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Unconventional Reactivity of Imidazolylidene Pyridylidene Ligands in
Iridium(IIT) and Rhodium(IIT) Complexes**
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Pentamethylcyclopentadienyl (Cp*) and N-heterocyclic car-
bene (NHC) ligands are often regarded as spectator ligands in
organometallic catalysis,'! meaning that they rarely undergo
modification during a reaction sequence. However, these
types of ligands may sometimes undergo rearrangements
which can be the source for the activation or deactivation
processes. For example, Cp* ligands are known to undergo
activation at the methyl groups on the ring to afford Cp*
functionalizations on iridium,? rhodium,?** and ruthenium
complexes. For NHC chemistry, several reports have also
highlighted ligand rearrangements, including migratory inser-
tions,” reductive elimination, heterocycle cleavage,m and
C—C bond formation.®! All in all, these examples are rare
enough to be counted as exceptions.

In the course of our research we have recently been
interested in the preparation of imidazolylidene pyridylidene
ligands for the preparation of rhodium (IIT) and iridium (IIT)
complexes.”’! Very few examples of such linked imidazolyli-
dene (or triazolylidene) pyridylidenes have been described so
far,l”! but they already have provided elegant examples of
reactivity, such as the selective methyl transfer from a pyr-
idinium unit to an unfunctionalized aryl carbon atom.!'*l
Aiming to obtain complexes with unusual C—H activation
properties, we now describe the coordination of a series of
imidazolylidene pyridylidene ligands to [MCp*Cl,] M =1Ir
and Rh). Together with the expected bis(NHC) complexes,
we obtained a series of metal complexes arising from unusual
ligand rearrangements, including C—C couplings between the
pyridyl and the Cp* rings, and C—N bond cleavage of the
imidazolylidene.

The reaction of the imidazolium pyridinium salt [Him-
pyH](1), (1) with [{MCp*Cl,},] (M=Rh, Ir) in refluxing
acetonitrile in the presence of Cs,CO; afforded two different
reaction outcomes depending upon the nature of the metal
(Scheme 1). For the reaction carried out with [{IrCp*CL},],
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Scheme 1.

the reaction cleanly led to the formation of the corresponding
[IrCp*I(C,C’-im-py)]* (2; Scheme 1), in which the pyridyli-
dene coordinates to the metal through the para-carbon atom,
thus affording a remote coordination mode rather than
coordination through the carbon atom adjacent to the nitro-
gen center. For the reaction carried out with [{RhCp*Cl,},],
a mixture of complexes is obtained. Two of these complexes
are the expected [RhCp*I(C,C’-im-py)]" isomers in which the
pyridylidene is bound to the metal through the remote (3;
major) and normal (4; minor) coordination modes. Only
when AcONa is used, together with these two isomers, is
a new and unexpected complex obtained; in this new complex
the imidazolylidene is bound to the metal while the pyridi-
nium ring is coupled to Cp*, thus affording a Cp* function-
alized with a pendant imidazolylidene. All Cp*-functionalized
NHC:s reported to date have been obtained through the prior
preparation of the hybrid Cp*/NHC ligands,'! so this intra-
molecular coupling constitutes the first example of the
formation of a NHC-containing cyclopentadienyl through
the coupling of previously coordinated ligands. All com-
pounds (2-5) were characterized by means of NMR spec-
troscopy and mass spectrometry (see the Supporting Infor-
mation for full details). The '"H NMR spectrum of 5 provides
the first evidence that the activation of the Cp* ligand has
been achieved. The spectrum shows the characteristic signals
resulting from the protons of the four inequivalent methyl
groups (0 =2.26,2.22, 1.85, 1.36 ppm) and the two diastereo-
topic protons at the CH, linker (two doublets at 6 =3.61 and
3.44 ppm, *Ji; =15 Hz). The “C NMR spectrum shows the
signal corresponding to the C_ .. atom at 6 =170.1 ppm.
For the reactions carried out with the salt [Him-pyH](I),
wherein the C2 position of the imidazolium is blocked with
one methyl group (6; Scheme?2), the reaction with
[{IrCp*CL)},] led to the formation of a complex in which the
chelate ligand is coordinated through the pyridylidene and
a methylene group resulting from the C—H activation of the
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Me group at the C2 of the imidazolium ring (7). It has recently
been suggested that the deprotonation of imidazoliums with
methyl groups at the C2 position is more likely to occur at the
Me group on the C2 than that on the backbone to afford an
abnormal carbene.”” This reactivity should actually explain
many of previously reported examples in which the metal-
ation through the methylene group is preferred over the
formation of the abnormal carbene when imidazoliums with
methyl groups at the C2 position are used.”" For the
reaction carried out with [{RhCp*Cl,},], we obtained a com-
plex in high yield (8), resulting from the reductive coupling
between the Cp* and the pyridinium rings, and the imidazo-
lium ring is bound to the metal as a result of the activation of
the Me group at C2. The 'H NMR spectrum of 8 shows first
evidence that the coupling has proceeded, as indicated by the
four distinct signals corresponding to the inequivalent methyl
groups (6=2.15, 1.82, 1.74 and 1.13 ppm). The *C NMR
spectrum displays two doublets at 6 =66.5 ppm (Jguc=
15.1 Hz) and 6 = 1.8 ppm (Jgnc = 26.9 Hz), which correspond
to the two metalated carbon atoms of the pyridine and methyl
groups, respectively.

