

(191) Qin, D. B.; Zeng, X. S;; Li, Q. S.; Xu, F. B.; Song, H. B.; Zhang,
Z. Z. Chem. Commun. 2007, 147.

(192) Lin, I. J. B.; Vasam, C. S. Can. J. Chem. 2005, 83, 812. Wang,
H.A.J;Vasam, C. S; Tsai, T. Y. R;; Chen, S. H.; Chang, A. H. H,;
Lin, I. J. B. Organometallics 2005, 24, 486.

(193) Barnard, P. J.; Baker, M. V.; Berners-Price, S. J.; Skelton, B. W.;
White, A. H. Dalton Trans. 2004, 1038.

(194) Barnard, P. J.; Baker, M. V.; Berners-Price, S. J.; Day, D. A. J. Inorg.
Biochem. 2004, 98, 1642.

(195) Zhou, Y. B.; Chen, W. Z. Organometallics 2007, 26, 2742.

(196) Wang, J. W.; Song, H. B.; Li, Q. S.; Xu, F. B.; Zhang, Z. Z. Inorg.
Chim. Acta 2005, 358, 3653.

(197) Hahn, F. E.; Radloff, C.; Pape, T.; Hepp, A. Chem.—Eur. J. 2008,
14, 10900.

(198) Biffis, A.; Lobbia, G. G.; Papini, G.; Pellei, M.; Santini, C.; Scattolin,
E.; Tubaro, C. J. Organomet. Chem. 2008, 693, 3760.

(199) Papini, G.; Bandoli, G.; Dolmella, A.; Lobbia, G. G.; Pellei, M;
Santini, C. Inorg. Chem. Commun. 2008, 11, 1103.

Chemical Reviews, 2009, Vol. 109, No. 8 3707

(200) Liddle, S. T.; Arnold, P. L Organometallics 2005, 24, 2597. Arnold,
P. L.; Liddle, S. T. Chem. Commun. 2005, 5638. Arnold, P. L.;
Mungur, S. A.; Blake, A. J.; Wilson, C. Angew. Chem,, Int. Ed. 2003,
42, 5981.

(201) Wang, Z. G.; Sun, H. M.; Yao, H. S; Shen, Q.; Zhang, Y.
Organometallics 2006, 25, 4436.

(202) Zhang, J. G.; Yao, H. S;; Zhang, Y.; Sun, H. M.; Shen, Q.
Organometallics 2008, 27, 2672.

(203) Wang, B.; Wang, D.; Cui, D.; Gao, W.; Tang, T.; Chen, X.; Jing, X.
QOrganometallics 2007, 26, 3167.

(204) Wang, B.; Cui, D.; Lv, K. Macromolecules 2008, 41, 1983.

(205) Arnold, P. L.; Liddle, S. T. Chem. Commun. 2006, 3959.

(206) Pugh, D.; Wright, J. A.; Freeman, S.; Danopoulos, A. A. Dalton
Trans. 2006, 775.

(207) Lv, K.; Cui, D. M. Organometallics 2008, 27, 5438.

CR800501S