The molecular structures of complexes 3, 5, and 8 have
been unambiguously determined by means of X-ray diffrac-
tion. Figuresla and b show the molecular diagrams of
molecules 5§ and 8, respectively.

Figure 1. Molecular diagram of complexes 5 (a) and 8 (b). Only one
enantiomer of each complex is displayed. Thermal ellipsoids shown at
50% probability. Hydrogen atoms and counter ions (iodide in 5,
triiodide in 8) are omitted for clarity. Selected bond lengths [A] and
angles [] in 5: Rh(1)-1(2) 2.7063(4), Rh(1)-1(3) 2.7020(4), Rh(1)-C(4)
2.032(3), Rh(1)=C(centroid) 1.823(3). In 8: Rh(1)1(2) 2.7256(5),
Rh(1)-C(3) 2.112(5), Rh(1)=C(10) 2.191(5), Rh(1)~C(centroid)
1.832(5), C(3)-Rh(1)-C(10) 78.85(19)."

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The molecular structure of compound 5 verifies the C—C
coupling between the pyridinium ring and one of the methyl
groups of the Cp* ligand, therefore a chelating n5-(tetrame-
thylcyclopentadienyl)/NHC ligand has been formed. Two
iodides complete the coordination sphere about the Ir™
center. The molecular structure of complex 8 also confirms
the coupling of the pyridinium ring to one of the methyl
groups of the Cp* ligand, although in this case the pryridinium
has been dearomatized and formed a pyridinium ring with
two sp’-carbon atoms at the 2- and 5-positions of the ring
(Figure 1b; carbon atoms labeled C10 and C14). The C2
position of the pyridinium ring (labeled C14) is directly bound
to the methylene group of the cyclopentadienyl ligand. The
C5 carbon atom (labeled C10), is bound to the rhodium center
[Rh(1)-C(19) distance =2.191 A]. The presence of the C=N
double bond (1.317 A) confirms the iminium character of the
ring, which adopts a boat conformation with the carbon atoms
labeled C10 and C14 out of the plane formed by the other four
atoms of the pyridinium. The compound crystallized with a I;~
counter-anion, an indication of the existence of residual I,
present in the reaction media, as will be discussed below.

We believe that the formation of both 5§ and 8 occurs
through the formation of tetramethylfulvene/Rh intermedi-
ates. It has been reported that whereas n'-tetramethylfulvene
complexes react with nucleophiles,® ¥ n‘tetrafulvene
complexes are more prone to react with electrophiles.””!
Although we are aware that the mechanisms we propose
may be considered as speculative, we believe that they
provide a plausible explanation of the processes under study.

We initially thought that § could be formed by a rearrange-
ment of complexes 3 and 4. In this regard, several reactions
employing 3 and 4 in refluxing acetonitrile in the presence of
KI or I, did not produce any change in the starting
compounds, so we believe that these two compounds are
irreversibly formed by metal-mediated C—H activation of the
pyridinium ring and subsequent deprotonation of the metal
hydride intermediate with a base. This hypothesis is sup-
ported by our previous experimental and theoretical studies
on the mechanisms of the formation of bis(NHC) complexes
of Cp*M (M =Rh and Ir).">'* The formation of complex 5
may occur through the reductive elimination of diiodine from
the reaction intermediate A (Scheme 3), and subsequent
oxidative addition of the pyridinium ring to form a Rh™
hydride with a pyridylidene imidazolylidene ligand. The
deprotonation of the Cp* ligand may induce a nucleophilic
attack of the fulvene onto the pyridylidene carbon atom, thus
affording the C—C coupling between the Cp* and the
pyridinium rings. Finally, the oxidative addition of diiodine
and deprotonation of the hydride would allow formation of
the final product. In the course of the purification of complex
5 by column chromatography we observed the separation of
a first band containing a small amount of diiodine. We have
performed control experiments which show that the diiodine
does not come from the oxidation of the KI present in the
reaction medium, and therefore believe that it may be formed
from the reductive elimination from A.

In the formation of complex 8, we first may have the
coordination of the imidazolium pyridinium salt through the
methylene group resulting from the C—H activation of the Me
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group on C2 of the imidazolium ring (Scheme 4). Deproto-
nation of this new species results in the formation of the
tetramethylfulvene intermediate, which can undergo a nucle-
ophilic attack at the carbon atom adjacent to the nitrogen
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center of the pyridinium ring. The nucleophilic attack of the
carbon atom bound to the imidazolylilidene to the rhodium
center generates a Rh—C bond in compound 8. The overall
process implies the dearomatization of the pyridinium ring
through consecutive nucleophilic and electrophilic attacks to
the ring.

The preparation of the rhodium and iridium complexes
with the chelate C,C'-im-py ligands in which the pyridylidene
is bound by the abnormal position could be achieved by using
the [Him-pyH](T), salt (9; Scheme 5).”! The reaction of 9 with
[{IrCp*Cl},] in refluxing acetonitrile in the presence of
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Cs,CO; and KI allows the formation of the expected
[IrCp*I(C,C’-im-py)]* (10), in which the pyridylidene ligand
is coordinated to the iridium by an abnormal coordination
mode. This result is consistent with our previous findings in
which 9 reacted with [{IrCl(cod)},], thus affording the same
type of coordination of the ligand.”’ Along with complex 10,
we could also isolate, in low yield (15%), the dimetallic
species 11 in which the ring opening of the imidazole ring has
been produced.

Both 10 and 11 were characterized by means of NMR
spectroscopy and mass spectrometry. The molecular structure
of 11 was confirmed by means of X-ray diffractometry.
Figure 2 shows the molecular diagram of 11 in which the
dimetallic nature of the molecule is observed. The bis(hetero-

Figure 2. Molecular diagram of complex 11. Thermal ellipsoids shown
at 50% probability. Hydrogen atoms, counter ions (iodide), and
solvent (CH,Cl, and diethyl ether) are omitted for clarity. Selected
bond lengths [A] and angles [°]: Ir(1)-1(2) 2.7208(5), Ir(1)-N(4)
2.153(5), Ir(1)=N(8) 2.078(5), Ir(1)-C(centroid) 1.798(5), N(8)-Ir(1)-
N(4) 78.8(2), Ir(3)-C(7) 2.099(6), Ir(3)-C(15) 2.056(7), Ir(3)-C(16)
1.837(8), Ir(3)-C(centroid) 1.903(5), C(7)-Ir(3)-C(15) 78.1(2).0"

cyclic) ligand has been transformed into one pyridylidene
amino amido ligand. The pyridylidene is bound to one iridium
fragment through an abnormal coordination form, and the
amino amido part of the ligand forms an N,N chelate with
a second iridium fragment. The ethylene linker between the
amino amido functionalities is metalated to the first iridium
fragment by the a-carbon atom relative to the amido group,
so in the same molecule we have both C,C- and N,N-chelating
ligands to the two different iridium fragments. The iridium
fragment with the C,C chelation is bound to a carbonyl group.

Imidazole-2-ylidenes can be hydrolyzed under basic
conditions in the presence of small amounts of H,O, thus
allowing the formation of iminoformamides."” Although this
process is a very slow for aromatic imidazolium derivative-
s,172 it is most probably of minor importance in all the
reactions, involving the coordination of NHCs to metals,
which are carried out at low temperatures and with short
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reaction times. In fact, in a very recent study, it has been
reported that the attempt to coordinate one bis(imidazolium)
salt to [{IrCl(cod)},] in the presence of Cs,COj; (9 h of reaction
in refluxing acetonitrile) afforded a mono-NHC/It' species
with a iminoformamide branch formed by hydrolysis of the
formed free carbene.'® In our case, the hydrolysis of the
imidazolylidene should afford the ring-opened product 12
(Scheme 6), even though the reaction with [{IrCp*Cl,},]
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Scheme 6.

suffers from further rearrangements involving a decarbon-
ylation of the aldehyde to generate the carbonyl ligand and
the amine branch of 11, and the C=C double bond has been
hydrogenated generating a saturated backbone. To prove the
participation of 12 in the formation of 11, we added an
equimolecular amount of Cs,COj; to a solution of 9 in CD;CN.
After five minutes of stirring at room temperature, we
observed the formation of 12 (30 %, estimated by '"H NMR
spectroscopy), and the reaction was quantitative only after 3 h
at 90°C.

To provide additional support to the possible involvement
of 12 in the process of the formation of the dimetallic complex
11, we performed a reaction in which compound 9 hydrolyzed
to form 12 in acetonitrile in the presence of Cs,CO;. Only
after we confirmed that 12 was formed, we added the
corresponding amount of [{IrCp*Cl,},], and we observed
that the yield in the formation of 11 increased up to 40 %.
Under these reaction conditions we did not detect the
formation of complex 10.

In summary, our work provides three different pieces of
evidence for the nonconventional behavior of a series of
pyridylidene imidazolylidene ligands. That is, we describe
three unprecedented reactivities. The formation of the Cp*-
functionalized NHC through the intramolecular coupling of
two existing ligands in the molecule constitutes an interesting
alternative to the methods which have been reported to date,
thus implying the use of preformed Cp*/NHC precursors.!!
The reductive coupling of the Cp* and the pyridine opens the
possibility for the use of “M™Cp*” (M = Rh, Ir) complexes in
the reduction of pyridiniums, a reaction that we are currently
studying in our laboratory. Finally, the formation of the
dimetallic complex 11 underlines the importance of the
hydrolysis of free carbenes in the process of forming metal
complexes, a reaction that is underestimated most of the time
and should be taken under serious consideration in all
reactions involving the use of imidazolylidenes in reactions
run for long time periods in the presence of traces of water.
Small changes within the imidazolylidene-pyridylidene
ligands lead to great changes in the outcome of the reactions,
therefore leading to unexpected products. These observations

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

may be helpful for the design of Cp*M-based complexes as
catalysts for C—H activation processes.
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